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Abstract 
 
Herein, we present a multigram scale-up route for the preparation of novel 

polymer composite nanoparticles as potential multifunctional rechargeable 

material for future, sustainable batteries. The nanoparticles (20 nm) comprise 

three innocuous yet functional interpenetrated macromolecular networks: 

polypyrrole, methylcellulose, and lignin. They are uniquely assembled in strands 

or chains (~200 nm) such as necklace beads and show long-time stability as 

water dispersion. We find that an aqueous suspension of this hierarchical 

nanomaterial show two sets of reversible redox peaks, separated by~600 mV, 

originating from the catechol moieties present in the lignin biopolymer. 

Remarkably, addition of carbon dioxide increased the capacity of one of the 

redox processes by 500 %. Importantly, the three redox stages occur in the 

presence of the same nanostructured polymer so being a potentially bifunctional 

material to be used in advanced electrochemical systems. The new properties 

are attributed to an intrinsic chemical and electronic coupling at the nanoscale 

among the different building blocks of the metal-free polymer composite and the 

structural rearrangement of the interpenetrated polymer network by the 

incorporation of CO2. We have provided both a new electrochemically 

multifunctional hierarchically-structured material and a facile route that could 

lead to novel sustainable energy applications. 

 

Keywords: multifunctional electrolyte, energy storage, CO2 utilization, polymer 

nanomaterials, flow batteries. 
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INTRODUCTION 

The increase of pollution levels in the atmosphere and their global impact on 

human health and on climate change are pushing rapid integration of energy 

from wind and sun into the electric grid as well as the electrification of the 

transport sector [1]. In addition, to reach a low-carbon and climate-resilient 

future, highly efficient, low-cost and large-scale methods to decrease the CO2 

concentration in urban and industrial areas are also needed [2]. Batteries have 

not yet achieved the degree of versatility and functionality to, simultaneously, 

store electricity and CO2. In addition, the use of more sustainable energy storage 

materials to minimize the original carbon dioxide footprint of fabricating and 

recycling the battery is highly needed [3].  

In search for superior battery performance, one of the strategies adopted by 

researchers has been the development of electroactive materials structured on 

the nanometer scale [4]. By diminishing particle sizes [5] or the layer thickness 

[6] to nanometer size, the solid state ion diffusion distances decrease while the 

surface area increases, thus enabling capacity values close to the theoretical ones 

even at high cycling rates. Nanostructured electrodes can also accommodate 

large strain without pulverization, providing mechanical flexibility and sustained 

electronic contact under stress [7].  

However, the fabrication of nanostructured electrodes and electroactive 

nanoparticles normally involves complex synthetic routes with several reaction 

steps and often with the use of harmful chemicals. Moreover, these methods 

usually provide a very low amount of functional material making the overall 

process highly costly and difficult to up-scale. The electroactive nanoparticles are 

usually of low density resulting in challenges to pack them into highly compact 

electrodes and thus diminishing the possibility to enhance the volumetric energy 

density of the battery.  

 

From a practical point of view, if the solid electrodes in a conventional secondary 

battery (Scheme 1A) were fractionated into a large amount of nanoparticles 

(Scheme 1B) and dispersed in a liquid solvent, an increase in both capacity and 

power capability of the battery might be expected. The main reason for this is the 

decreased restrictions due to the length scales for ion insertion, which are 
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reduced to short distances. The use of redox nanoparticles is becoming crucial in 

controlling the amount of charge stored by utilizing various charge storage 

mechanisms such as surface-based ion-adsorption, pseudocapacitance and 

diffusion-limited intercalation. Besides, a larger amount of energy than in 

conventional thin-film solid electrodes could be stored as mass transport can be 

achieved by forced convection. Moreover, if sufficiently dense the nanoparticles 

will ensure a high volumetric energy density too.  

 

This description is closely related to what occurs in suspension electrode flow 

batteries [8]. The energy limitation of these systems is the dispersibility of the 

redox-active material in the liquid solvent. In most cases, researchers have 

implemented organic solvents [9] to maximize the concentration of the redox 

species and the voltage window; but the battery system would be expensive and 

unsafe if large volumes of flammable organic solvent are used. The utilization of 

organic solvents may also result in low ion mobility and poor rate capability [10]. 

Therefore, in order to achieve cost-efficient and safer electrochemical systems to 

store a large amount of energy from renewable sources, the use of water as the 

main solvent is desired. Recently, a flow battery based on a 1M aqueous 

dispersion of micro-sized redox-polymer-particulates have been developed 

showing excellent electrochemical properties with reversible, multi-electron 

redox processes, rapid electrochemical kinetics and ultra-stable, long-term 

cycling capability [11]. The application of electroactive polymer particulate 

slurries [11], solutions [12] or colloids electrolytes [13] also makes it possible to 

replace expensive ion-conducting membranes with much cheaper, commercial 

dialysis membranes operating through the size-exclusion mechanism (Scheme 

1C). However, because a large number of redox-active materials are not soluble 

in water the dispersion and stabilization without using surfactants or emulsifiers 

will be challenging.  
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Scheme 1. Configurations of different electrochemical cells: conventional battery 
system with thick solid-state electrodes A), semi solid-like battery B) and a redox-active 
particulate electrolyte flow battery C). 
 

Herein, we have applied a sustainable route for the preparation of highly-water 

dispersible and electrochemically rechargeable polymer composite 

nanoparticles. This composite nanomaterial is composed of three different 

polymers and each polymer, in turn, is build-up solely of renewable, abundant 

and non-toxic building blocks. In this work, the selected methylcellulose has two 

functions: i) it assists the formation of nanoparticles during the colloidal 

polymerization; and ii) it brings about long-time stability of the suspensions in 

water. The other two functional components are lignin and polypyrrole. The 

former is the most abundant aromatic biopolymer on earth and can reversibly 

store charge through the reduction and oxidation of catechol moieties (Scheme 

2) [14]. The latter is a low-cost biocompatible conjugated polymer that will 

enhance the charge transport properties in the composite nanomaterial. This 

new redox-active polymer composite is easy to prepare and its synthesis does 

not require additional metal or expensive components. 
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Scheme 2. Electrochemical oxidation and reduction of catechol moieties of lignin 
biopolymers in protic media.  

 

Previous studies of polymer composites made from polypyrrole and cellulose 

derivatives [15] or redox- active lignin [6], have focused on their use as solid 

electrode materials. In this work, the redox chemistry of a stable suspension of 

interpenetrated lignin, cellulose and polypyrrole networks was exploited, 

making possible to trigger further functionality in these composites. In the 

presence of CO2 two main processes, corresponding to the redox reactions of 

lignin occurring at different potentials were evidenced when electrochemically 

cycled in aqueous protic media. These two processes, observed in the cyclic 

voltammograms, are attributed to catechol moieties exhibiting different chemical 

substituents connected to the aromatic ring. In presence of CO2, the 

electrochemical response of one of the processes is enhanced by up to 500 %. 

Thus, a novel highly-water dispersible metal-free polymer exhibiting three redox 

stages is presented. These results show the potential use of stable polymer 

composite suspensions as bifunctional single active material in flow systems 

operating under eco-friendly conditions. 

 

EXPERIMENTAL SECTION 

Preparation of the multifunctional polymer composites. 

The preparation method for the multifunctional nanomaterials containing the 

three macromolecules was as follows: 0.16 g of methylcellulose (Sigma-Aldrich) 

was dissolved in deionized water (200 ml) at 60 °C during 60 minutes. After 

cooling down to room temperature, 1 g of lignin biopolymer (Sigma-Aldrich), 

with a variable content of sulphonic groups in its composition (see Table S1), 

0.25 g of pyrrole monomer (Sigma-Aldrich) and 0.5 g of FeCl3 (Sigma-Aldrich) as 

catalyst were added successively. Then, the mixture was stirred for 1 hour. The 

solution turned black immediately, signifying that the polymerization had 
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started and then after a few minutes a black solid precipitated to the bottom of 

the reaction flask. Subsequently, the solid was separated from the solution by 

centrifugation, washed with deionized water, and centrifuged again. This process 

was repeated up to three times. Next, the solid was freeze-dried overnight and 

stored at 2 °C until use. The terminology to designate the polymer composite 

samples was the following: MPLX, where M, P, and L mean methylcellulose, 

polypyrrole, and lignin, respectively, and X indicates the content of sulphonic 

groups in the lignin as estimated by the sulphur content derived from elemental 

analysis. So, X is designated as L when the amount of elemental sulfur in lignin is 

1.6 wt. %, M means medium and corresponds to a content of 3.7 wt. % and H is 

used to denote the lignin with high sulfur content which is 4.9 wt. %. The 

composites containing either polypyrrole-lignin or a methylcellulose-

polypyrrole couple are denoted PLX and MP, respectively.  

 
Characterization of the polymer composites by electron microscopy.  

The morphology and dimensions of the synthesized polymer composite 

materials were studied by using electron microscopy: scanning (SEM) and 

transmission (TEM). A high-resolution scanning electron microscopy (HRSEM) 

in a Hitachi S-8000 model with field emission filament and a voltage of 1.0 kV. 

For TEM studies, the polymer composite materials were ultrasonically dispersed 

in water. A few drops of the resulting suspension were deposited in a carbon-

coated grid. TEM and high-angle annular dark-field imaging (HAADF) in 

Scanning Transmission Electron Microscopy (STEM) mode experiments were 

performed with a JEOL JEM 3000F microscope operating at 300 kV (double tilt 

(±20°) (point resolution 0.17 nm in TEM mode and 0.14 nm in STEM mode)), 

fitted with an X-ray energy dispersive spectroscopy (XEDS) microanalysis 

system (OXFORD INCA). The atomic ratio of the metals has been determined by 

XEDS. XEDS-mappings were recorded in ADF-STEM mode using the Kα1 lines of 

the elements with 256×256 pixel resolution accumulated over at least 1 hour to 

ensure good statistics.  

 

Electrochemical characterization. 
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Preparation of polymer composite films for electrochemical analysis. 2.5 µL PLH or 

MPLH suspension was drop-casted onto freshly polished (0.3-micron alumina) 

gold-disc electrodes (Bio-Logic, A-002421 AUE Gold electrode (OD: 6 mm – ID: 

3.0mm)) and the suspensions were allowed to dry over-night in ambient air. The 

PLH and MPLH layers were then characterized electrochemically in 1M NaClaq 

electrolyte buffered with 10 mM Na2HPO4 and 10 mM H3BO3 to pH 4.3 and 

purged with N2 for 20 min. The electrolyte was kept under a N2 atmosphere 

throughout the measurement. A Pt wire (Bio-Logic, A-002234 Platinum counter 

electrode coiled, wire diameter 0.5 mm) immersed directly into the electrolyte 

solution was used as a counter electrode and an Ag/AgCl 3M NaCl (Bio-Logic, A-

012167 RE-1B Reference Electrode) was used as the reference electrode. A 

CHI660 potentiostat was used for all measurements. All electrodes were 

characterized by cyclic voltammetry between -0.5 and 0.6 V at various scan 

rates. The quinone peak potentials were evaluated both for the oxidation (EpOx) 

and the reduction (EpRed) peak by subtracting a linear base-line and fitting the 

peak to a Gaussian function. The average of the oxidation and reduction peak 

potential was taken as the quinone formal potential and the formal potential was 

evaluated at several scan rates together with the peak potentials. The formal 

potential (��
� ) for the different samples was derived by averaging the evaluated 

formal potentials at different scan rates. The dependence of the peak current 

with scan rate was investigated by determining the current at (EpOx) and (EpRed), 

respectively.  

Quinone and polypyrrole (PPy) content estimation in the thin film polymer 

composite electrodes. The total capacity was evaluated by integrating the anodic 

and cathodic sweeps at the lowest scan rate (0.01 V/s). Capacity originating from 

PPy was evaluated by subtracting the quinone capacity from the total capacity. 

Then, that value was multiplied by the weight percentage of PPy in the polymer 

composite estimated from the elemental analysis of nitrogen.  

Electrochemical analysis of the polymer composite suspensions. Electrochemical 

studies of the polymer suspensions were performed by using a three-electrode 

configuration with porous graphite felt material as the working electrode, 

Ag/AgCl as a reference and platinum wire as a counter electrode. The graphite 

felt was thermally treated at 500 °C for 12 hours before use. The three-electrode 
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configuration cells were cycled in a VMP-300 multichannel 

potentiostat/galvanostat (Bio-Logic). The aqueous based-suspension was purged 

with N2 gas for 20 minutes before measuring. The suspensions were titrated 

with dilute H2SO4 to the desired pH value at 25 °C. For the series of 

measurements performed with CO2 gas, a flow of 80 ml/min  (PCO2 = 1 atm and 

Tª = 25 ºC) was passed through a volume of 20 ml containing a suspension of 

nanoparticles dispersed in deionized water with a concentration of 1 gL-1 for 20 

minutes. Then, the pH was adjusted following the same titration procedure as for 

the aqueous suspensions without CO2.  

 

Physical gas adsorption. 

The textural properties of the polymer composites such as pore size, specific 

surface area, and pore volume were initially studied by N2 gas adsorption at 77 

K. This method is ideal for porous samples with a pore size in the range of 0.7-2 

nm. However, we evidenced very low N2 adsorption values, close to the 

instrumental detection limit, for all the polymer composite samples, most 

probably due to the presence of an average pore size smaller than 1 nm. CO2 gas 

adsorption at 273 K was therefor used instead as CO2 exhibits a smaller 

hydrodynamic radius and lower adsorption temperature than N2 facilitating 

diffusion of gas molecules towards the surface. Both N2 and CO2 gas adsorption 

measurements were carried out by using Autosorb equipment (Quantachrome). 

The amount of sample used for each analysis was approximately 100 mg. The 

samples were degassed previously under vacuum for 12 hours before to start the 

gas adsorption isotherm. The measurements were performed at 273.15 K by 

applying a saturation pressure of CO2 of 26142 torr. The relative pressures range 

for the adsorption was between 4.51 10-4 and 2.90 10-2 torr. The specific 

micropore surface area, average pore size, and micropore volume, were 

determined from the adsorption data using the Dubinin–Radushkevich and 

Stoeckli equations [16]. 

 

Ultraviolet-Visible (UV-Vis) spectroscopy. 

Spectroscopic measurements were carried out in a quartz cuvette (optical path 

length of 10 mm) containing 0.1 g l-1 of the polymer composites, Lig-HS, and MP 
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in water solution. The electronic processes were monitored by using a Perkin 

Elmer model Lambda 35 spectrophotometer over the range 200-700 nm 

spectrum region.  

 

Elemental analysis. 

The content of C, H, S, and N in the polymer samples (5 mg) was determined by 

combustion in a LECO CHNS-932 thermal analyzer.  

 

Dynamic Light Scattering (DLS) and zeta potential. 

The average particle size and surface charge of the polymer composite materials 

were measured by DLS using a Malvern Nanosizer NanoZS Instrument equipped 

with a 4 mW He-Ne laser (λ = 633 nm) at a scattering angle of 173°. Different 

samples were measured in square polystyrene cuvettes (SARSTEDT) at 25 °C. 

The autocorrelation function was converted in an intensity particle size 

distribution with ZetaSizer Software 7.10 version, based on the Stokes-Einstein 

equation. The zeta potential was quantified by laser Doppler electrophoresis 

(LDE) using polymer composite suspension with a concentration ranging 

between 0.1 and 0.001 gL-1. The zeta potentials were automatically calculated 

from the electrophoretic mobility using the Smoluchowski’s approximation. For 

each sample, the statistical average and standard deviation of data were 

calculated from 8 independent measurements each with 20 runs. 

The polymer composite samples were homogenized with a bath sonicator for 40 

min to allow a good dispersion without damaging the polymer materials. A tip 

ultrasound probe (Branson Model 250) delivering pulses of 20.000 kHz at 35% 

of its nominal power (350 W) was subsequently applied. The duration of each 

pulse was 5 and 10 minutes. Each pulse lasts 0.1s and is followed by a rest time 

of 0.1 s. 

 

Acid-base properties determination by titration experiments. 

Samples with a concentration of 1 gL-1 of MPLH, MP, Lig-H were studied with 

potentiometric evaluation by using a pH meter (Schott instruments, model 

Handylab pH 11) using different solutions; acid solutions of 0.1 M and 0.5 M HCl 

and on the other hand, two basic solutions of 0.1 M and 2 M NaOH. The pH meter 
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was calibrated with buffer solutions of pH 4, 7 and 10. The potentiometric curves 

were obtained by measuring the change in pH after each addition of base and 

acid solution, respectively; the additions were made slowly with continuous 

stirring. 

 

RESULTS AND DISCUSSION 

For the sake of comprehensiveness, in the first part of the results and discussion 

section, we show a complete study of the preparation conditions of the novel 

nanoparticles along with their physical and chemical characterization in both 

solid-state and in aqueous suspension. In the second part of this section the 

electrochemical analysis of the nanoparticle composite materials showing the 

highest dispersion in water is presented.  

 

Figure 1 shows the TEM images of the polymer composites studied. The polymer 

materials are a series of composites containing either two or three 

macromolecules. These materials largely comprise individual particles exhibiting 

spherical morphology with sizes ranging between 200 nm for polymers made of 

methyl-cellulose and polypyrrole (MP, Figure 1A) to 20 nm in diameter for those 

materials containing methylcellulose, polypyrrole and highly sulfonated lignin 

biopolymer (MPLH, Figure 1B). The latter composites have a distinctive 

hierarchical structure with individual polymer nanoparticles assembled in 

strands or chains such as necklace beads (Figures 1B.1 and 1B.2). Interestingly, 

when lignin was present, the size of each polymer nanoparticle comprising the 

strands was one order of magnitude smaller than in MP materials containing two 

components. The presence of cellulose appears to be essential in both the 

genesis of each nanoparticle and their assembling along the polymer strand. 

Cellulose might be acting as a substrate during the initial growth of the 

conjugated polymer, thereby favouring the incorporation of pyrrole and their 

subsequent polymerization into the nanoparticle network [17]. The cellulose 

was probably also a binding agent favoring the connectivity of each nanoparticle 

along the chains. In addition, cellulose seems to have an impact on the particle 

aggregation; the absence of cellulose seems to provoke the loss of sphericity of 
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the nanoparticles as it was observed for those samples made of polypyrrole and 

highly sulphonated Lignin (PLH, Figure 1C). 

 

 
Figure 1. Transmission electron microscopy images of the different particulate polymer 
composite materials: MP A), MPLH B) and PLH C). A2, B2, and C2 refer to the zoomed 
area´s from A1, B1 and C1 respectively Inset: Corresponding SEM images to each of 
materials. The scale bar on the SEM insets is 5 µm for A.1 and 1 µm for both B1 and C1. 
 
 
We found that the PPy content, inferred from elemental analysis of nitrogen, is 

directly related to the amount of sulfur from the sulphonic groups in the lignin 

biopolymer as shown in Figure 2A. The estimated amount of PPy within the 

MPLX series shown the tendency: MPLH (19.8 wt. %) > MPLM (11.1 wt. %) > 
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MPLL (5.8 wt. %). From this trend, we deduced that the interactions between the 

positive charges in the five-member ring of the pyrrole monomer and the 

negative charges from the sulphonic anions anchored in the lignin chains might 

govern a highly efficient assembly between the two networks during 

polymerization. Besides, it has been reported that sulfonate moieties solubilizes 

organic substances in aqueous solutions, which might also enable the 

incorporation of the PPy polymer in the composite [18]. Regarding the role of 

cellulose in the chemical composition of the polymer, MPLH composite show 

higher nitrogen content than in PLH (16.9 wt. % PPy) where cellulose was 

absent.  

The content of redox-active quinone was estimated by electrochemical analysis 

of thin-film polymer composite electrodes. Because MPLH and PLH composite 

materials show the highest amount of PPy in their composition they were chosen 

as the most suitable candidates for further investigations. Figure 2B shows the 

voltammetric response for an MPLH sample with current values normalized to 

scan rate (more details in Figure S1). We assign the peak at 0.55 V vs Ag/AgCl to 

the lignin biopolymer as the potential agrees well with previously reported 

formal potentials of lignin. The capacitive response in the region -0.2 and +0.3 V 

vs Ag/AgCl is ascribed to doping of the PPy component of the composite. As 

typical for PPy electrochemistry there is a doping on-set around -0.4 V vs 

Ag/AgCl [19]. The dependence of both, oxidation and reduction absolute peaks 

current with scan rate for MPLH and PLH electrodes are displayed in the inset 

plot in Figure 2B and Figure S2, respectively. The corresponding slopes are 

between 0.7 and 0.8. Similar dependence on both oxidation and reduction peaks 

and slope values were found for the PLH sample (Figure S2 and Table S4). The 

integration of the lignin peak, after subtraction of a linear base-line, indicates a 

lower capacity for PLH than for the MPLH electrode (Table S5). For MPLH a 

quinone capacity of 1.6210-5 C corresponding to 1.68 10-10 mol charges was 

evidenced. This value is higher compared to the corresponding quinone capacity 

in PLH which was evaluated to 5.33 10-6 C corresponding to 5.52 10-11 mol 

charges per 2.5 µL suspension used in the preparation of the thin-film 

electrodes. The remaining charge was assigned to PPy and was evaluated to 350 
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C g-1 in PHL, a value more than twice the value found for the highly-water 

dispersible MPLH composite material (157 C g-1). 

In order to reveal the spatial distribution of each macromolecule in the 

composite material, we performed energy-dispersive X-ray spectroscopy (XEDS) 

of nitrogen, sulfur and carbon elements while operating in ADF-STEM mode in 

the transmission electron microscope. Figure 2C shows a homogeneous 

distribution of the three components along with the nanoparticles that form the 

chain confirming that the three macromolecules networks were homogeneously 

interpenetrated in MLPH composite. Analysis of the distribution of sulfur and 

nitrogen in the PLH composite also confirmed the homogeneous distribution of 

polypyrrole and lignin in the nanoparticles of the chains as it is shown in Figure 

S3. We have also evidenced by UV-vis spectroscopy (Figure S4) a redshift in the 

absorption band corresponding to the π-π* transition from 280 nm to 286 nm in 

lignin biopolymer and in MPLH, respectively. This fact confirms the 

enhancement of π-π interactions between lignin chains in the composite as a 

result of the close chemical and electronic coupling at the nanoscale among the 

different constituents of the metal-free polymer system [20]. 

 
The development of low-cost multifunctional electrode materials will require 

precise control of their textural properties to facilitate specific molecular 

interactions of the particle surface and chemical species such as water, carbon 

dioxide, oxygen, hydrogen or electrolyte ions. Figure 2D shows a comparison 

between the gas adsorption isotherms for a series of polymer composites. The 

isotherms clearly show the impact of the polymer composition on the gas up-

take capacity of the composite material and, as expected, a trend is observed 

regarding the volume of the adsorbed gas, the pore size and the surface area 

(Table S6). For example, the hybridization of the methylcellulose with the 

conjugated polymer increases the pore size from 0.69 nm to 0.77 nm. The 

presence of sulphonic groups in the lignin biopolymer has a strong impact on the 

gas adsorption and textural properties of the MPLX composites series observing 

a gradual drop on the surface area as the content increase. Moreover, there was a 

clear relation between the sulphonic content and the final morphology of the 
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composites as it is shown in Figure S5, in comparison with the PPy and MP 

materials. 

 

 
Figure 2. Nitrogen and sulfur content determined by elemental analysis A). Cyclic 
voltammetry of a thin-layer of MPLH electrode showing the current normalized at 
different scan rates B). Inset: log (Absolute peak currents) as a function of log (scan 
rate) of oxidation (black curve) and reduction (red curve) process of MPLH. MPLH 
layers were then characterized electrochemically in 1 M NaClaq buffered with 10 mM 

Na
2
HPO

4
 and 10 mM H

3
BO

3
 to pH 4.3  and purged with N

2
 for 20 min. ADF-STEM image 

of MPLH and XEDS maps showing the chemical distribution of the different elements (C-
red, N-green, S-blue) within the structure of the MPLH nanohybrid C). CO2 gas 
adsorption isotherms for the polymer material systems studied in this work D). 
 

 

After the initial characterizations of the different materials MPLH and PLH were 

chosen as the optimal candidates for the target application. Figure 3 shows the 

impact of the chemical composition of the polymer materials on the particle size 

distribution, the acid-base properties, and the zeta potential values.  Figures 3A 

and 3B show the particle size distribution corresponding to MPLH and PLH 

composites, respectively, determined by dynamic light scattering (DLS). As can 

be seen, the aggregate size distributions of each polymer composite show similar 

average values (~ 500 nm) in water after sonication for 15 minutes. The MPLH 
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composite shows improved long-term stability in water compared to the PLH 

sample that precipitated after a few minutes, corroborating the strong influence 

of the cellulose polymer in the stability of the composite suspensions. In 

addition, the polymer composites enclosing lignin with medium and low content 

of sulphonic groups exhibited larger aggregate sizes than those composites 

containing highly sulfonated lignin (Figure S6). 

Figure S7 shows the zeta potential for the series of polymeric samples at 

different concentrations in water. The PPy and MP suspensions exhibited 

positive zeta potentials, while samples containing lignin showed negative zeta 

potentials. We attribute this effect to a higher impact of the negative charges of 

the sulfonic groups than the positive charges from polypyrrole on the surface. In 

fact, as the PPy-content increases, the zeta potential value also increases towards 

more positive values balancing the total charge.  

 

Figure 3C shows the correlation between the ionization constant (pK) and the 

zeta potential values at different pH for an MPLH polymer suspension. We found 

a pH region with two pK constants (pK ≈ 1.5 and 9) in agreement with the 

change of zeta potential observed at acidic and basic pH. A 1 g l-1 suspension of 

MPLH particles dispersed in deionized water is negatively charged, with a zeta 

potential value close to -30 mV and a pH value of approximately 4. In the pH 

range comprising the two ionization constants, this suspension preserves its 

stability even though a tiny amount of acid/base can easily change its pH. So, 

there was not a correlation between the acid-base properties, the zeta potential 

values and the permanence in the suspension of the MPLH composite particles. 

Out of this range (1.5 ≤ pH ≥ 9), the polymer particles progressively lose their 

stability and do not remain in suspension. Therefore, the precipitation of the 

polymer composite particles in aqueous media might be due to the hydrolysis of 

the methylcellulose polymer at low and high pH values, respectively. In addition, 

pH variations show negligible effects on cellulose with constant zeta potential 

values and no indications of titrations (Figure S7 and S8). So, the acid-base 

character and the charge surface values of the particles must be mainly governed 

by the synergistic combination of the physical and chemical properties at the 

nanoscale of the PPy and lignin macromolecules, being this interaction also 
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mediated by the presence of the cellulose. Intriguingly, the presence of cellulose 

did not affect negatively the electrochemical properties of the redox moieties 

present in the lignin biopolymer as it is shown in Figure 4.  

 

 
Figure 3. Characterization by dynamic light scattering (DLS) of the polymer composite 
suspensions containing MPLH A) and PLH B). Correlation between the acid-base 
properties measured by titration and the zeta potential values for MPLH material C). 
 
 
Figure 4A shows the cyclic voltammograms (CVs) for a suspension of the MPLH 

composite particles in an aqueous solution at different pH values. The 

voltammograms exhibit one principal redox peak over the pH range 0.8-3.7 

corresponding to the reversible redox reaction of the catechol moieties in the 

lignin biopolymer as it is shown in Scheme 2. Figure 4B shows the cyclic 

voltammetry for the MPLH nanoparticles suspended in an aqueous acidic media 

saturated with CO2 gas. Interestingly, two electrochemical processes are 

displayed, both occurring at positive potential. The redox process at higher 

potential, Process I, corresponds to the above-mentioned redox reaction of the 
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catechol units in lignin; the other reaction occurring at a lower potential, Process 

II, could be attributable to catechol units with substituents containing more 

oxygen groups such as methoxy groups or neighboring C9-O- groups directly 

connected to the phenyl ring [21]. Because of the strong electron-donating effect 

of the oxygen atoms bonded to the aromatic ring, a significantly lower redox 

potential than for Process I was observed. Several causes for this unusual 

electrochemical behavior were considered such as the hydrogen gas generation 

by the reduction of protons to molecular hydrogen and also the electroreduction 

of CO2. However both possibilities were discarded due to the following described 

results: (i) In order to investigate the participation of hydrogen, a galvanostatic 

reduction of an aqueous suspension (pH ~ 1) of MPLH material (1gL-1) was 

carried out in an electrolyzer cell comprising three compartments separated 

each of them by a Nafion® 117 membranes (Figure S9). The use of this 

experimental setup prevented dissolution, migration, and deposition of Pt 

nanoparticles from the counter electrode to the surface of the working electrode 

as well as the interference of H2 gas, produced also by the catalytic activity of Pt. 

After cycling during more than 7 hours at 0.25 mA, the solid polymer 

nanoparticles were decanted and the liquid supernatant phase analyzed by 

liquid proton NMR in an air-free tube [22]. The absence in the spectra of the 

resonance corresponding to molecular hydrogen confirmed that Process II is not 

due to a reversible hydrogen reaction formation (Figure S10). This result was 

expected, as the thermodynamic potential for hydrogen evolution is much lower 

than the experimental one observed here under similar acidic conditions [23]. 

Moreover, we have also shown, by cyclic voltammetry, that the potential where 

H2-formation occurs does not correspond to the potential for Process II. (Figure 

S11). (ii) We have also discarded the possibility of CO2 reduction at the potential 

window applied in the present study, because in general the redox potential at 

which the CO2 reduction takes place in aqueous systems has been determined 

close to -0.48V vs. Ag/AgCl [24].  Furthermore, as it is shown in Figure S11 only 

below 0 V vs. Ag/AgCl (aprox. -0.4V vs. AgCl) an irreversible process that might 

be due to CO2 reduction was observed. Therefore, the reorganization of the 

interpenetrated polymer network in the presence of CO2 is considered as the 

most plausible reason to explain the amplification of Process II.  
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Regarding the participation of CO2, we observed that the presence of CO2 lead to 

an enhancement of the absolute magnitude of the anodic and cathodic peak-

heights of Process I in the MPLH composite (Figure S12). Moreover, when lignin 

is nanoconfined into the MPLH-particle an anomalous pH-dependence of the 

equilibrium potential for the Process I was found, as shown in Figure 4C. Two 

well-defined regions exhibiting two different slopes were evidenced 

independently in the presence of CO2. The slope of the equilibrium potential as 

function of pH was -4 mV pH-1  in the pH range between 1.2 and 3.5 in the 

presence of CO2. This value, closer to zero, might indicate that both the oxidized 

and reduced forms in lignin are fully deprotonated or that the local pH at the 

surface of the polymer composite might be buffered due to the presence of 

dissolved CO2. For Process II occurring in the MPLH particles, the formal 

potential in the presence of CO2 shows a linear pH dependence. For the non-

confined lignin biopolymer the equilibrium potential of the Process I is pH-

dependent in the presence of CO2 in the whole pH-range (Figure S13). In fact, the 

average slope of the equilibrium redox potential versus pH over the pH range 

0.5–4.6is −49 mV pH−1 unit, which is close to the value of −59 mV pH−1 expected 

from a two-electron, two-proton process. The linear fit to the data between pH 

0.9-3.5 for the Process II revealed a slope value of -98 mV pH-1. Moreover, the 

intensity of the anodic and cathodic peaks corresponding to the reorganized 

lignin moieties follows a linear dependence with pH as shown in Figure 4D. 

Remarkably, the presence of carbon dioxide boosted the second process reaction 

by 500 % at a pH value of 0.8.  

We performed the same electrochemical experiment for a solid electrode of 

MPLH composite material with and without CO2. In that case, there was no 

evidence of second redox process (Figure S13). The occurrence of three redox 

stages corresponding to the presence of two redox processes was only observed 

when the polymer nanoparticles were in suspension. The main reason behind 

this behavior might be the relatively large sample volume of the particles in 

suspension compared to the situation in the solid electrode set-up. Effectively 

this means that electrochemical conversion might be only related to a thin layer 

close to the polymer surface, which is in good agreement with the above 



19 
 

mentioned result. In suspension, nanoparticles that are in contact with the 

surface of the electrode are being constantly replaced by fresh material that was 

converted during cycling.  

 

 

Figure 4. Electrochemical characterization of the polymer composites suspensions by 
using a three-electrode cell configuration. Cyclic voltammograms in an aqueous acidic 
media without (A) and with CO2 (B) of the MPLH polymer composite suspensions. The 
Purbaix diagram of MPLH water-based suspensions with and without CO2 (C). Anodic 
and cathodic currents for the reversible transformation of Process II in the presence of 
CO2 (D). (Pt wire was used as a counter electrode and Ag/AgCl as a reference electrode; 
Scan rate = 10 mV s-1). 
 
 
Figure 5 shows the proposed mechanism to explain the electrochemical behavior 

observed in the polymer composite nanoparticles with and without the presence 

of CO2 gas at different pH values. As stated above, the electrochemical processes 

most probably occur at the surface. Then, when the MPLH nanoparticles are 

placed in deionized water, the pH value is close to 4 and the surface charge value 

is -30mV. These values are mainly produced by the presence of hydrated sulfonic 

groups on the surface of the particle. At this point, it hardly observes any redox 

process due to the slow kinetics of the reaction provoked by the deficiency of 
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protons (Figure 5A). If the suspension is acidified, Process I emerges. Also, the 

zeta potential increases and becoming more positive. This change in the average 

value of the surface-charge suggests that part of the sulphonic groups initially 

doping the polypyrrole now tends to face the nanoparticle´s surface, interacting 

electrostatically with the protons and water molecules from the solution. Under 

these conditions a spatial alteration of the interpenetrated polymer network at 

the surface of the nanoparticles might occur (Figure 5B). When CO2 is added, 

noticeable changes are reflected in the CV such as the appearance of the Process 

II coexisting with the Process I. Besides, the electrochemical reduction of the 

quinone to hydroquinone in Process I will favor an increase of the pH value near 

the surface due to proton consumption [25]. This situation will most probably 

favor the formation and stabilization of the HCO3- anion at the liquid/solid 

interphase. This situation might also be favoring structural rearrangement of the 

interacting macromolecules along the interpenetrated network [26]. Then, the 

polypyrrole may act as an electrophile interacting with the bicarbonate anion 

forming a stable adduct, then changing their physical and chemical interrelation 

with the biopolymers (Figure 5C) [27]. The possible formation of a carbonate 

between the CO2 molecule and the semiquinone which can then be protonated at 

low pH in an aqueous media [28] and appear o consume protons promoting also 

the rearrangement of the interpenetrated polymer network can not be 

discarded. Therefore, here CO2 is not electroreduced and is simply acting as a 

precursor of the species formed after hydration [24]. 
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Figure 5. The proposed mechanism to explain the presence of three redox stages in the 
polymer composite nanomaterial in the presence of CO2. 
 

CONCLUSION  

We have devised a new sustainable multifunctional nanomaterial that utilizes 

CO2 as a useful resource to reversibly store charge. The novel material is a 

hierarchically-structured polymer composite that is made of inexpensive and 

environmentally friendly macromolecules such as methylcellulose, which 

assisted the creation of the nanoparticles during the colloidal polymerization 

and also endorsed long-time stability to the polymer active suspensions in water. 

From cyclic voltammetry measurements, two main reversible processes were 

observed corresponding to the redox reaction of the lignin biopolymer. The 

process at the lower potential is enhanced by up to 500 % by the presence of 

carbon dioxide. The novel properties might be originated from an intimate 

chemical and electronic connection at the nanoscale among the different 
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components of the polymer composite and the structural rearrangement of the 

lignin biopolymer by the incorporation of CO2. This creative strategy envies 

multiple advantages such as the utilization of low-cost raw materials and 

sustainable pathways for designing advanced functional nanomaterials; the 

application of greenhouse gases such as CO2 to promote bifunctionality by the 

same active nanostructured material dispersed in water making cost-effective 

storage system. The proposed metal-free polymer composite–CO2 system could 

potentially serve as a new CO2 utilization technology in the time of pursuing 

sustainable and environmentally friendly energy storage systems for the future. 
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Graphical Abstract 
 
A wooden rechargeable electrolyte nanomaterial 
 
A new sustainable multifunctional nanomaterial exhibits well-controlled three 
redox stages in the same component unit when electrochemically cycled in 
saturated CO2 aqueous conditions. The low-cost advanced nanomaterial offers 
the opportunity to address two main energy and environmental challenges: 
global warming and polluting atmosphere from greenhouse gas emissions and 
the generation of electricity along with energy storage from renewable sources. 
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