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Prefacio:
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aplicacion de sistemas de promocion electroquimica de la catalisis para la captura y
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estudio de sistemas de promocion electroquimica para la captura y valorizaciéon de CO;
en gases de combustion” (Ref.:ENE2010-15569).

En particular, esta Tesis Doctoral tiene como objetivo el desarrollo de nuevos
sistemas electrocataliticos y el estudio a escala de planta piloto de la aplicacion de la
promocion electroquimica de la catalisis tanto a la captura de CO, por adsorcion,
como a la valorizacion de CO; por hidrogenacion a combustibles. Para ello se ha
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Abstract

BENCH SCALE STUDY OF ELECTROCHEMICALLY PROMOTED CO;
CAPTURE AND HYDROGENATION TO FUELS

The growth of CO, atmospheric levels resulting mainly from fossil fuel
combustion and the concomitant global warning, make necessary the development of
new, more efficient and less-energy intensive systems which allow selectively separate
CO,. Valorisation of CO, to fuels is viewed as a complementary strategy for reducing
CO, emissions, allowing their recycling and, therefore, a more sustainable use of the

€nergy resources.

The use of electrochemical promotion of catalysis (EPOC) is presented as a
novel option to improve efficiency and selectivity of conventional technologies for both
CO, capture by adsorption and CO, valorisation by catalytic hydrogenation to fuels.
The application of small potentials between a catalyst (working electrode) which is in
contact with a solid electrolyte and a counter-electrode (Au) results in the moving of
promoting species to (or from) the catalyst surface, improving both capacity of selective
chemisorption of the species of interest (CO;) and reaction rate (for CO,
hydrogenation), activity and selectivity of the catalyst to the desired product (fuel). Both
processes had been little studied and almost exclusively at laboratory scale, so there are
practical aspects not investigated in sufficient detail.

Therefore, the main objective of this thesis is the development of new
electrocatalytic systems and the study, at bench scale, of the application of
electrochemical promotion of catalysis to both CO, capture by adsorption and CO,
valorisation by hydrogenation to fuels. The specific objectives are: development of
electrocatalysts and optimization of their preparation procedures, identification of the
most appropriate electrocatalyst and operation parameters for both CO, capture and
hydrogenation to fuels, study of the tolerance to inhibitors and poisons of the most
promising electrocatalyst for CO, capture, study of the stability and durability of the
most promising electrocatalyst for CO, hydrogenation and identification of potential

deactivation phenomena.

To achieve these objectives, it has been carried out the development of
electrocatalyst configurations, compact and easily scalable and adaptable to existing
catalytic devices (conventional flow reactors), which consist of candles or tubes of K-

BAI,O3 and YSZ, respectively, coated, via "painting”, "dip-coating" and "electroless"”,
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by the corresponding active metal, the physico-chemical (SEM-EDX, XPS, XRD)
characterization of electrocatalysts both as prepared and after use and the study of both
processes, at bench scale, under conditions representative of their possible practical
application, such as: atmospheric pressure, high flowrates and gaseous compositions
typical of combustion exhausts (capture) or post-combustion CO, capture streams
(hydrogenation), respectively and using changing H,/CO, ratios (hydrogenation),

simulating a discontinuous flow of renewable H..

Capture capacity, catalytic activity, electropromotion level, carbon deposition
and selectivities to CO and CH, increased, while selectivities to C2+C3 hydrocarbons
and oxygenates (CH3OH, C,HgO, and C,HsOH) decreased on decreasing metallic
particle size.

Electropromoted CO, capture capacity over the selected electrocatalyst (Pt/K-
BAI,0O3) increased with increasing temperature and in the presence of oxygen and water,
while decreased in the presence of NO and SO,. The maximum CO, capture capacity
was 1130 mg CO,/g Pt.

Different results were obtained for different CO, hydrogenation electrocatalysts
against the same change in flowrate, H,/CO, ratio, temperature and polarization. CO,
conversion increases on decreasing flowrate and on increasing H,/CO; ratio. Methane
formation is favoured on increasing flow rate and H,/CO; ratio, while selectivity to
oxygenated hydrocarbons decreases for H,/CO, ratios other than the stoichiometric.
Thus, the maximum values of electropromotion level (20) and selectivity to methane
(97%) were achieved on Pt/K-BAl,03, while, the maximum values of conversion (25%)
and selectivity (87%) to the target product (dimethyl ether) were obtained on Cu/K-
BAI,Os3. The latter was selected as the most promising electrocatalyst and subjected to a

long-term catalytic behaviour study
The following conclusions were obtained:

- Developed preparation methods (dip-coating and electroless) allowed obtaining
thinner and more dispersed electrocatalyst films with a smaller particle size and,
therefore, with higher chemisorption capacity (CO, adsorption and activation),
reactivity (catalytic activity for CO, hydrogenation) and metal-electrolyte
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interaction (electrochemical promotion) than those prepared by conventional

methods (painting).

- Electropromoted CO, capture over the selected Pt/K-BAl,O3 system is reversible.
The electrocatalyst can be electrochemically regenerated, allowing CO;
separation, by decomposition of previously stored compounds (carbonates and
bicarbonates, sulphates and sulphites, etc.) at different potentials, without the
need to increase temperature or vary pressure, with the consequent potential

energy savings over conventional adsorption.

- Electrochemical promotion of catalysis allows enhancing CO, capture capacity
over Pt/K-BAl,O3 and process monitoring by measurement of the electric current
intensity, and, therefore, optimising the duration of both steps (adsorption and
regeneration), as well as to decrease the competitive adsorption of coexisting

inhibitors and poisons by potential modification.

- The developed electrocatalysts (Pt/K-BAl,03, Cu/K-BAI1,03, Pt/YSZ, Ni/YSZ and
Pd/YSZ) allowed, via electrochemical promotion, both activation of the CO,
hydrogenation process, and therefore, its operation at lower pressure and
controlling the production of the different fuels (CH;, CH30H, C,HsO and
C,HsOH), with the consequent potential improvement of the energy efficiency

over conventional hydrogenation

- The electrocatalyst (Cu/K-BAl,O3) and operating conditions which maximize
yield to the target fuel (dimethyl ether) with the lowest energy and cost were
identified. In addition, this electrocatalyst can be in-situ regenerated by
electrochemical means, with the consequent potential reduction of energy

consumption and operating costs over conventional hydrogenation.

- Electrocatalyst deactivation processes, mainly by thermochemical sintering, were
identified.
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Resumen

ESTUDIO EN PLANTA PILOTO DE LA CAPTURA E HIDROGENACION A
COMBUSTIBLES DE CO, PROMOVIDAS ELECTROQUIMICAMENTE

El crecimiento de los niveles atmosféricos de CO, resultante principalmente de
la combustién de combustibles fosiles y el calentamiento global asociados, hacen
necesario el desarrollo de nuevos sistemas mas eficientes y de menor consumo
energético que permitan separar selectivamente el CO,. La valorizacion de CO, a
combustibles se contempla como una estrategia complementaria para reducir emisiones

de CO;, permitiendo su reciclado y un uso mas sostenible de los recursos energéticos.

La utilizacion de la promocion electroquimica de la catalisis se presenta como
una opcion novedosa para mejorar la eficiencia y selectividad de las tecnologias
convencionales tanto de captura por adsorcion, como de valorizacion por hidrogenacion
catalitica a combustibles de CO,. La aplicacion de pequefios potenciales entre un
catalizador (electrodo de trabajo) que esta en contacto con un electrolito solido y un
contra-electrodo (Au) resulta en el movimiento de especies promotoras hacia (o desde)
la superficie del catalizador, mejorando tanto la capacidad de quimisorcion selectiva de
la especie de interés (CO;), como la velocidad de reaccion (de hidrogenacion de CO,),
actividad y selectividad del catalizador hacia el producto (combustible) deseado. Ambos
procesos habian sido poco estudiados y casi exclusivamente a escala de laboratorio,

existiendo aspectos practicos no investigados en suficiente detalle.

Por tanto, el objetivo principal de esta Tesis es el desarrollo de nuevos sistemas
electrocataliticos y el estudio a escala de planta piloto de la aplicacion de la promocién
electroquimica de la catalisis tanto a la captura de CO, por adsorcién, como a la
valorizacion de CO; por hidrogenacion a combustibles. Los objetivos particulares son:
el desarrollo de electrocatalizadores y optimizacion de los procedimientos de
preparacion de los mismos, la identificacion del electrocatalizador y los parametros de
operacion mas apropiados tanto para la captura de CO,, como para la hidrogenacién de
CO, a combustibles, el estudio de la tolerancia a inhibidores y venenos del
electrocatalizador més prometedor para captura de CO,, el estudio de la estabilidad y
durabilidad del electrocatalizador méas promisorio para hidrogenacion de CO; y la

identificacion de los fendmenos de desactivacion potencial.

Para la consecucion de estos objetivos, se ha llevado a cabo el desarrollo de

configuraciones de electrocatalizador, compactas y facilmente escalables y adaptables a
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dispositivos existentes (lecho fijo), consistentes en candelas o tubos de K-BAl,O3 e
YSZ, respectivamente, recubiertos, mediante “painting”, “dip-coating” y “electroless”,
por el metal activo correspondiente, la caracterizacion fisico-quimica (SEM-EDX, XPS,
XRD) de los electrocatalizadores tanto tal cual preparados, como tras su uso Yy el
estudio de ambos procesos a escala de planta piloto en condiciones representativas de su
posible aplicacion practica, como son: presion atmosférica, caudales elevados y
composiciones gaseosas tipicas de los gases de escape de combustion (captura) o de
captura en postcombustién (hidrogenacion), respectivamente y utilizando relaciones de

H./CO; (hidrogenacion) variables, simulando un flujo discontinuo de H, renovable.

La capacidad de captura, la actividad catalitica, el nivel de electropromocion, la
deposicion de carbon vy las selectividades a CO y CHy4 se incrementaban, mientras las
selectividades a hidrocarburos C,+C3; y oxigenados (CH3OH, C,HsO y C,Hs0H)

disminuian al disminuir el tamafio de particula metélica.

La capacidad de captura electropromovida de CO, sobre el electrocatalizador
seleccionado (Pt/K-BAI,O3) se incrementaba al aumentar la temperatura y en presencia
de oxigeno y agua, mientras que disminuia en presencia de NO y SO,. La capacidad de

captura méaxima fue de 1130 mg CO,/g Pt.

Se obtuvieron diferentes resultados para diferentes electrocatalizadores de
hidrogenacion de CO, frente al mismo cambio en caudal, ratio H,/CO,, temperatura y
polarizacion. La conversion de CO, aumenta al disminuir el caudal y al incrementarse el
ratio H,/CO,. La formacion de metano se favorece al incrementarse el caudal y el ratio
H,/CO,, mientras la selectividad a oxigenados disminuye para ratios H,/CO, distintos
del estequiométrico. Asi, los valores maximos del grado de electropromocion (20) y
selectividad a metano (97 %) se alcanzaron sobre Pt/K-BAl,Oz, mientras que sobre
Cu/K-BAl,03 se alcanzaron los valores maximos de conversion (25 %) y selectividad
(87 %) hacia el producto objetivo (dimetil éter). Este ultimo se selecciond como
electrocatalizador mas prometedor y se sometié a un estudio de comportamiento

catalitico a largo plazo.
Se obtuvieron las siguientes conclusiones:

- Los métodos de preparacion (“dip-coating” y “electroless™) desarrollados

permitieron obtener peliculas de electrocatalizador méas delgadas y dispersas con
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menor tamafio de particula, y por tanto, con mayor capacidad de quimisorcion
(adsorcién y activacion de CO;), reactividad (actividad catalitica para la
hidrogenacion de CO,) e interaccion metal-electrolito  (promocién

electroquimica) que los preparados por métodos convencionales (“painting”).

- La captura electropromovida de CO; sobre el sistema Pt/K-BAl,O3 seleccionado
es reversible. El electrocatalizador puede ser regenerado por via electroquimica,
permitiendo la separacion de CO,, por descomposicion de los compuestos
previamente almacenados (carbonatos y bicarbonatos, sulfatos y sulfitos, etc.) a
diferentes potenciales, sin necesidad de incrementar la temperatura o variar la
presion, con el consiguiente ahorro energético potencial respecto a la adsorcion

convencional.

- La promocion electroquimica de la catélisis permite mejorar la capacidad de
captura de CO; sobre Pt/K-BAl1,O3 y el seguimiento del proceso por medida de la
intensidad de corriente eléctrica, y, por tanto, la optimizacion de la duracién de
ambas etapas (adsorcion y regeneracion), asi como disminuir la adsorcion
competitiva de inhibidores y venenos coexistentes por modificacion del

potencial.

- Los electrocatalizadores desarrollados (Pt/K-BAl,O3, Cu/K-BAl,O3, Pt/YSZ,
Ni/YSZ y Pd/YSZ) permitieron, via promocion electroquimica, tanto la
activacion del proceso de hidrogenacion de CO,, y, por tanto, su operacion a
menor presion, como el control de la produccion de los diferentes combustibles
(CH4, CH30H, C,HgO y C,Hs0H), con la consiguiente mejora potencial de la

eficiencia energética respecto a la hidrogenacion convencional.

- Se identificaron el electrocatalizador (Cu/K-BAl,Os/Au) y las condiciones de
operacion que maximizaban el rendimiento al combustible objetivo (dimetil éter)
con el menor aporte energético y coste. Ademas, este electrocatalizador puede ser
regenerado in-situ por via electroquimica, con la consiguiente disminucion
potencial del consumo energético y costes de operacion respecto a la

hidrogenacion convencional.

- Se identificaron los procesos de desactivacion, principalmente por sinterizacion

quimico-térmica, de los electrocatalizadores.
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A.l. Problematica del CO,. Efecto invernadero.

En los dltimos afios ha aumentado la preocupacion por el calentamiento global
producido principalmente por el exceso de gases de efecto invernadero liberados a la

atmosfera terrestre especialmente provenientes de la actividad humana.

De tal manera, que el efecto invernadero es un proceso natural capaz de
mantener la vida en el planeta ya que se crean las condiciones necesarias para Ssu
acondicionamiento y desarrollo, es decir, los rayos solares inciden a traves de la
atmosfera para procurar energia a la Tierra, los gases presentes en la atmdsfera atrapan
la radiacion infrarroja reflejada por la superficie terrestre y evitan que parte de los
mismos se escapen al espacio exterior, produciendo un aumento de la temperatura en la

superficie.

Cerca del 30% de la radiacién
infrarroja logra escapar al espacio

Calor atrapado por exceso de €0,

absorbida porla LaTisra |.r?é?_ila
- calor fradiacian
infrarrojajhaciala,
) atni

El calentamiznte
delos océanos,

s de CO2quemadetomb Osilesy delena an
ios da transporte. Testacidn

Figura A.1. Esquema del impacto medioambiental del exceso de CO; en la atmdsfera.

Como se hace referencia en la figura A.1., el problema reside en que un aumento
en la concentracion de gases de efecto invernadero en la atmdsfera, en especial de CO,,
provoca que una mayor cantidad de radiaciones infrarrojas no se liberen al espacio y son
reflejadas nuevamente a la superficie terrestre recalentdndola (IPCC, 2013). Los
principales gases de efecto invernadero en la atmoésfera terrestre son el vapor de agua
(H20), didxido de carbono (COy), 6xido nitroso (NO), metano (CHj), ozono (Os) y
clorofluorocarbonos (CFC) (Ledley y col., 1999).

Como se desprende de la figura A.2., las emisiones en exceso de gases de efecto

invernadero acumuladas, en especial de CO,, determinaran en gran medida el
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calentamiento medio global. La mayoria de los efectos del cambio climético perduraran
durante muchos siglos, incluso aunque cesaran las emisiones de CO,, debido a las
emisiones de CO, pasadas, presentes y futuras (UNEP, 2014).
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Figura A.2. Cambios de temperatura, nivel del mar y masa de glaciares
(Stocker y col, 2013).

Se ha estimado que, a finales del siglo XX, la concentracion de CO; en la
atmosfera habria aumentado hasta un 30 % en relacion a la era preindustrial (Ledley y
col., 1999) y que la temperatura superficial media global se incrementara entre 1,4 y 5,8
°C desde 1990 hasta 2100 (Berger, 2002).

Este fendmeno de calentamiento global puede fundir los icebergs y aumentar
con ello el nivel de los océanos (Ledley y col., 1999). Durante el periodo 1901-2010, el
nivel medio global del mar se elevo 0,19 metros (IPCC, 2013). Por otra parte, se predice
que el nivel del mar aumentara entre 0,09 y 0,88 metros desde 1990 hasta 2100 (Berger,
2002), lo que se traducira en que un 25 % de la poblacion mundial vivird a menos de 1,1
metros de altura sobre el nivel del mar (Global Warming, 2002). Ademas, el efecto

invernadero es uno de los principales causantes de sequias, expansion de los desiertos,
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posibles olas de calor y perturbacion de los ecosistemas (Global Warming, 2002; Stern
Review, 2006).

A.1.1. Fuentes de emision de CO,.

Como ya se ha comentado, el calentamiento global se debe principalmente a la
acumulacién de gases de efecto invernadero en exceso. Las fuentes de emisidn de gases
de efecto invernadero se dividen principalmente en dos grandes grupos en funcion de la
naturaleza de su origen: de origen natural, como pueden ser la actividad volcanica,
incendios fortuitos, difusion de CO, en los océanos, etc.; y de origen antropogénico,
donde se engloban todas aquellas causadas por el hombre y que en su claro exceso
contribuyen de manera muy negativa al cambio climatico. Como se muestra en la figura
A.3., los gases de efecto invernadero emitidos por la accién humana se deben tanto a
emisiones relacionadas directamente con la produccion de energia (en torno al 65% de
la emisién total) asi como a procesos no relacionados con la produccion de energia

(alrededor del 35 % de la emision total).

Otras relacionadas

Industria con la energla
Energla (14%) (5%)
(24%)

Desechos
(3%)

EMISIONES L EMISIONES

ENERGETICAS NO ENERGETICAS

Transporte Agricultura
(14%) (14%)
Ed ifi[%i;; Uso tierras

(18%)

Figura A.3.Emisiones de gases invernadero de origen antropogénico
(Stern Review, 2006).

Recientemente, la Agencia de Informacion de Energia del Departamento de
Energia de Estados Unidos ha publicado un informe (U.S. Energy Information
Administration, 2014), donde se pone de manifiesto que los paises mas desarrollados
son los mayores emisores de gases de efecto invernadero a la atmosfera, relacionando

directamente las emisiones de gases de efecto invernadero con la actividad industrial.
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Asimismo y como se ha visto en la figura A.3., las fuentes energéticas son las
gue emiten mayor cantidad de gases de efecto invernadero. Mas en detalle dichas

fuentes incluyen:

Emisiones de las instalaciones de generacion de energia eléctrica. Es decir,
emisiones de CO, producidas por los procesos de combustion de combustibles fosiles y
biomasa para generacion energética tales como, generacion térmica convencional
(carbdn, fueloil), ciclos combinados y cogeneracién, termosolares y de combustion de

gasoil en centrales nucleares.

Emisiones de procesos industriales. Emisiones de gases de efecto invernadero
en los procesos industriales y manufactureros como pueden ser la industria del papel,
alimentaria, refinerias de petroleo, la industria quimica, metal y productos de base
mineral, donde se emplean directamente combustibles fosiles para obtener calor y
vapor necesarios para las diferentes etapas en sus lineas de produccion (U.S.
Department of Energy, 2002; 2004).

Emisiones de instalaciones de no generacion. Engloban todas aquellas
emisiones de CO; relacionadas con el almacenamiento de gas, secado de lodos, etc., no

involucrados directamente en la generacion de energia.

Emisiones de las instalaciones que dan servicios a los edificios. Aqui se
incluyen aquellas emisiones de CO, relacionadas con la utilizacion de combustibles,
tales como gasoil, gas natural y gases licuados del petroleo, para el acondicionamiento
de edificios.

Emisiones por fuentes moviles asociadas al transporte. Este grupo acoge a
todas aquellas emisiones que son producidas por la combustion de los combustibles en
los vehiculos utilizados para el transporte, donde dada la gran cantidad de vehiculos
existentes hace preocupante la emision de gases de efecto invernadero producidas por

los mismos.

De esta manera, dado el incremento de sistemas de generacion de energia,
Industria y aumento evidente de nimero de vehiculos de combustion de combustibles
fosiles, a continuacion, y con el motivo de poder entender el alcance de las emisiones
nocivas llevadas a cabo por la actividad humana, en la tabla A.1., se comparan las

diferentes concentraciones en la atmosfera de los gases de efecto invernadero mas
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nocivos en la época preindustrial (fecha donde se empez6 a registrar los efectos nocivos

de las emisiones de gases) con las de la época postindustrial:

Tabla A.1. Diferencia de concentracion de gases de efecto invernadero provocados

por la actividad humana (IPCC, 2013).

1750 (preindustrial) | 2005

CH,
N.O
CF,

CFs

0,715 ppm
0,270 ppm

280 ppm

0 4,2 ppt

40 ppt

379 ppm
1,774 ppm
0,319 ppm

80 ppt

25
298

4400
7390

*PCG: Potencial de calentamiento global expresado en Kg CO, equivalente/Kg del gas de efecto invernadero (IPCC, 2007)

Como se puede observar en la tabla A.1.,

las emisiones de los gases de efecto

invernadero de larga permanencia se incrementaron con la llegada de la época

industrial, siendo el CO, el gas de efecto invernadero mas importante, representando un

80 % de las emisiones totales de los gases de efecto invernadero. (Stern Review, 2006).

Tabla A.2. Toneladas de CO, generadas por MWh de energia producida para las
tecnologias de generacidn energética presentes en Espafa en el afio 2011 (IDAE, 2012).

Factor de emision de CO, (tCO,/MWh)

NO RENOVABLE

RENOVABLE

Tecnologia

Carbo6n
Nuclear
Ciclo combinado
Combustion interna
Turbina de gas
Turbina de vapor
Productos petréleo
Hidroeléctrica
Edlica y fotovoltaica
Solar termoeléctrica
Biomasa eléctrica
Biogéas
RSU

0,96
0
0,36
0,40
0,37
0,42
0,71
0
0

0
0
0
2

0,24

1,00
0
0,38
0,42
0,39
0,44
0,74
0
0

0
0
0
2

0,25

Produccion bruta*: Factor de emisién de CO, medido en bornes de alternador

Produccion neta**: Factor de emisién de CO, medido en bornes de central

Produccion bruta * | Produccion neta ** | En punto de consumo

1,09
0
0,41
0,45
0,42
0,48
0,80
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En la tabla A.2., se muestran las emisiones de CO, generadas por unidad de
energia producida (en MWHh) para las diferentes tecnologias de generacion energética
disponibles. Las fuentes renovables de generacidn de energia se consideran neutras en
cuanto a emisiones de CO,. Por tanto, las tecnologias “no renovables” son las que

mayor cantidad de CO, emiten a la atmosfera por unidad de energia producida.

A.1.2. Emisiones de CO; procedentes de la generacion de energia mediante

combustion.

Los combustibles fésiles representan el 80 % de la principal materia prima para
la produccion de energia global en la actualidad. La mayoria de los paises
industrializados obtienen gran parte de su energia, entre el 60 y el 80 %, a partir de la
combustion de combustibles fésiles y por tanto, la generacion de CO; en los procesos de
obtencion de energia mediante estas vias es importante (Olajire, 2013), y mas
concretamente aquellas que se dedican a la produccion de energia a partir del carbon.
Dado a que hoy en dia es la tecnologia mas implantada, seria aconsejable incidir sobre
ella para que las emisiones de CO, a la atmdsfera se reduzcan, por tanto, merece
especial estudio bien capturar el CO, para tratar de frenar dicha emision, o bien
procesarlo hacia otros productos de interés industrial y asi paliar los efectos que produce

en la atmdsfera.

Por otro lado, a escala mundial, se prevé un incremento alarmante de la
utilizacion de combustibles fosiles, petroleo y liquidos para la obtencion de energia
hasta el afio 2040, que se traduciria en un aumento de las emisiones de CO, asociadas a
la obtencidn de energia (U.S. Energy Information Administration. International Energy
Outlook, 2014).

Las tecnologias disponibles actualmente para la generacion de energia a partir de
combustibles fosiles, se esquematizan en la figura A.4., donde se detallan los tipos de

tecnologias utilizadas asi como el tipo de combustibles y comburentes empleados:
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Tecnologias de generacion de energia

F |
Combustible | Comburente utilizado I ITecnoIogia empleada |

Combustion -

Gasificacion

—| Ciclo Combinado

Motores gasolina, diésel o gas Turbina de gas

Ciclo simple

Carbén pulverizado
Lecho fluidizado
Motores gasolina, diésel o gas

Turbina de gas

Gasificacion integrada

Otros
Figura A.4. Tecnologias para la generacion de energia basada en combustibles fosiles.
Asimismo, en la tabla A.3., se muestran las emisiones de CO, generadas por

unidad de energia producida (en TJ) para las diferentes tecnologias de combustion de

combustibles fésiles.

Tabla A.3. Emisiones de CO, procedentes de distintas tecnologias de combustion de
combustibles fésiles (IPCC, 2007).

Combustible utilizado Factor de emisién Tecnoloaia
Combustible (KgCO,/TJ) J

Petréleo crudo 73000
Orimulsion 77000 )
Turbosina 71500 Caldera de petréleo
Combustéleo 77400
Liquido 74224 Calderas diésel
Diésel Motores diésel estacionarios
74100
(> 447 kW)
Gas licuado de petrdleo 63100
Gas natural licuado 64200 Calderas de GLP
Arena bituminosa 107000 Calderas pltummosas y sub-
bituminosas
Antracita 98300 Calderas _con cargrf\dc?r mgcamco
de alimentacion inferior
Coque carbén 94600
Sélido Carboén bituminoso 94600 Calderas con pulverizado
Carbdn sub-bituminoso 96100 bituminoso y sub-bituminoso
Alquitran de hulla 80700
Coque d 5
que . ¢ F)etroleo 97500 Calderas de combustion con
Lignito 101000 lecho fluidizado
Briqueta de carbdn marron 97500
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Coque de horno y lignito 107000
Coque de gas 107000
Turba 106000
Gas natural 56100 Calderas de gas natural
Gaseoso . .
Gas de refineria 57600 Turbinas de gas (>3MW)

Por tanto, la reduccion de las emisiones de CO, es un objetivo urgente a nivel
mundial, pero constituye también un reto extremadamente dificil de cumplir. Ello se
debe a la diversidad de los focos de emisién y al hecho de que, en muchos casos, no

existen alternativas eficaces y econdmicamente asumibles en la situacion actual.

De este modo, en los ultimos afios, el enfoque para reducir las emisiones de CO;
a la atmasfera se centra en trabajar sobre la captura y almacenamiento de CO,, lo que
implica que los procesos de captura sean de esencial importancia para reducir las
emisiones de CO, a la atmosfera procedentes de fuentes fijas como las plantas de

generacion de energia a partir de combustibles fosiles.

Por tanto, es necesario seguir investigando para paliar el exceso de CO; en la
atmosfera, mediante el desarrollo de tecnologias de reduccién de emisiones de CO,.
Concretamente, las actuaciones que se estan desarrollando para reducir las emisiones de
CO, procedentes de la generacion de energia mediante combustion se centran bien en
los procesos de generacion de las mismas, combustion, o sobre los gases procedentes de
los procesos de generacién, captura (Blomen y col., 2009).

Por otra parte, la valorizacion de las emisiones de CO, a combustibles limpios
(hidrocarburos ligeros u oxigenados) se contempla como una estrategia complementaria
a la captura y el almacenamiento para reducir emisiones de CO,, mas rentable que el
simple almacenamiento, al tiempo que hace posible reciclar el CO, como fuente de

carbono para produccion de combustibles.

A.2. Reduccion de emisiones de CO, en postcombustion. Captura y

Valorizacion.
A.2.1. Captura de CO; en postcombustion.

La captura de CO; es una de las técnicas que pueden emplearse para reducir la
emisiones de CO, provocadas por la actividad humana, de esta manera, esta técnica

podria aplicarse para aquellas emisiones que provengan de grandes centrales de
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produccion de energia, como es el caso de las centrales eléctricas o bien plantas
industriales que utilicen principalmente procesos de combustidn, es decir, capturar el
CO; en su fuente, separandolo de otros gases que se generan en dichos procesos de

combustion.

Asi pues, después de separar y concentrar el CO, de los gases de chimenea,
puede ser transportado y almacenado en el fondo del océano, formaciones geoldgicas,
en forma de hielo seco, o bien, puede ser tratado mediante algas de lagos in situ
(Matthews, 1996). El problema reside en que el coste de la captura, es decir separar y
concentrar, es mayor que el del transporte y almacenamiento, por tanto se hace

necesario la investigacion adicional en este campo.

El principio de la captura en postcombustion es la separacion del CO, de los
gases de escape. Sin embargo, separar CO, de estas corrientes es un reto debido a que el
CO, esta presente en bajas concentraciones y a baja presion, generalmente a presion
atmosférica (véase tabla A.4.), lo cual implica que se ha de tratar un elevado volumen

de gas.

Tabla A.4. Concentracion de CO; en los gases residuales de diferentes fuentes.

. Concentracion
Fuente de CO, Tecnologia
de CO, (%0)

Gas Natural 7-10
Turbina de gas 3-4
Centrales eléctricas Calderas de gasoleo 11-13
Carbon pulverizado 12-14
GICC: despues de combustién 12-14
Lecho fluidizado 10
Transformaciones quimicas
y combustion. Altos hornos 27
Hornos de cemento 14 - 33

Por otro lado, ademas de CO, en el gas de combustidn estan presentes otra serie
de contaminantes (véase tabla A.5.) que pueden afectar a la eficacia y comportamiento

del sistema de captura.
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Tabla A.5. Composicion (% v/v) de gases de combustién de diversas fuentes
(E. Ruiz, 2003).

| Ruee ] TCO) | NO J NO [CO:] O | HO SO

Motores diésel 300-400 = 0,0003-0,004  0,045-0,2 10 5-13 10 <0,05
Motores de gasolina 100-300 = 0,0001-0,008 0,015-0,12 10 35 10

Motores de gas natural/ciudad =~ 300-500 0,006-0,2 6 9-10  9-10

Lecho fluidizado 700-900 0,005-0,05 0,005- 0,05 10  2-10 10 <0,2

En el caso especifico de las plantas de generacion energética convencional por
combustion de carbon pulverizado, la captura en postcombustion se vislumbra como
una de las mejores tecnologias disponibles, a pesar de que no ha sido demostrada
totalmente en grandes plantas térmicas (Blomen y col., 2009). Ademas, segun lo
expuesto en apartados anteriores la tecnologia de generacion energética por combustion
de carbon es la que da lugar a mayores emisiones de CO, y es la mas implantada a nivel
industrial, por tanto, parece aconsejable incidir en el estudio de la captura de CO, para

esta aplicacién concreta.

M I ——
N 1
‘—r— Quemadores bajo NO,

_Nd el

Portillas NO, z Precipitador electrostatico Sisterna hiimedo

i ) ey recoleccién de particulas desulfuracion humos

e I ] o filtros de tela
rf Chimenea
nliy
T anTianoras T Tar=aco R R e  antilador Gro Inducido @ e NINReR e

Figura A.5. Sistema de caldera de combustion de carbén pulverizado con control de
emisiones.

En la figura A.5., se muestra un sistema tipico de caldera radiante para
combustion de carbdn pulverizado con control de emisiones en una central térmica de
generacion de energia convencional, que basicamente consiste en una caldera, un
precalentador de aire, un precipitador electrostatico o sistema de eliminacion de

particulas y un sistema de desulfuracién de gases.
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Existen tres posibilidades de ubicacion potencial para el sistema de captura de
CO, en una instalacion de combustion de carbon pulverizado: zona de altas cenizas (a la
salida de la caldera, tras pasar por el ciclon de gases calientes), zona de bajas cenizas (a
la salida del precipitador electrostatico o filtros de tela) y en cola (a la salida del sistema

de desulfuracion humeda) (Heck y Farrauto, 1995).

En la zona de altas cenizas, a la salida del ciclon de gases calientes, la
temperatura estd comprendida entre 327-527 °C. En esta zona, generalmente, los
sistemas de tratamiento de gases operan en un intervalo de temperatura entre 350 °C a
450 °C. Si bien en esta ubicacion la presencia de cenizas volantes residuales podria dar
lugar a una elevada pérdida de carga por taponamiento del reactor y a desactivacion del
catalizador por acumulacion de cenizas volantes y de compuestos de azufre sobre la

superficie del catalizador.

En la zona de bajas cenizas, en general, los sistemas de tratamiento de gases,
captura de CO; en nuestro caso, se sitlan detras del precipitador electrostatico y
trabajan a temperaturas entre 300 y 450 °C. En esta ubicacion, el contenido de particulas
de ceniza en el gas es menor de 100 mg/m® pero la presencia de elevadas
concentraciones de SO, en el gas, podria envenenar el material (adsorbente, absorbente,
membranas, etc.) utilizado para capturar CO,, provocando asi una disminucién en su

vida util.

Finalmente, la localizacion del sistema de captura de CO, en cola, detras del
sistema de desulfuracion, implica precalentar el gas desde la temperatura de salida del
sistema de desulfuracion de gases (50 °C en desulfuracion himeda y 180 °C en
desulfuracion seca) a la requerida en el sistema de tratamiento de gases. Si bien, el gas
quedaria libre de particulas de ceniza y de compuestos de azufre, ralentizando los
procesos de desactivacion de los materiales (adsorbentes, absorbentes, etc.) empleados
para capturar el CO,, y por tanto, incrementando su vida util en relacién a las

ubicaciones anteriores.

La composicion tipica (en base seca y concentracion de contaminantes corregida al 6 %
de O,) del gas de salida de la unidad de desulfuracién de una central térmica de
combustion de carbon pulverizado se muestra en la tabla A.6., donde los gases se

encuentran saturados en agua a una temperatura de 47 °C y a presion atmosférica, y
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donde la concentracion de NOx corresponde a la suma de un 95 % de NO y un 5 % de
NO..

Tabla A.6. Composicion de gas de salida de unidad de desulfuracion de la caldera de
carbén pulverizado de central térmica de combustion.

Componente Concentracion

0, 6,2 - 7,2 % vol s/s
CO, 12,5-13,5 % vol s/s
N, 80,2 % vol s/s
NO, 900 - 1300 mg/Nm®
SO, 380 - 555 mg/Nm®

En cuanto a los sistemas de captura de CO, en procesos de combustion, se
pueden dividir en captura “in situ”, en el propio proceso de combustion, o con

posterioridad al mismo (postcombustion).

Los sistemas de separacion “in situ”, implican la captura de CO, en la propia
caldera de combustion mediante el empleo de sorbentes calcareos, principalmente CaO,
haciendo uso de la reaccion de carbonatacion del sorbente con posterior regeneracion
del mismo por calcinacion de CaCOj3 generado Yy liberacion simultanea del CO, (ZEP,
2009). Los sistemas de captura de CO, en postcombustidn se describen en mayor detalle

en el apartado siguiente.
A.2.2. Tecnologias de Captura de CO, en postcombustidn.

Existen diversas tecnologias para separar y capturar el CO, en postcombustion
que se relacionan a continuacion, aunque la mayoria de ellas se encuentran aun en

estado de desarrollo.

A.2.2.1. Absorcion. Los procesos de absorcion se basan en el lavado humedo del
gas residual en torres de relleno para retener el CO, y la regeneracion posterior del
disolvente, obteniéndose una corriente concentrada de CO, susceptible de

almacenamiento y recuperandose el disolvente para un nuevo ciclo de absorcion.

La absorcion quimica con aminas es la tecnologia més utilizada para la captura
de CO; en gases de combustion en una etapa ya que permite alcanzar una gran pureza
de CO,, en torno a un 99 % (Chakravarti y col., 2001). Sin embargo, presenta una serie
de desventajas como son: capacidad de retencion de CO, limitada; elevado coste y
tamafo del equipo; elevados requerimientos energéticos, de consumo de absorbente y
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de espacio; disminucion de la eficiencia energética de las centrales (en torno al 10 %) e
incremento en el coste de generacién del 25 % al 100 % dependiendo del tipo de planta.
Por otro lado, los gases residuales de combustion contienen otros componentes (O,
hidrocarburos, SO, NOy, particulas, etc.) que pueden deteriorar el absorbente y
provocar pérdidas del mismo, que disminuirian la eficacia de captura, haciendo
necesaria una purificacion previa del gas que depende del tipo de absorbente (Blomen'y
col., 2009; ZEP, 2009). Ademas, se trata de un proceso lento.

El proceso comercial utilizado por excelencia en la industria para la captura de
CO, del gas de combustion es la absorcién quimica con aminas. EI método general
consiste en exponer una corriente de gas a una solucién acuosa de amina para que al
reaccionar con el CO, del gas de combustion se forme una sal de carbonato soluble

mediante una reaccion de neutralizacion acido-base:
2RNH; + CO, + H,O <« (RHN3)2C03 (Al)

También se pueden utilizar otras aminas tales como dietanolamina (DEA),
metildietanolamina (MDEA), o diisopropanolamina (DIPA) (Strazisar, y col., 2001).

La figura A.6., muestra un diagrama de una planta de absorcién con aminas para

la captura de CO, en gases de combustion (Barchas y col., 1992):

& s Condensador
Salida de Y
gates " ® (vaper)
" c
2
Refrigerador 8
= Laado |, 31- 4 Producodn
de Qases 2 de CO
5 . : :
- 3
3 Filtro 2
L : g - a
% . 3
ANmRrtaodn 3
= L3
del gas 2 v===~ Calderin
2 ’
-
Intercambiador de soluciones: _ : ! ooy |
nca/pobee en dManas M 0
| ] ] v
Deposito separador del i ¥ Rewdn
liquido refrigerante yde =--=-=-=-==- ’ Separador de
su vapor saturado impurezas

Figura A.6. Diagrama de flujo de un sistema de absorcion de CO, con aminas.
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A.2.2.2. Tecnologia de membranas. Existen disponibles dos tipos diferentes de

tecnologias de membranas para la separacion de CO;:

» Membranas de separacion de gases que permiten separar el CO, del resto de
componentes gaseosos debido a su diferente permeabilidad a través del sélido poroso
que constituye la membrana. Su empleo requiere inversiones grandes y produce una
reduccion de las eficiencias de la planta considerable, a menos que sean capaces de

operar a alta temperatura.

» Membranas de absorcion de gases, donde, como se muestra en la figura A.7., el
gas rico en CO, se hace pasar a través de una membrana polimérica, porosa y selectiva
al mismo, que evita el paso del agua y permite el paso del CO, hasta el absorbente
liquido que se encuentra al otro lado de la membrana (Feron, 2002). Ademas es un
proceso bastante econdmico puesto que se evitan costes adicionales asociados al

acondicionamiento de la corriente residual (Blomen 'y col., 2009; ZEP, 2009).

Una de las caracteristicas mas atractivas de este proceso basado en membranas

es que requiere mucha menos energia que cualquier otro proceso de captura.

Liquido de
absorcion

Gas residual

Membrana
porosa

Figura A.7. Esquema de separacion de CO, en membranas de absorcion.

Una combinacion adecuada de liquido de absorcion y membrana es la clave para
este proceso. El material de la membrana debe permitir la difusion del gas pero impedir
el flujo del absorbente a ambos lados de la membrana (Feron, 2002). Estas membranas
poliméricas trabajan con unos buenos resultados en cuanto a selectividad y
permeabilidad, el Gnico problema que tienen es que si se quiere un aumento de

selectividad en la membrana, este aumento producird una disminucion en la
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permeabilidad de la misma y por tanto una disminucion del rendimiento del sistema (Xu
y col., 2001).

El proceso de captura de CO, por separacion mediante membranas de absorcion
tiene unas ventajas significativas frente a los procesos de captura anteriores, ya que
posee mayores areas de contacto para la captura por unidad de volumen, no tiene
problemas de inundaciones y por consiguiente formacion de espumas como en las
columnas de absorcion, una mayor capacidad de tratamiento, es decir un mayor

rendimiento del sistema y por ultimo bajo consumo de energia (Xu y col., 2001).

A.2.2.3. Separacion criogénica. El didéxido de carbono se puede separar de una
mezcla gaseosa por condensacion o solidificacion del mismo mediante técnicas
criogénicas que comprenden diferentes etapas de compresion y enfriamiento del gas

residual.

Este procedimiento tendra una alta eficiencia cuando la concentracion inicial de
CO, sea alta, ademas permite obtener directamente el CO, liquido, facilitando asi
determinados tipos de transporte, como el transporte mediante buques. Por otro lado,
otros componentes presentes en el gas residual (H20, NOy, SOy, etc.) pueden interferir
en el proceso de enfriamiento dando lugar a problemas por deposiciones, corrosiones,
etc. (Blomen y col., 2009; ZEP, 2009); otra de las desventajas importantes que posee
este proceso es el elevado gasto energético que requiere.

A.2.2.4. Adsorcion gas-solido. La adsorcion es una técnica ampliamente
conocida para la separacion de una sustancia o varias de una mezcla fluida mediante su

retencion, acompafada de su concentracion, en la superficie interna de un solido poroso.

Asimismo, el proceso de captura de CO, mediante métodos de adsorcion se
puede entender, tal y como se muestra en la figura A.8., donde en la parte izquierda
primeramente se muestra la separacion del CO, de la corriente residual de proceso vy,
posteriormente, una etapa de regeneracion (o de desorcién) donde el CO, se concentra,
como se muestra en la parte de la derecha de dicha figura. De esta manera, los procesos
de adsorcion industriales implantados actualmente, trabajan en régimen ciclico de

adsorcion-regeneracion.
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Proceso de separacion ‘ | Proceso de regeneracion

Gas residual sin CO, CO, concentrado

i 1
[ Adsorﬁbente ] W

Gas residual con CO, Energia

Figura A.8. Esquema de adsorcion para la separacion y concentracion del CO..

En la etapa de adsorcion, el gas a tratar pasa a través del adsorbente donde el
CO;, quedaria retenido. Una vez que el lecho de adsorbente alcance la saturacion de
CO,, el gas a tratar se llevaria a otro lecho de adsorcion (para continuar con la
separacién del CO,) mientras que en el lecho saturado se llevaria a cabo la regeneracién
con liberacion de CO, concentrado.

Los procesos de liberacion posterior del CO, y regeneracion del adsorbente son
diferentes segun se utilice variacion de la presion (PSA, VSA o VPSA) o variacion de la
temperatura (TSA).

El proceso de PSA realiza la captura de CO;, por adsorcion de CO, a alta
presion, después hay un arrastre o purga mediante un inerte y una disminucion de la
presion para liberar el CO, adsorbido. El proceso TSA realiza adsorcion a temperatura
constante, y luego se eleva la temperatura para liberar el CO, adsorbido (Suzuki y col.,
1997). Normalmente el proceso PSA es preferible frente al proceso TSA porque la
regeneracion resulta mas rapida. Sin embargo, estos dos sistemas tienen una similitud es
que al trabajar en continuo el sistema requiere disponer de al menos dos torres, donde en
una de ellas se produce la captura del gas, mientras que en la otra el lecho adsorbente se

regenera.

La principal desventaja del proceso PSA es la energia necesaria para aumentar la
presion, el coste del equipo, y el hecho de que la mayoria de los adsorbentes son de
elevado precio. Por su parte las desventajas del proceso TSA incluyen el elevado
requerimiento de energia; el elevado tiempo requerido para que baje la temperatura
desde la temperatura de desorcion hasta la temperatura de adsorciéon (Suzuki y col.,
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1997), ademas de que los ciclos térmicos a los que se somete el material adsorbente

provocan la degradacion del mismo.
Existen dos tipos adsorcion:

» Adsorcién fisica, donde las fuerzas de enlace son débiles (tipo Van Der Waals,
puentes de hidrégeno), el calor de adsorcién es relativamente bajo (menor que 80
KJ/mol), tiene lugar a baja temperatura, se produce en multicapas, mejor economia de

desorcion (menos cantidad de energia para la regeneracion del adsorbente).

» Adsorcion quimica, donde las fuerzas de enlace son equivalentes a las de los
enlaces quimicos, el calor de adsorcién es superior al anterior (intervalo comprendido
entre 80 y 400 KJ/mol), ocurre a temperaturas mas altas, esta restringida a la monocapa
y tiene un mayor coste de desorcion (normalmente mediante incremento de

temperatura).

La eficiencia de la operacion depende de la capacidad y selectividad del
adsorbente; el adsorbente debe ser duradero (larga vida util), y mecanicamente

resistente (abrasion), ademas de poseer una buena resistencia quimica.

Se pueden utilizar diferentes materiales como adsorbente, tanto de alta como de
baja temperatura. Los sélidos adsorbentes generalmente se disponen en lechos
empaquetados de particulas de geometria aproximadamente esférica. Estos sélidos
pueden ser naturales o artificiales con una amplia variedad de propiedades

fisicoquimicas, pero todos deben regenerarse facilmente.

Los adsorbentes solidos, tales como carbones activos, zeolitas y silicatos
mesoporosos, alimina y Oxidos metélicos se han utilizado ampliamente para la
separacién de gases. Estos sélidos porosos son capaces de formar huecos en su
estructura aumentando la porosidad y maximizando la densidad aparente, aumentando
asi la capacidad de adsorcion del material. La distribucion del tamafio de microporo de
estos adsorbentes depende del proceso de fabricacion, asi pues se puede controlar su
capacidad de adsorcion controlando el tamafio y distribucion de poro en su fabricacién

(Rodriguez-Reinoso y col., 2001).

De esta manera, la utilizacién de adsorbentes solidos para la captura de CO; en

postcombustion constituye una alternativa prometedora a la absorcién con aminas
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(MEA), ya que permite una reduccién importante de los costes energéticos del proceso.
Por el contrario, las tecnologias de separacion de CO, por adsorcion presentan el
inconveniente de que necesitan una adecuada seleccidn y optimizacion del adsorbente,
ya que estos, presentan una baja capacidad de adsorcion y selectividad hacia CO; (Song,
2006).

La investigacion desarrollada en esta Tesis Doctoral esta especificamente
relacionada con la captura de CO; por adsorcion gas-sélido. De acuerdo con lo expuesto
anteriormente, actualmente, el principal reto para la adsorcion de CO, es encontrar
adsorbentes con una alta capacidad ciclica de adsorcion, velocidad de adsorcion y
selectividad hacia CO,, con una buena estabilidad quimico-térmica (Song, 2006) y
resistencia mecanica, y por tanto, una mayor vida util en el proceso y facilmente
regenerables (ZEP, 2009), asi como el desarrollo de nuevos procesos y sistemas mas
eficientes y de menor consumo energético que permitan separar econdémica y
selectivamente el CO; sin el impacto negativo de los gases coexistentes tales como
H,0, SO,, NO, etc. (Drage y col., 2009).

A.2.3. Valorizacion de CO..

Recientemente se estd haciendo hincapié en utilizar el CO, como una nueva
materia prima mediante su conversién a combustibles y otros productos de interés
industrial. Esto ofrece una nueva oportunidad de negocio ante la posibilidad de obtener
beneficios de un gas que a priori es un residuo, al tiempo que hace posible reciclar CO,
como fuente de carbono para produccion de combustibles y otros productos de intereés.
De hecho, la conversion de CO, podria ser un proceso bastante rentable, ya que es de
prever que en el futuro estén disponibles cantidades cada vez mayores de CO,
relativamente puro y a bajo coste procedentes de las plantas de captura de CO, tanto
actuales como planeadas. Por tanto, el CO, constituiria una materia prima de coste casi
nulo para los procesos de conversion hacia combustibles y/o compuestos quimicos de
interés, dotando asi de un valor afiadido al proceso ademas de una buena imagen

medioambiental a las empresas emisoras de CO, (Centi y col., 2008; 2009).

Por esta via, los procesos de conversion del CO;, que se contemplan en la
actualidad, se centran en la sintesis de polimeros, metanol, acido salicilico, urea y otros
compuestos industriales de interés, que por su parte, no representan ni el 1 % de las

emisiones globales de CO,. Por otro lado, se ha estimado a grosso modo que el 5-10 %
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de la emision global de CO, podria utilizarse para produccién de combustibles. De esta
manera, parece factible la obtencién de combustibles a partir de CO,, ya que ademas de
contribuir a reducir las emisiones de CO; a la atmdsfera, permitiria producir energia a
partir de los combustibles producidos en la transformacién de CO, (Bloomen y col.,
2009).

Como se comento anteriormente, se prevé que en un futuro estaran disponibles
cantidades mayores de CO, con una mayor pureza y concentracién provenientes de
procesos de captura del CO,, de tal manera, que una vez capturado y concentrado el
CO,, se puede plantear su valorizacion partiendo de la idea de encontrar una alternativa
al almacenamiento, es decir, utilizar el CO, concentrado como una rica fuente de
carbono, para su conversion a combustibles u otros productos de interés industrial, ya
sea a través de procesos bioldgicos, que son llevados a cabo por una amplia variedad de
microorganismos como algas y bacterias; quimicos o electroquimicos, en cuyo caso, se
utiliza el CO, como materia prima 0 como precursor para generar productos de valor
afiadido, tales como pléasticos o como combustibles sustitutivos a los combustibles
fosiles u otros productos de interés industrial (Olajire, 2013).

Asi pues, el CO, puede utilizarse para introducir enlaces C-C, C-O o incluso C-
X en la sintesis quimica (McGhee y col., 1993; Stokes y Petersen, 1982). En este
aspecto, es necesario realizar esfuerzos hacia la investigacion y desarrollo de nuevos
procesos cataliticos donde se obtendrian productos, tales como combustibles,
fertilizantes y otros productos quimicos, con un valor afiadido, por una parte para
compensar los costes asociados a la captura de CO,; y por otro lado, la introduccion de
este tipo de productos de carbono en los mercados podria mejorar significativamente la
economia del proceso mediante la reduccion de los costes de produccion (Olajire,
2013).

A.2.4. Tecnologias de valorizacion de CO..

Actualmente la utilizacion de CO, como materia prima solo esta implantada en
pocos procesos industriales (Centi y col., 2009), como son la sintesis de urea (para la
fabricacion de fertilizantes y plésticos), de &acido salicilico (que es un importante
compuesto utilizado en la industria farmacéutica) y la obtencion de policarbonatos (para

la fabricacion de pléasticos).
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De tal manera y como se hizo referencia con anterioridad, las tres grandes vias
existentes para la valoraciéon de CO,, las cuales buscan convertir el CO, en un medio de
almacenamiento de energia renovable o utilizarlo como una materia prima para otros

compuestos quimicos (Halman, 1993; Halman y col., 1998; Aresta, 2010), son:

A.2.4.1. Procesos biologicos de conversion de CO,. Los microorganismos
fotosinteticos, mas concretamente, las algas cultivadas en ambientes no oceanicos,
tienen la capacidad de capturar la luz del sol y utilizarla para almacenar carbono en
diferentes formas, tales, que pueden utilizarse para la produccion de combustibles,

aditivos alimentarios y medicamentos.

Este proceso fotosintético es muy similar al que utilizan las plantas, es decir, la
energia procedente de la luz se emplea para reducir el CO; a otra serie de moléculas que
almacenan energia. Los factores mas importantes que influyen en la velocidad de la
fotosintesis son la intensidad de luz radiada, la concentracion de CO,, la transferencia
de materia de CO, en el liquido, la temperatura y la disponibilidad de nutrientes
(Inderwildi y col., 2009).

Aunque la produccion de biocombustibles mediante el empleo de algas esta aun
muy lejos de la realidad industrial (Gresser, 2011), los productos obtenidos a partir de
la conversion de CO, mediante algas son muy variados incluyéndose combustibles,
herbicidas y polimeros, donde cabe destacar los combustibles de elevado interés

industrial:

+¢+ Etanol y otros alcoholes fermentados. A pesar de tener una densidad energética
menor que las gasolinas y mayor que el biodiesel, el etanol puede mezclarse con
gasolinas en algunos motores de combustion interna y por tanto utilizarse como aditivo
para los mismos. Aunque los rendimientos de produccion de etanol a través de
fermentacion de algas son bajos (lo cual dificulta su viabilidad econdmica), se puede
variar el proceso para producir alcoholes de mayor cadena los cuales tienen propiedades

de combustion mas cercanas a las de la gasolina actual (Atsumi y col., 2008).

++ Hidrocarburos y biodiesel. Otra via prometedora es la transesterificacion de
acidos grasos a biodiesel mediante el empleo de algas, obteniéndose glicerol como
producto secundario (Chisti, 2008).
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A.2.4.2. Procesos electroquimicos de conversion de CO,. La reduccion de
CO;, por via electroquimica permite la valorizacion del didéxido de carbono a productos
de elevado interés industrial como metanol, &cido férmico, gas de sintesis y otros

hidrocarburos utilizando la electricidad como fuente de energia (Ogura y col., 2010).

Este proceso requiere electrocatalizadores, que seran los electrodos donde llevar
a cabo la aplicacion de potenciales electroquimicos. Estos sistemas presentan la ventaja
de trabajar a temperaturas y presiones bajas. Ademas, el requerimiento eléctrico
necesario para el proceso puede dotarse desde fuentes de energia renovables como
pueden ser la solar, la eolica o la hidraulica, haciendo, por tanto, que el proceso sea

energéticamente mas sostenible.

Las principales reacciones competitivas implicadas son de quimisorcion de

especies en presencia de hidrégeno:

H" + €& — Huas) (A2)
CO; + H(ads) = HCOO a5 (A3)
HCOOags) + Hiais) — HCOOH (A4)
HCOOads) + CH3OH — CH3COOH + OHags) (A5)
OHads) + H(ags) — H20 (A6)
CO, + 3 Hy — CH;0H + H,0 (A7)

De esta manera en la reduccion electroquimica de CO, en medio acuoso, la
formacion de hidrégeno compite con la reaccion de reduccion de CO,, de tal manera
que suprimiendo esta reaccion de formacién de hidrégeno, que consume energia, se
aumentaria la eficiencia del proceso ya que se evitaria que parte de la energia que se
emplea en el proceso de reduccion de CO, se desvie hacia la formacion de hidrogeno.
Para evitar esto, se emplean catalizadores como Ni, Ag, Pb y Pd que tienen una mayor
eficiencia y afinidad hacia la reduccion de CO, (Azuma y col., 1990).

A pesar de todo lo comentado anteriormente, se debe de seguir investigando para
conseguir que la conversion de CO; a otros compuestos de interés a través de procesos

electroquimicos sea un proceso con una mayor eficiencia energética, mediante:

+« La optimizacion del disefio del reactor, es decir que sea capaz de trabajar a

caudales volumétricos de gas de entrada del orden de 1 m%h y acercandose a la
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velocidad espacial utilizada en la industria de 100-1000 h™ para estos sistemas (Brushett
y col., 2009).

++ Las condiciones de operacion. Estos sistemas son atractivos ya que trabajan a
temperatura ambiente y a bajas presiones, exceptuando aquellos casos donde se trabaja

a alta presion para aumentar la solubilidad del CO, en el medio.
+¢+ La eleccidn del electrodo con una alta actividad y vida dtil.

% Métodos que mejoren la solubilidad del CO, en soluciones acuosas para evitar

limitaciones a la transferencia de materia de CO, (Nordlund y col., 2004).

A.2.4.3. Procesos quimicos de conversion de CO,. Entre los objetivos que se
persiguen en estos procesos destacan: el uso de CO, para generar productos quimicos
industriales Utiles para la sintesis de otros productos; conversion de CO, a combustibles
con fuentes de energia renovables para preservar los recursos de carbono y permitir un
desarrollo energético sostenible; y promover un valor afiadido a los procesos de captura

0 secuestro de CO, acoplandolos a la valorizacion del mismo.

Existen numerosos procesos de conversion quimica de CO,, de los cuales se van

a destacar algunos debido a la relevancia del producto final que se obtiene:

i) Sintesis de derivados de urea y de uretano. La urea se produce industrialmente

por reaccion de CO, con amoniaco (ecuacion A8). Por otro lado, dado que el diéxido de
carbono reacciona facilmente con nucleofilos, las aminas primarias o secundarias
reaccionan con el CO, para dar acidos carbamicos (ecuacion A9) que a su vez pueden, o
bien reaccionar con haluros organicos (ecuacion A10) o bien reaccionar con alcoholes

para formar compuestos de uretano (ecuacion Al11):

CO, + 2 R'R’NH — R'R®*N-CO-NR'R? + H,0 (A8)
R'R’NH + CO, « R'R®NCO,H « [R'R*NCO,] [(base)H]" (A9)
RHN, + CO, + R'X + base — RNHCO,R’ + HX (base) (A10)
RHN; + CO, + R'X — RNHCO,R’ + H,0 (base) (A11)

Este sistema tiene rendimientos muy bajos debido a que posee limitaciones
termodinamicas y a la desactivacion catalitica producida por el agua que se genera en el
proceso (Shi y col., 2003; Tai y col., 2002; Dell’Amico y col., 2003; Abla y col., 2001,
2004; Fujita 'y col., 2006).
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La urea se utiliza principalmente como fertilizante y en la industria quimica
organica para generacion de otros compuestos. Por su parte el uretano, se utiliza
principalmente para la fabricacién de poliuretano. Asimismo, los carbamatos se utilizan
para fabricacion de insecticidas, poliuretano y en medicina como ansioliticos y

relajantes musculares.

ii) Sintesis de acido carboxilico. Es uno de los compuestos objetivo de la sintesis a

partir del CO,. Algunos nucleofilos de carbono como los reactivos de Grignard, 0 como
los compuestos activos de metileno entre otros, atacan al CO, bajo unas condiciones
relativamente suaves para generar acidos carboxilicos (ecuacion A12); ademas también
se pueden obtener &cidos carboxilicos, mas concretamente, acido acrilico, directamente

a partir de etileno y catalizando la reaccion (ecuacion A13):

R-M-X + CO, - H" — R-CO,H (A12)
(donde M = Mg, Zn, Cu, Li, etc.)
H,C=CH, + CO, — H,C=CHCO,H (A13)

La carboxilacion con CO, puede llevarse a cabo tanto en condiciones acidas
como basicas (Chiba y col., 1994; Aresta y col., 2004). Las aplicaciones de los acidos
carboxilicos son muy variadas destacandose su uso en antitranspirantes y neutralizantes,
también para fabricar detergentes biodegradables, lubricantes y espesantes para

pinturas.

iii) Sintesis de dimetil carbonato. La ruta tradicional de sintesis de dimetil

carbonato utiliza fosgeno (COCI,) y otros compuestos de cloro que resultan muy
perjudiciales para el medio ambiente (Aresta y col., 1997), asi pues, en términos de
beneficio medioambiental, surgié una nueva ruta basada en CO, a partir de metanol

(ecuacion Al4):
CO; + 2CH30H — CH30COOCH; + H,0 (A14)

Esta reaccion puede ser catalizada por medio de catalizadores basados en ceria y
circonia. La eliminacion del H,O que se genera como producto, permite aumentar la

selectividad a dimetil carbonato (Tomishige y col., 2002).

Entre los principales usos del dimetil carbonato destaca la fabricacion de
compuestos farmaco-quimicos (antibioticos y depresores del sistema nervioso),

pesticidas (isocianatos de metilo), disolventes y aditivos para combustibles.
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iv) Sintesis de policarbonatos y/o policarbonatos ciclicos. Es uno de los procesos

de conversién de CO, méas prometedores, ya que se trata de compuestos de alto interés
industrial. La via de sintesis mas extendida de estos compuestos es a partir de epdxidos
y de COg, para dar el carbonato ciclico o lineal dependiendo del reactante epdxido que

se involucre en la reaccion:

n (A15)

[BMIm]BF,

(o]
|
o
SVANE ch/o\/\o)kCHs + o/ko
3
n CHs (A16)

Asi, en la primera reaccion se muestra la sintesis del carbonato ciclico a partir de
oxido de ciclohexano y CO, catalizada por sales de liquidos ionicos de piridina e
imidazolio (LI en la ecuacion A15) (Peng y col., 2001). La segunda reaccion muestra la
adiccion de CO; al 6xido de propileno catalizada por [BMIm]BF,, obteniéndose asi una
mejora en la selectividad hacia la formacion de cadenas de carbonato de propileno

(Kawanami y col., 2003).

Los usos de policarbonatos y policarbonatos ciclicos son muy variados entre los
que destacan la fabricacion de plasticos para recipientes, cubiertas y cerramientos

verticales de naves industriales, la fabricacion de CDs y DVDs, entre otros.

v) Tri-reformado de CH,. Este proceso engloba los procesos de reformado de CH,4

con CO,, o reformado seco (ecuacion Al7), reformado de CH,4 con vapor de agua
(ecuacion Al8), oxidacion parcial de metano (ecuacion A19) y oxidacion completa de
CH, (ecuacion A20). Las reacciones involucradas en el proceso se muestran a

continuacion:

CH;+CO;, > 2CO+2H;, (A17)
CH; +H,O - CO+3 Hy (A18)
CH;+% 0, - CO+2H, (A19)
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CHy + 2 CO, > CO, + 2 H,0 (A20)

El CO;, y H,O pueden reaccionar para producir gas de sintesis, ademas, con la
razon adecuada de H,/CO, se podria producir metanol y dimetil éter o hidrocarburos de
cadena elevada, a través de la sintesis de Fischer-Tropsch, a partir del gas de sintesis
obtenido. Si bien se debe evitar la posible formacion de depoésitos de particulas de

carbono (ecuaciones A21 y A22, respectivamente), que serian perjudiciales para el

proceso.
CH; — C +2 H,0 (A21)
2CO— C+CO, (A22)

El hecho de introducir CO, en el tri-reformado produce una mejora en la
durabilidad de la reaccion global debido a que es capaz de alargar la vida util de las
nanoparticulas metélicas del catalizador, dado que el aporte de oxigeno oxida el carbono
depositado en los centros activos del catalizador (Song y col., 2004). Por tanto, las
principales ventajas del tri-reformado de CH,4 son la prevencion de deposiciones de
carbono, una eficaz produccion de gas de sintesis controlando la relacién de H,/CO y
una energia de reaccion mas autotérmica que el proceso de reformado de metano seco o
con CO,.

vi) Hidrogenacion de CO,. El hidrogeno es un gas de alta energia quimica y

ademas, entre su vasta aplicacion en la industria quimica, el hidrégeno se puede utilizar
como reactivo para la transformacion de CO,. Asimismo, los principales productos de
hidrogenacion de CO, se suelen dividir en dos categorias, combustibles y productos
quimicos. Los productos de mayor interés industrial de la hidrogenacion catalitica
heterogénea de CO; son el metanol (Olah y col., 2009) y el dimetil éter (Lunsford,
2000), ya que ademas de considerarse portadores de energia, cuando se obtienen por
reaccion de CO; con hidrogeno producido a partir de fuentes renovables, son unas de las
principales materias primas para la industria petroquimica a través de la quimica del
carbono. En el siguiente apartado de esta tesis doctoral (A.2.4.3.1.), se tratard en mayor

extension la hidrogenacion catalitica de CO,.

Con todo ello, un gas de efecto invernadero tan nocivo y perjudicial para el
medio ambiente como es el CO,, puede transformarse en una valiosa fuente de carbono

renovable e inagotable, permitiendo asi en el futuro, un uso neutro de los combustibles
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de carbdn y de productos derivados de hidrocarburos, es decir, una disminucién de los
efectos dafiinos que provocan el uso de combustibles convencionales sobre el medio

ambiente al ser mas sostenibles.

A.2.4.3.1. Hidrogenacion catalitica de CO, a combustibles. La valorizacion
del CO, a combustibles se contempla como una alternativa medioambiental,
complementaria a las tecnologias de captura y almacenamiento de CO,, en linea con el

protocolo de Kyoto, para reducir el CO, liberado a la atmosfera.

Aunque existen varias alternativas para convertir el CO, a combustibles, la ruta
principal es su hidrogenacion directa a alcanos, alquenos ligeros u oxigenados como
etanol, dimetil éter y acido férmico, entre otros (Kondratenko y col, 2013; Yao y col
2014).

El CO; es un gas poco reactivo y para activarlo y convertirlo a combustibles es
necesario superar una barrera termodinamica, del mismo modo, el hidrégeno es un gas
de alta energia quimica, la cual, puede utilizarse para superar esa barrera termodinamica
de activacion del CO,. De esta manera, el hidrogeno utilizado para ello, es el
denominado hidrégeno renovable, es decir, aquel obtenido a partir de la electrolisis del
agua donde el aporte energético proviene de la energia solar, hidroeléctrica o edlica. Por
otra parte, se estima que en el futuro aumentaran las cantidades de CO,, relativamente
puro y a bajo coste, procedentes de las plantas de captura de CO, para su conversion a
combustibles alternativos, y por tanto, el CO, constituira una materia prima de coste

casi nulo para el proceso de hidrogenacion catalitica (Blomen y col., 2009).

Asimismo, para hacer que el proceso sea mas eficiente, resulta conveniente el
empleo de catalizadores y en particular heterogéneos, ya que, aunque los catalizadores
homogéneos son mas activos, los catalizadores heterogéneos ofrecen una mayor
estabilidad, un mejor manejo y una mejora en cuanto a reutilizacion del catalizador y
disefio del reactor, lo cual implica un menor coste de produccion, particularmente en

aplicaciones a gran escala (May col., 2009; Dai y col., 2010; Blomen y col., 2009).

En general, se necesita operar a presiones elevadas para alcanzar conversiones
apreciables de la reaccion de hidrogenacion de CO,. Asi pues, la hidrogenacion o
reduccion de CO, a hidrocarburos y oxigenados en condiciones de presién atmosférica

es actualmente uno de los mayores retos tecnologicos de la catalisis heterogenea
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medioambiental. Asimismo, a continuacion se muestran los principales productos de

interés industrial que pueden obtenerse a través de la hidrogenacién de COy:

i) Sintesis de metanol. Dado que el metanol es un disolvente comun, un

combustible alternativo, y una importante materia prima en la industria quimica, es muy
sugerente el empleo de la hidrogenacion catalitica de CO, como una buena via para la

sintesis del mismo (May col., 2009).

En la actualidad, el metanol se produce a nivel industrial a partir del gas de sintesis
(con una concentracion de CO, inferior al 5 %) sobre catalizadores de Cu/ZnO/Al,O3
bajo unas condiciones de entre 50-100 bares de presidn y una temperatura comprendida
entre 200-300 °C, obteniéndose una conversion de CO, que va desde el 5 % al 15 % por
paso (recirculacion de corriente producto como alimentacion al reactor de
hidrogenacion para incrementar el tiempo de residencia y conversion global) utilizado
en el proceso (Bonura y col., 2007). De tal manera que seria necesario investigar para
encontrar una via mas econémica que permita disminuir las condiciones de operacién
(presion y/o temperatura) empleadas, asi como la eliminacion o disminucion del numero

de reciclos de la alimentacion.

Las dos vias mas importantes para la sintesis de metanol son (Fujimoto y col.,

1993) la sintesis directa por hidrogenacion catalitica de CO, (Ecuacion A23):
CO, + 3 Hy, — CH30H + H,0; AHjg5 k = -90,7 kJ/mol (A23)

Y la sintesis indirecta, a través de la reaccion de RWGS, donde el CO, se reduce
primeramente a CO (ecuaciones A24 y A25), el cual se hidrogena posteriormente a

metanol (ecuacion A26) de acuerdo al siguiente mecanismo de reaccién:

CO;, + H, — HOOC* (A24)
HOOC* + H, — CO* + H,0 (A25)
CO* + Hp — CH;OH (A26)

Generalmente, la sintesis del metanol se realiza sobre catalizadores basados en
Cu (Yang y col.,, 2010; Zhao y col.,, 2011) y soportados en Oxidos metalicos
(Avgouropoulos y col., 2005), ya que estos incrementan el area especifica superficial y
la dispersion del catalizador de Cu, y por tanto, su actividad (Centi y col., 2009) y

estabilidad térmica incluso a largo plazo (Slocynski y col., 2006).
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La utilizacién de una amalgama de ZnO-Al,03 y SiO,-TiO, como soporte,
permite también mejorar la actividad catalitica, lo cual redunda en un incremento de la

conversion de CO; (Yao y col., 2014).

La tecnologia de hidrogenacion directa de CO, para produccion de CH3;OH
puede considerarse que estd casi lista para comercializarse (Centi y col., 2009). En
efecto, la viabilidad técnica de la tecnologia se ha confirmado a escala de planta piloto
de 100 T/a (desarrollado por Mitsui Chemicals Osaka Works, Japon) utilizado un
catalizador de desarrollo propio (Sankaranarayanan y col., 2012; Huang y col., 2014).
A nivel industrial, la primera planta para produccion de CH3zOH a partir de CO, fue
implantada por Carbon Recycling International en Islandia (Sankaranarayanan y col.,
2012; Kondratenko y col., 2013; Huang y col., 2014) y tiene una capacidad de 4 kT
COy/afio, sin embargo, en comparacién con la tecnologia comercial de obtencién de
metanol a partir de CO, esta alternativa tiene un mayor consumo de H; y menor

productividad (Kondratenko y col., 2013).

Se dispone de catalizadores comerciales para el proceso como son Siid-Chemie,
Ceramatec, etc. (Kondratenko y col., 2013). Sin embargo, todavia existen una serie de

posibilidades de mejora tales como:

- Aumentar la conversion hacia CH3OH: desarrollo de catalizadores con alta
conversion y selectividad hacia CH3OH con una baja temperatura de proceso. Los
catalizadores estudiados se han basado en Cu, Zn, Cr, Pd, que permiten obtener una
elevada selectividad hacia metanol. El catalizador tipico es el Cu/ZnO/Al,O3 cuya
actividad catalitica y selectividad puede ser mejorada mediante el empleo de promotores
tales como: ZrO,, Lay,03, Gay0s, SiO,, etc. (Ma y col., 2009; Wang y col., 2011;
Sankaranarayanan, y col., 2012; Centi y col., 2013; Kondratenko y col., 2013; Huang y
col., 2014; Yan y col., 2014; Saeidi y col., 2014; Ali y col., 2015). Otros desarrollos
incluyen el uso de catalizadores que no sean susceptibles de inhibicion por agua como el
Pd o Ag soportados en ZnO, ZrO,, MCM-41, SBA-15, etc., con promotores alcalinos o
alcalinotérreos que aumentan la conversion de la reaccion, nanotubos de carbono que
mejoran la selectividad, carburos metalicos (TiC, Mo,C, FesC, SiC, TaC, etc.) que
permiten mejorar la actividad, selectividad y resistencia a la desactivacion, etc. (Ma y
col., 2009; Wang y col., 2011; Van Der Hamy col., 2012; Centi y col., 2013; Yan y col
2014; Aliy col., 2015).
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- Intensificacién de procesos (micro reactores).

- Aumento de la estabilidad y vida media del catalizador: el agua generada en la
reaccion inhibe la formacion de metanol y puede desactivar el catalizador (Ma y col.,
2009; Sankaranarayanan y col., 2012; Centi y col., 2013; Ali y col., 2015) potenciada
ademas por la exotermicidad de la reaccion (desactivacion hidrotérmica). Se ha
propuesto el desarrollo de reactores de membrana en lecho fluidizado con pared
refrigerada con agua (operacion isoterma), reactores en dos etapas con enfriamiento
intermedio, etc., con vistas a reducir la desactivacion hidrotérmica y alargar la vida util

del catalizador.

- Disefio y optimizacion del reactor: Se han desarrollado distintos procesos
basados en la utilizacion de catalizadores de Cu en reactores de lecho fijo que operan a
alta presion y baja temperatura, con conversiones hacia CH3OH en un solo paso de entre
3-26 % (Wang y col., 2011; Van Der Ham y col., 2012; Saeidi y col., 2014). De esta
manera, se obtuvieron conversiones, por recirculacion de la alimentacién, superiores, de
hasta el 62 %, al tiempo que se mejora la transferencia de calor en el reactor (Saeidi y
col., 2014). También se estan desarrollando reactores de membrana para la separacion
de H,O del medio de reaccion con membranas de zeolita (desplazamiento del equilibrio)
(Wang y col., 2011; Saeidi y col., 2014; Jadhav y col., 2014), con el consiguiente
incremento de la produccion de metanol, al tiempo que reduce el consumo de reactivos,
facilita la operacién a menores presiones y mayores temperaturas y previene la
inhibicidn y desactivacion del catalizador por H,O. Esto también favorece la cinética de
la reaccion con reduccion del tiempo de residencia y volumen de reaccion (Wang y col.,
2011; Jadhav y col., 2014).

También se ha propuesto un reactor de lecho fijo en dos etapas, que favorece un
perfil de temperaturas mas suave a lo largo de la longitud del tubo y permite aumentar la

actividad y tiempo de vida del catalizador (Ma y col., 2009; Jadhav y col., 2014).

Otro sistema estudiado, es un reactor consistente en dos etapas con dos tipos de
membranas diferentes: una selectiva a H, y otra a H,O (“dual type perm-selective
membrane reactor”) (Wang y col., 2011). Este sistema permite superar la limitacion del
equilibrio termodindmico, mejorar las reacciones cinéticamente limitadas y controlar la

relacion estequiométrica (H,/CO,) en la alimentacion.
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i) Sintesis de CO via RWGS. La reaccion de RWGS se considera el primer paso en

la sintesis indirecta de combustibles a partir de CO,. La ecuacion quimica global por la

gue se rige el proceso se muestra a continuacion:
CO, + Hy <« CO + Hy0; AHpg5k = 41,2 kJ/mol (A27)

Se han propuesto dos mecanismos de reaccion principales para la RWGS, el
mecanismo redox y el mecanismo asociativo (Kimy col., 2012; Wang y col., 2013). En
el mecanismo redox el CO, es adsorbido y reducido en los centros activos del
catalizador metalico para formar CO, después el hidrogeno presente en el medio de
reaccion reduce nuevamente los centros activos (oxidados durante el proceso de
formacion de CO). Ejemplos de catalizadores que siguen este mecanismo son Pt/TiO,
(Kimy col., 2012) y Au/CeO, (Wang y col., 2013).

Por otra parte, el mecanismo asociativo, la hidrogenacion de CO, a CO tiene
lugar via formacion de un intermedio de reaccion (formiato, carbonato o especies
carboxilicas) que evoluciona posteriormente hacia la formacién de CO dependiendo de
las condiciones de reaccion (Wang y col., 2013). Un ejemplo de un catalizador que

sigue este mecanismo de reaccion es el sistema Pt/CeO, (Goguet y col., 2004).

En este proceso, toma especial importancia el disefio y caracterizacion de los
catalizadores que se utilizan en el mismo. Dado que la reaccion de RWGS es
endotérmica, la formacion de CO se facilita a altas temperaturas (en torno a 800 °C), por
tanto, el empleo de catalizadores disminuye la temperatura de reaccion. Asi, los
catalizadores mas utilizados en esta reaccion son los basados en cobre, que aungue son
muy activos en la reaccion de RWGS, tienen el inconveniente de que a altas
temperaturas las particulas de Cu sinterizan disminuyendo su actividad, por tanto, son
modificados o bien afiadiéndoles un estabilizador térmico (como puede ser el Fe) o bien
soportandolos sobre dxidos para hacerlos més estables a altas temperaturas (Chen y col.,
2004).

Por otra parte, catalizadores como el cromo o el hierro posibilitan que la
temperatura de proceso sea bastante inferior, en torno a unos 400 °C, pero tienen el
inconveniente de que la constante de equilibrio es bastante baja haciendo que la

reaccion no se complete en su totalidad (Centi y col., 2009).
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iii) Sintesis de hidrocarburos. Se lleva a cabo a partir de la hidrogenacion catalitica

del CO por medio del proceso de Fischer-Tropsch, donde se trabaja a temperaturas
moderadas (200-350 °C) y elevadas presiones (5-20 bares). Para llevar a cabo la
hidrogenacion catalitica de CO, por esta via, previamente es necesario transformar el
CO, a CO a través de la reaccion de RWGS (ecuacion A28) y después, hidrogenar el

CO hacia diferentes hidrocarburos, via Fischer-Tropsch (ecuacion A29):

CO,; + H, —» CO + H,0; AHjos k = 38 kd/mol (A28)
CO + 2 Hy; — -CH»- + H,0; AHoos k = -166 kd/mol (A29)

Asimismo, los catalizadores empleados para el proceso global de hidrogenacién
directa de CO; a hidrocarburos son similares a los empleados en el proceso de Fischer-
Tropsch pero modificados para maximizar la produccion y selectividad hacia los
diferentes hidrocarburos. De tal manera, los metales méas activos para este proceso
siguen la siguiente secuencia en base a su actividad: Ru>Fe >Co>Rh>Ni>Ir>Pt>
Pd, donde el Ru, debido a que es un material muy caro, deja de tener interés industrial y
por tanto, el Fe y Co son los catalizadores que realmente se utilizarian en el proceso
industrial de produccion de hidrocarburos, y de entre ellos, el Fe es el mas selectivo
para el proceso de RWGS (Blekkan y col., 2013). En los estudios de hidrogenacion de
CO; a hidrocarburos sobre estos catalizadores (basados en Co y Fe) se han utilizado
presiones entre 10 y 30 bar y temperaturas entre 200 y -350 °C (Riedel y col., 1999;
Schanke y col., 2001; Yao y col., 2012; Hou y col., 2012).

Por otra parte, el uso de soportes es esencial para los catalizadores en el proceso
de hidrogenacion de CO, a hidrocarburos, ya que aumenta el &rea superficial y por tanto
la dispersion de los centros activos del catalizador. Ademas, los soportes proporcionan
una mayor resistencia mecanica y térmica a los catalizadores, haciéndolos mas estables
y durables en el proceso (Yunjie Ding y col., 2008). De esta manera, los soportes mas
utilizados son SiO,, Al,O3; y TiO,. La actividad catalitica tanto para el cobalto como
para el hierro soportados en dichos 6xidos metélicos, disminuye en el orden Al,O3>
TiO,> SiO; (Davis y col., 2002).

La tecnologia de hidrogenacion directa de CO, para la produccién de
hidrocarburos (gasolinas, diésel, etc.) se encuentra a escala de demostracion (planta

Audi e-diesel Sunfire 160 I/dia crudo) y se considera casi lista para su comercializacién
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(DG MOVE, 2015). Si bien, todavia existen oportunidades de investigacion para la

optimizacion de los catalizadores y del proceso:

- Aumentar la conversion de CO; y selectividad a hidrocarburos y minimizar la
formacion indeseable de CH,. Se han desarrollado distintos procesos en reactores de
lecho fijo que operan a alta presion y baja temperatura (Centi y col., 2009, 2013; Wang
y col., 2011; Kondratenko y col., 2013; Rodemerck y col., 2013; Schaafy col., 2014).
Los catalizadores mas prometedores son los basados en Fe sobre diferentes soportes (o
(Al,O3, SiO,, TiO,, zeolita HY, etc. 0 combinacion de varios), cuyo comportamiento
puede ser mejorado mediante el empleo de promotores (K, Ru, Mg, Zr, Mn, Cu, Zn, Cr,
V, La, etc.,, o combinacién de ellos) (Centi y col., 2009, 2013; Wang y col., 2011;
Kondratenko y col., 2013; Rodemerck y col., 2013; Saeidi y col., 2014).

- Intensificacion de procesos (micro reactores) (Rodemerck y col., 2013).

- Aumento de la estabilidad y vida media util del catalizador: el agua generada en
la reaccion inhibe la reaccion y puede desactivar el catalizador (Centi y col., 2009;
Wang y col., 2011; Saeidi y col., 2014) potenciada ademés por la exotermicidad de la

reaccion (desactivacion hidrotérmica).

- Disefio y optimizacion del reactor: Una forma de mejorar la conversion de CO, a
hidrocarburos es por eliminacion de agua in-situ mediante una membrana de silice
(selectiva al H,O) integrada en un reactor catalitico de membrana (CeraMen
Corporation) (Centi y col., 2009; Wang y col., 2011). Por otra parte, la selectividad de la
membrana se puede mejorar utilizando H, o mezclas H,/CO, como gas de arrastre
(Centi y col., 2009). También se han empleado reactores en lecho fluidizado y en
suspension (“slurry” reactor) para mejorar la conversion de CO, y obtener los productos
deseados, puesto que facilitan la eliminacién del calor generado en la reaccién
(altamente exotérmica) en relacion al lecho fijo. También se han propuesto otras
configuraciones de reaccion (reactores en serie o0 con recirculacion) que permiten,
ademas, aumentar el tiempo de residencia, y por tanto, la produccion de hidrocarburos

en el reactor (Saeidi y col., 2014).

Por altimo, comentar que el gran inconveniente del proceso de hidrogenacion de

CO; a hidrocarburos, es que simultdneamente pueden ocurrir una serie de reacciones
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secundarias indeseadas dificultando el proceso, ya que disminuirian el rendimiento

catalitico y por tanto la eficiencia del proceso (Olajire y col., 2013).

iv) Sintesis de alcoholes. La sintesis directa de alcoholes de alta cadena a partir de

CO, puede producirse a través de una combinacion de reacciones via RWGS (Centi y

col., 2009). El mecanismo de reaccion que sigue este proceso, es el siguiente:

CO, + Hp — CO* + H,0 (A30)
CO* + H, — CH;OH (A31)
CO* + Hp — CHg* + H,0 (A32)
CHz* + CO* — CH3CO* (A33)
CHsCO* + H, — C,HsOH (A34)

Asimismo, los catalizadores empleados para la formacién de alcoholes via
RWGS se basan en Fe y/o Rh debido a que son los més activos para dichas reacciones
(Kusamay col., 1997).

Sin embargo, se ha propuesto otro mecanismo de sintesis de alcoholes de
elevada cadena de carbono, donde la reaccion de RWGS genera CO, que es introducido
en la reaccién de hidroformilacién (Figura A.9.), cuyo producto resultante se
hidrogenara posteriormente dando lugar a la formacion de dichos alcoholes (Tominaga
y col., 2000). En la formacion de alcoholes via hidroformilacion se utiliza un liquido
ionico como disolvente, produciéndose un aumento del rendimiento, ya que se evitan

reacciones secundarias perjudiciales para el proceso.

CO, + H, CO + H,O
Cat. o~
Y
CO/MH, CHO H;
Rxx"qﬁq - - . RN - RMOH

hidroformilacion

Figura A.9. Esquema de la formacion de alcoholes via hidroformilacion.

Asimismo, diversos autores han realizado estudios sobre la hidrogenacion
catalitica de CO, para la produccion de alcoholes por medio de las vias anteriores. Los
principales resultados obtenidos en dichos estudios, se encuentran recogidos en la tabla
A.T.
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Tabla A.7. Sistemas cataliticos para la sintesis de alcoholes de alta cadena.

Catalizador | T (°C) | P (bar) Conv.de Selectividades (%) Referencia
CO: (%) CH,0H
Fe 350 81

433 173 5,53 8 17 Inui y col.,
161 994 0,6 - - 1998
(9?%?3 %) 260 50 127 893 33 62 1,2
(6;2;33;//5;% ) 260 50 267 197 347 294 16,2 (';‘fagg
@ ;Z;;f/sg%) 260 50 237 239 309 288 16,4

v) Sintesis de dimetil éter. EI dimetil éter es un potencial sustitutivo del diesel

debido a su alto contenido en cetano y su combustion genera emisiones de particulas
casi nulas y muy bajas de NOy (Koppel y col., 1998). Ademas, el dimetil éter, es
utilizado como un producto intermedio para la produccion de productos quimicos
valiosos tales como olefinas, acetato de metilo, sulfato de dimetilo y GLP utilizado
como combustible en los sistemas de calefaccion, equipos de cocina y en los vehiculos
(Yaripour y col., 2005). Estas son las principales razones, por las que crece el interés en
la producciéon de dimetil éter debido a su uso como un combustible o producto

alternativo a los combustibles fosiles.

Existen dos rutas cataliticas principales de sintesis del dimetil éter por
hidrogenacion catalitica de CO,. La primera de ellas consta a su vez de dos etapas
cataliticas consecutivas, donde en primer lugar se sintetiza metanol por hidrogenacién
de CO; (ecuacion A35) sobre un catalizador metélico (como pueden ser Pt, Rh o Ru), y
posteriormente se produce la deshidratacion del metanol (ecuacion A.36) sobre un
catalizador acido para finalmente formar dimetil éter (Yaripour y col., 2005). Por otra
parte, la segunda ruta de sintesis de dimetil éter consiste en la hidrogenacion directa de
CO, a dimetil éter en una sola etapa utilizando un catalizador bifuncional (como puede
ser CuO—ZnO—Al,03/y-Al,O3) a presiones del orden de 30 bar y temperaturas de 275-
300 °C (Eranay col., 2007).

CO, + 3H; — CH30H + H,0;  AHy95k = -90,7 kd/mol (A35)
2 CH30H — CH30CH; + Hzo; AHogg k = -23 kJ/mol (A36)

A nivel comercial el dimetil éter (C,HgO) se obtiene por deshidratacion de

metanol. La sintesis directa de dimetil éter a partir de gas de sintesis (CO+H,) (sintesis
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de metanol y deshidratacion en una sola etapa) se encuentra a nivel de demostracién
(Olahy col., 2009), en una planta de 100 T/dia en JFE (Japdn) utilizando Cu/ZnO/Al,O3
como catalizador y bajo las condiciones de 240-280 °C y de 30-70 bar en un reactor en
suspension (“slurry reactor”). Sin embargo, la hidrogenacion directa en una sola etapa
de CO, a dimetil éter se encuentra todavia en estado de desarrollo. Actualmente, se
estan estudiando catalizadores bi-funcionales que combinan un catalizador activo para
la sintesis de CH3OH a partir de CO; y un catalizador acido para la deshidratacion de
CH3OH a dimetil éter, tales como combinaciones de CuO-ZnO-Al,03, CuO-TiO, con y-
Al;03, 0 zeolitas (HZSM5, Y, etc.), en reactores de lecho fijo o en suspension (Wang y
col., 2009, 2011; Naik y col., 2011; Van Der Ham y col., 2012; Centi y col., 2013), asi
como, la adicidén de promotores para aumentar la produccion de dimetil éter (Pd, MoOs,
etc.), su selectividad (Ga,Os, Cr,03, etc.) y la vida atil del catalizador (NaHZSM5)
(Wang y col., 2011).

vi) Sintesis de metano. La obtencién de metano por hidrogenacion catalitica de

CO,, se realiza mediante la denominada reaccién de metanacion o de Sabatier
(ecuacion A37). Este proceso adquiere una gran importancia ya que el metano es el
principal componente del gas natural y ademas, puede utilizarse directamente como

combustible, o transformarse en gas de sintesis a través de procesos de reformado.
CO,+4Hy, — CHy + 2 H)O; AHsgs k = -252,9 kJ/mol (A37)

Este es un proceso con altas limitaciones cinéticas y por tanto necesita el
empleo de temperaturas relativamente altas y de catalizadores para vencer la barrera
cinética y asi conseguir las velocidades de formacién de CH,4 adecuadas que hagan del
proceso un sistema eficiente (Park y col., 2009). Por otra parte, en la reaccion se
produce una disminucion en el nimero de moles y por tanto la reaccion se ve
favorecida termodinamicamente a altas presiones, que desplazan el equilibrio de la
reaccion en el sentido en que se disminuye el nimero de moles. Ademas, otro de los
inconvenientes de este proceso es el elevado consumo de hidrégeno que requiere,
ademas de que el metano tiene una menor energia almacenada por unidad de volumen
en comparacion con otros compuestos resultantes de la hidrogenacion catalitica de CO,,

como pueden ser los compuestos oxigenados (Centi y col., 2009).

Se han propuesto diferentes mecanismos de hidrogenacion de CO, para la

produccién de metano. Por un lado se cree que la formacion de metano viene precedida
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de la formacion de especies intermedias de CH,O (proveniente de la adsorcion
disociativa de CO,) y su interaccion con el hidrogeno (Vlassenko y col., 1969) y por
otro lado, se cree que la etapa intermedia es la formacién de carbono en la superficie del
catalizador a través de la disociacion de CO/CO; y su posterior hidrogenacion hacia

metano (Coenen y col., 1986).

En la hidrogenacion de CO, a metano normalmente se utilizan temperaturas
entre 200 y 550 °C, presiones entre 1 a 100 bar y catalizadores de Ru, Ni, Rh y Co (Gétz
y col., 2016).

La tecnologia de metanacion de CO, para produccion de gas natural sintético
(PtG) se considera que se encuentra en estado de demostracién (planta Audi e-gas
ETOGAS desarrollada por Sunfire) (Gétz y col., 2016). Si bien, todavia existen una
serie de barreras técnicas y econdmicas que dificultan su comercializacion (Centi y col.,
2013; Schaaf y col., 2014; Gao y col., 2015; G6tz y col., 2016):

- Desarrollo de catalizadores con alta actividad a baja temperatura (200-300 °C) y
alta estabilidad a elevada temperatura (600-700 °C), dada la elevada exotermicidad de la

reaccion.

- Desarrollo de -catalizadores con alta resistencia mecanica y estabilidad

hidrotérmica basados en Ni y Co.
- Disminuir la deposicién de carbono por control de las condiciones de reaccion.

- En el caso del Ni, disminuir y/o evitar la formacion de Ni(CO); a baja
temperatura, mientras que en el caso del catalizador de Co potencialmente resistente al

azufre, mejorar la actividad.

- Se necesita mayor informacion sobre la dindmica de operacion de los reactores

de metanacion (determina el tamario del almacenamiento de H,).

- Aprovechamiento del calor de metanacion para incrementar la eficiencia

energética del proceso global (PtG).
- Disefio de nuevos procesos y reactores de metanacion.

En las ultimas décadas se han investigado catalizadores basados en metales de

transicion (Ni, Fe, Co, Ru, Mo, etc.) soportados sobre 0xidos metalicos (Al,O3, SiO,,
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TiO,, ZrO,, CeO,, etc.) para la metanacion tanto de CO como de CO, (Gao y col.,
2015) ofreciendo un orden de actividad de los catalizadores como el siguiente:
Ru>Fe>Ni>Co>Rh>Pd>Pt>Ir. En general, en la metanacion de CO,, los catalizadores
operan a menor presion y temperatura, permitiendo obtener una mayor selectividad y
menor conversion que en la metanacion de CO. Existen algunos -catalizadores
comerciales de metanacion directa de CO, para produccién de gas natural sintético,
basados fundamentalmente en Ni, de elevada eficiencia, vida Util, resistencia a venenos,
estabilidad térmica, baja pérdida de carga, etc., desarrollados por Johnson Mathey
(CRG), Haldor Topsoe (PK-7R) y CLARIANT (METH130/134/135), entre otros.
Asimismo se han desarrollado nuevos procesos para la reaccion de metanacion, entre
los que destacan: la metanacion mejorada por adsorcién y la metanacion fotoasistida
(Gaoy col., 2015).

De esta manera, basicamente se han desarrollado dos conceptos distintos de
reactor de metanacion: lecho fijo en etapas con enfriamiento intermedio como son el
reactor TREMP desarrollado por Haldor Topsoe, Hicom por British Gas Corp, RMP por
Ralph y Lurgi, y el reactor Sasol desarrollado por Lurgi GmbH, entre otros; y reactores
de lecho fluidizado como son el Comflux desarrollado por Thyssengas GmbH, Bi-Gas

por Bituminous Coal Res, entre otros (Schaaf y col., 2014).

Otros conceptos de reactor se han llevado también a comercializacion (reactor
tubular de pared catalitica, reactor de platos paralelos, etc.) (Schaaf y col., 2014).
Ademas, se han investigado nuevos sistemas de reaccion que permitan un mejor control
de la temperatura, como el reactor en suspension (“slurry-phase bubble-column
reactor”), reactor de lecho fluidizado magnético, reactor de plasma de descarga de
barrera dieléctrica, reactor de microcanales, etc., que pueden inspirar nuevos desarrollos

de reactor de metanacion industrial (Gao y col., 2015).

En Espafia, se esta llevando a cabo el proyecto RENOVAGAS (Proceso de
Generacion de Gas Natural Renovable) desarrollado por las empresas Enagas, ICP-
CSIC, FCC-AQUALIA, CNH2, Gas Natural Fenosa, Tecnalia, Abengoa Hidrdgeno,
cuyo principal objetivo es desarrollar y demostrar el proceso de produccion de gas
natural sintético a partir de H, obtenido por electrolisis de H,O utilizando energias
renovables y del CO, contenido en una corriente de biogés, de manera que el gas natural
obtenido sea totalmente renovable.
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vii) Sintesis de acido férmico y formiatos. Desde principios de los afios 90 ha
habido un gran interés en el desarrollo de la hidrogenacion de catalitica de CO, hacia
acido formico y formiatos, introduciéndose por tanto, mejoras en dichos procesos
(Zhang y col., 2009; Beller y col., 2010). Por otra parte, el acido formico se considera
un buen material de almacenamiento de hidrégeno (combinando la hidrogenacién de
CO, con la descomposicién selectiva del acido férmico), de tal manera que podria
utilizarse este proceso para conseguir un almacenamiento mas seguro y econémico de
hidrogeno (Wills y col., 2010).

Asimismo, este proceso sigue la hidrogenacion directa de CO, (ecuacion A38)
catalizada en presencia de compuestos organometalicos complejos, disminuyendo muy
notablemente la temperatura (menor de 100 °C) y la presion (presién atmosférica) del
proceso (Beller y col., 2010).

CO;, + H, —» HCOOH; AHos k = 32,9 kd/mol (A38)

Por otra parte, la adicion de una base inorganica en el proceso, conlleva a la
formacion de formiato (posteriormente haria falta una etapa de regeneracion de acido
férmico mediante el empleo de un &cido fuerte). Sin embargo, en la actualidad no se
encuentran implantados estos procesos, ni la formacion de acido formico ni de formiato,
debido a que la recuperacion del acido formico es costosa y complicada, y ademas, la
elevada volatilidad de la base produce un elevado consumo energético y problemas

técnicos de dificil solucion (Olajire y col., 2013).

Por tanto, como se deduce de lo anteriormente expuesto, la mayoria de los
estudios sobre hidrogenacion catalitica convencional de CO, han sido llevados a cabo
en reactores de lecho fijo utilizando principalmente catalizadores metalicos (Fe, Cu, Pd,
Rh, etc.) soportados sobre diferentes éxidos metélicos (Nb,O3, Al,O3, SiO,, etc.), los
cuales utilizan temperaturas relativamente altas y presiones elevadas, lo cual impone
elevados requerimientos energéticos al proceso. Por otro lado, los principales productos
obtenidos sobre este tipo de catalizadores para la hidrogenacion de CO, son,
dependiendo de las condiciones de reaccion, CH3;OH, CO, CH, y olefinas, entre otros
(Amenomiya, 1987; Gasser y col., 1989; Sahibzada y col., 1996; Ando 1998). Ademas,
en algunos casos, como la sintesis directa de dimetil éter (Centi y col., 2009), por el
momento no se ha identificado ningln sistema catalitico eficiente para la conversion en

un solo paso de CO, al combustible de interés. Algunos resultados preliminares indican
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que, como se describira en detalle en el apartado A.3, la aplicacion del fendmeno de
promocion electroquimica de la catélisis al proceso de hidrogenacion catalitica de CO,
(Papaioannou y col., 2009) puede ser prometedora, ya que permitiria llevar a cabo el
proceso de hidrogenacion de CO, a combustibles en un solo paso a presion atmosférica
y a temperaturas relativamente bajas, con la consiguiente disminucion potencial del
consumo energético en relacion a la tecnologia catalitica convencional expuesta

anteriormente.

A.2.5. Aplicacién de hidrogenacion de CO; a corrientes procedentes de

procesos de captura de CO, en postcombustion.

Como se comentd anteriormente en el apartado A.2.2.1., la absorcion quimica
con aminas es la tecnologia de captura de CO, en post-combustion de mayor
implantacion industrial, ya que se obtiene una pureza de CO, muy elevada (Chakravarti
y col., 2001).

En la Tabla A.8. , se muestran las composiciones tipicas a la salida de sistemas

de captura de CO, por absorcidén quimica con aminas (Wall y col., 2013).

Tabla A.8. Composicion de gas a la salida de sistema de absorcion quimica de CO,

con aminas.
CO, (% vol) >99
CH, (ppm) <100
N, (% vol) <0,17
C, < 100 ppm
CcoO <10 ppm

O, (% vol) <0,01
NOy <50 ppm
SOy <10 ppm

H, trazas

Ar trazas

En esta tesis doctoral también se ha abordado el estudio de la hidrogenacion
catalitica de CO, en condiciones representativas (elevada pureza de CO,) de corrientes
de salida de sistemas de captura de CO, mediante el empleo de aminas (sistema de post-
combustion), ya que, es la tecnologia de captura de CO, que mayor implantacién
industrial tiene, y por tanto, se debe de incidir en ella para tratar el CO, concentrado que

produce.
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Asimismo, se plantea utilizar hidrégeno renovable para ese fin, es decir,
hidrogeno proveniente de la electrolisis de agua utilizando energia eléctrica producida
de forma discontinua a partir de fuentes renovables (edlica, hidraulica o solar) para
hidrogenar una corriente gaseosa rica en CO,, similar a la de salida de captura de CO,

con aminas.
A.3. Promocion electroquimica de la catélisis.

El fendbmeno de promocion electroquimica de la catalisis (EPOC) o efecto
NEMCA (por su siglas en inglés de Non Faradaic Electrochemical Modification of
Catalytic Activity), tiene su fundamento en el hecho de que la electroquimica puede ser
empleada para activar y sintonizar un catalizador heterogéneo, en un modo que parece

obviar la ley de Faraday (Vayenas y col., 2001).
A.3.1. Descripcion general de la promocidn electroquimica.

En 1981 el grupo del profesor Vayenas del Departamento de Ingenieria Quimica
de la Universidad de Patras (Grecia), observo por primera vez que la actividad y la
selectividad de un catalizador metalico depositado en un electrolito sélido, podia ser
electroquimicamente modificada “in situ” durante el propio proceso de reaccién
(Stoukides y Vayenas., 1981). Esta modificacion podia llevarse a cabo de manera
controlada y reversible, mediante la aplicacion de corriente eléctrica entre el catalizador
metalico (electrodo de trabajo) y un segundo conductor eléctrico (contra electrodo)

depositado al otro lado del sélido conductor.

De este modo, si sobre el electrodo de trabajo donde est4 teniendo lugar una
reaccion catalitica heterogénea (véase figura A.10.), se aplica una corriente eléctrica se
puede lograr un incremento pronunciado en la velocidad de reaccion (Ar), que puede
llegar a ser hasta varios ordenes de magnitud mayor al valor previsto por la ley de

Faraday (re).

Actualmente, el efecto NEMCA ha sido demostrado en més de 80 sistemas
cataliticos diferentes (Balomenou y col., 2008) y no parece estar limitado a ningln tipo
de reaccion catalitica heterogenea, catalizador metalico o electrolito sélido (Neophytides
y col., 1995).
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Ar Catalizador-electrodo
A de trabajo

Electrolito sé6lido ﬁ*/"‘\‘s{‘\ﬁ%ﬁa
\ \ i Na 5 N
o ol e o =1V

—_

/! N

Electrodo de Ar >> 1. Contra electrodo
referencia re = J/(NF)

Figura A.10. Representacion esquematica del efecto NEMCA empleando Na-B-Al,03
como sélido conductor.

A.3.2. Origen y mecanismo de la promocion electroquimica.

El Fendmeno de Promocién Electroquimica se atribuye al movimiento de
especies promotoras (Baranova y col., 2005). Estas especies que son generadas en la
region conocida como tpb (por sus siglas en inglés three-phase boundary), siendo esta
la interfase entre el electrolito sélido, catalizador-electrodo de trabajo y la fase gas
(véase figura A.11.), se mueven en determinadas condiciones hacia la superficie del
metal, distribuyéndose a lo largo de él y modificando asi la capacidad de quimisorcion
de las moléculas de reactivo. Este fendbmeno es analogo a la promocién quimica
convencional en catalisis heterogénea, donde las especies promotoras son afiadidas al
catalizador durante su preparacion. Sin embargo, en la promocién electroguimica, las
especies promotoras son iones que migran desde el electrolito sélido hacia el metal, y
viceversa, de tal forma que el sentido de migracion depende del signo de la intensidad o
del potencial aplicado. Asi, por ejemplo, la aplicacion de un potencial o intensidad
negativa producird la migracion de iones positivos desde el electrolito sélido hasta el
metal (si se trata de un conductor cationico), mientras que producira la migracion de
iones negativos desde el metal hasta el electrolito solido (si se trata de un conductor

anionico).

Por otro lado, hemos de tener en cuenta que durante el proceso de migracion, el
movimiento de estos iones (promotor) esta acompafiado por el correspondiente ion de
compensacion de carga (6). Esto da lugar a la formacion de dipolos neutros superficiales

que se distribuyen a lo largo de toda la superficie metalica, constituyendo lo que se
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conoce como doble capa efectiva. La formacion de esta doble capa efectiva produce un
cambio de la funcion de trabajo del metal (@), es decir, una variacion de la densidad
electronica, como se puede observar en la escala de funcion de trabajo que hay en la
figura A.11. Esto produce una modificacion en su capacidad de enlace con cada una de
las moleculas de reactivo, que se traduce en una modificacion del comportamiento

catalitico que dependera de la naturaleza del promotor (Vayenas y col., 1990).

ot l+¢
e Doble capa NO
. Na' . .
B - )‘ lifectiva
A Nas'i‘ & ¥.N& D o co
N? 3 § a;
4 Na®™ l\'a&‘\‘
\D & & ™~ H
DN 5 METAL 5 T
A
Na~ T Na~ Na~ T Na~ CH,
Fuente de promotores electropositivos Na-B-AL0;
CsHs
Na™ 'yl -0
D

Figura A.11. Formacion de la doble capa efectiva en un metal depositado sobre un
conductor catiénico y escala de funcion de trabajo.

En esta figura, se observa como la especie promotora favorece el proceso de
quimisorcién entre un determinado adsorbato y el metal. Si la especie promotora es
electropositiva (Na*), se produce una disminucion en la funcion de trabajo en la escala
de funcién de trabajo, lo que favorece la quimisorcién en el metal de adsorbatos
aceptores de electrones, que son los adsorbatos mas electronegativos y que forman
enlace captando electrones del metal (A), mientras que se desfavorece la quimisorcién
de los adsorbatos donadores de electrones, que son los adsorbatos més electropositivos
y que forman el enlace quimico cediendo electrones al metal (D).Por otro lado, si la
especie promotora es electronegativa (O%), se produce un incremento en la funcién de
trabajo, lo que favorece la quimisorcion de adsorbatos donadores de electrones y se

desfavorece la de aceptores de electrones.

Estas reglas promocionales son intuitivas y derivan simplemente de las
interacciones atractivas o repulsivas de los reactantes adsorbidos y de los promotores.
De este modo, dependiendo del caracter electronegativo o electropositivo de los
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distintos adsorbatos que participan en la reaccién, y del que se encuentra en exceso
sobre la superficie del catalizador, el efecto de un tipo de polarizacién u otra tendra un
efecto positivo o negativo sobre la cinética global del proceso de reaccion.

A.3.3. Tipos de reacciones basadas en promocién electroquimica.

Teniendo en cuenta las interacciones atractivas o repulsivas entre los promotores
y los adsorbatos, se pueden distinguir cuatro tipos de reacciones basadas en la

promocion electroquimica (Vayenas y col., 2001):

» Reacciones electrofobicas. Son aquellas reacciones que muestran un incremento

de la velocidad de reaccién para valores positivos del potencial. Este tipo de
comportamiento tiene lugar cuando la cinética es de orden positivo en el donador de
electrones y de orden cero o negativo en el aceptor de electrones; es decir, es el donador
de electrones el que se encuentra méas débilmente adsorbido sobre el catalizador, y por

tanto, un aumento de la quimisorcién del mismo favorece la cinética global del proceso.

» Reacciones electrofilicas. Son reacciones que muestran un incremento de la

velocidad de reaccidon para valores negativos del potencial. Este tipo de comportamiento
tiene lugar cuando la cinética es de orden positivo en el aceptor de electrones y de orden
cero o negativo en el donador de electrones; es decir, el aceptor de electrones es el que

se muestra mas débilmente adsorbido sobre el catalizador.

» Reacciones tipo volcan. Estas reacciones presentan un méaximo local de la

velocidad de reaccion respecto al potencial aplicado. Este comportamiento tiene lugar
cuando tanto el donador como el aceptor de electrones se encuentran fuertemente

adsorbidos en el catalizador.

» Reacciones tipo volcén invertido. Son aquellas que presentan un minimo en la

velocidad de reaccion respecto al potencial aplicado. Este tipo de comportamiento tiene
lugar cuando tanto el donador como el aceptor de electrones se encuentran débilmente

adsorbidos sobre el catalizador.

En la siguiente figura A.12., se muestran ejemplos de estos cuatro tipos de

comportamientos:
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Figura A.12. Ejemplos de los cuatro tipos de comportamientos en promocion
electroquimica: a) electrofobico, b) electrofilico, ¢) tipo volcan, d) volcan invertido
(Vayenas'y col., 2001).

Como es de esperar, el comportamiento de una reaccién respecto al potencial
aplicado depende no solo del tipo de reaccidn sino también del catalizador empleado y
de las condiciones de reaccion (temperatura y concentracion relativa de cada uno de los

adsorbatos que participan en la reaccion).
A.3.4. Requerimientos necesarios del catalizador-electrodo de trabajo.

Como ya se ha comentado anteriormente, el origen del fendmeno de promocion
electroquimica es debido, esencialmente, al movimiento de especies promotoras desde
el electrolito sélido hasta el catalizador-electrodo de trabajo depositado sobre él, asi
como la posterior distribucién de éstas sobre la capa de metal. De este modo, con el fin
de que tengan lugar estas dos etapas, que por otro lado son estrictamente necesarias para
la existencia del efecto electropromocional, el electrocatalizador debe cumplir una serie

de requisitos:

En primer lugar, la pelicula de metal que constituye el catalizador-electrodo de
trabajo debe ser activa en la reaccion que esta teniendo lugar. Ademas, esta pelicula
debe tener la suficiente porosidad de tal forma que permita una buena accesibilidad de

los reactantes a los centros activos. lgualmente, esta pelicula debe tener un espesor
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pequefio, con el que se garantice la accesibilidad de las especies promotoras al metal.
Por el contrario, la pelicula metalica que constituye el contraelectrodo-electrodo de

referencia debe de ser inerte en el proceso (Papaioannou y col., 2009).

Asimismo, la pelicula del metal debe ser superficial; es decir, no debe penetrar
en el interior del electrolito solido, ha de estar bien adherida al mismo y debe ser
conductora eléctricamente, para que el fendmeno pueda tener lugar a lo largo de todo el

electrodo y no solamente en el punto de contacto con el sistema de polarizacion.

Por tanto, una de las etapas mas importantes para poder aplicar el efecto de la
promocion electroquimica es la preparacion del catalizador-electrodo de trabajo, siendo
especialmente decisiva, a la hora de preparar los catalizadores electroquimicos. Existen
diversas técnicas para preparar la pelicula de catalizador-electrodo de trabajo, las cuales
son oOptimas para la aplicacion de la promocion electroquimica de acuerdo a los
requisitos expuestos anteriormente, por tanto, se pueden destacar la deposicion térmica
de pastas organicas de metal, la impregnacion por recubrimiento mediante inmersién del
electrolito solido en una solucion precursora del catalizador o “dip-coating”, y la

deposicion quimica no electrolitica o “electroless™.

A.3.5. Temas pendientes de investigacion en promocion electroquimica de la

catalisis.

Aunque, en general, la comprension fundamental del fendmeno de promocion
electroquimica de la catélisis estd bien establecida a resultas de las investigaciones
llevadas a cabo a escala de laboratorio, existen varios aspectos, tales como durabilidad,
tiempo de vida atil, minimizacion de costes, escalado de reactores electropromovidos,
etc., que, al inicio de esta Tesis, aun no habian sido investigados en practicamente
ningun detalle. Por tanto, el nuevo reto de esta alternativa multidisciplinar es la
aplicacion préactica del fendmeno y el desarrollo de sistemas y procesos asistidos por

promocion electroquimica (Balomenou y col., 2009).

La aplicacion préactica de la promocion electroquimica de la catalisis en reactores
de flujo convencional (lecho fijo) aceleraria la utilizacion directa de la promocién

electroquimica en reactores comerciales, pero esto implicaria:

1. Minimizar el coste de los materiales, evitando peliculas gruesas de catalizador

(0,1-5 um de espesor), la mayoria fabricados via deposicion de pastas de materiales
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altamente costosos (metales nobles), que dan lugar a una pobre utilizacion del material
(dispersion metéalica por debajo del 0,01 %) y baja area superficial (estado del arte en
los experimentos de laboratorio al inicio de esta Tesis), y, por tanto, a baja actividad
catalitica, a electrodos cataliticos delgados (del orden de unos pocos nm) o de
catalizadores dispersos que sean suficientemente activos, robustos y baratos como para
su utilizacion préactica en reactores. Si es posible, deben usarse materiales baratos
(metales no nobles) y disponibles comercialmente (Balomenou y col., 2008, 2009).

2. ldear configuraciones de reactor compactas y eficientes con una eficaz
distribucion de la corriente eléctrica (Balomenou y col., 2008, 2009). Para simplificar el
disefio del reactor y facilitar el escalado se deben usar alternativas que permitan una
eficiente coleccion de la corriente eléctrica y el control del potencial del electrodo sobre
toda la superficie del electrocatalizador y que sean susceptibles de aplicaciéon en los
dispositivos existentes (reactores de flujo convencional), como por ejemplo sistemas

bipolares en combinacion con una configuracion de reactor de camara sencilla.

3. Identificar procesos de relevancia industrial susceptibles de electropromocionar.
La promocién electroquimica es una herramienta poderosa para la activacion de
procesos muy lentos, los cuales si se llevasen a cabo con tecnologias convencionales
requeririan condiciones extremas de operacion (altas presiones y temperaturas) o
elevados tiempos de residencia o razones de recirculacion de la alimentacidn
(Anastasijevic, 2009).

4. Investigacion fundamental adicional para comprension profunda de las
interacciones electrénicas en la superficie catalitica, como aspecto clave, para el

desarrollo de disefios apropiados de catalizador (Balomenou y col., 2008, 2009).

5. Re-enfocar la investigacion desde la investigacion fundamental a escala de
laboratorio, a investigacion mas aplicada: ensayos a escala piloto, desarrollo de las
técnicas de fabricacion apropiadas (facilmente escalables) para electrolitos,
catalizadores, etc. (Balomenou y col., 2008, 2009). La mayoria de los estudios
realizados hasta la fecha, se han llevado a cabo a escala de laboratorio, utilizando
configuraciones de celda electrocatalitica y condiciones de operacion alejadas de las
requeridas en su potencial aplicacion industrial, por lo que no aportan informacién sobre

aspectos practicos de esta tecnologia.
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6. En cuanto al escalado, se necesitan reactores de mayor tamario para verificar la
promocidn electroquimica de la catalisis a mayor escala (caudales del orden de Nm®/h)
y en un modo de operacion continua, asi como, en condiciones realistas o reales
(Anastasijevic, 2009).

A.4. Aplicacion de la promocion electroquimica de la catélisis a los procesos de

Captura e Hidrogenacion de CO..

Para dar respuesta a los retos planteados a la tecnologia de captura de CO, por
adsorcion comentados anteriormente, se ha propuesto el desarrollo de adsorbentes
solidos regenerables hibridos (adsorcion fisica-quimica), que fundamentalmente
consisten en adsorbentes sélidos (carbon activo, alimina, silicatos y aluminosilicatos
micro/mesoporosos, etc.) activados o promocionados quimicamente con distintos
agentes (cationes alcalinos o alcalinotérreos, grupos nitrogenados, etc.) durante el

proceso de preparacion de los mismos (Song, 2006; Drage y col., 2009).

La utilizacién de la promocion electroquimica constituye, en principio, una
opcién novedosa para mejorar la captura de CO, por adsorcion mediante adicion del
promotor quimico “in situ”, debido al bombeo electroquimico de iones promotores
hacia la superficie del sélido adsorbente (electrodo de trabajo), durante el propio
proceso de adsorcion, mediante aplicacion controlada de un pequefio potencial o
corriente eléctrica. Esto provoca la modificacion de los procesos de quimisorcion entre
el solido adsorbente y los distintos adsorbatos gaseosos coexistentes (Vayenas y col.,
2001; De Lucas y col., 2009) y permitiria mejorar la capacidad, velocidad y selectividad
de adsorcion tanto fisica del adsorbato de interés, como en nuestro caso el CO,, sobre el
adsorbente, como quimica por reacciéon de CO, adsorbido con los iones promotores
bombeados electrogquimicamente a la superficie del catalizador-electrodo de trabajo. La
regeneracion por liberacion posterior del CO, podria llevarse a cabo, igualmente, de
forma continua por via electroquimica (por descomposicion de los compuestos
formados en la etapa de adsorcion y liberacién del CO,) sin necesidad de incrementar la
temperatura de operacion, con el consiguiente ahorro energético. Ademas, el
seguimiento de la variacion de la corriente eléctrica bajo la polarizacion aplicada
permitiria monitorizar los procesos tanto de captura, como de regeneracion y, por tanto,
la optimizacion de la duracion de ambas secuencias de una manera técnicamente viable

(De Lucas y col., 2009). Es decir, los sistemas de captura electropromovida de CO,
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presentan la ventaja potencial de que tanto la captura de CO,, como la regeneracion para
posterior liberacion del mismo, podrian ser monitorizadas y controladas por via
electroquimica, lo cual supondria una importante mejora tecnoldgica respecto a las

tecnologias de captura por adsorcion convencional.

Puesto que el paso previo a cualquier reaccion catalitica es la quimisorcion de
los compuestos gaseosos sobre la superficie del solido, la modificacion en la
quimisorcién relativa de los diferentes adsorbatos presentes en el gas de reaccién
producida mediante la promocion electroquimica, redundaria en el caso de la
hidrogenacion de CO, en un incremento de la velocidad de reaccion, con la consiguiente
mejora de la actividad catalitica y de la selectividad al producto deseado y por tanto de

la eficiencia en el mismo.

Por tanto, este sistema presenta una serie de ventajas potenciales en relacion a
las tecnologias de hidrogenacion catalitica de CO, convencional, ya que permitiria
(Vayenas y col., 2001):

e Incrementar la actividad catalitica para la reaccion de hidrogenacion de CO,, ya
gue se mejoraria la capacidad de quimisorcién relativa de CO, por via electroquimica,
que es la etapa limitante de la velocidad de reaccién, favoreciéndose cinéticamente el
proceso Yy, por tanto, permitiendo la operacion del catalizador en condiciones, de
temperatura y/o presion (atmosférica) mas suaves, con el consiguiente ahorro

energeético.

e Alterar la selectividad al producto deseado por modificacion de la quimisorcion
relativa o cobertura superficial de los reactivos implicados (H, y CO,), con el

consiguiente aumento de la eficiencia energética en la obtencion del producto.

e Monitorizar y controlar simultdneamente la reaccién durante el proceso,
mediante un sensor electroquimico externo acoplado al sistema, redundando en un
sistema facilmente adaptable a posibles variaciones en la composicién de la
alimentacion, esperables en el proceso, dada la naturaleza intermitente del flujo de

hidrogeno producido a partir de energias renovables a utilizar en el mismo.

Al inicio de esta Tesis Doctoral la aplicacion de la promocion electroquimica a
la captura e hidrogenacion de CO, habia sido poco estudiada. Ademas, estos estudios

(véanse tablas A.9. y A.10.) se han llevado a cabo, casi exclusivamente a escala de
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laboratorio y en la mayoria de ellos se han utilizado configuraciones de reactor (discos),
metales nobles caros (Pt, Pd, Rh, Ru), métodos de preparacion de peliculas (deposicion
de pastas organometélicas), caudales de gas bajos, composiciones de gas (H, y/o CO,
diluidos en He o N, y razones H,/CO, de hidrogenacién muy elevadas), que no son
representativas de la potencial aplicacion practica de la tecnologia a gases de
combustion (captura) o a gases de captura de CO, en postcombustién (hidrogenacion),
como se desprende de la revision del estado del arte para captura e hidrogenacion de
CO; electroquimicamente promovidas que se lleva a cabo. Por tanto, existen aspectos
relativos a la aplicacion préactica de dichos procesos, tales como durabilidad, tiempo de
vida util, escalado de reactores electropromovidos, etc. que aun no habian sido
investigados en suficiente detalle.

Existen pocas referencias sobre trabajos previos de investigacién aplicados al
caso concreto de la adsorcion de CO, mejorada por promocion electroquimica (véase
tabla A.9.). Ademas, los estudios realizados se llevaron a cabo a escala de laboratorio
utilizando diferentes sistemas y mezclas simplificadas de CO, en un gas diluyente no
electroactivo (He, Ar). Sin embargo, desde un punto de vista practico, en el caso del
CO, procedente de plantas de generacion energética por combustion, es inevitable la
presencia de cantidades mas o menos pequefias de otros contaminantes gaseosos
electroactivos, tales como O,, NOx, H,0, SOx, ademas de N, que pueden afectar a su
estabilidad y durabilidad.

Por un lado, en 2009, de Lucas-Consuegra y colaboradores, investigaron, a
escala de laboratorio, la posibilidad de utilizar un catalizador electroquimico tubular de
Pt/K-BAI1,0O3 (de 5 cm de longitud, 1,3 cm de didmetro interno y 1 mm de espesor) para
el proceso de almacenamiento/reduccion de NOx. Los resultados de este estudio
demostraron que el sistema era también capaz de capturar electroquimicamente el CO,
generado en la reduccién de NOx en forma de carbonatos o bicarbonatos por los iones
potasio enviados al catalizador mediante aplicacion de un potencial negativo, y una vez
alcanzada la saturacion de los centros activos de potasio, fue posible regenerar el
electrocatalizador por descomposicion separada de los compuestos (nitritos/nitratos y
carbonatos/bicarbonatos) previamente almacenados a diferentes potenciales positivos.
Por tanto, este sistema seria de susceptible aplicacion a la separacion de CO, en gases

de combustion, pero es necesaria la investigacion adicional para confirmar esta
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posibilidad, dado que el estudio se llevo a cabo en condiciones de caudal y composicién

de gas y tamafio de reactor que no son representativas de su potencial aplicacion final.

Por otro lado, Pennline y colaboradores en el afio 2010, estudiaron la
posibilidad de separar por via electroquimica el CO, contenido en una corriente de
gases de salida de un proceso de combustion de carbon pulverizado. Para ello se utilizo
una celda electroquimica de baja temperatura a escala de laboratorio, consistente en un
electrolito sélido comercial (Neosepta) conductor de aniones bicarbonato (HCO3)
situado entre dos electrodos activos de niquel sobre carbon activo, que permiten
capturar CO, en uno de ellos y liberarlo en el otro, obteniéndose una corriente
concentrada de CO,. De esta manera, cuando se aplicd un potencial a traves de la celda,
y se hizo fluir una mezcla de oxigeno humedecido y CO;, en Ar sobre uno de los
electrodos, dichos compuestos se adsorbieron sobre él, formandose iones bicarbonato
que difundieron a través de la membrana para después se descomponerse en el otro
electrodo donde se obtuvo una corriente enriquecida de CO,, que se envio al sistema de

andlisis, tal y como se observa en la figura A.14:
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Figura A.13. Esquema de la celda electroguimica para la separacion de CO, de gases de
combustion.

Detalles de los principales resultados obtenidos en estos estudios previos de
captura de CO,, se muestran tabulados en la tabla A.9. Dichos estudios parecen
confirmar la idea de que es posible mejorar la adsorcion selectiva de CO, sobre un
catalizador soportado en un electrolito solido, mediante el bombeo in-situ de iones
promotores a la superficie del mismo resultante de la aplicacion pequefios potenciales
eléctricos. Sin embargo, como se comenté anteriormente, la aplicacion practica del

proceso requiere el desarrollo de sistemas potencialmente efectivos, selectivos, estables
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y durables en condiciones representativas (caudal de gas elevado, composicion de gas
realista, etc.) de gases residuales procedentes de centrales de generacion energética por
combustion y su estudio en condiciones realistas a una escala adecuada (planta piloto),

que se plantea en esta tesis doctoral.

Por el contrario, se ha realizado un mayor numero de estudios, principalmente a
escala de laboratorio, para la hidrogenacion electropromovida de CO, a combustibles
sobre diferentes sistemas cataliticos basados en combinaciones de electrolitos sélidos,
tales como YSZ y Na-BAl,O; y catalizadores metélicos, tales como Cu, Pd, Rh, Pt,
Cu/TiOz, Ru y Ni, con diferentes configuraciones de reaccion (mayoritariamente
discos). Ademas, dichos estudios se llevaron a cabo en condiciones de temperatura,
caudal y composicion de gas (resumidas en la tabla A.10.) que no son representativas de
la aplicacion final del proceso a corrientes concentradas de CO, procedentes de captura
en postcombustion por absorcién con aminas, donde se requieren temperaturas lo mas
bajas posibles, caudales de gas elevados (del orden de Nm*/h) y mezclas binarias de
CO; (de elevada pureza procedente de procesos de absorcion de CO, con aminas) e H,
puro (producido por electrolisis de H,O utilizando energias renovables intermitentes),
con razones H,/CO, lo mas bajas posibles (proximas a las minimas requeridas por la
estequiometria de la reaccion de sintesis del combustible correspondiente) para una
mejor economia del proceso (menor consumo de H,), pese a que el exceso de H; en el
medio de reaccion favorece la formacion de algunos hidrocarburos combustibles como
el CHj.

De esta manera, en 2003, Stoukides y colaboradores llevaron a cabo el estudio
de la hidrogenacion de CO; en un reactor de doble cAmara, ambos electrodos activos y
expuestos a distinto ambiente de reaccion (véase Figura A.14.), consistente en un disco
(de 24 mm de didmetro) de SZY (SrZroeoYo,10s.,, conductor de H*) conductor de iones
H*, a cuyos lados se depositan sendos electrocatalizadores de Cu (para la hidrogenacion
del CO,) y Pd (disociacion de Hy). En este reactor, en la superficie de Pd de la camara
externa, se produjo la disociacion de H, puro a iones H', los cuales fueron
suministrados a través de la membrana de SZY hacia la superficie de Cu de la camara
interna, a la que se alimentd también una corriente gaseosa diluida de CO; en He y

donde se produjo la reaccién de hidrogenacién de CO, a CO.
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Figura A.14. Sistema catalitico para hidrogenacion de CO, electropromovida.

Los resultados de este estudio confirmaron que la velocidad de formacién de CO
puede mejorarse mediante el bombeo electroquimico de iones H* resultante de la
aplicacion de potenciales electroquimicos. Por otra parte, las condiciones del estudio no
son representativas de la aplicacion final del proceso (véase tabla A.10.), ya que se
utilizaron corrientes de CO, diluidas en He, caudales de gas bajos y temperaturas muy
altas.

Asimismo, en 2008, Bebelis y colaboradores llevaron a cabo el estudio de la
hidrogenacion electropromovida de CO,, a escala de laboratorio, sobre diferentes
sistemas electrocataliticos (Pd/YSZ, Rh/YSZ, Pd/Na-fAl,O3) utilizando una
configuracién de reaccion similar a la de la figura A.14 pero de camara sencilla (ambos
electrodos expuestos al mismo gas de proceso). En este caso, el electrodo catalizador
(Pd o Rh) se deposito, a partir de la pasta organica del metal correspondiente, sobre la
parte interna de la base de un tubo (disco) de YSZ (conductor de iones O*) o Na-
BAI,O3 (conductor de Na*) de 15,5 o 15 mm de didmetro interno, respectivamente,
mientras que en la parte externa (opuesta al Pd o Rh) se depositaron el contraelectrodo y
el electrodo de referencia de Pt para permitir la polarizacion del sistema. Sobre Pd/YSZ
y Pd/Na-BAl,03 se obtuvieron CO y H,O como productos de la reaccion de RWGS. Se
demostré que la promocién electroquimica permite incrementar la velocidad de
formacion de CO hasta 6,1 y 6,7 veces sobre Pd/YSZ y Pd/Na-BAl,O3, respectivamente,
aunque las condiciones del estudio no son representativas de la aplicacion final del
proceso (véase tabla A.10.), ya que se utilizaron mezclas de H, y CO; diluidas en N,

con razones H,/CO, superiores a las requeridas estequiométricamente (de 1) para la
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reaccion de RWGS, caudales de gas bajos y temperaturas elevadas. En el caso de
Rh/YSZ se formaron CO y CHy a través de las reacciones de RWGS y metanacion de
CO,, respectivamente. El estudio mostré que al incrementar el potencial aplicado en 1,1
V, la velocidad de formacion de CH, se mejoraba hasta en 2,7 veces (comportamiento
electrofobico), mientras la velocidad de produccion de CO disminuia hasta 1,7 veces
(comportamiento electrofilico), demostrandose asi, que por variacion del potencial
aplicado, es posible no solamente mejorar la reaccion de hidrogenacion de CO,, sino
también conseguir que el sistema sea selectivo hacia el producto de interés (CH,). Por
otra parte, las condiciones de operacion utilizadas en este estudio tampoco son
representativas de la aplicacion final del proceso (véase tabla A.10.), ya que se
utilizaron mezclas de H, y CO, en He con razones H,/CO, superiores a las requeridas
estequiométricamente de 1, para las reacciones de RWGS vy de 4, para la metanacion y
bajos caudales de gas, aunque se consiguid una reduccion considerable de la
temperatura de operacidn en relacion a otros sistemas de promocién electroquimica

investigados.

Por su parte, Papaioannou y colaboradores en el 2009, también desarrollaron
estudios de hidrogenacion de CO; sobre otros sistemas cataliticos donde se cambio por
completo la configuracion y disposicion del electrolito solido (hasta ahora en forma de
disco), donde se optd por la implantacion de laminas consecutivas (hasta 22) de YSZ
(con unas dimensiones de 50x50 mm y 0,25 mm de espesor) constituyendo una
configuracién de reaccion monolitica. Sobre cada una de estas laminas se deposito
mediante sputtering el metal activo de Pt, Rh o Cu correspondiente y en el caso del
electrocatalizador basado en Cu, se deposité ademas una capa intermedia de TiO, para
mejorar su conductividad electrénica y adherencia superficial. La utilizacién de la
técnica de sputtering permitié obtener catalizadores méas dispersos con mayor superficie
especifica y, por tanto, elevar el nimero de centros activos aumentando con ello la
actividad catalitica de los electrocatalizadores. No obstante, la composicion de gas
utilizada en estos estudios consistié en una mezcla de H, y CO; diluida en un 93 % de
He, con una razobn H,/CO, (véase tabla A.10.) superior a la requerida
estequiométricamente para la formacion de CH,; (producto objetivo) y por tanto,
nuevamente, no es representativa de la aplicacion final del proceso. En este caso, sobre
el catalizador de Pt se obtuvo dnicamente CO (RWGS), cuya formacion se

incrementaba a potenciales muy positivos y muy negativos (comportamiento de volcan
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invertido). Sobre el catalizador de Rh, tuvo lugar la formacion de CO y CH,4, mostrando
sus respectivas selectividades un comportamiento tipo volcan invertido (minimo bajo la
aplicacion de cierto potencial). Por su parte, sobre el catalizador de Cu/TiO, se
formaron CO, C;H,; y CHy, cuyas selectividades, al igual que la conversion de la
reaccion de hidrogenacion, pudieron ser modificadas por variacion del potencial
electroquimico aplicado. La adicién de CH3OH al gas de reaccion provocd que el
catalizador fuese selectivo al 100 % hacia CHa.

Asimismo, Jiménez y colaboradores en 2011, llevaron a cabo estudios de
hidrogenacion electropromovida de CO, en sistemas cataliticos soportados sobre
laminas consecutivas YSZ en configuracion monolitica similares a los comentados con
anterioridad, pero utilizaron un nuevo método de preparacion del electrocatalizador.
Estos autores desarrollaron un método experimental de preparacion del electrodo-
catalizador basado en depositar diferentes capas delgadas consecutivas sobre el
electrolito solido, asi, sintetizaron cinco catalizadores. En el primero de ellos, sobre el
electrolito solido de YSZ se depositd mediante sputtering una capa de Ni, después se
depositaron sucesivas capas (hasta 5) de nanofibras de carbono impregnadas con Ni (Ni-
NFC) por pulverizacion de una tinta precursora preparada a tal efecto, para por ultimo
depositar sobre estas una capa delgada de Ni mediante impregnacion. ElI segundo
catalizador fue preparado de igual forma, pero con la salvedad de que la Ultima capa de
Ni sobre las de Ni-NFC fue depositada mediante sputtering. Asimismo, se prepararon el
tercer y cuarto catalizador de manera similar, es decir, sobre el electrolito solido se
fueron depositando, por pulverizacion, capas consecutivas de una mezcla de Ni-NFC
con polvo de YSZ (cada vez con una menor cantidad de polvo de YSZ por capa), para
finalizar se depositdé una capa de Ni por impregnacion o sputtering. El Gltimo de los
catalizadores fue preparado por deposicién, mediante pulverizacion, de capas
consecutivas de una mezcla de nanofibras de carbono impregnadas con Ru (Ru-NFC)
con polvo de YSZ (cada vez una menor cantidad de polvo de YSZ por capa depositada),

finalizando con una capa de Ru depositada por impregnacion.

La hidrogenacion de CO, sobre los electrocatalizadores basados en Ni-NFC dio
lugar a la formacion de CO y CH,. En condiciones de circuito abierto, la conversion de
CO, y la selectividad a CH, alcanzaron un valor maximo del 25 % y 55 %, a 440 °C y
300 °C, respectivamente. Se observd un bajo efecto promocional tanto sobre la

conversion de CO,, como sobre la selectividad a CH, a potenciales negativos. La
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adicion de polvo de YSZ a las nanofibras de carbono impregnadas con Ni, mejoro el
efecto promocional, incrementandose la conversion de CO, hasta en 1,6 veces y la
selectividad a CH,4 hasta en 4 veces por aplicacion de potenciales negativos.

La hidrogenacion de CO, sobre los electrocatalizadores basados en Ru-NFC dio
lugar a la formacion de CO y CH,4. En condiciones de circuito abierto, la conversion de
CO; alcanzd un valor méximo del 31 % a 450 °C, mientras la selectividad a CH,
alcanzd un valor maximo del 77 %, que era practicamente independiente de la
temperatura. Se observé un nivel de electropromocion muy bajo. La adicion de polvo de
YSZ a las nanofibras de carbono impregnadas con Ru, mejoro el efecto promocional
sobre la actividad catalitica y selectividad del catalizador a potenciales negativos,
aunque este seguia siendo bastante pobre (mejora inferior a 1,1 veces en relacion a
condiciones de circuito abierto). De nuevo, las condiciones de operacion utilizadas en
este estudio tampoco eran representativas de la aplicacion final del proceso (véase tabla
A.10.), ya que se utiliz6 una mezcla de H, y CO, diluida en un 93 % de He, con razones
H./CO, de 5,6, superior a la requerida por la estequiometria de la reaccion de
metanacion, asi como, bajos caudales de gas.

Asimismo, Theleritis y colaboradores en 2012, llevaron a cabo el estudio de
hidrogenacion de CO, electropromovida utilizando un disco de YSZ sobre el que se
deposité Ru mediante el método de impregnacion. Al igual que en los casos anteriores,
el estudio se realizd a escala de laboratorio y las condiciones utilizadas no fueron
representativas de la aplicacion final del proceso, ya que se utilizaron mezclas de H, y
CO; diluidas en He (84-92 %), con razones H,/CO, de hasta 15, superiores a la
requeridas por la estequiometria de la reaccion de metanacion, asi como, caudales de
gas bastante bajos, aunque consiguieron disminuir considerablemente la temperatura de
operacion en relacion a otros sistemas estudiados (véase tabla A.10.). De esta manera,
se encontrd que a temperaturas inferiores de 240 °C, el CH, era el producto principal de
la reaccion de hidrogenacion sobre este sistema, mientras que a temperaturas superiores,
dominaba la formacién de CO. También se observd que la velocidad de desaparicion de
CO; vy la selectividad hacia CH, se incrementaban, mientras la selectividad a CO
disminuia, al aumentar el potencial aplicado. A 220 °C, la selectividad hacia CH,4
alcanz6 un maximo del 84 % a 1,3 V, mejorando en un 33,3 % en relacion a
condiciones de circuito abierto. Demostrando de nuevo que haciendo uso de la

promocion electroquimica es posible mejorar la actividad catalitica y alterar la
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selectividad al producto deseado por modificacion del potencial aplicado sobre el

sistema.

Del analisis de los resultados de los estudios previos para la hidrogenacion
electropromovida de CO, a combustibles y/o productos de interés, recogidos en la tabla
A.10., se desprende que por aplicacion del fendmeno de promocion electroquimica de la
catalisis a la hidrogenacion de CO, es posible mejorar la adsorcién selectiva de CO,
sobre un catalizador soportado en un electrolito solido, y por tanto la actividad catalitica
y la selectividad hacia el combustible o producto de interés de un catalizador soportado
sobre un electrolito solido, mediante el bombeo/retirada de iones promotores hacia o
desde la superficie del mismo, resultante de la aplicacion pequefios potenciales
eléctricos. Sin embargo, como se comenté anteriormente, la aplicacion practica del
proceso requiere el desarrollo de sistemas potencialmente efectivos, selectivos, estables
y durables en condiciones (caudal de gas elevado, composicion de gas realista, etc.)
representativas de corrientes concentradas de CO, procedentes de procesos de captura
de CO, por absorcion con aminas y su estudio en condiciones realistas a una escala

adecuada (planta piloto), que se plantea en esta tesis doctoral.
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Tabla A.9. Revision del estado del arte para la captura de CO, electropromovida.

. . Electrolito Método de Composicion de Caudal L .
Sistema Catalizador s6lido reparacion T (°C) entrada total Principales resultados Referencia
prep (NI/h)
. 1000 ppm NO, . . o
Captura de NO, y Tubo de Deposwlc,)n.de 300,320y 1000 ppm de Descompo_smmn de nitratos fue Maxima - he | ucas y
Pt pasta orgénica 15 a 3 V; mientras que la descomposicién
CO; K-BA1,O3 350 CsHe, 5% O, y el col., 2009
de metal de carbonatos lo fue a2 V.
resto de He
Membranas A partir de 0,8 V se produjo el transporte
Captura de CO Ni sobre poliméricas Método Baja CO,/0,/Ar de 6 de iones bicarbonato a través de la  Pennliney
P 2 carbén activo de comercial temperatura  25%/25%/50%; membrana y por tanto se separ6é el CO,  col., 2010
bicarbonato de la corriente de entrada.

Tabla A.10. Revision del estado del arte para la hidrogenacion de CO, a combustibles electropromovida.

. . Electrolito Método de Composicion de Caudal o .
Sistema Catalizador 1 ! T (°C) total Principales resultados Referencia
solido preparacion entrada (NI/h)

Se formd solo CO. La velocidad de
formacion mejord al incrementarse el

Disco de Método CO, (0,6 a 2,4 %) suministro de H* hacia la superficie de = Stoukides y
Cu SzY experimental 5502750 en He 12als8 Cu, es decir, bajo la aplicacion de col., 2003
potenciales positivos y al incrementar la
temperatura.
Se formd solo CO. La velocidad de
Hidrogenacion formacion de CO alcanz6 un maximo a -
de CO, Disco de Deposicion de Mezclas de 2,2 'V, mostrando un comportamiento Bebelis y
Pd pasta organica =~ 533-589 H,/CO,=2,1a3,4 | 2,3all electroquimico tipo volcan invertido y
YSz i R . col., 2008
de metal diluidas en N, ademas, siendo 6,1 veces superior a la
obtenida en condiciones de circuito
abierto (no promocién).
Disco Deposicic’)n_de Mezclas de Se formc’) solo CO. A 605 °C mejoro la Bebelis y
Pd Na-BALO pasta organica 545 a 605 H,/C0O,=3,5 44a78 formacién de CO hasta 6,7 veces al col.. 2008
273 de metal diluidas en N, disminuir el potencial aplicado en 0,34V. !
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Rh

Pt

Rh

CulTiO,

Ni-NFC

Ru-NFC

Disco de
YSZ

Laminas de
YSZ

Laminas de
YSZ

Laminas de
YSZ

Disco de
YSZ

Disco de
YSZ

Deposicién de
pasta organica
de metal

Sputtering

Sputtering

Sputtering

Método
experimental
combinando
impregnacion
y sputtering

Método
experimental
combinando

346 a 477

380

320/380

220 a 380

200 a 440

300 a 450

Mezclas de
H,/CO,=1,5a6
diluidas en He

H2/COlee de

5,6%/1%/93,4%

H,/CO,/He de

5,6%/1%/93,4%

H,/CO,/He de

5,6%/1%/93,4%

H2/C02/N2 de

5,6%/1%/93,4%

H2/C02/N2 de

5,6%/1%/93,4%

09y3

60

60

60

Se formaron CO y CH,. La velocidad de
formacion de CH, se incrementé 2,7
veces al aumentar el potencial aplicado
en 1,1 V. La selectividad a CH, alcanz6
un méaximo del 38 %.

Formacion de CO se incrementd
significativamente bajo potenciales muy
positivos y muy negativos.

Se formé CH, y CO. Las velocidades de
formacion de CO y CH, se incrementan
por aplicacion de potenciales tanto
negativos como positivos. Sin embargo,
el valor maximo de la selectividad a CH,
fue inferior al 12 % a 380 °C, que
corresponde a un aumento relativo de 5
veces. La conversién de CO, alcanz6 un
maximo del 5 % bajo esas condiciones.

Se formo CO, CH, y C,H,. A 380 °C, a
OCV, XCOZ fue 16 %, SC2H4 un 2 0/0, SCH4
del 75 % y Sco del 22 %; bajo -3V, Xcoy,
Schs Y Sco alcanzaron un 40 %. En
presencia de CH3;OH en el gas, se
obtuvo Schy del 100 % a 220-380 °C y
Xcoz del 11 % a 220 °C.

Se form6 CO y CHy; Xcoz Y Scha
maximas del 25 % (a 440 °C) y 55 % (a
300 °C) en condiciones de OCV. Se
observé un ligero efecto promocional
sobre Xco» (incrementandose hasta 1,6
veces) Y Scrs (aumentd hasta 4 veces) a
potenciales negativos. La adicion de
polvo de YSZ a las Ni-NFC mejor6 el
efecto promocional.

Se formaron CO y CH4 Xco2 Y Scha
maximas del 31 % (a 450 °C) y 77 % en
condiciones de OCV, sin que se observe

Bebelis y
col., 2008 b

Papaioannou
y col., 2009

Papaioannou
y col., 2009

Papaioannou
y col., 2009

Jiménez y
col., 2011

Jiménez y
col.,, 2011
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Ru

Disco de
YSZ

impregnacion
y sputtering

Mezclas de
Impregnacion 200 a 300 H,/CO,=1a 15
diluidas en He

12

efecto promocional sobre Xco, Ni Scpy @
potenciales negativos, excepto en el caso
de afiadir polvo de YSZ al catalizador de
NFC, aunque este sigue siendo muy bajo
(mejora inferior a 1,15 veces).

Se form6 CO y CH; A altas
temperaturas se favorecieron la Xco, y la
Sco Y a bajas temperaturas la Scps. La
Scha Se incrementd al aumentar el
potencial aplicado. A 220 °C, Scws
alcanz6 un maximo del 84 % a 1,3 V,
mejorando en un 33,3 % en relacion a
condiciones de OCV.

Theleritis y
col., 2012
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Objetivos y plan de trabajo

En apartados anteriores de esta Tesis se ha puesto de manifiesto la necesidad de
desarrollar nuevos sistemas mas eficientes y de menor consumo energético que
permitan capturar de manera econdmica y selectiva el CO, de gases de combustion. Del
mismo modo, de acuerdo a lo expuesto anteriormente ha quedado patente que la
valorizacion de las emisiones de CO, para producir combustibles limpios se presenta
como una estrategia méas rentable, complementaria a la captura y almacenamiento, para
reducir emisiones de CO,, al tiempo que permite reciclar el CO, como fuente de

carbono para produccion de combustibles.

Este trabajo propone la aplicacion de la promocidn electroquimica de la catalisis
para mejorar tanto la eficiencia como la selectividad de tecnologias convencionales para
la captura de CO, por adsorcion gas-solido y para la valorizacion por hidrogenacion
catalitica de CO, a combustibles. Hasta ahora ambos procesos habian sido poco
estudiados y casi exclusivamente a escala de laboratorio. Por tanto, existen aspectos
relativos a la aplicacion préactica de dichos procesos, tales como durabilidad, tiempo de
vida util, escalado de reactores electropromovidos, etc., que aln no habian sido
investigados en suficiente detalle. Sin embargo, la aplicacién practica de estos procesos
requiere el desarrollo de sistemas potencialmente efectivos, selectivos, estables y
durables en condiciones representativas de su posible aplicacion final y su estudio en

condiciones realistas a una escala adecuada.

De esta manera, la finalidad ultima de la presente tesis doctoral es el desarrollo
de nuevos sistemas electrocataliticos y el estudio a escala de planta piloto de la
aplicacion de la promocién electroquimica de la catalisis tanto a la captura de CO, por
adsorcion, como a la valorizacién de CO, por hidrogenacion a combustibles. Para ello,
se utilizaran configuraciones de reaccion tubulares, compactas, baratas y facilmente
adaptables a dispositivos existentes, asi como electrocatalizadores potencialmente
efectivos, selectivos, estables y duraderos para la captura e hidrogenacién de CO; y se
Ilevara a cabo el estudio de ambos procesos a escala de planta piloto (altos caudales de
gas, del orden de Nm®/h) en condiciones representativas de gases de salida procesos de

combustion y de captura de CO, en postcombustion, respectivamente.

Por su parte, y de manera particular, los objetivos que seguira esta tesis doctoral

seran los siguientes:

79



Objetivos y plan de trabajo

> Desarrollo de electrocatalizadores tanto para la captura como para la
hidrogenacion electropromovidas de CO, basados en configuraciones compactas y
facilmente escalables y adaptables a dispositivos comerciales existentes.

» Optimizacién de los procedimientos de preparacion de los diferentes
electrocatalizadores, por correlacion entre el método de preparacion, las propiedades
fisicoquimicas, texturales, superficiales y eléctricas, y el comportamiento observado

frente a la captura o hidrogenacion a combustibles de CO, electropromovidas.

> lIdentificacion del electrocatalizador y las condiciones de operacion mas
apropiadas para la captura por adsorcion electropromovida de CO,, en base a capacidad
de captura, selectividad y regenerabilidad.

» Comparacion de diferentes electrocatalizadores e identificacion del mas
prometedor y de las condiciones de operacion mas apropiadas para la hidrogenacion
electropromovida de CO, hacia combustibles de interés industrial, en términos de

conversion y selectividad al producto objetivo.

» Utilizacidn de electrocatalizadores basados en metales no nobles y por tanto mas
baratos, para la hidrogenacion electropromovida de CO, a fin de encontrar una mayor

economia del proceso.

> Estudio a escala piloto de la estabilidad del electrocatalizador mas prometedor
para la captura electropromovida de CO,, a lo largo de multiples ciclos y de la

tolerancia a inhibidores y venenos que se encuentran presentes en el gas de combustion.

> Estudio de comportamiento a largo plazo, para evaluacion de la estabilidad y
durabilidad, del electrocatalizador mas promisorio para hidrogenacion electropromovida
de CO,, a escala piloto y en condiciones realistas, es decir, en presencia de corrientes
concentradas en CO, representativas de procesos de captura de CO, en postcombustion
y utilizando razones H,/CO, variables para considerar el caracter intermitente del H,

generado a partir de energias renovables.

> lIdentificacion de los fendmenos de desactivacion de electrocatalizadores
prometedores tanto para la captura como para la hidrogenacion electropromovida de
CO,, por correlacion entre el comportamiento observado en los ensayos y los cambios
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producidos en las propiedades fisicoquimicas del catalizador a resultas de su exposicion

al gas de proceso.

Con el fin de conseguir los objetivos mencionados se han propuesto una serie de

lineas de actuacidn que constituyen el siguiente plan de trabajo y que se resume en los

puntos que se describen a continuacion:

Revision bibliografica y puesta a punto de la planta piloto y sistemas de
andlisis de gases (analizador de CO,/CO por NDIR, analizador de H,

por TCD, micro-cromatdgrafo de gases)

Desarrollo de configuraciones de electrocatalizador tubulares y
bipolares de cAmara sencilla, consistentes en tubos de electrolito sélido
(K-BAI,03 0 YSZ) recubiertos por el metal activo (Pt, Pd, Ni, y Cu)
correspondiente, preparadas mediante procedimientos facilmente
escalables (“dip-coating” o “electroless”), que permitian obtener
peliculas mas delgadas y dispersas que las obtenidas por técnicas mas
convencionales (“painting”) tradicionalmente utilizadas en estudios de
promocion electroquimica y basadas en metales méas baratos (Ni y Cu)
que los tipicos metales nobles (Pt, Pd, Ru y Rh) empleados

generalmente en promocién electroquimica de la catalisis.

Caracterizacion fisico-quimica de los electrocatalizadores tal cual
preparados (frescos) para asegurar la efectividad de los procedimientos
de preparacién utilizados, por correlacion entre el método de
preparacion, las propiedades superficiales y el comportamiento del
electrocatalizador frente a captura o hidrogenacion de CO, a
combustibles. Asi como, para definir un estado de referencia inicial
para posterior comparacién con el electrocatalizador usado en el

proceso correspondiente.

Estudio, en condiciones realistas a escala piloto, de la influencia de los
principales pardmetros operativos (temperatura, potencial y
composicion de gas) en la captura electroquimicamente promovida de

CO; sobre electrocatalizadores de Pt-K-BAl1,03, con vistas a seleccionar

81



Objetivos y plan de trabajo

Vi.

Vii.

viii.

el electrocatalizador y las condiciones de operacion mas apropiadas

para el proceso.

Estudio, en condiciones realistas a escala piloto, del efecto de los
distintos componentes del gas de combustion (SO,, H,O, N,O, NO)
sobre el comportamiento a lo largo de maultiples ciclos de
adsorcion/regeneracion del sistema Pt-K-pAl,O3 para la captura
electropromovida de CO,, con objeto de valorar su estabilidad y
tolerancia a inhibidores y venenos potenciales.

Estudio, en condiciones realistas a escala piloto, de la influencia de los
principales parametros operativos (temperatura, caudal, potencial y
razon H,/CO,) en la hidrogenacién electroquimicamente promovida de
CO, a combustibles sobre electrocatalizadores candidatos (Pt-K-
BAl,O3, Pt-YSZ, Pd-YSZ, Ni-YSZ y Cu-K-BAl,O3), con vistas a
seleccionar tanto el electrocatalizador mas prometedor como las

condiciones de operacion mas apropiadas para el proceso.

Estudio, en condiciones realistas a escala piloto, del comportamiento a
largo plazo del electrocatalizador seleccionado (escalado al doble de su
longitud) para la hidrogenacién electropromovida de CO,, con objeto
de evaluar la durabilidad y estabilidad potencial del mismo.

Caracterizacion fisico-quimica de los electrocatalizadores tras su uso en
ambos procesos, con objeto de identificar los procesos de
desactivacion potencial sobre electrocatalizadores tanto para captura
como para hidrogenacion de CO, electropromovidas, por correlacion
entre el comportamiento observado en los ensayos y los cambios
producidos en las propiedades del catalizador a resultas de su

exposicion al gas de proceso.
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Instalacion experimental, materiales y procedimiento utilizados

C.1. Electrocatalizadores.

En la Tabla C1 se detallan los electrocatalizadores desarrollados en el ambito de la tesis

y las técnicas de preparacion utilizadas.

Tabla C.1. Electrocatalizadores y técnicas de preparacion.

: . Pt/K-BAL O /Au
Convencional (“painting”) 2 3

Pt/YSZ/Au
“dip-coating” Pt/K-BAIZOS/Au

Pd/YSZ/Au
“electroless” Ni/YSZ/Au

Cu/K-BA1203/Au

A continuacion se describen brevemente las diferentes técnicas de deposicion

utilizadas en la preparacion de los electrocatalizadores:

C.1.1. “Painting”. Esta técnica se utilizd para depositar el contraelectrodo
electrodo de referencia en todas las celdas electroquimicas preparadas y el catalizador-
electrodo de trabajo de Pt sobre tubos de K-BAI,O3 e YSZ en los electrocatalizadores
considerados como estado inicial de la investigacién. Consiste en la deposicién por
pintado de una pasta organica del metal correspondiente (oro o Pt) y posterior secado (a
150 °C) y calcinacion a alta temperatura (850 °C) para descomposicion del componente
organico que acompafa al metal, consiguiéndose asi una adecuada adherencia entre el

electrodo y el electrolito sélido.

C.1.2. “Dip-coating”. Esta técnica se utiliz6 para preparar los electrocatalizadores
de Pt-K-BAIl,O3; empleados en los estudios recogidos en las publicaciones 1, 2 y 3.
Consiste en una impregnacion mediante inmersion del soporte de electrolito sélido
(tubos de B-Al,O3) en una disolucion precursora del metal (Pt) a depositar y su posterior
extraccion a velocidad constante, seguido de secado y calcinacion a alta temperatura
(entre 400-800 °C).

C.1.3. “Electroless”. Esta técnica se utilizé para preparar los electrocatalizadores
de Pd-YSZ y Ni-YSZ y el de Cu-K-BAI,O3 empleados en los estudios recogidos en las

publicaciones 4 y 5, respectivamente. La técnica de “electroless” permite la deposicion
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quimica de un recubrimiento metalico a partir de una disoluciéon precursora sin
aplicacion de corriente eléctrica externa, por tanto es aplicable a sustratos no
conductores, como es el caso. Los soportes necesitan ser activados con un catalizador,
normalmente paladio, para iniciar la deposicion. La mayoria de los metales (incluyendo
Cu, Ni y Pd) son autocataliticos, por tanto una vez que la deposicion se inicia, prosigue
incrementandose el espesor del recubrimiento. Estos recubrimientos se depositan
introduciendo el sustrato activado con paladio en una solucion precursora del metal
correspondiente, durante un tiempo determinado a wuna temperatura dada.

Posteriormente, se aclara y se seca a baja temperatura (70-90 °C).

Las técnicas de “dip-coating” y “electroless” se han llevado a cabo en colaboracion
con el Dr. Angel Morales y la Dra. Gema San Vicente de la Unidad de Sistemas de
Concentracion Solar del CIEMAT.

C.2. Planta de tratamiento de gases a alta temperatura y presion atmosférica.

Los estudios de captura e hidrogenacién electropromovida de CO, recogidos en
esta memoria, se realizaron en la siguiente instalacion experimental (véase figuras C1y
C2):

T

: |
RS e i ;‘ ' % y g ==
,‘W\\P?_ e

Figura C.1.Instalacion experimental para el tratamiento de gases a alta temperatura y
presion atmosférica.
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Esta instalacion experimental de tratamiento de gases a alta temperatura para la
captura e hidrogenacion de CO; es capaz de trabajar con un caudal de maximo de 20
Nm®/h, a una temperatura maxima de 550 °C y a presion atmosférica.
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Figura C.2. Diagrama de proceso de la planta de tratamiento de gases.

Todas las variables que intervienen en el proceso (temperatura, caudales, pérdida
de carga en el reactor, etc.) son controladas y registradas por un software de control y
adquisicion de datos (ADKIR) basado en comunicaciones digitales RS-485 (véase
figura C.3.).

Guamae archan de segunded

Bwc| v Iy e

Figura C.3. Software de control y adquisicion de datos de la planta de tratamiento de gases.

87



Instalacién experimental, materiales y procedimiento utilizados

Este software es muy versatil ya que permite crear diferentes diagramas de
proceso y sesiones de trabajo tales como puesta en marcha y parada de la planta,
ensayos en diferentes condiciones de operacion, operaciones de pretratamiento para el
acondicionamiento del catalizador, etc. Ademas, también permite el encadenamiento de

estas sesiones de forma que se pueden programar camparias de ensayos completas.

A continuacion, se dividira la planta en cuatro secciones para poder explicar mas
en detalle la operatividad y funcionamiento de cada uno de los elementos que

intervienen en el proceso, asi pues encontramos:

C.2.1. Sistema de alimentacion. Los gases que intervienen en los procesos de
captura e hidrogenacion electropromovida de CO, (aire, N2, Hy, CO,, SO,, N2O y NO)
se alimentan a la planta por una serie de lineas independientes de flujo procedentes de
centrales de gas, como se muestra en la figura C.4., y que permiten el suministro en

continuo de dichos gases.

Figura C.4. Centrales semiautomaticas de gases del sistema de alimentacion a la linea
de proceso. a) Central de aire; b) central de nitrégeno; c) central de dioxido de carbono;
y d) central de hidrogeno.

Més concretamente y como se muestra en la figura C.5., cada linea cuenta con su
correspondiente manorreductor, que permite disminuir la presion desde la de salida de
las diferentes centrales de gas (presion en torno a 30 bares) hasta la de entrada a la

planta, filtro de malla metélica, controlador indicador de caudal masico (MFIC), valvula
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de corte y valvula antirretorno, cuya funcién es impedir la posible inversion de flujo de

los gases.

Figura C.5. Manorreductores y controladores de flujo masico, respectivamente.

Las lineas de gases comentadas con anterioridad, se unen en un mezclador vy,
posteriormente, la mezcla gaseosa se introduce en un precalentador (HE-02) para
acondicionar los gases elevando su temperatura.

Por otra parte, la alimentacion de vapor de agua se realiza mediante un sistema
que consta de un depdsito de agua (DP-01) desde donde mediante la impulsion de una
bomba de desplazamiento positivo (BO-01), de la marca comercial PROMINENT
(véase figura C.6.), se alimenta a un evaporador (HE-01), introduciéndose el vapor de
agua resultante al precalentador (HE-02) en donde se mezcla con la mezcla gaseosa seca
anterior y la temperatura de la mezcla gaseosa humeda se incrementa hasta la necesaria

para el proceso de captura o hidrogenacion de CO,.

Figura C.6. Bomba de agua de alimentacion BO-01.

La temperatura de los gases a la salida del precalentador se mantiene constante
hasta la entrada del reactor mediante un traceado que aporta calor y un aislamiento de
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fibra de cerdmica que evita posibles pérdidas de calor. Asimismo, despues de la linea

traceada, los gases de reaccion llegan a la entrada del reactor.

C.2.2. Sistema de reaccién. La mezcla gaseosa proveniente de la linea traceada
entra al reactor (RE-01) con flujo descendente, donde se encuentra al catalizador a la
temperatura seleccionada para llevar a cabo el proceso de captura o hidrogenacion de
CO..

El calentamiento del reactor se realiza mediante un horno eléctrico de
construccién cilindrica con tres zonas de calentamiento conectadas a tres controladores

de temperatura independientes.

La figura C.7., muestra el sistema de reaccion y un detalle zona del reactor

donde se encuentra el electrocatalizador:

Figura C.7. Sistema de reaccion (imagen de la izquierda) con detalle del
electrocatalizador situado en el interior del reactor (imagen de la derecha).

Tal y como se muestra en la figura C.7., el reactor se encuentra construido en
configuracién tubular y de camara sencilla puesto que los electrodos se encuentran en el
mismo compartimento estando asi en contacto, ambos electrodos, con el mismo gas de
reaccion. Este es el principal motivo por el cual, el contraelectrodo debe de constituirse
de materiales cataliticamente inactivos (oro) a las reacciones que se lleven a cabo. De
esta forma, la conexion de cada uno de los electrodos del catalizador electroquimico con

el sistema de polarizacion es realizada también, mediante hilos de oro debido al caracter
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inerte y la adecuada estabilidad que muestra este metal en el ambiente de reaccion. Este
procedimiento permite un adecuado contacto eléctrico entre la celda electroquimica y el

sistema de polarizacion de la muestra.

Por ultimo, el gas que sale del reactor, se enfria por contacto indirecto con una
corriente de agua en un cambiador de calor (HE-03), separandose la fraccion liquida
resultante en un deposito separador de condensados (DP-02) y enviandose el gas seco a

chimenea, previo paso por un lecho de carbon activo (véase figura C.2.).

C.2.3. Sistema de polarizacion. La polarizacion del sistema se lleva a cabo
mediante un potenciostato-galvanostato con generador de sefial modelo VOLTALAB
21 de la compafiia RADIOMETER ANALYTICAL (véase figura C.8.), que es
controlado por un ordenador y ademas, dispone de un software avanzado para el analisis

y tratamiento de los datos.

Figura C.8. Potenciostato-galvanostato utilizado para la aplicacion de polarizaciones.

El conjunto permite la realizacion de estudios potenciostaticos mediante la
aplicacion controlada de potenciales asi como de estudios galvanostaticos por control de
intensidades. Ademas, este sistema es capaz de llevar a cabo técnicas de caracterizacion
electroquimica tales como voltametrias lineales, voltametrias ciclicas, transiciones

galvanostaticas, cronoamperometrias, cronopotenciometrias, etc.

C.2.4. Sistema de muestreo y analisis de productos. Esta instalacion
experimental dispone de tres puntos de toma de muestra, uno a la entrada de la misma
para conocer la composicion de la corriente de alimentacion a temperatura ambiente y
otros dos antes y después del reactor para medida de la extension de la reaccion, es
decir, medir la composicion del gas a la entrada y salida del reactor. La linea a la salida
del reactor, se trifurca a su vez en tres lineas diferentes, de las cuales, la primera de
ellas, llega hasta el microcromatografo de gases a través de una linea que se encuentra

calefactada (180 °C), para evitar la posible condensacion de los productos de la reaccién
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de hidrogenacion a analizar, tales como H,0O, alcoholes, éteres, etc., que podrian dafiar
el microcromatografo, y previo paso por un filtro de membrana hidrofébica (Genie
filters). La segunda de las lineas, llega hasta el analizador infrarrojo de CO,/CO y la
tercera de ellas llega al analizador de H,. Estas dos ultimas lineas disponen previamente
de un desecador de CaCl;, y un filtro de particulas para evitar que el agua y particulas,

respectivamente, lleguen al equipo de analisis.

En cuanto al analisis de la composicion quimica de los gases a la entrada y
salida del reactor, a continuacion, se describen en mayor detalle los equipos utilizados:

Microcromatégrafo de gases VARIAN CP-4900. Este equipo (véase figura C.9.)

permite la separacion, identificacion y cuantificacion de los diferentes componentes de
los gases a la entrada y salida de los procesos de captura de CO, e hidrogenacion de
CO,. Ademas, este equipo es capaz de realizar el analisis de dichos gases en tiempos
(menores de 5 minutos) significativamente mas cortos que los cromatografos de gases

convencionales y que ademas, esta dotado de una extraordinaria sensibilidad.

Por otra parte, este microcromatografo de gases tiene la versatilidad de poder
emplear simultineamente dos gases portadores diferentes (He o Ar), aungue
actualmente esta configurado para el uso de He como gas portador. La inyeccion de la
muestra puede hacerse mediante flujo continuo o bomba de aspiracion (incluida),
seleccionable por el operador.

Asimismo, el microcromatografo de gases se compone de tres modulos o canales

analiticos, cada uno de los cuales incluye las siguientes componentes:

Detector (n-TCD): Es un micro-detector de conductividad térmica de doble
canal con autorango y rango de sensibilidad seleccionable (para la muestra a analizar y

la referencia utilizada), con un volumen interno de 200 nL por canal.

Inyector: Se basa en un inyector micro-mecanizado sin partes moviles, donde el
volumen de inyeccidn (seleccionable por software) va desde 1 puL a 10 pL. Ademas
posee un sistema de termostatizacion tanto del sistema de inyeccion, como del sistema
de entrada de muestra y lineas de conexidn para evitar la posible condensacion de agua
y/o hidrocarburos volatiles en la muestra, cuyo intervalo de temperatura operacion es de
30a110°C.
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Sistema neumatico: Utilizado para el transporte de gases.

Columna: Permite separar e identificar determinados componentes de la
muestra. Se ubica en un horno que permite su operacion isoterma a temperatura desde
30 °C hasta 180 °C. Ademas, y como se vera a continuacion, las columnas incorporan
un sistema de basck-flush, cuya funcion principal es evitar la entrada de componentes

perjudiciales para la fase estacionaria.

A continuacion se describen en mayor detalle cada uno de los médulos o canales

de los que consta el microcromatografo:

- Modulo 1: Incorpora columna capilar PLOT Molecular Sieve 5 A, 10 m x 0,32
mm que permite la separacion e identificacion de los gases permanentes ligeros
(principalmente O,, N, NO, CH,4 y CO), ademaés de un sistema automatico de inversion
de flujo (back-flush) para venteo de compuestos pesados que pueden perjudicar al
funcionamiento de la columna (CO,, H,0, etc.) y que, por tanto, no se pueden analizar

en este canal.

- Médulo 2: Incorpora columna capilar PORAPLOT Q, 10 m x 0,15mm, que
permite la separacion e identificacion de los gases permanentes pesados (principalmente
CO,, N0, SO, NO,), ademés de un sistema automatico de inversion de flujo (back-
flush) para venteo de compuestos pesados que pueden perjudicar al funcionamiento de
la columna (hidrocarburos, etc.). Este modulo no puede usarse para analizar los gases

permanentes ligeros, pues la columna no permite su separacion.

- Mddulo 3: Incorpora una columna capilar CP-SIL 5 CB, 6 m x 0,15 mm
especifica para la separacion e identificacion de hidrocarburos ligeros (hasta cadenas de
aproximadamente 6 atomos de carbono) y algunos aromaticos (principalmente el grupo
benceno, tolueno, xileno). Esta columna permite la separacion e identificacion de los
hidrocarburos generados en el proceso de hidrogenacion electropromovida de CO,
(principalmente C,Hs, C3Hg, C3Hg, CH30H, C,HgO, acido férmico, acido acético y
C,Hs0H).

Por ultimo, se realizo la calibracion y puesta a punto de métodos de analisis
cromatograficos para determinacion de la concentracion de los distintos componentes
del gas residual (SO,, CO, CO,, N,, Oz, N;O, etc.) e hidrocarburos producidos en la
hidrogenacion de CO, (CH,4, CsHg, C3Hs, CH3OH, C,HsOH, C,HgO, etc.) en las
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corrientes de entrada y salida al reactor. En la tabla C.2., se resumen las caracteristicas
generales de las columnas y las condiciones de los métodos de anélisis de cada una de
los modulos que componen el microcromatografo de gases. En la tabla C.3., se recoge
un listado de los intervalos de concentracion utilizados para la calibracion de cada uno

de los componentes gaseosos:

Tabla C.2. Caracteristicas y condiciones de analisis del microcromatografo de gases.

Tamiz molecular | Col. PoraplotQ | Col. CB5

Longitud (m) 10 10 6
Diametro de columna (mm) 0,32 0,15 0,15
Tiempo de analisis (s) 300 300 300
Temperatura de la columna (°C) 40 41 41
Temperatura del inyector (°C) 110 109 110

Temperatura del detector (°C)

Tiempo de inyeccién (ms) 40 40 40

Tiempo de back-flush (s) 5 40 -
Presidn inicial (Psi) 20 25 7,3

Tabla C.3. Intervalos de concentracion calibrados.

Concentracion (% v/v)

CO, 05 4 15 40 100
CH, 0.1 1 2 3 4
co 05 5 10 | 324 | 44 60
CoHe 0,05 05 1
CoH, 03 2 3
C:H, 0,05 05 1

CaHs 0,02 0,09 0,05
CaHs 0,015 0,15 05
S0, 0,0049 0,0090 0,08
NO, 0,0009 0,0176 05
NO 0,009 0,09 0,47
N,O 0,005 0,0176 0,05
0, 3 53 40

CH4OH 1 2 3 4

(CH5),0 1 2 3 4

C,HsOH 0.2 0,4 08 1,2 16
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La integracion numérica de cada uno de los picos se realiza con el software
informéatico VARIAN GALAXIE.

Figura C.9. Microcromatografo de gases VARIAN CP-4900.

Analizador de CO,/CO FUJI ELECTRIC ZKJ-3 por infrarrojo no dispersivo
(NDIR). Este equipo (véase figura C.10.) permite medir la concentracion de CO, y CO

en continuo con un tiempo de analisis mas adecuado a la répida variacion en la
concentracion de CO; con el potencial aplicado que se produce durante los estudios de
voltametria lineal o ciclica sobre electrocatalizadores tanto para captura como para
hidrogenacion de CO,. El intervalo de medida de concentracion tanto de CO, como de
CO es de 0 a 100 %, siendo el limite mas bajo detectable, un 0,2 % del fondo de escala.

Dispone de un sistema de adquisicion de los valores de concentracién de CO, y CO en

B

Figura C.10.Analizador de CO,/CO FUJI ELECTRIC ZKJ-3 (NDIR).

funcién del tiempo.

Analizador de H, FUJI ELECTRIC ZAFHK413-VJCA por conductividad
térmica (TCD). Este dispositivo (véase figura C.11.) permite analizar en continuo la

concentracion de Htanto a la entrada como a la salida del reactor durante el proceso de

hidrogenacion electropromovida de CO, a combustibles para poder determinar, por
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diferencia la conversion de hidrogeno y poder ajustar el balance de materia del proceso.
Este analizador utiliza como principio de medida la conductividad térmica y dispone de
dos intervalos de medida de concentracion de H,, de 0 a 30 % y de 0 a 100 %, para

aumentar su precision.
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Figura C.11. Analizador de H, FUJI ELECTRIC ZAFHK413-VJCA (TCD).
C.3. Tecnicas de caracterizacion fisicoquimica.

En este apartado se describen brevemente las diferentes técnicas utilizadas en la
caracterizacion fisicoquimica de las peliculas de electrocatalizador tanto tal cual

preparadas como tras su uso.

C.3.1. Microscopia electronica de barrido (SEM). Esta técnica permite la
observacién del aspecto superficial de la pelicula, aportando informacién sobre la
morfologia y tamafio de las particulas. También permite determinar si se ha producido
algin cambio en el aspecto superficial en el electrocatalizador (aglomeracion,
crecimiento cristalino, etc.) asociados a procesos de desactivacion del mismo

(sinterizacion, etc.).

C.3.2. Difraccién de rayos X (XRD). Esta técnica permite determinar la
estructura cristalina del catalizador, es decir, el estado amorfo o cristalino del
electrocatalizador y las diferentes fases cristalinas presentes en el mismo. También,
permite estimar el tamafio de particula, a partir del cual se pueden calcular la dispersion
metalica, moles de metal activo, etc., relacionadas con la capacidad de quimisorcién y
reactividad del catalizador. Ademas, permite encontrar indicios de desactivacién en
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catalizadores usados, tales como peérdidas de cristalinidad y sinterizacion asociadas a
cambios en anchura e intensidad de los picos de difraccidn, aparicién de otras fases
cristalinas correspondientes a posibles compuestos formados o depositados, etc.

C.3.3. Espectroscopia de fotoemision de rayos X (XPS). Esta técnica permite
determinar la composicion superficial (elementos y estado de oxidacion de los mismos,
tipos de enlaces quimicos o compuestos, etc.) del catalizador depositado, lo cual permite
dilucidar el estado de oxidacion en el que se encuentra y si corresponde a la forma
activa y/o conductora del mismo. También, permite estimar el ratio metal/soporte (como
por ejemplo el Cu/K-BAl,O3) que da una idea de la dispersion del catalizador. Ademas,
permite identificar fendmenos de desactivacion del catalizador como envenenamiento
qguimico (formacion de sulfitos/sulfatos, nitritos/nitratos, etc.) o depositivo (cantidad,

tipo y estabilidad del carbdn o coque depositado, etc.).

Las condiciones de caracterizacion y las caracteristicas de los equipos se detallan en

cada aparatado.
C.4. Materiales utilizados.

En este apartado se detallan los compuestos quimicos utilizados tanto en los
diferentes experimentos de captura e hidrogenacion electropromovida de CO,, como
para la calibracion de equipos de andlisis, asi como los electrolitos solidos comerciales

utilizados en la preparacion de los electrocatalizadores.

C.4.1. Gases. Se incluyen aqui tanto los gases de proceso, como los de

cromatografia (portador, referencia y mezclas de calibracién):

- Aire sintético, central automatica de dos lineas de botellas de acero (tamafio
B50) envasadas a 200 bares, pureza de N20, superior al 99 %. Air Liquide.

- Nitrogeno, central automética de dos bloques de quince botellas de acero
(tamario B50) envasadas a 200 bares, pureza de N25, superior al 99,5 %. Air Liquide.

- Dioxido de carbono, central automatica de dos lineas de cuatro botellas de acero

(tamafio B50) envasadas a 49,5 bares, pureza N20, superior al 99 %. Air Liquide.

- Hidrdgeno, central automatica de dos blogues de quince botellas de acero

(tamafio B50) envasadas a 200 bares, pureza N20, superior al 99 %. Air Liquide.
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- Helio, central automatica de dos botellas de acero (tamafio B50) envasadas a 200

bares, pureza N50, superior al 99,999 %. Air Liquide.

- Monoxido de nitrdégeno, central manual con una botella de acero (tamafio B50)

envasada a 40 bares, pureza N20, superior al 99 %. Air Liquide.

- Dibxido de azufre, central manual con una botella de acero (tamafio B50)

envasada a 1,7 bares, pureza N30, superior al 99,9 %. Air Liquide.

- Protdxido de nitrogeno, central manual con una botella de acero (tamafio B50)

envasada a 44 bares, pureza N25, superior al 99,5 %. Air Liquide.
- Mezcla de gases de CH,; y Ny, composicion de 0,2 % y 99,8 %, respectivamente.

- Mezcla de gases de CH; y Nj composicion de 100 ppm y 99,99 %,

respectivamente.

- Mezcla de gases de CH,4, CO,, CO y H,, composicion de 0,1 %, 22,5 %, 32,4 %

y 45 %, respectivamente.

- Mezcla de gases de CH,4, CO,, CO y N,, composicion de 0,99 %, 44,04 %, 15,01
% y 39,96 %, respectivamente.

- Mezcla de gases de H, y N,, composicion de 40 % y 60 %, respectivamente.

- Mezcla de gases de Hp, CHs y N, composicion de 16 %, 4 % y 80 %,

respectivamente.
- Mezcla de gases de CO, y Ny, composicion de 15 % y 85 %, respectivamente.
- Mezcla de gases de CO, y Ny, composicion de 4 % y 96 %, respectivamente.
- Mezcla de gases de CO, y Ny, composicion de 0,5 % y 99,5 %, respectivamente.

- Mezcla de gases de CO, y Nj composicion de 12,6 % y 87,4 %,

respectivamente.
- Mezcla de gases de CO, y Ny, composicion de 22 % y 78 % respectivamente.
- Mezcla de gases de CO,, CO y N,, composicion de 18 %, 12 % y 70 %,

respectivamente.
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- Mezcla de gases de CO,, CO y N,, composicion de 15 %, 0,5 % y 84,5 %,
respectivamente.

- Mezcla de gases de CO,, O, y N, composicion de 22 %, 3 % y 75 %,

respectivamente.

- Mezcla de gases de CO,, CO y H,, composicién de 17 %, 60,66 % y 22,34 %,

respectivamente.

- Mezcla de gases de CO,, CH4, CO y Ny, composicion de 1 %, 2 %, 60 % y 37

%, respectivamente.
- Mezcla de gases de CO, y CO, composicion de 60 % y 40 %, respectivamente.

- Mezcla de gases de CO,, CO, CH4, Hy y N2, composicion de 15 %, 10 %, 3 %,

12 % y 60 %, respectivamente.
- Mezcla de gases de CO y N, composicion de 60 % y 40 %, respectivamente.

- Mezcla de gases de C,Hg, CoH4, CoH, y No, composicion de 0,5 %, 3 %, 0,5 % y

96 %, respectivamente.

- Mezcla de gases de C,Hg, CoH4, CoH2 y Np, composicion de 0,93 %, 2,01 %, 1

% y 96,06 %, respectivamente.

- Mezcla de gases de (CHs3),O y He, composicion de 4 % y 96 %,

respectivamente.

- Mezcla de gases de CsHg y N, composicion de 0,05 % y 99,5 %,

respectivamente.

- Mezcla de gases de CsHg y N, composicién de 0,02 % y 99,98 %,

respectivamente.

- Mezcla de gases de CsHg y N, composicién de 0,09 % y 99,91 %,

respectivamente.

- Mezcla de gases de C3zHg y N, composicion de 05 % y 99,5 %,

respectivamente.
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- Mezcla de gases de CsHg y N, composicion de 0,015 % y 99,985 %,
respectivamente.

- Mezcla de gases de C3Hg y N, composicion de 0,15 % y 99,85 %,

respectivamente.

- Mezcla de gases de N,O y N composicion de 0,05 % y 99,95 %,

respectivamente.

- Mezcla de gases de N,O y N composicion de 0,005 % y 99,995 %,

respectivamente.

- Mezcla de gases de N,O y Nj composicion de 0,0176 % y 99,9824 %,

respectivamente.

- Mezcla de gases de NO y N composicion de 0,09 % y 99,91 %,

respectivamente.

- Mezcla de gases de NO y N composicion de 0,009 % y 99,991 %,

respectivamente.

- Mezcla de gases de NO y Nj composicién de 0,47 % y 99,53 %,

respectivamente.

- Mezcla de gases de NO; y N, composicién de 0,00170 % y 99,9983 %,

respectivamente.

- Mezcla de gases de NO, y Nj, composicién de 0,0009 % y 99,9991 %,

respectivamente.
- Mezcla de gases de NO, y N,, composicion de 0,5 % y 99,5 %, respectivamente.

- Mezcla de gases de SO, y N, composicion de 0,0049 % y 99,9951 %,

respectivamente.

- Mezcla de gases de SO, y N, composicion de 0,0099 % y 99,9911 %,

respectivamente.

- Mezcla de gases de SO, y N composicion de 0,08 % y 99,92 %,

respectivamente.
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- Mezcla de gases de O, y N, composicion de 3 % y 97 %, respectivamente.

- Mezcla de gases de O, y Ny, composicion de 5,3 % y 94,7 %, respectivamente.
- Mezcla de gases de O, y N, composicion de 6 % y 94 %, respectivamente.

- Mezcla de gases de O, y Ny, composicion de 40 % y 60 %, respectivamente.

C.4.2. Liquidos. Se incluyen los liquidos utilizados para calibracion (via

saturacion de corriente de helio) en cromatografia de gases:
- Metanol, pureza 99,99 %, SCHARLAU.
- Etanol absoluto seco, pureza 99,98 %, PANREAC
- Acido acético glacial (PA-ACS-ISO), pureza 99,7 %, PANREAC.
- Acido formico, pureza 98-100 %, SIGMA ALDRICH.

C.4.3. Electrolitos. Se incluyen los electrolitos utilizados como soportes en la
preparacion de electrocatalizadores tanto para la captura como para la hidrogenacion

electropromovida de CO..

- K-B-Al,03, geometria de tubo (cerrado por un extremo) de 28 mm de diametro

interno, 1 0 2 mm de espesor y 100 mm de longitud, suministrado por IONOTEC.

- K-B-Al,03, geometria de tubo (cerrado por un extremo) de 28 mm de diametro

interno, 1 0 2 mm de espesor y 194 mm de longitud, suministrado por IONOTEC.

- YSZ (Zirconia totalmente estabilizada con lItria, 8 % mol/mol Y,03), geometria
de tubo de 26 mm de diametro interno, 1 0 2 mm de espesor y 100 mm de longitud,
suministrado por KERATEC ADVANCED MATERIALS.
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D.1. Desarrollo de electrocatalizadores para captura e hidrogenacion

electropromovidas de CO..

Uno de los objetivos del presente trabajo de investigacion es el desarrollo de
configuraciones apropiadas de electrocatalizadores mejorados y mas baratos para la
captura e hidrogenacion a combustibles electropromovidas de CO,, para su posterior
estudio a escala de planta piloto. Por tanto, se desarrollaron electrocatalizadores que
consistieron en celdas de electrolito solido capaces de transportar iones, sobre los cuales
se depositaron peliculas delgadas de una fase activa, porosa, continua y conductora de
electrones, formando configuraciones de reaccion tubulares y bipolares de camara
sencilla facilmente adaptables a los reactores de flujo convencional existentes
comercialmente (reactores de lecho fijo) y utilizando procedimientos facilmente
escalables.

En concreto se han desarrollado electrocatalizadores consistentes en candelas o
tubos de K-BA1,O3 (conductor de iones K*) e YSZ (conductor de O%), respectivamente,
sobre cuya superficie externa se depositaron peliculas del metal activo correspondiente
e internamente se recubrieron por Au (contraelectrodo-electrodo de referencia) para

permitir la polarizacion del sistema.

De tal manera que, inicialmente, se desarrollaron electrocatalizadores basados
en metales nobles (como el Pt) utilizando procedimientos convencionales, de deposicion
mediante pintado y posterior descomposicion térmica a alta temperatura de tintas o
pastas comerciales del metal activo correspondiente, recogidos en el estado del arte
inicial. En efecto, la mayoria de los electrocatalizadores utilizados en estudios a escala
de laboratorio encontrados en la bibliografia para esta aplicacion concreta, estaban
basados en la deposicion de peliculas relativamente gruesas (de entre 0,5 y 1 um de
espesor) de metales nobles de elevado coste (Pt) y preparadas mediante deposicion y
posterior descomposicién térmica de pastas sobre electrolitos sélidos comerciales (YSZ,
BAIL,O3), lo cual da lugar a materiales de baja actividad catalitica (debido a una baja
dispersion metélica y superficie especifica). En una primera etapa, se prepararon dichos
electrocatalizadores para confirmar su actividad en el proceso concreto, a la vez que
sirvieron como referencia o punto de partida de los diferentes estudios. De acuerdo a

este procedimiento (“painting”) se prepararon electrocatalizadores de Pt/K-BAl,O3 y
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Pt/YSZ. Estos estudios se recogen en las publicaciones 1 y 4, respectivamente, del

Anexo | de la presente tesis.

La potencial aplicacion préctica de estos sistemas requiere el uso de peliculas
delgadas (del orden de pocos nm de espesor) de electrocatalizadores mas dispersos y
basados en metales mas baratos identificados como activos en la bibliografia (Cu, Ni,
etc.). Seguidamente y haciendo uso de las capacidades y de la experiencia disponibles
en el CIEMAT en el campo de aplicacion de recubrimientos de peliculas delgadas, se
pusieron a punto procedimientos mejorados de deposicion de peliculas delgadas de Pt
por “dip-coating” y de Pd, Cu y Ni por “electroless”. Acorde a estos procedimientos se
prepararon cinco electrocatalizadores tubulares de: Pt/K-BAl,O3 (una Unica capa de Pt
depositada), Pt/K-BAl,O3 (dos capas de Pt depositadas y con calcinacion intermedia a
elevada temperatura), Pd/YSZ, Ni/YSZ y Cu/K-BAl,Os. Los resultados obtenidos se
recogen en las publicaciones 1, 2 y 3 (Pt/K-BAl,03), 4 (Pd/YSZ, Ni/YSZ) y 5 (Cu/K-

BAI,O3) del Anexo I de la presente tesis doctoral.

Tanto las condiciones como el método de preparacion utilizados determinan el
comportamiento del electrocatalizador frente al proceso especifico (captura o
hidrogenacion de COy), la estructura porosa, la morfologia superficial y el tamafio de
particula de la pelicula catalitica metalica. Por tanto, se llevo a cabo la caracterizacion
fisicoquimica de las peliculas de electrocatalizador tal cual preparadas utilizando las
técnicas disponibles de: microscopia electrénica de barrido acoplada a micro-sonda
electronica (SEM-EDX, modelo HITACHI S-2500/HITACHI SU6600 FEG-SEM);
difraccion de rayos X (XRD, modelo PHILIPS “Xpert-MPD”) y espectroscopia de
fotoemision de rayos X (XPS, modelo Perkin-Elmer PHI 5400). El analisis del aspecto
superficial por SEM confirmd que los métodos de preparacion desarrollados permitian
obtener peliculas delgadas de metal activo con morfologia y microestructura apropiadas,
porosas (permiten la difusion de reactantes o adsorbatos) y con pequefio tamafio de
particula (mayor capacidad de quimisorcion y reactividad). Por su parte, los analisis por
XPS y XRD permitieron confirmar, respectivamente, el estado de oxidacion del metal
depositado (estado 6xido y/o metalico, el cual puede condicionar los productos
formados por hidrogenacion de CO; e incluso la eficiencia energética del proceso) y la
forma cristalogréafica en la que se encontraba (ya que algunas son mas activas frente a la

hidrogenacion electropromovida de CO5).
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A partir de estos resultados se estimaron diferentes propiedades de los
electrocatalizadores (tamafio medio de particula, dispersion metélica, superficie activa,
moles de metal activo, etc.) en base a las cuales se podia establecer una comparativa
entre ellos y valorar la efectividad del procedimiento de preparacion utilizado para su
optimizacion posterior. Los resultados obtenidos se recogen en las publicaciones 1 a5
del Anexo | de la tesis doctoral. Ademas, en la tabla 1 del Anexo Il, se recogen el
método utilizado en la preparacion y las principales propiedades estimadas como el
tamafno de particula, la dispersion y el estado de oxidacion del metal activo de los

distintos electrocatalizadores estudiados.

Los resultados obtenidos sobre electrocatalizadores basados en Pt/K-BAl,O3
(publicaciones 1,2 y 3) y Pt/YSZ (publicacién 4) permitieron confirmar que el método
de “dip-coating” permite depositar el Pt directamente en su forma metalica y obtener
electrocatalizadores con menor tamafio de particula metalica de Pt (hasta 30 nm), y por
tanto, con una mayor area especifica superficial, que los preparados por simple pintado
y descomposicion térmica a alta temperatura (aproximadamente de 500 nm). Esto
implica una mayor capacidad de quimisorcion (adsorcion y activacion de CO;) y un
mejor comportamiento frente a la captura electropromovida de CO,, asi como una
mayor reactividad, viéndose favorecida la disociacion de CO, a especies de CO
adsorbido, cuya posterior hidrogenacion resulta en la formacion de hidrocarburos y
oxigenados combustibles, y en especial, la disociacién de CO a especies carbonosas
precursoras de metano, condicionando tanto la actividad catalitica, como la selectividad
del electrocatalizador para la hidrogenacién de CO,. También se encontré que en los
electrocatalizadores basados en Pt/K-BAl,Oz (publicaciones 1,2 y 3), la etapa de
calcinacién intermedia a alta temperatura resulta en una sinterizacién y aglomeracion de
las particulas de Pt, dando lugar a un incremento de tamafio de particula de Pt (de 30 a
50 nm), que lleva asociada una menor capacidad de captura, actividad catalitica para la

reaccion de hidrogenacion y selectividad a CH,.

Por otra parte, los resultados obtenidos sobre electrocatalizadores basados en
Ni/YSZ, Pd/YSZ (publicacion 4) y Cu/K-BAl,O3 (publicacion 5) permitieron confirmar
que el método de “electroless” solamente permite depositar parcialmente el metal activo
en su forma metalica, identificandose también la presencia de 6xidos del metal activo
correspondiente en la muestra tal cual preparada (previo a la reduccion inicial). La

técnica de “electroless” permite obtener también un menor tamafio de particula metalica
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(hasta 23 nm en el caso del Cu), y por tanto, una mayor area especifica superficial, que
los preparados por simple pintado y descomposicion térmica a alta temperatura
(aproximadamente de 500 nm) y que a priori le proporciona una mayor actividad

catalitica.

Los resultados del analisis por XPS obtenidos para el electrocatalizador de
Ni/YSZ reflejaron la coexistencia de Ni metalico, NiO e hidroxidos/oxohidréxidos de
Ni en la pelicula catalitica depositada, mientras que fueron préacticamente indetectables
mediante el analisis por XRD, sugiriendo que la pelicula de Ni depositada es
practicamente amorfa o nanocristalina (publicacion 4). Ademas, el tamafio de particula
estimado (publicacion 4), resultd ser relativamente grande (alrededor de 150 nm), lo
cual implicaria una menor dispersion y por tanto, un peor comportamiento catalitico,
pero por el contrario favoreceria la deposicion de carbono sobre la superficie del
catalizador (publicacion 4), debido a una mayor tendencia a la encapsulacion de las
particulas de Ni de mayor tamafio, que resulta en el crecimiento de una capa de carbon
sobre la superficie del catalizador, reduciendo el acceso a posibles agentes gasificantes
(H20, H,, etc..) y por tanto, la reversibilidad del proceso de deposicién de carbén. Por
otro lado, particulas de mayor tamafio inducen una menor interaccion con el soporte
conductor de iones oxigeno (YSZ), resultando en una menor movilidad ionica y
desfavoreciendo la gasificacion de los depdsitos carbonosos por reaccion con las
especies de oxigeno enviadas a la superficie del catalizador, implicando una menor

actividad catalitica.

Los resultados de caracterizacion fisicoquimica del electrocatalizador Pd/YSZ
(publicacion 4) revelaron la coexistencia de paladio metalico y éxidos de paladio en la
pelicula de Pd depositada. Por otra parte, el tamafio de particula estimado (publicacion
4) resultd ser relativamente grande (alrededor de 300 nm), lo cual condiciona también
los compuestos formados, ya que, de acuerdo con la bibliografia (publicacion 4), sobre
particulas de Pd relativamente grandes, el posible CO adsorbido (depositado
previamente por la adsorcion disociativa de CO,) se hidrogena preferentemente a
dimetil éter e hidrocarburos en lugar de a CH; y CO (véase estado del arte en
bibliografia), debido a que la disociacion de CO esta limitada sobre particulas de Pd
relativamente grandes. Ademas, de acuerdo con la bibliografia (publicacion 4), sobre
particulas de Pd relativamente grandes, el CO, se reduce a CO fuertemente adsorbido,

que se transforma répidamente en metanol, y posteriormente se convierte a dimetil éter
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e hidrocarburos, desfavoreciendose su adsorcion disociativa a compuestos carbonosos

precursores de metano asistida por presencia de hidrogeno superficial.

Por altimo, los resultados de caracterizacion fisicoquimica obtenidos para el
electrocatalizador Cu/K-BAl,O3 (publicacion 5) revelaron la coexistencia de cobre
metalico y Cu,O (Cu®) en la pelicula de Cu depositada. El tamafio de particula metalica
calculado (publicacion 5) para la pelicula de Cu tal cual depositada fue de 23 nm.
Ademas, la presencia de Cu” en la superficie catalitica determina la elevada selectividad
hacia metanol (y/o compuestos oxigenados tales como etanol y dimetil éter) y las
inusualmente bajas selectividades hacia CO y CH, sobre este electrocatalizador. En
efecto, de acuerdo con la bibliografia, el tamafio de la particula de Cu determina la
selectividad hacia metanol, en especial a bajos niveles de conversion de CO,, es decir,
las particulas grandes (> 12 nm) son considerablemente mas selectivas hacia metanol
que las pequefias (< 3 nm). Por otra parte, y de acuerdo con la bibliografia, la formacién
de CO (via RWGS) esta mas favorecida sobre Cu metalico que sobre Cu parcialmente
oxidado. Ademas, sobre particulas grandes de Cu, la adsorcion disociativa de CO para
formar especies superficiales precursoras de CH,4 estd también restringida y el posible
CO formado se adsorberia fuertemente sobre la superficie de Cu, hidrogenandose

posteriormente a hidrocarburos oxigenados.
D.2. Estudio en planta piloto de la captura electropromovida de CO,.

Se llevo a cabo el estudio a escala piloto del proceso de captura de CO,
promovida electroquimicamente en condiciones realistas proximas a las encontradas en
los gases de salida de procesos de combustién, esto es, presion atmosférica, elevados
caudales de gas, en presencia de concentraciones representativas de O, y utilizando
configuraciones tubulares de electrocatalizadores de Pt/K-BAl,O3 facilmente escalables.
Inicialmente se selecciono el Pt como electrocatalizador dada su conocida resistencia a
la oxidacion por O, y al SO,, presentes en el gas de combustion. Se realizaron estudios
previos de voltametria ciclica (no incluidos en la presente tesis doctoral) sobre
diferentes electrocatalizadores de Pt/K-BAI,Os, Pt/Na-pAl,O3 y Pt/YSZ, donde se
demostro que el electrocatalizador Pt/K-BAl,03 era el mas eficaz para la captura de CO,
electropromovida, ya que con el electrocatalizador de Pt/Na-pAl,O3 se alcanzé una
capacidad de captura de CO, muy inferior al basado en K, mientras que el
electrocatalizador de Pt/'YSZ fue ineficaz para la captura de CO, electropromovida.
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Con objeto de estudiar el impacto potencial del método de preparacion de la
pelicula metélica utilizado sobre el comportamiento del electrocatalizador frente a la
captura electropromovida de CO,, se utilizaron tres electrocatalizadores distintos de
Pt/K-BAl,O3, preparados por los siguientes procedimientos (publicaciones 1 y 2):
deposicion de una sola capa de Pt mediante “dip-coating” (EC1DC) o mediante
“painting” (ECP) y deposicion de dos capas de Pt mediante “dip-coating” con
calcinaciéon intermedia a alta temperatura (EC2DC). Las peliculas de Pt se
caracterizaron por diferentes técnicas (XRD y SEM) que pusieron de manifiesto que, sSi
bien en todos los casos la pelicula de Pt obtenida cumplia con los requerimientos
impuestos para su uso en electropromocion (véase apartado A.3.4.), el diferente método
de preparacion utilizado resultd en una morfologia superficial, un tamafio de particula
de Pt y una dispersion metalica diferentes (véase tabla 1 del Anexo Il). Por tanto, se
demostro que la técnica de “dip-coating” permite obtener peliculas de Pt con menor
tamafo de particula y mayor dispersion metalica, y asi, una mayor actividad frente a la
adsorcion y activacion de CO,, asi como que, la calcinacion intermedia a alta
temperatura redundaba en cierta sinterizacion de la pelicula de Pt. Estos resultados se

recogen en las publicaciones 1, 2y 3.

Primeramente sobre los electrocatalizadores de Pt/K-B-Al,O; preparados por
diferentes procedimientos, se llevaron a cabo estudios de voltametria ciclica para el
estudio de la adsorcion de CO, y formacion de compuestos de potasio por medio del
bombeo electroquimico de iones potasio hacia la superficie catalitica de Pt. Estos
estudios se realizaron en presencia de concentraciones representativas de O, asi como,
de mezclas binarias CO,/N, y O2/N, y a diferentes temperaturas. Posteriormente se
llevaron a cabo ensayos de captura electropromovida de CO, utilizando el sistema
catalitico y las condiciones de operacién mas apropiadas identificadas durante los
estudios de voltametria ciclica. Previamente a ambos estudios, la pelicula de Pt se
sometio a una reduccion en H, y previo a cada ensayo se aplico un potencial constante
de 4 V durante 30 minutos para definir un estado de referencia inicial de “no
promocion” donde la superficie catalitica se encuentra libre de iones de K*. Ambos

estudios se recogen en la publicacion 1 del Anexo I de la presente tesis.

Los estudios de “voltametria ciclica” consistieron en llevar a cabo un
seguimiento de la corriente eléctrica generada por aplicacion de una polarizacién

ciclica, en nuestro caso de 4 V a -3 V (polarizacion negativa o catodica) y de -3 V a 4V
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(polarizacion positiva o anddica). La aparicion de picos durante la aplicacion de
potenciales decrecientes o crecientes estd relacionada, respectivamente, con la
migracion de agentes promotores (iones de K* en nuestro caso) hacia o desde la
superficie del Pt y con la formacion o descomposicion de especies 0 compuestos
formados por reaccién entre el promotor y los adsorbatos presentes en la superficie del
electrocatalizador. De tal manera, que el area de los picos catddicos y anddicos es
proporcional a la cantidad de compuesto de promotor formado o descompuesto sobre la
superficie de Pt a resultas de la aplicacion de la polarizacién catodica o anddica

correspondiente.

La cobertura de potasio sobre la superficie de Pt para cada barrido (catodico o
anodico) se calculé para los distintos electrocatalizadores y en las diferentes
condiciones de operacion utilizadas. En todos los casos fue posible confirmar la
reversibilidad del proceso de captura electropromovida de CO,, dado que se obtuvieron
valores de la cobertura de potasio coincidentes para ambos barridos, es decir, la mayor
parte del potasio enviado a la superficie de Pt durante el barrido catiénico participaba en
la formacion de las fases (adsorcion) que se descomponian durante el barrido anddico
(regeneracion). También se confirm6 que la aplicacion de potenciales altamente
positivos (4 V) permitia mantener la superficie de Pt libre de potasio (no promocion), es
decir, el CO, no se quimisorbio sobre la superficie catalitica de Pt en ausencia de
promotor, ya que no se observaron picos catddicos de adsorcion a potenciales mayores
de2,5V.

Los resultados de voltametria ciclica se interpretaron en base a estudios
mecanisticos y espectroscopicos previos recopilados en la bibliografia y a las reglas de
promocion electroquimica comentadas en el apartado A.3. de esta tesis doctoral. Los
resultados mas destacables obtenidos para cada parametro estudiado se recogen a

continuacion:

Los estudios de voltametria ciclica en presencia de distinta composicion de gas
(CO2/N;, O2/N; y CO,/0,/N;) permitieron identificar las especies o compuestos
formados a resultas del bombeo de iones K* hacia la superficie catalitica, ya que su
formacion pudo relacionarse con la posicion de los picos (centrados a un cierto
potencial). Primeramente mediante estudios en atmosfera de CO, en N, (12,6 % v/v de
CO,) se determino la formacion de carbonatos de potasio, debido a la interaccion del
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CO; con los iones K" en la superficie catalitica, asociada a la aparicion de un pico
catodico (en torno a -1 V), mientras que la descomposicion de los mismos fue atribuida
a la aparicion de un pico anddico (en torno a 1 V). Del mismo modo, estudios realizados
en presencia solo de oxigeno (5,3 % v/v O, en Ny) confirmaron la formacién de especies
oxidicas (0xidos y peroxidos de potasio), producidas por interaccion entre iones K* y
oxigeno adsorbido, debido a la aparicion de un pico catddico (proximo a -2 V) y el
correspondiente pico anddico (alrededor de 1,5 V), que se atribuyeron a la formacion y
descomposicion de dichos compuestos oxidicos, respectivamente. Por ultimo, también
se confirmo la asignacion de ambos picos catddicos a la formacion de los compuestos
de potasio correspondientes en condiciones mas realistas (12,6 % v/v CO,, 5,3 % v/v O,
en Ny), ya que se observo la aparicion de ambos picos catodicos atribuibles a la captura
de CO, en forma de carbonatos de potasio (alrededor de -1 V) y a la formacién de

especies oxidicas de potasio (alrededor de -2 V).

En estas ultimas condiciones, se observaron ciertas peculiaridades relacionadas
con el procedimiento de deposicion de la pelicula metélica. De esta manera, en el caso
del electrocatalizador preparado por deposicion de una sola capa de Pt por “dip-coating”
se observd un pico catddico adicional a un potencial de 1,5 V, el cual se atribuyo a la
formacioén de especies quimisorbidas de CO, (COs*), debido a su mayor actividad
frente a la adsorcion y activacion de CO,, relacionada con su menor tamario de particula
y mayor dispersion. Estos estudios también demostraron que la captura de CO, tanto
por adsorcién electropromovida (en forma de COs*) como en forma de carbonatos de
potasio, se ve favorecida en presencia de O,, como se deduce del incremento del area (o
cobertura de potasio) de los picos catodicos correspondientes en presencia de O,. En el
primer caso, presuntamente debido a que en presencia de oxigeno y a bajas coberturas
de potasio, el CO, activado sobre la superficie del catalizador (CO,") reacciona con el
oxigeno superficial adsorbido dando lugar a la formacién especies més estables (CO3?),
mientras que en el segundo caso, presumiblemente debido a que a elevadas coberturas
de potasio, la presencia de oxigeno superficial promueve la unién de CO, a los centros

almacenadores de potasio.

Los estudios de voltametria ciclica realizados a diferentes temperaturas (entre
300 y 450 °C) permitieron confirmar que, por una parte, en ausencia de oxigeno
(CO2/N,), la captura de CO, se incrementa con la temperatura debido a una mejora en la

formacion de carbonato de potasio, como resultado de la migracién de iones potasio
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hacia la superficie de Pt inducida térmicamente, ademas de electroquimicamente, que
causa un incremento en el nimero de centros almacenadores de potasio, como resultado
del aumento de la conductividad iénica del electrolito a mayor temperatura, ya que se
observo un aumento del area del pico catodico asociado a la formacion de carbonato

potasico con el incremento de la temperatura.

Por otra parte, en presencia de oxigeno (CO2/O,/Ny), la captura de CO; tanto por
adsorcién electropromovida (en forma de COs*) como en forma de carbonatos de
potasio, se incrementa con la temperatura hasta cierto valor, 350 °C y 400° C,
respectivamente, donde el area del pico catodico correspondiente se incrementa
consecuentemente hasta dicho valor de temperatura y disminuye a temperaturas

superiores.

Por un lado, la formacién de especies superficiales de COs* se incrementa con la
temperatura debido a un incremento de la cobertura superficial de oxigeno con la
temperatura a resultas de la mayor conductividad idnica del electrolito, que hace que la
transformacion del CO, activado (CO,) a especies mas estables (COs*) se produzca en
mayor extension, mientras que a temperaturas superiores a 350 °C disminuye, debido
probablemente a la naturaleza endotérmica de la adsorcion de CO, que resulta en una
disminucion de la cobertura de CO; superficial a mayores temperaturas, o debido al
bloqueo de centros de adsorcion de CO, por el exceso de oxigeno adsorbido inducido
térmicamente por el incremento de la cobertura de potasio a mayor temperatura, que

favorece en mayor medida la adsorcion de O, dada su mayor electronegatividad.

Por otro lado, la formacion de carbonatos de potasio se incrementa con la
temperatura como resultado del incremento de la cantidad de iones potasio que se
transfiere a la superficie de Pt debido a migracion termica, ademas de electroquimica,
de los mismos, que causa un incremento adicional tanto sobre la adsorcién disociativa
de oxigeno como sobre el numero de centros de almacenamiento (potasio) disponibles.
A temperaturas superiores a 400 °C, el area del pico asociado a la formaciéon de
carbonatos disminuye, ya que la descomposicion de carbonatos se inicia a 377 °C,

completandose a temperaturas superiores a 527 °C.

Los estudios de voltametria ciclica realizados sobre los tres catalizadores,
EC1DC, EC2DC y ECP se compararon para analizar el efecto del procedimiento de
preparacion utilizado sobre el comportamiento del catalizador frente a la captura
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electropromovida de CO,. Estos estudios revelaron que el electrocatalizador con menor
tamafo de particula (EC1DC) mostr6 mayor actividad frente a la adsorcion y activacion
de CO,, y por tanto, un mejor comportamiento frente a la captura electropromovida de
CO,. En efecto, el area y altura del pico asociado con la formacion de carbonatos
(alrededor de -1 V) se increment0 considerablemente al disminuir el tamafio de
particula, debido a una mejora de los procesos de adsorcidn y activacion de CO,, asi
como de adsorcion disociativa de oxigeno, como consecuencia de la mayor area

superficial especifica asociada a particulas de menor tamario.

Los estudios de captura electropromovida de CO, se llevaron a cabo sobre el
electrocatalizador de menor tamafio de particula de Pt (EC1DC) y utilizando las mejores

condiciones de operacion identificadas en los estudios de voltametria ciclica.

Primeramente se llevé a cabo la captura electropromovida de CO, en forma de
carbonatos de potasio. Para ello se aplic6 un potencial de -1 V durante 30 min a 400 °C
utilizando la composicion de gas mas realista (12,6 % v/v CO,, 5,3 % v/v O, en Ny).
Posteriormente, se llevd a cabo la regeneracion en presencia de N, y a la misma
temperatura (400 °C), por via electroguimica, aplicando potenciales progresivamente
crecientes (voltametria lineal) desde el potencial de adsorcion (-1 V) hasta 4 V' y
registrandose la respuesta de la densidad de corriente y concentracion de CO, en el gas
de salida (% v/v) frente al potencial aplicado (o al tiempo de polarizacion). Se
observaron dos picos anddicos (positivos), donde el pico mas intenso centrado a 1,8 V,
que coincide con la maxima cantidad de CO, liberada, correspondia a la
descomposicion de las especies de carbonato potasico previamente almacenadas durante
la polarizacion negativa, mientras que el pico mas pequefio en torno a 3 V, podia
atribuirse, de acuerdo a los estudios de voltametria ciclica, a la descomposicion de
especies de CO, quimisorbido y/o especies oxidicas de potasio formadas durante la
etapa previa de captura de CO,. Por tanto, se confirmo la posibilidad de regenerar por
via electroguimica el sistema, permitiendo asi la liberacion de CO,, sin necesidad de

incrementar la temperatura.

El perfil de concentracion de CO, en el gas de salida frente al tiempo
practicamente reproduce el de intensidad de corriente. Por tanto, se confirmd la
posibilidad de llevar a cabo el seguimiento de la descomposicion de los compuestos

capturados (regeneracién) mediante una simple medida eléctrica (a través de un sensor
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electroquimico conectado al sistema) sin necesidad de analizar el contenido de CO; en

el gas de salida.

La cantidad total de CO, capturada se calculd por integracion de la curva de
concentracion de salida de CO; frente al tiempo. La capacidad de captura del sistema,
calculada a partir de los valores de la cantidad total de CO, capturada y de la carga de Pt

sobre el catalizador, resultd ser de 1130 mg de CO,/g de Pt.

D.3. Estudio de tolerancia a inhibidores y venenos y estabilidad a lo largo de
multiples ciclos del electrocatalizador seleccionado para la captura

electropromovida de CO,.

La potencial aplicacion practica de la captura de CO, en postcombustion
requiere también el desarrollo de sistemas estables que permitan separar selectivamente
el CO; sin el impacto negativo de otros gases coexistentes (H20, SO,, NOx, etc.) en
condiciones representativas de su potencial aplicacion, asi como su estudio en
condiciones realistas a una escala adecuada. Para ello se llevo a cabo un estudio del
comportamiento ciclico de adsorcion/regeneracion del electrocatalizador de Pt/K-
BAI,Os/Au seleccionado como mas prometedor para el proceso de captura
electropromovida de CO,, utilizando las mejores condiciones de operacion identificadas
en los ensayos de comparacion previos Yy en presencia de concentraciones
representativas de los diferentes componentes nocivos presentes en el gas de
combustion. Por tanto, en estos estudios se analizd el efecto de cada uno de los
potenciales inhibidores y venenos presentes en el gas de combustion sobre el
comportamiento del catalizador de Pt/K-BAIl,Os/Au seleccionado como mas

prometedor, para analisis de su estabilidad y tolerancia a los mismos.

En el estudio de comportamiento a lo largo de mdltiples ciclos consecutivos de
adsorcion/desorcion electropromovida de CO; se realizaron, voltametrias ciclicas (entre
4y -3V auna velocidad de barrido de 10 mV/s) sobre el catalizador identificado como
méas prometedor (Pt/K-BAl,Os/Au), y a escala piloto, para el estudio in situ de la
adsorcion de CO, y formacion de carbonatos/bicarbonatos de K en la superficie de Pt a
la temperatura seleccionada en los estudios comparativos (400 °C) y en diferentes
atmosferas gaseosas, tanto en gas estandar (11,2 % CO,, 4,7 % CO, en N), como tras
afiadir cada uno de los componentes nocivos del gas de combustion, en concentraciones
relevantes (10 % H,O, 500 ppm N,O, 109 ppm SO, y 492 ppm NO), a dicho gas
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estandar. Se obtuvieron varios voltagramas (hasta 3) para valorar la reproducibilidad

entre ciclos y la estabilidad del sistema.

Se determind también el potencial a circuito abierto en las distintas atmdsferas
de proceso. Esto permitié obtener informacion Util a cerca de la adsorcién competitiva
de las diferentes especies coexistentes, en base a su caracter electropositivo o donador
de electrones (su adsorcién disminuye el potencial a circuito abierto) o electronegativo o
aceptor de electrones (su adsorcion aumenta el potencial a circuito abierto) relativo,
ayudando a anticipar o explicar el efecto observado y a identificar los posibles

fendmenos de inhibicion y envenenamiento sobre el catalizador.

La adicion de N,O, NO o H,0 al gas estandar aumenta, en diferente medida, el
valor del potencial a circuito abierto obtenido (electronegativos). Por tanto, su adsorcién
competitiva (o la de especies superficiales derivadas) y efecto inhibidor asociado se ven
favorecidos al disminuir el potencial, y, por tanto, al incrementarse la presencia de
promotor superficial de potasio, desfavoreciéndose simultaneamente la adsorcién de
CO,. Sin embargo, la adicion de SO, al gas estandar se traduce en un menor potencial a
circuito abierto (electropositivo). Por tanto, al disminuir el potencial e incrementar la
presencia de promotor superficial, su adsorcion competitiva y efecto nocivo asociado se
ven desfavorecidos, dejando los centros de adsorcion disponibles para el CO..

Para confirmar el efecto de la presencia de oxigeno sobre la captura
electropromovida de CO, en las condiciones de estudio, primeramente se llevaron a
cabo voltametrias ciclicas en presencia (CO,/O,/N,) y ausencia (CO,/N,) de oxigeno,
obteniéndose resultados similares a los de la publicacion 1, constatdndose también que
el estado estacionario se alcanzaba a partir del segundo ciclo.

La capacidad de captura de CO, del sistema se incrementa en presencia de agua
(publicacién 2), por formacion de especies de bicarbonato potésico, asociada a la
aparicion de un nuevo pico catodico alrededor de -0.5 V, ademas de especies de
carbonato potésico, asignada a la aparicion del pico catédico a -1 V, siendo la cantidad
de total de CO, capturado (suma de las areas de ambos picos), mayor que en ausencia
de agua (&rea del pico centrado a -1 V). Ademas la presencia de H,O contribuiria a
aumentar la estabilidad del sistema, ya que evita, al mismo tiempo, la formacién de
especies oxidicas de potasio que pueden contribuir a la desactivacion del mismo. En

efecto, en presencia de agua (publicacién 2) se observd la desaparicion del pico
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catddico correspondiente alrededor de -2 V, debido a que la formaciéon de grupos
hidroxilo superficiales, resultantes de la disociacion de H,O a elevadas coberturas
superficiales de potasio (a potenciales muy negativos), imposibilita la adsorcion de
oxigeno, y por tanto, la formacién de las especies oxidicas resultantes. Se observé que

el efecto del agua era reversible.

La capacidad de captura de CO, disminuye ligeramente en presencia de N,O
(publicacién 2), supuestamente por adsorcion competitiva del mismo sobre los centros
de Pt, dificultando la adsorcion de CO, y la formacion de especies de carbonato,
resultando en una disminucion de los picos asociados a su formacion (a -1 V) y
descomposicion a (a 1,5 V), asi como en la aparicion de un nuevo pico catodico no
resuelto alrededor de -2 V atribuible a la formacion de nitritos y nitratos potasicos, por
reaccion entre N,O adsorbido y especies derivadas de la adsorcion disociativa de
oxigeno favorecida a bajos potenciales (elevadas coberturas de potasio), y del
correspondiente pico anddico asociado a la descomposicion de los mismos (a 2,5 V). La
disminucion en la cobertura superficial de oxigeno resultante limitaria la formacion de
especies oxidicas (6xidos y perdxidos de potasio) y explicaria la desaparicion,
practicamente total, del pico catddico correspondiente. Ademas, se comprobd que, a lo
largo de los ciclos, no se producia acumulacion de compuestos de nitrogeno (derivados
del N2O) en la superficie del catalizador que pudiera dar lugar a desactivacion del
mismo, ya que el area de los picos asociados a la formacion y descomposicion de

carbonato potasico permanecia constante a lo largo de los mismos.

La capacidad de captura de CO, disminuye en presencia de SO, (publicacion 2),
aunque el sistema permite la separacion selectiva de CO;, y SO, por formacién de los
correspondientes compuestos de potasio (a -1 V y 0 V, respectivamente) y posterior
descomposicion de los mismos a diferentes potenciales (1,5 y 3 V, respectivamente). El
SO, se adsorberia competitivamente, dificultando la captura de CO, (via adsorcion y
formacion de carbonatos), oxidandose posteriormente a SOz por el oxigeno adsorbido
disociativamente sobre Pt y envenenando los centros de adsorcion/almacenamiento por
formacion de sulfitos y sulfatos méas estables, como se desprende de la disminucién
observada en el area de los picos asociados con la formacion y descomposicion de
carbonatos y especies oxidicas y el correspondiente aumento en la de los picos
atribuibles a la formacion (a 0 V) y descomposicion (a 3 V) de especies de azufre

(sulfitos/sulfatos de potasio) a lo largo de los ciclos.
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En presencia de NO (publicacién 2), se observa un ensanchamiento y un
incremento de la intensidad de los picos negativos y positivos a lo largo de los ciclos,
qgue hace que resulte practicamente imposible discernir entre los diferentes picos
catddicos o anddicos a resultas de la distorsion del voltagrama inducida por la presencia
de NO. EIl ambiente de reaccion utilizado sugiere la formacion de especies superficiales
de promotor adicionales (nitritos/nitratos de potasio) durante la polarizacion negativa,
como indica la aparicion de un pico no resuelto a -2 V, las cuales se descomponen
durante la polarizacién positiva dando lugar a la aparicion del pico correspondiente a
2,5 V. Los picos atribuibles a la formacion de carbonatos y especies oxidicas de potasio
son practicamente imperceptibles en presencia de NO, lo que demuestra el acusado
efecto perjudicial del NO sobre la capacidad de captura de CO,. EI NO se adsorberia
competitivamente, oxidandose posteriormente a NO, por el oxigeno adsorbido
disociativamente sobre Pt. Ambos NO y NO, se adsorberian en forma nitritos/nitratos
sobre los centros superficiales de potasio, dando lugar a una disminucién considerable
de la cantidad de carbonato de potasio almacenada y por tanto, de la capacidad de

captura de CO, del sistema.

De esta manera, estos estudios demuestran que sobre el electrocatalizador
tubular de Pt/K-BAI,O3; es posible capturar CO,, tanto por adsorcion selectiva
electropromovida del mismo, como via formacion de carbonatos y bicarbonatos por
reaccion del CO; con los iones potasio bombeados electrogquimicamente desde el
electrolito solido hacia la superficie catalitica de Pt, en condiciones representativas de
gases de combustion a escala piloto. Por un lado, se observo que la presencia de H,O y
O, en el gas mejoro la captura de CO,. Por otro lado, el SO, presente en el gas de
combustion envenena los centros (de adsorcidn /almacenamiento) de captura de CO, del
electrocatalizador, mientras que el NO dificulté considerablemente la captura de CO,,
sin embargo, la presencia de N,O no alteré practicamente nada la captura de CO,. Por
ultimo, estos estudios demostraron ademas, que el sistema catalitico puede ser
regenerado, permitiendo la separacion selectiva del CO, del gas de combustién,
mediante descomposicién electroquimica de los diferentes compuestos previamente
formados y almacenados bajo la aplicacion de diferentes potenciales sin necesidad de

incrementar la temperatura.
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D.4. Estudio en planta piloto de la hidrogenacion electropromovida de CO, a

combustibles.

Se llevd a cabo el estudio a escala piloto del proceso de hidrogenacion
electropromovida de CO, a combustibles en condiciones representativas de su posible
aplicacion practica, como son: elevados caudales de gas, temperaturas relativamente
bajas, presion atmosférica, y utilizando composiciones de gas representativas de
corrientes concentradas de CO, procedentes de procesos de captura en post-combustion,
mas en concreto mediante absorcion con aminas, asi como relaciones variables de
H./CO,, simulando un flujo discontinuo de H, generado a partir de energias renovables
intermitentes (solar, eolica, hidraulica, etc.). Ademas, se emplearon configuraciones
tubulares de electrocatalizador facilmente adaptables a dispositivos existentes (reactores
de flujo convencional) y electrocatalizadores preparados mediante procedimientos

facilmente escalables.

Se realizaron ensayos comparativos de hidrogenacion electropromovida de CO,
sobre electrocatalizadores de Pt/YSZ/Au preparado por “painting”, Pt/K-BAl,O3/Au (1
y 2 capas) preparados por “dip-coating” y Ni/YSZ/Au, Cu/K-BAl,Os/Au y Pd/YSZ/Au
preparados por “electroless”, para seleccion del electrocatalizador mas prometedor y las
condiciones de operacion mas apropiadas para el proceso (en términos de conversion de
CO, y selectividad al producto objetivo). Dichos ensayos, permitieron analizar, ademas,
el efecto de las distintas variables de operacion (temperatura, caudal, potencial, razén

H,/CO,, etc.) sobre el comportamiento de los electrocatalizadores.

Cada uno de los diferentes electrocatalizadores fue sometido a una reduccion
inicial en H, a 400 °C durante 1 hora. Antes de cada experimento se sometio al
electrocatalizador a un potencial de 4 V (K-BAI,O3) 0 a condiciones de circuito abierto
(YSZ) durante 30 minutos, para establecer un mismo estado de referencia inicial

(ausencia de promotor superficial) que garantizase la reproducibilidad.

Se observaron diferentes resultados experimentales para los diferentes
electrocatalizadores de hidrogenacion de CO, frente al mismo cambio en las
condiciones de ensayo (caudal, razon H,/CO,, temperatura y polarizacién), aunque, en
general, el control de la produccion de CH4, CH30H, C,HsOH y C,HgO puede llevarse

a cabo por modificacién del potencial aplicado, existiendo un valor 6ptimo de potencial
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(o cobertura superficial de promotor), a un caudal, temperatura y razéon H,/CO,

determinados, que maximiza la selectividad a los distintos productos.

Con objeto de analizar el efecto de la temperatura sobre la hidrogenacion
electropromovida de CO, y con vistas a identificar la temperatura de operacion mas
adecuada para el proceso, se llevaron a cabo ensayos a temperatura programada (desde
200 a 400 °C) tanto en ausencia de promocion (ausencia de promotor superficial) a 4 V
y bajo condiciones de circuito abierto (aproximadamente a 0 V) para K-BAl,O3; e YSZ,
respectivamente, como bajo aplicacion de diferentes potenciales constantes (+ 2 V' y -2
V).

Inicialmente, dado que se pretendia confirmar los resultados previos existentes
en el estado del arte al inicio de esta tesis doctoral, donde sélo se observo formacion de
CO sobre catalizadores basados en metales nobles (Pt, Pd, etc.) a temperaturas minimas
entre 380 °C y 400 °C, en el caso de los electrocatalizadores de Pt, en lugar de ensayos a
temperatura programada se llevaron a cabo voltametrias ciclicas (resultados no
mostrados) a diferentes temperaturas (entre 300 y 450 °C), que permitieron identificar
400 °C, como la temperatura a la que el efecto promotor (o formacion de compuestos

superficiales) era méaximo.

Como se ha comentado en el apartado de desarrollo de electrocatalizadores, los
productos principales que se forman dependen del catalizador y método de preparacion
utilizado. Asi, sobre Pt/K-BAl,Os/Au (1 capa depositada mediante “dip-coating”) se
forma preferentemente CH; y CO (publicacion 3) mientras que sobre Pt/YSZ/Au
(“painting”) y Pt/K-BAI,Os/Au (2 capas por “dip-coating” con calcinacion intermedia)
se forman principalmente CO, C,Hs, CsH¢ y CH3OH (publicaciones 4 y 3,
respectivamente). Por otro lado, el catalizador Ni/YSZ/Au (“electroless”) mostré una
gran tendencia hacia la deposicién de compuestos carbonosos, observandose también
formacion de hidrocarburos, principalmente C,Hg y CsHg (publicacion 4). Sobre el
catalizador de Pd/YSZ/Au se forman principalmente C,Hs, CsHg y CoHgO,
produciéndose también la deposicion de compuestos carbonosos en cierta extension
(publicacion 4). Finalmente, sobre Cu/K-BAl,Os/Au se forman principalmente CH3;OH,
C,HgO, C,Hs0H y CO (publicacion 5).

En general (publicacion 5), la conversion de equilibrio de CO, hacia metanol y

etanol disminuye al aumentar la temperatura. Tanto el etanol como el dimetil éter
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pueden formarse también via hidrogenacion/hidratacion y deshidratacion del metanol,
respectivamente. En efecto, el metanol se convierte en dimetil éter a temperaturas entre
250-300 °C y ambos, metanol y dimetil éter, se transforman en hidrocarburos a
temperaturas de alrededor de 400 °C, donde la produccion de CO (RWGS) y metano
(metanacion), se ven también mas favorecidas. Por otro lado (publicacion 4), la
deposicion de carbon, es decir la cantidad de compuestos carbonosos superficiales
formados y su estabilidad, se incrementa con la temperatura.

En consonancia con lo anteriormente expuesto, sobre el electrocatalizador de
Cu/K-BAl,0O3/Au (publicacion 5), la conversion de CO, y las selectividades hacia
CH3OH y C,HsOH presentan un maximo a una temperatura dada, mientras la
selectividad a C,HsOH disminuye con el incremento de temperatura tanto en
condiciones de circuito abierto (aproximadamente 0 V), como para cualesquiera de los
potenciales aplicados (4 V, 2 V y -2 V). Ademas, en todos los casos, las selectividades
hacia C,HsOH y C,HgO son mayores cuando la selectividad hacia CH3OH es menor,
indicando que las correspondientes reacciones de formacion de estos compuestos
compiten sobre la superficie de Cu. La aplicacién de polarizacién negativa (-2 V), da
lugar a un incremento (se duplica) del valor maximo de conversion de CO, alcanzado
con respecto a condiciones de no promocion (4 V). El valor maximo de la selectividad
hacia CH3OH también se incrementa al disminuir el potencial, siendo dicho incremento
mayor en condiciones de circuito abierto (se triplica) y ademas se obtiene a menor
temperatura (alrededor de 300-325 °C). La selectividad hacia C,HsOH mejora
ligeramente en ausencia de polarizacion (aproximadamente a 0 V) a temperaturas de
325 °C. A temperaturas superiores a 325 °C, tanto la ausencia de polarizacion, como la
aplicacion de +2 V da lugar a un incremento considerable (alrededor del triple) del valor
méaximo de la selectividad hacia C,HgO. Los resultados obtenidos mostraron que la
conversion de CO, y selectividad hacia los diferentes combustibles oxigenados de
interés alcanzaron un maximo para temperaturas en torno a 300-325 °C. Por tanto, se
selecciond una temperatura de 325 °C como mas apropiada para el proceso, dado que el
efecto promotor potencial del potasio se incrementa con la temperatura a resultas de la

mejora de la conductividad idnica del electrolito s6lido a mayor temperatura.

Sobre los electrocatalizadores de Ni/YSZ/Au y Pd/YSZ/Au (publicacion 4), la
conversion de CO, disminuye al incrementarse la temperatura, tanto en ausencia de

polarizacién (a aproximadamente 0 V) como para cualesquiera de los potenciales
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aplicados (2 V y -2 V), debido a que se favorece la deposicion de carbén y, por tanto, la
inhibicién tanto de la disociacion de CO, como de la posterior formacion de
hidrocarburos via hidrogenacién de las especies superficiales resultantes. La aplicacion
de polarizaciéon positiva (+2 V) y negativa (-2 V), da lugar a un incremento y
disminucion, respectivamente, de los niveles de conversion de CO, alcanzados a una
temperatura dada en relacion a condiciones de circuito abierto. En el primer caso (+2
V), debido a que los iones oxigeno bombeados hacia la superficie del electrocatalizador
pueden eliminar los depositos carbonosos y ademés, de acuerdo a las reglas de
promocion electroquimica comentadas anteriormente, daria lugar a un incremento de la
cobertura superficial de hidrogeno que también podria contribuir a la gasificaciéon de
dichos depositos. Por el contrario, la disminucion en los niveles de conversién
observada bajo polarizacion negativa (-2 V), podria deberse a un incremento de la
deposicion de carbon, ya que se favorece la reaccion de reduccion de CO, a carbono
(via sustraccion de iones O%) y la desorcion y liberacion de hidrégeno. Sin embargo, la
razon de mejora de la velocidad de conversion de CO, alcanza un valor maximo a una
temperatura dada (350 °C), ya que el efecto promocional se incrementa con la
temperatura a resultas del incremento de la conductividad ionica del electrolito. En el
caso concreto del electrocatalizador de Pd/YSZ/Au (publicacion 4), la selectividad
hacia C,Hg apenas se ve afectada por la temperatura y la selectividad hacia dimetil éter
y C3Hs aumenta y disminuye, respectivamente, con la temperatura dependiendo de la
polarizacion aplicada (en ausencia de polarizacion o 2 V) mostrando tendencias
opuestas, lo cual indica que se forman a través de reacciones competitivas. Es decir, la
aplicacion de polarizacion positiva favorece la formacion de CsHg a expensas de la de
C,HgO, ya que de acuerdo a bibliografia, la formacion de C,HgO se favorece en
condiciones de circuito abierto, donde la cobertura de ambos reactivos (CO, e H,) se

supone muy similar, mientras se ve desfavorecida a valores mayores de potencial.

El estudio del efecto del potencial aplicado sobre la conversion de la reaccion de
hidrogenacion de CO, y la selectividad hacia los diferentes combustibles de interés
sobre los distintos electrocatalizadores candidatos (publicaciones 3, 4 y 5) se llevd a
cabo mediante ensayos potenciostaticos (entre 4 y -3 V, en electrocatalizadores de K-
BAI,O3 y entre 2 'y -2 V, en electrocatalizadores de YSZ) a la temperatura seleccionada
en los ensayos a temperatura programada y a diferentes ratios H,/CO, (entre 1y 4) y
caudales (entre 90 y 522 I/h).
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El comportamiento electrocatalitico observado se racionalizé considerando el
efecto de la variacion del potencial aplicado sobre la fortaleza del enlace de
quimisorcién de los reactivos y especies intermedias, y de acuerdo a los mecanismos
propuestos para la reaccion de hidrogenacion de CO, sobre los distintos
electrocatalizadores. En general, el CO, (aceptor de e) no se quimisorbe sobre
superficies metélicas de Pt, Pd, Ni o Cu en ausencia de promocion, a 4 V para K-BAl,0;
y en ausencia de polarizacion para YSZ. Sin embargo, la presencia de K" sobre la
superficie de Pt (publicacién 3) y Cu (publicacién 5) o la retirada de iones O de la
superficie de Pt, Ni y Pd (publicacion 4), derivada de la aplicacion de potenciales
decrecientes, favorece la activacion superficial de CO, en forma de ion carboxilato
(COZ").

La aplicacion de potenciales positivos favorece la adsorcion disociativa de
hidrogeno (donador de €°), dando lugar a un incremento en la cobertura de hidrégeno y a
una disminucion en la cobertura de CO,, siendo la adsorcion de CO, la etapa limitante
de la reaccion. Sin embargo, la adsorcion disociativa de CO, se ve favorecida en
presencia de hidrégeno coadsorbido. Asi, el CO resultante, puede bien desorberse
(RWGS), bien disociarse a especies superficiales de carbono, en especial sobre
electrocatalizadores metalicos mas dispersos de menor tamafio de particula (Ej.: Pt/K-
BAI,Os/Au 1 capa “dip-coating”), las cuales pueden hidrogenarse gradualmente a
metano o acumularse en la superficie (deposicion de carbdn), o bien hidrogenarse
gradualmente a C,Hg, C3Hg, metanol, dimetil éter, etanol, metano, etc. Esto Gltimo
ocurre, en especial, sobre electrocatalizadores metalicos menos dispersos de mayor
tamafno de particula (Ej.: Pt/K-BAL,Os/Au 2 capas “dip-coating” con calcinacion
intermedia), sobre los cuales la disociacion de CO esta limitada, y/o en los cuales el
metal activo se encuentra parcialmente oxidado (Ej.: Cu” en Cu/K-BA1,Oz/Au).

En general, de acuerdo a las reglas de promocion electroquimica, a elevados
potenciales positivos la cobertura superficial de hidrdégeno seria superior a la de las
especies resultantes de la disociacion de CO, o CO, favoreciendose la formacion de
hidrocarburos (CsHg y C,Hg principalmente) o CHy4, respectivamente. La desorcion de
CO (donador de electrones mas débil que el H,) y por tanto, la reaccion RWGS también

se veria favorecida a potenciales positivos.
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Por su parte, la aplicacion de potenciales decrecientes o negativos, daria lugar al
bombeo de iones O* o K*, respectivamente, desde o hacia la superficie del
electrocatalizador, favoreciéndose la reduccion total y/o la adsorcion disociativa de CO,
(aceptor de electrones), mientras se desfavorece la de H, (donador de electrones) y la de
CO (menor capacidad aceptora de electrones que CO,) que tienden a desorberse, lo cual
resulta en una menor selectividad hacia hidrocarburos (CsHg y CoHg, principalmente) y
CH, (comportamiento electrofébico), ya que en estas condiciones, la cobertura
superficial de hidrogeno seria menor que la de las especies superficiales formadas a
partir de CO, o0 CO y estas no podrian ser totalmente hidrogenadas, lo que implica una
mayor selectividad hacia CO (comportamiento electrofilico) y acumulacién de
depdsitos carbonosos superficiales.

Por otro lado, en general, la formacién de CH3;OH y otros oxigenados derivados
(C,HsOH y C,HgO) se ve favorecida en ausencia (O* en condiciones de circuito abierto
a aproximadamente 0 V) o a coberturas muy bajas (K" a potenciales ligeramente
positivos o negativos) de promotor superficial. Esto es debido a que, en general, el CO,
no se adsorbe sobre los electrocatalizadores en ausencia de promotor superficial y al
mismo tiempo estos muestran considerable actividad catalitica para la formacion y
liberacion de hidrégeno. Por tanto, es de esperar que la adsorcion de CO, e H, compitan
sobre la superficie del electrocatalizador en estas condiciones, y por tanto, la formacién
de CH30H, C,HsOH y C,H¢O este limitada por la adsorcion disociativa de ambos, de
tal manera, que la selectividad hacia CH30OH, C,HsOH y C,HgO presenta un maximo a
un valor de potencial determinado (comportamiento tipo volcan) que dependera delas

condiciones de operacion utilizadas y del electrocatalizador.

Ademas, en estos ensayos se constatd (publicacion 3) que la conversion de CO,
y el grado de promocion alcanzados fueron mayores para el catalizador de Pt/K-
BAl,O3/Au 1 capa “dip-coating”, de menor tamafio de particula (mayor reactividad e
interaccion metal/soporte), que para el catalizador de Pt/K-BAl,Osz/Au 2 capas “dip-

coating” con calcinacion intermedia.

Por tanto, no solo la activacion inicial del CO,, sino también el control de la
selectividad al producto deseado pueden llevarse a cabo por modificacion del potencial

aplicado.
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En algunos casos (publicaciones 3 y 5) se analiz6 el impacto de la variacion del
caudal de gas sobre el efecto promocional, conversion de CO, y selectividad hacia
diferentes combustibles de interés industrial. En concreto para el electrocatalizador de
Pt/K-BAl,O3/Au (1 capa “dip-coating”) se observo que, a 400 °C y utilizando una razon
de H,/CO, igual a 1, el nivel de promocion aumenta, mientras la conversion de CO,
disminuye con el incremento del caudal de gas, en especial a potenciales negativos
donde la reaccion de RWGS esta mas favorecida, como resultado del menor tiempo de
contacto disponible para que la reaccién tenga lugar. De acuerdo a esto, la selectividad
hacia CO disminuye mientras que la selectividad hacia CH4 aumenta al incrementarse el
caudal de gas, indicando que CH,4 y CO se forman en paralelo. Por tanto, un incremento
del caudal de gas favorece la reaccién de metanacion (formacién de CH,) a expensas de
la reaccion de RWGS (formacion de CO). Sin embargo, el comportamiento
electroquimico no se modifica con la variacion en el caudal de gas, es decir, el
catalizador mostr6 un comportamiento electrofilico para el ratio de mejora de la
conversion de CO, y la selectividad a CO, mientras que se observo un comportamiento

electrofobico para la formacion de CH,.

En cuanto al efecto de la razon H,/CO, (entre 1 y 4) sobre la conversion de la
reaccion de hidrogenacion de CO, y la selectividad hacia los diferentes combustibles de
interés (publicaciones 3, 4 y 5), en general, la conversion de CO; se incrementa al
incrementarse la razon H,/CO,, mientras que el efecto sobre la selectividad hacia los
diferentes combustibles de interés dependera de la estequiometria de la reaccion de

formacion correspondiente.

En efecto, la formacion de CO se ve favorecida para razones de H,/CO;
proximas a 1, que se corresponde con la estequiometria requerida para la reaccion de
RWGS. La formacién de CH,; se ve favorecida termodindmicamente para razones
H./CO, préximas a 4, que se corresponden con la estequiometria de la reaccion de
metanacion y, sobre determinados catalizadores (menor tamafio de particula), también
para razones H,/CO, de 2, que se corresponden con las requeridas por estequiometria
para la formacién de especies carbonosas precursoras de CH, via reduccidn total de CO,
a C. Por otro lado, razones de H,/CO, de alrededor de 3 se corresponden con las
requeridas estequiométricamente para la formacion de CH3;OH, C,HsOH, C,HgO, C3Hg
y C,Hs, favoreciendose termodinamicamente bajo estas condiciones. La formacion de

CH3OH se ve también favorecida, sobre determinados catalizadores (mayor tamafio de
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particula), para razones H,/CO, de 2, pues se corresponde con la requerida para la
formacion de metanol por hidrogenacion del CO obtenido por adsorcién disociativa de
CO, sobre la superficie del catalizador. Por tanto, en general, la conversién de CO, y la
selectividad hacia CH, aumentaron y la selectividad a CO disminuy0 al incrementarse la
razon H,/CO,, mientras la selectividad a hidrocarburos y oxigenados disminuyo para
razones H,/CO, distintas de las requeridas por la estequiometria de la reacciéon de

formacion correspondiente.

El nivel de promocion (o razén de mejora de la velocidad de reaccion de CO,),
en general aumentd con el incremento de la razén H,/CO,, excepto para el valor de 2,
donde se observo una disminucion en el nivel de promocion, presumiblemente por
blogueo parcial de la interfase catalizador-gas-electrolito por las especies carbonosas
depositadas por la reaccion de reduccion total de CO,, dificultdndose la migracion de

iones promotores desde el electrolito solido a la superficie del electrocatalizador.

En concreto sobre los distintos electrocatalizadores candidatos (publicaciones 3,
4 y 5), se observd que para el caso del electrocatalizador de Pt/K-BAl,Os/Au 1 capa
“dip-coating” (publicaciéon 3), hubo un incremento en la conversion de CO; y una
disminucion en el nivel de promocidn alcanzado al incrementarse la razon H,/CO, de 1
a 2. El incremento en la conversion se atribuyé al hecho de que un valor de la razén
H./CO; de 2 se corresponde con el estequiométrico requerido para la reduccion total de
CO, (a carbono). La selectividad hacia CH,; aumenta igualmente debido
presumiblemente al incremento en la formacidén de especies carbonosas superficiales
precursoras de CH,, via reduccion de CO,. Por el contrario, la formacién de CO
(RWGS), se ve favorecida termodinamicamente para una razén H,/CO, estequiométrica
de 1y, por tanto, se observo que la selectividad a CO disminuia al aumentar la razén
H./CO,. Por otra parte, la disminucién en el nivel de promocion observada puede ser
indicativa de un bloqueo parcial de la interfase catalizador-gas-electrolito por las
especies carbonosas depositadas por la reaccion de reduccion total de CO, (favorecida a
razones H,/CO, de 2), que dificultaria la migracion de iones promotores desde el

electrolito solido a la superficie del electrocatalizador.

Asimismo, sobre el electrocatalizador de Pt/K-BAl,O3/Au 2 capas “dip-coating”
(publicacién 3), al incrementarse la razon H,/CO, de 3 a 4, se observd un incremento de
la conversion de CO; (especialmente a potenciales negativos), debido presumiblemente
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al mayor exceso de hidrdgeno en el medio de reaccidn, asi como una ligera disminucién
de los niveles de promocion. La mayor disponibilidad de hidrégeno en el medio de
reaccion también redundd en una menor competitividad de las diferentes reacciones de
hidrogenacion sobre la superficie catalitica. Asi, las selectividades hacia CH30H y CH,4
apenas se vieron afectadas por el incremento de la razon H,/CO,, mientras a potenciales
superiores a -0,5 V, donde la formacién de CH3OH fue apreciable, la selectividad hacia
hidrocarburos C,+C3 se incrementd mientras que la selectividad hacia CO y C,HsOH
disminuyd con el incremento de la razén H,/CO, (de 3 a 4). Esto se atribuyo a que, de
acuerdo a la bibliografia, el metanol formado da lugar a un blogueo de los centros
activos para la reaccion de RWGS (formacion de CO), formando intermedios

superficiales que favorecen la sintesis de hidrocarburos.

Del mismo modo, un incremento de la razon H,/CO, sobre el electrocatalizador
de Pt/YSZ/Au (publicacion 4), produjo un aumento en la conversion de CO,, en
condiciones de promocion (a potenciales altamente positivos y negativos), como
resultado, supuestamente, de la mayor disponibilidad de hidrogeno con respecto al
requerido estequiométricamente para la sintesis de los diferentes productos de
hidrogenacion, excepto en el caso de utilizar una razon H,/CO, de 2, donde se alcanzan
los valores maximos de conversion frente a potencial aplicado, debido a la contribucion
adicional de la reaccion de reduccion total de CO, favorecida en estas condiciones. Por
el contrario, los niveles de promocion disminuyeron, siendo minimos para un valor de la
razén H,/CO, de 2, debido a que en este caso se dificulta la migracion de O, por
bloqueo parcial de la triple interfase (catalizador, gas y electrolito) por las especies
carbonosas resultantes de la reduccion total de CO,, favorecida para dicha razén
H,/CO,. A potenciales altamente positivos y negativos, la selectividad a CO se
incrementa y disminuye con el incremento de la razén H,/CO,, mostrando un minimo
en condiciones de circuito abierto (a aproximadamente 0 V) para razones H,/CO, de 3y
4. Las selectividades a C,Hg y/0 C3Hg siguen, en general, una tendencia opuesta a la de
CO, mostrando un maximo en condiciones de circuito abierto para una razon de H,/CO,
de 3y 4, respectivamente. La selectividad a CH3OH mostr6 un maximo en condiciones
proximas a circuito abierto (0,5 V), para una razon H,/CO, de 2, que se corresponde con
aquella requerida por estequiometria para la sintesis de metanol por hidrogenacion del
CO resultante de la adsorcion disociativa de CO,, favoreciéndose termodindmicamente
la formacién de CH3OH a expensas de otros productos de hidrogenacion.
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Sobre el catalizador de Ni/YSZ/Au (publicacion 4), bajo polarizacion positiva,
donde la adsorcion disociativa de hidrdégeno se ve favorecida, los niveles de conversion
de CO; alcanzados son menores al disminuir la razén H,/CO, (de 4 a 1). Por tanto, se
produce una disminucion de la conversion de CO, como resultado de una diminucion de
la cobertura superficial de hidrogeno por debajo de la requerida por estequiometria para
la hidrogenacion de CO, hacia los diferentes hidrocarburos. Por el contrario, bajo
polarizacién negativa, donde la reduccion total de CO, (via retirada de O* superficial)
se ve favorecida, los niveles de conversion de CO, alcanzados son mayores al disminuir
la razon H2/CO, (de 4 a 1), debido a que la formacién de depositos carbonosos se ve

favorecida al haber menos hidrdgeno superficial disponible para eliminarlos.

Sobre el catalizador de Cu/K-BAl,O3/Au (publicacion 5), los resultados
obtenidos a diferentes razones de H,/CO,, a 522 I/h y 325 °C, demostraron que el
maximo en la conversion de CO, aumenta con el incremento de la razén de H,/CO, (de
2 a 4), como resultado del incremento en la disponibilidad de hidrégeno en relacién a la
requerida estequiométricamente para la sintesis de los diferentes hidrocarburos
oxigenados, mientras que la méxima selectividad hacia los diferentes hidrocarburos
oxigenados (metanol, etanol y dimetil éter) se alcanzé para una razon de H,/CO, de 2.
En el caso del CH3OH y dimetil éter esto se produce porque esta razon se corresponde
con la estequiometrica requerida para su formacion via hidrogenacion del CO resultante
de la adsorcion disociativa de CO,. Igualmente, de acuerdo al mecanismo propuesto en
bibliografia, la formacion de especies derivadas del CH3;OH, tales como el C;HsOH, se
ve también favorecida para esta razon H,/CO,. Por otro lado, se observé que la
selectividad a dimetil éter sigue una tendencia frente a la razon H,/CO, opuesta a la de
CH30H y C,Hs0OH.

Finalmente por comparacion de los valores maximos de conversién de CO,,
selectividad hacia diferentes combustibles de interés industrial e incremento relativo en
ambos alcanzado por promocion electroquimica para los distintos electrocatalizadores
estudiados (véase tabla 2 del Anexo II), se concluyd que el catalizador de Cu/K-
BA1,0O3/Au fue el mas prometedor para el proceso y por tanto, se procedio al estudio de

su comportamiento a largo plazo.

Uno de los principales retos en el avance de la tecnologia de hidrogenacién de
CO, a combustibles es incrementar la eficiencia energética del proceso, es decir, reducir
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los requerimientos energéticos para producir los productos. La tendencia es a maximizar
la produccion de los productos (selectividad) con el minimo aporte energético. Asi, de
los resultados obtenidos para el catalizador de Cu/K-BAl,Os/Au (publicacion 5) a
diferentes caudales, temperaturas, potenciales y relaciones H,/CO,, se identificaron los
valores de 522 I/h, 325 °C, 1,5 V y 3 como Optimos, ya que se obtuvieron valores
relativamente elevados de conversion de CO, y selectividad hacia dimetil éter
acompafiados de un méximo en la eficiencia de corriente y un minimo en el coste
energético asociado a la obtencion de dicho producto, con bajas selectividades hacia el
resto de los productos (principalmente CH3;OH y C,HsOH). Esto ultimo se traduce en
un producto (dimetil éter) de mayor pureza e implica también menor coste asociado a la
purificaciéon del mismo. Por otro lado, el dimetil éter es un combustible liquido
susceptible de uso directo en motores diésel, ademas de ser el producto que daria lugar a
una mayor reduccién potencial de CO, (1,913 Toneladas de CO,/Toneladas de dimetil
éter), al tiempo que generaria un cierto valor econdmico, dada su elevada demanda
global y valor de mercado, que permitiria sufragar parcialmente el coste asociado a la
captura de CO,. Por todo esto, se considero el dimetil éter como el mejor producto

objetivo.

D.5. Estudio de comportamiento a largo plazo del electrocatalizador

seleccionado para la hidrogenacion electropromovida de CO,.

La potencial aplicacion practica de la hidrogenacion de CO, requiere también el
desarrollo de sistemas estables y durables en condiciones representativas de su potencial
aplicacion, asi como su estudio en condiciones realistas a una escala adecuada. Para ello
se llevo a cabo un estudio del comportamiento a largo plazo del electrocatalizador de
Cu/K-BAl,03/Au (seleccionado como mas prometedor), donde primeramente se realizo
un escalado del electrocatalizador al doble de su longitud. Seguidamente, se realizaron
una serie de estudios previos (a diferentes caudales y potenciales) para verificar la
ausencia de limitaciones a la transferencia de materia y, ademas, confirmar la idoneidad
de las condiciones de operacion seleccionadas en etapas previas (veéanse figuras 1y 2
del Anexo Il, respectivamente). Del analisis de la tendencia de la conversion de CO, y
velocidad de reaccion de CO, (rCO,) con el caudal de gas (figura 1 del Anexo II) se
puede concluir que el sistema esta libre de limitaciones a la transferencia materia, dado
que la conversion de CO, disminuye al aumentar el caudal y la velocidad de reaccion de

CO; se estabiliza a partir de cierto valor de caudal (522 I/h).
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En la figura 2 del Anexo 1l, se muestra el efecto del potencial aplicado (entre -
1,5y 3V) sobre la conversion de CO, y la selectividad hacia C,HgO (producto objetivo),
a 325 °C, utilizando una razon de H,/CO, de 3 y un caudal de 1044 I/h. Se observa que a
1,4 V la conversion de CO; es ligeramente mayor y la selectividad hacia C,HgO esta
muy proxima a la obtenida bajo el potencial optimo (1,5 V) seleccionado en los ensayos
previos (publicacion 5). Ademas a este valor de potencial se mejora la eficiencia
Faradaica y se disminuye el consumo energético para la produccion de dimetil éter,

mejorandose por tanto, la eficiencia energética del proceso.

Por ultimo, se llevd a cabo un estudio del comportamiento catalitico a largo
plazo del sistema por seguimiento de la conversion de CO, frente al tiempo de
operacion. En la figura 3 del Anexo Il se muestra la evolucion de la conversion de CO,
durante la operacion continuada del electrocatalizador en estas condiciones (325 °C,
1044 1/h, Ho/CO,=3 y 1,4 V). Se observd que la conversion de CO, disminuye con el
tiempo de operacion, debido supuestamente al bloqueo de los centros activos de Cu por
acumulacién de compuestos, principalmente carbonatos e hidréxidos tal como se
confirmd por analisis por XPS (no mostrados) del electrocatalizador usado. Al final del
ensayo, se comprobd que la aplicacion de un potencial de 4 V durante 30 min permitia
recuperar casi totalmente el comportamiento del electrocatalizador, pues de esta forma
se conseguiria descomponer los compuestos superficiales formados y liberar los centros
activos del electrocatalizador de Cu, y por tanto, la regeneracién e incremento de la vida
util del electrocatalizador, evitandose asi la parada del proceso (para la regeneracion y
reposicion del catalizador) o la variacion de las condiciones de operacién (incremento
de temperatura para mantener el nivel de conversion a expensas de perder selectividad

al producto deseado) como ocurre en los catalizadores convencionales.
D.6. Identificacién de fendmenos de desactivacion.

Se llevo a cabo la caracterizacion fisicoquimica de los electrocatalizadores tanto
tal cual preparados como tras su uso en los ensayos de captura o hidrogenacion. La
correlacion entre el comportamiento observado en los ensayos y los cambios producidos
en las propiedades fisicoquimicas del electrocatalizador a resultas de su exposicion al
ambiente de proceso permitid identificar y estudiar la desactivacion potencial de los

mismos, que representa también una medida de su estabilidad/durabilidad.
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En general, los electrocatalizadores sufrieron procesos de sinterizacion quimico-
térmica de la pelicula metélica, evidenciandose por un incremento del tamafio de

particula y/o una disminucién de la dispersion tras los ensayos.

En el caso del electrocatalizador de Pt/K-BAl,Os/Au utilizado en los
experimentos de captura multiciclo bajo diferente composicion de gas (publicacion 2),
la exposicion del catalizador al gas de proceso dio lugar a un incremento del tamafio de
particula de Pt, que se puso de manifiesto dada la mayor intensidad de los picos de XRD
asociados a Pt metalico en las muestras usadas, acompafiado de formacion de oxidos e
hidroxidos de Pt, tal y como revelaron los anélisis XPS de la muestra usada. Se observé
también un incremento de la intensidad de los picos de XRD asociados a K-BAl,O3 tras
los ensayos. Esto apunta a una sinterizacion quimico-térmica de ambos de (Pt y K-
BAI,O3) debida a la exposicion del electrocatalizador a la atmdsfera oxidante y himeda
utilizada en los ensayos. Los analisis por XPS evidenciaron también cierta acumulacion
de especies de azufre (sulfitos y sulfatos) y nitrégeno (nitritos, nitratos, etc.) en la
superficie del catalizador que pudo contribuir a la disminucion de la capacidad de
captura de CO; observada a lo largo de los sucesivos ciclos.

En el caso del electrocatalizador de Pt/YSZ/Au (publicacion 4), tanto la
reduccién inicial como su exposicién a la atmésfera reductora de reaccion resultaron en
una sinterizacion y aglomeracion de las particulas de Pt (observado por SEM), dando
lugar a un incremento de su cristalinidad que se puso de manifiesto dado que los picos
de XRD asociados a Pt metalico mostraron mayor intensidad en las muestras usadas.
Sin embargo, no se detectaron otras fases de Pt en las muestras usadas, ya que éste se

encontraba en su forma metalica.

En el caso del electrocatalizador de Ni/YSZ/Au (publicacion 4), en las muestras
usadas tuvo lugar un incremento del tamafio de particula (SEM) y cristalinidad (XRD).
Ademas, los resultados obtenidos (XPS) parecen indicar que durante la reaccion, la
pelicula de Ni podia ser parcialmente reducida a Ni y oxidada/re-oxidada a NiO en

presencia de los iones O% superficiales.

Los resultados obtenidos para el electrocatalizador de Pd/YSZ/Au (publicacion
4), indicaron que tanto la reduccion inicial como su exposicion a la atmésfera reductora

de reaccion dieron lugar a una reduccién total de los 6xidos de Pd iniciales (XRD y

131



Discusion integradora de resultados

XPS) y a una sinterizacion, y por tanto, a un incremento del tamafio de las particulas de
Pd (SEM y XRD).

Por ultimo, los resultados obtenidos en los ensayos de hidrogenacion de CO;
sobre el electrocatalizador de Cu/K-BAl,Os/Au junto a los de caracterizacion
fisicoquimica (por XPS, XRD y SEM) del mismo (publicaciéon 5), tanto tal cual
preparado como tras su uso en los ensayos, permitieron constatar que el
electrocatalizador era estable bajo las modificaciones ciclicas (promocion/no
promocion) del potencial, ya que no se encontraron signos de desactivacion, salvo una
ligera sinterizacion de las particulas de Cu al someterlas a la reduccion inicial con
hidrogeno y a los ensayos en atmosfera reductora. En efecto, en las peliculas de Cu
usadas (publicacion 5) se observd (SEM) un aumento del tamafio de particula de Cu
acompafado de una disminuciéon de la dispersion metalica (estimada a partir del tamafio
de particula) y de la razon Cu/Al (calculada por XPS), lo que apunta a una sinterizacion
quimico-térmica de la pelicula de Cu. La comparacion de difractogramas (publicacion
5) de peliculas de Cu frescas y usadas, confirmé una reduccion casi completa del Cu,O
y un incremento del tamafio de particula de Cu metélico (pico de Cu,O apenas

detectable y pico Cu mas abrupto) en las muestras usadas.

Se analizaron, igualmente, los cambios producidos en las propiedades
conductoras de los electrocatalizadores tras exposicion al gas de proceso, observandose,

en algunos casos, variaciones atribuibles también a procesos de sinterizacion.
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De los resultados obtenidos en la presente investigacion se pueden obtener las

siguientes conclusiones:

.Desarrollo de electrocatalizadores para captura e hidrogenacion electropromovida de
COo.

Por combinacién de los resultados de caracterizacion fisicoquimica de los
electrocatalizadores tal cual preparados (frescos) y el comportamiento frente a captura o

hidrogenacion electropromovida de CO, observado se desprende que:

- Los métodos de preparacion optimizados (“dip-coating” y “electroless™)
empleados en el desarrollo de los electrocatalizadores estudiados permitieron
obtener peliculas mas delgadas y dispersas del metal activo con una
microestructura porosa, morfologia superficial, tamafio de particula metalica y
conductividad eléctrica adecuada para su empleo en el proceso electropromovido

concreto (captura o hidrogenacion a combustibles de CO,).

- Los métodos de preparacion de “dip-coating” y “electroless” permiten obtener
electrocatalizadores con menor tamafio de particula metélica, y por tanto, con una
mayor area especifica superficial, capacidad de quimisorcion (adsorcién y
activacion de CO,), reactividad (actividad catalitica para la hidrogenacion de
CO;) e interaccion metal-electrolito (promocion electroquimica) que los
preparados por el procedimiento convencional de pintado y posterior

descomposicion térmica a alta temperatura (“painting”).

- La técnica de “dip-coating” permite depositar el Pt directamente en su forma
conductora metalica, mientras que utilizando el método de “electroless” solo
parte del metal activo (Ni, Pd o Cu) se deposita en su forma conductora
metélica, identificandose también presencia de hidroxidos y/u éxidos del metal

activo correspondiente en los catalizadores tal cual preparados.

- Tanto el tamafio de particula como el estado de oxidacion del metal activo
condicionan el tipo de compuestos que se forman mayoritariamente en la

reaccion de hidrogenacion de CO..

- En general, la capacidad de captura, la actividad catalitica, el nivel de

electropromocion, la deposicién de carbdn y las selectividades a CO y CH, se
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incrementaban, mientras la selectividad a hidrocarburos C,+C3; y oxigenados
(CH30H, C;HgO y C,HsOH) disminuian al disminuir el tamafio de particula

metalica.

En los electrocatalizadores de Pt/K-BAI,O3 preparados por “dip-coating”, la etapa
de calcinacion intermedia a alta temperatura resulta en una sinterizacion y
aglomeracion de las particulas de Pt, dando lugar a un incremento de tamafio de
particula, que se traduce en una menor capacidad de captura, actividad catalitica

para la reaccién de hidrogenacion y selectividad a CHj.

En el caso del catalizador de Cu/K-BAl,O3, la presencia de Cu® y de particulas de
Cu metalico relativamente grandes determind, probablemente, la elevada
selectividad a hidrocarburos oxigenados y las inusualmente bajas selectividades
hacia CO y CH, observadas.

.Captura electropromovida de CO, sobre Pt/K-BAI1,Os.

El electrocatalizador tubular de Pt/K-BAl,Os; es capaz de capturar CO, en
condiciones representativas de gases de combustion a escala piloto, no solo por
adsorcion selectiva electropromovida, sino también en forma de carbonatos y
bicarbonatos por reaccion con los iones potasio electroquimicamente
suministrados a la superficie de Pt. Por tanto, la aplicacion de la promocion
electroquimica de la catélisis permite mejorar la capacidad de captura y

selectividad del sistema.
El proceso de captura electropromovida de CO, sobre Pt/K-BAl,O3 es reversible.

El electrocatalizador puede ser regenerado por via electroquimica, permitiendo la
separacion de CO,, por descomposicion de los compuestos previamente
almacenados (carbonatos y bicarbonatos, sulfatos y sulfitos, etc.) a diferentes
potenciales, sin necesidad de incrementar la temperatura, con el consiguiente
ahorro energético en relacion a tecnologias de captura por adsorcion
convencional, donde la liberacion del CO, se lleva a cabo por variaciones de la
temperatura (TSA) o la presion (PSA/VSA).

El seguimiento del proceso de captura electropromovida de CO; puede llevarse a

cabo mediante una simple medida de la intensidad de corriente eléctrica generada
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bajo la polarizacion aplicada (en la practica mediante un sensor electroquimico
conectado al sistema), sin necesidad de analizar la concentracion de CO; en el
gas de salida, permitiendo optimizar la duracion de ambas secuencias (adsorcion

y regeneracion).

- Se confirmo que el CO, no se quimisorbe sobre la superficie catalitica de Pt en

ausencia de promotor (a elevados potenciales positivos).

- La capacidad de captura de CO, sobre Pt/K-BAl,O3 se incrementa al disminuir el
tamafo de particula de Pt, debido a una mejora de los procesos de adsorcion y
activacion de CO,, como consecuencia de la mayor area especifica superficial

asociada a las particulas de menor tamafio.

- La capacidad de captura de CO,, tanto por adsorcion electropromovida, como en
forma de carbonatos de potasio, se incrementa en presencia de O,. En el primer
caso por formacion de especies superficiales mas estables y en el segundo caso

porque se promueve la union del CO; a los centros almacenadores de potasio.

- La capacidad de captura de CO, se incrementa con la temperatura, hasta cierto
valor que depende de la estabilidad térmica de las especies formadas, debido a un
incremento de la conductividad ionica del electrolito y por tanto, de la cobertura

superficial de iones promotores de potasio a mayores temperaturas.

- La presencia de H,O provoca un incremento de la capacidad de captura de CO,
del sistema por formacién de especies de bicarbonato potésico y de carbonato

potasico.

- La presencia de H,O contribuiria a aumentar la estabilidad del sistema, ya que
evita la formacion de especies oxidicas de potasio que pueden contribuir a la

desactivacion del mismo.

- La capacidad de captura de CO, apenas se ve afectada en presencia de N,O.
Aunque se observo un ligero efecto inhibidor del mismo, atribuible a adsorcion
competitiva sobre los centros de Pt y formacion de nitritos/nitratos superficiales,
que dificultaria la adsorcion de CO, y la formacion de especies de carbonato. El
efecto del N,O es reversible y no parece dar lugar a desactivacién por

acumulacién de compuestos de nitrégeno a lo largo de los ciclos.
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La capacidad de captura de CO, disminuye en presencia de SO, y a lo largo de
los ciclos consecutivos de adsorcidn/regeneracion, a resultas de la adsorcion
competitiva del mismo ademéas del envenenamiento de los centros de

adsorcion/almacenamiento via formacion de sulfitos/sulfatos.

La capacidad de captura de CO, disminuye considerablemente en presencia de
NO, debido a adsorcion competitiva y formacion de nitritos/nitratos sobre los

centros de adsorcion/almacenamiento de potasio.

La promocion electroquimica se presenta como una técnica prometedora para
disminuir el efecto negativo de los diferentes componentes nocivos (N2O, SO, y
NO) presentes en los gases de escape de procesos de combustion, pues permite
disminuir la adsorcion competitiva de los mismos mediante la modificacion de la

cobertura superficial de potasio por variacion del potencial aplicado.

Hidrogenacion electropromovida de CO, a combustibles.

Las diferentes configuraciones tubulares de electrocatalizador desarrolladas
(Pt/K-BAIL, O3, Cu/K-B-Al,03, P/YSZ, NI/YSZ y Pd/YSZ) permitieron la
activacién, via promocién electroquimica, del proceso de hidrogenacién de CO,,
a escala piloto y en condiciones realistas, es decir, a elevados caudales, presion
atmosfeérica, temperaturas relativamente bajas y en presencia de composiciones
gaseosas representativas de procesos de captura de CO, en postcombustion y
caudales discontinuos de hidrdégeno renovable. Ademas, en estos sistemas, el
control de la produccidn de los diferentes combustibles de interés (CH4, CH3OH,
C,HsO y C,HsOH) puede llevarse a cabo por migracion controlada de iones K*
(K-BALOs) y O% (YSZ), respectivamente, hacia o desde la superficie del
electrocatalizador, via modificacion del potencial aplicado, existiendo un valor
de potencial (o cobertura superficial de promotor), a un caudal, temperatura y
razon H,/CO, determinadas, que maximiza la conversion y la selectividad a los
distintos productos. En concreto sobre los distintos electrocatalizadores se

encontrd que:

= Sobre Pt/K-BAIl,Os/Au (1 capa “dip-coating”), la conversion de CO, puede
mejorarse hasta en 20 veces por migracion controlada de K* desde el

electrolito solido a la superficie del catalizador via disminucién del potencial
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aplicado (comportamiento electrofilico). Ademas, fue posible incrementar
hasta en 7,5 veces la selectividad a CHy4 al incrementar el potencial aplicado
en 1 V (comportamiento electrofébico), en condiciones donde la RWGS
(formacion de CO) se ve favorecida termodindmicamente (400 °C y
H,/CO,=1).

Sobre Pt/K-BAIl,O3/Au (2 capas “dip-coating™), la conversion de CO, puede
mejorarse hasta en 6 veces por migracion controlada de K* desde el
electrolito solido a la superficie del catalizador mediante la aplicacion de
potenciales decrecientes (comportamiento electrofilico). Ademas, fue posible
incrementar hasta en 2,7 veces la selectividad a CH4 al incrementar el
potencial aplicado en aproximadamente 1,5 V (comportamiento
electrofdbico). Las selectividades a CH3;OH y C,HsOH mostraron un
méaximo alrededor de 1 V (comportamiento tipo volcan) que se corresponde

con una mejora de la selectividad de hasta 27 y 16 veces, respectivamente.

Sobre Pt/YSZ/Au, la conversion de CO; y las selectividades a C,Hg, C3He,
CH3;OH y CH,4 pueden mejorarse por modificacion del potencial aplicado

hasta 3,2, 6, 3, 800 y 30 veces, respectivamente.

Sobre Ni/YSZ/Au, la conversion de CO, puede mejorarse bajo polarizacion
positiva (2 V) hasta en 2,4 veces.

Sobre Pd/YSZ/Au, la conversion de CO, puede mejorarse bajo polarizacion
tanto positiva como negativa hasta en 1,3 veces.

Sobre Cu/K-BAl,O3/Au, la conversion de CO, y las selectividades a CH30H,
CoHsOH y C,HgO pueden mejorarse hasta 4,3, 34, 22 y 3,4 veces,
respectivamente, por migracion controlada de K* desde el electrolito sélido a

la superficie del catalizador via modificacion del potencial aplicado.

La conversion de CO, y el grado de promocion alcanzados se incrementan al
disminuir el tamafio de particula de Pt (mayor reactividad e interaccion

metal/soporte).

Los productos principales formados dependen del catalizador y método de

preparacion utilizados:
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Sobre electrocatalizadores metalicos mas dispersos de menor tamafio de
particula (Pt/K-BAl,Os/Au 1 capa depositada mediante “dip-coating”) se
forman CH,4 (por hidrogenacion de especies carbonosas resultantes de la
disociacién de CO) y CO (desorcion de CO).

Se forman CO, C;Hs, C3Hg y CH3OH sobre electrocatalizadores metalicos
menos dispersos de mayor tamafio de particula (Pt/YSZ/Au “painting” y
Pt/K-BAL,O3/Au 2 capas por “dip-coating” con calcinacion intermedia),
donde la disociacién de CO a especies precursoras de metano esta limitada.

Sobre electrocatalizadores preparados por “electroless” de tamafio de
particula relativamente grande y/o donde el metal activo se encuentra
parcialmente oxidado se forman principalmente hidrocarburos y oxigenados:
CoHs vy, C3Hg y depositos carbonosos sobre Ni/YSZ/Au; CyHs, CsHs y
C,HsO sobre Pd/YSZ/Au y CH30OH, C;HgO, C,HsOH sobre Cu/K-
BAIOs/Au.

- Encuanto al efecto de la temperatura sobre la hidrogenacion de CO;:

Sobre Cu/K-BAl,03/Au, la conversion de CO, y selectividad hacia los
diferentes combustibles oxigenados de interés alcanzaron un maximo a una
temperatura dada (325 °C), compitiendo las distintas reacciones de

formacion sobre la superficie del catalizador.

Sobre Ni/YSZ/Au y Pd/YSZ/Au, la conversién de CO, disminuye y la
deposiciéon de carbon se favorece al aumentar la temperatura, mientras la
razon de mejora de la velocidad de conversion de CO, alcanza un valor

maximo a una temperatura dada.

Sobre Pd/YSZ/Au, la selectividad hacia C,Hg apenas se ve afectada por la
temperatura y la selectividad hacia dimetil éter y C3Hg aumenta y disminuye,
respectivamente, con la temperatura dependiendo de la polarizacién aplicada
(en ausencia de polarizacion o 2 V) mostrando tendencias opuestas. La
aplicacion de polarizacion positiva favorece la formacion de CzHg a

expensas de la de C,HgO.
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- En cuanto al efecto del potencial aplicado sobre el proceso de hidrogenacién

electropromovida de CO,, en general, se encontré que:

El CO; no se quimisorbe sobre Pt, Pd, Ni o Cu en ausencia de promocién, a
4V para K-BAl,O3 y en ausencia de polarizacion para YSZ.

A elevados potenciales positivos (mayor cobertura superficial de hidrégeno)
se favorece la formacion de hidrocarburos (C3Hg y C,Hg principalmente) o
CH, via hidrogenacién de especies resultantes de la adsorcion disociativa de
CO,/CO y la desorcién del CO formado via RWGS.

La aplicacion de potenciales negativos o decrecientes, daria lugar al bombeo
de iones O o K*, desde o hacia la superficie del electrocatalizador,
respectivamente, lo cual resulta en wuna menor selectividad hacia
hidrocarburos (CsHes y C,Hs, principalmente) y CH; (comportamiento
electrofobico) y en una mayor selectividad hacia CO (comportamiento
electrofilico) y acumulacion de depoésitos carbonosos superficiales, ya que
en estas condiciones, la cobertura superficial de hidrégeno seria menor que
la de las especies resultantes de la adsorcion disociativa de CO,/CO y estas

no podrian ser totalmente hidrogenadas.

La formacion de CH3OH y otros oxigenados derivados (C,HsOH y C,HgO)
se ve favorecida en ausencia 0 a coberturas bajas de promotor superficial
(0% o0 K*), mostrando, la selectividad hacia CH;OH, C,HsOH y CoHgO, un
maximo a un valor de potencial determinado (comportamiento tipo volcén)
que dependera de las condiciones de operacion utilizadas y del

electrocatalizador.

- En cuanto al efecto del caudal de gas en la hidrogenacion electropromovida de
COZZ

Sobre Pt/K-BAl,Os/Au (1 capa “dip-coating”) (400 °C, H,/CO,=1), el nivel
de promocion aumenta, mientras la conversion de CO, disminuye y la
reaccion de metanacion (formacién CH,;) se favorece a expensas de la
reaccion de RWGS (formacién de CO) con el incremento del caudal de gas,
como resultado del menor tiempo de contacto disponible para que la

reaccion tenga lugar.
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Sobre Cu/K-B-Al,0O3 (325 °C, H,/CO,=3), el incremento de caudal de gas
favorece la reaccion de sintesis de C,HgO a expensas de la de metanol y
etanol.

- En cuanto al efecto de la razon H,/CO; sobre la hidrogenacion electropromovida

de CO,, en general, se encontro que:

La conversion de CO, aumento6 al incrementarse la razon H,/CO, debido a

un aumento de disponibilidad de H, en el medio de reaccion.

La selectividad hacia CH4 aumento y la selectividad a CO disminuyd al
incrementarse la razon H,/CO,, dado que la formacién de CO (RWGS) se ve
favorecida para H,/CO,=1 y la de CH,4 para H,/CO,=4 (metanacién) y para
H./CO,=2 (reduccion total de CO, a especies carbonosas precursoras de
CHy).

La selectividad a hidrocarburos y oxigenados (CH3OH, C,HsOH, C,HgO,
CsHs y C,Hs) disminuyo para razones H,/CO, distintas de las requeridas por
la estequiometria de la reaccion de formacion correspondiente: Hy/CO,=3
para la hidrogenacion de CO;, y H,/CO,=2 para la hidrogenaciéon del CO

resultante de la adsorcién disociativa de CO,.

El nivel de promocion (mejora de la velocidad de conversion de CO,)
aumento con la razon H,/CO,, excepto para el valor de 2, donde disminuyo,
presumiblemente por bloqueo parcial de la interfase de transferencia de iones

promotores via deposicién de carbon resultante de la reduccién total de CO..

- En concreto, en cuanto al efecto de la razén H,/CO, sobre la hidrogenacién

electropromovida de CO,, se encontro que:

Sobre Pt/K-BAI,Os/Au (1 capa “dip-coating”), al incrementarse la razon
H./CO;, de 1 a 2, la conversién de CO, y selectividad a CH, aumentaron,
mientras que el nivel de promocion y al selectividad de CO disminuyeron,
debido a un incremento en disponibilidad de H, y dado que en estas
condiciones se favorece la reduccién total de CO, a especies carbonosas
precursoras de CH, cuya acumulacion dificultaria la migracion de K.
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Sobre el electrocatalizador de Pt/K-BAl,O3/Au (2 capas “dip-coating™), el
incremento de la razén H,/CO, de 3 a 4, y por tanto, del exceso de hidrogeno
en el medio de reaccion, redundd en un aumento de la conversion de CO;
(especialmente a potenciales negativos) y de la selectividad hacia
hidrocarburos C,+Cj3 (especialmente a potenciales superiores a -0,5 V) y en
una disminucidn de los niveles de promocion y de la selectividad hacia CO y
C,HsOH, mientras que las selectividades hacia CH3;OH y CH, apenas se

vieron afectadas.

Sobre el electrocatalizador de Pt/YSZ/Au, la conversion de CO, se
incrementd y el nivel promocion disminuyo al aumentar la razén H,/CO,,
excepto para el valor de 2, donde alcanzaron un valor maximo y minimo,
respectivamente, dado que, en estas condiciones, se favorece la reaccion de
reduccion total de CO, a compuestos carbonosos. Las selectividades a C,Hg
y/o CsHg siguen en general, una tendencia opuesta a la del CO. La
selectividad hacia CH3OH mostré un maximo para una razén H,/CO, de 2,
donde su formacién, via hidrogenacion del CO adsorbido se ve favorecida.

Sobre el catalizador de Ni/YSZ/Au, bajo polarizacion positiva, donde la
adsorcion disociativa de hidrégeno se ve favorecida, la conversion de CO,
disminuye al disminuir la razén H,/CO, (de 4 a 1), dada la menor
disponibilidad de H, asociada. Bajo polarizacion negativa, donde la
reduccion total de CO, (via retirada de O* superficial) se ve favorecida, la
conversion de CO, disminuye al disminuir la razén H,/CO, (de 4 a 1),
debido a que la formacion de depdsitos carbonosos se ve favorecida al existir

menos hidrogeno superficial disponible para eliminarlos.

Sobre el catalizador de Cu/K-BAI,Os/Au, el maximo en la conversion de
CO, aumenta con el incremento de la razén de H,/CO, (de 2 a 4), como
resultado del incremento en la disponibilidad de H,, mientras que la maxima
selectividad hacia los diferentes hidrocarburos oxigenados (metanol, etanol y
dimetil éter) se alcanz6 para una razon de H,/CO, de 2, que se corresponde
con la estequiometrica requerida para su formacion via hidrogenacion del

CO resultante de la adsorcion disociativa de CO,. Por otro lado, se observo
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que la selectividad hacia dimetil éter sigue una tendencia frente a la razén
H,/CO, opuesta a la de CH3OH y C,HsOH.

Se selecciond el electrocatalizador mas prometedor (Cu/K-BAl,O3/Au) para el
proceso Y las condiciones de operacion (522 I/h, 325 °C, 1,5 V y H,/CO,=3) que
permitian maximizar la produccién (selectividad) al producto objetivo (dimetil
éter) con el minimo aporte energético y coste, y por tanto, maximizar la
eficiencia energética del proceso minimizando los costes asociados a la

produccién de los productos.

Se observo una disminucion de la conversion de CO, sobre el electrocatalizador
de Cu/K-BAl,Os/Au con el tiempo de operacion en las condiciones de proceso
seleccionadas, si bien el electrocatalizador puede ser regenerado por via
electroquimica in-situ durante el ensayo, permitiendo alargar su vida dtil,
evitando la parada del proceso (para regeneracion/reposicion del catalizador) o el
incremento de temperatura de operacion (para mantener el nivel de conversion a
expensas de perder selectividad al producto deseado), como ocurre en los
catalizadores convencionales, con la consiguiente disminucién de los costes de
operacion del proceso y ahorro energético en relacion a tecnologias de

hidrogenacion catalitica convencional.

Identificacion de fendmenos de desactivacion.

Los electrocatalizadores sufrieron procesos de desactivacion principalmente por
sinterizacion quimico-térmica de la pelicula metalica o de otras fases presentes
(K-BAI203):

= En el caso del electrocatalizador de Pt/K-BAl,Os/Au utilizado en los
experimentos de captura multiciclo bajo diferente composicion de gas, la
exposicion del electrocatalizador al gas de proceso dio lugar sinterizacién
hidrotérmica de K-BAIl,O3; y quimico-térmica de Pt (formacion de dxidos e
hidroxidos de Pt) y a cierta acumulacion de compuestos de azufre (sulfitos y
sulfatos) y nitrogeno (nitritos, nitratos, etc.) en la superficie del catalizador,
que pudo contribuir a la disminucion de la capacidad de captura de CO,
observada.
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= En el caso del electrocatalizador de Pt/YSZ/Au tanto la reduccion inicial
como su exposicion a la atmdsfera reductora de reaccion resultaron en una

sinterizacién de Pt.

» En el caso del electrocatalizador de Ni/YSZ/Au tuvo lugar una sinterizacion
quimico-térmica que podria deberse a una reduccion/re-oxidacion de la

pelicula de Ni durante la reaccion.

= En el caso del electrocatalizador de Pd/YSZ/Au tanto la reduccion inicial
como su exposicion a la atmdsfera reductora de reaccion dieron lugar a una
reduccion total de los éxidos de Pd iniciales y a una sinterizaciéon de las
particulas de Pd.

= En el caso del electrocatalizador de Cu/K-BAl,Os/Au, tanto la reduccion
inicial como su exposicion a la atmoésfera reductora de reaccion dieron lugar
a una reduccién casi completa de Cu,O y a una sinterizacion quimico-

térmica de la pelicula de Cu.

Recomendaciones futuras.

Con objeto de ampliar y completar los resultados obtenidos en esta tesis doctoral

se recomienda:

- Investigar el comportamiento para la captura de CO, de sistemas de promocion
electroquimica basados en metales no nobles y estables frente a procesos de oxidacion,

mejorandose asi la economia del proceso.

- Investigar el proceso de captura electropromovida de CO; en un reactor de doble
camara con ambos electrodos cataliticamente activos, de forma que mientras sobre uno
de ellos se llevaria a cabo la adsorcion de CO,, en el otro se lleva a cabo la liberacion
del COy, lo cual redundaria en un disefio mas compacto y menor tamafio de reactor, con

la consiguiente disminucidn en los costes de proceso.

- Incrementar la capacidad de quimisorcion y la actividad catalitica para la captura
e hidrogenacion electropromovidas de CO, aumentando la dispersion de los centros
activos en la superficie catalitica, mediante la optimizacion de los meétodos de

preparacion disponibles o desarrollando otros nuevos.
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Conclusiones y Recomendaciones

- Investigar el proceso de hidrogenacion electropromovida de CO, a combustibles
en reactores de doble camara basados en electrolitos sélidos protonicos (conductores de
H") con ambos electrodos cataliticamente activos y expuestos cada uno a distinto
ambiente de proceso, de forma que en una de las cdmaras se lleve a cabo la produccién
(via electrolisis, reformado, etc.) in-situ del hidrogeno (protones) necesario para la
reaccion, y en la otra cAmara, la hidrogenacion catalitica de CO,. Esto permite anticipar
una disminucién del tamafio del reactor al combinarse varios procesos en una sola
unidad mas compacta, con la consiguiente disminucion de costes del proceso y ahorro
energético, al tiempo que permitiria el almacenamiento potencial de energias

renovables.
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Due to the continuous increase in CO, atmospheric levels resulting from fossil fuels combustion, it
is necessary to develop new, more efficient and less-energy intensive processes, that allow economi-
cally and selectively separate CO, without the negative impact of co-existing gases (H,0, SO;, NO, etc.).
Electrochemically promoted CO, capture shows potential to fulfil this challenge.

This work presents a bench-scale study of the electropromoted CO, capture over Pt on K-BAl,03, at
high flow rate and using simplified exhaust gas compositions (CO2 /N, and CO,/0, /N, ) and easily scalable

Keywords: . . catalyst-electrode configurations.
Electrochemical promotion .
Bench scale Three Pt catalyst films were prepared by different procedures.

On the basis of previous mechanistic and spectroscopic studies, cyclic voltammetry and electropro-
moted CO, capture studies showed that the system is able to capture CO,, not only by electropromoted
adsorption but also as carbonates by potassium ions electrochemically supplied to Pt surface. CO, cap-
ture is enhanced on decreasing Pt particle size and in the presence of O,. Temperature improves also CO,
capture within the stability window of the formed species.

The Pt/K-BAl,03 system can be regenerated, allowing CO; separation, by electrochemical decomposi-

CO, capture
Pt/K-BAle3
Combustion exhaust

tion of previously stored compounds without increasing temperature.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Much attention is currently paid to the global warming effect
associated with CO, emissions, due to the constantly increasing
atmospheric levels of CO,, resulting from the combustion of fossil
fuels, and the concomitant alarming environmental effects. Physi-
cal adsorption of CO, is a promising approach for CO, capture from
combustion flue gases. The main challenge for this technology is
currently the development of new, more efficient and less-energy
intensive systems, that allow economically and selectively sepa-
rate CO, without the negative impact of co-existing gases (H,O,
SO,,NO, etc.)[1]. Torespond to this challenge, it has been proposed
the development of regenerable solid adsorbents (activated carbon,
alumina, etc.) chemically promoted with various agents (alkali or
alkaline-earth cations, etc.) during their preparation procedure [1].

The use of electrochemical promotion of catalysis (EPOC) con-
stitutes, in principle, an option to improve CO, capture by “in situ”
addition of the chemical promoter during the adsorption process,
due to electrochemical pumping of ions from the solid electrolyte to

* Corresponding author. Tel.: +34 91 346 0887; fax: +34 91 346 6269.
E-mail address: esperanza.ruiz@ciemat.es (E. Ruiz).

0013-4686/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.electacta.2013.04.146

the surface of the working-catalyst electrode, which act both as CO,
chemisorption promoters and storing components [2,3]. In addi-
tion, not only CO, capture but also regeneration can be monitored
and controlled by electrochemical means, allowing optimising the
duration of both sequences [3] and system regeneration without
increasing temperature, with the consequent energy saving.

Electropromoted CO; capture is almost an unexplored territory.
There are few references on research work applied to the specific
case of the adsorption of CO, enhanced electrochemically. A recent
work studied a carbonate/bicarbonate anion conductor solid elec-
trolyte located between two nickel on activated carbon electrodes,
which allow capturing CO, in one of them and release it in the other
[4]. However, further research is needed to improve efficiency of
capture and selectivity to CO,, as well as for reduction of the oper-
ating temperature of the system. Recently, the use of Pt/K-3Al,03
has been investigated for the NOx storage/reduction process at
lab-scale [3]. The system was also able to trap CO, in the form
of carbonates or bicarbonates and could be regenerated, allowing
CO, separation, by decomposition of previously stored compounds.
Therefore, this system would likely to be applied for CO, sepa-
ration in combustion exhausts, but further research is necessary
to confirm this possibility, hence the motivation for the current
study.
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Moreover, there are some scale-up aspects, such as operation at
high flow rates, under realistic gas compositions and using catalyst-
electrode configurations easily adaptable to the existing catalytic
devices (conventional flow reactors), that need to be addressed in
more detail for the potential practical application of the electro-
chemical promotion to any process of industrial interest [5].

This work presents a bench-scale study of electrochemically
promoted CO, capture process under conditions close to those of
combustion exhausts, i.e., at high flow rates and in the presence
of representative amounts of oxygen, over an easily scalable Pt/K-
BAl, 05 tubular electrochemical system.

Cyclic voltammetry can be used for the investigation of
phenomena involved in adsorption and reaction processes on Pt
electrodes [6-7]. The use of cyclic voltammetry to study elec-
trochemical processes taking place in the Pt/Na-BAl,03 system
under different gas environments has been recently reviewed [8].
In the present work, this technique has been applied for the study
of CO, adsorption and formation of potassium compounds upon
electrochemical pumping of potassium ions to the Pt surface of
Pt/K-BAl, 05 systems prepared by different procedures in the pres-
ence of representative amounts of oxygen as well as under O, /N,
and CO, /N, mixtures. Subsequently, electropromoted CO, capture
tests were carried out using the best catalyst system and operating
conditions identified during the cyclic voltammetry studies.

2. Experimental
2.1. Electrochemical catalysts

The Pt/K-BAl,03/Au single chamber electrochemical cells
evaluated in the present work consisted of a thin Pt film (catalyst-
working electrode) deposited on the outer surface of a 28-mm-i.d.,
100-mm-long, and 1-2 mm-thick K-BAl, 03 tube, closed flat at one
end (IONOTEC). A gold counter-reference electrode was deposited
on the inner side of the solid electrolyte tube to perform polarisa-
tions, since gold is reported [9] to be inert in the process.

In an attempt to optimise catalyst film preparation procedure
and to consider its potential impact on the electropromoted CO,
capture over the system, three different electrocatalysts were pre-
pared by using different preparation procedures. Two different
electrocatalysts were prepared, as described previously [10], by
dip-coating and subsequent calcination at 600 °C: EC1DC, with only
one dip-coated Pt layer and EC2DC, with two dip-coated Pt layers
with intermediate calcination at 850 °C. An additional electrocata-
lyst, ECP, was prepared by application via painting of a thin coating
of a Pt organic paste (HERAEUS-0S2 CL 11-5349) dried at 150°C
and annealed at 850°C.

The Au counter-reference electrode was prepared by painting
the inner side of the K-BAl,03 tube with a gold paste (HERAEUS-
C5729). The deposited paste was dried at 150 °C during 10 min and
fired at the same temperature as the corresponding Pt film.

The final Pt loading was 0.59, 0.86 and 6.7 mg Pt/cm? for EC1DC,
EC2DC and ECP electrocatalyst, respectively.

Pt dispersion was previously estimated [10] to be 4% for elec-
trocatalyst EC1DC and 2.4% for electrocatalyst EC2DC. According to
previous studies [10], Pt dispersion can be estimated from the aver-
age Pt crystal size evaluated from X-ray broadening of the main Pt
diffraction peak and the Debey-Scherrer equation. In this work, a Pt
particle diameter of about 500 nm was measured by scanning elec-
tron microscopy (SEM) for electrocatalyst ECP, typically obtained
for conventional Pt-painted films [2]. Thus, the corresponding Pt
dispersion for this catalyst resulted to be about 0.4%.

The surface mol (mol of active sites) of the EC1DC catalyst-
electrode film was estimated by the electrochemical technique
described in [11] and found to be 1.25 x 10> mol Pt. This value

is very close to that calculated using the estimated dispersion and
the known Pt loading values. Therefore, the surface mol of EC2DC
and ECP catalyst-electrode films was calculated using the latter
procedure and resulted to be 1.05 x 10~> and 1.26 x 10~ mol Pt,
respectively.

2.2. Catalyst characterisation

The morphology of the ECP catalyst film was investigated via
SEM using a HITACHI SU6600 FEG-SEM (Field Emission Gun Scan-
ning Electron Microscopy) instrument of 1-30kV (100V steps) of
accelerating voltage and 3-1.2 nm of resolution. Details concerning
the morphology of the EC1DC and EC2DC catalyst films (scanning
electron microscopy characterisation) can be found elsewhere [10].

2.3. Bench-scale plant

This work was performed in a bench-scale plant described in
detail elsewhere [10]. It is able to treat up to 20m3h~! (at 273K
and 1atm) of gas with temperatures ranging between 250 and
450°C, at about atmospheric pressure. Combustion exhaust gas
components are supplied, as synthetic gases (AIR LIQUIDE), by elec-
tronic mass flow controllers (Bronkhorst HIGH-TECH). Steam can
be added to the gas mix by vaporising water fed into a boiler by
a metering pump (Dosapro Milton Roy). Other potential liquid gas
components (HCI, etc.) can be also fed by a metering pump (ProMi-
nent Gugal, S.A.). The mixed wet gas is then preheated in an oven
(KHANTAL) and sent to a fixed-bed down-flow quartz reactor, with
35 mm of diameter and 900 mm of length, heated by a three-zone
electrical furnace (CARBOLITE). The adsorption temperature was
determined with an alumina sheathed chromel-alumel thermo-
couple placed close to the electrochemical catalyst. An electronic
differential pressure transmitter measures the pressure drop across
the reactor. Polarisations across the tubular electrolyte cells were
imposed and measured by a potentiostat-galvanostat Voltalab 21
(Radiometer Analytical).

2.4. Gas analysis system

The composition of the gas mixtures entering and leaving the
reactor was determined using a gas micro-chromatograph (VARIAN
CP-4900) in conjunction with a CO,/0, (PBI DANSENSOR) on line
analyzer.

The gas micro-chromatograph (VARIAN CP-4900) is equipped
with three column modules: a PLOT Molecular Sieve 5A
(10m x 0.32 mm), a PORAPLOT Q (10m x 0.15mm) and a CP-SIL
5 CB (6 m x 0.15mm), using helium as carrier and reference gas for
the thermal conductivity detectors. These enabled the analysis of
N,, CO,, O, and other exhaust gas constituents as NO, N,O, NO,,
CO and SO,.

2.5. Operating conditions and procedure

The electrochemical catalysts were placed inside the quartz
reactor with the closed flat end of the tube facing the inlet gas
stream, in order to improve catalyst-gas contact and to minimise
by-pass phenomena. The electrical connections in the reactor were
made from gold wires (HERAEUS), since gold is reported to be cat-
alytically inert in the process [9].

Before the electropromoted CO, capture experiments, the cata-
lyst was reduced in a stream of Hy at 400 °C during 1h in order to
ensure that the platinum is in its metallic form.

The concept of electrochemical promotion is based on the fact
thata direct correspondence exists between the promoter coverage
over catalyst surface and the value of the applied potential, i.e., the
application of different polarisations allows controlling the amount
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of potassium ions electrochemically transferred to the Pt film, mod-
ifying the competitive adsorption of the different coexistent gases
[2]. In accordance with previous studies [12-14], on working with
cationic electrochemical catalyst, the application of a high positive
catalyst potential allows maintaining the Pt surface free of elec-
tropositive ions (unpromoted conditions). Therefore, before each
test the Pt catalyst-electrode surface was electrochemically cleaned
by pumping potassium ions, which might thermally migrate to the
Pt film, back to the solid electrolyte (unpromoted reference state)
via holding the catalyst potential at 4V during 30 min. At the end
of this time the current density fell to practically zero.

However, a decrease in the applied potential to negative val-
ues involves that potassium promoter ions are electrochemically
transferred to the Pt catalyst electrode, giving rise to a progressive
increment on promoter coverage, and, thus, to electropromotion
of the catalyst surface (electrochemically promoted conditions).
This addition of an electropositive promoter (K+) gives rise to
a reduction in the catalyst work function, disadvantaging the
chemisorption of electron donor (electropositive) species, while, at
the same time, promoting the adsorption of electron acceptor (elec-
tronegative) species. There is a certain scale of electronegativity or
electron acceptor capacity, since O is one of the strongest electron
acceptors. Thus, depending on the electronegative or electroposi-
tive nature and magnitude of the different coexistent adsorbates,
and on which is in excess on the surface of the catalyst, polarisation
will have a positive or negative effect on the adsorption and reac-
tion with promoter species of the different coexistent adsorbates
over the catalyst-electrode surface.

Cyclic voltammetry is reported [8] to allow the investigation
of the phases formed upon electrochemical pumping of promoter
ions to the catalyst surface. In the present study, cyclic voltammetry
has been used for the study of CO, adsorption and potassium car-
bonate formation and decomposition during the electrochemically
promoted CO, capture process on the Pt surface, by monitoring
of the electrical current generated by the applied cyclic polarisa-
tion, under different conditions. The appearance of peaks during the
forward (application of decreasing potentials) or backward (appli-
cation of increasing potentials) scan may be related to the migration
of the promoter to (forward or cathodic scan) or from (backward
or anodic scan) the surface of the Pt electrode and with the forma-
tion or decomposition of promoter species or any other chemical
compound between the promoter and the adsorbates present on
the surface of the electrocatalyst. The area of these cathodic and
anodic peaks corresponds to the electric charge passed between the
working and counter electrodes for the cathodic and anodic scan,
respectively. The corresponding coverage of potassium species (6 )
established on the Pt surface for each scan can be calculated accord-
ing to Faraday’s law (1) [8,11] by integration of the current density
versus time, or equivalently, versus potential curves obtained for
the cathodic and anodic scan, respectively.

I A [,
9K:/mdt:F/1dt (1)

where [ is the current, F is the Faraday’s constant, N is the sur-
face mol (mol of active sites) of the Pt catalyst electrode, A is the
superficial surface area of the electrode/electrolyte interface and
j is the current density. It is possible to confirm the reversibility
of the electropromoted process by comparison of 6k calculated for
each scan, because the obtainment of similar values of 0k for both
scans corroborates the fact that most of the amount of potassium
electrochemically pumped to the Pt surface during the cathodic
scan participates in the formation of phases which are decomposed
during the anodic scan [8,11].

The results of the cyclic voltammetry studies can be ration-
alised considering the effect of varying applied potential on the
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Fig. 1. Cyclic voltammograms recorded over electrocatalyst EC2DC in the presence
of CO, (12.6%) only at different temperatures: 300°C (black), 350°C (red), 400°C
(green), 450 °C (blue). Inset: potassium surface coverage for the cathodic and anodic
scans at varying temperatures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)

chemisorptive bond strength of coexistent adsorbates [2] and in
accordance with the mechanisms for CO, adsorption and reaction
and with the identity of the potassium phases proposed by earlier
mechanistic and spectroscopic studies, under different potassium
coverage.

Cyclic voltammograms were obtained under mixtures of CO,
(12.6%, v/v) and/or O, (5.3%, v/v) in Ny, at temperatures between
300 and 450°C and using a gas flowrate of 8.7 NI/min. The potential
was scanned between 4 V (starting potential) and —3 Vatascanrate
of 2mVs~! and current density (j) generated by the applied cyclic
polarisation was recorded as a function of the applied potential
relative to the counter-reference electrode (E).

Electropromoted CO, capture experiments consisted in the
adsorption of CO, by application of a negative potential for 30 min
in testing gas and subsequent desorption by linear voltammetry in
N, with the applied potential linearly increasing from adsorption
potential to 4V at a rate equal to 2mV s~!. The resulting current
density (j) was recorded as a function of applied potential (E). Elec-
tropromoted CO, capture tests were carried out in the presence of
oxygen and under the best electrochemical catalyst (EC1DC) and
operating conditions (400 °C and —1 V) identified by cyclic voltam-
metry studies.

3. Results and discussion
3.1. Cyclic voltammetry studies

3.1.1. Cyclic voltammetry studies on electrocatalyst EC2DC

In order to establish a correspondence between the position of
the peaks and the identity of the phases formed as a result of the
potassium pumping, a series of cyclic voltammetries were carried
out under different gas compositions and at temperatures between
300 and 450°C.

In order to validate the reported formation [15] of carbonate
species as a result of alkali metal pumping, cyclic voltammetry
experiments were firstly performed in the absence of oxygen. Cyclic
voltammograms obtained under 12.6% CO, in N, at different tem-
peratures are shown in Fig. 1. The coverage of potassium (6y) over
Pt calculated for the cathodic scan is compared with that obtained
for the anodic scan in the inset of Fig. 1.

As can be observed in Fig. 1, for applied potential values higher
than about 2.5V, no cathodic (negative current) adsorption peaks
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are found in the forward scan. This means that under application of
highly positive potentials, which allows maintaining the Pt surface
free of electropositive ions [15-17], CO, does not chemisorb, only
physisorbs weakly and molecularly at low temperature and desorbs
without undergoing detectable dissociation at high temperature
[11,16,18-20].

On the contrary, the presence of K on the Pt surface (2)[15],as a
result of potassium ions which have electrochemically migrated
from the solid electrolyte to the catalyst surface under applica-
tion of decreasing potentials, is reported [18,19,21] to promote CO,
chemisorption and activation (3), resulting in the formation of a
highly distorted CO, molecule (CO, ™) interacting strongly with the
surface [15,16] and inducing the dissociation of CO,, because one
consequence is the strengthening of metal carbon bond and the
weakening of C—0 bond [16].

K™ (B-Al,03) + e~ — K (catalyst) (2)

K + CO, (g) — K- €0, (a) (3)

Depending on the surface coverage of alkali metal (potassium in
our case), CO,~ may dissociate to CO, which could adsorb strongly
on Pt leading to an inhibition of active centres, and O (4), at low
potassium surface coverages or positive potentials [16,18,19,21],
or transform into CO32~ and CO species (5) [16,21], at elevated
potassium surface coverages or negative potentials.

CO,~(a) — CO(a) + O(a) (4)

2C0,~(a) — CO(a) + CO3%~(a) (5)

The formation of C=0, carboxylate ion CO, ~, chelating bidentate
potassium carbonate and potassium bicarbonate has been previ-
ously confirmed by FTIR measurements during electropromoted
propene combustion experiments at 350°C over a similar Pt/K-
[B-Al,03 catalyst [15]. The electrochemical system is also able to
store CO,, in the form of potassium carbonates, by adsorption over
potassium sites electrochemically supplied to the catalyst surface
[15,17].

The values of potassium coverage (6x) on Pt calculated for the
cathodic and anodic scans are very similar (small differences could
be ascribed to the error inherent to area integration) at any tem-
perature. Therefore, a reversible promotional phenomenon was
observed during cyclic voltammetry at any temperature (Fig. 1), due
to the formation (cathodic or negative current peak) and decom-
position (anodic or positive current peak) of a potassium surface
compound as a consequence of the negative (forward) and posi-
tive (backward) polarisations, respectively. According to literature
[15], the main current peak (C1), appearing at around —1V in the
forward scans (Fig. 1), may be associated with the formation of
potassium carbonate species, whereas the corresponding peak (A1)
at about 1.5V in the backward scan can be, therefore, attributed to
the decomposition of these potassium compounds.

The area, and therefore 6, and height of peak C1 increase with
temperature, due to the enhancement in potassium carbonate for-
mation as a result of thermally, in addition to electrochemically,
induced migration of potassium ions to the Pt surface, which causes
an additional increase in the number of available potassium storing
sites, as a result of a concomitant increase in the electrolyte ionic
conductivity with temperature.

In order to confirm the potential formation of more stable oxi-
dic phases (potassium oxides and peroxides), which have been
detected over a similar Pt/K-3Al,03 electrochemical catalyst after
electropromoted propene combustion experiments [15], a series of
cyclic voltammetries were carried out in O,/N; mixtures at differ-
ent temperatures.

Cyclic voltammetries obtained in the presence of 5.3% O, and
at different temperatures: 300, 350, 400 and 450°C, are shown in

2

j/mA cm

E/V

Fig. 2. Cyclic voltammograms recorded over electrocatalyst EC2DC in the pres-
ence of O, (5.3%) only at different temperatures: 300 °C (black), 350°C (red), 400°C
(green), 450°C (blue). Inset: potassium surface coverage for the cathodic and anodic
scans at varying temperatures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)

Fig. 2. As can be obtained from the values of potassium surface
coverage obtained for each scan at different temperatures (inset of
Fig. 2), there is a good balance between the cathodic and anodic
phenomena confirming the reversibility of the oxygen adsorption
process.

Oxygen is one of the most electronegative compounds and
therefore, it is a stronger electron acceptor than CO,. On decreasing
applied potential during cathodic (negative currents) forward
polarisation, potassium ions are pumped from the solid electrolyte
to the surface of the catalyst (Pt), increasing potassium surface
coverage and favouring the chemisorption of electron acceptor
species (oxygen in this case), resulting in the appearance of a main
peak around -2V (C2), as well as other not well resolved peaks
(shoulders). The main peak (C2) may be attributed, according to
literature [15], to the formation of oxidic phases (potassium oxides
and peroxides) from the interaction between potassium ions and
the oxygen adsorbed on the catalyst surface during the electro-
chemical pumping of potassium ions, with the leading candidate
being K,0 (6). The adsorption of a single oxygen atom onto K0
would lead to potassium peroxide, K,0, (7), which is reported to
have a preferred stability in the presence of excess oxygen com-
pared to K,0 [22].

2K +2e” + 10, - K0 (6)

K20+ 10; - K,0, (7)

During the anodic (positive currents) backward polarisation, the
corresponding peak (A2) appears around 1.5V which is attributed
to the decomposition of these oxidic phases.

The area (or equivalently fx) and height (in absolute value)
of both peaks (C2 and A2) increase with temperature increment,
because, as reported in literature both potassium coverage and
oxygen chemisorption are increased at higher temperatures [23].

In order to study the behaviour of the catalyst towards the elec-
tropromoted CO, capture under more realistic conditions, cyclic
voltammograms were also obtained in the presence of both CO,
(12.6%) and O, (5.3%) at different temperatures (Fig. 3). The values
of potassium surface coverage (fy) calculated for the cathodic and
anodic scans at different temperatures are shown in the inset of
Fig. 3. Reversible electropromotion of the catalyst surface was also
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Fig. 3. Cyclic voltammograms recorded over electrocatalyst EC2DC in the pres-
ence of both CO, (12.6%) and O, (5.3%) at different temperatures: 300°C (black),
350°C (red), 400 °C (green), 450 °C (blue). Inset: potassium surface coverage for the
cathodic and anodic scans at varying temperatures. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of the
article.)

observed under these conditions, given the good balance obtained
between the cathodic and anodic processes.

As can be observed in Fig. 3, both cathodic (negative current)
peaks, C1 and C2, attributable to the formation of carbonate and
oxidic species, respectively, appear during the forward (cathodic)
scan. However, only one single peak (A1 +A2) appears during the
anodic (backward) polarisation, indicating that this peak may be
related with the decomposition of both potassium carbonate and
oxidic species. The trend in the area of the peaks with the increase
of temperature is the same as that observed in the presence of O,
and CO, only, i.e., it increases with the temperature increment.

In order to confirm the assignment of the peaks to the forma-
tion of the corresponding potassium compounds in the presence
of oxygen, Fig. 4 compares cyclic voltammetries obtained under
different gas compositions at 450°C. A comparison of dx on Pt for
both scans obtained under different gas compositions at 450°C is
also depicted in the inset of Fig. 4. As shown in Fig. 4, under the

12
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Fig. 4. Cyclic voltammograms recorded over electrocatalyst EC2DC at 450 °C under
different gas compositions: 12.6% CO in N, (black), 5.3% O, in N; (red), 12.6% CO,
and 5.3% O, in N; (blue). Inset: potassium surface coverage for the cathodic and
anodic scans under different gas compositions. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 5. Cyclic voltammograms recorded over electrocatalysts prepared by different
procedures, at 400 °C and in the presence of both CO, (12.6%) and O3 (5.3%): EC1DC
(black), ECP (red), EC2DC (blue). Inset: potassium surface coverage for the cathodic
and anodic scans of electrocatalysts prepared by different procedures. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of the article.)

presence of CO, and O, two cathodic peaks (C1 and C2) appear
in the voltamperogram. The C1 peak appears at a potential value
very close to that obtained in CO,/N, atmosphere, which means
that compounds formed in the presence and in the absence of
oxygen are the same (mainly potassium carbonates). C2 peak also
appears at a potential value very close to that obtained under O, /N,
atmosphere, although it is less intense, therefore, the formation of
oxidic species over this catalyst cannot be excluded under these
conditions. Regarding the anodic (positive current) peak observed
in the presence of CO, and O,, it is very close to those obtained
in the presence of CO, only (A1) and O, only (A2), respectively,
however, a widening and an increasing intensity of the peak Al
is observed under these conditions. This fact seems to imply that
the anodic peak observed under CO,/0;,/N; atmosphere is mainly
due to the decomposition of carbonates formed by interaction of
CO, with potassium ions electrochemically supplied to the catalyst
electrode, although it also contains a contribution corresponding
to the decomposition of the oxidic phases.

3.1.2. Comparative of voltamperometric behaviour of catalysts

The voltamperometric behaviour of the three catalysts, EC1DC,
EC2DC and ECP, was compared in order to analyse the effect of
preparation procedure on the performance of the catalyst towards
electropromoted CO, capture.

Cyclic voltammetries obtained at 400°C and in the presence of
CO, and O, for catalysts prepared by different methods are com-
pared in Fig. 5. Values of potassium surface coverage for both scans
corresponding to the different catalysts at 400 °C are shown in the
inset of Fig. 5.

A FEG-SEM micrograph of the ECP Pt catalyst-working electrode
film is shown in Fig. 6. SEM micrographs of the EC1DC and EC2DC
catalyst films can be found in a recent paper [ 10]. As can be obtained
from Fig. 6, the Pt average particle size of ECP catalyst is about
500 nm.

The different procedure utilised in the preparation of each cata-
lyst resulted in different surface morphology and Pt particle size. In
all cases, the obtained Pt film was porous, allowing reactants and
products diffusion, and continuous, as verified by electrical conduc-
tivity measurements [10]. Moreover, Pt-dip-coated films (EC1DC
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Fig.6. FEG-SEM micrograph of the ECP Pt catalyst-working electrode film (50,000 x ).

and EC2DC) present smaller particle sizes [10] than the Pt painted
sample, which implies a higher specific surface area.

Pt particle size increases in the order: EC1DC (30 nm)<EC2DC
(50 nm) < ECP (500 nm). EC1DC catalyst, with only one dip-coated
Pt film, showed a smaller Pt particle size than EC2DC catalyst, which
was prepared by two consecutive dip-coating steps with inter-
mediate calcination at 850 °C. Therefore, it seems that calcination
resulted in a sintering and agglomeration of Pt particles, giving rise
toanincrease in Pt particle size [10]. In turn, ECP catalyst, which was
prepared by deposition of a Pt paste, exhibited a bigger Pt particle
size than EC2DC.

According to these results, it is expected that electrocatalyst
EC1DC, with the smallest Pt particle size will show a high activ-
ity towards CO, adsorption and activation and, therefore, a better
performance in the electropromoted CO, capture [24-26].

In fact, as can be observed in Fig. 5, the area and height of the
cathodic peak associated with formation of carbonates (C1) are
considerably increased on decreasing Pt particle size, due to an
improvement in CO, adsorption and activation [24-26] as well as in
oxygen dissociative adsorption [15] as a consequence of the higher
specific surface area associated with smaller particles.

Interestingly, the cathodic peak associated with the formation
of oxidic species (C2)is almost imperceptible for the EC1DC catalyst
under these conditions. Although it also increases with decreasing
particle size for the other two catalysts EC2DC and ECP, as a result
of an increased oxygen chemisorption over smaller particles [15].
Regarding the anodic (backward) scan of the cyclic voltammetries,
in the case of the catalyst prepared by paste deposition (ECP) two
peaks can be clearly distinguished, which correspond to the decom-
position of carbonates (A1) and oxidic species (A2) formed during
cathodic polarisation.

In the case of the catalyst prepared by one dip-coated Pt film
(EC1DC), the position of the peak (A1), attributable to decomposi-
tion of carbonates, almost matches up with that obtained for the
catalyst prepared by paste deposition (ECP). Although the area (or
equivalently ) and height of the peak A1 are higher for the dip-
coated catalyst, because the formation of carbonate during cathodic
polarisation occurs to a greater extent over the smaller Pt particles
of this catalyst. However, for the catalyst prepared by two dip-
coated Pt layers (EC2DC) the main anodic peak (A1+A2) appears
in an intermediate position between the peaks A1 and A2 observed
for catalyst prepared by paste deposition (ECP), which again seems
to indicate that there is an overlap of both peaks (A1 and A2) for
electrocatalyst EC2DC.
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Fig. 7. Cyclic voltammograms recorded over electrocatalyst EC1DC at 400 °C in the
presence of O, (black) and in the absence of O, (red). Inset: potassium surface cov-
erage for the cathodic and anodic scans in the presence and in the absence of O,. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

3.1.3. Cyclic voltammetry studies on electrocatalyst EC1IDC

In agreement with the above experimental findings, EC1DC
can be selected as the most appropriate catalyst for electropro-
moted CO, capture. More detailed cyclic voltammetry studies were
performed over this electrochemical system in order to confirm
the above stated voltamperometric behaviour under different gas
compositions and temperatures and to select the best operating
conditions for the CO, capture tests.

Cyclic voltammograms obtained in the presence and in the
absence of oxygen at 400°C are compared in Fig. 7. Cyclic
voltammograms obtained in the presence of oxygen at different
temperatures are shown in Fig. 8. The corresponding values of
potassium surface coverage on Pt for both scans are shown in the
inset of Figs. 7 and 8, respectively. In all cases, potassium surface
coverage calculated for the cathodic scan almost matches up with
that obtained for the anodic scan, indicating that the electropro-
moted processes are also reversible over this catalyst (EC1DC).

1 mm Cathodic scan
. 0.81 mm Anodic scan
8 Al

E/V

Fig. 8. Cyclic voltammograms recorded over electrocatalyst EC1DC in the presence
of CO, (12.6%) and O, (5.3%) at different temperatures: 300 °C (black), 350 °C (red),
400°C (green), 450°C (blue). Inset: potassium surface coverage for the cathodic and
anodic scans at varying temperatures. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of the article.)
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As can be observed in Figs. 7 and 8, no cathodic current
peaks appear for applied potentials higher than about 2.5V. As
commented above, this means that under application of highly
positive potentials, which allows maintaining the Pt surface free
of electropositive ions [15-17], CO, does not chemisorb, only
physisorbs weakly and molecularly at low temperature and desorbs
without undergoing detectable dissociation at high temperature
[16,18-20].

As can be observed in Fig. 8, three distinct cathodic current
peaks, at about 1.5 (C0), —1 (C1) and -2V (C2), occur during the
cathodic (forward) potential scan. However, only two anodic cur-
rent peaks, at about 0.5 (A1) and between 2.5 and 3V (A0 +A2), are
obtained during the anodic (backward) potential scan.

Starting from a potassium clean Pt surface (4V) and on
decreasing applied potential, during the cathodic (forward) scan,
the adsorption of electron acceptor species, as O, is favoured [27]
due toits higher electronegativity [ 23], increasing their surface cov-
erage at the expense of electron-donors (CO,) and giving rise to a
progressive increment in surface oxygen atoms formation by dis-
sociative adsorption of O,. As commented above, the presence of
K on Pt (2) is also reported [18,19,21] to promote CO, activation,
resulting in the formation of highly distorted CO, molecule (CO,~)
interacting strongly with the surface [15,16] (3). The electrochem-
ical system is also able to store CO,, in the form of potassium
carbonates or bicarbonates, by adsorption over potassium sites
electrochemically supplied to the catalyst surface [15,17].

As can be observed in Fig. 7, in the absence of oxygen, the peak
at 1.5V (CO0) is almost negligible, because at low K coverage or pos-
itive potentials, CO,~ which could potentially form on the catalyst
surface may dissociate to CO and O (4) [16,18,19,21]. However, in
the presence of O, (Fig. 8), this peak, which would be attributable
to CO, chemisorption, is clearly observed, because, according to
the literature, at low potassium coverage and in the presence of
adsorbed oxygen atoms, activated CO, (CO,~), which is formed
on the catalyst surface, is stabilised, instead to be dissociated (in
absence of 0,), giving rise to CO32~ (8)[16,21]. On the other hand,
the presence of surface oxygen enhances adsorption of background
COwhichreacts with excess oxygen to form CO, which desorbs eas-
ier [16,21] and does not lead to inhibition of the active centres of
Pt.

CO,~(a)+0~(a) = CO5%(a) (8)

As shown in Fig. 8, this peak (CO0) shifts to lower potentials on
increasing temperature up to 400°C. The area (or 0x) and height
of this peak seem to increase with increasing temperature up to
350°C and then sharply decrease and tend to level off at higher
temperatures. The formation of oxygen adatoms is greater at higher
temperatures due to thermal migration of promoter ions to the Pt
surface, as aresult of a concomitant increase in the electrolyte ionic
conductivity. In fact, it is well known that oxygen coverage on Pt
increases with temperature and that alkali metal enhances oxygen
adsorption more strongly due to its higher electronegativity [23].
Therefore, as surface coverage of oxygen atoms increases with tem-
perature under promoted conditions (1.5 V), the transformation of
CO,~ into more stable CO32~ occurs in higher extension, as seems
to be confirmed by the fact that the peak is substantially sharper
at 350°C and as can be deduced from the increase in fx observed
on passing from 300 °C (g =0.05) to 350°C (0¢ = 0.27). However, it
decreased at higher temperatures (6 =0.035 at 450 °C), probably
due to the exothermic nature of CO, adsorption, which results in a
decrease in CO, surface coverage at higher temperatures. In addi-
tion, the thermally induced excess of oxygen adatoms could also
lead to blocking of CO, adsorption sites on Pt.

Another peak appeared in the cathodic scan at about -1V
which, according to the above experimental findings, could be
also attributable to the trapping of CO, as potassium carbonates

(peak C1). It is sharper in the presence of oxygen (Fig. 7), i.e., the
area (or fk) and height of the peak achieved under the simulta-
neous presence of CO, and O, are greater, probably, because, as
indicated in the literature, in the absence of oxygen and at high
cathodic (negative) voltages, which correspond with elevated K
coverages, activated CO, (CO, ™) is transformed into carbonate and
CO (5) [16,21], while the presence of oxygen adatoms promotes
the bonding of CO, on potassium as carbonates and leads to its
stabilisation, instead to its disproportionation (8) [16,21], result-
ing in an increased carbonate formation (6 = 0.74), with respect to
that in absence of oxygen (fx=0.1), by the electropromoted dis-
sociative adsorption of O,. The peak area increases and the peak
potential shifts to lower potentials on increasing temperature up
to 400°C (Fig. 8). The peak area (or 0y ) increased with temperature
up to 400°C, due to the enhancement in carbonate formation as a
result of the thermally increased amount of potassium ions elec-
trochemically transferred to the Pt surface, as resembled by the
corresponding increase in potassium surface coverage from 0.06 at
300°C to 0.74 at 400°C, which causes an additional promotional
effect on both dissociative adsorption of O, and number of avail-
able storing sites. On the other hand, decomposition of carbonates
starts at 377 °C, and is completed above 527 °C[21], accordingly, Ok
decreases on passing from 0.74 at 400 °C to 0.5 at 450°C.

As can be observed in Fig. 8, in the presence of oxygen, another
peak appears at approximately —2 V (C2), which, in agreement with
the above experimental findings, could be also associated with
the formation of more stable oxidic phases (6) and (7). The posi-
tion and intensity of this peak vary depending on temperature.
The area (or 6) of this peak increases with temperature from 300
(8k=0.0016) to 350°C (Hg =0.13), probably due to an increase in
oxygen chemisorption with temperature which may result in an
increased K;0/K,0, formation. Interestingly, this peak is almost
imperceptible in cyclic voltammetry performed at 400 °C, presum-
ably because K;0 decomposes at temperatures higher than 350°C,
whereas K, 0, is thermally stable up to 490 °C. However, a smaller
peak is observed at 450°C (6 =0.04), that would be associated
with the formation of K, 0, or other potassium oxidic species [22],
the formation of which may be favoured under conditions of high
temperature and excess oxygen.

Onincreasing applied potential, and therefore decreasing K cov-
erage, during the anodic (backward) potential scan, potassium ions
are electrochemically removed from the Pt surface and returned
to the solid electrolyte, allowing the decomposition of the CO,
chemisorbed species or promoter compounds formed during the
previous cathodic scan and the release of CO,. As a consequence
two anodic (positive current) peaks appear centred at about 0.5
(A1) and between 2.5 and 3V (A0 +A2).

As can be observed also in Fig. 8, at temperatures above 400 °C,
the main peak locates at 0.5V (A1). The peak area (or 8g) increases
with temperature up to 400°C and then slightly decreases on
increasing temperature to 450°C, suggesting again that it could
be ascribed to the decomposition of promoter-derived carbonates
formed in the corresponding peak at —1V (C1) during the previous
cathodic polarisation. In fact, the value of potassium surface cover-
age obtained at a given temperature (0.06 at 300°C, 0.07 at 350°C,
0.72 at 400°C and 0.5 at 450°C) almost coincides with that of the
corresponding cathodic peak (C1) at the same temperature.

Other anodic (positive) current peak appears between 2.5 and
3V (A0 +A2), which is thought to correspond to the decomposition
of both potassium oxidic and chemisorbed CO, species formed in
the respective cathodic peaks at about —2V (C2) and 1.5V (C0),
given that, at any temperature, the value of 6 obtained for the
anodic peak centred at about 2.5-3.5V (A0+A2) (0.05 at 300°C,
0.42 at350°C, and 0.08 at 450 °C) matches up with the sum of the g
values calculated for the corresponding cathodic peaks at 1.5V (C0)
and —2 V (C2). Thus, the potassium surface coverage corresponding
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Fig. 9. CO, concentration (red) and current density (black) variation vs. applied
potential/time during linear voltammetry in N, at 400 °C over electrocatalyst EC1DC.
Adsorption step at —1V in the presence of CO; (12.6%) and O, (5.3%) at 400 °C. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

to this peak increased with temperature up to 350°C, whereas a
lower 6 value is obtained at 450°C. This variation is thought to
be because the contribution corresponding to the decomposition
of oxidic phases and chemisorbed CO, species to the total area (or
total value of 6i) of the peak increases and decreases respectively
with temperature. At 300 °C, the peak is mainly due to the decom-
position of CO, species chemisorbed on Pt, because the value of
Ok (0.05) coincides with that of the corresponding cathodic peak
C0, whereas at 350°C and 450 °C, the contribution corresponding
to the decomposition of the oxidic phases raised to about 31 and
53%, respectively. Moreover, the peak potential at 450°C (about
2.5V)is closer to that observed for pure oxidic phases (around 2 V),
which seems to confirm the increased contribution of oxidic species
decomposition at higher temperatures.

3.2. Electropromoted CO, capture on electrocatalyst ECIDC

Electropromoted CO, capture tests were carried out over
electrocatalyst EC1DC and under the best operating conditions
identified by cyclic voltammetry studies. Fig. 9 shows the response
of current density (j) and CO, concentration vs. time (t) and poten-
tial (E) during regeneration at 400°C, after application of -1V
for 30 min in the presence of oxygen at the same temperature.
Two anodic (positive) current peaks can be clearly observed. It
seems evident that the sharper peak at 1.8 V, which coincides with
the maximum in released CO,, corresponds to decomposition of
potassium carbonate species previously stored during negative
polarisation and that the small peak at about 3V may be assigned,
according to the above experimental findings, to decomposition
of chemisorbed CO, species and/or potassium oxidic species also
formed during the previous capture step. CO, concentration pro-
file almost reproduces that of current density, except for the small
peak at 3V, because the amount of potentially released CO, should
be so small that the corresponding CO, concentration is below the
analyser detection limit. Therefore, it seems to confirm the pos-
sibility of monitoring the decomposition of captured compounds
by a simple electrical measurement without analyzing exiting CO,
content.

The overall amount of stored CO, was calculated by integration
of the exiting CO, concentration versus time curve in Fig. 9. The cap-
ture capacity of the system was calculated from the overall amount
of stored CO, and the known Pt loading values and resulted to be
about 1130 mg CO,/g Pt.

4. Conclusions

Both cyclic voltammetry and electropromoted CO, capture
studies showed that the tubular Pt/K-[3Al,03 system is able to cap-
ture CO, under conditions close to those of combustion exhaust
gases at bench scale, not only by selective electropromoted adsorp-
tion but also in the form of carbonates by reaction with potassium
ions electrochemically supplied to Pt surface. CO, capture is
enhanced on decreasing Pt particle size, in the presence of O, and
on increasing temperature up to a certain value which depends
on the thermal stability of the species formed. The Pt/K-BAl,03
system can be regenerated, allowing CO, separation, by electro-
chemical decomposition of previously stored compounds without
increasing temperature.
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Due to the continuous increase in CO, atmospheric levels resulting from fossil fuels combustion, it is
necessary to develop new, more efficient and less-energy intensive processes, that allow economically
and selectively separate CO, without the negative impact of co-existing gases (H,0, SO, NO, etc.).
This work presents a bench-scale study of the effect of combustion gas components on the
electropromoted CO, capture performance of an easily scalable Pt/K-BAl,05 tubular electrochemical
system, at high flow rates and in the presence of representative amounts of O,, H,0, SO, NO and N-,O0.

Keywords: . . On the basis of previous mechanistic and spectroscopic studies, cyclic voltammetry studies showed
Electrochemical promotion . .
bench scale that the system is able to capture CO,, not only by electropromoted adsorption but also as carbonates/

bicarbonates by potassium ions electrochemically supplied to Pt surface. CO, capture is enhanced in the
presence of O, and H,0. The CO, capture behaviour of the system is almost unaffected by the presence of
N,0. SO, poisons CO-, capture, whereas the presence of NO appears to considerably hinder CO, capture.
The Pt/K-BAl,05 system can be regenerated, allowing CO, separation, by electrochemical decomposition
of previously stored compounds without increasing temperature, with the consequent energy saving.

CO, capture
Pt/K-BAl05
combustion exhaust

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Control of carbon dioxide emissions from fossil fuel combustion
power plants may become necessary to minimize global warning
produced by the greenhouse effect. Physical adsorption of CO, is a
promising approach for CO, capture from combustion flue gases.
The main challenge for this technology is currently the develop-
ment of new, more efficient and less-energy intensive systems,
that allow economically and selectively separate CO, without the
negative impact of co-existing gases (H,0, SO,, NO, etc.) [1]. As a
result, it has been proposed the development of regenerable solid
adsorbents (alumina, activated carbon, etc.) chemically promoted
with various agents (alkali or alkaline-earth cations, etc.) during
their preparation procedure [1]. The use of electrochemical
promotion of catalysis (EPOC) constitutes, in principle, a novel
alternative to improve CO, capture by “in-situ” addition of the
chemical promoter during the adsorption process, due to
electrochemical pumping of ions from the solid electrolyte to
the surface of the working-catalyst electrode, which act both as
CO, chemisorption promoters and storing components [2,3]. In

* Corresponding author. Tel.:+34 91 346 0887; fax: +34 91 346 6269.
E-mail address: esperanza.ruiz@ciemat.es (E. Ruiz).

http://dx.doi.org/10.1016/j.electacta.2015.11.145
0013-4686/© 2015 Elsevier Ltd. All rights reserved.

addition, not only CO, capture but also regeneration can be
monitored and controlled by electrochemical means, allowing
optimising the duration of both sequences [3] and system
regeneration without increasing temperature, with the consequent
energy saving.

The prominent methods of carbon dioxide capture by adsorp-
tion, using pressure and temperature swing processes, have
thermodynamic limitations that result in low efficiencies and
unacceptable added energy costs. New technologies, which are not
reliant on pressure and temperature swing processes, are needed
to reduce the costs associated with the direct capture of CO,. The
electrochemical swing adsorption process proposed appears to be
a promising approach for the post-combustion capture of CO, since
it does not require significant heating and subsequent cooling of
the adsorbent for regeneration and preparation for the next
sorption cycle. Moreover, even though CO, capture by electro-
chemical swing adsorption does require the application of an
electric current, the amount of current is less than that required to
compress the gas for conventional pressure swing adsorption,
resulting in net efficiency gains. Therefore, electrochemically
promoted adsorption offers an isothermal and less energy
intensive a
Iternative to the thermal and pressure swing adsorption strategies
typically used for CO, capture. Moreover, due to the ease of
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integration and installation reported for electrochemically driven
separation processes [4], the technology could be potentially
applied for sequestering CO, in fossil fuel fired power plants,
resulting in significant decrease in total energy consumption
associated with CO, capture and in potential energy cost savings.

The driving force in these systems is supplied by changes in
electrochemical potential, inducing changes in potassium promot-
er surface coverage and then in the relative binding strength of
chemisorbed CO, [2], which enables to modulate and control CO,
capture and release by CO, adsorption and potassium carbonate/
bicarbonate formation and decomposition, respectively. These
potential changes can be controlled precisely to reduce energy
losses. Moreover, both electropromoted CO, capture and regener-
ation process can be online monitored by a simple measurement of
the electrical current generated by the applied polarization,
without the need to analyse CO, gas content [3].

From the best of our knowledge, the studies to date [3,5,6] have
focused on the study of electropromoted CO, adsorption under
simplified exhaust gas compositions. However, from an industrial
perspective, especially for CO, derived from coal-fired power plant
effluents, it is inevitable that other gaseous pollutants, such as SO,,
NOx, N5O0, etc., will be present in addition to CO,. Moreover, there
are some scale-up facets, such as operation at high flow rates,
under realistic gas compositions and using catalyst-electrode
configurations easily adaptable to the existing devices (conven-
tional flow reactors), that need to be tackled in more depth for the
potential practical application of this technology [7].

This work presents a bench-scale study of an electrochemically
activated CO, capture process under conditions representative of
combustion exhausts, i.e., at high flow rates and in the presence of
representative amounts of O,, H,0, SO, NO and N0, over an easily
scalable Pt/K-BAl,03 tubular electrochemical system.

Cyclic voltammetry can be used for the investigation of
phenomena involved in adsorption and reaction processes on Pt
electrodes [8-11]. The use of cyclic voltammetry to study
electrochemical processes taking place in the Pt/Na-[3Al,03 system
under different gas environments has been recently reviewed [6].
In the present work, this technique has been applied for the study
of CO, adsorption and formation of potassium compounds upon
electrochemical pumping of potassium ions to the Pt surface of Pt/
K-BAlL,03 in the presence of representative amounts of O,, H,0,
N,0, SO, and NO using the best operating conditions identified in a
previous work [12].

2. Experimental
2.1. Electrochemical catalyst

The Pt/K-BAl,03/Au single chamber electrochemical cell tested
in the present work consisted of a thin Pt film (catalyst-working
electrode) deposited on the outer surface of a 28-mm-i.d., 100-
mm-long, and 1-2 mm-thick K-Al,05 tube, closed flat at one end
(IONOTEC).

A gold counter electrode was deposited on the inner side of the
solid electrolyte tube to allow polarizations, given that gold is
reported [13] to be inert in the process. It was prepared by painting
the inner side of the K-BAl,03 tube with a gold paste (HERAEUS-
C5729). The deposited paste was dried at 150°C during 10 min,
heated to 850 °C at a controlled rate and, finally, annealed at 850 °C
during 10 min.

The Pt film was prepared, as described previously [12,14], by
two consecutive dip-coating steps with intermediate calcination at
850°C. The K-3Al,05 tube was dipped into a Pt precursor solution,
drawn up at a constant speed, dried and fired at about 600°C
during 1 hour. Pt precursor solution was prepared according to a
CIEMAT European patent [15].

The final Pt loading was 0.86 mg Pt/cm? [12]. Pt dispersion was
estimated from the average Pt crystal size evaluated from X-ray
broadening of the main Pt diffraction peak and the Debey-Scherrer
equation [14] and resulted to be 2.4%. The surface mol (mol of
active sites) of the Pt film was calculated using the estimated
dispersion and the known Pt loading values and resulted to be
1.05 x 10~ mol Pt.

2.2. Catalyst characterisation

A small fragment of the electrochemical catalyst was charac-
terized, both as prepared and after testing, by X-Ray Diffraction
(XRD) and X-ray Photoelectron Spectroscopy (XPS) techniques.

XRD patterns of the catalyst-working electrode film were
recorded on a PHILIPS “Xpert-MPD” instrument using a Cu Ko X-
ray source (45KkV and 40 mA), a 26 range of 15-75¢°, a step size of
20=0.03° and a step time of 2s.

The surface chemical composition of the catalyst electrode film
was examined by XPS using a Perkin-Elmer PHI 5400 System
equipped with a Mg Ko (hv=1253.6eV) excitation source running
at 15kV and 20mA and having a beam diameter of 1 mm. Base
pressure in the analysis chamber was maintained at about
10~2Torr. The pass energy was set at 89.5 eV for general spectra
(0-1100eV) and at 35.75 eV for high resolution spectra. The energy
scale was referenced to the carbon 1s signal at 285.0eV.

2.3. Bench-scale plant

Electropromoted CO, adsorption/desorption cycles were car-
ried out in a bench-scale plant described in detail elsewhere [14]. It
is able to treat up to 20m>h~! (at 273K and 1atm) of gas with
temperatures ranging between 250 and 450°C, at about atmo-
spheric pressure. Combustion exhaust gas components are
supplied, as synthetic gases (AIR LIQUIDE), by electronic mass
flow controllers (Bronkhorst HIGH-TECH). Steam can be added to
the gas mix by vaporising water fed into a boiler by a metering
pump (Dosapro Milton Roy). Other potential liquid gas compo-
nents (HCI, etc.) can be also fed by a metering pump (ProMinent
Gugal, S.A.). The mixed wet gas is then preheated in an oven
(KHANTAL) and sent to a fixed-bed down-flow quartz reactor, with
35 mm of diameter and 900 mm of length, heated by a three-zone
electrical furnace (CARBOLITE). The adsorption temperature was
determined with an alumina sheathed chromel-alumel thermo-
couple placed close to the electrochemical catalyst. An electronic
differential pressure transmitter measures the pressure drop
across the reactor. Polarizations across the tubular electrolyte cell
were imposed and measured by a potentiostat-galvanostat
Voltalab 21 (Radiometer Analytical).

2.4. Gas analysis system

As reported previously [12,14], the composition of the gas
mixtures entering and leaving the reactor was determined using a
gas micro-chromatograph (VARIAN CP-4900) in conjunction with a
NDIR CO,/CO (FUJI ELECTRIC ZKJ) and a chemiluminescence
(TOPAZE-32S ENVIRONMENT) on line analysers.

As described previously [12,14], the gas micro-chromatograph
(VARIAN CP-4900) is equipped with three column modules: a PLOT
Molecular Sieve 5A (10 m x 0.32 mm), a PORAPLOT Q (10 m x 0.15
mm) and a CP-SIL 5CB (6 m x 0.15 mm), using helium as carrier and
reference gas for the thermal conductivity detectors. These
enabled the analysis of N,, CO,, O, and other exhaust gas
constituents as NO, N,0, NO,, CO and SO..
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2.5. Operating conditions and procedure

The electrochemical catalysts were placed inside the quartz
reactor with the closed flat end of the tube facing the inlet gas
stream, in order to improve catalyst-gas contact and to minimize
by-pass phenomena. The electrical connections in the reactor were
made from gold wires (HERAEUS), since gold is reported to be
catalytically inert in the process [13].

Before the electropromoted CO, capture experiments, the
catalyst was reduced in a stream of H at 400 °C during 1 h in order
to ensure that the platinum is in its metallic form.

The concept of electrochemical promotion is based on the fact
that a direct correspondence exists between the promoter
coverage over catalyst surface and the value of the applied
potential, i.e., the application of different polarizations allows
controlling the amount of potassium ions electrochemically
transferred to the Pt film, inducing changes in the binding strength
of chemisorbed species and modifying the competitive adsorption
of the different coexistent gases [2]. In accordance with previous
studies [8,16], on working with cationic electrochemical catalyst,
the application of a high positive catalyst potential allows
maintaining the Pt surface free of electropositive ions (unpro-
moted conditions). Therefore, before each test the Pt catalyst-
electrode surface was electrochemically cleaned by pumping
potassium ions, which might thermally migrate to the Pt film, back
to the solid electrolyte (unpromoted reference state) via holding
the catalyst potential at 4V during 30 min under the same reactive
atmosphere. At the end of this time the current density fell to
practically zero.

However, a decrease in the applied potential to negative values
involves that potassium promoter ions are electrochemically
transferred to the Pt catalyst electrode, giving rise to a progressive
increment on promoter coverage, and, thus, to electropromotion of
the catalyst surface (electrochemically promoted conditions). This
addition of an electropositive promoter (K*) gives rise to a
reduction in the catalyst work function, disadvantaging the
chemisorption of electron donor (electropositive) species, while,
at the same time, promoting the adsorption of electron acceptor
(electronegative) species. There is a certain scale of electronega-
tivity or electron acceptor capacity. Thus, depending on the
electronegative or electropositive nature and magnitude of the
different coexistent adsorbates, and on which is in excess on the
surface of the catalyst, polarisation will have a positive or negative
effect on the adsorption and reaction with promoter species of the
different coexistent adsorbates over the catalyst-electrode surface.

The system was studied on consecutive electropromoted
adsorption-desorption cycles (up to three) under different gas
compositions.

Cyclic voltammetry is reported [6] to allow the investigation of
the phases formed upon electrochemical pumping of promoter
ions to the catalyst surface. In the present study, cyclic
voltammetry has been used for the study of CO, adsorption and
potassium carbonate/bicarbonate formation and decomposition
during the electrochemically promoted CO, capture process on the
Pt surface, by monitoring of the electrical current generated by the
applied cyclic polarization, under different conditions. The
appearance of peaks during the forward (application of decreasing
potentials) or backward (application of increasing potentials) scan
may be related to the migration of the promoter to (forward or
cathodic scan) or from (backward or anodic scan) the surface of the
Pt electrode and with the formation or decomposition of promoter
species or any other chemical compound between the promoter
and the adsorbates present on the surface of the electrocatalyst.
Therefore, the area of these negative and positive peaks is
proportional to the amount of CO, (or other adsorbate) captured
and released, during the cathodic and anodic scans, respectively.

The area of the cathodic and anodic peaks corresponds to the
electric charge passed between the working and counter electro-
des for the cathodic and anodic scan, respectively. The corre-
sponding coverage of potassium species (0) established on the Pt
surface for each scan can be calculated according to Faraday’s law
(Eq. (1)) [6,19] by integration of the current density versus time, or
equivalently, versus potential curves obtained for the cathodic and
anodic scan, respectively.

I, A
HK:/Wdt:m/]dt (1)

Where I is the current, F is the Faraday's constant, N is the
surface mol (mol of active sites) of the Pt catalyst electrode, A is the
superficial surface area of the electrode/electrolyte interface and j
is the current density. It is possible to confirm the reversibility of
the electropromoted process by comparison of 0y calculated for
each scan, because the obtainment of similar values of 6 for both
scans corroborates the fact that most of the amount of potassium
electrochemically pumped to the Pt surface during the cathodic
scan participates in the formation of phases which are decomposed
during the anodic scan [6,19]. Comparison of 8k corresponding to
each pair or combination of cathodic and anodic peaks, ascribed to
the formation/decomposition of surface compounds, by perform-
ing the integration only for the currents in the potential range
where the formation/decomposition of these surface compounds
occurs, has been also attempted. However, in this case, there is a
large uncertainty concerning the determination of the area (related
with the baseline to be used in the calculation of each peak area)
and, thus, of the corresponding potassium coverage for very small
(or even indiscernible), very wide or not well formed peaks.

The results of the cyclic voltammetry studies can be rational-
ized considering the effect of varying applied potential on the
chemisorptive bond strength of coexistent adsorbates [2]| and in
accordance with the mechanisms for CO, (or N,O, NO, SO, and
H,0) adsorption and reaction and with the identity of the
potassium phases proposed by earlier mechanistic and spectro-
scopic studies, under different potassium coverage.

Cyclic voltammograms were obtained in the presence of
relevant concentrations of the different harmful gas components
(NO, N,0, SO, and H,0) typically found in combustion exhausts, at
400°C and using a gas flowrate of 901 h~! (at 273K and 1 atm). Gas
Hourly Space Velocity during the measurements (calculated at
673 K and 1 atm and considering the bed volume occupied by the
tubular electrochemical cell) was equal to 2921 h~'. The potential
was scanned between 4V (starting potential) and —3V at a scan
rate of 10mVs~! and current density (j) generated by the applied
cyclic polarization was recorded as a function of the applied
potential relative to the counter electrode.

Comparison of the cyclic voltammetric behaviour of the system
under different gas atmospheres was carried out. With the
exception of the experiments performed in the presence of SO,,
where voltammograms differed over the performed number of
cycles, in all cases the compared voltammograms were obtained
after no change with the number of cycles is observed.

On the other hand, the measurement of the open circuit
potential by Solid Electrolyte Potentiometry (SEP) [2]| under the
different gaseous compositions tested, allowed obtaining useful
information about the competitive adsorption of the different
species present in the reaction ambient, anticipating or explaining
the observed effect under each operating conditions and helping to
elucidate the mechanism of adsorption, reaction, inhibition and
poisoning over the catalyst-electrode. The cell was polarized
at+4V for other 30 minutes before the open circuit potential
measurements. The open circuit potential values were then
recorded over one hour aiming to ensure enough time for the
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de-polarization of the working electrode to be complete during the
open circuit measurements. Measured open circuit potential
corresponded to the steady state voltage value attained after
one hour of testing, even though an almost stable value of open
circuit potential was obtained after the first 30 minutes.

A summary of the feeding gas compositions employed is given
in Table 1.

3. Results and Discussion
3.1. Solid Electrolyte Potentiometry (SEP) studies

In order to characterize the relative electropositive or electro-
negative nature of the different coexistent adsorbates, open circuit
potential was measured under different gas atmospheres. The
measured voltage represented the open circuit potential difference
between the catalyst potential and that of the gold counter electrode,
both exposed to the same gas atmosphere. It was observed that the
presence of different adsorbed species on the catalyst surface
modified the open circuit potential.

Chemisorption of an adsorbate on a metal gives rise to a real
chemical bond, thus implying electron donation from adsorbate to
metal or from metal to adsorbate. In the first case, the adsorbate is
called electron donor (electropositive), whereas in the second, is
called electron acceptor (electronegative). There is a certain scale
of electronegativity or electron acceptor capacity, in which oxygen
is one of the strongest electron acceptors. The adsorption of an
electron acceptor (electronegative) increases the work function of
the electrode, giving rise to higher values of the open circuit
potential. On the contrary, the adsorption of electron donor
(electropositive) species leads to a decline in the work function of
the electrode, and therefore to low values of the open circuit
potential. Moreover, on a potassium free catalyst surface (unpro-
moted conditions) adsorption of electron donor adsorbates on
active sites of the catalyst is favoured. With decreasing catalyst
potential, the migration of promoter ions to the catalyst electrode
is produced, hindering the adsorption of electron donor species
and releasing the active sites, while favouring the adsorption of
electron acceptor species [2].

Fig. 1 shows the effect of the addition of 500 ppm of N,O,
109 ppm of SO,, 492 ppm of NO or 10% of H,O to the standard gas
(11.2% CO,, 4.7% O, N, balance) on the difference in the measured
open circuit potentials (AOCP) for the different gas atmospheres in
relation to that of the standard gas (CO, + O,+N,) (as a measure of
the change in the work function of the gas exposed Pt electrode
surface), at 400°C.

As can be observed in Fig. 1, the open circuit potential
differences (AOCP) are actually small, with exception of the case
of HyO. This is considered to be due to the fact that the
concentration of the different potential inhibitors and poisons
(N30, SO, and NO) added to the standard gas is considerably
smaller (hundreds of ppm) than that of CO, and O, (% v/v). On the
contrary, the potential difference is high in the case of water
because it is added in higher concentration (10% v/v), comparable
to that of CO, (11.2%) and O, (4.7%).

Table 1
Electropromoted adsorption-desorption tests. Feed gas compositions.

Gas composition (v/v)

11.2% CO5 in N,

11.2% CO,, 4.7% O, in N,

11.2% COy, 4.7% 04, 10% H,0 in N,
11.2% CO,, 4.7% 04, 500 ppm N0 in N,
11.2% CO,, 4.7% 05, 109 ppm SO, in N,
11.2% COy, 4.7% O, 492 ppm NO in N,
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Fig. 1. Effect of the addition of 500 ppm of N,0, 109 ppm of SO,, 492 ppm of NO or
10% of H,0 to the standard gas (11.2% CO,, 4.7% O, N, balance) on the difference
(AOCP) between the measured open circuit potentials for the different gas
atmospheres and that for the standard gas (CO,+ O,+N5) at 400 ° C.

As can be observed in Fig. 1, NoO is a somewhat stronger
electron acceptor than CO,, because the addition of N,O slightly
increases the value of open circuit potential in relation to that
obtained under CO,/0,/N, (AOCP=+3mV). As a result, N,O
adsorption is a little more favoured in the presence of potassium
surface promoter, and under these conditions N,O competes with
CO, and O, for adsorption sites, i.e., a decrease in catalyst potential
and, subsequently, an increase in the presence of surface promoter,
is expected to favour the competitive adsorption of N,O.

SO, is a bit weaker electron acceptor than CO,, as can be derived
from Fig. 1, because the addition of SO, to the standard gas
composition results in a slightly lower open circuit potential vs.
that obtained under standard gas (AOCP = —10 mV). Therefore, SO,
could be considered as an electron donor with respect to CO,, and
then on decreasing catalyst potential, i.e.,, on increasing the
presence of surface promoter, SO, competitive adsorption and its
potential poisoning effect are expected to be disfavoured.

NO is a bit stronger electron acceptor than CO,, as can be
derived from Fig. 1, since the addition of NO increases the value of
open circuit potential in relation to that for the standard gas
(AOCP=+42mV). Therefore, CO, could be considered as an
electron donor vs. NO, and as a result, on decreasing catalyst
potential, CO, adsorption is hindered, while the competitive
adsorption of NO is favoured.

As can be derived from Fig. 1, the addition of H,O to the standard
gas considerably increases the value of open circuit potential with
respect to that for the standard gas (AOCP =+809 mV). According to
literature [20], adsorption of H,O on Pt was purely molecular
resulting in a decrease of the work function, and, therefore of the
measured open circuit potential. On the contrary, adsorption of
H,0 on a K-covered Pt surface lead to H,O dissociation and to the
formation of adsorbed hydroxyl (OH) species with concomitant
work function increase, resulting in a higher value of open circuit
potential [20]. The amount of hydroxyl species formed was
reported to be proportional to potassium coverage [20]. Given the
increase in the value of the open circuit potential observed in the
presence of water (AOCP =809 mV), it can be concluded that water
is adsorbed dissociatively on the catalyst surface, giving rise to
formation of hydroxyl species, which are stronger electron
acceptors than CO,. Therefore, CO, could be considered as an
electron donor vs. hydroxyl (OH) species, and as a result, with
decreasing catalyst potential, migration of promoter ions to the Pt
electrode occurs, displacing CO, from adsorption sites, while
favouring the adsorption of OH (electron acceptor).
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3.2. Cyclic voltammetry studies

3.2.1. Effect of O, on electropromoted CO, capture

In order to confirm the reported [12] effect of O, on electro-
promoted CO, capture under the specific operating conditions of
this study, cyclic voltammetry experiments were firstly performed
in the absence and in the presence of oxygen. Electropromoted
adsorption/desorption cycles were obtained in the absence and in
the presence of O, at 400°C. As can be observed in Fig. 2, in the
presence of O,, there was an increase in CO, adsorption capacity,
i.e., in the amount of CO, captured via the carbonation process, on
passing from the first to the second cycle, being almost constant in
successive cycles (steady state conditions), as can be deduced from
the variation in the area (or Oycq) of the cathodic C1 peak over
successive cycles in Fig. 2. This is probably due to the fact that the
initial application of 4V for 30 minutes apparently has not been
sufficient to completely clean the Pt surface and therefore could
exist some sites not available for CO, chemisorption, rendering
C1 peak area lower in the first cycle. In fact, as cycling progresses,
the cathodic peak near -1V increases and slightly shifts toward
more negative potentials

Fig. 3 compares cyclic voltammograms obtained in the absence
and in the presence of O, at steady state conditions. The coverage
of potassium (6x) on Pt calculated for the cathodic scan is also
compared with that obtained for the anodic scan in the inset of
Fig. 3. In both cases, the values of potassium coverage (6x) on Pt
calculated for the cathodic and anodic scans are very similar (small
differences could be ascribed to the error inherent to area
integration). Therefore, a reversible promotional phenomenon
was observed during cyclic voltammetry due to the formation
(cathodic or negative current peaks) and decomposition (anodic or
positive current peaks) of potassium surface compounds as a
consequence of the negative (forward) and positive (backward)
polarizations, respectively.

As can be observed in Fig. 3, for applied potential values higher
than about 2.5V, no cathodic (negative current) adsorption peaks
appear in the forward scan. This means that under application of
highly positive potentials, which allows maintaining the Pt surface
free of electropositive ions [21,23], CO, does not chemisorb, only
physisorbs weakly and molecularly at low temperature and
desorbs without undergoing detectable dissociation at high
temperature [19,22,24-26].
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Fig. 2. Cyclic voltammograms recorded over Pt/K-BAl,05 in the presence of CO,
(11.2%) and O, (4.7%) at 400°C: 1%t cycle (black), 2™ cycle (red), 3™ cycle (blue).
Inset: Potassium surface coverage corresponding to the cathodic C1 peak (carbonate
formation) over cycles. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Effect of O, on electropromoted CO, capture over Pt/K-BAl,03. Cyclic
voltammograms recorded at 400°C and under different gas compositions: 11.2%
CO, in N, (black), 11.2% CO, and 4.7% O, in N, (red). Inset: Potassium surface
coverage for the cathodic and anodic scans under different gas compositions. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

On the contrary, the presence of K on the Pt surface (Eq. (2))
[21], as a result of electrochemical migration of potassium ions
from the solid electrolyte to the catalyst surface under application
of decreasing potentials, has been reported [24,25,27] to promote
CO, chemisorption and activation (Eq. (3)), resulting in the
formation of a highly distorted CO, molecule (CO, ") interacting
strongly with the surface [21,22] and inducing the dissociation of
CO,, because of the caused strengthening of metal carbon bond and
the weakening of C—O bond [22].

K*(BAl,03) + e~ — K(catalyst) (2)

K + CO5(g) — K* - CO; () 3)

In the absence of O,, depending on the surface coverage of alkali
metal (potassium in our case), CO,~ may dissociate to CO, which
could be adsorbed strongly on Pt leading to an inhibition of active
sites, and O (a) (Eq. (4)), at low potassium surface coverages or
positive potentials [22,24,25,27], or be transformed into CO5>~ and
CO species (Eq. (5)) [22,27], at elevated potassium surface
coverages or negative potentials.

CO5(a) — CO(a) + 0O (a) (4)

2C0; (a) — CO(a) + CO%(a) (5)

However, in the presence of O,, at low potassium coverage,
activated CO, (CO,7), which is formed on the catalyst surface, is
stabilized, instead of being dissociated (in the absence of O,),
giving rise to CO3%~ (Eq. (6)) [22,27]. On the other hand, the
presence of surface oxygen enhances the adsorption of background
CO which reacts with excess oxygen to form CO, which desorbs
easier [22,27] and does not lead to inhibition of the active sites of
Pt.

CO5 (a) + 0~ (a) — CO3~(a) (6)

The formation of C=O, carboxylate ion CO,~, chelating
bidentate potassium carbonate and potassium bicarbonate has
been previously confirmed by FTIR measurements during electro-
promoted propene combustion experiments at 350°C, over a
similar Pt/K-Al,O5 catalyst [21]. The electrochemical system is
also able to store CO,, in the form of potassium carbonates, by
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adsorption over potassium sites electrochemically supplied to the
catalyst surface [21,23].

According to our previous study [12], in the absence of oxygen,
the main current peak (C1), appearing at around -1V in the
forward scans (Fig. 3), may be associated with the formation of
potassium carbonate species, whereas the corresponding peak
(A1), appearing at about 2V in the backward scan, can be,
therefore, attributed to the decomposition of these potassium
compounds.

As can be observed also in Fig. 3, in the presence of oxygen two
distinct cathodic current peaks, at about —1V (C1) and -2V (C2),
appear during the cathodic (forward) potential scan. However, only
one single anodic current peak, at about 1.5V (A1 +A2), is obtained
during the anodic (backward) potential scan.

According also to our previous study [12], where the cyclic
voltammetric behaviour of the system was also analysed the
presence of O, only, in the presence of oxygen, the current peak
(C2), appearing at around —2V in the forward scan (Fig. 3), may be
attributed to the formation of oxidic phases (potassium oxides and
peroxides) resulting from the interaction between potassium ions
and oxygen adsorbed on the catalyst surface during the
electrochemical pumping of potassium ions, with the dominant
product being K,0 (Eq. (7)). The reaction of a single oxygen atom
with K;0 would lead to potassium peroxide, K>0, (Eq. (8)), which
is reported to have a higher stability in the presence of excess
oxygen compared to K0 [28].

2K +2e +1/20, —K,0 (7)

K20 +1/2 0, — K50, (8)

As can be observed in Fig. 3, both cathodic (negative current)
peaks, C1 and C2, attributable to the formation of carbonate and
oxidic species, respectively, appear during the forward (cathodic)
scan. However, only an apparently single peak (A1+A2) appears
during the anodic (backward) polarization, which may be related,
in accordance with our previous findings [12], with the decompo-
sition of both potassium carbonate and oxidic species.

Starting from a potassium clean Pt surface (4V) and on
decreasing applied potential, during the cathodic (forward) scan,
the adsorption of electron acceptor species, as O, is favoured [29]
due to its higher electronegativity [30], increasing their surface
coverage at the expense of electron-donors vs. O, (CO,) and giving
rise to a progressive increase in surface oxygen atoms formation by
dissociative adsorption of O,. According to our previous experi-
mental findings [12], the peak which appeared in the cathodic scan
at about-1V, could be also attributed to trapping of CO, as
potassium carbonates (peak C1). It is sharper in the presence of
oxygen (Fig. 3),i.e., the area (or 0) and height of the peak obtained
under co-presence of CO, and O, are greater, probably, because, as
indicated in the literature, in the absence of oxygen and at high
cathodic (negative) voltages, which correspond to high K cover-
ages, activated CO, (CO, ") is transformed into carbonate and CO
(Eq. (5)) [22,27], while the presence of oxygen adatoms promotes
bonding of CO, on potassium as carbonates and leads to its
stabilisation (Eq. (6)), instead to its disproportionation [22,27],
resulting in an increased carbonate formation, with respect to that
in absence of oxygen, via electropromoted dissociative adsorption
of 0,.

As can be observed in Fig. 3, in the presence of oxygen, another
peak appears at approximately-2 V (C2), which, in agreement with
our previous experimental findings [12], could be also associated
with the formation of more stable oxidic phases (Eqs. (7) and (8)).

With increasing applied potential, and therefore decreasing K
coverage, during the anodic (backward) potential scan, potassium

ions are electrochemically removed from the Pt surface and
returned to the solid electrolyte, allowing the decomposition of the
CO, chemisorbed species or promoter compounds formed during
the previous cathodic scan and, thus, the release of CO,. As a
consequence, an anodic peak appears, centred at about 1.5V
(A1+A2) which is considered [12] to be mainly due to the
decomposition of carbonates formed by interaction of CO, with
potassium ions electrochemically supplied to the catalyst elec-
trode, although it also contains a contribution corresponding to the
decomposition of the oxidic phases.

However, as can be deduced from Fig. 3, in the absence of
oxygen there was a difference between the area (or potassium
surface coverage) of the cathodic C1 peak (carbonates) and the
corresponding A1l peak, whereas in the presence of oxygen there
was also a difference between the areas (or potassium surface
coverage) of the sum of the C1 (carbonates) and C2 (oxides)
cathodic peaks and the corresponding A1+ A2 anodic peak. These
differences are considered to be due to the formation of non-stable
or non-electroactive chemisorbed CO, species (carboxylate ion,
etc.) during the first part of the cathodic scan, which did not give
rise to the appearance of a discernible/defined peak, but for which
the corresponding CO, release by desorption or decomposition
contributes to the A1 or A1+A2 area in the anodic scan.

As commented above, CO, is not chemisorbed on a “clean” Pt
surface. On the contrary, in the presence of potassium CO, is
initially chemisorbed as carboxylate ion (Eq. (3)). However, at
elevated potassium coverages and particularly in the presence of
oxygen CO, is chemisorbed as COs2~ species via disproportion
(Eq. (5)) of carboxylate ion (in the absence of O,) or via surface
reaction (Eq. (6)) of carboxylate ion with oxygen adatoms resulting
from electropromoted dissociative adsorption of oxygen (in the
presence of 0,). Subsequent reaction of COs2~ species with
potassium ions supplied via electrochemical pumping to the Pt
surface may result in the formation of potassium carbonate
species, i.e. potassium may act also as storage component.
Therefore, at elevated potassium coverages, we can distinguish,
in principle, two types of processes: the non-faradaic effect of
promoter on the rate of CO, chemisorption as COs2~ species
(Eq. (5) or (6)) and formation of potassium carbonate species
which may be limited only by the Faraday law (i.e., by the rate of
ions supply).

The magnitude of electrochemical promotion is commonly
described by the Faradaic efficiency A [2], defined as (Eq. (9)):

r Iro _ ATr )

F F

A=

where r is the electropromoted rate of chemisorbed CO, species
formation and ro is the unpromoted rate (clean Pt surface, under
application of 4V), F is the Faradaic constant and I is the current.
The term “I/F” corresponds to the rate of potassium ions supplied
to catalyst according to the Faraday's law, whereas the term “Ar”
corresponds to the electrochemically induced change in CO,
chemisorption rate. Thus, |A|=1 refers to pure Faradaic rate
enhancement, and |[A]|>1 implies electrochemical promotion.

Given that CO, is not chemisorbed on a “clean” Pt surface, i.e.
the CO, chemisorption rate under unpromoted conditions is zero
and that potassium is not a reactant in the chemisorption reaction
(Egs. (3) or (5) and (6)), any positive potential-induced chemi-
sorption rate change can be considered to be due to electrochemi-
cal promotion independently of the value of the Faradaic efficiency.
However, in order to ascertain the non-Faradaicity of the
electrochemical CO, adsorption, the Faradaic efficiency (A) has
been calculated for the C1 peak in the presence of oxygen (where
CO, capture as potassium carbonates is supposed to be the
highest), i.e., for the CO, chemisorption as CO3%~ species (Eq. (6)).
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The term I/F has been calculated from integration of the current
density versus time for the peak C1 and the term Ar (equal tor) has
been calculated from integration of the amount of adsorbed CO,
(determined from NDIR analysis of the gas exiting the reactor) vs
time curve (not shown) for the same time range. The resulted |A|
was equal to 3.6, i.e., higher than 1, indicating the non-Faradaicity
of the CO, adsorption process.

3.2.2. Effect of H>;0 on electropromoted CO, capture

In order to study the effect of H,O on the behaviour of the
catalyst towards the electropromoted CO, capture, cyclic voltam-
mograms were also obtained in the presence of CO,, O, and H,0 at
400°C. Fig. 4 compares cyclic voltammograms obtained in the
absence and in the presence of H,O at steady state conditions. The
values of potassium surface coverage (0g) calculated for the
cathodic and anodic scans are shown in the inset of Fig. 4.
Reversible electropromotion of the catalyst surface was also
observed in the presence of water, given the good balance obtained
between the cathodic and anodic processes.

As shown in Fig. 4, under the presence of CO,, O, and H,0, two
cathodic peaks (CO and C1) appear in the voltammogram. The C1
peak appears at a potential value very close to that obtained in CO5/
0,/N, atmosphere (-1V), therefore, it could be also attributed to
the formation of potassium carbonate species. However, the area of
C1 peak is lower in the presence of H,0, resulting in a decreased
carbonate formation (0x=0.27), with respect to that in absence of
water (0x=0.4). The C, peak attributed to the formation of oxidic
phases (potassium oxides and peroxides) disappeared in the
presence of water. Instead a new peak (CO) appeared at about -0.5V
in the forward scan, which may be attributed to the formation of
potassium bicarbonate species by reaction between chemisorbed
CO, and H,O0 species [31].

An apparently single anodic (positive current) peak (A0 +AT1) is
also observed in the presence of CO,, O, and H,0, which appears at
a potential value (about 2 V) close to that obtained in the presence
of CO, only (A1) (Fig. 3). The sum of the areas of cathodic peaks CO
(0k=0.66) and C1 (8x=0.27) almost matched the area of the
A0 +A1 (6x=0.91) anodic peak, suggesting that the latter is due to
the decomposition of both carbonate and bicarbonate species
previously formed by interaction between CO,, O, and H,0 with
potassium ions electrochemically supplied to the catalyst elec-
trode. Therefore, in this case, a good agreement in calculated
potassium surface coverage has been also obtained for the sum of
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Fig. 4. Effect of H,O on electropromoted CO, capture over Pt/K-BAl,03. Cyclic
voltammograms recorded at 400°C and under different gas compositions: 11.2%
CO,, 4.7% 0, and 10% H,0 in N, (black), 11.2% CO, and 4.7% O, in N, (red). Inset:
Potassium surface coverage for the cathodic and anodic scans under different gas
compositions. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

CO0 and C1 cathodic peaks and the corresponding A0+ A1 anodic
peak. The sum of the areas of peaks CO (0x=0.66) and C1 (6x=0.27)
obtained in the presence of water is higher than that of the C1
(0k=0.4) peak obtained in the absence of water, which seems to
indicate that CO, capture capacity is enhanced in the presence of
water by formation of potassium bicarbonate in addition to
potassium carbonate species, avoiding, at the same time the
formation of potassium oxidic species. The formation of the latter
species could lead to deactivation of the system, since oxygen and
water are believed to compete for the same adsorption sites at low
potential values, given that both chemisorbed oxygen and water
species (oxygen adatoms and hydroxyl groups, respectively) are
considered to have a strong electron-accepting character [20].

According to literature [20,32], adsorption of H,O on clean Pt
was purely molecular resulting in a decrease of the work function,
and, therefore of the measured open circuit potential. On the
contrary, adsorption of H,O on a K-covered Pt surface is stronger
and is accompanied by a large work function increase [20,32],
resulting in a higher value of open circuit potential. For low K
coverages, H,O adsorption was reported to be reversible [32],
whereas for K coverages above a critical value [32], adsorption of
H,0 on K covered Pt leads to H,O dissociation and to formation of
hydroxyl (OH™) species [32] which are also responsible for a work
function increase [20], acting electronically as electron acceptors
[33]. The amount of hydroxyl species formed was found to be
proportional to potassium coverage [20]. Therefore, CO, could be
considered as an electron donor vs. hydroxyl (OH™) and as a result,
CO, adsorption is preferentially favoured at low potassium
coverage. In addition, hydroxyl groups generated are reported to
destabilize K-CO, bond leading to a decrease in potassium
carbonate formation that may explain the observed decrease in
C1 peak in the presence of H,0 [34].

Starting from a potassium clean Pt surface (4V) and with
decreasing applied potential, during the cathodic (forward) scan,
migration of K promoter ions to the Pt electrode occurs, favouring
0, and H,0 dissociative adsorption. The interaction (Egs. (6),(10)
and (11)) between chemisorbed CO,, O, and H,0 species can result
in the formation of potassium bicarbonates (Eq. (12)) [32] and
carbonates (Eq. (13)) [22,27], as indicated by the appearance of
peaks CO (at about -0.5V) and C1 (around -1V) in the cathodic
scan.

C0,(a) + H,0(a) — H*(a) + HCO3 (a) (10)
CO3™ + H*(a) — HCO5 (a) (11)
2K* (a) + 2HCO; (a) — 2KHCO;3(a) (12)
2K*(a) + CO2~(a) — K,COs(a) (13)

The C2 peak, attributed to the formation of oxidic phases
(potassium oxides and peroxides) at high potassium surface
coverages, does not appear in the presence of water. As
commented above, the amount of surface hydroxyl species formed
by H,0 dissociation increases with potassium coverage. Moreover,
hydroxyl species, given their stronger electronegativity, may be
preferentially adsorbed at low potential values (high K coverages),
displacing oxygen from adsorption sites and avoiding the
formation of oxidic phases. Moreover, it has been reported that
water may react with preadsorbed oxygen adatoms on Pt to form
adsorbed hydroxyl groups (Eq. (14)), which may limit also the
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formation of oxidic phases [35].
H,0(a) + O(a) — 20H(a) (14)

Indeed, one can suggest that the chemical identity of potassium
compounds could depend on the species more strongly adsorbed
on the catalyst [16]. Taking into account the composition of the
feed, the potassium compounds may be considered to be
potassium carbonate and potassium bicarbonate. In fact, the
presence of C=0, carbonaceous species, carboxylate-ion CO,",
chelating bidentate potassium carbonate and potassium bicarbon-
ate were confirmed by FTIR measurements during electropro-
moted propene combustion experiments at 350°C over a similar
Pt/K-BAl,03 system [21].

With increasing applied potential, and therefore decreasing K
coverage, during the anodic (backward) potential scan, potassium
ions are electrochemically removed from the Pt surface and
returned to the solid electrolyte, allowing the decomposition of the
promoter compounds formed during the previous cathodic scan
and the release of CO,. As a consequence, an anodic peak appears,
centred at about 2 V (A0 + A1) which is considered [21,23] to be due
to the decomposition of carbonates and bicarbonates formed by
interaction of CO, with potassium ions electrochemically supplied
to the catalyst electrode. In fact, the maximum decomposition rate
of the stored potassium carbonate and bicarbonate species over
similar Pt/K-BAl,03 systems has been reported to be obtained at
about 2V [21,23].

3.2.3. Effect of N>O on electropromoted CO, capture

Fig. 5 compares cyclic voltammograms obtained in the absence
and in the presence of N,O at steady state conditions. The
corresponding values of potassium surface coverage on Pt for both
scans are shown in the inset of Fig. 5. Potassium surface coverage
calculated for the cathodic scan almost matches up with that
obtained for the anodic scan, indicating that the electropromoted
processes are also reversible in the presence of N,O.

As shown in Fig. 5, in the presence of CO,, O, and N,O a cathodic
shoulder (not well resolved) peak (SC1) appeared, at about -2V,
together with peak C1 in the forward scan. The C1 peak,
corresponding to the formation of potassium carbonate species,
appears at a potential value very close to that obtained in CO,/05/
N, atmosphere (-1V), but the peak area is smaller in the presence
of N0 (0x=0.29), i.e., CO, capture through carbonate formation
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Fig. 5. Effect of N,O on electropromoted CO, capture over Pt/K-BAl,03. Cyclic
voltammograms recorded at 400°C and under different gas compositions: 11.2%
C0,,4.7% 0, and 500 ppm N0 in N, (black), 11.2% CO, and 4.7% O, in N (red). Inset:
Potassium surface coverage for the cathodic and anodic scans under different gas
compositions. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

decreases in the presence of N,O. It seems that, as reported in
literature [36], N,O species competitively adsorb onto the
platinum sites (Eq. (15)) preventing CO, adsorption and carbonate
species formation, thus resulting in a decrease in the area of the
peaks associated with carbonate formation (C1) and decomposi-
tion (A1). As can be observed in Fig. 1, N,O is a somewhat stronger
electron acceptor than CO,, because the addition of N,O slightly
increases the value of open circuit potential in relation to that
obtained under CO,/0,/N, (AOCP=3mV). As a result, N;O
adsorption is a little more favoured in the presence of potassium
surface promoter, and under these conditions competes with CO,
and O, for adsorption sites, i.e., a decrease in catalyst potential and,
subsequently, an increase in the presence of surface promoter, is
expected to enhance the competitive adsorption of N,O (Eq. (15)),
and therefore the associated inhibiting effect on CO, carbonation
(Fig. 5).

N,0O(g) — N20(a) (15)

The C2 peak attributed to the formation of oxidic phases
(potassium oxides and peroxides) almost disappeared in the
presence of N,O. A new cathodic shoulder peak (SC1) appears at
about -2 V in the cathodic scan which may be attributed, according
to literature [37], to the formation of chemisorbed N,O species
(potassium nitrites and nitrates) by reaction (Egs. (16)-(18))
between adsorbed N,O and surface oxygen adatoms resulting from
the dissociative adsorption of oxygen which is favoured at low
potentials (high potassium coverage). The resulting decrease in
surface coverage of oxygen adatoms may limit the formation of
oxidic phases (potassium oxides and superoxides), which may
explain the disappearance of the C2 peak in the presence of N,O.

N,0(a) + 0 (a) — NO + NO (a) (16)
N,0(a) + NO~(a) — N, + NO; (a) (17)
N,0(a) + NO; (a) — N, + NOj; (a) (18)

Regarding the backward scan, an additional anodic shoulder
peak (SA1) appeared (at about 2.5V), which may be ascribed to
decomposition of promoter-derived nitrites/nitrates formed in the
corresponding peak at -2V (SC1) during the previous cathodic
polarization. In fact, the maximum decomposition rate of stored
nitrate species over a similar Pt/K-BAl,O3; system has been
reported to occur at about 3V [3].

Therefore, it seems that N,O species competitively adsorb onto
the platinum sites preventing CO, adsorption and carbonate
species formation.

As can be deduced from Fig. 5, in the presence of N,O there was
also a difference between the areas (or potassium surface
coverage) of the sum of the C1 (carbonates) and C2 (oxides)
cathodic peaks and the corresponding A1+ A2 anodic peak. This
difference may be again ascribed to the formation of non-stable or
non-electroactive chemisorbed CO, species (carboxylate ion, etc.)
during the first part of the cathodic scan, which did not give rise to
the appearance of a discernible peak, but for which the
corresponding CO, release by desorption or decomposition
contributes to the A1+A2 area in the anodic scan.

In order to analyse the effect of the presence of N,O on the
electropromoted CO, capture performance of the catalyst, electro-
promoted adsorption/desorption cycles were also obtained in the
presence of CO5, O, and N,0 at 400 °C (Fig. 6). As can be observed in
Fig. 6, the areas of C1 peaks obtained for the first and second cycle
almost coincide; in addition, the areas of the A1 peaks obtained for
the second and third cycle seem to coincide as well. Thus, certain



192 E. Ruiz et al./Electrochimica Acta 188 (2016) 184-196

(o]

154
E Al
< 10 SA1
< 10
z 5]
Z
o)
= 01
% 5 /
: <
O-10- sc1 &

3 2 0o 1 2 3 4

1
Potential / V

Fig. 6. Cyclic voltammograms recorded over Pt/K-BAl,05 in the presence of CO,
(11.2%), 05 (4.7%) and N,0 (500 ppm) at 400 °C: 1% cycle (black), 2" cycle (red), 3¢
cycle (blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

steady state can be observed, i.e., there was no poisoning effect of
N,O on CO, capture over Pt by N,O derived compounds
accumulation on the catalyst surface.

3.2.4. Effect of SO, on electropromoted CO, capture

Fig. 7 compares cyclic voltammograms obtained in the absence
of SO, (at steady state conditions) and in the presence of SO, (3
cycle, not at steady state conditions). As can be obtained from the
values of potassium surface coverage obtained for each scan (inset
of Fig. 7), in the presence of SO, there is also a good balance
between the cathodic and anodic phenomena, confirming the
reversibility of the electropromoted adsorption processes.

As shown in Fig. 7, in the presence of CO,, O, and SO, an
additional cathodic peak (SCO) appeared, at about open circuit
conditions (0V), together with peaks C1 and C2 in the forward
(cathodic) scan. The C1 and C2 peaks, corresponding to the
formation of potassium carbonate species and potassium oxidic
species, respectively, appear at a potential values (-1V and -2.2V)
very close to that obtained in CO,/0,/N; atmosphere, but the peak
areas are smaller in the presence of SO, i.e., the formation of both
potassium carbonate and oxidic species decreases in the presence
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Fig. 7. Effect of SO, on electropromoted CO, capture over Pt/K-BAl,05. Cyclic
voltammograms recorded at 400°C and under different gas compositions: 11.2%
C0,, 4.7% 0, and 109 ppm SO, in N (black), 11.2% CO, and 4.7% O, in N, (red). Inset:
Potassium surface coverage for the cathodic and anodic scans under different gas
compositions. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

of SO,. Therefore, CO, capture was lower (6xc;=0.08) in the
presence of SO,, which demonstrates the negative effect of SO, on
the CO, storing process. The other cathodic peak, SCO, is thought to
be due to the formation of sulphur compounds (mainly potassium
sulphites and sulphates). In fact, SO, is a potential poison of the
electrocatalyst, because SO, can be adsorbed competitively on Pt
sites [38] and under certain conditions, may be oxidized to SO by
reaction with chemisorbed oxygen [39-43] and can form quite
stable sulphites/sulphates (Egs. (19)-(23)) [13,44,45]. The corre-
sponding anodic peak (SAO) appearing in the backward scan at
about 3V, may be associated with the decomposition of sulphites
and sulphates potentially formed in the forward scan. These results
show that the system is also able to store SO, likely as potassium
sulphite and sulphate species [44,46,47].

S0, (g)=S0,(a) (19)
1/2 0,(g)=0(a) (20)
S0, (a) + 0(a)<S03(a) (21)

SO, (a) + 0(a) + 2K-BAL0; — K;S0;
+ 2K,0-deficient K-BAL,04 (22)

SO5(a) + O(a) + 2K-BAL 05 — K50,
+ 2K, 0-deficient K-8Al,03 (23)

SO, is a bit weaker electron acceptor than CO,, as can be derived
from Fig. 1, because the addition of SO, to the standard gas
composition results in a slightly decrease of the open circuit
potential (AOCP=-10 mV). Therefore, SO, could be considered as
an electron donor vs. CO,, and as a result, SO, adsorption is
favoured in the absence of promoter, implying that, under
unpromoted conditions (4 V), it would be preferentially adsorbed
on the Pt surface, inhibiting CO, adsorption. Therefore, on
decreasing catalyst potential and, then, increasing the presence
of surface promoter, SO, adsorption is anticipated to decrease and
adsorption sites become available for the CO, and O, chemisorp-
tion to take place [48]. At low potassium coverage, i.e. at low
coverage of surface oxygen [48], the interaction between SO, and
chemisorbed oxygen resulted in the formation of potassium
sulphites/sulphates [13,44], around OV (peak SCO in Fig. 7)
[38,39,41,48]. A subsequent decrease in potential, i.e., a further
increase in potassium promoter coverage, favoured CO, adsorption
at the expense of that of SO,, resulting in the formation of
potassium carbonate species, which is maximum at about -1V
(peak C1 in Fig. 7). At very negative potentials, i.e., high potassium
surface coverage, oxygen chemisorption is favoured resulting in
the formation of potassium oxidic species (peak C2 in Fig. 7).

On the other hand, it can be observed that the maximum
decomposition rate of the stored carbonates was obtained at about
1.5V, whereas the maximum decomposition rate of sulphite/
sulphate species occurred at about 3 V. These results indicate that
the sulphite (decomposition temperature: 497 °C)/sulphate (de-
composition temperature: 700 °C) species exhibit a higher stability
than the carbonates (decomposition temperature =377°C) [49].

Therefore, the system is able to store both kinds of pollutants
(CO, and SO,) from the gas phase, and afterwards to electrochem-
ically decompose them separately at different potentials, allowing
selective separation of CO,. In spite of the uncertainty related with
the baseline to be used in the calculation of each peak area, a good
agreement in calculated potassium surface coverage has been also
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Fig. 8. Cyclic voltammograms recorded over Pt/K-BAl,05 in the presence of CO,
(11.2%), 05 (4.7%) and SO (109 ppm) at 400 °C: 1%¢ cycle (black), 2™ cycle (red), 3™
cycle (blue). Inset: Potassium surface coverage corresponding to the cathodic C1
peak (carbonate formation) over cycles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

obtained for each pair or combination of the corresponding peaks,
i.e., the sum of C1 and C2 cathodic peaks and the A1+ A2 anodic
peak and the SCO and SAO peaks.

In order to ascertain the effect of SO, on the electropromoted
CO, capture behaviour of the catalyst, electropromoted adsorp-
tion/desorption cycles were also carried out in the presence of CO5,
0, and SO, at 400°C (Fig. 8).

SO, is competitively adsorbed onto the platinum sites,
preventing CO, adsorption and carbonate species formation
[45], and may be subsequently oxidised by oxygen adatoms
deposited by dissociative adsorption of O, on Pt [39], giving rise to
a decrease in potassium oxidic species formation and to poisoning
of adsorption/storing sites through the formation of potassium
sulphites and sulphates (Eqgs. (22)-(23)) [39,50]. This is revealed by
the decrease in the area (or Oy, of the peaks associated with
carbonate (6xc; from 0.15 to 0.08, in the inset of Fig. 8) and oxidic
species formation and decomposition (Oxai+a2 from 0.17 to 0.08)
and by the corresponding increase in the area of the peaks
associated with sulphur species formation (SC0) and decomposi-
tion (SAO) (0x from 0.31 to 0.36), over successive cycles. This fact
shows that there is a competition between SO, and CO, for
adsorption on potassium storage sites which results in a decrease
in the amount of K-based carbonate stored in the presence of SO,
over successive cycles [47] and suggests that, in the presence of
S0,, CO, could be eventually displaced from the surface (Eq. (24))
[45,49] and sulphur species could continue to accumulate. In fact,
as can be observed in Fig. 8, as the cycling progresses the area, or
equivalently 0 (inset of Fig. 8) corresponding to the C1 peak
decreases whereas those ascribed to SCO peak increases, therefore,
a deactivation process occurs that seems to involve oxidation of
SO, to SOz over the metal component (Pt) followed by SOs
adsorption on the storage component (K*) [45].

K;CO3 +S0O; +1/2 0, — K;S04 + CO, (24)

3.2.5. Effect of NO on electropromoted CO, capture

Fig. 9 compares cyclic voltammograms obtained in the absence
and in the presence of NO at steady state conditions. As can be
deduced from the values of potassium surface coverage obtained
for each scan (inset of Fig. 9), in the presence of NO, there is also a
good balance between the cathodic and anodic phenomena,
confirming the reversibility of the electropromoted adsorption
processes. However, in this case, it was almost impossible to
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discern between the different peaks as a result of the distortion of
the voltammogram induced by the presence of NO.

As shown in Fig. 9, in the presence of CO,, O, and NO, a
widening (probably due to the appearance of a second peak in both
the cathodic and anodic regions) and an increasing intensity of the
cathodic and anodic voltammetry peaks could be observed. This
seems to indicate that additional surface species were formed
during forward polarization, as indicated by the appearance of a
cathodic shoulder peak at about-2V (SC1), which were decom-
posed during backward polarization giving rise to the correspond-
ing anodic shoulder peak at about 2.5V (SA1). In view of the
reaction ambient, we could envisage that possible compounds
formed could be potassium nitrite and nitrate phases. On the
contrary, the C1 and C2 peaks, corresponding to the formation of
potassium carbonate species and potassium oxidic species,
respectively, and the corresponding A1+ A2 peak associated with
their decomposition are unnoticeable in the presence of NO. These
results seem to confirm that the system is also able to store NO,
likely as potassium nitrite and nitrate species [51]. It has been
previously reported [52] that, at 350°C and on a similar
Pt/K-BAl,05 catalyst, NOx storage firstly proceeds with formation
of nitrites. At temperatures above 200 °C, the potassium nitrites,
formed at the early stage of adsorption phase, can be oxidized into
nitrates by oxygen atoms resulting from dissociative adsorption of
0, on Pt [52,53]. At saturation, only nitrates (bidentate and ionic
nitrates) were detected to be present on the catalyst surface. A
parallel pathway involving direct formation of nitrate species was
also reported to be apparent [52].

NO is a bit stronger electron acceptor than CO,, as can be
derived from Fig. 1, since the addition of NO increases the value of
open circuit potential in relation to that of the standard gas
(AOCP=+42mV). Therefore, CO, could be considered as an
electron donor vs. NO and O, (which is one of the strongest
electron acceptors), and as a result, CO, adsorption is favoured on a
potassium free catalyst surface (unpromoted conditions). With
decreasing catalyst potential during the forward scan, potassium
ions migrate from the solid electrolyte to the catalyst electrode
(Pt). According to the current rules of electrochemical promotion
[2], the presence of an electropositive promoter (K+ ) on a catalyst
film increases its ability to chemisorb electron acceptor species, in
this case NO (Eq. (25)) and O, (Eq. (20)), disfavouring the
chemisorption of electron donor ones (CO,). The interaction
between NO and oxygen chemisorbed species resulted in preferred
formation of potassium nitrites/nitrates (shoulder peak SC1 in
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Fig. 9). The electrochemical addition of potassium ions to the Pt
surface has been reported [3,18,23,53] to promote NO oxidation
reaction to NO, (Eq. (26)), which has been identified as the rate
determining step for the NOx storage process [3,18,23,53-55]. The
promotional effect of potassium was attributed to an increase in
the O, adsorption rate, which has been identified as the rate-
determining step of NO oxidation (Eq. (26)) [53]. Thus the increase
in the NO oxidation reaction rate induced by the potassium ions
initiated the NOx storage process. The next step is NO (Eq.(27)) and
NO, (Eq. (28)) adsorption in the form of nitrites or nitrates [53-55].
Subsequently, potassium ions electrochemically pumped to the Pt
catalyst active sites act as storage components and trap part of NO/
NO, in the form of nitrites (Eq. (29))/nitrates (Eq. (30))
[16,17,53,56-59]. Therefore, one can distinguish two types of
processes: the non-faradaic effect of promoter on the NO oxidation
rate and the formation of potassium nitrates species limited by the
Faraday law (i.e., by the rate of ions supply) [3].

NO(g)<NO(a) (25)
NO(a) + 0(a)=NO, () (26)
NO(a) + 0™ (a) — NO; (a) (27)
NO,(a) + 0~ (a) — NO; (a) (28)
NO; (a) + K* (a) — KNO, (29)
NO; (a) + K*(a) — KNO3 (30)

On the other hand the removal of potassium ions from the
catalyst surface during the backward scan allows the decomposi-
tion of the previously stored phases [3,56], which leads to the
observed anodic shoulder peak (SA1).

In order to determine the effect of NO on the electropromoted
CO, capture behaviour of the catalyst, electropromoted adsorp-
tion/desorption cycles were also performed in the presence of CO,,
0, and NO at 400°C (Fig. 10).
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Fig. 10. Cyclic voltammograms recorded over Pt/K-BAl;05 in the presence of CO,
(11.2%), 05 (4.7%) and NO (492 ppm) at 400 ° C: 1%t cycle (black), 2" cycle (red), 3"¢
cycle (blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

As can be observed in Fig. 10, in the presence of NO, the cathodic
C1 and C2 peaks and the anodic peak (A1 + A2) related to formation
and decomposition of potassium carbonate and oxide species are
unnoticeable along cycles, which demonstrates the strong
detrimental effect of NO on the CO, storing process. It can be
also observed that the maximum decomposition rate of the nitrate
species occurred at about 2.5V, indicating that the nitrate species
have a higher stability than the carbonates (maximum decompo-
sition rate at about 1.5V). Carbonates are stable between 200-
650K. Carbonates decomposition starts at temperatures above
650K and is completed above 800K [27]. In addition, stability of
potentially formed potassium carbonates is also lower at higher
temperatures [60,61]. Potassium carbonate and bicarbonate have
been reported to be decomposed under application of 2 V, whereas
decomposition of the nitrate species occurred at 3V [21,23]. At
high temperature (usually T>400 °C), the NOx storage is limited by
the stability of adsorbed species [23,60], whereas at low
temperature (usually T<250°C) it is limited by the low NO
oxidation rate [3,53].

Therefore, it seems that there is a competition between NO and
CO, for adsorption on electrochemically supplied alkali metal
(potassium) storage sites [3,23,24,26,34,62,63] which results in a
strong decrease in the amount of K-based carbonates stored in the
presence of NO and suggests that, in the presence of NO, CO, is
displaced from the surface and nitrate species could quickly
accumulate on the catalyst surface, because, as can be observed in
Fig. 10, a steady state behaviour seems to be attained from the
second cycle, given that voltammograms for the second and third
cycles almost coincide. In fact, according to literature, alkali metal
carbonates can be converted into alkali metal nitrates depending
on operating conditions [64], as a result of the progressive
decomposition of surface carbonates upon NOx uptake according
to the stoichiometry of reaction (Eq. (31)) [40,56,64,65]. It has been
previously observed that, at 300 °C, NOx can replace all carbonates
and carboxylates in the alkali metal phase in the absence of CO,
[49,64,65], whereas in the presence of CO, in the feed, not all the
alkali metal carbonates can be converted into alkali metal nitrates
|66] and, even, CO, may induce nitrate decomposition and NOx
release, due to the formation of stable alkali metal carbonates
[66,67]. Moreover, according to literature, the stability of these
species (nitrates and carbonates), relative to each other, differs
depending on reaction conditions [24,68]. Some authors reported
that the inhibiting effect of NOx on CO, adsorption over
electrochemically supplied potassium storing sites decreased at
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Fig. 11. Comparative XRD spectra of the Pt catalyst-working electrode film as
prepared (black) and after reduction and testing (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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higher temperature because the stability of carbonates compared
to the respective nitrates increases with temperature [24,68].

It has been reported [23] that the ability of Pt to catalyse NO to
NO, does not drive off adsorbed carboxylates, but instead its ability
to catalyse adsorbed NO, to an adsorbed nitrate is responsible for
this destabilization, i.e., the presence of Pt contributes to the
destabilization of the K-CO,- bonds, allowing additional nitrate
formation [34].

K;CO3 +2 NO +3/2 0, — 2KNO3 + CO, (31)

3.3. Catalyst characterisation studies

XRD spectra of fresh (as prepared) and used (after exposure to
reaction conditions) samples of Pt catalyst-working electrode film
are compared in Fig. 11. The peaks at 26 about 39.7°, 46.2°, 67.4°,
81.2° and 85.7° were identified as the typical diffraction peaks of Pt
metal (JCPDS card no. 98-064-9494), whereas the remaining peaks
were assigned to the K- Al,05 solid electrolyte (JCPDS card no. 98-
020-0993 and 98-020-1094). No peaks of platinum oxide, or other
phases, were detected for the samples both as prepared and after
testing,

As can be deduced by XRD analysis (Fig. 11), it seems that
exposure of the Pt catalyst film to the testing gas environment
resulted in sintering of the Pt particles, giving rise to an increase in
crystallinity, as revealed by the fact that typical XRD peaks of
metallic Pt exhibited higher intensity in the used sample.

As can be observed also in Fig. 11, the intensities of XRD peaks
related to K-BAl,03 also increased in the used samples. This
increase is considered to be due to hydrothermal sintering of Al,03,
which is typical to occur in the presence of high water
concentrations (10% in our case) and which is accelerated by
temperature (400°C).

In order to evaluate the nature of the different species which
were expected to have been accumulated on the Pt surface, the
sample used in multi-cycle tests under different gas composition
was characterised by XPS. A fresh sample was also analysed in
order to provide an initial reference state for the material.

The XPS analysis of the fresh (as deposited) sample seems to
indicate that Pt is mainly present as metal, as suggested by the
appearance of a peak at a binding energy of about 70.9eV [69], in
the Pt 4f7, spectra.

The XPS spectra of the used (after testing) sample revealed the
presence of additional superficial compounds that could not be
identified by XRD, resulting in Pt being present as Pt oxides (6.5%)and
hydroxides (30.1%), which may be formed upon exposure of the Pt
film to wet and/or oxidant testing gas environments, in addition to
metallic Pt (63.5%), as revealed by the appearance of peaks at binding
energies of about 74 and 72/74.4 eV [70-72], respectively, in the Pt
4f;, spectra. These results suggest that the Pt film could be partially
oxidized/hydroxylated under reaction gas environment.

XPS results seem to confirm the partial hydrothermal sintering
of K-BAl,05 by the appearance of a peak at a binding energy of
about 119 eV in the Al 2s XPS spectra of the used sample, associated
with the formation of Al(OH); [73].

XPS results seem to provide insights of certain accumulation of
sulphur and nitrogen species on the Pt surface.

The presence of peaks at binding energies of about 164 [70] and
168.12eV [74] in the S 2p3,, spectra may be indicative of some
formation of sulphite (31.5%) and sulphate (68.5%) species,
respectively, on the Pt surface, which could contribute also to
the decrease in CO, capture over successive cycles, observed in the
tests performed in the presence of SO,. This is accompanied by the
appearance of a peak (at 533.6eV) in the O 1s region that could be
ascribable also to the formation of sulphate species [75].

There are also signs of nitrogen accumulation on the Pt surface,
as indicated by the appearance of peaks at about 399.2 [70], 400.5
[76] and 402 [71] eV in the N 1s spectra of the used sample which
could be attributed to the presence of nitrite, adsorbed NOx and
nitrate surface species, respectively.

Therefore, results of catalyst characterization, before and after
the tests, seem to confirm the assumed identity of phases proposed
by earlier mechanistic and spectroscopic studies reported in
literature, because XPS results reveal that Pt could be partially
oxidized/hydroxylated under reaction gas environment, given that
the presence of Pt oxides and hydroxides on the surface of the used
sample was confirmed by the appearance of XPS peaks attributable
to these compounds. XPS has also revealed the presence of nitrite,
adsorbed NOx, nitrate, sulphite and sulphate surface species in the
used Pt catalyst. However, there were no XPS or XRD results which
could suggest the possible formation of potassium compounds on
the K-BAl,03 electrolyte surface.

4. Conclusions

Cyclic electropromoted CO, capture studies showed that the
tubular Pt/K-BAl,05 system is able to capture CO, under conditions
representative of combustion flue gases at bench scale, not only by
selective electropromoted adsorption but also in the form of
carbonates and bicarbonates by reaction with potassium ions
electrochemically supplied to Pt surface. CO, capture is enhanced
in the presence of O, and H,0. The CO, capture behaviour of the
system is almost unaffected by the presence of N,0. SO, poisons
CO, capture, whereas the presence of NO appears to considerably
hinder CO, capture. The Pt/K-BAl,05 system can be regenerated,
allowing CO, separation, by electrochemical decomposition of
previously stored compounds at different potentials without
increasing temperature, with consequent energy saving. Electro-
chemical promotion seems to be a promising technique to
diminish the inhibiting or poisoning effect of the different harmful
exhaust gas components, because it allows decreasing of their
competitive adsorption by modification of surface potassium
coverage through variation of the applied potential.

Acknowledgements

The authors acknowledge support from Ministerio de Ciencia e
Innovacién of Spain (Project ENE2010-15569). Pedro J. Martinez is
grateful to Ministerio de Ciencia e Innovacién of Spain for the
research grant BES-2011-046902.

References

[1] C. Song, Catal. Today 115 (2006) 2.

[2] C.G. Vayenas, S. Bebelis, C. Pliangos, S. Brosda, D. Tsiplakides, Electrochemical
Activation of Catalysis: Promotion, Electrochemical Promotion and Metal-
Support Interactions, Kluwer Academic/Plenum Publishers, New York, 2001.

[3] A. de Lucas-Consuegra, A. Caravaca, M.]. Martin de Vidales, F. Dorado, S.
Balomenou, D. Tsiplakides, P. Vernoux, J.L. Valverde, Catal. Commun. 11 (2009)
247.

[4] M.C. Stern, F. Simeon, T. Hammer, H. Landes, H.]. Herzog, T.A. Hatton, Energy
Procedia 4 (2011) 860.

[5] H.W. Pennline, E.J. Granite, D.R. Luebke, J.R. Kitchin, J. Landon, L.M. Weiland,
Fuel 89 (2010) 1307.

[6] N. Kotsionopoulos, S. Bebelis, J. Appl. Electrochem. 40 (2010) 1883.

[7] D. Tsiplakides, S. Balomenou, Cat. Today 146 (2009) 312.

[8] T. Chao, K.J. Walsh, P. Fedkiw, Solid State Ionics 47 (1991) 277.

[9] L.Bultel, C. Roux, E. Siebert, P. Vernoux, F. Gaillard, Solid State lonics 166 (2004)
183.

[10] C.G. Vayenas, A. loannides, S. Bebelis, J. Catal 129 (1991) 67.

[11] ]. Yi, A. Kaloyannis, C.G. Vayenas, Electrochimica Acta 38 (1993) 2533.

[12] E. Ruiz, D. Cillero, A. Morales, G. San Vicente, G. de Diego, PJ. Martinez, J.M.
Sanchez, Electrochimica Acta 112 (2013) 967.

[13] E.L Papaioannou, S. Souentie, A. Hammad, C.G. Vayenas, Catal. Today 146
(2009) 336.


http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0005
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0010
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0010
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0010
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0015
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0015
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0015
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0020
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0020
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0025
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0025
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0030
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0035
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0040
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0045
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0045
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0050
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0055
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0060
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0060
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0065
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0065

196 E. Ruiz et al./Electrochimica Acta 188 (2016) 184-196

[14] E. Ruiz, D. Cillero, PJ. Martinez, A. Morales, G. San Vicente, G. de Diego, J.M.
Sanchez, Catal. Today 210 (2013) 55.

[15] A. Morales, EU EP 1 321539 A2.

[16] F. Dorado, A. de Lucas-Consuegra, P. Vernoux, J.L. Valverde, Appl. Catal. B 73
(2007) 42.

[17] F. Dorado, A. de Lucas-Consuegra, C. Jiménez, J.L. Valverde, Appl. Catal. A 321
(2007) 86.

[18] A. de Lucas-Consuegra, F. Dorado, J.L. Valverde, R. Karoum, P. Vernoux, Catal.
Commun. 9 (2008) 18.

[19] P. Vernoux, F. Gaillard, C. Lopez, E. Siebert, Solid State Ionics 175 (2004) 609.

[20] M. Kiskinova, G. Pirug, H.P. Bonzei, Surf. Sci. 150 (1985) 319.

[21] A. de Lucas-Consuegra, F. Dorado, J.L. Valverde, R. Karoum, P. Vernoux, J. Catal.
251 (2007) 474.

[22] Z.M. Liu, Y. Zhou, F. Solymosi, ].M. White, Surf. Sci. 245 (1991) 289.

[23] L.V. Mattos, E.R. Oliveira, P.D. Resende, F.B. Noronha, F.B. Passos, Catal. Today 77
(2002) 245.

[24] E.C. Corbos, X. Courtois, N. Bion, P. Marecot, D. Duprez, Appl. Catal. B 76 (2007)
357.

[25] J.M. Ricart, M.P. Habas, A. Clotet, D. Curulla, F. Illas, Surf. Sci. 460 (2000) 170.

[26] I Nova, L. Castoldi, L. Lietti, E. Tronconi, P. Forzatti, Catal. Today 75 (2002) 431.

[27] M. Xin, I.C. Hwang, S.I. Woo, Catal. Today 38 (1997) 187.

[28] T.J. Toops, D.B. Smith, W.P. Partridge, Catal. Today 114 (2006) 112.

[29] S. Brosda, C.G. Vayenas, J. Wei, Appl. Catal. B 68 (2006) 109.

[30] EJ.Willians, M.S. Tikhov, A. Palermo, N. Macleod, R.M. Lambert, ]. Phys. Chem. B
105 (2001) 2800.

[31] B.T. Zhang, M. Fan, A.E. Bland, Energy & Fuels 25 (2011) 1919.

[32] H.P. Bonzel, G. Pirug, Physical Review Letters 58 (1987) 20.

[33] A.P. Seitsonen, Y. Zhu, K. Bediirftig, H. Over, J. Am. Chem. Soc. 123 (2001) 7347.

[34] TJ. Toops, D.B. Smith, W.S. Epling, J.E. Parks, W.P. Partridge, Appl. Catal. B 58
(2005) 255.

[35] W. Lew, M.C. Crowe, C.T. Campbell, J. Carrasco, A. Michaelides, J. Phys. Chem. C
115 (2011) 23008.

[36] M. Konsolakis, C. Drosou, L.V. Yentekakis, Appl. Catal. B 123-124 (2012) 405.

[37] C. Sang, C.RF. Lund, Catal. Lett. 73 (2001) 73.

[38] J. Zhai, M. Hou, D. Liang, Z. Shao, B. Yi, Electrochemistry Communications 18
(2012) 131.

[39] A. Hammad, S. Souentie, E.I. Papaioannou, S. Balomenou, D. Tsiplakides, ].C.
Figueroa, C. Cavalca, CJ. Pereira, Appl. Catal. B 103 (2011) 336.

[40] J. Dawody, M. Skoglundh, L. Olsson, E. Fridell, Appl. Catal. B 70 (2007) 179.

[41] C. Quijada, A. Rodes, J.L. Vazquez, .M. Pérez, A. Aldaz, Journal of
Electroanalytical Chemistry 394 (1995) 217.

[42] P.H. Yang, ].H. Yang, C.S. Chen, D.K. Peng, G.Y. Meng, Solid State Ionics 86-88
(1996) 1095.

[43] Y.W. Lee, J.W. Park, J.H. Choung, D.K. Choi, Environ. Sci. Technol. 36 (2002)
1086.

[44] G. Jasinki, P. Jasinki, B. chaculski, A. Novakowski, Materials-Science-Poland 24
(2006) 265.

[45] J.A. Anderson, Z. Liu, M. Ferndndez Garcia, Catal. Today 113 (2006) 25.

[46] TJ. Toops, J.A. Pihl, Catal. Today 136 (2008) 164.

[47] E. Schreier, R. Eckelt, M. Richter, R. Fricke, Appl. Catal. B 65 (2006) 249.

[48] E. Xu, R. Xu, S. Mu, Electrochimica Acta 112 (2013) 304.

[49] L. Wang, H. Zhou, K. Liu, Y. Wu, L. Dai, R.V. Kumar, Solid State lonics 179 (2008)
1662.

[50] N.Rao, C.M. van den Bleek, J. Schoonman, Solid State Ionics 53-56 (1992) 38.

[51] D.Uy, K.A. Wiegand, A.E. O'Neill, M.A. Dearth, W.H. Weber, ]. Phys. Chem. B 106
(2002) 387.

[52] L. Castoldi, L. Lietti, P. Forzatti, S. Morandi, G. Ghiotti, F. Vindigni, J. Catal. 276
(2010) 335.

[53] A.de Lucas-Consuegra, A. Caravaca, P. Sanchez, F. Dorado, ].L. Valverde, ]. Catal.
259 (2008) 54.

[54] X. Li, P. Vernoux, Appl. Catal. B 61 (2005) 267.

[55] S. Hammache, L.LR. Evans, E.N. Coker, ].E. Miller, Appl. Catal. B 78 (2008) 315.

[56] R.Matarrese, L. Castoldi, N. Artioli, E. Finocchio, G. Busca, L. Lietti, Appl. Catal. B
144 (2014) 783.

[57] M. Konsolakis, L.V. Yentekakis, Appl. Catal. B 29 (2001) 103.

[58] A. de Lucas-Consuegra, A. Caravaca, F. Dorado, J.L. Valverde, Catal. Today 146
(2009) 330.

[59] LV. Yentekakis, G. Tellou, I.A. Rapakousios, Appl. Catal. B 56 (2005) 229.

[60] A. Kotsifa, D.I. Kondarides, X.E. Verykios, Appl. Catal. B 72 (2007) 136.

[61] Y. Chi, S.S.C. Chuang, Catal. Today 62 (2000) 303.

[62] E.C. Corbos, X. Courtois, F. Can, P. Marecot, D. Duprez, Appl. Catal. B 84 (2008)
514.

[63] C.M.L. Scholz, V.R. Gangwal, M.H.].M. de Croon, J.C. Schouten, Appl. Catal. B 71
(2007) 143.

[64] H. Mahzoul, J.F. Brilhac, P. Gilot, Appl. Catal. B 20 (1999) 47.

[65] T. Lesage, J. Saussey, S. Malo, M. Hervieu, C. Hedouin, G. Blanchard, M. Daturi,
Appl. Catal. B 72 (2007) 166.

[66] ]J.-Y. Luo, W.S. Epling, Appl. Catal. B 97 (2010) 236.

[67] A. Lindholm, N.W. Currier, E. Fridell, A. Yezerets, L. Olsson, Appl. Catal. B 75
(2007) 78.

[68] W.S. Epling, J.E. Parks, G.C. Campbell, A. Yezerets, N.W. Currier, L.E. Campbell,
Catal. Today 96 (2004) 21.

[69] A. Mosquera, D. Horwat, L. Vazquez, A. Gutierrez, A. Erko, A. Anders, ].
Andersson, J.L. Endrino, ]. Mater. Res. 27 (2012) 829.

[70] C.D. Wagner, W.M. Riggs, L.E. Davis, ].F. Moulder, Handbook of X-ray
photoelectron spectroscopy, Perking-Elmer Corp, Eden Prairie, 1979.

[71] D. Briggs, M.P. Seah, Practical Surface Analysis Volume 1: Auger and X-ray
Photoelectron Spectroscopy, 2nd Edn, John Wiley & Sons, New York, 1990.

[72] T.L. Barr, J. Phys. Chem. 82 (1978) 1801.

[73] J.A. Rotole, PM.A. Sherwood, Surface Science Spectra 5 (1998) 32.

[74] R.A. Walton, Coordination Chemistry Reviews 31 (1980) 183.

[75] P.de Donato, C. Mustin, R. Benoit, R. Erre, Applied Surface Science 68 (1993) 81.

[76] X. Gao, P. Chen, ]. Liu, Materials Letters 65 (2011) 685.


http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0070
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0070
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0080
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0080
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0085
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0085
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0090
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0090
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0095
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0100
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0105
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0105
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0110
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0115
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0115
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0120
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0120
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0125
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0130
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0135
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0140
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0145
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0150
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0150
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0155
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0160
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0165
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0170
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0170
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0175
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0175
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0180
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0185
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0190
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0190
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0195
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0195
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0200
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0205
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0205
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0210
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0210
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0215
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0215
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0220
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0220
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0225
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0230
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0235
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0240
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0245
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0245
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0250
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0255
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0255
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0260
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0260
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0265
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0265
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0270
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0275
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0280
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0280
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0285
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0290
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0290
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0295
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0300
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0305
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0310
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0310
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0315
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0315
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0320
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0325
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0325
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0330
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0335
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0335
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0340
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0340
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0345
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0345
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0350
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0350
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0355
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0355
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0360
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0365
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0370
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0375
http://refhub.elsevier.com/S0013-4686(15)30920-8/sbref0380




PUBLICACION 3:

Esperanza Ruiz, Domingo Cillero, Pedro J. Martinez, Angel
Morales, Gema San Vicente, Gonzalo de Diego, José Maria Sanchez,
“Bench scale study of electrochemically promoted -catalytic CO;
hydrogenation to renewable fuels”. Catalysis Today 210 (2013) 55-66.

http://dx.doi.org/10.1016/j.cattod.2012.10.025

193


http://dx.doi.org/10.1016/j.cattod.2012.10.025




Catalysis Today 210 (2013) 55-66

Contents lists available at SciVerse ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

Bench scale study of electrochemically promoted catalytic CO, hydrogenation to
renewable fuels

Esperanza Ruiz*, Domingo Cillero, Pedro J. Martinez, Angel Morales, Gema San Vicente,
Gonzalo de Diego, José Maria Sanchez

Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas (CIEMAT), Av. Complutense, 40, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT
Article history: The electropromoted CO, hydrogenation to renewable fuels was studied over Pt on K-BAl,03 at bench-
Received 10 August 2012 scale, under atmospheric pressure and high gas flow rates, with varying H,/CO, ratios and using gas

Received in revised form 16 October 2012
Accepted 17 October 2012
Available online 14 December 2012

compositions representative of postcombustion CO, capture exit streams and easily scalable catalyst-
electrode configurations, as an approach towards its potential practical application.

Two Pt catalyst films were prepared by different methods resulting in different Pt particle size and
dispersion. The catalytic activity for CO, hydrogenation was promoted, by up to 20 times, by pumping

Keywords: . . K* to the Pt surface. CH4 formation was favoured over the catalyst with smaller Pt particle size and was
Electrochemical promotion . . . . . . .
Bench scale enhanced, by up to 7.6 times, on increasing potential. Higher gas flow rates favoured methanation reaction
€O, hydrogenation at the expense of reverse water gas shift reaction. Changing H,/CO, ratio from 1 to 2 led to a decrease
Pt/K-BAL0; in promotion and to an increase in CO, conversion and CH4 selectivity. CH3OH and C;HsO0H formation
CO, recycling was favoured over the less dispersed catalyst and was electrochemically enhanced up to a maximum of
27 and 16 times, respectively. Selectivity to CH;OH is almost unaffected, while CO, conversion increases
and C;HsO0H selectivity and promotion levels decrease on increasing H,/CO, ratio from 3 to 4.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction Two main reactions can take place on co-feeding CO, and Hj

over a hydrogenation catalyst:
Due to the diminishing fossil fuel resources and the continu-

ous increase in CO, atmospheric levels resulting from fossil fuels ~ XCO2 +(2x —z+y)H; — CiHy0; +(2x —2)H,0 (1)
combustion, valorisation of CO, emissions to clean fuels is viewed
as a complementary strategy to capture and storage for reduc-
ing CO, emissions, allowing their recycling and, therefore, a more
sustainable use of the energy resources. Chemical recycling of car-
bon dioxide from combustion sources, as an energy carrier, can be
achieved via its capture and subsequent hydrogenation to useful,
renewable and environmentally neutral fuels (methane, methanol,
dimethyl ether, etc.), given that any available renewable energy
source (wind, solar or hydraulic) is used for both production of
needed hydrogen (by water electrolysis) and chemical conversion
of CO,. Moreover, it has been predicted that increasing amounts of
cheap CO, will be available from carbon sequestration in the near
future. In this way, carbon dioxide can be chemically transformed
from a detrimental greenhouse gas causing global warning into
a valuable, renewable, environmentally neutral and inexhaustible
fuel source for the future [1-4].

CO; +Hy; — CO + H,0 (2)

The former is the synthesis reaction resulting in the formation
of hydrocarbons and/or oxygenates (alcohols or ethers). The latter
is the reverse water gas shift (RWGS) reaction.

Most studies on the catalytic hydrogenation of CO, have been
performed over metal catalyst supported on metal oxides at high
pressures, to increase the thermodynamic equilibrium conversion
of the hydrogenation reaction, and using fixed-bed reactor config-
urations [3,5,6]. These catalysts are susceptible of electrochemical
promotion which allows operation of the catalyst under milder
conditions [7].

Electrochemical promotion of catalysis (EPOC), by coupling
electrochemistry to catalysis, has been considered as an alter-
native approach to classical chemical promotion of catalyst by
electrochemically supplying and controlling the concentration of
a promoter on an active metal catalyst surface. The application
of small currents or potentials between a metal catalyst which
is in contact with a solid electrolyte, which acts as an electro-

* Corresponding author. Tel.: +34 91 346 0887; fax: +34 91 346 6269. chemically controlled source of promoter species, and a counter
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the catalyst surface, allowing increasing the catalytic activity for
the CO, hydrogenation reaction and altering the selectivity to
the desired products, as well as to simultaneously monitor and
control the reaction during the process [4,8]. However, there are
few previous studies of electrochemically promoted catalytic CO,
hydrogenation. It has been studied over Cu on SrZrpgYp103_o (a
proton conductor) [7], Pt on YSZ (an 02~ conductor) [5,9], Pd
on YSZ or Na-BAl;03 (a Na* conductor) [10], Rh on YSZ [5,11],
Cu on TiO,-YSZ [5], Ru on YSZ [12] and Ni or Ru impregnated
carbon nanofibers on YSZ [13]. In addition, most of these stud-
ies have been carried out using catalyst configurations, reaction
conditions and gas compositions that are not representative of
real postcombustion CO, capture exit streams. Therefore, aspects
regarding the practical application of the technology have not been
addressed in detail [14-16]. On the other hand, some previous
works [17-23] demonstrated that CO, and H, chemisorption over
Pt surfaces can be modified by the presence of potassium, and con-
sequently the catalytic performance of Pt catalyst towards the CO,
hydrogenation reaction can be electrochemically promoted by con-
trolling the potassium surface concentration on the catalyst surface.
This work presents a bench-scale study of electropromoted CO,
hydrogenation to valuable hydrocarbon and oxygenated fuels over
Pt on K-BAl,03 (a K* conductor), at high gas flow rates, under
atmospheric pressure and at relatively low temperature, using
gas compositions representative of CO, capture exit streams and
catalyst-electrode tubular configurations easily adaptable to the
existing catalytic devices (conventional flow reactors) and pre-
pared by easily scalable procedures. Changing H,/CO, ratios (from
1 to 4) have been explored in order to consider the effect of a dis-
continuous H; flow, as the H, needed for CO, hydrogenation is
discontinuously produced by water electrolysis only when electric-
ity demand is low and from intermittent renewable energy sources
[2,3].

The aim of this work is to ascertain if this Pt/K-BAl,03/Au
tubular electrochemical catalyst system can be electrochemically
promoted for the CO, hydrogenation to renewable fuels under
atmospheric pressure, at relatively low temperatures, high gas flow
rates and under realistic postcombustion CO, capture exiting gas
compositions, as an approach towards the practical application of
EPOC for CO, valorisation. Moreover, in this study, we evaluate the
influence of catalyst film preparation procedure, gas flow rate and
H,/CO, ratio on the magnitude of the electrochemical promotion
of the catalyst for CO, hydrogenation and on the selectivity for the
different target hydrocarbons or oxygenates.

2. Experimental
2.1. Electrochemical catalysts

The Pt/K-BAl,03/Au electrochemical cells evaluated in the
present work consisted of a thin Pt film (catalyst-working elec-
trode) dip-coated on the outer surface of a 28-mm i.d., 100-mm
long, and 1-2mm thick K-BAl,03 tube, closed flat at one end
(Ionotec). A gold counter/reference electrode was deposited on
the inner side of the solid electrolyte tube to allow polarizations.
Au was chosen as the auxiliary electrode material because it is
reported [5] to be inert for the CO, hydrogenation reaction, making
it appropriate as pseudoreference electrode for this single chamber
configuration.

As reported in literature [6,24], the performance of catalysts for
CO, hydrogenation is sensitive to preparation method and prepa-
ration conditions utilised, determining the products that can be
produced and even the energy efficiency of the process [4]. The
optimisation of preparation techniques has been reported [25] also
to contribute to the development of EPOC systems susceptible of

practical application, by making these devices more commercially
attractive in terms of materials cost minimisation, ease of electrical
connection and efficient reactor design.

In an attempt to optimise catalyst film preparation procedure
to help to the development of EPOC systems susceptible of prac-
tical use in CO, hydrogenation to renewable fuels, two different
electrocatalysts were prepared: electrocatalyst 1, with only one
dip-coated Pt layer and electrocatalyst 2, with two dip-coated Pt
layers with intermediate calcination at 850 °C.

For electrocatalyst 1, the Au counter-reference electrode was
prepared by painting the inner side of the K-3Al, 03 tube with a gold
paste (HERAEUS-C5729). The deposited paste was dried at 150°C
during 10 min. After that, the K-BAl,03 tube was dipped into a Pt
precursor solution, drawn up at a constant speed and fired at about
600°C during 1h to produce the dip-coated Pt film in the outer
surface of the solid electrolyte tube. Pt precursor solution was pre-
pared according to a CIEMAT European patent[26]. The Pt precursor
(chloroplatinic acid) was dissolved in ethanol and mixed with a
2-(2-aminoethylamine)-ethanol solution under agitation. Finally
the Pt precursor solution was diluted with ethanol to achieve the
desired viscosity.

A second electrocatalyst (electrocatalyst 2) was prepared by
two consecutive dip-coating steps with an intermediate calcination
step which consisted of drying at 150 °C during 10 min, heating to
850°Cat 15°C/min and, finally, calcination at 850 °C during 10 min.

2.2. Catalyst characterisation

A small fragment of each electrochemical catalyst was charac-
terised, as prepared, by scanning electron microscopy (SEM) and
X-ray diffraction (XRD) techniques. The morphology of the catalyst
films were investigated via scanning electron microscopy (SEM)
using a HITACHI S-2500 instrument of 25 kV of accelerating voltage
and 35 A of resolution. X-ray diffraction patterns of the catalyst-
working electrode films were recorded on a PHILIPS “Xpert-MPD”
instrument using a Cu Ka X-ray source (45kV and 40 mA), a 260
range of 15-75°, a step size of 20=0.03° and a step time of 2s.

2.3. Bench-scale plant

This work was performed in a bench-scale plant described in
detail elsewhere [27] which was subsequently adapted for electro-
promoted processes. A flow chart of the updated bench scale plant is
showninFig. 1.Itisable totreatupto20 m3 h~!(at273 Kand 1atm)
of gas with temperatures ranging between 250 and 450 °C, at about
atmospheric pressure. Simulated post combustion capture exiting
gas components and the hydrogen needed for hydrogenation, sup-
plied as synthetic gases (Air Liquide), are mixed and metered by a
battery of electronic mass flow controllers (Bronkhorst High-Tech).
Steam can be added to the gas mix by vaporising water fed into
a boiler by a metering pump (Dosapro Milton Roy). Other poten-
tial liquid gas components (hydrocarbons, amines, etc.) can be also
fed by a metering pump (ProMinent Gugal, S.A.). The mixed wet
gas is then preheated in an oven (Khantal) and sent to a fixed-bed
down-flow quartz reactor, with 35 mm of diameter and 900 mm
of length, heated by a three-zone electrical furnace (Carbolite).
The reaction temperature is determined by means of an alumina
sheathed chromel-alumel thermocouple placed close to the elec-
trochemical catalyst. An electronic differential pressure transmitter
measures the pressure drop across the reactor. Constant voltages
across the tubular electrolyte cell were imposed and measured
using a potentiostat-galvanostat Voltalab 21 (Radiometer Analyti-
cal). The product gas is cooled down to ambient temperature and
vented to a stack after removing moisture and toxic gases. All the
process variables are controlled and registered by control and data
acquisition software based on RS-485 digital communication. All
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Fig. 1. Diagram of the bench-scale plant modified to study electropromoted processes.

analysers outputs, as well as the potentiostat-galvanostat outputs
were continuously monitored and recorded.

2.4. Gas analysis system

Gas samples were taken from upstream and downstream of the
reactor and analysed using a gas micro-chromatograph (Varian CP-
4900) in conjunction with an NDIR CO,/CO (Fuji Electric ZK]) on
line analyser.

Sampling line from the reactor exit to the gas micro-
chromatograph is heated to avoid hydrocarbon (CH30H, C;Hs0H,
C,HgO, etc.) condensation [28,29]. A hydrophobic membrane fil-
ter (Genie filters) is used to prevent water entering the micro-gas
chromatograph. A desiccant cartridge containing CaCl, is installed
at the inlet of the NDIR CO,/CO analyser for the same purpose.

The gas micro-chromatograph (Varian CP-4900) is equipped
with three column modules: a PLOT Molecular Sieve 5A
(10m x 0.32mm), a PoraPLOT Q (10m x 0.15mm) and a CP-SIL 5
CB (6 m x 0.15 mm), using helium as carrier and reference gas for
the thermal conductivity detectors. These enabled the analysis of
H,, N3, CO, CHy4, CO,, CoH,, CoHy, CoHg, C3Hg, C3Hg, CH30H, C;HgO
(dimethyl ether) and C,;H50H.

2.5. Operating conditions and procedure

The electrochemical catalysts were properly placed inside
the quartz reactor, with the closed flat end of the tube facing
the inlet gas stream, in order to minimise by-pass phenomena
and to improve catalyst-reactive gas contact. The electrical con-
nections in the reactor were made from gold wires (Heraeus),

being gold catalytically inert in the process [5]; therefore, all the
potential-induced changes in catalytic activity and selectivity can
be exclusively attributed to Pt.

Before performing the electropromoted CO, hydrogenation
experiments, the catalyst was reduced in a stream of Hy at 400°C
during 1 h in order to guarantee that the platinum is in its metallic
(active) form.

The concept of electrochemical promotion is based on the fact
thata direct correspondence exists between the promoter coverage
over catalyst surface and the value of the applied catalyst potential,
i.e., the application of different polarizations allows controlling the
amount of potassium ions electrochemically transferred to the Pt
catalyst film, modifying the competitive adsorption of the different
coexistent reactant gases and affecting the reaction kinetic over the
catalyst [8]. Therefore, in accordance with previous studies [30-32],
on working with cationic electrochemical catalyst, the application
of a high positive catalyst potential (4 V) allows maintaining the Pt
surface free of electropositive ions (unpromoted conditions). How-
ever, a decrease in the applied potential to negative values involves
that potassium promoter ions are electrochemically transferred to
the Pt catalyst electrode, giving rise to a progressive increase in
promoter coverage, and, thus, to electropromotion of the catalyst
surface (electrochemically promoted conditions).

A positive potential of 4V was applied between the Pt and the
Au electrodes during 30 min prior to each series of tests in order
to clean the Pt catalyst surface from potassium ions (unpromoted
state), which might thermally migrate to the catalyst surface, and
to define a reproducible reference state of the Pt catalyst sur-
face. At the end of this time, the current density fell to practically
zero. This potential is about the decomposition voltage, i.e., the



58 E. Ruiz et al. / Catalysis Today 210 (2013) 55-66

~ PtKAI203 F

CIEMAT

MAG: 50000 x HV: 25,0 kV

(b)

CIEMAT
MAG: 50000 x

PtKAI203 u
HV: 25,0 kV

Fig. 2. SEM micrographs of the Pt catalyst-working electrode films: (a) electrocatalyst 1 and (b) electrocatalyst 2.

electrode potential above which the current begins to increase
appreciably coinciding with electrolyte decomposition, reported
for Na-BAl,05 [33], however, in agreement with literature [34], no
evidence of solid electrolyte decomposition could be found from
the dependence of current on potential observed in previous cyclic
voltammetry studies of the catalyst (not shown). The stability of
the K-BAl,05 electrolyte was confirmed by measurements of the
cell resistance before and after hydrogenation tests, which revealed
that it remained the same after testing.

The electrochemical experiments were performed under poten-
tiostatic mode by following the effect of the applied potential on
the catalytic activity and selectivity at a given temperature. A pos-
itive potential of 4V was also applied between the Pt and the Au
electrodes during 15 min before and after the application of each
catalyst potential (during 15 min also), in order to return potas-
sium ions back to the solid electrolyte (unpromoted state). The
effect of polarisation (under application of constant potentials from
3 to —3V) on catalyst performance was investigated at 400°C,
using different gas flow rates (90 and 5221h~1) and H,/CO, ratios
(between 1 and 4) to determine the influence of operating condi-
tions on conversion, efficiency of electrochemical promotion and
selectivity to the different products. The temperature value was
selected from previous cyclic voltammetry studies of the catalyst
(not shown) which revealed that the promotional effect was max-
imum for 400°C and because methane production is reported to
be produced only at high operation temperatures over this catalyst
[5].

Potentiostatic electropromoted hydrogenation tests were per-
formed under H, and CO, mixtures, although a small amount of N,
(about 0.5%) was added to the reaction gas mixture as an internal
standard. According to this, CO; conversion (Xco, ) is defined as (3):

[CO,], x [Na2];

Xeo, = (1 _ 18910 x INa)i
€02 [COzT; x [N2],

) « 100 (3)

where [CO;]; and [CO,], are the corresponding CO, molar quan-
tities at the inlet and outlet of the reactor. As well as [N,]; and
[N, ]o are N, molar quantities at the inlet and outlet of the reactor,
respectively.

For H,/CO, ratios higher than three, where carbon formation is
not thermodynamically favoured [33] and given that most of the

products are characterised, the value of conversion obtained by (3)
is very close to that obtained by (4).
[COZ ]o

Xeo, = [ 1- o « 100 (4)
[CO2]o + > imqmi x M;

A “CO, free selectivity” is also frequently used in catalytic CO,
hydrogenation studies and is defined as (5).

n; x M;
Z:.:Tni X Mi
where S; is the selectivity to product i, n; is the number of carbon
atoms of product i and M; is moles of product i, respectively.

The effect of polarisation on catalyst performance for the CO,

hydrogenation reaction was gauged in terms of CO, rate enhance-
ment ratio (6), defined as follows:

Si = x 100 (5)

rcob
up
rCo,

pCO, = (6)

where rCO) and rCO,P are the CO, catalytic rates with (under appli-
cation of a potential lower than 4V) and without (unpromoted
reference state, under application of 4 V) electrochemical promo-
tion, respectively.

3. Results and discussion
3.1. Catalyst characterisation studies

As reported in literature [6,24,25,36-39], the utilised prepa-
ration technique determines also porous structure, surface
morphology and particle size of the metal thin film and therefore
the electropromoted catalytic behaviour of the system. SEM micro-
graphs of both Pt catalyst-working electrode films are shown in
Fig. 2. As can be observed in Fig. 2, the different procedure utilised
in the preparation of each catalyst resulted in different surface
morphology and Pt particle size. The obtained catalyst films were
porous, allowing reactants and products diffusion, with a small
particle size, which implies a higher reactivity [24,37-39], and
continuous, as verified by electrical conductivity measurements.
Therefore, it was confirmed that the dip-coating method allows
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Fig. 3. XRD analysis of the Pt catalyst-working electrode films: (a) electrocatalyst 1 and (b) electrocatalyst 2.

the preparation of thin metal catalyst films with the suitable mor-
phology, microstructure and electrical properties required for the
electropromoted experiments [25].

X-ray diffraction (XRD) patterns of both Pt catalyst-working
electrode films are also depicted in Fig. 3. The peaks at 260=39.8°,
46.2°, 67.5°, 81.3° and 85.7° were identified as the typical diffrac-
tion peaks of Pt metal (JCPDS card no. 98-064-9494), whereas the
rest of peaks were assigned to the K-3Al, 05 solid electrolyte (JCPDS
card no. 98-020-0993 and 98-020-1094). No peaks of platinum
oxide, or other phases, were detected for the samples as prepared,
indicating that the employed dip-coating preparation procedure
allows depositing Pt directly in its metallic active form.

It can be observed in Figs. 2 and 3 that electrocata-
lyst 1, with only one dip-coated Pt film, showed a smaller
Pt particle size (SEM) and a higher crystallinity (XRD) than
electrocatalyst 2, which was prepared by two consecutive dip-
coating steps with intermediate calcination at 850°C. As can be
deduced by SEM and XRD analysis, it seems that calcination
resulted in sintering and agglomeration of Pt particles, giving rise
to an increase in Pt particle size and a loss of crystalline structure,
as resembled by the fact that reference XRD peaks of Pt turned
smoother (shorter and wider) for the electrocatalyst subjected to
intermediate calcination at 850°C.

Moreover, the average crystallite size of the samples was eval-
uated from X-ray broadening of the main Pt diffraction peak
at 26=39.8° by using the well-known Debey-Scherrer equation
[13,40]. The average particle size resulted to be of about 30 nm
for electrocatalyst 1 and around 50 nm for electrocatalyst 2, con-
firming the smaller particle size of electrocatalyst 1. The catalyst
film Pt dispersion has been also estimated from the obtained parti-
cle diameter [40]. Pt dispersion of electrocatalyst 2 is lower (2.4%)
than that of electrocatalyst 1 (4%).

According to these results, it is expected that electrocatalyst 1,
with smaller metal particles and higher dispersion, will show a high
activity towards CO, adsorption and activation and, therefore, a
better performance in the electropromoted catalytic conversion of
CO; [37-39], in special to CH4 formation [24].

3.2. Electropromoted CO, hydrogenation tests

3.2.1. Electropromoted CO, hydrogenation tests on
electrocatalyst 1: effect of potential

The steady state effect of polarisation on the behaviour of
electrocatalyst 1 was investigated through potentiostatic experi-
ments performed at different H,/CO, ratios (1 and 2) at 400 °C and
5221h~1. The behaviour of the catalyst under low H,/CO, ratios,

which correspond to a lack of H; in relation to the stoichiometry
of the methanation reaction (7), was analysed in order to consider
the less favourable, although more realistic, conditions associated
with a discontinuous flow of H; [2].

CO, +4Hy — CHy +2H,0 (7)

Fig. 4a depicts the response of CO, conversion and CO,
rate enhancement ratio to different applied catalyst potentials
(between 3 and —3V). As well, Fig. 4b shows the effect of applied
potential on the selectivity to CO and CHy, respectively. The exper-
iments were carried out at 400°C and 5221h~! and using a H,/CO,
ratio of 1.

As can be observed in Fig. 4, for H,/CO, ratios of 1, the hydro-
genation of CO, over electrocatalyst 1, at 400°C and 5221h-1,
gives rise to CO and CH,4 formation and is affected significantly
by the applied potential, with selectivities to CH4 and CO up to
31.5% and 89.2%, respectively. CO, rate enhancement ratios are
pronounced (up to about 20), but CO, conversion and selectivity
to CHy4 are rather low. The catalyst showed an electrophilic electro-
chemical behaviour, i.e., CO, rate enhancement ratio increases with
the presence of the electrochemical promoter (Fig. 4a). However,
selectivity to CH4 diminished with potential (Fig. 4b), i.e., electro-
phobic electrochemical behaviour is observed, while selectivity to
CO increases with decreasing catalyst potential (Fig. 4b), showing
also an electrophilic electrochemical behaviour [8,41]. Therefore,
CO production by reverse water gas shift reaction (2) is favoured at
negative potentials, whereas methanation reaction (7) is promoted
at positive potentials, which is in agreement with previous studies
reported in literature [11,12].

In fact, as shown in Fig. 4b, with increasing catalyst potential by
approximately 1.5V (from —1 to 0.5 V), the selectivity to methane
increases by up to 2.5 times and the CO selectivity decreases by up
to 1.2 times.

RWGS reaction (2) is thermodynamically favoured under the
utilised stoichiometric H,/CO, ratio of 1 [2,35] in front of the
methanation reaction (7).

Chemisorption of reactive molecules on a catalyst is the previ-
ous step to any catalytic process. Chemisorption of an adsorbate on
a metal gives rise to a real chemical bond, thus implying electron
donation from adsorbate to metal or from metal to adsorbate. In the
first case, the adsorbate is called electron donor (electropositive),
whereas in the second, is called electron acceptor (electronegative).
There is a certain scale of electronegativity or electron acceptor
capacity, in which oxygen is one of the strongest electron acceptors.
The concept of electropositive or electronegative is also valid for the
promoter ions in charge of the phenomenon, being these cations
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(electropositive promoters) and anions (electronegative promo-
ters), respectively [8].

The origin of the electrochemical activation relies on the modifi-
cation of adsorption phenomena. In the electrochemical promotion,
promoter species are ions which electrochemically migrate in a
controlled manner from the support (solid electrolyte) to the metal.
The migration of these ions are accompanied by that of the corre-
sponding charge compensation ion, forming neutral surface dipoles
which are distributed along the metallic surface giving rise to the
“effective double layer”. Formation of the effective double layer
gives rise to a change in the work function of the metal catalyst
(@), modifying its bond capacity which each reactive molecules,
and therefore its catalytic behaviour [8,41].

In the case of K-BAl;05, on the one hand, the application of
increasingly positive potentials gives rise to a migration of the elec-
tropositive promoter (potassium ions) from the catalyst surface to
the solid electrolyte, resulting in an increase of the catalyst work
function, i.e., the electrode becomes positively charged (due to a
defect of electrons), which favours the transfer of electrons from
electron donor molecules, like H,, to the Pt catalyst and thus the
adsorption of the latter on the Pt catalyst surface, whereas at the
same time hindered the adsorption of electron acceptor species
(CO, in this case), giving rise to an increase in H, (electron donor)
coverage and to a decrease in the coverage of CO, (electron accep-
tor). On the other hand, decreasing catalyst potential to negative
values results in the migration of potassium promoter species from
the solid electrolyte to the Pt catalyst electrode, giving rise to a
decrease of the catalyst work function, i.e., the electrode becomes
negatively charged (due to an excess of electrons), which favours
the transfer of electrons from the Pt catalyst to electron acceptor
molecules, like CO,, and, thus, the adsorption of the latter on Pt cat-
alyst surface, whereas at the same time hindered the adsorption of
electron donor species (H; in this case), giving rise to an increase in
CO, (electron acceptor) coverage and to a decrease in the coverage
of H, (electron donor) [8,9,12,41].

In this way, depending on the relative electronegativity of the
different adsorbates which participate in the reaction and on which
of them is in excess over the catalyst surface, the application of
polarisation will have a positive or negative effect on the overall
kinetics of the process [8,41]. Namely, the electrochemical promo-
tion allows modifying the adsorption of the different reactives over
the catalyst-electrode surface. Thus, there is a given value of poten-
tial or promoter coverage which optimises catalyst activity and
selectivity to the desired product, which depends on temperature
and gas composition.

Therefore, the observed electropromoted catalytic behaviour
can be rationalised considering the effect of varying applied
potential on the chemisorptive bond strength of reactants and
intermediate surface species [8,41] and in accordance with
the mechanisms proposed for the CO, hydrogenation reaction
[5,7,9-13,42-48].CO, does not chemisorb on clean Pt surfaces, only
physisorbs weakly and molecularly at low temperature and desorbs
without undergoing detectable dissociation at high temperature
[19,20,49-51]. However, the presence of K on Pt surface is reported
[19,51] to promote CO, activation (8), resulting in the formation of
a highly distorted CO, molecule (CO3™) interacting strongly with
the surface [20,52], which indicate that CO, is always adsorbed as
an electron acceptor [8].

CO; + e — CO5 (ads.) (8)

Under unpromoted conditions (clean Pt surface),i.e., upon appli-
cation of high positive potentials, H (electron donor) dissociative
adsorption (9) on Pt surface is favoured, being CO, (electron accep-
tor) adsorption the reaction limiting step [5,7-11,41].

H, — 2H*(ads.) + 2e (9)

At low K coverage or positive potentials, CO5~ which could
potentially form on the catalyst surface may dissociate to CO and
0(10)[19,20,51,53].

€05 (ads.) - CO*(ads.) + O(ads.) (10)

Moreover, CO, dissociative adsorption on Pt is considered
to be enhanced by the presence of coadsorbed hydrogen (11)
[10,11,42,45,54]. CO resulting from CO, dissociation can be des-
orbed in the gas phase (12) or dissociated further (13) over small
Pt particles [24] of electrocatalyst 1 into adsorbed oxygen and
reactive surface carbon species. The gradual hydrogenation of the
latter species results finally in methane formation, while H,O is
also formed by reaction between adsorbed oxygen and hydrogen
species (14) [5,9,11,13,48].

CO%~(ads.) + e + 2H" — CO*(ads.) + H,0 (11)
CO*(ads.) — CO (12)
CO*(ads.) — C*(ads.)(CHg4 precursors) + O (13)
C*(ads.) + O(ads.) + 6H(ads.) — CH4+H,0 (14)

CO formation and dissociation are considered to be the key steps
in CH,4 formation through this scheme and both are reported to be
enhanced by the presence of hydrogen adatoms [5,11].
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Fig. 5. Influence of the applied potential on (a) CO, rate enhancement ratio (l) and CO; conversion (®) and on (b) selectivities to CH4 (a) and CO (v) over electrocatalyst 1

(400°C, 5221h~1, H/CO, =2).

Even though that the electropromoted experiments were
carried out at a H,/CO,, ratio of 1, which is lower than the stoichio-
metrically required for CH4 formation (about 4), at high positive
overpotentials, hydrogen coverage is supposed to be higher than
that of species resulting from CO, dissociation [12], and, thus, they
can be gradually hydrogenated to CH4. CO adsorption may be also
retarded at high positive overpotentials (CO is a weaker electron
donor than hydrogen) and it tends to desorb (12) and, thus, RWGS
becomes the predominant reaction under these conditions.

On decreasing applied potential, positively charged potassium
ions electrochemically migrate from the solid electrolyte to the Pt
catalyst-working electrode, increasing K surface coverage [8]. As
a result, the adsorption of electron acceptor species, as CO, (8),
is favoured [41] due to its higher electronegativity [55], increasing
their surface coverage at the expense of electron donors (hydrogen)
and giving rise to a progressive increase in surface CO formation
by dissociative adsorption of CO,, whereas H, (electron donor)
dissociative adsorption on Pt is hindered and therefore hydrogen
evolution is favoured [22,23]. As a result, CO selectivity increases
(electrophilic behaviour) and CH4 selectivity decreases (electro-
phobic behaviour) on decreasing catalyst potential [12].

In fact, on decreasing catalyst potential the increase in the
Pt—CO7;~ bond strength induced by the potassium promoter is so
pronounced that strengths Pt—C bond and weakens C—O bond,
enhancing CO, dissociation to CO (10), resulting in an enhancement
of CO formation [9,10]. Moreover, CO dissociative adsorption is less
favoured at negative overpotentials (CO has a lower electron accep-
tor capacity than CO,)[8,10,41,56] and it tends to desorb (12), while
H,0 is formed by reaction between adsorbed hydrogen and oxygen
species. Both phenomena result in an increase in the selectivity to
CO. On the contrary, CHy selectivity strongly decreases for negative
overpotentials, because H, adsorption is retarded and therefore
tends to be evolved from the catalyst surface [22,23]. In addition,
as commented above, the utilised H,/CO, ratio is lower than that
required for CH4 formation (about 4) and therefore, at negative
overpotentials, H, coverage is lower than the coverage of species
resulting from CO, dissociation and they cannot be hydrogenated
to CHy [2,11,12].

As commented above, the catalyst shows an electrophilic elec-
trochemical behaviour, i.e., CO, rate enhancement ratio increases
on decreasing the applied potential as a result of the improved CO,
dissociative adsorption.

Fig. 5 shows the steady state effect of applied potential vari-
ation between 3 and -3V on CO, conversion and CO, rate
enhancement ratio (Fig. 5a) and on the selectivity to CO and CHy

(Fig. 5b), respectively, at 400°C and 5221h~! and using a H,/CO,
ratio of 2.

As can be observed in Fig. 5, for H,/CO, ratios of 2, the hydro-
genation of CO, over electrocatalyst 1,at 400 °C and 522 1h~1, gives
rise also to CO and CH4 formation and it is, as well, perceptibly influ-
enced by the applied potential, with selectivities to CH4 and CO up
to 97% and 38%, respectively. CO, rate enhancement ratio values are
rather low (around the unity), but CO, conversion and selectivity
to CHy are fairly high. The catalyst apparently showed a “vol-
cano type” electrochemical behaviour, i.e., CO, rate enhancement
ratio exhibits a maximum at a certain potential (0.5V approxi-
mately) (Fig. 5a) [8,41]. Selectivity to CH,4 decreases and selectivity
to COincreases with decreasing catalyst potential (Fig. 5b), showing
also an electrophobic and electrophilic electrochemical behaviour,
respectively. In fact, as Fig. 5b shows the selectivity to methane
increases by up to 1.3 times and the CO selectivity decreases by up
to 4.5 times on increasing applied potential by approximately 2V
(from —1 to 1V).

By comparison of Figs. 4 and 5, it can be deduced that, at a given
applied potential, CO, conversion and CO, rate enhancement ratio
obtained for a H,/CO, ratio of 2 are shifted to higher and lower val-
ues, respectively, relative to those obtained using a H,/CO, ratio of
1. Therefore, there is an increase in CO, conversions and a decrease
in promotion levels on increasing H,/CO, ratio from 1 to 2.

The increase in CO, conversions is thought to be due to the
fact that a H/CO, ratio of 2 corresponds to that stoichiometrically
required for total carbon dioxide reduction (15), being it thermo-
dynamically favoured and contributing in a greater extent to CO,
conversion under this H,/CO, ratio [2,35].

€O, 4+ 2H, — C + 2H,0 (15)

Also in this case, decreasing catalyst potential results in the
migration of potassium promoter species to the catalyst electrode
favouring CO, (electron acceptor) adsorption and dissociation,
whereas H; (electron donor) dissociative adsorption is hindered.
As a result, CO selectivity increases (electrophilic) and CHy selec-
tivity decreases (electrophobic) on decreasing catalyst potential.
However, for H,/CO,, ratios of 2 higher values of CHy4 selectivity are
attained for a given potential. This increase in CHy4 selectivity could
be due to the increased formation of reactive surface carbon species
via CO, reduction (16) [2,13,48], in addition to those formed from
CO dissociation (13), which is thermodynamically favoured under
these conditions [35].

€05~ (ads.) - C*(ads.)(CH,4 precursors) + 20(ads.) (16)
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Fig. 6. Effect of gas flow rate on the potentiostatic variation of (a) CO; rate enhancement ratio (M, J) and CO, conversion (®, O) and of (b) selectivities to CH4 (A, A) and CO
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CHy4 selectivity diminishes on decreasing potential, because H,
adsorption is retarded and H,/CO,, ratio is lower than that required
for CH4 formation (about 4) [2], and, therefore, coverage of carbon
species resulting from adsorbed CO dissociation (before desorp-
tion) or CO, total reduction [13,48] are expected to be higher than
H, coverage [12]. As a result, H, tends to be evolved from the cat-
alyst surface and carbon species could accumulate on the catalyst
surface [2] on lowering the applied potentials.

As commented above, the variation of CO, rate enhancement
ratiovs. potential resembles a “volcano type” behaviour. Under high
positive potentials H; (electron donor) is expected to be adsorbed in
excess on the catalyst surface. On decreasing catalyst potential and
increasing promoter surface coverage, H, adsorption is retarded
and it tends to be evolved from the catalyst surface, releasing active
sites for CO, dissociation to CO and carbon surface species, and,
then, for the different CO, hydrogenation reactions (2, 7 and 15) to
take place, reaching a maximum in catalytic activity. A subsequent
decrease in potential is thought to give rise to a gradual blocking of
the active sites, by excessive formation and accumulation of carbon
species over the catalyst surface, which could be responsible for the
progressive decrease in the catalytic activity, because the increase
of carbon deposits around Pt metal particles is reported to nega-
tively affect CO, dissociation and conversion [2,48,57]. However,
the differences are not significant between results obtained at dif-
ferent potentials and CO, rate enhancement ratio is always around
1. As commented above, the electrochemical promotion of cataly-
sis is due to electrochemically controlled migration of promoting
ionic species between the solid electrolyte support and the catalyst
surface, through the catalyst-gas-electrolyte three-phase bound-
ary (tpb). Therefore, the low promotion levels observed under these
experimental conditions could be indicative of partial blocking of
the tpb [12] by carbonaceous species formed via the electrochemi-
cal reduction of CO, (or CO dissociation, or both) taking place at the
tpb (Egs. (16) and/or (13)) which is thermodynamically favoured
under this H,/CO, ratio [35], hindering the migration of potassium
promoter ions from the solid electrolyte to the Pt surface through
the “tpb” [12].

3.2.2. Electropromoted CO, hydrogenation tests on
electrocatalyst 1: effect of gas flow rate

In order to analyse the impact of gas flow rate variation on the
promotional effect, at H,/CO, ratios of 1 and at 400°C, an addi-
tional series of potentiostatic tests was carried out at 901h~1 over
electrocatalyst 1.

The effect of gas flow rate, at constant temperature and H,/CO,
ratio, on CO, conversion and CO, rate enhancement ratio under
different polarizationsis shown in Fig. 6a. As well, Fig. 6b depicts the
effect of gas flow rate on the selectivity to CO and CHy4, respectively.

As can be observed in Fig. 6, for H,/CO, ratios of 1, the hydro-
genation of CO, over electrocatalyst 1, at 400°C and 901h~1, gives
rise also to CO and CH4 formation and is affected considerably by
the applied potential, with selectivities to CH4 and CO up to 19.5%
and 97.5%, respectively. CO, rate enhancement ratios are still pro-
nounced (up to about 8), but CO, conversion and selectivity to CHy
are somewhat low. As shown in Fig. 6b, with increasing catalyst
potential by approximately 1V (from —0.5 to 0.5V), the selectiv-
ity to methane increases by up to 7.6 times and the CO selectivity
decreases by up to 1.2 times.

On decreasing gas flow rate, the electrochemical behaviour
remains almost the same; i.e., the catalyst shows an electrophilic
behaviour on both CO, rate enhancement ratio and selectivity to
CO, whereas it exhibits an electrophobic behaviour on CH,4 forma-
tion.

CO, conversion decreases with the increase of gas flow rate,
in special at negative potentials where the reverse water gas shift
reaction is favoured, as a result of the lower contact time avail-
able for the reaction to take place. In accordance, selectivity to CO
decreases and CHy4 selectivity increases on increasing gas flow rate.
Our results are in agreement with that obtained in [5], where an
increase in CH4 formation and a decrease in CO, conversion with
the increase in gas flow rate are reported. The increase in CH, selec-
tivity was reported to be indicative of the fact that CH4 and CO are
produced in parallel paths through the corresponding methanation
and RWGS reactions, because a diminution in selectivity to CHy
with the increase in gas flow rate could be expected if CHy were
produced from CO, via consecutive hydrogenation of the formed
CO [5].

In view of these results, it seems that the increase in gas flow
rate favours methanation reaction at the expense of RWGS reaction.

3.2.3. Electropromoted CO, hydrogenation tests on
electrocatalyst 2: effect of potential

The effect of polarisation on catalyst performance for electro-
catalyst 2 was investigated through potentiostatic experiments
performed using different H,/CO, ratios (3 and 4) at 400°C and
901h-1.

The steady state response of CO, conversion, CHy selectivity and
CO, rate enhancement ratio to different applied catalyst potentials
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(between 3 and —3 V) is displayed in Fig. 7a. Fig. 7b shows the effect
of applied potential on the selectivity to CO, CH3O0H, C;HsOH and
C, +C3 hydrocarbons.

As can be observed in Fig. 7, the hydrogenation of CO, over elec-
trocatalyst 2, at400°Cand 901h~1, gives rise to the formation of CO
(2), CHy4 (7), CH30H (17), CH50H (18) and C; +C3 hydrocarbons,
mainly as CoHg (19) and C3Hg (20), and is significantly influenced
by the applied potential. The maximum selectivities to CHg4, CO,
CH30H, C,H50H and C, +C3 were 0.048%, 85.5%, 1.5%, 8.45% and
47.8%, respectively, for a H,/CO, ratio of 3, and, 0.049%, 63%, 1.1%,
4.9% and 44.5%, respectively, for a H,/CO, ratio of 4.

CO, +3H; — CH30H + H,0 (17)
2C0, +6H, — CoHsO0H + 3H,0 (18)
2C0, + 7H; — CyHg +4H,0 (19)
3C0, +9H, — C3Hg + 6H,0 (20)

CO, rate enhancement ratios are pronounced (up to about
6), but CO, conversion and selectivity to the renewable fuels of
most industrial interest (CH4, CH30H, C;H50H) are rather low.
The catalyst showed an electrophilic electrochemical behaviour,
i.e,, CO, rate enhancement ratio increases with the presence of
the electrochemical promoter due to the enhanced CO, dissocia-
tive adsorption (Fig. 7a). However, selectivity to CH4 diminished
on decreasing the applied potential (Fig. 7a) showing an electro-
phobic electrochemical behaviour, while selectivity to CH3OH and
C,H50H shows a “volcano type” electrochemical behaviour, i.e.,
they reach a maximum at a certain potential or potassium coverage.
As can be observed in Fig. 7b, for H,/CO, ratios of 3, CO selec-
tivity shows also a “volcano type” electrochemical behaviour, on
the contrary, C, + C3 hydrocarbons selectivity exhibits an “inverted
volcano” electrochemical behaviour, i.e., it shows a minimum at a
given potential value. For H,/CO, ratios of 4, C, + C3 hydrocarbons
and CO selectivities exhibit, instead, an electrophilic and electro-
phobic electrochemical behaviour, correspondingly. Therefore, on
increasing H,/CO, ratio from 3 to 4, the electrochemical behaviour
of electrocatalyst 2 on C, +C3 hydrocarbons and CO formation
slightly changed.

As can be deduced from Fig. 7, CO and C; + C3 hydrocarbons are
produced dominantly for all range of potentials, whereas methana-
tion reaction and oxygenates formation are promoted at positive
potentials, being a competition for the formation of the different
hydrogenation products over the catalyst surface.

As can be obtained from Fig. 7a, with increasing catalyst poten-
tial by approximately 1.5V, the selectivity to methane increases by
up to2.4and 2.7 times for H,/CO; ratios of 3 and 4, correspondingly.

As can be observed in Fig. 7b, the optimum applied potential
for CH30H and C,H50H formation is about 1V, which correspond
with an enhancement in their selectivity of up to 27 and 14 times,
for a H,/CO5 ratio of 3, and, up to 23 and 16 times, for a H/CO,
ratio of 4, i.e., increasing or decreasing applied potential from this
value resulted in a decrease in their selectivity. For a H,/CO; ratio
of 3, CO selectivity and selectivity to C, + C3 hydrocarbons exhibit
a maximum and a minimum respectively at this potential, which
correspond with an increase in CO formation of up to approxi-
mately 28% and a decrease in C; + C3 hydrocarbons formation of up
to around 62%, whereas, for a H,/CO, ratio of 4, CO selectivity and
selectivity to C, + C3 hydrocarbons reach a plateau at about —0.5V,
which corresponds with a decrease in CO formation of up to approx-
imately 11% and an increase in C, + C3 hydrocarbons formation of
up to around 28%.

In this case, likewise, the application of high positive potentials
(unpromoted conditions) gives rise to a migration of potassium ions
from the catalyst surface to the solid electrolyte, resulting in an
increase of the catalyst work function, which favours the transfer
of electrons from electron donor molecules, like H,, to the Pt cata-
lyst, and, thus, favours the dissociative adsorption of the latter (9)
on the Pt catalyst surface, giving rise to an increase in H, coverage
and to a decrease in the coverage of CO,, being CO, (electron accep-
tor) adsorption (8) the reaction limiting step. As commented above,
CO, dissociation is considered to be enhanced by the presence of
adsorbed hydrogen (11). However, CO dissociation (13)is restricted
on bigger Pt particles of the less dispersed electrocatalyst 2 [10,24],
as seem to be confirmed by the very low CHy4 selectivity observed in
relation to electrocatalyst 1. Therefore, CO adsorbed species result-
ing from CO, dissociation may desorb in the gas phase (12) or can
be gradually hydrogenated resulting finally in CHy, C; +C3 hydro-
carbons, CH30H and C;HsOH formation expressed as (21)-(24)
[38,43,44,46,58].

CO*(ads.) + 6H(ads.) — CH4+H,0 (21)
xCO*(ads.) + (2x+y)H(ads.) — CxHy +xH,0 (22)
CO*(ads.) + 4H(ads.) — CH30H (23)
2CO*(ads.) + 8H(ads.) - C;H50H + H,0 (24)

Moreover, CO is a weaker electron donor than hydrogen and its
adsorptionis also hindered and tends to desorb (12) at high positive
overpotentials, being RWGS favoured under these conditions.

On the one hand, the equilibrium conversion of CO, to methanol
increases with the increase of pressure and decreases strongly
as the temperature increases [29,58]. In addition, methanol is
reported to be transformed into hydrocarbons at temperatures
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about 400 °C[29], where RWGS and methanation reactions are also
favoured [5]. On the other hand, the equilibrium conversion of CO,
to ethanol decreases with increasing temperature and decreasing
pressure and the ratio of H,/CO, in the reaction gas [59]. How-
ever, a H,/CO, ratio of 3 is about the stoichiometric ratio required
for CH30H, C;H50H, C3Hg and Cy;Hg formation by CO, hydrogena-
tion via reactions (17)-(20), and thus they are thermodynamically
favoured under these conditions. Therefore, thermodynamic con-
straint and equilibrium limitation of these processes led to low
selectivity to methanol and ethanol under unpromoted conditions
(4V) at the utilised high temperature and low pressure conditions.

Decreasing catalyst potential results in the migration of potas-
sium promoter species from the solid electrolyte to the Pt catalyst
electrode, resulting in a decrease of the catalyst work function,
which favours the transfer of electrons from the Pt catalyst to
electron acceptor molecules, like CO,, and, thus, favours the dis-
sociative adsorption of the latter, via formation of adsorbed CO
species, on the Pt catalyst surface, whereas H; dissociative adsorp-
tion is hindered. Moreover, formation of CH;0H and C;HsO0H are
reported to be promoted on almost clean Pt surfaces, i.e., under low
potassium coverages which correspond to positive potentials. CO,
does not adsorb in clean Pt surfaces [19,20,49-51] and, at the same
time, Pt is very catalytic for hydrogen evolution, therefore, a strong
competition between CO, and H, adsorption could be expected,
and, thus, according to this mechanism, it is expected that the for-
mation of CH30H and C;Hs0H will be limited by the dissociative
adsorption of both H, and CO, [43,44].

As can be observed in Fig. 7b, under application of decreasing
positive potentials (low potassium coverage) formation of CH30H
and C,H50H are increasingly promoted reaching a maximum at
about 1V. As a consequence, for a H,/CO, ratio of 3, hydrocarbon
formation competitive reactions are hindered and, as a result, selec-
tivity to C, +C3 hydrocarbons exhibits a minimum, whereas CO
selectivity exhibits also a maximum at the same potential value. It
can be observed that CH3OH and C; H; OH still maintains at low level
because conversion of CO, by RWGS reaction and C, + C3 hydrocar-
bons formation is still favoured under the utilised temperature and
pressure conditions.

A subsequent decrease in potential gives rise to an additional
enhancement of CO, dissociative adsorption on Pt surface, via for-
mation of adsorbed CO species, and to a further decrease in H,
dissociative adsorption. As a result, selectivity to C3Hg and C;Hg
increases due to the improved adsorbed CO species formation,
because, in spite of hydrogen evolution (which may limit the CO,
hydrogenation)is favoured on decreasing applied potential, under a
stoichiometric H,/CO, ratio of 3, hydrogen coverage is enough [12]
for CO adsorbed species to be preferably hydrogenated to C, +C3
hydrocarbons, given that CH30H and C;HsOH formation is also
retarded on increasing potassium surface coverage [43]. As a con-
sequence, C; + C3 hydrocarbon formation competitive reactions are
increasingly promoted, resulting in an increase in C, +C3 hydro-
carbon selectivity and in a decrease in the selectivity to CO and
oxygenates, showing opposite trends, with the decrease in poten-
tial.

The above commented change in the electrochemical behaviour
of the catalyst on increasing H,/CO, ratio from 3 to 4 could be
because, in spite of adsorbed CO species formation and hydrogen
evolution are favoured on increasing potassium surface coverage
or decreasing catalyst potential from 4V, for H,/CO, ratios of 4
(higher than the required stoichiometric ratio), hydrogen coverage
is always higher than that of species resulting from CO, dissociation
[12] and, thus, CO adsorbed species can be gradually hydrogenated
to the different products. Therefore, the competition between the
different hydrogenation reactions is less pronounced. Moreover,
CH3OH is reported to block active sites for RWGS reaction, form-
ing surface intermediates which favours the hydrocarbon synthesis

reaction [5], as a consequence, C, + C3 hydrocarbon formation com-
petitive reactions are instead promoted, resulting in a decrease in
CO selectivity and in an increase in C; + C3 hydrocarbon selectivity,
showing opposite trends, with decreasing applied potential up to
—0.5V, where the formation of CH30H is almost negligible.

There is an increase in CO, conversion on increasing H;/CO,
ratio from 3 to 4. This increase is more pronounced for negative
potentials. CO; rate enhancement ratio slightly decreases with the
increase in H,/CO,, ratio, whereas selectivity to CH, is almost unaf-
fected by the increase in H,/CO, ratio.

For potentials values above —0.5V, selectivity to C; +C3 hydro-
carbons increases while CO selectivity decreases on increasing
H,/CO, ratios from 3 to 4. As reported by literature, under
unpromoted conditions, i.e., under application of highly positive
potentials, selectivity to ethanol decreases on decreasing H,/CO,
ratio [59]. On the contrary, under promoted conditions, the ethanol
selectivity versus potential curve is shifted to lower values with the
increase in H,/CO, ratio, whereas it remains nearly unchanged for
potentials below —0.5V.

Methanol selectivity vs. potential curves almost coincide for
both values of H,/CO, ratio, i.e., in accordance with literature [60],
selectivity to methanol is almost unaffected by the increase in
H,/CO, ratio.

One of the main challenges for advancing CO, hydrogenation
to methanol is increasing the energy efficiency of the process, i.e.,
decreasing the energy requirements for producing the product [4].
The trend is to maximise methanol yield with minimal energy
input. It has been anticipated that the electrochemically assisted
CO, hydrogenation at atmospheric pressure has an advantage, in
terms of energy efficiency [24], over conventional high pressure
CO, hydrogenation, because a process operating at lesser pressure
than the conventional process will have the potential to operate at
reduced energy requirements.

Quantitative comparison, in terms of energy efficiency, of results
obtained and technology used in this paper with the conventional
high pressure CO, hydrogenation to methanol can be difficult due
to the many possible differences in active catalyst and reactor
configuration. However, qualitative comparison can still be useful
as an attempt to assess the potential improving in energy effi-
ciency related to EPOC assisted CO, hydrogenation to methanol.
As an approach, in the following, our results are theoretically com-
pared with those reported by Souma et al. [29] for the catalytic
hydrogenation of carbon dioxide to methanol over a conventional
Zn-Cr catalyst operating under the same temperature (400°C) and
H,/CO, ratio (3), but at 50 bar, with a similar CH30H yield. Both
processes mainly differ in the way to promote the hydrogenation
reaction: conventional process by increasing operation pressure
and EPOC assisted process by application of small currents or poten-
tials. Energy requirement associated with the EPOC assisted process
is directly proportional to potential and current, whereas that con-
nected with compression of the feeding gas from atmospheric
pressure to 50 bar shows a linear dependence on pressure and feed-
ing gas flow rate and a power dependence on compression ratio.
Given the low values of potential and current utilised in the present
work (EPOC) and the high operating pressure required for the con-
ventional catalyst, it can be foreseen that the energy requirement
for the same methanol yield would be substantially higher for the
high pressure CO, hydrogenation over the conventional catalyst,
resulting in a lower energy efficiency of the process.

4. Conclusions
In this study, two Pt/K-Al,03/Au tubular electrochemical cata-

lysts with different morphology, particle size and metal dispersion
have been successfully prepared by dip-coating and characterised
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by scanning electron microscopy and X-ray diffraction techniques.
Both catalysts can be electrochemically promoted for the CO,
hydrogenation to renewable fuels under atmospheric pressure, at
relatively low temperatures, high gas flow rates and under realistic
postcombustion CO, capture exiting gas compositions.

CH4 formation is favoured over the catalyst with a small Pt parti-
cle size as aresult of the improved CO dissociation to CH4 precursor
species, while hydrocarbon and oxygenates formation is favoured
over the less dispersed Pt catalyst with a bigger particle size.

The hydrogenation of CO, over the more dispersed catalyst leads
to the formation of CO and CHy4, at atmospheric pressure and at
400°C, and is affected significantly by the applied potential. For
a H,/CO, ratio of 1, CO, hydrogenation reaction was enhanced
by up to 20 times on decreasing applied potential (electrophilic
behaviour). Selectivity to CHy4 increased (electrophobic behaviour)
by up to 2.5 times and CO selectivity decreases (electrophilic
behaviour) by up to 1.2 times by increasing catalyst potential by
about 1.5V. An increase in H/CO; ratio (from 1 to 2) gives rise to
a drastic decrease in the promotional effect on CO, hydrogenation
reaction and to an increase in CO, conversion and CHy selectivity
levels. On decreasing gas flow rate, for a given H,/CO, ratio of 1, the
promotional effect on catalytic activity and CHy4 selectivity are less
(up to 8) and more (up to 7.6 times) pronounced, respectively. The
increase in gas flow rate was found to favour methanation reaction
at the expense of reverse water gas shift reaction.

The hydrogenation of CO, over the less dispersed catalyst
resulted in the formation of CH30H, C;Hs50H and C; +C3 hydro-
carbons, in addition to CO and CHy4. For a H,/CO, ratio of 3, CO,
hydrogenation reaction was enhanced by up to 6 times under appli-
cation of lowering potentials (electrophilic behaviour). Selectivity
to CHy4 attained very low levels over this catalyst, although it also
increased (electrophobic behaviour), by up to 2.4 times, with an
increase in potential of about 1.5V. CH30H and C,Hs0H selec-
tivities are also rather low and exhibited a maximum at about
1V (“volcano type” behaviour) which corresponds with a selectiv-
ity enhancement of about 27 and 14 times, respectively. CO and
C, + C3 hydrocarbon selectivity exhibited respectively a maximum
(“volcano type” behaviour) and a minimum (“inverted volcano”
behaviour) also at this potential which correspond with an increase
in CO formation and a decrease in C, + C3 hydrocarbon production
of about 28 and 62%, respectively. There is an increase in CO, con-
version, which is more pronounced at negative potentials, and a
slight decrease in promotion on increasing H,/CO, ratio from 3
to 4. Selectivity to CH4 and CH3OH are almost unaffected by the
increase in H,/CO, ratio, whereas, for potential values higher than
about —0.5V, selectivity to C, +C3 hydrocarbons increases while
selectivity to CO and C;Hs0H selectivity decrease on increasing
H,/CO,, ratio.
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Electrochemically assisted CO, hydrogenation to fuels was studied at bench scale over different tubular
(Pt, Ni or Pd)/YSZ electrochemical catalysts, under atmospheric pressure, at temperatures between
225 and 400 °C and using high gas flow rates, gas compositions representative of CO, capture exiting
streams and changing H,/CO, ratios (to simulate a discontinuous renewable H, flow), as an approach
towards its potential practical application.

Pt catalyst film was deposited from a precursor paste, while Ni and Pd films were deposited by a more

I;Zﬁ‘;vgrsgle easily scalable “electroless” technique. Both procedures resulted in relatively big metal particles which
€0, hydrogenation probably determined the comparatively high selectivity to methanol (up to 8% at 400 °C and H,/CO, = 2),
Pt/YSZ hydrocarbons (almost 100% to C;Hg and C3Hg) and dimethyl ether (up to 96% at 300° C and H,/CO, = 3)
Ni/YSZ obtained for Pt, Ni and Pd, respectively, and the unusual small selectivity to CH4 and CO observed for Ni
Pd/YSZ and Pd.

CO, hydrogenation can be electrochemically enhanced for both positive and negative potentials by up
to 3.2, 2.4 and 1.3 times for Pt, Ni and Pd, respectively, depending on the utilized operating conditions.
Selectivity to the different fuels of industrial interest can be modulated by modifying applied potential.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the increase in CO, atmospheric levels and the
diminishing fossil fuel resources arising from wide spread
production of energy by fossil fuels combustion, valorization of
CO, emissions to clean fuels is viewed as a complementary
strategy to capture and storage for an effective quantitative
reduction of the CO, emissions, allowing their recycling and,
therefore, a more sustainable use of the energy resources. Chemical
recycling of carbon dioxide from combustion power plants, as an
energy carrier, can be accomplished via its capture and subsequent
hydrogenation to renewable, useful and environmentally neutral
fuels (methane, methanol, dimethyl ether, etc.), provided that any
available renewable energy source (wind, solar or hydraulic) is
used for both production of necessary hydrogen (by water
electrolysis) and chemical conversion of CO,. Moreover, it has
been foreseen that increasing amounts of cheap CO, will be

* Corresponding author. Tel.: +34 91 346 0887; fax: +34 91 346 6269.
E-mail address: esperanza.ruiz@ciemat.es (E. Ruiz).

http://dx.doi.org/10.1016/j.jcou.2014.09.001
2212-9820/© 2014 Elsevier Ltd. All rights reserved.

available from carbon sequestration in the near future. In this way,
carbon dioxide can be chemically converted from a harmful
greenhouse gas causing global warning into a valuable, renewable,
environmentally neutral and inexhaustible fuel source for the
future [1-4].

Two main reactions can occur on co-feeding CO, and H; over a
hydrogenation catalyst:

XCO, + (2x —z+y)Hy — CeH,0, + (2x — 2)H,0 1)
COp +H, — CO + H,0 AG° = 19.9kJmol~! (2)

The former is the synthesis reaction resulting in the formation
of hydrocarbons and/or oxygenates (alcohols or ethers). The latter
is the reverse water gas shift (RWGS) reaction.

Most studies on the catalytic hydrogenation of CO, have been
accomplished over metal catalyst supported on metal oxides at
high pressures, to increase the thermodynamic equilibrium
conversion of the hydrogenation reaction, and using fixed-bed
reactor configurations [3,5,6]. These catalysts are susceptible of
electrochemical promotion which may allow operation of the
catalyst under milder conditions [7].
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Electrochemical promotion of catalysis (EPOC), by coupling
electrochemistry to catalysis, has been considered as an alternative
approach to classical chemical promotion of catalyst by electro-
chemically supplying and controlling the concentration of a
promoter on an active metal catalyst surface. The application of
small currents or potentials between a metal catalyst which is in
contact with a solid electrolyte, which acts as a source of promoter
species, and a counter electrode results in the migration of
promoting species to or from the catalyst surface, allowing
increasing the catalytic activity for the CO, hydrogenation reaction
and modifying the selectivity to the desired products, as well as to
simultaneously monitor and control the reaction during the
process [4,8]. However, there are few previous studies of
electrochemically promoted catalytic CO, hydrogenation. It has
been studied over Cu on SrZrg9Yo.103_, (a proton conductor) [7], Pt
on YSZ (an 0~ conductor) [5,9], Pd on YSZ or Na-BAl,03 (a Na*
conductor) [10], Rh on YSZ [5,11], Cu on TiO,-YSZ [5], Ru on YSZ
[12] and Ni or Ru impregnated carbon nanofibers on YSZ [13]. In
addition, most of these studies have been carried out using catalyst
configurations, reaction conditions and gas compositions that are
not representative of real postcombustion CO, capture exit
streams. Therefore, aspects regarding the practical application of
the technology have not been addressed in detail [14-16]. We have
recently reported [17] a bench-scale study of electropromoted CO,
hydrogenation to valuable hydrocarbon and oxygenated fuels over
Pt on K-BAl,0s (a K" conductor), at high gas flow rates, under
atmospheric pressure and at relatively low temperature, using gas
compositions representative of CO, capture exit streams and
catalyst-electrode tubular configurations easily adaptable to the
existing catalytic devices (conventional flow reactors) and
prepared by easily scalable procedures. In the present work, we
extend the study to other electrochemical catalyst systems, more
specifically to Pt, Ni and Pd on YSZ (an 0%~ conductor). Therefore,
the aim of this work is to ascertain whether these tubular
electrochemical catalyst systems (Pt/YSZ/Au, Ni/YSZ/Au and Pd/
YSZ/Au) can be electrochemically promoted for the CO, hydro-
genation to renewable fuels under atmospheric pressure, at
relatively low temperatures, high gas flow rates and under realistic
postcombustion CO, capture exiting gas compositions, as an
approach towards the practical application of EPOC for CO,
valorization. Moreover, in this study, we evaluate the influence of
catalyst type and operating conditions (temperature, applied
potential and H,/CO; ratio) on the magnitude of the electrochemi-
cal promotion of the catalysts for CO, hydrogenation and on the
selectivity for the different hydrocarbons or oxygenates fuels of
more industrial interest.

2. Experimental
2.1. Electrochemical catalysts

The electrochemical catalysts evaluated in the present work
consisted of a metal (Pt, Ni or Pd) film (catalyst-working electrode)
deposited in the outer side of a 26-mm-i.d., 100-mm-long, 1-2-
mm-thick YSZ (8% mol Y,03-stabilized ZrO,) tube. A gold counter
electrode was deposited on the inner side of the solid electrolyte
tube to allow polarizations. Both Pt and Au electrodes were
prepared by decomposition of precursor metal pastes, whereas, Ni
and Pd films were prepared by “electroless”.

Au was chosen as the auxiliary electrode material because it is
reported [5,12] to be inert for the CO, hydrogenation reaction.

The Au counter electrode was prepared by painting the inner
side of the YSZ tube with a gold paste (HERAEUS-C5729). As well,
the Pt catalyst-working electrode was deposited also by painting
the outer side of the YSZ tube with a Pt paste (HERAEUS-CL-11-
5349). In both cases, the deposited paste was dried at 150 °C during

10 min, heated to 850 °C at a controlled rate and, finally, annealed
at 850 °C during 10 min.

Ni and Pd layers have been also coated on the outer surface of
the YSZ tube by electroless deposition technique after deposition of
the Au counter electrode on the inner side of the tube. Electroless
deposition is the process of depositing a metallic coating from a
solution without the application of external electrical power, so it
is therefore applicable to non-conducting substrates, as is the case.
Substrates need to be activated with a catalyst, usually palladium,
to start deposition. Most metals, including Ni, are electrocalatytic
so, once deposition starts, it keeps on going increasing layer
thickness. An electroless solution typically consists of: a source of
metal ions; a reducing agent or reductant; a complexant for the
metal ions, to keep these dissolved ions in solution and to
minimize homogenous reaction between the metal ions and the
reducing agent and most likely a pH adjustment buffer.

Substrates were firstly cleaned with absolute ethanol in an
ultrasonic bath, rinsed with absolute ethanol and dried in an oven
at 90 °C.

Prior to nickel and palladium deposition, substrates need to be
catalyzed with palladium to allow electroless deposition to start. A
very thin palladium layer was deposited by dip-coating using a
diluted dip-coating palladium solution and burned in the oven at
400 °C, during 15 min. This solution was composed of 2-(2-
aminoethylamino)ethanol, ethanol, palladium chloride and chlor-
hydric acid, according to European patent EP1321539 [18].

Palladium coating has been deposited using a precursor
solution composed of palladium chloride stabilized with 2-(2-
aminoethylamino)ethanol and sodium hipophosphyte as reducing
agent, during 5 minutes at 50 °C. Nickel coating has been deposited
using a conventional solution with sodium hipophosphyte as
reducing agent and nickel stabilized with tartrate ion, during
15 min at 70 °C. After layer deposition, all substrates were rinsed
with distilled water and dried in an oven at 90 °C.

2.2. Catalyst characterization

A small fragment of each electrochemical catalyst was
characterized, both as prepared and after reduction and testing,
by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD)
and X-ray Photoelectron Spectroscopy (XPS) techniques.

The morphology of the catalyst films was investigated via SEM
using a HITACHI S-2500 instrument of 25KkV of accelerating
voltage and 35 A of resolution.

XRD patterns of the catalyst-working electrode films were
recorded on a PHILIPS “Xpert-MPD” instrument using a Cu Ko X-
ray source (45 kV and 40 mA), a 260 range of 15-75°, a step size of
20 =0.03° and a step time of 2 s.

The surface chemical composition of the catalyst electrode films
was examined by XPS using a Perkin-Elmer PHI 5400 System
equipped with a Mg Ka (hv = 1253.6 eV) excitation source running
at 15kV and 20 mA and having a beam diameter of 1 mm. Base
pressure in the analysis chamber was maintained at about
10~° Torr. The pass energy was set at 89.5 eV for general spectra
(0-1100eV) and at 35.75eV for high resolution spectra. The
energy scale was referenced to the carbon 1s signal at 285.0 eV.

2.3. Experimental set-up

Electrochemically assisted CO, hydrogenation over Pt, Pd and
Ni based catalyst films was studied in a bench-scale plant,
described in detail elsewhere [17], which is able to treat up to
20m>h~! (at 273 K and 1 atm) of gas with temperatures ranging
between 250 and 450 °C, at about atmospheric pressure.

The different gas constituents of a post-combustion CO, capture
exit stream and hydrogen can be provided by mass flow controllers
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from bottled gases. Steam can be supplied by vaporizing water fed
into a boiler by a metering pump. The mixed wet gas is then
preheated and directed to a fixed-bed down-flow quartz reactor,
with 35 mm of diameter and 900 mm of length, heated by a three-
zone electrical furnace. Polarization across the cell was measured
and controlled via a potentiostat-galvanostat.

Gaseous products from the reactor were delivered through a
heated transfer line to the gas analysis system in order to avoid
condensation of any volatile products. Gas composition was
simultaneously determined using a gas microchromatograph and
an NDIR CO,/CO on line analyser [17], allowing the analysis of: Ho,
N>, CO, CHy, CO,, CH5, CoHy4, CoHg, C3Hg, C3Hg, methanol, dlmethyl
ether and ethanol.

2.4. Operating conditions and procedure

The electrochemical catalysts were properly situated in the
reactor in order to lessen by-pass phenomena and to enhance
catalyst-reactive gas contact. The electrical connections in the
reactor were made from gold wires (HERAEUS), which is reported
to be catalytically inert in the process [5]; therefore, all the
potential-induced changes in catalytic activity and selectivity can
be exclusively attributed to the metal film.

The metallic films were reduced in a stream of H, at 400 °C
during 1h [17], before performing the electropromoted CO,
hydrogenation experiments.

In some cases (Pt), the temperature value was selected from
previous cyclic voltammetry studies of the catalyst (not shown)
which revealed that the promotional effect was maximum for
400 °C and because methane production is reported to be produced
only at high operation temperatures over this catalyst [5].

Open circuit potential (0 V) was maintained during 30 min prior
to each test to define a reproducible reference state. Electrochemi-
cally assisted hydrogenation tests were performed, over different
tubular (Pt, Ni or Pd)/YSZ electrochemical catalysts, under H,/CO,
binary mixtures, at different applied potentials (between —2 and
2V), Hy/CO, ratios (from 1 to 4) and temperatures (225-400 °C)
and using a total gas flow rate of 90 1 h~!, in order to determine the
effect of the utilized catalyst and operating conditions on CO,
conversion, efficiency of electrochemical promotion and selectivity
to the different fuel products.

CO, hydrogenation tests were performed under H, and CO,
binary mixtures, although a small amount of N, (about 0.5%) was
added to the reaction gas mix as an internal standard. Accordingly
[17], CO; conversion (Xco, ) and “CO; free selectivity” is defined as
(3) and (4), respectively:

_ (1 _[CO3], x [N2];
Xeo, = (1~ o i) 100 3)

n; x M;

Si=mn v
i—1 n; x M,’

x 100 (4)

where [CO;|; and [CO,], are the corresponding CO, molar
quantities at the inlet and outlet of the reactor. As well, [Ny];
and [N3], are N, molar quantities at the inlet and outlet of the
reactor, respectively. Additionally, S; is the selectivity to product i,
n; is the number of carbon atoms of product i and M; is moles of
product i, respectively.

The effect of polarization on catalyst performance for the CO,
hydrogenation reaction was gauged only in terms of CO, rate
enhancement ratio (5) [17], because, according to literature
[5,12,13], in the case of CO, hydrogenation on metal catalysts
deposited on YSZ (an O~ ion conductor), O, is not a reactant and,
therefore, any positive potential-induced catalytic rate change is
due to electrochemical promotion independently of the value of

the Faradaic efficiency. The same can be reasoned in the case of
negative potential, because even if CO, is decomposed via 0%~
removal from the catalyst surface, this does not lead to H,O
formation.

CO, rate enhancement ratio is defined as (5):

rcoy

co, = 02
PEE2 = ot

(5)

where rCOJ and rCO,” are the CO, catalytic rates with (under
application of a given potential V) and without (unpromoted
reference state, under open circuit conditions 0 V) electrochemical
promotion, respectively.

3. Results and discussion
3.1. Catalyst characterization studies

As reported in literature [6,19-24], the utilized preparation
technique determines also porous structure, surface morphology
and particle size of the metal thin film and therefore the
electrochemically assisted catalytic behaviour of the system.
SEM micrographs of Pt, Ni and Pd catalyst-working electrode
films, both as prepared (a) and after reduction and testing (b), are
shown in Figs. 1-3, respectively. In all cases, the obtained metal
film seems to resemble a typical foam structure [25], suggesting
that they are porous (allowing reactants and products diffusion),
and continuous, as verified by electrical conductivity measure-
ments. Therefore, the utilized preparation methods led to catalyst
films with suitable morphology and electrical properties for
electropromoted experiments [20].

As can be obtained from Figs. 1a-3a, the particle diameter of as
deposited Pt, Ni and Pd catalyst films was about 500 nm (typically
obtained for conventional Pt-painted films [8]), 300 nm and
150 nm, respectively. The catalyst film metal dispersion has been
also estimated from the obtained particle diameter and resulted to
be of about 0.4% [26], 0.28% [13] and 0.75% [27], for Pt, Ni and Pd,
respectively.

XRD patterns of the Pt, Ni and Pd catalyst-working electrode
films, both as prepared and after reduction and testing, are also
depicted in Figs. 4-6, respectively. XPS spectra of the fresh (as
deposited) and used (after reduction and testing) Pt, Ni and Pd
catalyst films are, as well, shown in Figs. 7-9, correspondingly.

XRD spectra of the fresh (as prepared) and used (after exposure
to reaction conditions) samples of Pt film are compared in
Fig. 4. The peaks at 26 =39.8°, 46.2°, 67.5°, 81.3° and 85.7° were
identified as the typical diffraction peaks of Pt metal (JCPDS card
no. 04-0802); whereas the rest of peaks were assigned to the YSZ
solid electrolyte (JCPDS card no. 98-009-0891). No peaks of
platinum oxide, or other phases, were detected for the samples
both as prepared and after reduction and testing, As can be
deduced by SEM and XRD analysis (Figs. 1 and 4), it seems that
exposure of the Pt catalyst film to hydrogen and reducing testing
gas environment resulted in sintering and agglomeration of Pt
particles, giving rise to an increase in crystallinity, as resembled by
the fact that typical XRD peaks of metallic Pt exhibited higher
intensity in the used sample.

The XPS analysis of both the fresh (as deposited) and used (after
reduction and testing) samples seems to indicate that Pt is mainly
present as metal as suggested by the appearance of peaks at
binding energies of about 70.5 and 70.7 eV [28], respectively, in the
Pt 4f;), spectra.

XRD spectra of the fresh (as prepared) and used (after exposure
to reaction conditions) samples of Ni film are compared in
Fig. 5. The following peaks correspond to the Ni phases:
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Fig. 1. SEM micrograph of the Pt catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

o Metallic nickel. Peaks at 260 =44.4°, 51.8° and 76.3°, 26 =39.2°,
42.6° and 45.3° and 26 =41.7° which matched well with the
reference JCPDS cards no. 98-026-0169, 89-7129 and 45-1027,
respectively

o Nickel oxides. Peaks observed at 26 of 36.3°,43.6° and 75.2° can be
identified, respectively, for NiO, (JCPDS card no. 89-8397), Ni,O3
(JCPDS card no. 14-0481) and NiO (JCPDS card no. 04-0835)
phases.

o Nickel hydroxides. Peaks at 26 equal to 46.6° and 52.7° could
be indicative of the presence of a-Ni(OH), (JCPDS card no. 38-
0715) and +y-Ni(OH), (JCPDS card no. 84-1459) phases,
respectively.

CIEMAT
MAG: 20000 x

NiYSZ
HV: 25,0 kV

The rest of the peaks may be ascribed to the YSZ solid
electrolyte (JCPDS card no. 98-009-0891). Apart from a weak
diffraction corresponding to the main peak (at 26 = 44.4°) of face
centred cubic (fcc) Ni phase (JCPDS card no. 98-026-0169),
reflections of the rest of Ni phases (oxides and hydroxides) were
undetectable in the XRD pattern of the fresh sample. This seems to
indicate that the as-deposited film is almost XRD-amorphous or
nanocrystalline.

It can be observed in Figs. 2 and 5 that the used sample showed
higher particle size (SEM) and higher crystallinity (XRD), as
resembled by the fact that additional reference XRD peaks of
metallic Ni, Ni oxides and hydroxides appeared and the main

NiYSZU

CIEMAT
MAG: 20000 x HV: 25,0 kV

Fig. 2. SEM micrograph of the Ni catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.



MAG: 20000 x

E. Ruiz et al./Journal of

Pd YSZF
HV: 25,0 KV

CO; Utilization 8 (2014) 1-20 5

CIEMAT PdYSZU

MAG: 20000 x HV: 25,0 kV

Fig. 3. SEM micrograph of the Pd catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

metallic Ni XRD peak at 20 = 44.4° exhibits higher intensity in the
used sample. The XPS analysis of the fresh (as prepared) sample
revealed the presence of several superficial compounds that could
not be identified by XRD, resulting in Ni being present as 23.5%
metal, 12.4% oxide (NiO) and 64.1% hydroxide/oxohydroxide as
shown by the appearance of peaks at binding energies of about
852.53, 854.47 and 856.16 eV [29,30], respectively, in the Ni 2ps,
spectra. The appearance of two peaks at 531.64 and 533.5 eV in the
O1s spectra seems to confirm the presence of OH groups (94.5%)
and NiO (5.5%) [29] in the fresh sample.

The XPS spectra of the used sample revealed also the coexistence
of Ni, NiO and Ni hydroxides/oxohydroxides as resembled by the
appearance of peaks at binding energies of about 851.3, 853.21 and
856.13 eV, respectively, in the Ni 2ps, spectra. However, the
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percentage of metallic Ni and NiO increases (to 36.9% and 39.1%,
respectively) and of Ni hydroxides/oxohydroxides decreases (to
24.1%) in used samples. The O1s spectra showed also that oxygen
could be present as OH groups (85.7%) and NiO (14.3%) as indicated
by the appearance of peaks at binding energies of about 532 and
530 eV [29], respectively. These results suggest that the Ni film could
be partially reduced under reaction gas environment to Ni and
oxidized/re-oxidized to NiO in the presence of surface 0%~ ions.

XRD spectra of the fresh (as prepared) and used (after exposure
to reaction conditions) samples of Pd film are compared in
Fig. 6. The following peaks correspond to the Pd phases:

e Metallic palladium consistent with a face centred cubic (fcc)
structure where reflections appear at 40.1°, 46.6°, 68.1°
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Fig. 4. XRD analysis of the Pt catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.
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Fig. 5. XRD analysis of the Ni catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

corresponding, respectively to the (111), (200) and (220)
planes of Pd° (JCPDS card no. 05-0681).

o Palladium oxide consistent with a tetragonal structure where a
reflection appears at 33.9° corresponding to the (1 0 1) plane of
PdO (JCPDS card no. 41-1107).

The rest of the peaks may be ascribed to the YSZ solid electrolyte
(JCPDS card no. 98-009-0891). There was no clear sign of the PdO,
phase in the XRD patterns of both fresh and used samples.

The fresh sample (as prepared) of Pd film showed reflections of

both metallic palladium and palladium oxide (PdO), whereas the
used sample exhibited only higher characteristic peaks of the
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It seems that exposure of the Pd catalyst film to hydrogen and
reducing testing gas environment resulted in an almost complete
reduction of Pd oxide to metallic Pd and in sintering of metallic Pd
particles, giving rise to an increase in Pd particle size (Fig. 3), as
resembled by the fact that reference XRD peak of PdO almost
disappeared and metallic Pd XRD peaks turned sharper in the used
sample. It suggests that the crystallinity of Pd film significantly
increases upon reduction and testing.

The XPS analysis of the fresh (as prepared) sample results in Pd
being present as 78% PdO and 22% PdO,, as resembled by the
appearance of peaks at binding energies of about 336.7 and
338.17 eV [31,32], respectively, in the Pd 3ds;, spectrum. For the
used sample, the Pd 3ds;; band was observed at 335.14 eV [31,32],
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Fig. 6. XRD analysis of the Pd catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.



E. Ruiz et al. /Journal of CO, Utilization 8 (2014) 1-20

(a) Min: 4908 Max: 40368

N(E)

1100 990 880 770 660 550

Binding Energy (eV)

(b) Min: 4024  Max: 47812

N(E)

440 330 220 10 0

1100 990 880 770 660

550 440 330 220 110 0

Binding Energy (eV)

Fig. 7. XPS spectra of the Pt catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

indicating that most of the Pd was reduced to the Pd° state, in
accordance with XRD results.

3.2. Electrochemically assisted CO, hydrogenation tests

3.2.1. Electrochemically assisted CO, hydrogenation tests on Pt

The steady state effect of polarization on the behaviour of Pt/
YSZ/Au was investigated through potentiostatic experiments
performed at different H,/CO, ratios (1, 2, 3 and 4) at 400 °C
and 90 1 h~ 1. The behaviour of the catalyst under low H,/CO, ratios,
which correspond to a lack of H; in relation to the stoichiometry of
the synthesis (1) and, more specifically, methanation (6) reactions,
was analyzed in order to consider the less favourable, although
more realistic, conditions associated with a discontinuous flow of

H, [2].
CO, +4H, — CHs +2H,0 AG° = —130.7kJ mol ! (6)

Fig. 10a depicts the response of CO, conversion and CO, rate
enhancement ratio to different applied catalyst potentials (be-
tween —2 and 2 V). As well, Fig. 10b shows the effect of applied
potential on the selectivity to CO, C;Hg and C3Hg, respectively. The
experiments were carried out at 400 °C and 90 1 h~! and using a Hy/
CO, ratio of 1.

As can be observed in Fig. 10b, for H,/CO, ratios of 1, the
hydrogenation of CO, over Pt, at 400 °C and 901 h™!, gives rise to
CO(2), CoHg (7) and C3Hg (8) formation and is affected significantly
by the applied potential, with selectivities to CO, C;Hg and C3Hg up
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Fig. 8. XPS spectra of the Ni catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

to 64.4%, 44.8% and 2.9%, respectively.

2C0, + 7H; — CoHg +4H,0 AG° = —192.7kJmol ™! (7)

3C0, +9H, — C3Hg +6H,0 AG° = —177 k] mol™! (8)

The CO, hydrogenation can be electrochemically assisted for
both positive and negative potentials, but CO, rate enhancement
ratios are rather low (up to about 2), whereas CO, conversion
attained a maximum value of 4.5%.

The catalyst shows an “inverted volcano” electrochemical
behaviour (Fig. 10a), i.e., CO, rate enhancement ratio exhibits a
minimum at certain potential. This behaviour can be attributed to the
increase of hydrogen (electron donor) and CO, (electron acceptor)

adsorption strength and surface coverage upon positive and negative
polarization, respectively, as expected from the rules of electro-
chemical promotion [5,12]. The difference in the rate enhancement
observed for negative and positive potential application can be
attributed to the difference in the chemisorption propensity of CO,
and hydrogen on Pt. CO, is less easily adsorbed on Pt compared to Ho,
thus enhancement of its chemisorption via negative polarization is
expected to have a more significant impact on the rate [10].

However, selectivity to hydrocarbons (C;Hg and CsHg) dimin-
ished with potential decrease within the negative range (Fig. 10b),
i.e., an electrophobic electrochemical behaviour is observed, while
selectivity to CO increases with decreasing catalyst potential
(Fig. 10b), showing an electrophilic electrochemical behaviour
[8,33].
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Fig. 9. XPS spectra of the Pd catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

As can be deduced from Fig. 10b, CO and C3Hg are formed
dominantly for all range of potentials, showing opposite trends
against applied potential, whereas C,Hg production is strongly
promoted at positive potentials, being a competition for the
formation of the different hydrogenation products over the
catalyst surface.

In fact, as shown in Fig. 10b, with increasing catalyst potential
by approximately 1.5V (from 0.5 to 2 V), the selectivity to C;Hg
increases by up to 6 times. As can be also observed in Fig. 10b, with
decreasing catalyst potential by about 1V (from —0.5 to —1.5), CO
selectivity increases and C3Hg selectivity decreases by up to about
1.2 times.

RWGS reaction (2) is thermodynamically favoured under the
utilized stoichiometric H,/CO, ratio of 1 [2,34] in front of
hydrocarbon formation reactions.

Chemisorption of reactive molecules on a catalyst surface is the
previous step to any catalytic process. Chemisorption of an
adsorbate on a metal gives rise to a real chemical bond, thus
implying electron donation from adsorbate to metal or from metal
to adsorbate. In the first case, the adsorbate is called electron donor
(electropositive), whereas in the second, is called electron acceptor
(electronegative). There is a certain scale of electronegativity or
electron acceptor capacity, in which oxygen is one of the strongest
electron acceptors. The concept of electropositive or electronega-
tive is also valid for the promoter ions in charge of the
phenomenon, being these cations (electropositive promoters)
and anions (electronegative promoters), respectively [8].

The origin of the electrochemical activation relies on the
modification of adsorption phenomena. In the electrochemical
promotion, promoter species are ions which electrochemically
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Fig. 10. Influence of the applied potential on (a) CO, conversion (M) and CO, rate
enhancement ratio (e) and on (b) selectivities to C;Heg (A ), C3Hg (W) and CO (@)
over Pt/YSZ/Au. (400 °C, 90 1 h~', H,/CO, =1).

migrate in a controlled manner from the support (solid electrolyte)
to the metal. The migration of these ions are accompanied by that
of the corresponding charge compensation ion, forming neutral
surface dipoles which are distributed along the metallic surface
giving rise to the “effective double layer”. Formation of the
effective double layer gives rise to a change in the work function of
the metal catalyst (&), modifying its bond capacity which each
reactives, and therefore its catalytic behaviour [8,33].

On the one hand, the increment in catalyst work function of the
metal catalyst by addition of an electronegative promoter (0%~ for
YSZ), via application of positive potentials, favoured the adsorption
of electron donor species (H,), because the electrode becomes
positively charged (due to a defect of electrons), favouring the
transfer of electrons from electron donor molecules, like H,, to the
Pt catalyst and thus the adsorption of the latter on the Pt catalyst
surface, whereas at the same time hindered the adsorption of
electron acceptor species (CO, in this case), giving rise to an
increase in H, (electron donor) coverage and to a decrease in the
coverage of CO, (electron acceptor). The opposite occurs for
application of negative potentials which results in the removal of
02~ promoter species from the Pt catalyst electrode to the solid
electrolyte, giving rise to a decrease of the catalyst work function,
i.e., the electrode becomes negatively charged (due to an excess of
electrons), which favours the transfer of electrons from the Pt
catalyst to electron acceptor molecules, like CO,, and, thus, the
adsorption of the latter on Pt catalyst surface, whereas at the same
time hindered the adsorption of electron donor species (H, in this
case), giving rise to an increase in CO, (electron acceptor) coverage
and to a decrease in the coverage of H, (electron donor) [8-
10,12,33].

In this way, depending on the relative electronegativity of the
different adsorbates involved in the reaction and on which of them

is in excess over the catalyst surface, the application of polarization
will have a positive or negative effect on the overall kinetics of the
process [8,33]. Namely, the electrochemical promotion allows
modifying the adsorption of the different reactive molecules over
the catalyst-electrode surface. Thus, there is a given value of
potential or promoter coverage which optimizes catalyst activity
and selectivity to the desired product, which depends on
temperature and gas composition.

Therefore, the observed electropromoted catalytic behaviour
can be rationalized considering the effect of varying applied
potential on the chemisorptive bond strength of reactants and
intermediate surface species [8,33] and in accordance with the
mechanisms proposed for the CO, hydrogenation reaction [5,7,9-
13,35-41]. CO, does not chemisorb on clean Pt surfaces, only
physisorbs weakly and molecularly at low temperature and
desorbs without undergoing detectable dissociation at high
temperature [42-44].

The pumping of 0%~ species away from the catalyst surface to
the solid electrolyte YSZ, enhances CO, adsorption and activation
(9), resulting in the formation of a highly distorted CO, molecule
(CO,") interacting strongly with the surface [45], which indicate
that CO, is always adsorbed as an electron acceptor [8].

CO, +e—CO; (ads.) AG® =183.3 k] mol™' (9)

The application of positive potentials give rise to a migration of
oxygen ions to the catalyst surface, favouring H, (electron donor)
dissociative adsorption (10) on Pt surface and resulting in an
increase of the surface coverage of hydrogen and in a decrease in
CO, coverage, being CO, (electron acceptor) adsorption the
reaction limiting step.

H, —2H™ (ads.) +2e AG® =389 kJ mol ™' (10)

At high O, coverage or positive potentials, CO, dissociative
adsorption on Pt is considered to be enhanced by the presence
of coadsorbed hydrogen (11) [10,11,35,39,46]. CO adsorbed
species resulting from CO, dissociation may desorb in the gas
phase (12) or can be gradually hydrogenated resulting finally in
hydrocarbon (mainly C;Hg and C3Hg) formation, expressed as (13)
[23,36,37,39,47]. CO dissociation (14) is restricted on the big Pt
particles of this low dispersed electrocatalyst [10,19], as seems to
be confirmed by the fact that CH,4, which can be potentially formed
by hydrogenation of surface carbon species resulting from CO
dissociation [5,9,11,13,41], was not detected in the reactor
effluent.

CO; (ads.) + e +2H' — CO* (ads.) + H,0 AG®

=19.9 k] mol™! (11)
CO*(ads.) — CO (12)
xCO"(ads.) + (2x + y)H(ads.) — CyHy + xH,0 (13)

CO*(ads.) — C*(ads.)(CH4 precursors) +0 AG°
=137.2 k] mol™! (14)

Even though that the electropromoted experiments were
carried out at a H/CO, ratio of 1, which is lower than the
stoichiometrically required for C;Hg and C3Hg formation (about 3),
at high positive potentials (hydrogen adsorption region), hydrogen
coverage is supposed to be higher than that of CO adsorbed species
resulting from CO, dissociation [12], and, thus, they can be
gradually hydrogenated to hydrocarbons. CO adsorption may be
also retarded at high positive potentials (CO is a weaker electron
donor than hydrogen) and it tends to desorb (12) and, thus, RWGS
may become the predominant reaction under these conditions.
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Upon application of negative polarization, a migration of
oxygen ions from the catalyst surface to the solid electrolyte is
produced, decreasing oxygen surface coverage [8]. As a result, the
adsorption of electron acceptor species, as CO, (9), is favoured [33]
due to its higher electronegativity [48], increasing their surface
coverage at the expense of electron donors (hydrogen) and giving
rise to a progressive increase in surface CO formation by
dissociative adsorption of CO,, whereas H, (electron donor)
dissociative adsorption on Pt is hindered and therefore hydrogen
evolution is favoured [5,12]. As a result, CO selectivity increases
and selectivity to C3Hg and C;Hg decreases on decreasing catalyst
potential [12].

In fact, under application of negative potentials, a strengthening
of the Pt-(CO,)* bond strength is achieved [12], since 0>~ species
are pumped away from the catalyst surface to the solid electrolyte
(YSZ), enhancing CO, adsorption and activation (9), whereas H,
dissociative adsorption (10) on Pt surface is hindered. Negative
polarization also strengths Pt-C bond and weakens C-O bond
enhancing CO, dissociation to CO (15), resulting in an enhance-
ment of CO formation [9,10,12]. Moreover, CO dissociative
adsorption is less favoured at negative potentials (CO has a lower
electron acceptor capacity than CO,) [8,10,33,49] and it tends to
desorb (12). Both phenomena resultin an increase in the selectivity
to CO.

€O (ads.) + e —CO*(ads.) + 0>~ AG®=257.2 kj mol”!  (15)

On the contrary, selectivity to CoHg and CsHg decreases for
negative potentials, because H, adsorption is retarded and
therefore tends to be evolved from the catalyst surface [5,12]. In
addition, as commented above, the utilized H,/CO, ratio is lower
than that stoichiometrically required for hydrocarbon formation
(about 3) and therefore, at negative potentials (hydrogen evolution
region), H, coverage is lower than the coverage of species resulting
from CO, dissociation and they cannot be completely hydrogenat-
ed to hydrocarbons [2,11,12].

Fig. 11 shows the steady state effect of the applied potential on
CO, conversion and CO, rate enhancement ratio (Fig. 11a) and on
the selectivity to CO, C,Hg, C3Hg, CH4 and CH30H (Fig. 11b),
respectively, at 400 °C and 901 h~! and using a H,/CO, ratio of 2.

As can be observed in Fig. 11b, for H,/CO, ratios of 2, the
hydrogenation of CO, over Pt/YSZ/Au, at 400 °C and 90 1 h~}, gives
rise to the formation of CH4 (6) and CH3OH (16) in addition to CO
(12), C;Hg and C3Hg (13), being a competition for the formation of
the different hydrogenation products over the catalyst surface, and
it is, as well, perceptibly influenced by the applied potential, with
selectivities to CHy4, C;Hg, C3Hg, CO and CH30H up to 3%, 1.3%,
42.7%, 59.1% and 8.1%, respectively.

CO, +3H, —CH30H + H,0 AG° = —9.1 k] mol™' (16)

Also in this case, CO and C3Hg are produced dominantly for all
range of potentials, but showing similar trends against potential
variation for potentials above —0.5V and opposite tendency for
lower potential values, where the formation of the rest of the
products is almost negligible.

CO, rate enhancement ratio values are rather low (around the
unity), but CO, conversion is fairly high (up to 24.5%). The catalyst
showed also an “inverted volcano type” electrochemical behav-
iour, i.e.,, CO, rate enhancement ratio exhibits a minimum at a
certain potential (under open circuit conditions approx.) (Fig. 11a)
[8,33]. By comparison of Figs. 10 and 11, it can be deduced that, at a
given applied potential, CO, conversion and CO, rate enhancement
ratio obtained for a H,/CO; ratio of 2 are shifted to higher and lower
values, respectively, relative to those obtained using a H,/CO, ratio
of 1. Therefore, there is an increase in CO, conversions and a
decrease in promotion levels on increasing H,/CO, ratio from 1 to
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Fig. 11. Influence of the applied potential on (a) CO, conversion (M) and CO, rate
enhancement ratio (e) and on (b) selectivities to C;Hg (A ), C3Hg (W), CO (@), CH30H
(@) and CH, (3) over Pt/YSZ/Au. (400 °C, 90 1 h™ !, H,/CO, = 2).

2. The increase in CO, conversions is thought to be due to the fact
that a H,/CO, ratio of 2 corresponds to that stoichiometrically
required for total carbon dioxide reduction (17), being it
thermodynamically favoured and contributing in a greater extent
to CO, conversion under this Hy/CO, ratio [2,34].

CO; +2H; —C+2H,0 AG® = —79.9 k] mol ™ (17)

As commented above, CH,4 (6) was also detected to be produced
at positive potentials under these conditions, supposedly resulting
from the formation via CO, reduction (18) [2,13,41], which is
thermodynamically favoured under these conditions [34], and
subsequent hydrogenation (19) of reactive surface carbon species.

CO3™(ads.) + 4e — C*(ads.)(CH4 precursors) + 20>~ AG°
=394.4 k] mol™' (18)

C*(ads.) + 4H(ads.) —» CHy AG® = —50.7 k] mol " (19)

Selectivity to CH4 sharply decreases upon application of
negative polarization (Fig. 11b), showing an electrophobic
electrochemical behaviour. In fact, as Fig. 11b shows, the
selectivity to methane increases by up to 30 times on increasing
applied potential by approximately 1V (from 0 to 1V). CHy
selectivity drops to almost zero for negative potentials because H,
adsorption is retarded and H,/CO, ratio is lower than that required
by stoichiometry for CH, formation (about 4) [2], and, therefore,
coverage of carbon species resulting from CO, reduction [13,41]
are expected to be higher than H, coverage [12]. As a result, H,
tends to be evolved from the catalyst surface while carbon species
may accumulate on the catalyst surface [2].

As commented above, the variation of CO, rate enhancement
ratio vs. potential resembles an “inverted volcano type” behaviour.
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However, the differences are not significant between results
obtained at different potentials and CO, rate enhancement ratio is
always around 1. As commented before, the electrochemical
promotion of catalysis is due to electrochemically controlled
migration of promoting ions between the solid electrolyte support
and the metal catalyst surface, through the catalyst-gas-electrolyte
three-phase boundary (tpb). Therefore, the low promotion levels
observed under these experimental conditions could be indicative
of partial blocking of the tpb [12] by carbonaceous species formed
via the electrochemical reduction of CO, (17) taking place at the
tpb which is thermodynamically favoured under this H,/CO, ratio
[34], hindering the migration of oxygen promoter ions through the
“tpb” [12].

CH30H was also detected to be formed under these conditions.
The equilibrium conversion of CO, to methanol increases with the
increase of pressure and decreases strongly as the temperature
increases [47,50]. In addition, methanol is reported to be
transformed into hydrocarbons at temperatures about 400 °C
[50], where RWGS and methanation reactions are also favoured
[5]. However, CH30H formation seems to be thermodynamically
favoured for the utilized H,/CO, ratio of 2, because this value
corresponds to the stoichiometric ratio required for CH;OH
formation by hydrogenation of the CO (20) resulting from CO,
dissociative adsorption (Eqgs. (11) or (15)).

CO*(ads.) + 4H(ads.) — CH30H AG® = —29.1 k] mol (20)

As can be observed in Fig. 11b, the optimum applied potential
for CH30H formation is about 0.5 V, which corresponds with an
enhancement in their selectivity of up to about 800 times,
increasing or decreasing applied potential from this value resulted
in a decrease in CH5OH selectivity. CO selectivity and selectivity to
C3Hg exhibit a concomitant minimum at this potential, which
correspond with a decrease in CO and CsHg formation of up to
approximately 4.4% and 20.5%.

As commented above, around open circuit conditions (0 V), at
low negative or positive potentials, selectivity to CH30H exhibited
a maximum, showing a “volcano type” electrochemical behaviour.
In fact, formation of CH30H is reported to be enhanced over almost
free Pt surfaces (low surface coverage of both CO, and H,). CO,
does not adsorb on clean Pt surfaces [42-44] and, at the same time,
Pt is very catalytic for hydrogen evolution, therefore, a strong
competition between CO, and H, adsorption could be expected
within this potential range, being surface coverage of both
reactants very similar, and, thus, according to this mechanism, it
is expected that the formation of CH3;0H will be limited by the
dissociative adsorption of both H, and CO, [36,37]. As a
consequence, for a H/CO, ratio of 2, hydrocarbon and CO
formation competitive reactions are hindered and, as a result,
selectivity to C3Hg and CO exhibited a minimum at the same
potential value, resembling an “inverted volcano type” electro-
chemical behaviour. Negative potential application gives rise to an
enhancement of CO, dissociative adsorption on Pt surface, via
formation of adsorbed CO species, and to a decrease in H,
dissociative adsorption. As a result, selectivity to C3Hg and CO
increases on decreasing applied potential within negative values
due to the enhanced adsorbed CO species formation and CO
evolution, as a result of the improved CO, dissociation via 0%~
abstraction, because, in spite of hydrogen evolution (which may
limit the CO, hydrogenation) is also favoured on decreasing
applied potential, under a stoichiometric H,/CO, ratio of 2,
hydrogen coverage is still enough [12] for CO adsorbed species
to be hydrogenated to CsHg, given that CH3OH formation is
inhibited (sharply decrease to almost zero) for negative potentials
[36]. As a consequence, C3Hg formation and RWGS competitive
reactions are increasingly promoted, resulting in an increase in CO
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and C3Hg selectivity, showing opposite trends, with the decrease in
potential.

Selectivity to C;Hg is almost negligible reaching a maximum of
1.3% under open circuit conditions (0V), resembling also a
“volcano type” electrochemical behaviour.

The steady state response of CO, conversion and CO, rate
enhancement ratio to different applied catalyst potentials (be-
tween —2 and 2 V) is displayed in Fig. 12a. Fig. 12b shows the effect
of applied potential on the selectivity to CO, CH30H, C;Hg, and
C5Hg, respectively, at 400 °C and 90 1 h~! and using a H,/CO, ratio
of 3.

As can be observed in Fig. 12b, for H,/CO, ratios of 3, the
hydrogenation of CO- over Pt/YSZ/Au, at 400 °C and 90 1 h~}, gives
rise to the formation of CO (2), CH30H (16), C,Hg (7) and C3Hg (8),
and it is, as well, considerably influenced by the applied potential,
with selectivities to C;Hg, C3Hg, CO and CH30H up to 53%, 32.7%,
55% and 2.8%, respectively.

In this case, the electrochemical behaviour is very similar to
that observed for a H,/CO, ratio of 2.

The main products resulting from CO, hydrogenation are CO,
C,Hg and C3Hg. The selectivity to CoHg and C3Hg follows opposite
and similar trends, respectively, vs. applied potential with respect
to that of CO selectivity. CO, rate enhancement ratio values are
also low (up to about 2.3) with CO, conversions up to 9%. The
catalyst showed also an “inverted volcano type” electrochemical
behaviour, showing also a minimum in CO, rate enhancement
ratio at around 0 V (open circuit conditions) (Fig. 12a) [8,33]. As
can be observed in Fig. 12b, up to —0.5 V, selectivity to CH3;OH and
C,Hg showed also a maximum at 0V, whereas CO and C3Hg
selectivities exhibit a concomitant minimum at the same
potential value. However, for potential values below —0.5V,
selectivities to CH30H, C3Hg and C,Hg increase on decreasing
applied potential, while CO selectivity diminishes on lowering
applied potential.
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A H;/CO; ratio of 3 is about the stoichiometric ratio required for
CyHg, C3Hg and CH30H formation by CO, hydrogenation via
reactions (7), (8) and (16), respectively, and thus they are
thermodynamically favoured under these conditions. As can be
observed in Fig. 12b, in this case, for potential values above —0.5V,
the optimum applied potential for CH30OH and C,Hg formation is
about 0V, which corresponds with an enhancement in their
selectivity of up to about 4 and 11 times, respectively. CO
selectivity and selectivity to C3Hg exhibit a concomitant minimum
at this potential, which correspond with a decrease in CO and C3Hg
formation of up to approximately 64% and 46%, correspondingly.
As commented above, formation of CH3;0H and C,Hg are enhanced
around open circuit conditions (0 V), as a consequence, CsHg and
CO formation competitive reactions are retarded.

A subsequent decrease in potential below —0.5V, gives rise to
an increase in CH3;0H, CsHg and C,Hg selectivity and a concomitant
decrease in selectivity to CO, as a result of the improved CO,
dissociative adsorption, via O®~ abstraction, because, in spite of
hydrogen evolution (which may limit the CO, hydrogenation) is
also favoured on decreasing applied potential, under a stoichio-
metric H,/CO, ratio of 3, hydrogen coverage is higher enough for
CO adsorbed species to be further hydrogenated to hydrocarbons
and CH50H, given that CH3OH is reported to block active sites for
RWGS reaction, forming surface intermediates which favours the
hydrocarbon synthesis reaction [5]. Moreover, as more water is
formed from CO, hydrogenation reactions, the amount of CO could
decrease also trough the WGS (water gas shift) (21) reaction [51],
resulting in a concomitant decrease in CO yield.

CO +H,0 —CO, +H, AG° = —-19.9 k] mol™' (21)

The steady state response of CO, conversion and CO, rate
enhancement ratio to different applied catalyst potentials (be-
tween —2 and 2 V), at 400 °C and 90 1 h~! and using a H,/CO ratio
of 4, is displayed in Fig. 13a. Fig. 13b shows the effect of applied
potential on the selectivity to CO, CH30H, CyHg, and CsHg,
respectively, under the same conditions.

As can be observed in Fig. 13b, for H,/CO, ratios of 4, the
hydrogenation of CO, over Pt/YSZ/Au, at 400 °C and 90 1 h~!, gives
rise also to the formation of CO (2), CH30H (16), C;Hg (7) and C3Hg
(8), and it is, as well, affected by the applied potential, with
selectivities to C;Hg, C3Hg, CO and CH5OH up to 4.8%, 73.3%, 72.5%
and 0.9%, respectively.

The obtained results are very similar to those found for a H,/CO,
ratio of 3.

The main products resulting from CO, hydrogenation are again
CO, and C3Hg. The selectivity to C;Hg and C3Hg follows the same
trend vs. applied potential, and opposite tendency in relation to
that of CO selectivity. CO, rate enhancement ratio values are again
rather low (up to about 3.2) with CO, conversions up to 10%. The
catalyst resembled, as well, an “inverted volcano type” electro-
chemical behaviour, showing also a minimum in CO, rate
enhancement ratio at about 0.5V (Fig. 13a) [8,33]. However,
contrary to that observed for a H,/CO, ratio of 3, for potential
values above —0.5 V (Fig. 13b), selectivity to C3Hg shows a “volcano
type” electrochemical behaviour reaching a maximum at 0V,
whereas selectivity to CH3O0H is almost negligible. However, for
potential values below —0.5 V, the variation of C3Hg, C;Hg and CO
selectivities vs. applied potential is the same than that observed for
a Hy/CO, ratio of 3. The above commented change in the
electrochemical behaviour of the catalyst in terms of C3Hg
selectivity on increasing H,/CO, ratio from 3 (“inverted volcano
type” behaviour) to 4 (“volcano type” behaviour) could be because
for H,/CO, ratios of 4 (higher than the required stoichiometric
ratio), hydrogen coverage is always higher than that of adsorbed
CO resulting from CO, dissociation [12] and, thus, it can be

12
(@)
10

P /X (%)
CO2 CO2

T T T M T M T
-1 0 1 2
Potential (V)

. .
-2

A P

| t/\—a—/'\o—a—o—a

T T T T T T T T T
-2 -1 0 1 2
Potential (V)

Selectivity (%)

Fig. 13. Influence of the applied potential on (a) CO, conversion (M) and CO, rate
enhancement ratio (e) and on (b) selectivities to CoHg (A ), C3Hg (W), CO (@) and
CH30H (@) over Pt/YSZ/Au. (400 °C, 90 1 h~', H,/CO; = 4).

gradually hydrogenated to the different products. Therefore, the
competition between the different hydrogenation reactions is less
pronounced as a result of the increased H, availability.

In this case the maximum in C3Hg and C,Hg formation
corresponds with an enhancement in their selectivity of up to
about 3 and 2 times, respectively, whereas the concomitant
minimum in CO formation corresponds with a decrease in its
selectivity of up to approximately 69%.

For better understanding of the influence of H,/CO, ratio on
catalyst behaviour and selectivity to the different products, the
potentiostatic variation of CO, conversion, CO, rate enhance-
ment ratio and selectivity to CO, C3Hg, CoHg, and CH3OH is
plotted for different H,/CO, ratios in Fig. 14a to 14f, respectively.
Results indicate that, in general, for highly positive and negative
potentials, CO, conversion increases with the increment in Hy/
CO,, ratio from about 4% for H,/CO, =1 to 10% and 9% for H,/CO,
ratios of 4and 3, respectively, supposedly as a result of the
increased hydrogen availability with respect to the stoichio-
metrically required for the synthesis of the different hydroge-
nated products. Except in the case of H,/CO, ratio of two where
the CO, conversion vs. potential curve is shifted to the highest
values of conversion (around 24.5%), being ascribed, as
commented above, to the additional contribution of total CO,
reduction reaction (18) to CO, consumption. On the contrary, as
can be deduced from Fig. 14b, CO, rate enhancement ratios, i.e.,
promotion levels, decrease on increasing H,/CO, ratio, from
about 1.9 for H,/CO,=1 to around 1.7 for H,/CO, =4, being
minimum for a H,/CO, ratio of 2 (around 1.3), which is thought
to be due to, as indicated before, hindering of 0%~ ions migration
by partial blocking of the tpb [12] via deposition of carbona-
ceous species resulting from the electrochemical reduction of
CO, (18).
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As can be also deduced from Fig. 14c, at highly positive and
very negative potentials, selectivity to CO decreases and
increases, from about 57% to 39.5% and from 55% to 76%,
respectively, on increasing H,/CO, ratio, clearly showing a
minimum at about open circuit conditions at H,/CO, ratios of
3 (of about 27%) and 4 (of around 23%), while selectivity to C3Hg
(Fig. 14d) and/or C,Hg (Fig. 14e) showed, in general, an opposite
trend vs. H,/CO; ratio in relation to that of CO selectivity and a
maximum of 73.3% and 53% at H,/CO, ratios of 4 and 3,
respectively, around open circuit conditions, depending on the
balance between the different competitive CO, hydrogenation
reactions involved and on the excess of surface hydrogen with
respect to that theoretically required by stoichiometry for the
hydrocarbon synthesis.

CH5OH selectivity (Fig. 14f) exhibits a maximum (of about 8%)
around open circuit conditions, because the surface reaction could

be restricted by the coverage of both CO, and H, adsorbed on the Pt
surface [36,37], and for H,/CO, ratios equal to two (of about 2%),
which is that required for stoichiometric synthesis of methanol by
hydrogenation of the CO (20) resulting from CO, dissociative
adsorption, and, therefore, thermodynamically favours the forma-
tion of CH3OH as the expenses of other CO, hydrogenation
products.

3.2.2. Electrochemically assisted CO, hydrogenation tests on Ni

Fig. 15 shows the steady-state effect of temperature on the
conversion of CO, under open-circuit state (0V, unpromoted
conditions) and upon cathodic (-2 V) and anodic (+2 V) polariza-
tion conditions, at temperatures from 225 to 400 °C and using
901 h~! of total gas flow rate and a H,/CO, ratio of 4. The main
products obtained (not shown) were hydrocarbons (mainly C;Hg
and C3Hg), although an almost negligible amount of CH4 and CO
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Fig. 15. Influence of temperature on CO, conversion under open circuit conditions
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was observed to be formed under certain polarization conditions at
high temperatures.

As can be observed in Fig. 15, CO, conversion monotonically
decreases as temperature increases for whatever value of applied
potential. This fact is in disagreement with the results obtained by
other authors over carbon nanofiber supported Ni catalyst
electrodes deposited on YSZ [13], but in this case the main
products of CO, hydrogenation were CH4 and CO.

The mechanism of CO, hydrogenation over Ni/YSZ [13] has
been proposed to be the same as commented above for Pt/YSZ.
Positive potential application, i.e., 0% supplying from solid
electrolyte to the catalyst surface favours H, (electron donor)
dissociative adsorption (10) on Ni. CO, dissociative adsorption on
Ni has been also considered to be enhanced by the presence of
coadsorbed hydrogen (11) [52]. On the contrary, under negative
polarization, 0>~ species are pumped away from the catalyst
surface to the solid electrolyte YSZ, enhancing CO, dissociative
adsorption to CO (15). No CO was detected in the reactor effluent. It
seems that the formed CO would be then irreversibly (owing rapid
removal of surface O by hydrogenation) dissociated into surface
carbon species [6,40,53]. The adsorbed carbon species could
accumulate on the surface or could be hydrogenated, resulting in
the formation of adsorbed CH species [6,40,53]. Addition of
hydrogen to these species would then lead to methane, whereas
combination reaction of two or more adsorbed CH units would
result in hydrocarbon formation (mainly C;Hg and CsHg) [53]. In
agreement with literature, Ni is less active and selective towards
CH4 (chain lengthening occurs) synthesis from CO than in the
Sabatier reaction (CO, + Hy) [52]. In addition, it has been reported
[54] that supported Ni enhanced the formation of higher molecular
weight hydrocarbons compared to unsupported Ni. This modifica-
tion in catalytic behaviour was attributed to changes in the
adsorbed state of CO on Ni surfaces resulting from metal-support
interactions or variations in nickel crystallite size [52]. As
commented above, nickel is reported to favour the C-C bond
rupture and, therefore, CO, (18) and CO (14) dissociation to surface
carbon [55-58]. In addition, carbon deposition on Ni/YSZ has been
reported [59] to originate from the dissociation of hydrocarbons
and CO. The adsorbed carbon could accumulate, blocking pores and
reactive sites, resulting in an excess of carbon on the catalyst
surface and in a decrease in catalytic activity and, then, in catalyst
deactivation [2,59,60]. Therefore, the obtained CO, conversion will
be determined by the balance of carbon species formation and
accumulation on the catalyst surface and their removal by
gasification agents [56,59]. Moreover, it has been reported that
deactivation by carbon deposition on the catalyst surface may be

favoured on the relatively large Ni particles (low dispersion and
worse catalytic behaviour) obtained by the utilized “electroless”
technique, because large Ni particles are reported to promote
encapsulation of Ni particles with carbon plates, resulting in Ni
poisoning due to the growing carbon layer on the catalyst surface
[2,57,58,60], reducing also access to gasification agents and
therefore the reversibility of the carbon deposit [59]. In addition,
larger Ni particles are reported to induce lower interaction with the
oxygen ion conducting support (YSZ in this case), resulting in low
oxygen mobility and therefore hindering gasification of carbona-
ceous deposits with spillover of oxygen species to the catalyst
surface [61,62].

XPS results seem to confirm these assumptions. As commented
above, the tested samples were characterized by XPS to obtain
information about the nature and amount of the carbonaceous
compounds formed. The carbon content in used samples increases
regarding that initially present, which is usually found in fresh
samples, due to contamination or from the catalyst preparation
procedure. As determined by XPS, the C/Ni ratio in used samples
(around 38) about doubled that of fresh samples (about 20). Three
different types of carbon species were identified in the C 1s spectra
of both fresh (Fig. 16a) and used (Fig. 16b) Ni samples. The main
peak at binding energies around 284.6 eV could be attributed to
graphitic-like carbon (C-C or C-H) [63,64]. It was found that, in
the used sample, the main peak increases and the difference
spectrum (284.7 eV for fresh sample and 284.8 for used sample)
may indicate the formation of graphite intercalation compounds
[65]. Two additional shoulder peaks appear, together with the
main peak, in the C 1s spectrum of the fresh/used sample, at
binding energies at about 286.5/286.9 and 288.3 eV which may be
assigned as ether groups (C-0) and carboxylic groups (C=0),
respectively. The contribution of graphitic carbon (C-C or C-H)
increases (from 87.3% to 93.5%), whereas those of ether (C-0) and
carboxylic (C=0) groups decreases (from 7.4% to 4.8% and from
5.3% to 1.7%, respectively) in the used sample, suggesting that
carbon deposition might preferentially create graphitic-like carbon
structures.

Therefore, the decrease on CO, conversion on increasing
temperature observed in Fig. 15 is thought to be due to Ni
poisoning by carbon deposition, given that the amount of surface
carbon adsorbed on the catalyst surface is expected to increase
with time and temperature [2]. Moreover, the surface carbon
formed is more strongly bound at increasing temperatures, as well,
the maximum rate of surface carbon removal also increase with
temperature [66]. The increase of carbon deposits around or near
the metal particle is reported [67] to inhibit CO, dissociation and,
therefore, the hydrocarbon formation via hydrogenation of surface
species resulted from CO, dissociative adsorption, contributing
also to the observed decrease in CO, conversion. Site blocking by
excess of surface CO, coverage could also retard CO, conversion
[2].

As can be observed also in Fig. 15, CO, conversion vs.
temperature curves obtained for positive (+2V) and negative
polarizations (-2 V) are shifted to higher and lower conversion
values, correspondingly, with respect to that obtained for open
circuit conditions (0 V).

The increase in conversion values obtained for positive
polarization could be because upon application of positive
potentials oxygen ions are transferred from the solid electrolyte
to the Ni surface and could eliminate the deposited carbon on the
Ni surface [66,68,69]. Moreover, positive polarization gives rise
also to an increase of surface hydrogen coverage which could also
contribute to gasification of surface carbon. However, CO,
conversion decreases also with temperature as a result of the
concomitant increase in the extent of carbon deposition and in the
stability of the surface carbon species formed [66].
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Fig. 16. C 1s XPS spectra of the Ni catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

On the contrary, the decrease in CO, conversion levels observed The maximum CO, conversion was 28% for a H/CO, ratio of
under negative polarization could be due to the increased surface 4 and under anodic polarization (2 V) and at temperature of 225 °C.
carbon formation as a result of the improved CO, dissociation, via The maximum CO, rate enhancement ratio was about 1.6 for a Hy/
02~ abstraction, and enhanced hydrogen evolution. CO, ratio of 4 and under anodic polarization (2V) and at
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temperature of 350 °C, which is in agreement with the fact that
electrochemical promotion effect increases as temperature
increases, as a result of the increased ionic conductivity at higher
temperatures.

Similar trends (not shown) in CO, conversion vs. temperature
dependence were obtained both under open circuit and polariza-
tion conditions using instead a H,/CO, ratio of 1.

Fig. 17 compares CO, conversion vs. temperature curves
obtained for different H,/CO, ratios (4 and 1) under positive
(Fig. 17a) and negative (Fig. 17b) polarizations, respectively.

As can be deduced from Fig. 17a, under positive polarization
(V=2V) where dissociative adsorption of H, is favoured, CO,
conversion vs. temperature curve is shifted to lower conversion
levels for the lower H,/CO; ratio of 1. Therefore, decreasing hydrogen
concentrationin the reactive flow led to a decrease in CO, conversion
as a result of the decrease in hydrogen surface coverage below that
required by stoichiometry for CO, hydrogenation to the different
hydrocarbons. On the contrary, as can be obtained from Fig. 17b,
upon negative polarization (V = —2 V), where total CO, reduction via
02 abstraction from the catalyst surface is favoured, CO, conversion
vs. temperature curve is shifted to higher conversion levels for the
lower H,/CO5 ratio of 1. This increase in conversion is thought to be
due to the enhanced surface carbon formation. In fact, the lower
hydrogen content in the gas feed mixture could also favour Ni
poisoning by accumulation of adsorbed surface carbon as a result of
the lesser hydrogen availability for surface carbon removal on using
lower H,/CO, ratios [2,56-58], as seem to be resembled by the more
pronounced slope (sharper CO, conversion decrease) of CO,
conversion vs. temperature curve observed for the lower H,/CO,
ratio of 1 [2]. For a H,/CO, ratio of 1, the maximum CO-, conversion
was about 20% at 225 °C and 2 V, whereas the maximum CO, rate
enhancement ratio slightly exceeded the unity.
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Fig. 17. Influence of temperature on CO, conversion upon (a) positive (2 V) and (b)

negative (—2 V) polarization for different H,/CO, ratios over Ni/YSZ/Au. (225-
375°C,901h™", Hy/CO, =4 (M) and H,/CO, =1 (A)).

As long as it was observed that the predominant products of the
CO, hydrogenation reaction on Ni/YSZ were hydrocarbons (mainly
C,Hg and C3Hg), potentiostatic experiments were also carried out
using the corresponding stoichiometric H,/CO, ratio (around 3), at
400 °Cand 901 h~!, for comparison with results obtained on Pt/YSZ
under the same conditions.

The steady state response of CO, conversion and CO, rate
enhancement ratio to different applied catalyst potentials (be-
tween —2 and 2 V), at 400 °C and 90 1 h—! and using a H,/CO ratio
of 3, is displayed in Fig. 18.

C,Hg and C3Hg are produced dominantly in the gas phase for all
range of potentials.

CO, rate enhancement ratio values are also rather low (up to
2.4), but CO, conversion is fairly high (up to 22.8%). The catalyst
showed also a minimum at a certain potential (under open circuit
conditions approx.), resembling an “inverted volcano type”
electrochemical behaviour [8,33], similar to that found for Pt/YSZ.

As commented above, also in the case of Ni/YSZ, application of
negative potentials favours the dissociative adsorption of CO; on
the Ni catalyst surface forming adsorbed CO which could be
subsequently hydrogenated to hydrocarbons. On the contrary,
application of positive potentials favours the dissociative adsorp-
tion of H, on the Ni catalyst surface, increasing the coverage of
adsorbed hydrogen (electron donor) which induces hydrogen
assisted CO, dissociative adsorption. Formed CO can be gradually
hydrogenated to the different hydrocarbons. As commented above,
carbon formation incoming from CO, reduction (18) and/or CO
dissociation (14), via 0%~ abstraction, could also contribute to CO,
conversion, in special at highly negative potentials.

3.2.3. Electrochemically assisted CO, hydrogenation tests on Pd

The steady state effect of temperature on the behaviour of Pd/
YSZ/Au was investigated through temperature programmed
experiments (from 225 to 375 °C) performed at different potentials
and using a H,/CO, ratio of 3 and 90 1 h~! of total gas flow rate.

Fig. 19a shows the effect of temperature on the conversion of
CO, under open-circuit state (0V, unpromoted conditions) and
anodic (+2 V) polarization conditions, at temperatures from 225 to
350 °C, using a H,/CO, ratio of 3 and 90 1 h~! of total gas flow rate.
As can be observed in Fig. 19b, the main products obtained were
hydrocarbons (CoHg and C3Hg) and dimethyl ether (C;HgO), no CHy
[10] and CO [70] formation was observed for the studied
temperature range.

The mechanism of CO, hydrogenation over Pd/YSZ [10] has
been proposed to be the same as commented above for Pt/YSZ.
Under application of positive potentials, oxygen ions are pumped
from the solid electrolyte to the catalyst surface, giving rise to an
increase of the Pd catalyst work function [2-4,10] which favours H,
(electron donor) dissociative adsorption (10) on Pd increasing the
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Fig. 18. Influence of the applied potential on CO, conversion (M) and CO, rate
enhancement ratio (e) over Ni/YSZ/Au. (400 °C, 90 1 h~!, H,/CO, = 3).
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surface coverage of adsorbed hydrogen (electron donor). CO,
dissociative adsorption on Pd has been also reported to be
enhanced by the presence of coadsorbed hydrogen (11) [10]. CO
adsorbed species resulting from CO, dissociation can be gradually
hydrogenated to hydrocarbons (C;Hg and C3Hg in this case) (13)
and oxygenates, C;HgO (22) in this case.

2C0, +6 Hy —CHgO +3 H,0 AG = -36.8 k] mol™'  (22)

In fact, it has been reported that, on large Pd particles, adsorbed
CO is hydrogenated to dimethyl ether and higher hydrocarbons,
instead to CHy, because CO dissociative adsorption is also reported
to be limited on big Pd particles [71-73], although large Pd
particles are able to adsorb CO non-dissociativelly [71]. Moreover,
adsorbed CO is reported to inhibit hydrogen-assisted CO dissocia-
tion [71]. As commented above, CO was not detected in the reactor
effluent. It seems that on large Pd particles CO, is reduced to form
tightly adsorbed CO that is rapidly transformed to methanol and
subsequently converted to dimethyl ether and higher hydrocar-
bons [70-76].

As can be observed in Fig. 19a, CO, conversion decreases on
increasing temperature, in special under open circuit conditions,
which according to the above findings for Ni/YSZ, it may suggest that
carbon deposition is also produced in some extent over Pd/YSZ,
especially at high temperature [72,74,77]. Carbon deposits are
reported to supress formation of surface hydrogen adatoms by
blocking of hydrogen adsorption sites [ 77], inhibiting the hydrogen-
assisted CO, dissociation and, therefore, the CO, hydrogenation
reaction [74,77]. As commented above, under negative polarization
(=2V), carbon deposition is expected to be increased by CO,
reduction via 0%~ removal from the catalyst surface. For this reason

it was decided to do not perform any additional CO, hydrogenation
tests under negative polarization.

As can be observed in Fig. 19b, for H,/CO, ratios of 3, under open
circuit conditions and 90 1 h~!, the formation of C,Hg (7), C5Hg (8)
and C,HgO (22) on Pd is affected significantly by the temperature,
with selectivities to C;Hg, C3Hg and C;HgO up to about 5%, 36% and
96%, respectively. Selectivity to C;Hg shows a slight dependence on
temperature, whereas selectivity to C;HgO and C3Hg increases and
decreases, respectively, on increasing temperature. Upon positive
(2 V) polarization, the maximum value of CoHg, C3Hg and CoHgO
selectivity is about 8.5%, 31% and 81%, respectively. Selectivity to
C,Hg is hardly affected by temperature, whereas selectivity to
C,HgO and CsHg decreases and increases, respectively, on
increasing temperature.

CO, conversion levels were considerably high, up to about 17%,
under open circuit conditions (0 V), and around 20%, upon positive
polarization (2 V). A maximum value of CO, rate enhancement ratio
of 1.3 was attained at 350 °C, which also agrees with the fact that
electrochemical promotion effect increases with temperature as a
result of the increased ionic conductivity of the solid electrolyte.

In both cases, selectivity to C;HgO and CsHg showed opposite
trend towards temperature, which seems to indicate that they are
formed through competitive reactions. The formation of both
compounds is thermodynamically favoured under the utilized Hy/
CO, ratio of three, which matched with that required by
stoichiometry of the corresponding CO, hydrogenation reaction.
As can be inferred also from Fig. 19b, application of positive
potential (2 V) favours C3Hg formation at the expenses of C;HgO.
This fact could be because, as reported previously in the literature
[71], on relatively large Pd particles CH;0H is primarily formed by
hydrogenation of the adsorbed CO resulting from CO, dissociation
and it is subsequently converted to C;HgO, and, as commented
above, CH30H formation, and thus C;HgO formation, is favoured
around open circuit conditions were coverage of both reactants
(CO; and H,) is supposed to be very similar, whereas it is hindered
for higher potential values.
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Fig. 20. Influence of the applied potential on (a) CO, conversion (M) and CO, rate
enhancement ratio (e) and on (b) selectivities to C;Hg (A ), C3He (W) and C;HgO (@)
over Pd/YSZ/Au. (300 °C, 901 h~!, H,/CO, = 3).
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The effect of polarization on catalyst performance over Pd/YSZ
was also investigated through potentiostatic experiments per-
formed under a H,/CO, ratio of 3, at 300 °C and 90 1 h™'.

The steady state response of CO, conversion and CO, rate
enhancement ratio to different applied catalyst potentials (be-
tween —2 and 2 V) is displayed in Fig. 20a. Fig. 20b shows the effect
of applied potential on the selectivity to C;Hg, C3Hg and C;HgO.

As can be noticed in Fig. 20a, CO, rate enhancement ratios are
around the unity, rendering very low promotion levels at this
temperature, although CO, conversion and selectivity to the
renewable fuel of most industrial interest (C;HgO) are rather high.
The catalyst showed also an “inverted volcano type” electrochem-
ical behaviour (Fig. 20a). The maximum value in CO, conversion
was about 15.5% at 2 V. However, selectivity to Co;Hg and C;HgO
showed a “volcano type” electrochemical behaviour, i.e., they
reach a maximum, of about 3.6% and 72.4%, respectively, at a
certain potential (around 0 V), whereas C3Hg selectivity exhibits a
concomitant minimum at the same potential, resembling an
“inverted volcano type” electrochemical behaviour. The maximum
value in C3Hg selectivity was about 35%. As can be deduced from
Fig. 20b, selectivity to C;HgO/C;Hg and CsHg follows opposite
trends against applied potential being a competition for the
formation of the different hydrogenation products over the
catalyst surface.

4. Conclusions

In this study, different tubular (Pt, Ni or Pd)/YSZ electrochemi-
cal catalysts has been successfully prepared by application and
subsequent decomposition of a metallic precursor paste (Pt/YSZ) or
by electroless (Ni/YSZ and Pd/YSZ) and characterized by SEM, XRD
and XPS techniques.

The hydrogenation of CO, over the different catalysts can be
electrochemically assisted under atmospheric pressure, at rela-
tively low temperatures and high gas flow rates and under realistic
postcombustion CO, capture exiting gas compositions and
discontinuous renewable H, flows. Selectivity to the different
fuels of industrial interest can be modulated by modifying applied
potential under given operating conditions.

CO, hydrogenation can be electrochemically enhanced for both
positive and negative potentials, rendering an “inverted volcano
type” electrochemical behaviour, by up to 3.2, 2.4 and 1.3 times for
Pt, Ni and Pd, respectively, depending on the utilized operating
conditions.

Both utilized preparation procedures resulted in relatively big
metal particles which probably determined the comparatively
high selectivity to methanol (up to 8% at 400 °C and H,/CO, = 2),
hydrocarbons (almost 100% to C;Hg and C3Hg) and dimethyl ether
(up to 96% at 300° C and H,/CO, = 3) obtained for Pt, Ni and Pd,
respectively, and the unusual small selectivity to CH; and CO
observed for Ni and Pd.

The CO, hydrogenation on the Pt/YSZ catalyst at 400 °C leads to
the formation of CO, C,Hg, C3Hg and methanol, but CH4 was also
formed for a H,/CO, ratio of 2, although the maximum CH,
selectivity attained was rather low (of about 3%). The conversion of
CO, reaches a maximum of 24.5% also for a H,/CO, ratio of 2, but
with very low promotion levels. Selectivities to C;Hg, C3Hg, CH;0H
and CH,4 were electrochemically enhanced by up to 6, 3, 800 and
30 times, respectively, depending on the utilized H,/CO, ratio.

The same reaction on Ni/YSZ at temperatures between 225 and
400 °Cleads mainly to the formation of hydrocarbons (mostly C;Hg
and C3Hg). CO, conversion reaches a maximum of 28% for a H,/CO,
ratio of 4 under anodic polarization (2 V) and at 225 °C, but with
low promotion levels.

Hydrogenation of CO, on Pd/YSZ at temperatures in the range of
225-375 °C results in the formation of C;Hg, C3Hg and dimethyl

ether (C;HgO) both under normal catalytic and polarization
conditions. CO, conversion levels were considerably high, up to
20% at 225° C and increases upon positive polarization. Selectivity
to C,Hg, C3Hg and C;HgO reached values up to 8.5%, 36% and 96%,
respectively, but positive polarization favours CsHg formation at
the expenses of C;HgO.

Therefore, this study addresses some scale-up aspects, such as
operation at high flow rates and atmospheric pressure, under
realistic gas compositions and using catalyst-electrode configura-
tions easily adaptable to the existing catalytic devices (conven-
tional flow reactors), and, in the case of Ni, based on a cheap,
widespread and non-precious catalyst, and prepared by a
commercial ready procedure, which may have an impact on the
potential practical application of the process for CO, recycling,
contributing not only to controlling the global “Green-house
Effect”, but also to the availability of fuel sources for the future.
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The electrochemical synthesis of fuels by CO, hydrogenation was studied over a cheap, widespread and
non-precious Cu catalyst in a potassium ion conducting membrane (K-3Al,053) reactor at bench scale,
under atmospheric pressure, at relatively low temperatures and high gas flow rates, with varying H,/CO,
ratios and using gas compositions representative of post-combustion CO, capture exit streams and easily
scalable catalyst-electrode configurations, as an approach towards its potential practical application.
The Cu catalyst film was deposited by electroless and characterised both as prepared and after testing.

ggggjﬁ;mical synthesis The presence of Cu* and relatively big Cu particles probably determined the high selectivity to CH3OH
Bench scale and the unusual small selectivity to CO and CHg.

Selectivities to CH30H, C;Hs0H and C;HgO were electrochemically enhanced up to a maximum of
34, 22 and 3.4 times, respectively. The optimum temperature for the electrochemically assisted CO,
hydrogenation was selected to be 325 °C. Higher gas flow rates favoured the synthesis of dimethyl ether
at the expense of methanol and ethanol formation. CO, conversion increased with H,/CO, ratio, whereas
selectivity to fuels showed a maximum for a H,/CO; ratio of 2. Selectivity to dimethyl ether follows an
opposite trend vs. H,/CO, ratio with respect to methanol and ethanol ones.

CO; hydrogenation
CU/K-BA]zO},
CO; recycling

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Due to the depletion of fossil fuels and the increasing CO, atmo-
spheric levels incoming from combustion, valorisation of CO, to
fuelsis viewed as a complementary strategy for reducing CO, emis-
sions, allowing their recycling and, therefore, a more sustainable
use of the energy resources. Chemical recycling of carbon diox-
ide, as an energy carrier, from combustion sources can be achieved
via its capture and subsequent hydrogenation to fuels (methanol,
dimethyl ether, ethanol, etc.), given that any available renewable
energy source (wind, solar or hydraulic) is used for both production
of needed hydrogen (by water electrolysis) and chemical conver-
sion of CO». In this way, carbon dioxide can be transformed from a
detrimental greenhouse gas causing global warning into a valuable,
renewable, environmentally neutral and inexhaustible fuel source
for the future [1-4].

It can be predicted that increasing amounts of cheap CO, will
be available from carbon sequestration in the near future. More-
over, the potential use of methanol and derivatives (dimethyl
ether) as fuels leads to forecast a growth in the demand of both

* Corresponding author. Tel.:+34 91 346 0887; fax: +34 91 346 6269.
E-mail address: esperanza.ruiz@ciemat.es (E. Ruiz).

0920-5861/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cattod.2014.01.016

compounds. Currently, methanol is produced at industrial level
from syngas streams over Cu based conventional catalysts oper-
ating at high pressure to promote the hydrogenation reaction.
However, these catalysts are no so effective for CO,-rich sources
(CO, capture streams) under operating conditions of interest.
Dimethyl ether and other hydrocarbons can be also formed over
Cu based catalysts with improved CO, conversion [5].

The application of small currents or potentials between a metal
catalyst which is in contact with a solid electrolyte and a counter
electrode results in the moving of promoting species to the cat-
alyst surface, allowing altering the catalytic performance for the
CO, hydrogenation reaction and the selectivity to the desired
products, as well as to simultaneously monitor and control the
reaction during the process [6]. CO, hydrogenation over Cu is sus-
ceptible of being electrochemically assisted, allowing operation
of the catalyst under milder conditions [7]. The electrochemically
promoted CO, hydrogenation reaction has been studied over Pt
on YSZ (an 02~ conductor) [8,9] or K-BAl,03 (a K* conductor)
[10], Pd on YSZ or Na-BAl;03 (a Na* conductor) [11], Rh on YSZ
[8,12], Ru on YSZ or Na-BAl;,05 [13,14] and Ni or Ru impregnated
carbon nanofibers on YSZ [15]. However, there are few previ-
ous studies of CO, hydrogenation over Cu in solid electrolyte ion
conducting membrane reactors. It has been studied over Cu on
SrZrg9Yo103.« (a proton conductor) [7] and over Cu on TiO,-YSZ
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[8]. In addition, these studies have been carried out using reac-
tion conditions and gas compositions that are not representative of
real post-combustion CO, capture exit streams. Therefore, aspects
regarding the practical application of the technology have not been
addressed in detail [16-18]. On the other hand, some previous
works [19-23] demonstrated that CO, and H, chemisorption over
Cu surfaces can be modified by the presence of potassium, and
consequently the catalytic performance of Cu catalyst towards the
CO, hydrogenation reaction can be electrochemically altered by
controlling the potassium surface concentration on the catalyst
surface.

This work presents a bench-scale study of electrochemical syn-
thesis of renewable fuels by CO, hydrogenation over a cheap,
widespread and non-precious Cu catalyst on K-Al, 03, at high flow
rates, under atmospheric pressure and at relatively low tempera-
tures, using gas compositions representative of post-combustion
CO, capture streams and catalyst—electrode tubular configurations
easily adaptable to existing catalytic devices (conventional flow
reactors) and prepared by a readily scalable procedure. More-
over, in this study, we evaluate the influence of temperature and
gas flow rate on the extent of the electrochemically assisted CO,
hydrogenation reaction and on the selectivity for the different tar-
get oxygenated fuels. Changing H,/CO, ratios (from 2 to 4) have
been explored in order to consider the effect of a discontinuous
H, flow, as the H, needed for CO, hydrogenation may be dis-
continuously produced by water electrolysis only when electricity
demand is low and from intermittent renewable energy sources
[2,3].

2. Experimental
2.1. Electrochemical catalyst

The electrochemical cell evaluated in this work consisted of a
thin Cu film (catalyst-working electrode) deposited by electroless
on the outer surface of a 28-mm-i.d., 100-mm-long, and 1-2-mm-
thick K-BAl,03 tube, closed flat at one end (IONOTEC). A gold
counter electrode was painted on the inner side of the solid elec-
trolyte tube to perform polarizations. Gold was chosen as counter
electrode material because it is reported [8] to be inert for the CO,
hydrogenation reaction.

The Au counter electrode was prepared by painting the inner
side of the K-BAl,03 tube with a gold paste (HERAEUS-C5729).
The deposited paste was dried at 150 °C during 10 min, heated to
850°C at a controlled rate and, finally, annealed at 850°C[11] dur-
ing 10 min, following instructions of the gold paste supplier and
taking into account recommendations given by the solid electrolyte
supplier (IONOTEC).

After that, the copper layer was deposited on the outer surface of
the K-3Al,03 tube by electroless deposition technique. Electroless
deposition [24-28] is the process of depositing a metallic coat-
ing from a solution without the application of external electrical
power, so it is therefore applicable to non-conducting substrates,
asisthe case. Substrates need to be activated with a catalyst, usually
palladium, to start deposition. Most metals, including Cu, are elec-
trocatalytic so, once deposition starts, it keeps on going increasing
layer thickness.

In this case, the outer surface of the candle was firstly cleaned
with a mix of acetone and methanol (50/50) and then activated by
introducing it in a solution containing 0.001 M of palladium chlo-
ride followed by rinsing. After palladium activation, the K-BAl,03
tube was immersed, during one hour, in the electroless deposi-
tion bath that contains: copper sulphate as metal source, sodium
and potassium tartrate as complexing agent, sodium hydroxide to
adjust pH and formaldehyde as reducing agent. Solution tempera-
ture was kept at 25 °C under bubbling of a small amount of air in

the solution. Finally, the substrate tube was rinsed with distilled
water and dried in air in an oven at 70 °C.

2.2. Catalyst characterisation

The Cu film was characterized, both as prepared and after reduc-
tion and testing, by Scanning electron microscopy (SEM), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) tech-
niques.

The morphology of the catalyst film was investigated via SEM
using a HITACHI S-2500 instrument of 25 kV of accelerating voltage
and 35 A of resolution.

XRD patterns of the catalyst-working electrode film were
recorded on a PHILIPS “Xpert-MPD” instrument using a Cu Ko X-
ray source (45KkV and 40 mA), a 26 range of 15-75°, a step size of
20=0.03° and a step time of 2s.

The surface chemical composition of the Cu film was examined
by XPS using a PerkinElmer PHI 5400 System equipped with a Mg
Ko (hv=1253.6eV) excitation source running at 15kV and 20 mA
and having a beam diameter of 1 mm. Base pressure in the anal-
ysis chamber was maintained at about 10~2 Torr. The pass energy
was set at 89.5 eV for general spectra (0-1100eV) and at 35.75eV
for high resolution spectra. The energy scale was referenced to the
carbon 1s signal at 285.0eV.

2.3. Experimental set-up

Electrochemically assisted CO, hydrogenation over Cu was
studied in a bench-scale plant described in detail elsewhere [10].

Post-combustion CO, capture gas components and hydrogen
can be fed by mass flow controllers. Steam can be added by vaporis-
ing water fed into a boiler by a metering pump. The mixed wet gas
can be then preheated and sent to a fixed-bed down-flow quartz
reactor, with 35 mm of diameter and 900 mm of length, heated
by a three-zone electrical furnace. Polarization across the cell was
imposed and measured using a potentiostat-galvanostat.

Gaseous products from the reactor were passed through a
heated transfer line to the gas analysis system to prevent condensa-
tion of any volatile products. Gas composition was simultaneously
determined using a gas microchromatograph (VARIAN CP-4900)
and an NDIR CO,/CO (FUJI ELECTRIC ZK]) on line analyser [10],
enabling the analysis of: Hy, N5, CO, CHg, CO,, CoH,, CoHy, CoHg,
C3Hg, C3Hg, methanol, dimethyl ether, ethanol, formic acid and
acetic acid.

The gas micro-chromatograph (VARIAN CP-4900) is equipped
with three column modules: a PLOT Molecular Sieve 5A
(10m x 0.32mm), a PORAPLOT Q (10m x 0.15mm) and a CP-SIL
5 CB (6m x 0.15mm) [10]. Each column is connected to the cor-
responding micro thermal conductivity detector (micro-TCD). The
gas chromatography analysis was performed at constant tempera-
ture and pressure, but the conditions differ for each column module
and are as follows: 40°C and 20 psi, 41 °C and 25 psi and 41 °C and
7.3 psi for the PLOT Molecular Sieve, PORAPLOT Q and CP-SIL 5 CB,
respectively.

Helium is used both as carrier and reference gas for the thermal
conductivity detectors.

2.4. Operating conditions and procedure

The electrochemical catalyst was appropriately placed in the
reactor, with the closed flat end of the tube facing the inlet gas
stream, in order to avoid by-pass phenomena and to ensure a god
catalyst-reactive gas contact.

The electrical connections in the reactor were made from
gold wires [8]. Both catalyst (Cu) and counter (Au) electrodes
were connected via gold wires (one point-spot connection) to the
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galvanostat-potentiostat without using a current collector grid.
The current uniformity over the entire catalyst surface was ensured
because the in-plane or surface resistance of the Cu film (both as
prepared and after testing) was determined to be below 1 €2, which
is small enough (bellow 30£2) [15] as to guarantee equal current
distribution over the entire catalyst surface. For this purpose, after
preparation of the Cu catalyst electrode and before performing any
CO, hydrogenation tests, the in-plane or surface resistance of the
Cu catalyst film was obtained by measurement of the electric resis-
tance between two point contacts taken at different distance from
each other (from 10 to 90 mm). In the case of Au counter electrode
film, the corresponding surface resistance resulted to be also very
low (of about 0.4 Q2).

Before the CO, hydrogenation tests, the Cu film was firstly
reduced in a stream of H, at 400°C during 1h [10].

A positive potential of 4V was applied between the Cu and the
Au electrodes during 30 min prior to each test in order to clean the
Cu catalyst surface from potassium ions, which could thermally
migrate to the catalyst surface, and to ensure the decomposition of
any potential carbon dioxide adsorbed species, as a way to define
a reproducible reference state (unpromoted state) of the Cu cata-
lyst surface. At the end of this time, the current density dropped to
almost zero. This potential value is about the decomposition volt-
age, i.e,, the electrode potential above which the current starts to
increase appreciably concurring with solid electrolyte decompo-
sition, reported for Na-[3Al,03 [29]. However, in accordance with
literature [30], no evidence of solid electrolyte decomposition could
be found from the dependence of current on potential observed in
previous cyclic voltammetry studies of the Cu catalyst (not shown).
The stability of the K-BAl,03 electrolyte was confirmed by mea-
surements of the cell resistance before and after hydrogenation
tests, which revealed that it stayed the same after testing.

The electrochemical experiments were performed both under
temperature programmed manner, by following the effect of tem-
perature (between 200 and 400°C) on the catalytic performance
and selectivity at different applied potentials, and under poten-
tiostatic mode, by following the influence of the applied potential
(between 4 and —2 V) on CO, conversion and selectivity to the dif-
ferent products at a given temperature. The effect of polarization
(under application of constant potentials from 4 to —2 V) on catalyst
performance was investigated at the temperature selected from the
temperature programmed tests, using different gas flow rates (90
and 5221h~1)and H,/CO; ratios (between 2 and 4) to determine the
influence of operating conditions on CO, conversion and selectivity
to the different products.

CO, hydrogenation tests were performed under H, and CO,
binary mixtures, although a small amount of N, (about 0.5%) was
added to the reaction gas mix as an internal standard. Accordingly
[10], CO; conversion (Xco,) and “CO; free selectivity” is defined as
(1) and (2), respectively:

_ [CO2], x [N2];
XCOZ - (1_[C02]l><[1\1210) x 100 (1)
s mixMi 09 )

i=n
> i i x M

where [CO;]; and [CO, ], are the corresponding CO, molar quan-
tities at the inlet and outlet of the reactor. As well, [N,]; and [N;],
are N, molar quantities at the inlet and outlet of the reactor, respec-
tively. Additionally, S; is the selectivity to product i, n; the number
of carbon atoms of product i and M; is the moles of product i, respec-
tively.

The coverage of potassium (fy) established on the Cu surface
for each applied potential at steady state conditions was esti-
mated according to Faraday‘s law (3) [31]. Where Fis the Faraday’s

constant, N the surface mol or electrochemical active surface area
(mol of active sites) of the Cu catalyst electrode, I is the current
observed upon application of each potential (V) and t is the time of
current application (1500 s at each potential).

(=I'xt)

K=TFxN) (3)

The effect of polarization on catalyst performance for the CO,
hydrogenation reaction was gauged in terms of promotion index
(PI,) (4) [6] for each fuel product formation (methanol, ethanol
and dimethyl ether).

Ari /1o
Ok

where Ar; is the electropromoted variation in catalytic rate of
formation of product i and r,; is the unpromoted catalytic rate of
formation of product i.

The value of current efficiency or Faradic efficiency (n.) and
energy cost (Cg) were calculated for each fuel product formation
(methanol, ethanol and dimethyl ether) under different applied
potentials and operating conditions, following the expressions (5)
and (6), respectively:

{(mp/Mp) x (Ve/vp) x F}

Pl, =

(4)

Ne = It (5)
—VxFx (Ve/Vp)
=V e My) ©

where ve is the number of electrons transferred and v, is the
stoichiometric coefficient in each product formation reaction. Addi-
tionally, m, and M, are the mass and molecular weight of product
formed, respectively.

3. Results and discussion
3.1. Catalyst characterisation studies

As reported in literature [6], the utilised preparation technique
determines also porous structure, surface morphology and parti-
cle size of the metal thin film and therefore the electrochemically
assisted catalytic behaviour of the system.

SEM micrographs of Cu catalyst-working electrode film, both
as prepared and after testing, are shown in Fig. 1a and b, respec-
tively. XRD patterns of the Cu catalyst-working electrode film, both
as prepared and after testing, are also depicted in Fig. 2a and b,
respectively. The peak at around 26=43.3 was identified as the
main diffraction peak of metallic Cu (JCPDS card no. 01-085-1326);
whereas the peak at about 260=36.5 was assigned to the main
diffraction peak of Cuy0 (JCPDS card no. 01-077-0199). The rest of
the peaks may be ascribed to the K-3Al, 05 solid electrolyte (JCPDS
card no. 00-051-0769 and 01-084-0380).

Moreover, the average crystallite size of the samples was eval-
uated from X-ray broadening of the main metallic Cu diffraction
peak at 20=43.3 by using the well-known Debey-Scherrer equa-
tion [32,33]. The average particle size resulted to be of about 23 nm
for the fresh catalyst and around 60 nm for the used sample.

As can be observed in Fig. 1a, the obtained Cu film seems to
resemble a typical foam structure [34], suggesting that it is porous
(allowing reactants and products diffusion), with a small particle
size (associated with high reactivity), as determined by XRD, and
continuous, as verified by electrical conductivity measurements.
Therefore, the utilised electroless technique allows preparation of a
thin Cu catalyst film with the suitable morphology, microstructure
and electrical properties (surface resistance below 1 2) required for
the electrochemically assisted tests [35]. XPS analysis results (not
shown) confirmed also that the Cu catalyst surface (as prepared)
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Fig. 1. SEM micrographs of the Cu catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.
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Fig. 2. XRD analysis of the Cu catalyst-working electrode film: (a) as prepared, (b) after reduction and testing.

was free of chlorine or any other poisoning adsorbent which could
be potentially incorporated in the course of catalyst preparation by
electroless.

It seems that exposure of the Cu catalyst film to hydrogen and
reducing testing gas environment resulted in an almost complete
reduction of Cu oxide to metallic Cu and in sintering of metallic
Cu particles [36], giving rise to an increase in Cu particle size, as
resembled by the fact that reference XRD peak of Cu,0 almost dis-
appeared and metallic Cu XRD peak turned sharper in the used
sample.

Cu metal dispersion has been also estimated from the obtained
particle diameter [37]. Cu dispersion decreases from 4.7% in the
fresh sample to 1.8% in the used sample. In addition, the surface
Cu/Al ratios obtained from XPS technique, which reflect the copper
dispersion on alumina support [38], were found to be 3.5 and 2.4 for
fresh and used samples, respectively. Therefore, as reported by lit-
erature [36,39], after reduction and reaction, metallic Cu crystallites
sinter increasing their size while decreasing Cu dispersion.

In fact, according to XRD analysis, there is a redox between
metallic Cu (Cu®) and Cu,0 (Cu*) involved in the mechanism of
Cu catalysis. Two models [40,41], redox and formate decompo-
sition/hydrogenation pathways, have been proposed to explain

the mechanism of CO, hydrogenation on Cu-based catalysts. In
the redox model, CO, dissociation takes place on Cu® to form
CO (which could be further hydrogenated to other products) and
Cu,0 which is subsequently reduced by hydrogen. CO, dissoci-
ation may be inhibited in the case of Cu,O was not completely
reduced by hydrogen, therefore a parallel pathway was sug-
gested, the formate decomposition/hydrogenation mechanism; in
this case, the intermediate is proposed to be the formate species
produced from association of hydrogen and CO, [40-43], which
may result in methanol formation by hydrogenation and/or in
CO/CO;, release by decomposition. Cu® and Cu* were proposed
to coexist on the Cu catalyst surface, in special in the presence
of potassium [42]. The role of Cu® is possibly to dissociate H,
and supply atomic hydrogen required for hydrogenation reaction
[40,44,45]. Cu® has been also reported to enhance the rate of for-
mate species formation and hydrogenation, whereas the presence
of Cu* (especially in small amounts) is reported to improve, apart
from CO, adsorption, formate intermediate stability and its hydro-
genation (hydrogen addition) resulting in an enhanced selectivity
to methanol [40,42,43]. Therefore, although the Cu film was pre-
reduced in H, before performing any tests, Cu, 0 may be formed in
CO, dissociation over metallic Cu upon exposure to H,/CO, binary
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mixtures during testing [40-42]. In addition, as reported by litera-
ture [43], CH30H formation is associated with the presence of Cu*
surface species which seems to be reduced simultaneously. More-
over, the presence of potassium is reported to both stabilize copper
ions under reduction and to cause the formation of Cu* by electron
withdrawing [42]. The balance between the different phenomena
results in the observed catalytic performance and Cu, O/metallic Cu
distribution.

The electrochemical active surface area (mol of active sites) of
the Cu catalyst-electrode film (as prepared) was calculated [15]
using the estimated Cu metal dispersion value and the known Cu
loading (total amount of metal deposited in moles) and resulted to
be 1 x 104 mol Cu.

3.2. CO; hydrogenation tests

3.2.1. Effect of temperature

Fig. 3 shows the steady state effect of temperature on the
conversion of CO, and on the selectivity to CH30H, C;H50H and
C,HgO over a clean Cu surface (+4 V) (Fig. 3a), without polariza-
tion (0V) (Fig. 3c) and under anodic (+2V) (Fig. 3b) and cathodic
(—2V) (Fig. 3d) polarization conditions, at temperatures from 200
to 400°C, at 901 h~! of total gas flow rate and using a H,/CO, ratio
of 3.

In absence of polarization (0V), although no electrical current
passes across the cell, potassium promoter ions could also ther-
mally migrate from the solid electrolyte to the catalyst surface as
temperature increases, due to the increased ionic conductivity of
the solid electrolyte at higher temperatures.

The main products obtained were methanol, dimethyl ether and
ethanol, but CO, CHy4, C; +C3 hydrocarbons, formic acid and acetic
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acid were also detected to be formed. CO, conversion shows a
maximum at certain temperature for whatever the applied poten-
tial. The selectivity to CH3OH and C;HgO exhibited also a maximum
at a given temperature and then decreased with the temperature
increment, whereas selectivity to C;Hs OH monotonically decreases
as temperature increases, which agree with the fact that the equi-
librium conversion of CO, to methanol and ethanol decreases as
temperature increases. In fact, the equilibrium conversion of CO,
to methanol increases with the increase of pressure and decreases
strongly as temperature increases [46,47], whereas the equilibrium
conversion of CO, to ethanol decreases with increasing tempera-
ture and decreasing pressure and the ratio of H,/CO, in the reaction
gas [48]. In all cases, the selectivity to C;H50H or C;HgO is higher
when selectivity to CH3OH is lower. This seems to indicate that for-
mation of CH30H, C;Hs0H and C,HgO are in competition over the
Cu catalyst surface. AH,/CO5 ratio of 3 matched with the theoretical
stoichiometry in the methanol, ethanol and dimethyl ether synthe-
sis reactions by CO, hydrogenation according to Eqgs. (7)-(9), and
thus they are thermodynamically favoured under these conditions.

CO; + 3Hy — CH30H + H,0 (7)
2C0O, + 6H; — C;H50H + 3H,0 (8)
2C0O; + 6Hy — CyHgO + 3H,0 (9)

Moreover, C;Hs0H and C,HgO can be also formed by hydro-
genation (10)/hydration (11) and dehydration (12) of CH30H,
respectively.

2CH30H + 3H; — C;H50H + H,0 (10)
2CH30H + H,0 - C;H50H (11)
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Fig. 3. Influence of temperature on (W) CO, conversion and on selectivity to (®) CH3OH, (a) C;HsO0H and (v) C;HgO. (a) Over a clean Cu surface (4 V), (b) under anodic
polarization (2 V), (¢) without polarization (0V) and (d) under cathodic polarization (-2 V) (901h~", H,/CO, =3).
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2CH30H — C;HgO + Hy,0 (12)

In fact, as reported by literature [46], methanol converted to
dimethyl ether at 250-300°C and both methanol and dimethyl
ether are reported to be transformed into hydrocarbons at tem-
peratures about 400°C [49], where RWGS (13) and methanation
(14) reactions are also favoured [8].

CO, + Hy — CO + H,0 (13)
CO, + 4H, — CHy + 2H,0 (14)

Fig. 4 compares CO, conversion (a) and selectivity to methanol
(b), ethanol (c¢) and dimethyl ether (d) curves vs. temperature
obtained for different applied potentials.

Over an electrochemically cleaned Cu surface (4V), CO, con-
version shows a maximum (around 3%) at about 250 °C. Cathodic
(=2 V) polarization leads to a significant increase in CO, conversion
which reaches about 6% at 275 °C. Without polarization (0V) and
under anodic (+2 V) polarization, the maximum CO, conversion,
at low temperature (around 300 °C) where methanol formation is
favoured [46,47], was about 1.5% and 2.5%, respectively.

In the absence of surface potassium (4V), the selectivity to
CH30H and C;HgO attained a maximum of about 15% and 45%,
respectively, around 325 and 275°C, correspondingly and then
decreased with the temperature increment, whereas selectivity
to C;Hs0OH monotonically decreased from about 35% at 200°C
to around 10% at 400°C. Decreasing the applied potential leads
to a significant increase in the maximum of CH3OH selectivity,
which reaches about 45%, 40% and 20% without polarization
(0V) and under anodic (+2V) and cathodic (-2 V) polarizations,
respectively, and it is obtained at lower temperature (around
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300-325°C). Selectivity to C;H50H is only noticeably enhanced in
the absence of polarization (0 V), reaching a maximum of about 25%
at around 325°C. At temperatures above 325°C, the application
of both 0V and anodic (+2V) polarization leads to a significant
increase in C,HgO selectivity, reaching a maximum of about 45%
and 50%, respectively, whereas the application of cathodic (—-2V)
polarization gives rise to an improvement in selectivity to C;HgO
(up to about 40%) at temperatures below about 250 °C.

Results obtained at different temperatures revealed that CO,
conversion and selectivity to the different target products were
maximum at temperatures around 300-325°C, for any applied
potential. Therefore, a temperature value of 325 °C was selected for
subsequent experiments, given that the potential promoting effect
of potassium increases with temperature as a result the improved
ionic conductivity of the solid electrolyte at higher temperatures.

3.3. Effect of potential

The steady state influence of polarization on the behaviour of the
Cu electrocatalyst was investigated through potentiostatic experi-
ments performed at two different gas flow rates (90 and 5221h~1)
in order to analyse the influence of gas flow rate on CO, hydro-
genation under the stoichiometric H,/CO, ratio of 3 at the selected
temperature of 325°C. In order to consider the less favourable,
although more realistic, conditions associated with a discontinu-
ous flow of renewable H; [2], the behaviour of the catalyst was also
studied using H,/CO, ratios of 2 and 4, which correspond to a lack
and an excess of H, respectively, in relation to the stoichiometry of
the oxygenates (CH30H, C;Hs0H and C;HgO) formation reactions

(7)-(9).
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Fig. 4. Influence of temperature on (a) CO, conversion and on selectivity to (b) CH30H, (c) C;HsOH and (d) C;HgO. (®) Over a clean Cu surface (4V), (®) under anodic
polarization (2 V), (a) without polarization (0 V) and (v) under cathodic polarization (-2 V) (901h-, H/CO, =3).



114 E. Ruiz et al. / Catalysis Today 236 (2014) 108-120

50+

40

30+

(%)

20+

10+

T T T T T T T T T T T

-2 -1 0 1 2 3 4
Potential (V)

Fig. 5. Influence of the applied potential on (W) CO, conversion and on selectivity
to (@) CH30H, (a) CHsOH and (v) C;HgO (901h~!, H,/CO, =3, 325°C).

Fig. 5 depicts the response of CO, conversion and selectiv-
ity to CH30H, C;Hs0H and C,HgO to different applied potentials
(between 4 and —2 V). The experiments were carried out at 325°C
and 901h~! and using a H,/CO, ratio of 3.

As commented above, for H,/CO, ratios of 3, the hydrogena-
tion of CO, over the electrocatalyst, at 325°C and 901h~1, gives
rise mainly to the formation of the different target oxygenates, in
addition to (not shown) formic acid (15), aceticacid (16)and C; +C3
hydrocarbons, mostly as C;Hg (17) and C3Hg (18). CH4 and CO were
almost undetected to be formed under these conditions.

CO, + Hy — HCOOH (15)
2C0, + 4H, — CH3COOH + 2H,0 (16)
2C0, + 7H, — CyHg + 4H,0 (17)
3C0, + 9H, — C3Hg + 6H,0 (18)

In this case, CO, hydrogenation is affected significantly by the
applied potential, with selectivities to CH30H, C;H50H and C;HgO
up to 27.7%, 27.9% and 47.1%, respectively, but CO, conversion is
rather low. The catalyst showed an electrophilic electrochemical
behaviour, i.e., CO, conversion increases with the presence of the
electrochemical promoter, due to the enhanced CO, adsorption,
while selectivities to CH30H, C;H50H and C;HgO exhibited a “vol-
cano type” electrochemical behaviour, i.e., they reach a maximum
at a certain potential or potassium surface coverage.

As can be deduced from Fig. 5, it seems that oxygenates forma-
tion is promoted around 0V, being a competition for the formation
of the different hydrogenation products over the catalyst surface.

As can be observed in Fig. 5, the optimum applied potential
for CH30H, CoHs0H and C,HgO formation is about 1V (0 =2.02),
0.5V (8x=2.32) and —-0.5V (0 =8.56), respectively, which corre-
sponds with an enhancement in its selectivity of up to 6, 3 and
2 times and with a promotion index of 1.3, 0.2 and 0.13, respec-
tively, i.e., increasing or decreasing applied potential from this
value resulted in a decrease in the selectivity. Chemisorption of
reactive molecules on a catalyst is the previous step to any cat-
alytic process. Chemisorption of an adsorbate on a metal implies
electron donation from metal to adsorbate or from adsorbate to
metal. In the first case, the adsorbate is called electron acceptor
(electronegative), whereas in the second, is called electron donor
(electropositive). There is a certain scale of electronegativity or
electron acceptor capacity [6]. In the K-3Al,03 system, potassium
ions can electrochemically migrate, via application of decreasingly
potentials, from the solid electrolyte to the Cu catalyst electrode
favouring the adsorption of electron acceptor molecules, like CO,,
whereas, at the same time, hindered the adsorption of electron

donor species (H, in this case), giving rise to an increase in CO,
(electron acceptor) coverage and to a decrease in the coverage of
H, (electron donor) and therefore, modifying metal bond capac-
ity which each reactive molecules and thus, its catalytic behaviour
[6,9,13,50].

In this way, depending on the relative electronegativity of the
different adsorbates which participate in the reaction and on which
of them is in excess over the catalyst surface, the application of
polarization will have a positive or negative effect on the overall
kinetics of the process [6,50]. Thus, thereis a given value of potential
or promoter coverage which optimizes catalyst performance and
selectivity to the desired product, which depends on temperature
and gas composition.

Therefore, the observed electrochemically assisted catalytic
behaviour can be rationalized considering the effect of varying
applied potential on the chemisorptive bond strength of reac-
tants and intermediate surface species [6,50] and in accordance
with the mechanisms proposed for the CO, hydrogenation reac-
tion over Cu [42,51-57]. CO, does not chemisorb on clean Cu
surfaces [19-21,58-60]. However, the presence of K on Cu surface
is reported [19-21] to promote CO, activation (19), resulting in
the formation of a highly distorted CO, molecule (CO, ) interac-
ting strongly with the surface [20,21], which indicates that CO, is
always adsorbed as an electron acceptor [6].

CO; + e — CO3 (ads) (19)

The application of high positive potentials (electrochemically
cleaned Cu surface), gives rise to a migration of potassium ions from
the catalyst surface to the solid electrolyte, resulting in an increase
of the catalyst work function, which favours the transfer of elec-
trons from electron donor molecules, like H;, to the Cu catalyst
[61], and, thus, enhances the dissociative adsorption of the latter
(20) on the Cu catalyst surface, giving rise to an increase in Hy cov-
erage and to a decrease in the coverage of CO,, being CO, (electron
acceptor) adsorption (19) the reaction limiting step [6-8,61].

H, — 2H**(ads) + 2e (20)

Therefore, CO, hydrogenation over Cu based catalysts is initially
limited by these two first steps: (19) CO, adsorption and (20) H,
dissociation to create adsorbed atomic hydrogen. The third step
can follow a dual pathway, which leads to hydrogenated prod-
ucts creation via adsorbed CO or formate intermediate species
[22,42,51-57,62].

Surface formate species produced from association of adsorbed
CO, and H atoms (21) [22,42,52-57], can be further hydrogenated
to formic acid (22) [56,57], methanol (23) [52,54,55], etc.

€05~ (ads) + H(ads) — HOOC*(ads) (21)
HOOC*(ads) + H(ads) — HCOOH (22)
HOOC*(ads) + 5H(ads) — CH30H + H,0 (23)

Moreover, CO, dissociative adsorption on Cu is considered to
be enhanced by the presence of coadsorbed hydrogen (24) [56,57].
CO adsorbed species resulting from CO, dissociation or formate
decomposition (25)[22,42,52-57] may desorb in the gas phase (26)
or can gradually lead to highly hydrogenated molecules formation.
In fact, according to literature [56,57], from CO, methanol (27) and
CH, radicals (28) can be directly produced. CH, radicals can react
with hydrogen to form CH4 (29) or C, +C3 hydrocarbons. Ethanol
(30 and 31), dimethyl ether (32) and other multi-C alcohols can be
also formed from adsorbed CO.

€03 (ads) + e + 2H* — CO*(ads) + H,0 (24)
HOOC*(ads) + H(ads) — CO*(ads) + H,0 (25)
CO*(ads) — CO (26)



E. Ruiz et al. / Catalysis Today 236 (2014) 108-120 115

CO*(ads) + 4H(ads) — CH30H (27)
CO*(ads) + 4H(ads) — CH3(ads) + H,0 (28)
CH3(ads) + 2H(ads) — CH4 (29)
CHj3(ads) + CO*(ads) + 4H(ads) — C;Hs0H (30)
CH30H + CO*(ads) + 2H(ads) — C;Hs0H (31)
3CO*(ads) + 6H(ads) — CH30CH3 + CO, (32)

A H,/CO; ratio of 3 is about the stoichiometric ratio required
for CH30H, C;H50H and C;HgO production and thus these reac-
tions are thermodynamically favoured and are in competition over
the catalyst surface under these conditions. Moreover, it can be
observed that under application of decreasing positive potentials
(low potassium coverage) formation of CH30H, C;Hs OH and C;HgO
is increasingly promoted reaching a maximum at about 1, 0.5 and
—0.5V, respectively. Decreasing catalyst potential gives rise to the
migration of potassium promoter species from the solid electrolyte
to the Cu catalyst electrode, resulting in a decrease of the catalyst
work function, which favours the transfer of electrons from the Cu
catalyst to electron acceptor molecules, like CO,, and, thus, favours
the adsorption of the latter on the Cu catalyst surface, whereas H,
dissociative adsorptionis hindered. The coverage of formate species
are reported to increase also in the presence of potassium. In fact,
it has been reported [36,42] that new active sites are created at the
interface between copper and potassium which are able to gener-
ate formate species and are active in higher alcohol synthesis. In
addition, it has been reported that the presence of potassium may
also favours hydrogenation of adsorbed CO species via polarization
of the CO molecule [60].

CH30H, C;HgO and C,Hs0H should be preferentially formed
under conditions where surface coverage of both reactants (CO,
and H,) is expected to be very similar (under medium potassium
coverage around 0V). CO, does not adsorb on clean Cu surfaces (in
absence of potassium at highly positive potentials) [19-21,58-60]
and, at the same time, Cu, which has a relatively high hydrogen
reaction overpotential [56], is somewhat catalytic for hydrogen
evolution (at very negative potentials), therefore, a competition
between CO, and H, adsorption could be expected, and, thus,
according to this mechanism, it is expected that the formation of
CH30H, C;H50H and C;HgO will be limited by the adsorption of
both H; and CO; [56,57].

A subsequent decrease in potential, i.e., a further increase in
potassium coverage, gives rise to an additional enhancement of CO,
adsorption on Cu surface, and to a further decrease in H, dissocia-
tive adsorption. Moreover, surface formate species are reported to
decompose (33), preferentially to H, and CO, instead to CO and
H,O0, at high potassium surface coverages [42]. Therefore, a sub-
sequent decrease in potential results in a decrease in selectivity
to CH3OH, C,H50H and C;HgO, because both formate decomposi-
tion (33) and hydrogen evolution (34) reactions are favoured on
increasing potassium surface coverage, and the amount of both
adsorbed on the surface is reduced and could limit CO, hydro-
genation reactions. In addition, as more water and CH30H are
formed, the amount of surface CO potentially generated by hydro-
gen enhanced CO, dissociation or formate decomposition could
decrease also trough the WGS (water gas shift) (35) reaction [54],
which is also promoted in the presence of potassium [61], and via
blocking of RWGS (reverse water gas shift) reaction (13) active
sites by CH3OH [8], contributing also to the observed decrease in
oxygenates selectivity.

HOOC*(ads) + H(ads) — CO, + H (33)
2H(ads) — H» (34)
CO*(ads) +H;0 — CO, + Hy (35)

The catalyst shows an electrophilic electrochemical behaviour,
i.e., CO, conversion increases on decreasing the applied potential
as a result of the improved CO, adsorption.

As commented above, under the utilised operating conditions,
CO and CH4 were almost undetected to be formed. The electrocat-
alytic activity of Cu for RWGS reaction is reported to be quite low
[7]. Moreover, as reported by literature [42,62,63], the presence of
Cu* species in the catalyst, as confirmed by XRD and XPS analy-
sis of both fresh and used samples [42], probably determined the
high selectivity to CH30H and the unusual small selectivity to CO
and derived CHy4 [63], because RWGS is more favoured on metal-
lic copper than on partially oxidized copper [44]. In addition, CO,
and CO dissociation to form surface CO and CH4 precursor species,
respectively, is restricted over the relatively big Cu particles of the
catalyst. In fact, as reported by literature [39], the size of copper
particles significantly affects the selectivity to methanol, in special
at low CO, conversion levels, i.e., larger particles (>12 nm) are con-
siderably more selective to methanol than smaller ones (<3 nm).
Moreover, CO dissociation, to form CHy4 precursor surface species, is
also restricted over bigger particles [11,64]. In addition, the poten-
tially formed CO is able to be strongly adsorbed on Cu surfaces
[44],according to the proposed mechanism [42] and, as commented
above, decomposition of surface formate species induced by potas-
sium tends to produce H, and CO, instead to form CO and H,0 [42].
The presence of potassium is believed to decrease also the availabil-
ity of hydrogen atoms required for CH,4 formation [61]. In addition,
the potentially formed methanol is reported to block active sites
for RWGS reaction [8], limiting also CO production.

3.4. Effect of gas flow rate

In order to analyse the impact of gas flow rate variation on the
catalyst performance, an additional series of potentiostatic tests
was carried out at 325°C and 5221h~! and using a H,/CO; ratio of
3. Fig. 6 shows the steady state effect of applied potential variation
(between 4 and —2 V) on CO, conversion and on the selectivity to
CO, CH30H, C3H50H and C;HgO under these conditions. The car-
bon mass balance (relative difference between carbon mass at the
reactor inlet and outlet) was also calculated for each test. As an
example, the values of carbon balance obtained for each applied
potential are also shown in Fig. 6.

As can be observed in Fig. 6, at higher gas flowrate, the hydro-
genation of CO, over the Cu catalyst film gives rise to CO formation
in addition to oxygenated compounds, and it is, as well, percepti-
bly influenced by the applied potential, with selectivities to CH3OH,
C,H50H, C;HgO and CO up to 10.3%, 7.3%, 78% and 14.9%, respec-
tively, but CO, conversion is still quite low (up to 8%) and CH,
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Fig. 6. Influence of the applied potential on (W) CO, conversion, on selectivity to
(@) CH30H, (o) C;Hs0H, (v) C;HgO and (x) CO and on carbon balance (x) (5221h~1,
H,/CO, =3, 325°C).
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formation is also negligible [54]. The carbon balance was closed
to below 0.4% for all applied potentials.

The catalyst showed an electrophobic electrochemical
behaviour, i.e., CO, conversion decreases with decreasing applied
potential and thus with increasing potassium surface coverage,
presumably due to the favoured formate decomposition. Selectiv-
ity to C;HgO and CO decreased with lowering catalyst potential
showing also an electrophobic electrochemical behaviour, whereas
selectivities to CH30H and C;H50H exhibited a “volcano type”
electrochemical behaviour, i.e., they reach a maximum at certain
potential or potassium coverage.

As can be extracted from Fig. 6, the optimum potential for C;HgO
formation seems to be 1.5V, which corresponds with a minimum in
potassium coverage (of about 0.09) and with a maximum in current
efficiency (of about 2419.5) and promotion index (of about 36) for
C,HgO formation, and given the simultaneous high CO, conversion
and low selectivity to the rest of the products, which would result
in higher yield of a finest C;HgO product.

As can be seen in Fig. 6, for higher gas flow rates (or recipro-
cally lower contact times) CO production is enhanced at positive
potentials, while CH30H formation appears to be favoured at neg-
ative potentials, which seems to indicate that it is mainly produced
directly from adsorbed CO, via the formate route according to reac-
tions (21) and (23).

It seems that in this case, under application of high positive
potentials, CO formed through hydrogen enhanced CO, dissocia-
tion (24) or formate decomposition (25) [42] tends to desorb (26)
instead to further react over the catalyst surface, because CO is also
a weaker electron donor than hydrogen and its adsorption is also
hindered at high positive overpotentials, being RWGS (13) favoured
under these conditions.
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As can be deduced from Fig. 6, on decreasing applied potential,
formation of CH30H and C,HsO0H is increasingly promoted reach-
ing a maximum, at about —1.5V (6x=6.03) and —0.5V (6 =8.56),
which corresponds with an enhancement in its selectivity of up
to 34 and 9 times and with a promotion index of 2.4 and 0.5,
respectively. Decreasing catalyst potential results in the migration
of potassium promoter species to the catalyst electrode, favouring
CO, (electron acceptor) adsorption on Cu surface. Adsorbed CO,
can be gradually hydrogenated, via formation of surface formate,
to formicacid (22) and highly hydrogenated molecules [42], such as
methanol (23), up to a maximum. In addition, as commented above,
as more water and CH3OH is formed, the increase in selectivity to
alcohols could be also due to a concomitant decrease in CO yield.
In addition, water formed as a co-product in CO, hydrogenation
has been reported to be instrumental in the formation of methanol
from formate like species on supported Cu based catalysts [44].

A subsequent decrease in potential and, then, an additional
increase in surface potassium coverage results in a decrease in
selectivity to CH3OH, C;H50H and C,HgO, because, as commented
above, the hydrogen evolution and formate decomposition reac-
tions are favoured, and the amount of both adsorbed on the
surface is reduced and could limit CO, hydrogenation reactions.
In addition, close inspection of Fig. 6 shows that CH30H forma-
tion still remains at the lowest applied potential tested and that
higher amount of CH30H is formed when the decomposition of
surface formate species is supposed to begin. The decomposi-
tion of these formate species releases hydrogen to the surface
which is then able to hydrogenate some undecomposed formate
to form CH3OH. Therefore, under these conditions, surface for-
mate hydrogenation could be the rate determining step in CH;0H
synthesis [65].
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In an attempt of clarifying the CH3OH formation path from CO,,
the influence of gas flow rate (the reciprocal of contact time) on
CO, hydrogenation behaviour is depicted in Fig. 7. Results indicate
that increasing gas flowrate, and correspondingly, decreasing con-
tact time, resulted in an increase in CO, conversion (Fig. 7a) and
dimethyl ether selectivity (Fig. 7d) and in a decrease in C;H50H
selectivity (Fig. 7c) and in the maximum of CH3OH selectivity
(Fig. 7b) which is, in addition, shifted to lower potentials (from 1 to
-1.5V).

According to literature [54], the mechanism of CH30H forma-
tion changes depending on the utilised contact time range. At low
contact times, which correspond with high gas flow rates, CH30H is
mainly produced directly from CO,, via adsorbed formate species,
according to reaction (23) and CO is formed via the parallel RWGS
reaction, whereas for high contact times (or low gas flow rates),
another contribution to CH3OH should be considered, thatis CH3OH
is formed from adsorbed CO deposited by the hydrogen enhanced
CO, dissociation according to Eq. (27).

It can be also extracted from Fig. 7b that at high gas flow rates,
i.e., atlow contact times, where the formate route seems to be dom-
inant, methanol formation is promoted at negative potentials or
high potassium surface coverage, whereas for low gas flow rates
(high contact times), methanol formation is promoted at positive
potential or low potassium surface coverages, where methanol
appears to be predominantly produced via the RWGS route.

Selectivity to methanol (at positive potentials) and ethanol
decreased on increasing gas flow rate [66,67]. On the contrary,
selectivity to C;HgO increases on increasing gas flow rate. This
could be indicative of the fact that C;HgO and CH3OH are produced
in parallel paths through the corresponding direct hydrogenation
reactions, because a diminution in selectivity to C;HgO with the
increase in gas flow rate could be expected if C;HgO was produced
via consecutive dehydration of the formed CH30H [36,49]. How-
ever, C;H50H selectivity decreases with the increment in gas flow
rate as CH3OH does, which seems to indicate that C;HsOH is formed
in any consecutive reaction from CH3OH or from the same reaction
intermediate.

According to literature [67], the observed decrease in C;HgO
selectivity at higher residence times (especially at positive poten-
tials) could resemble a possible inhibition of primary dimethyl
ether synthesis, via hydrogenation of the adsorbed CO deposited
by the hydrogen enhanced CO, dissociation (RWGS route), by H,O
formed as side product of higher alcohols and by hydrocarbons
secondary reactions of adsorbed CO with CH," radicals, which are
favoured by long residence times.

Inview of these results, it seems that the increase in gas flow rate
favours the synthesis of dimethyl ether at the expense of methanol
and ethanol ones.

However, given that, as commented above, CO, conversion
increases with flow rate increase (especially at positive potentials),
the presence of mass transfer limitation phenomena could not be
ruled out [8].

In addition, on increasing gas flow rate, the electrochemical
behaviour of the catalyst for the CO, hydrogenation reaction shifts
from electrophilic to electrophobic, in accordance with the change
in the mainreaction pathway and with the variation in the adsorbed
amount of the corresponding reaction intermediate with potassium
surface coverage.

3.5. Effect of H,/CO, ratio

The effect of H,/CO, ratio on catalyst performance was inves-
tigated through potentiostatic experiments performed at two
additional H,/CO, ratios (2 and 4) at 325°C and 5221h-1.

The steady state response of CO, conversion and selectivity
to CH30H, C,Hs50H and C,HgO to different applied potentials
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Fig. 8. Influence of the applied potential on (B) CO, conversion and on selectivity
to (®) CH30H, (a) C;HsO0H and (v) C;HgO (5221h~1, H»/CO, =2, 325°C).

(between 4 and —2V), using a H,/CO, ratio of 2, is displayed in
Fig. 8. As can be observed in this figure, under these conditions the
hydrogenation of CO, over the Cu electrocatalyst is significantly
influenced by the applied potential. CO, conversion and selectivity
to C;HgO exhibit a “volcano type” electrochemical behaviour, that
is, they reach a maximum of 4.2% and 87.1%, respectively at a given
potential of 0.5 and 1V, correspondingly.

As can be extracted from Fig. 8, formation of CH3OH and C;HsOH
is promoted at both highly positive and very negative potentials.
Therefore, according to the previous findings, it seems to sug-
gest that under this H,/CO, ratio, at highly positive potentials,
CH30H and C;H50H formation takes place via hydrogenation of
adsorbed CO resulting from hydrogen enhanced CO, dissociation
(RWGS route), whereas, at very negative potentials, their forma-
tion occurs through the surface formate route [42,65]. In both cases,
selectivities to methanol and ethanol exhibit also a “volcano type”
electrochemical behaviour, i.e., they reach a maximum of 55.4% and
19.7% at 2.5V and of 9% and 7% at —1.5V (6 =6.03, Plgmethanol = 3-5
and Plyethanol = 17). The variation of dimethyl ether selectivity vs.
applied potential shows opposite tendency to that of methanol and
ethanol selectivity, being a competition for the formation of the
different hydrogenation products over the catalyst surface.

As can be obtained from Fig. 8, the optimum applied potential for
CH30H and C,H50H formation is about 2.5V, which corresponds
with an enhancement in its selectivity of up to 9 and 22 times,
respectively, whereas a maximum improvement of 3.4 times in
CyHgO selectivity is attained at 1V (8 = 2.02 and Pldimethylether = 2)-

At positive potentials, CH30H selectivity is enhanced for a
H,/CO, of 2, probably because this value corresponds to the stoi-
chiometric ratio required for CH3OH formation via hydrogenation
of CO resulting from hydrogen enhanced CO, dissociative adsorp-
tion. For the same reason, the formation of CH, " radical and derived
species, such as ethanol, could be also improved under this H,/CO,
ratio.

Aswell, Fig. 9 depicts the steady state influence of applied poten-
tial variation (between 4 and —2 V) on CO, conversion and on the
selectivity to CH30H, C;H50H and C,HgO at a H,/CO,, ratio of 4.

As can be obtained from Fig. 9, under this H,/CO, ratio, CO,
conversion and selectivity to methanol, dimethyl ether and ethanol
are enhanced on decreasing applied potential within the positive
range. As indicated above, under application of high positive poten-
tials, H, (electron donor) dissociative adsorption on Cu surface is
favoured, being CO, (electron acceptor) adsorption the reaction
limiting step. CO, dissociation is considered to be enhanced by
the presence of adsorbed hydrogen. Hydrogenation of CO adsorbed
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species resulting from CO, dissociation leads to the formation of
these oxygenated products. Decreasing catalyst potential results in
the migration of potassium promoter species to the catalyst elec-
trode favouring CO, (electron acceptor) adsorption on Cu surface,
whereas H, dissociative adsorption is hindered. As a result, selec-
tivity to CH30H, C;HsOH and C;HgO increases up to a maximum
value of 8%, 8,1% and 70% at about 1V (0 =2.02), 1.5V (6 =0.09)
and 2V, which corresponds with a maximum enhancement in its
selectivity of up to 27, 4 and 1.7 times, respectively. In this case,
selectivities to CH30H, C;Hs0H and C;HgO showed similar trends
against potential, because in spite of hydrogen dissociative adsorp-
tion is hindered on decreasing applied potentials, for H,/CO, ratios
of 4 (higher than the stoichiometric ratio) hydrogen coverage is
always higher than that of species resulting from CO, dissociation
[13]and thus CO adsorbed species can be gradually hydrogenated to
the three species. Therefore, the competition between the different
hydrogenation reactions is less pronounced.

However, the optimum potential for C; HgO formation is thought
to be 1.5V, which corresponds with a minimum in potassium cov-
erage (of about 0.09) and with a maximum in current efficiency
(around 7355.2) and promotion index (of about 36) for C;HgO
formation, and given the simultaneous considerably high CO, con-
version, which would result in high C;HgO yield.

A subsequent decrease in potential results in a decrease in
selectivity to CH30H, C;H50H and C;HgO, because the hydro-
gen evolution reaction is favoured, and the amount of hydrogen
adsorbed on the surface is reduced and could limit CO, hydrogena-
tion reactions. In addition, as more water is formed, the amount
of surface CO generated by hydrogen enhanced CO, dissociation
could decrease also trough the WGS reaction.

CO,, conversion is relatively pronounced, up to about 25% at 1V
(O =2.02), but selectivities to CH3OH and C;H50H are rather low.

For better understanding of the influence of H,/CO, ratio on cat-
alyst performance and selectivity to the different target products,
the potentiostatic variation of CO, conversion and selectivity to
CH30H, CoH50H and C;HgO is plotted for different H, /CO, ratios in
Fig. 10(a)-(d), respectively. Results indicate that for applied poten-
tials higher than 0.5V, CO, conversion increases on increasing
H,/CO, ratio from 2 to 4, as a result of the increased hydro-
gen availability with respect to the stoichiometrically required for
the synthesis of the different oxygenated products. Therefore, on
increasing H,/CO, ratio, the competition between the different
hydrogenation reactions is less pronounced. On the one hand, for
H,/CO,, ratios different from three, which matched with the theo-
retical stoichiometry in methanol synthesis by CO, hydrogenation,
selectivity to methanol and ethanol decreased at negative poten-
tials, whereas selectivity to dimethyl ether did at highly positive

ones. This fact could be because the amount of surface hydrogen is
in excess, for a Hy/CO,, ratio of 4, and in defect, for a H,/CO, ratio
of 2, with respect to that required by stoichiometry for methanol
synthesis via the formate route (at negative potentials) and for
dimethyl ether synthesis through the RWGS pathway (at positive
potentials), and, thus, the surface reactions could be restricted by
the amount of CO, and H; adsorbed on the Cu surface, respectively
[67].

On the other hand, for H,/CO, ratios distinct from two, which
is that required for stoichiometric synthesis of methanol from CO
hydrogenation via the RWGS route, at highly positive potentials
(above 1.5V), selectivity to methanol was almost unaffected by
H,/CO, ratio [68] and ethanol selectivity decreased on decreasing
H,/CO,, ratio [48], whereas selectivity to dimethyl ether decreased,
at potentials below 1.5V, on increasing H,/CO, ratio.

For a H,/CO, of two, selectivity to methanol (Fig. 10b) [62] and
ethanol (Fig. 10c) showed a maximum and selectivity to dimethyl
ether (Fig. 10d) exhibited a minimum at 2.5V.

Therefore, selectivity to dimethyl ether follows an opposite
trend vs. H,/CO, ratio with respect to methanol and ethanol selec-
tivity.

One of the main challenges for advancing CO, hydrogenation
to fuels is increasing the energy efficiency of the process, i.e.,
decreasing the energy requirements for producing the products [4].
The trend is to maximize products yield with minimal energy input.

From the above commented results, it seems that the control of
the yield of CH30H, C;H50H and C; HgO can be carried out by mod-
ification of the applied potential, i.e., there is an optimum value of
potential (or potassium surface coverage), at a given flow rate, tem-
perature and H,/CO, and ratio, which maximized CH30H, C;H50H
or C,HgO selectivity. Average values of potassium surface coverage,
at steady state conditions, estimated for each applied potential are
shown in Table 1. According to (3), only positive values of potas-
sium coverage (negative values of current) has been included in
Table 1, because negative values of potassium coverage (positive
values of current) do not make sense unless represent the transfer
of potassium ions from catalyst surface to the solid electrolyte.

The energy requirements for producing the different products
can be evaluated from the values of current efficiency and energy
cost calculated for each product formation (methanol, ethanol and
dimethyl ether). The maximum values of current efficiency were
obtained for 1.5V (6 of about 0.09) and resulted to be 87, 338 and
7355 for methanol, ethanol and dimethyl ether formation, respec-
tively. Such a high current efficiency is a distinguishing feature
of electrochemical promotion vs. electrocatalysis [6]. On the con-
trary, the corresponding minimum values of energy cost (kWh/kg)
associated with each product formation was 0.1, 0.03 and 0.0014,
respectively. In most cases, the maximum in CH30H and C;Hs0H
selectivity coincides with a rather low CO, conversion value. On the
contrary, as can be extracted from the obtained results, under some

Table 1
Applied potential, observed current and potassium coverage at steady state
conditions.

Potential (V) Current (A) Ok
4 0.039 N/A
35 0.042 N/A
3 0.027 N/A
2.5 0.016 N/A
2 0.0072 N/A
1.5 —0.00058 0.09
1 -0.013 2.02
0.5 -0.015 2.32
-0.5 —-0.055 8.56
-1 -0.057 8.94
-1.5 -0.039 6.03
-2 -0.034 523
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optimised conditions (mainly at 325°C,5221h~1, 1.5V and H,/CO,
ratios of 3 and 4), high values of C;HgO selectivity and CO, conver-
sion can be obtained with a maximum in current efficiency and a
minimum in energy cost and with low selectivities to the rest of
the products (mainly CH3OH and C;Hs0H), which turn into higher
yield of finest dimethyl ether. The latter implies also lower cost
associated with product purification. In addition, dimethyl ether is
a liquid fuel susceptible of being directly used in diesel engines,
therefore it may be considered as the best target product.

Practical application of CO, hydrogenation requires also the
development of stable and durable systems under conditions rep-
resentative of potential application, as well as their study under
realistic conditions at an appropriate scale, which will be the sub-
ject of our forthcoming work. In fact, our future work will be focus
on the study of the durability and stability of the system under
selected operating conditions by monitoring of CO, conversion and
selectivity to the different target products vs. time on stream and
by correlation of these results with possible changes in catalytic
behaviour and physicochemical properties of the catalyst as aresult
of the long-term exposure to the testing gas, as a way also to identify
and study any potential deactivation.

Although the aim of the work described in the present study
was mainly to identify appropriate electrochemical catalyst sys-
tems and operating conditions for CO, hydrogenation to fuels, some
information about system stability and durability can be extracted
from the obtained results. No evidence signs of catalyst deactiva-
tion or corruption, apart from the slight sintering of Cu particles
upon reduction and testing [36], could be found from XPS, XRD or
SEM characterisation of the Cu film after testing. In addition, the

resistance of both the Cu catalyst electrode and electrochemical
cell remained the same after testing. Both facts seem to resemble
certain stability of the system for moderate durations. Regarding
the stability and durability of the system along surface cleaning/K
surface doping cycles by varying potential, CO, conversion and
selectivity to different target products obtained under unpromoted
conditions (4 V) at the end and at the beginning of the cycles have
been compared and the relative difference in CO, conversion and
selectivities was mostly below about 6%, which, could be ascribed
to the experimental error in chromatographic analysis and not to
deactivation. In addition, the value of the current observed upon
application of4 V at the beginning and at the end of the cycles main-
tained in the same low value. Both facts seem to indicate also some
durability of the system upon cleaning/doping cycles.

4. Conclusions

In this study, a Cu/K-Al,03/Au tubular electrochemical catalyst
has been successfully prepared by electroless and characterised,
both as prepared and after reduction and testing, by scanning
electron microscopy, X-ray photoelectron spectroscopy and X-ray
diffraction techniques.

The CO, hydrogenation over Cu in a potassium ion conduct-
ing membrane reactor can be electrochemically assisted under
atmospheric pressure, at relatively low temperatures and high gas
flow rates and under realistic post-combustion CO, capture exit-
ing gas compositions. Selectivity to the different target fuels can be
modulated by modifying applied potential under given operating
conditions.
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The hydrogenation of CO, over the Cu catalyst leads mainly to
the formation of methanol, dimethyl ether and ethanol, but CO,
CHg4, C, +C3 hydrocarbons, formic acid and acetic acid were also
detected to be formed.

Selectivities to CH3OH, C;HsOH and C,HgO were electrochem-
ically enhanced up to a maximum of 34, 22 and 3.4 times,
respectively.

A temperature value of 325 °C was selected to be the optimum
for the electrochemically assisted CO, hydrogenation process.

Increasing gas flow rate, for a given H,/CO, ratio of 3 and at
325°C,resulted inanincrease in CO, conversion and dimethyl ether
selectivity and in a decrease in both ethanol selectivity and the
maximum of methanol selectivity, which shifts to more negative
potentials. The increase in gas flow rate was found also to favour
dimethyl ether synthesis reaction at the expense of methanol and
ethanol formation.

Results obtained at different H,/CO, ratios, at 5221h~! and
325°C,showed that the maximum in CO, conversion increases with
H,/CO,, ratio, whereas the maximum in selectivity to the different
oxygenates is obtained for a H,/CO, ratio of 2, being 55.4%, 19.7%
and 87.1% for CH30H, C;HsOH and C,HgO, respectively. Selectivity
to dimethyl ether follows an opposite trend vs. H,/CO, ratio with
respect to methanol and ethanol ones.

Therefore, this study addresses some scale-up aspects, such as
operation at high flow rates and atmospheric pressure, under real-
istic gas compositions and using catalyst—electrode configurations
easily adaptable to the existing catalytic devices (conventional flow
reactors), based on a cheap, widespread and non-precious Cu cat-
alyst, and prepared by commercial ready procedures, which may
have an impact on the potential practical application of the process
for CO, recycling, contributing not only to controlling the global
“Green-house Effect”, but also to the availability of fuel sources for
the future.
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Anexo Il

Tabla 1. Propiedades fisicoquimicas de los electrocatalizadores tal cual preparados.

Catalizador Método de preparacion Tamafio de Dispersion | - Estado de
prep particula (nm) (%) oxidacion

Aplicacion por pintado y
Pt/K-B-Al,O4/Au  posterior descomposicion 500 0.4

. Pt°
térmica de pasta de Pt
2 capas de Pt mediante
Pt/K-B-Al,O4/Au  “dip-coating”(calcinacion 50 2.4 pto
intermedia a 850 °C)
PUK-B-ALOJAY P8 deczta?r?g,'?me dip 30 4 o
Cu/K-B-Al,0s/Au “electroless™ 23 4.7 Cu°/Cu,0
Aplicacion por pintado y
Pt/YSZ/Au posterior descomposicion 500 0.4 Pt°
térmica de pasta de Pt
(o]
Pd/YSZ/Au “electroless" 150 0.75 Pd", PdO,
PdO,
Ni° NiO,
Ni/YSZ/Au ““electroless™ 300 0.28 hldr_ox!d(_),
oxohidroxido
de Ni

Tabla 2. Comparativa resultados obtenidos para diferentes electrocatalizadores donde

X(%): conversion de CO, en %, Sel: selectividad a cada producto en %, pCO,: ratio de

mejora de la velocidad de conversion de CO, (en tanto por uno o nimero de veces), Ai:
incremento en la selectividad de cada producto (en tanto por uno o nimero de veces).

Catalizador Sel.(%)/ACH,OH | Sel(%)/AC,HsO | Sel(%)/AC,HsOH | Sel(%)/ACH,

Pt/K-B-Al,O5/Au

(1 capa “dip- 14720 97/76
coating”)
Pt/K-B-Al,04/Au
(2 capas “dip- 716 15/27 8,5/16 0,05/2,7
coating”)
CU/K-B-Al,04/Au 25/4,3 55,4 / 34 87,1/34 27,9/22
Pt/YSZ/Au 24132 8/800 3/30
Pd/YSZ/Au 20/1;3 9 /14
Ni/YSZ/Au 28/24
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Figura 1. Influencia del caudal de gas en (a) la conversion de CO, y (b) la velocidad de
reaccion de CO; sobre Cu/K-BAl,O3/Au (sin promocion (4V) (m), bajo polarizacion
positiva (1,5V) (e), 325 °C, 258-1044 I/h, H,/CO, = 3).

Potencial (V)

Figura 2. Influencia del potencial aplicado en la conversion de CO, (m) y selectividad a
C2H¢O (@) sobre Cu/K-BAI,03/Au (325 °C, 1044 I/h, H,/CO, = 3).
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Figura 3. Variacion de la conversion CO, (m) con el tiempo de operacién continuada
sobre Cu/K-BAl1,03/Au (325 °C, 1044 1/h, H,/CO, = 3, V=14 V).
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