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Abstract: The use of alcohol blends in direct alcohol fuel cells may be a more
environmentally friendly and less toxic alternative to the use of methanol alone in direct
methanol fuel cells. This paper assesses the behaviour of a direct methanol fuel cell fed with
aqueous methanol, aqueous ethanol and aqueous methanol/ethanol blends in a long term
experimental study followed by modelling of polarization curves. Fuel cell performance is
seen to decrease as the ethanol content rises, and subsequent operation with aqueous
methanol only partly reverts this loss of performance. It seems that the difference in the
oxidation rate of these alcohols may not be the only factor affecting fuel cell performance.

Keywords: direct alcohol fuel cell (DAFC); mixed alcohol fuel; methanol/ethanol blends;
DMEFC long term experimental study

Nomenclature:
c Global alcohol concentration
E Nernst potential under operating conditions

EtOH Ethanol



Energies 2013, 6 283

J Current density
MeOH Methanol
P Fixed parameters required by the model
Ry Global resistance times area
V Output voltage of the fuel cell
VE Molar proportion of ethanol in the alcohol mixture
Yu Molar proportion of methanol in the alcohol mixture
Subscripts
a Anode, anodic
c Cathode, cathodic
E Ethanol

M Methanol

Greek Letters

a Charge transfer coefficient
y Reaction order

n Overpotential

Moo Activation overpotential

Neone Concentration overpotential

Nme Ohmic overpotential

1. Introduction

If polymer electrolyte membrane (PEM) fuel cells are to be a commercial success, their development
must be guided by the engineering criteria of effectiveness, economy and user friendliness, among
others. Research has concentrated and must continue to concentrate on the three main applications of
PEM fuel cells (PEMFC): transport; distributed/stationary; and portable power generation [1-4].
Fast-growing power demand for portable electronic devices has led to an increase in portable PEM fuel
cell production, a quarter of which corresponds to direct methanol fuel cell (DMFC) units [1]. Hydrogen
has high energy content per weight, makes no environmental impact when reacting with oxygen, allows
working at ambient operating conditions in a fuel cell and its electrochemical oxidation rate is high [5,6].
Despite the evident advantages of hydrogen, methanol (MeOH) has the benefit of being liquid under
ambient conditions and is not subject to the same storage, transport and distribution issues. MeOH is not
violently explosive, although it is however toxic and is not easily produced from renewable sources.
Ethanol (EtOH) is another candidate fuel for portable fuel cells that is also liquid in ambient conditions
and non-explosive, but it is much less toxic than MeOH and from an ecological viewpoint it is
exceptional in that it is a chemical fuel in renewable supply [7,8]. EtOH is furthermore less susceptible
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to the “crossover” phenomenon. Despite the lower efficiency of direct ethanol fuel cells (DEFC) due to
the poor oxidation kinetics of ethanol, important research has been carried out to overcome the
drawbacks of the DEFC [1,9-12]. Then it has been found that whereas PtRu/C electrodes are considered
suitable for MeOH, the best binary catalyst for EtOH in an acid environment is PtSn/C. But the question
is whether the benefits of MeOH and EtOH can be combined to make an ideal fuel and it is interesting to
investigate whether a direct alcohol fuel cell (DAFC) fed with a mixture of these alcohols could satisfy
both high performance and low toxicity demands.

This possibility has partly been addressed in two published research papers. The first reports an
experimental study of the response of a DMFC when the fuel is changed from MeOH to EtOH [13],
finding that the use of EtOH instead of MeOH worsens the cell performance at any given temperature.
The second experimental work [14], using alcohol blends to fuel DAFCs, found that fuel cell
performance drops significantly even at low EtOH contents in the MeOH/EtOH blends. Focusing on an
experimental comparison of catalyst performance, the authors proposed that the main factor explaining
the experimental data was the difference in the oxidation rate between both alcohols.

This paper presents a long term study of a DMFC fed with MeOH/EtOH mixtures. The study has three
main objectives. The first is to evaluate the fuel/fuel cell behaviour and identify the main experimental
problems that arise when alcohol blends are used in different proportions to feed a DMFC. Despite the
evident problems with the catalyst, whose optimization should be an important goal, a custom DMFC
has been built, activated and then fed with a series of aqueous MeOH/EtOH mixtures with different
alcohol ratios. The second objective of this work is to evaluate the long term behaviour of this assembly.
After operating with alcohol mixtures, the cell has been repeatedly operated with MeOH solutions in
order to check whether the cell performance fully recovers. This process has been carried out up to three
consecutive times, thus providing an indication of the long term behaviour of this fuel cell. The third
objective is to evaluate the contribution of each of the main variables governing the processes from a
macroscopic point of view. Corresponding experimental polarization curves have been recorded and
fitted to an analytical model in order to find out whether a reproducible behavior can be identified.

2. Experimental

The custom fuel cell and experimental setup shown in Figure 1, as well as the measurement and control
equipment used, have been described elsewhere [13]. The single fuel cell consists of a Membrane
Electrode Assembly (MEA) and two metallic bipolar plates fabricated from 316 stainless steel including
the reactants distribution channels. To register the polarization curves, i.e., voltage (V) versus current
density (), an experimental setup which allows modifying and controlling the temperature of the testing
enclosure where the fuel cell is placed, has been devised an fabricated. During the measurements, fuel and
oxidant flow rates, oxidant pressure and fuel cell temperature have been controlled.

2.1. Electrodes

The electrodes, with an active area of 5 cm?, have been supplied by QuinTech e.K. (Goppingen,
Germany). The anode, GDE Freudenberg H2315 I3C1, contains a total PtRu loading of 3 mg cm  onto
GDL Freundenberg H2315 13C1. The cathode, GDE Freudenberg H2315 T10A, contains a total Pt
loading of 3 mg cm 2 onto GDL Freudenberg H2315 T10A.
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Figure 1. Custom experimental setup.

2.2. MEA Preparation

As described previously [13], Nafion® 117 (Dupont, New Castle, DE, USA) has been pre-treated
with hydrogen peroxide, 0.5 mol L' sulphuric acid and distilled water at 80 °C before being sandwiched
between the cathode and the anode. After hot pressing at 4 MPa and 135 °C for about 3 min, the
homogeneity of the assembly has been checked. Electrochemical activation of the MEA has been
conducted before carrying out the set of experiments.

2.3. Experimental Procedure

The two steps described in the following paragraphs have been repeated up to three times, giving rise
to three series of experimental data:

1. A series of polarization curves have been recorded for a custom DMFC fuelled by liquid
MeOH/EtOH blends in water at a constant total alcohol concentration ¢ of 1 mol L™'. The alcohol
blend composition was gradually varied from 1 mol L' MeOH to 1 mol L' EtOH using
intermediate MeOH/EtOH molar compositions (y, and yz, respectively) of 0.90/0.10, 0.70/0.30,
0.50/0.50, 0.30/0.70 and 0.10/0.90. The oxidant was always pure oxygen. The fuel cell
temperature was kept constant at 80 °C in every case. Before each test, the cell was preconditioned
three times. Polarization curves were recorded three consecutive times for each different
fuel composition.

2. The fuel cell was filled with 1 mol L' aqueous MeOH solution for one week, and then the
polarization curve of the fuel cell fed with 1 mol L™ aqueous MeOH was recorded. This step was
repeated until the polarization curve remained unchanged.

The total time devoted to the long term experimental study ranged up to 6100 h. The experimental
conditions are presented in Table 1.
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Table 1. Experimental conditions of measurements.

Parameter Value
Total alcohol (MeOH/EtOH) concentration (mol L™") 1.0
Alcohol volumetric flow rate (mL min ) 3.0
Oxygen volumetric flow rate (mL min ') 250
Oxygen pressure (bar) 1.0
Temperature (°C) 80

3. Polarization Curve Model for Mixed Alcohol Fuel
3.1. Curve Model

The polarization curve model used was as follows:
V = E - nacl,a - nact,c - ncanc,a - ncanc,c - nohmic (1)
which is an analytical model based on the work of Kulikovsky [15], has been described before [16].
The main equations used to model the polarization curve when the fuel cell is fed with a custom

aqueous alcoholic solution are summarized in the following paragraphs.
E stands for the Nernst potential in the operating conditions:

vaz
E=po+ XL ln[ < ] ()
C

Vo,
ZaF alc CO2

Vo, » Vo, and z, are derived from the reactions’ stoichiometry. Solubilities of O, and CO; in water are
taken from [17] to calculate ¢, and c., , respectively. The alcohol concentration in the catalytic layer
2 2

c
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is calculated as in [18], but multiplied by (1 -7, ) in order to take into account the crossover. The

crossover rate r, is calculated as:
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where the flux of alcohol through the membrane, expressed in current density units, j_ , is calculated
as in [19]:
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being w* the molar concentration of water in the anode channel and j; , j;. stand for the anode and
cathode limiting current densities [19], respectively:
Dye, o _apDic
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In these expressions c, stands for the inlet alcohol concentration, the saturated gaseous oxygen

concentration in the inlet flow is calculated as ¢, = ( Po,in~ P (T )) / RT, I, and [; are the thickness of
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the anode and the cathode backing layers, respectively, and D, , D, represent the diffusion coefficient

of alcohol and oxygen in their respective backing layers.

The anodic [15,19,20] and cathodic [19,21] activation overvoltages as a function of the exchange
current density j, and the parameter « are given by:
RT . RT |

In— L= In—
ZaaaF jO,a naa’L ancF jO,c (6)

nac’t,a =

The anode exchange current density j, , can be estimated as a function of the anode reaction order
7, and the alcohol concentration in the catalytic layer c
derived from [22-24]:

by means of the following expression
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where 4, Jji¢ represents a reference exchange current density multiplied by the specific surface area on

the anode. Values of j, . have been taken from [21].

The concentration overvoltage is calculated following the expressions given in [15]:

RT M )
ﬂconc a = ln ‘a‘]llm , (1 + ﬂ) lf ] < jfilm; OtherWiSC V = 0
CozF Jim —J

a

(8)
_RT

]7 =
conc,¢ z F

c

ln( ” ]l.im : ] if j<ji.; otherwise V=0
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The ohmic overvoltage is expressed as 77,,,.. = R, ,j, where R, stands for the internal resistance

multiplied by the area.

In summary, the model includes a set of fixed parameters taken from the literature, see Table 2, and
three fitting parameters that are related to three factors affecting the efficiency of the fuel cell:

e The global anode reaction order, y, (chemical kinetics);

e The anode charge transfer coefficient ¢, (electrode charge transfer);

e The cell resistance by area R, . (global charge transport).

int

3.2. Mixture Model

This model weights the fixed parameters according to the proportion of each alcohol in the mixture
(», and y.), while parameters y,, «, and R,, are assumed to be unique (they are not averaged) for

each MeOH/EtOH mixture:
V:V[(yMpM+yEPE)’7a’aa’Rir1t’j’c] (9)

where f’M and ﬁE stand for all parameters in Table 2, required by the model. Therefore, only y,, «,
and R,, are fitted to the model in each case, for each aqueous MeOH/EtOH mixture of global alcohol

concentration c.
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Table 2. Assumed parameter values for MeOH and EtOH.

Parameter MeOH EtOH
Standard Nernst potential £° (V) 1.214 1.146
Number of electrons considered in the anodic 6 12
reaction z,
Membrane thickness 7, (m) 1.78 x 107 [25] 1.78 x 107 [25]
Backing layer thickness (anode and cathode) /, (m) 3.00 x 107 [25] 3.00 x 107 [25]
Catalyst layer thickness (anode and cathode) /. (m) 2.0x107° [26] 2.0 x 107°[26]
Cathode transfer o coefficient 1[22,26] 1[22,26]
Electro-osmotic drag coefficient n, 3.16 [26] 3.16 [26]
Diffusion coeff. of oxygen in the cathode backing 3.38 x 107 [27] 3.38 x 107 [27]
layer Di (m*s™")
Order of reaction (cathode) 7. 1[22,26] 1[22,26]
: LS 35570 1 1 39332( 1 1
Anode refefence exchange curreritjensﬂy {glultlplled 0.100 eT[E“?j (22] 0179 eT[g_?j 26]
by the specific surface area 4, ,j;” (A cm™)
Cathode exchange current density jo. (A cm ) 1.87 x 107 [21] 1.87 x 107 [21]
Diffusion coeff. of alcohol in the anode backing 2.984 x 107 [28] 2.984 x 107 [28]
layer D (m*s™")
Diffusion coeff. of alcohol in the membrane 2.148 x 107 [20] 2.97 x 107 [27]
D,, (m*s™)
4. Results

4.1. Experimental Performance of a DMFC Fed with MeOH/EtOH Aqueous Solution Mixtures

Figure 2 shows the experimental polarization and power curves corresponding to the three series of
aqueous MeOH/EtOH mixtures recorded in the custom fuel cell fuelled with a 1 mol L™' aqueous

alcoholic solution.

Figure 2. (a) (Adapted from [29]) Polarization and (b) power curves: experimental (bullets)
and fitted (lines). o: first series, O: second series, O: third series.

vV
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As observed, the fuel cell performance gradually declines from pure MeOH to pure EtOH. Even at a
low EtOH concentration, y, =0.1 and y,, =0.9, EtOH significantly affects the fuel cell behavior. With
only a 10% of EtOH in the alcohol mixture the fuel cell maximum power decreases to about half its

original value.

4.2. Response of the Fuel Cell to Aqueous MeOH after Being Operated with MeOH/EtOH Mixtures.
Fuel Cell Recovery Process

After completing the recording of one series, and before starting the next one, the fuel cell has been
operated with 1 mol L™ aqueous MeOH solution until a constant response was obtained. This process,
carried out twice, i.e., between the first and second and between the second and third series, is referred to
as the “recovery process”.

Figure 3a depicts the response of the fuel cell in the first recovery process. As can be seen, its
performance successively improves until a constant response is registered. In fact, the polarization curve
has practically recovered its initial shape after the third test, but the recovery process has been continued
until two successive tests yield the same curve. Although the open circuit voltage £ (OCV) is lower than
the one obtained in the first operation with 1 mol L™ aqueous MeOH, the fuel cell performance at high

current density values is recovered.

Figure 3. (a) Recovery process after first series; (b) Control of end of recovery process:

Correct fitting.

0.9

O MeOH before 1% series
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. T T T OO T T T
0.00 0.04 0.08 0.12 0.16 0.00 0.04 0.08 0.12 0.16

It is important to note, as can be observed in Figure 2, that the fuel cell performance declines when it
has been operated with EtOH and the recovery process only partly reverts this loss of performance.

4.3. Curve Fitting

The fitting curves corresponding to the mixture model used, Equation (1), are also plotted in Figure 2.
Note the good correlations obtained in all cases.

Figure 3b shows three experimental and fitted polarization curves for the fuel cell operated with
1 mol L™ aqueous MeOH. They correspond to the fuel cell response: (1) before being operated with
aqueous EtOH; (2) at an intermediate stage of the recovery process (in the inset); and (3) when no more
changes are observed, i.e., when the maximum “recovery” of the fuel cell has been attained. As can be
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seen, the experimental data corresponding to situations (1) and (3) is satisfactorily fitted to the proposed
model, but this is not valid for the intermediate recovery stage represented by situation (2). In this case
the fuel composition does not seem to be defined. This fact supports also the validity of the model.

Figure 4a shows the anode reaction order y, obtained along the three series. Its value ends up being
practically independent of the mixture composition, reaching the value that corresponds to the first MeOH
solution. This suggests that with time the reaction kinetics tends to be independent of the fuel composition.

The resistance by area R;,, plotted in Figure 4b shows a quite reproducible linear increment with the
EtOH content in the mixture but does not depend on the time or the previous history of fuel feeding.
Such behavior is also independent of the EtOH proportion in the mixtures previously used. This could
point to a membrane proton transfer hindrance caused by EtOH.

Figure 4c shows a power law correlation of the anode charge transfer coefficient o, data obtained
from the three series as a function of the EtOH proportion in the mixture. The power law exponent takes
almost the same value (approx. —0.25) for the three series, indicating a common physical origin of the
fast decline in a, with the EtOH proportion. But its value does not return to its original level after the
recovery processes, and actually decreases a little more in each successive series. This phenomenon
indicates that the difference in the oxidation rate between both alcohols is not the only factor affecting
the fuel cell performance and that the electrode charge transfer must be a very important cause of the

long term loss of fuel cell performance.

Figure 4. Fitting parameters evolution during long term fuel cell operation (adapted from [29]):
(a) ya; (b) Rint; (C) Qg.
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5. Conclusions

With the purpose of investigating the use of direct alcohol fuel cells fed with alcohol blends, this
work compares the behaviour of a direct methanol fuel cell fed with aqueous methanol, aqueous ethanol
and aqueous methanol/ethanol mixtures by means of a long term experimental study with subsequent
modeling of polarization curves.

The following conclusions may be drawn:

e Fuel cell performance declines as the ethanol content in MeOH/EtOH mixture increases.

e The fuel cell recovery process after operation with MeOH/EtOH mixtures only partly reverts the
loss of fuel cell performance.

e The anodic global reaction order reaches a value that is independent of the fuel composition (almost
recovering its original value) as the fuel cell operation time increases.

o The global charge transport of the fuel cell decreases linearly with the ethanol content in the fuel
blend, but is not time-dependent as its original value is restored after each recovery process.

e The anode charge transfer coefficient shows progressive decay with the ethanol proportion in each
series, and does not return to its original value after the recovery processes. This points to the fact
that the electrode charge transfer must be a very important cause of the long term loss of fuel
cell performance.
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