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Abstract: In the present study, a few types of green polymer binder such as Xanthan gum (XG),
Carboxyl methylcellulose (CMC) and Sodium alginate (SA) have been prepared with activated
carbon-graphene oxide composite electrode (AC/GO). Throughout the experiment, CMC as an
individual polymeric binder produce the least amount of the weight loss (8.28%). To enhance the
adhesion, the binder was mixed with synthetic binder (PEI), which results in mass loss of 1.86%.
Furthermore, the electrochemical analysis depicts that AC/GO-SA produces the highest current
rate (-7.8 mA/cm?) throughout the 30 min of reduction process, with 16.9% Faradaic efficiency.
The experimental results show that a facile, low-cost, eco-friendly design of green polymer binder
is promising for the carbon dioxide reduction, thus, promote a greener technology.

Introduction

Ever since the Industrial Revolution, anthropogenic carbon dioxide (COz) level in the atmosphere
has continuously increasing from 280 ppm to over 400 ppm due to extensive fossil fuels burning
[1]. Excessive consumption of fossil fuels has cautiously led to the depletion of these finite natural
resources while rising the atmospheric CO> concentration. The increasing CO> concentration in
the Earth’s atmosphere has raised numerous of environmental concerns, such as global warming,
rising sea level as well as species extinction, which all cause a significant disruption to the
ecosystem [2]. The release of CO» into the environment is uncontrollable as a consequence of
various current industrial processes. In contrast with the natural carbon cycle of having a closed
loop process, the open loop of these anthropogenic activities which releases CO; into the
environment is unsustainable. Minimizing the CO, emissions assist in solving the environmental
issues such as switching to low carbon-fuel (hydrogen or syngas) or upgrading the energy
efficiency and enhance the energy conservation [3].

Electrochemical reduction of CO; has attracted much attention in recent years as it represents a
clean technique at the expense of facilitating sustainable supply for energy storage and conversion.
This technique has the advantage where water can be used as the proton source and procedure can
be carried out a room temperature. However, some issues need to be resolved before the
electrochemical reduction of CO; becomes appealing for technological applications, related to the
high efficiency and product selectivity [4]. The electrochemical approach mainly relates with
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measurement and control of a redox reaction in electrochemical cells. In electrochemical cells,
electrodes are set into an electrolyte for chemical reaction to occur. The composite electrode is
considered as one of the important configurations in electrochemical performance testing [1].

Typically, fabrication of composite electrode includes active material, polymer binder material
and conductive material. As an improvement in the electrode fabrication, activated carbon
electrode particularly the functionalization of active material and extensive performance of
conductive material has gained many research interests, with minimal attention to improve the
binder material. [5]. Binder plays an important role as the surfactant that binds the material
altogether and control the functionality of the electrode. The binder forms a matrix for the active
material and allows build-up contact with the current collector, which then provides mechanical
durability. The binder has to be electrochemically stable, insoluble in the electrolyte solution, and
must be evenly distributed in the slurry during the electrode fabrication. Common polymeric
binder in electrochemical capacitor is based on fluorinated polymer like polyvinylidene fluoride
(PVDF), polyvinyl alcohol (PVA) and Nafion. However, these polymer binders suffer atrocious
drawbacks such as high toxicity and poor adhesion [6]. These fluorinated polymers often require
wetting agents or organic solvents during the fabrication process and release fluorinated monomers
which has severe environmental effects [7]. Thus, green polymeric binder is said to be a great
alternative as it maintains the environmental concerns of reducing toxicity [8]. Derived from
nature, Sodium Alginate (SA), Xanthan Gum (XG), and Carboxyl Methylcellulose (CMC) are the
examples of green binders as substitute for electrode fabrication and the performance of each
binder has been carried out and described in this study.

Experimental and methods

Chemicals and reagents

Green polymer such as carboxymethyl cellulose (CMC) (CAS No: 9000-11-7; Food grade),
xanthan gum (XG) (CAS No: 11138-66-2; Food grade), and sodium alginate (SA) (CAS No: 9005-
38-3; Food grade) were supplied by Take It Global Sdn Bhd, Penang, Malaysia. Activated carbon
(AC) powder (from coconut shell) was acquired from Kekwa Indah Sdn Bhd, Negeri Sembilan,
Malaysia. Graphene oxide (GO) solution (4 mg/mL, in H>0O), polyethylenimine (PEI) solution
(50% in H20) and corn starch (CAS No: 99005-25-8) were supplied by Sigma Aldrich. Potassium
hydroxide (KOH) and potassium bicarbonate (KHCO3) (Chemically Pure Grade) were procured
from the R&M Chemical. Copper (II) sulfate pentahydrate powder (CAS No: 7758-99-8), Sodium
hydroxide pellets (CAS NO: 1310-73-2) and L (+) ascorbic acid powder (CAS No: 50-81-7) were
purchased from Merck Millipore. All chemicals were used as supplied.

Catalyst synthesis and electrode fabrication

The synthesis of catalyst or material for the working electrode starts with the preparation of copper
nanoparticle (CuNP) as a conductive material for the composite electrode. The chemical reduction
process by using corn starch as capping agent was inspired from [9]. Next, the process continued
with mixing all the material for composite electrode such as AC, GO (as active material), CuNP
(as conductive material) and SA, XG, PEI and CMC (as polymer binder) in a one-pot synthesis
with a composition ratio of 8:1:1 (active material: conductive material: binder).

Dipping layer-by layer technique was selected to fabricate the electrode; the detailed process
was already been reported elsewhere [10], [11]. Four electrodes having the similar active and
conductive material, but different polymer binder have been fabricated, and was labelled according
to the type of binder, as: AC/GO-x where x represent the polymer binder (x = SA, XG, CMC and
CMC/PEI). The CMC-PEI electrode used a mixed binder of green polymer with synthetic polymer
at a ratio of 1:1 (CMC:PEI) as the ionic interaction of anionic polymer (CMC) and cationic
polymer (PEI) during crosslinking process could improve the binding energy [12].
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Physical and electrochemical measurement
Excess slurry of the coating material was dried at 50°C overnight to obtain the catalyst in powder
form for further characterization. The powder’s structure was examined using Fourier
Transmission Infrared Spectroscopy (FT-IR) with a wavelength ranged from 4000 to 400 cm™.
The IR spectrum were detected by using a KBr disc to study effect of adding green polymer binder
towards the AC-GO solution. Next, zeta potential for the green polymer was determined by using
the Dynamic light scattering (DLS) with the Standard Operating Procedure of the DLS instrument.
The electrochemical measurement was carried out by using the H-cell, three electrodes setup
with dual compartments, separated by Nafion 117 membrane and single-channel potentiostat
(AUTOLABPGSTAT3002, Metrohm, Malaysia). The prepared electrodes act as a working
electrode, with platinum coil as counter electrode and silver chloride served as reference electrode.
Before and after each run, the working electrode mass was recorded to measure the percentage
mass loss. The electrochemistry activity towards CO> reduction was determined using cyclic
voltammetry (CV) and chronoamperometry (CA) analysis. The CV analysis was performed from
0to -1.4V vs. Ag/AgCl applied potential to determine the onset potential for the CORR. The CV
was in both CO» and inert argon atmosphere with gas flow rate of 20 m®/s. Later, the optimum
potential will be selected and applied in CA for 30 min. Finally, the liquid product of the reaction
was sent for FTIR and DLS analysis to study the surface properties of the materials.

Result and discussions

Surface properties

The FT-IR spectra of AC/GO-raw (without binder), AC/GO-CMC/PEI, AC/GO-SA, AC/GO-XG
and AC/GO-CMC are illustrated in Figure 1. All of the composite shared a distinct peaks at 1075
and 3437 cm™! which correspond to C-O and C-OH bonds in the carbon skeleton network [13]. For
raw composite, the presence of oxygen-containing functional groups at peaks 1436 and 1719 cm’
! refers to the O-H bending of and C=O0 stretching of carboxyl group, respectively. According to
[14], the absorption bands 1635 and 1436 cm™ are assigned to the pyrrole ring vibrations which
can only be clearly seen on the raw composite. The addition of polymer binder onto the composite
clearly deforms the peaks of the pyrrole ring which attributed to C=C that indicates a good
interaction between the AC/GO and the polymer binder. Moreover, peak at 2346 cm™ is attributed
to the O=C=O0 stretching which only clearly visible for AC/GO-CMC, AC/GO-CMC/PEI and
AC/GO-XG. The broad peak at 3430 to 3420 cm™ correspond to the hydroxyl (C-OH stretching)
group. However, AC/GO-CMC/PEI shows a broader peak around 3434 cm™! as compared to others
due to the N-H stretching vibration from PEI solution [15]. All the functional groups detected
promote intermolecular bonding such as covalent or hydrogen bond, which could possibly improve
the active material adhesion.

Furthermore, the behavior of the green polymers is studied through the zeta-potential as it
reflects the interpretation of the polymers and the charged of the polymers [16]. The value of zeta
potential is important when dispersing the composite in aqueous solution to ensure the stability of
the colloid in solution. The zeta potential for the green polymer composite (AC/GO-SA, AC/GO-
XG and AC/GO-CMC) is shown in Figure 1 (b). Based on the analysis, AC/GO-CMC has the
highest charge, followed by AC/GO-SA and AC/GO-XG with zeta-potential of -84.6, -75.2 and -
27.5 mV, respectively.
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Figure 1: FTIR analysis was done to examine the chemical bonding of the composites (left),
Zeta-potential of AC/GO-x (x= CMC; XG, and SA) solution (right).

According to [16], the charge of the green polymer can be increased by mixing different type
of polymers could initiate mutual masking of surface charges among multiple polymers. Zeta-
potential value higher than 60 mV is already considered as excellent stability except for AC/GO-
XG which have zeta-potential value less than 30 mV which considered as incipient instability [17].
The higher the value of zeta potential, the more stable the dispersion is, as these particles repel
each other and will prevent agglomeration during cross-linking process. Nevertheless, overall
efficiency of the binder is still depending on the adhesiveness of the coating material between the
current collector and composite materials.

To study the reusability of the fabricated electrodes, adhesiveness of the coating material is
measured and recorded in Table 1. The mass of the fabricated electrode before and after the
reduction reaction is recorded to calculate the percentage mass loss. Based on the results, AC/GO-
XG has the highest mass loss with 19.89% followed by AC/GO-SA with 19.78% of mass loss.
Further, AC/GO-CMC has the least mass loss with 8.28%; hence this supports the zeta potential
findings shown in Figure 1 (b). To further improve the adhesiveness of the composite catalyst,
mixed polymeric binder is being synthesized, as cationic and anionic interaction of CMC and PEI
is expected to produce a positive impact to the adhesiveness. The concept of cross-linked binder
is to enhance the characteristics of the binder, increase chemical stability and maximize acid-base
interactions between material [18]. PEI solution is chosen as synthetic binder to be mixed with
CMC (mixing ratio 1:1) as it has the ability to tune the carbon backbone in the AC-GO, and to
promote the CO2RR reaction [19]. Table 1 shows that AC/GO-CMC/PEI has the highest stability
and recyclability electrode among others as it leached out the least (1.86%). This might due to the
non-covalent dispersion interactions based on Van der Waals forces and hydrogen bonding which
eliminates the hydrophobic interface of PEI with other materials [20]. Though, according to [21],
determining optimum amount of polymeric binder is important as the surplus amount contributes
to pore clogging and destruction of catalysts’ active sites.
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Table 1: Percentage mass loss of electrode in adhesiveness test.

Composites Mass (g) Percentage mass loss
Before After (%)

AC/GO-SA 0.172 0.138 19.78

AC/GO-XG 0.191 0.153 19.89

AC/GO-CMC 0.145 0.133 8.28

AC/GO-CMC/PEI  0.161 0.158 1.86

Electrochemical measurement of CO: reduction

The CV analysis is performed at potential ranges of 0 to -1.4 V vs. Ag/AgCl at a scan rate of 50
mV/s, using 0.1M KHCO;3 as catholyte. The CV result is compared between CO; (red) and argon
atmosphere (black) in order to observe the anodic shifting, and the findings are illustrated in Figure
2. Among all the electrodes, AC/GO-SA produces the highest current in the CO, atmosphere (-
0.08 A) at potential of -1.4 V and followed by AC/GO-XG (0.045 A), AC/GO-CMC (0.04 A) and
AC/GO-CMC/PEI (0.03 A). However, only the AC/GO-SA and AC/GO-CMC/PEI shows a clear
anodic shifting whereas the other electrode produce the same current as in the inert atmosphere.
Fundamentally, if the current produced is similar under the inert and CO; atmosphere, there is high
possibility of dominant hydrogen (H>) evolution, instead of the CO; evolution [22].
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Figure 2: Cyclic voltammetry of AC/GO-x (where x = SA, XG, CMC and CMC/PEI) at the
potential ranging between 0 to -1.4 V vs. Ag/AgCl

From Figure 2, the onset potential can be determined as well. This onset potential refers to the
starting potential where all the thermodynamics and kinetic barriers are overcome, and an
occurrence of the reduction (Hz adsorption) process. The fast-rising current section of the peak is
linearly extrapolated to the baseline and the intercept potential to obtain the onset potential as
drawn in Figure 2 [23], [24]. The onset potential is selected to be applied for CA, since it is the
lowest voltage for the reaction to begin, and to prevent a rapid reaction that will shift the reaction
to the HER evolution. Referring to [25], the reduction of CO; to ethanol will go through multiple
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steps of kinetic barriers and if the reaction is too hasty, the reaction will promotes H> evolution
instead of CO2RR. Upon the CV analysis, the research proceeds with CA analysis with applied
potential of -1.1V vs. Ag/AgCl as all the electrodes showing an equivalent onset potential value.
Figure 3 depicts the result of CA analysis for these electrodes at the selected onset potential.
Herein, the CA analysis aims to study the stability of the reduction reaction such as kinetics of
chemical reactions [26]. At =0, the current is stepped up to reduce all the adsorbed species on the
working electrode. Then, the current flow is controlled by rate of diffusion/adsorption process and
the reaction that occur on the surface of working electrode [27].
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Figure 3: Chronoamperometry analysis (CA) at the potential of -1.1 V vs. Ag/AgCl for 30 mins
(left). Faradaic efficiency and total ethanol yield for AC/GO-SA and AC/GO-CMC/PEI
electrodes (right).

Based on Figure 3, AC/GO-SA shows the highest current density (cathodic) throughout the
experiment, followed by AC/GO-XG, AC/GO-CMC/PEI and AC/GO-CMC with the
corresponding value of 7.8, 5.1, 3.3 and 1.8 mA, respectively. The addition of PEI into CMC
proves that mixed binder could increase the electrochemical performance as compared to the
individual binders. Nevertheless, the produced current density is still lower when compared to
AC/GO-SA, and AC/GO-XG. The poor performance of AC/GO-CMC/PEI is plausible due to high
mixing ratio of the mixed polymeric binder as the amount of the binder affected the surface
resistance of the electrodes [28]. If excess amount of binder is applied, it will slow down the ion
transfer and if the opposite, the electrode cannot sustain its shape which both will led to higher
current resistance.

Upon the completion of CA analysis, the liquid products are collected and sent for further
analysis to determine the amount of ethanol formed. Figure 3 shows the Faradaic efficiency
produced by AC/GO-SA and AC/GO-CMC/PEI, while ethanol is not detected by another two
electrodes. However, due to poor understanding and lack of surface characterization, the precise
explanation in term of the surface functionalities is still unknown. The formula of Faradaic
efficiency is shown in Eq (2), where n is the amount of product detected, Q is the total charge
passed during the electrolysis, F'is the Faraday constant and Z is the number of electrons required
to obtain 1 molecule of products which is 12 for ethanol [31]. According to literature study, [32]
has managed to prepare zirconium oxide (ZrO;) nanoparticles dispersed on N-doped carbon sheets
by using SA and producing a promising FE value of 64% toward carbon monoxide (CO)
production at low potential (-0.4 V vs. RHE). In 2022, [29] has successfully fabricated a single
atom catalyst of nickel supported with carbon hydrogel by using CMC as binder. The working
electrode work very well towards CO production at potential applied of -0.8V vs. RHE and
resulting high FE (99.7%) with 226 mA/cm? current density. Besides, chitosan may also be used
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as polymer binder to replace the synthetic binder. Research made by [30], shows that copper
nanoparticle electrode combine with chitosan as polymer could produce high CO (FE =93.7%) at
potential -1.1V vs. RHE with 10 mA/cm? current density. Referring to Figure 3, the AC/GO-SA
has exerted comparable current density (7.8 mA/cm?) with the literature and sufficiently high
Faradaic efficiency (16.9%) reported in literature for green binder towards ethanol production
compared to AC/GO-CMC/PEI (5.4%)

Faradaic efficiency (FE) = Q/nZF = % 2)

Conclusion and way forward

In conclusion, the preliminary electrochemistry performance of an AC/GO composite electrode
with green polymeric binder such as XG, SA, and CMC was tested in this work. According to
physical analysis, CMC is the most adhesive polymeric binder among the others, with the lowest
percentage mass loss (8.28%) during the investigation. This work also introduces a mixed polymer
binder that is composed of PEI and CMC polymers. The combined polymer improves the coating
material's adhesiveness. The electrochemical measurement of the fabricated electrode shows that
AC/GO-SA caused a considerable anodic shift in CV while retaining a high current density (-7.8
mA/cm?) during CA. Nevertheless, ethanol is only found for AC/GO-SA and AC/GO-CMC/PEI
electrodes which has Faradaic efficiency of 16.9% and 5.4%, respectively. The preliminary studies
show that CMC is a promising binder for coating due to the surface charges and intermolecular
forces, while SA is able to produce better reaction toward the electrochemical reduction. Overall,
the reaction towards electrochemical process is affected by the functional groups and crystal facet
of the active material which will be explored further in future work.
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