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Abstract

The article presents the results of a study on the catalytic activity in the water
dissociation reaction and the chemical structure of oxidized graphene samples
with various degrees of oxidation. The catalytic activity was investigated using
asymmetric bipolar membranes with a homogeneous anion-exchange layer based
on a copolymer of N,N-diallyl-N,N-dimethylammonium chloride and ethyl-
methacrylate. It was shown that graphene oxidized by the Hummers’ method sig-
nificantly accelerates the water dissociation process due to the presence of car-
boxyl and phenolic groups in its chemical structure. Graphene reduced by sodium
borohydride and graphene oxidized by sodium dichromate exhibited significantly
lower catalytic activity (U, = 2.9 V and 2.8 V, respectively, at 3.75 mA/cm?) than
graphene oxidized by Hummers’ method (U = 0.39 V at 3.5 mA/cm?). Compared
to the initial asymmetric bipolar membrane (U, = 7.0 V at 3.75 mA/cm?), a more
than two-fold decrease in the overvoltage of the bipolar region was observed. In
the first case, this is attributed to the high electronic conductivity of the catalyst,
and in the second case, to the residual content of carboxylic and phenolic groups.
The chemical structure of the oxidized and reduced graphene samples was studied
by IR spectroscopy and quantum chemical methods at the r2scan-3c level. The
presence of hydroxyl, carboxyl, carbonyl, and epoxy groups in the structure of
oxidized graphene was confirmed both experimentally and theoretically. It was
also established that the Lerf-Klinowski model of oxidized graphene agrees best
with the experimental data.

Key findings

e The Lerf-Klinowski model provides the most accurate description of the chemical
structure of graphene oxide prepared by the Hummers’ method.

e The epoxy groups in graphene oxide do not contribute to the catalytic activity in
the water dissociation reaction at the bipolar membrane interface. The reaction is
primarily catalyzed by carboxylic and phenolic groups.

e The electronic conductivity of the catalyst enhances its catalytic activity in the wa-

ter dissociation reaction, which is attributed to a concomitant increase in the electric
field strength.
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1. Introduction

The energy efficiency of bipolar electrodialysis processes
for the production of acids and alkalis is directly dependent
on the activity of the catalyst in the water dissociation re-
action and, consequently, on the resistance of the bipolar
region [1-4]. Various functional groups of organic com-
pounds, as well as inorganic substances, can accelerate the
water dissociation process. The current range of catalytic
activities reported for such catalysts is shown in Figure 1.

As evidenced by the presented data, phosphonic acid
groups are the most active functional groups in organic
catalysts, with their catalytic activity exceeding that of
carboxyl groups by several orders of magnitude. However,
graphene oxide (GO) catalysts are known to exhibit
anomalously high catalytic activity in the water dissociation
reaction, which cannot be explained solely by the presence of
carboxyl groups. One of the earliest publications on the use of
graphene oxide (GO) [5] and reduced graphene oxide (rGO)
[6] in bipolar membranes was the work of MacDonald et al [5].
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Figure 1 Catalytic activity of various organic functional groups and
inorganic compounds in the water dissociation reaction [4].

In [7] an ultrathin graphene oxide layer applied via
spray technology enabled achieving a voltage of 1.85 V at a
current density of 100 mA/cm?2. Similar results confirming
the high catalytic activity of graphene oxides in the water
dissociation reaction were obtained in several other studies
[8-11].

In addition to pristine graphene oxide, its functional
derivatives containing various functional groups, including
phosphonic acid, are also employed as catalysts [8,12].

The chemical structure of graphene oxide plays a crucial
role in its catalytic properties and has been a subject of
investigation since the early 20th century. During this time,
several structural models simplifying the GO monolayer
have been proposed. One of the first and simplest was the
Hoffmann model [13] (Figure 2a), which posits that the
chemical basis of GO consists of epoxy groups on the
surface of a graphite monolayer.

Subsequently, alternative models were proposed [14],
such as those by Ruess, Scholze-Boehm, and Nakajima-
Matsuo. However, the most widely recognized and used is
the Lerf-Klinowski model [15] (Figure 2b). According to this
model, GO contains four types of oxygen-containing groups:
carboxylic acids and phenolic hydroxyls located at the sheet
edges, and epoxy and alcoholic hydroxyl groups distributed
on the basal plane.

Later studies revealed that GO can contain other
functional groups, such as ketones and carbonates, as
shown in the work of Dekany et al. [16]. Tour et al.
confirmed the presence of sulfate groups in GO [17,18].

One of the recent review papers [19] proposed a
generalized model of the GO monolayer that incorporates
all the aforementioned functional groups and structural
features, such as carbon vacancies and stabilized radical
centers (Figure 2c).

Considerable research attention is generally paid to the
nature and content of oxygen-containing functional groups
in graphene oxides. For instance, the authors of [20]
employed quantum chemical modeling and potentiometric
titration to quantify the content of ionogenic groups. This
led to the proposal of a new, relatively simple symmetric
GO model (Figure 2d), where the peripheral functional
groups are primarily carboxyl and phenolic groups, while
the basal plane features epoxy and hydroxyl groups located
on both sides, exhibiting meta-positional hydrogen bond
Studies [21,22] provided a detailed
examination of the GO structure at the level of individual
functional groups using quantum chemical methods.

interactions.
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Thus, the structure of graphene oxide is still not
definitively established, and it is evident that it depends
significantly on the synthesis conditions.

Treatment with various reducing agents, such as sodium
borohydride [23,24], hydrazine hydrate [25], and ascorbic
acid [26,27] yields so-called reduced graphene oxide (rGO).
This material contains fewer oxygen-containing functional
groups and exhibits higher electrical conductivity [28,29].
Investigating the influence of the graphene oxide structure
on its catalytic activity in the water dissociation reaction at
the bipolar membrane interface is a pressing task in
modern membrane materials science. Elucidating the
mechanism of this process will pave the way for further
modification of the oxide to create new catalysts. The
integration of such catalysts is expected to enhance the
energy efficiency of the electrodialysis process.

The purpose of this work is to synthesize graphene oxide
(GO) with varying degrees of oxidation, characterize its
chemical structure, and investigate the electrochemical
characteristics of asymmetric bipolar
composed of an anion-exchange layer based on a highly
stable copolymer of N,N-diallyl-N,N-dimethylammonium
chloride (DADMAC) and ethyl methacrylate (EMA) modified
with GO additives,
exchange membrane.

membranes

and a commercial MK-40 cation-

2. Experimental part

A homogeneous anion-exchange layer for the preparation
of asymmetric bipolar membranes was synthesized under
the conditions outlined in Figure 3. The copolymerization of
DADMAC and EMA in a 2:1 molar ratio was conducted in an
iso-amyl alcohol medium, using ammonium persulfate
(1 wt.% relative to the monomers) as the initiator. A de-
tailed description of the copolymer synthesis is provided in
[30].

Synthesis of Graphene Oxide by the Hummers’
Method (GO-H): Graphite SLP grade (5 g) was mixed with
concentrated sulfuric acid (500 mL) and allowed to swell
for several hours at room temperature. Potassium perman-
ganate (20 g) was then added gradually under continuous
stirring, maintaining the reaction temperature below 50 °C.
After the addition, the mixture was left for 12 hours. The
product was diluted carefully with water, and the resulting
graphene oxide (GO) was filtered and rinsed to remove acid
and manganese salts. The final purification step involved
dialysis.

Synthesis of Graphene Oxide by Sodium Dichromate
Oxidation (GO-D): Graphite SLP grade (5 g) was mixed
with concentrated sulfuric acid (500 mL) and kept at room
temperature for several hours. Sodium dichromate (20 g)
was added slowly with continuous stirring, keeping the
temperature below 50 °C.

DOI: 10.15826/chimtech.9134
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Figure 2 GO structures proposed in the works [12-15].
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Figure 3 Scheme of synthesis of DADMAC copolymer and ethyl-
methacrylate.

The mixture was then left for 12 hours. Subsequent
steps, including dilution, filtration, rinsing (to remove acid
and chromium salts), and final dialysis, were identical to
those described for GO-H.

Reduction of Graphene Oxide (GO-H) to Reduced Gra-
phene Oxide (rGO): Graphene oxide synthesized by the
Hummers’ method (2 g) was dispersed in absolute ethanol
(100 mL). Sodium borohydride (20 g) was added to the dis-
persion. The reaction was carried out at 70 °C for 2 hours,
followed by 12 hours at room temperature. The resulting
reduced graphene oxide (rGO) was filtered, washed with
ethanol, and dried at room temperature. All graphene-
based samples were dispersed using an ultrasonic bath for
30 minutes prior to use.

Preparation of Bipolar
Bipolar membranes were fabricated by casting a 5%

Membranes:
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solution of the DADMAC-EMA copolymer in isopropyl alco-
hol onto a pre-treated [31] MK-40 cation-exchange mem-
brane (5x5 cm?). Before casting, a specific graphene-based
powder (0.2 mg/cm?) was applied to the surface of the MK-
40 membrane. The catalyst was applied as follows: the re-
quired mass of oxidized graphene (or its other derivative)
was dispersed in 5 ml of distilled water using an ultrasonic
bath for 10 minutes. Thereafter, 5 ml of isopropyl alcohol
was added, and the resulting suspension was sprayed onto
the surface of an MK-40 cation-exchange membrane for 10
minutes, thus forming a uniform catalytic layer.

The anion-exchange layer thickness after solvent evap-
oration was 80 um. The membranes were designated as fol-
lows:

e BM-1: Contains graphene oxide synthesized by the
Hummers’ method (GO-H).

e BM-2: Contains graphene oxide synthesized by sodium
dichromate oxidation (GO-D).

e BM-3: Contains reduced graphene oxide (rGO) derived
from GO-H.

e BM-4: Control membrane without any catalytic addi-
tive.
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All the prepared membranes underwent a standard pre-
treatment procedure [31], omitting the step involving treat-
ment with organic solvents.

The IR spectra of the synthesized graphene oxide sam-
ples were recorded on a Bruker Vertex 70 FTIR spectrome-
ter equipped with an ATR (Attenuated Total Reflection) ac-
cessory in the range of 400-4000 cm™.

Quantum chemical calculations based on the Density
Functional Theory (DFT) were performed using the ORCA
6.1 software package [32,33]. The Grimme's r’SCAN-3c
composite scheme was employed [34], which combines the
r2SCAN functional with the mTZVPP basis set, and includes
D4 dispersion correction [35] and gCP geometrical counter-
poise correction for basis set superposition error [36]. The
geometry of the corresponding molecular fragments was
optimized prior to the calculation of vibrational frequen-
cies. The computed frequencies were compared with the ex-
perimental data, using scaling factors of 0.9619 for high-
frequency regions (>1000 cm™!) and 1.0100 for low-fre-
quency regions (<1000 cm™) [37]). Molecular geometries
and vibrational modes were visualized using the ChemCraft
program.

The electrochemical impedance spectra of the mem-
brane samples were measured using a custom-designed
four-compartment flow cell, detailed in previous publica-
tions [38,39]. The measurements were performed with a
0.1 M NaOH solution in the alkaline chamber and a 0.1 M
H,S0, solution in the acid chamber. The frequency spectra
were recorded on an Elins P-45X potentiostat/galvanostat
equipped with an FRA-24M module, covering a frequency
range from 0.3 MHz to 1 Hz. The measurements were con-
ducted under galvanostatic control with a direct current
amplitude of 200 pA.

3. Result and Discussion

To characterize the synthesized graphene oxide samples
with varying degrees of oxidation, IR spectroscopy was em-
ployed, as it is one of the most informative and widely used
techniques for this purpose [40]. The spectra of the studied
samples are presented in Figure 4.

The spectrum of graphene oxide synthesized via the per-
manganate method (the Hummers’ method) is the most in-
formative (Figure 4c), exhibiting the greatest number of
characteristic absorption bands, which indicates a high con-
tent of diverse oxygen-containing functional groups. A
broad and intense band with a maximum at 3364 cm™ cor-
responds to O-H stretching vibrations, suggesting the pres-
ence of numerous hydroxyl groups, both free and involved
in hydrogen bonding. It should be noted that the abundance
of hydrophilic oxygen-containing groups in this sample
likely leads to the adsorption of water molecules, which can
also contribute to the absorption intensity in the O-H
stretching region (3600-3000 cm™) and to the band around
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~1630 cm™!

mode of water.

, associated with the H-O-H bending (scissoring)

For a more accurate interpretation of the bands in the
experimental IR spectrum of graphene oxide, quantum
chemical calculations of vibrational frequencies were per-
formed using DFT at the r2SCAN-3c level, following geome-
try optimization. The classical Lerf-Klinowski model (Fig-
ure 2b, Figure 5) [15] was selected as the base model for the
graphene oxide monolayer, as its calculated spectrum pro-
vided the closest match to the experimental data.

The correlation between the absorption bands in the ex-
perimental IR spectrum of graphene oxide and the calcu-
lated vibrational frequencies for the model fragment is pre-
sented in Table 1. It should be noted that most bands in the
calculated spectrum correspond to complex skeletal vibra-
tions involving coupled atomic displacements. Therefore,
the assignments provided in the table are based on the vi-
brational modes that, according to the calculations, make
the most significant contribution to each band.

Thus, the analysis of the IR spectrum of graphene oxide
synthesized using potassium permanganate confirms the
presence of a significant number of oxygen-containing
functional groups in its structure. These include peripheral
carboxyl and phenolic hydroxyl groups, as well as alcoholic
hydroxyl and epoxy groups located on the basal planes of
the graphene oxide layers.

In contrast, the spectrum of the sample oxidized using
sodium dichromate (Figure 4b) exhibits significantly fewer
absorption bands, indicating a much lower degree of gra-
phene oxidation. The very weak absorption in the range of
1750-1650 cm™! suggests that carboxylic acid and other car-
bonyl-containing groups (such as ketones or esters) are
present only in trace amounts. The absorption in the O-H
stretching region (a broad band of low intensity between
3600-3000 cm™}) is also weak, indicating a low content of
phenolic and alcoholic hydroxyl groups. Thus, it is likely
that the oxygen-containing functionality in this sample con-
sists predominantly of epoxy groups located on the basal
planes of the graphene layers.

The IR spectrum of the graphene oxide sample synthe-
sized with potassium permanganate and subsequently re-
duced by sodium borohydride shows almost no characteris-
tic absorption bands and is nearly identical to the spectrum
of pristine, non-oxidized graphite. This indicates a high de-
gree of reduction and near-complete deoxygenation of the
sample. Based on the spectral data, the reduced product can
be considered essentially pure graphene with minimal re-
sidual oxygen content.

Raman spectroscopy was also used to obtain additional
information on the microstructure of the samples under
study. This technique offers broad capabilities for assessing
the degree of oxidative degradation in carbon materials
(the Raman spectra of the studied samples are presented in
Figure 6).
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Figure 4 Experimental IR spectra of (a) reduced graphene oxide (rGO), (b) graphene oxide synthesized using sodium dichromate, (c)
graphene oxide synthesized using potassium permanganate (the Hummers’ method), and (d) the calculated IR spectrum of the gra-
phene oxide model.
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Figure 5 Molecular geometry of a model fragment of a GO monolayer (r2scan-3c calculation).

Table 1 Main absorption bands in the IR spectra of exhaust gas samples (calculated at the r2SCAN-3c level).

Absorption bands in the experi-

Estimated absorption bands, cm-*

Attribution of the absorp-
with correction coeffi-

mental spectrum, cm™ without correction factors . tion band
cients*
3803 3684 V(O_H)phenol
3724 3608 V(O_H)carboxyl
3359 3640 3526 V(O_H)alcohol
3202 3102 V(Cspo—H)
2916 3005 2911 V(Cep3-H)
2848 2910 2819 V(Csp3—H)
1712 1780 1748 V(C=O) carboxyl
1649 1658 1628 v(C=C)
1581 1626 1597 v(C=C)
1259 1236 S(C'O'H) phenol
1163 1210 1188 V(Cspz‘o) phenol
1188 1167 v(C-COOH)
1147 1126 V(C(0)-0) carboxyt
1084 1064 V(Csp3-0) atcohol
1035 1072 1053 V(C-C)skeletal
1050 1031 V(C-C)skeletar
872 898 881 Vas(c‘o‘c)epoxy
7 886 870 VS(C-O-C) epoxy

It should be noted that while Raman spectroscopy does
not allow for the unambiguous determination of the C/O
atomic ratio in graphene oxide, there is a distinct correla-
tion between the width and relative intensity of the D and
G bands and the extent of graphene oxidation [41, 42].

As can be observed, the spectra of all studied samples
feature D and G bands with maxima at approximately 1340
~1, respectively. The D band is attributed to
structural defects in the graphene layers and is directly

and 1590 cm
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related to the extent of oxidative degradation. In contrast,
the G band is caused by the in-plane vibrations of sp2-hy-
bridized carbon atoms and remains distinctly intense even
in the spectra of non-oxidized graphene.

The decrease in the width and the overall reduction in
the intensity of these bands in the reduced graphene oxide
indicate a reduction in the number of structural defects
caused by oxidative processes, as well as the restoration of
a number of functional groups formed during oxidation.

DOI: 10.15826/chimtech.9134
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Figure 6 Raman spectra of graphene samples, where: 1 - GO-H;
2 - GO-D; 3 - rGO.

The decrease in the intensity of the D-band relative to the G-
band also indicates a partial restoration of the original gra-
phene structure, which is consistent with literature data [43].

It is important to note that the presence of rare, "non-
standard" functional groups in graphene oxide is unlikely
to play a decisive role in its catalytic activity. Therefore,
the primary catalytic effect should be attributed to the
functional groups that are present in substantial quantities.

The catalytic activity of the variously synthesized gra-
phene oxides in the water dissociation reaction was evalu-
ated by analyzing electrochemical impedance spectra. This
is a well-established method for assessing the resistance of
the bipolar region and the contribution of water dissocia-
tion to the total current in electromembrane systems
[44,45]. The activity of catalysts in the water dissociation
reaction directly depends on the electric field strength and
its homogeneity, which is particularly important when us-
ing heterogeneous membranes (MK-40). In this case, we
assumed that the inhomogeneity of the electric field was
the same across all studied samples of bipolar membranes,
and the resulting inaccuracies were thus canceled out. An
atomic force microscopy (AFM) image of the anion-ex-
change layer surface is provided in the Supplementary Ma-
terials (Figure S1).

The resistance of the bipolar region (Rv) was deter-
mined as the difference between the resistances at zero fre-
quency (Rp) and infinite frequency (R). Typical electro-
chemical impedance spectra with the corresponding nota-
tions are presented in Figure 7. The Supplementary Mate-
rials present all electrochemical impedance spectra for the
BM-3 membrane, as well as the dependence of the bipolar
region resistance on the electric current density (Figure S2
and Figure S3).

Based on the relationship between the differential re-
sistance of the bipolar region and the electric current density
(i, mA/cm?), the partial voltage characteristics of the inves-
tigated membranes were calculated using Equation (1).

Ub = bedl (1)
0
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Figure 7 shows the electrochemical impedance spectra of bipolar
membranes BM-1 (1), BM-4 (2), and BM-3 (3) under intensive
H*Y/OH™ ion generation conditions at a current density of
3.55 mA/cm?. The value of the bipolar region resistance (Ry) is in-
dicated for membrane BM-4.

Figure 8 presents the partial voltage characteristics of
the studied bipolar membranes.

The presented data demonstrate that the incorporation
of graphene oxide synthesized by the Hummers’ method
(BM-1) significantly accelerates the water dissociation pro-
cess. These results are qualitatively consistent with numer-
ous publications [8-11] and confirm the high catalytic ac-
tivity of this material. Of greater interest, however, are the
voltage characteristics of the bipolar membranes modified
with reduced graphene oxide (BM-3) and with graphene ox-
ide prepared by sodium dichromate oxidation (BM-2). The
electrochemical characteristics of the obtained bipolar
membranes remained stable throughout the entire study.
The general CVCs of the BM-3 membrane as a function of
the operating time under current are provided in the Sup-
plementary Materials (Figure S4).

According to the established mechanism, the catalytic
water dissociation reaction involves a two-step process of
deprotonation and protonation of ionogenic groups. Equa-
tions 2 and 3 describe the reactions for carboxyl groups,
while Equations 4 and 5 correspond to phenolic residues in
graphene oxide, as illustrated in Figure 2.

4 1

i, mA/cm?

Figure 8 Partial voltage characteristics of the bipolar region for
membranes BM-1 (1), BM-2 (2), BM-3 (3), and BM-4 (4).
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GO-COOH + H20
k_1=yi ¢

GO-COO™ + H50*, (2)

1

kp=x,c !
_—

GO-COO™ + H20

k_p=y, ¢t

GO-COOH + OH, 3)

ki=x3c !
GO-OH + H20 GO-0" + H30%, (4)

k_y=ysc?

kp=x4ct
GO-0" + H20

k_p=y,ct

GO-OH + OH-. (5)

where ki, k2, k3 and k4 represent the rate constants of the
forward reactions, and k., k- k3, k-4 denote the rate con-
stants of the reverse reactions.

Taking into account the influence of phenolic groups in
graphene oxide on the water dissociation reaction seems
reasonable, since such high catalytic activity is not charac-
teristic of catalysts containing only carboxyl groups
[38]. The dissociation constant (pKa) of phenolic groups in
graphene oxide ranges from 8.8 to 12.1 [46], which is rela-
tively close to pKa, values for organic phosphonic acid de-
rivatives [47]. As established, phosphonic acid-based cata-
lysts exhibit the highest catalytic activity in the water dis-
sociation reaction at the bipolar membrane interface
among all studied catalysts with organic functional groups
(Figure 1). Furthermore, a significant contribution of phe-
nolic groups to the water dissociation reaction was theo-
retically predicted in [48], but has not been experimentally
confirmed until now.

According to the experimental and calculated IR spectra
(Figure 4), graphene oxide prepared by sodium dichromate
oxidation contains predominantly absorption bands char-
acteristic of epoxy groups. Hydroxyl and carboxyl groups
are present only in trace amounts and are poorly discerni-
ble against the background. Compared to the original BM-
4 membrane, this sample exhibits some catalytic activity,
which could initially be attributed to the presence of epoxy
groups. However, epoxy groups are not inherently ionic
and therefore cannot directly participate in the protonation
and deprotonation steps of the water dissociation reaction
as described by equations 2-5. It can be hypothesized that
hydrolysis of the epoxy groups occurs within the bipolar
region under conditions of high H* and OH™ ion concentra-
tions and possible local heating, leading to the opening of
the three-membered ring via one of the possible pathways
shown in Figure 9.

However, the hydrolysis of the epoxy ring does not lead
to the formation of sufficiently acidic phenolic groups
(pKa = 8.8), whose potential effect was discussed earlier.
Instead, it primarily produces various aliphatic glycols,
such as derivatives of allyl alcohol, with pKa values ranging
from 11.1 to 13.8 [45]. This is because the epoxy groups are
typically located nearer to the center of the graphene oxide
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sheet and lack conjugation with aromatic systems or other
functional groups that could enhance their acidity (Figure
2). Therefore, the relatively low catalytic activity of the
BM-2 sample is most likely due to the small residual con-
tent of carboxylic and phenolic groups, as identified by IR
spectroscopy (Figure 4b). However, because of their scar-
city, the overvoltage in the bipolar region of the BM-2 mem-
brane is more than seven times higher than that of the BM-
1 membrane (2.8 V vs. 0.39 V, respectively, at a current
density of 3.5 mA/cm?).

The behavior of the BM-3 sample, which incorporates
reduced graphene oxide (rGO) as a catalyst, is particularly
noteworthy. According to IR spectroscopy data, the reduc-
tion process is nearly complete, converting most oxygen-
containing groups into aromatic or aliphatic fragments and
often introducing defects into the graphene lattice [49].
Consequently, one would expect the reduced graphene ox-
ide to exhibit no catalytic activity in the water dissociation
reaction. Surprisingly, the polarization curves (Figure 8,
curves 2 and 3) reveal that the BM-2 and BM-3 membranes
have nearly identical overvoltages in the bipolar region at
3.75 mA/cm? (2.85 V and 2.89 V, respectively), differing
only slightly at lower current densities. This indicates that
the reduced graphene oxide possesses significant catalytic
activity even in the absence of ionogenic groups.

This effect can apparently be attributed to the high elec-
tronic conductivity of the reduced graphene oxide [28]. As
suggested by the authors of [50], introducing an electronic
conductor (a first-kind conductor) significantly enhances
the electric field strength at the catalyst|depleted solution
interface within the bipolar region, thereby accelerating
the water dissociation process indirectly.

It is important to note that the electronic conductivity
of graphene oxide is inversely related to its degree of oxi-
dation; it decreases with increasing oxygen content and in-
creases as oxygen-containing groups are removed [28,29].
Thus, the sample oxidized with sodium dichromate pos-
sesses higher electronic conductivity than the sample oxi-
dized by the Hummers’ method. This implies that the over-
all catalytic activity of a graphene oxide sample is a combi-
nation of two effects: the classical mechanism involving
protonation/deprotonation on ionogenic groups and a sec-
ondary contribution from the material's intrinsic electronic
conductivity, which enhances the local electric field. The
latter effect is generally less pronounced than the former
but becomes significant in highly reduced samples like rGO.

0 OH,H,0 HO R
N -
R R R OH
0 H*, H,0 HO R
A D
R R R OH

(b)

Figure 9 Proposed hydrolysis mechanism of the epoxy (oxirane)
ring in the bipolar membrane interface: (a) pathway in an alkaline
environment and (b) pathway in an acidic environment.
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4. Limitations

In the present study, the effect of the catalytic additive was
investigated using a system comprising a heterogeneous
MK-40 membrane and a homogeneous anion-exchange
layer based on a DADMAC-EMA copolymer. As the MK-40
membrane is heterogeneous, the proportion of the electro-
active surface area is significantly less than 100%. This fac-
tor influences the resulting current-voltage characteristics
(or: polarization curves). Replacing the heterogeneous MK-
40 membrane with a homogeneous cation-exchange mem-
brane could significantly alter the shape of these curves.

The graphene oxide samples used were dispersed using
an ultrasonic bath for 30 min. Consequently, the particle
size distribution of the graphene oxide in this study was not
precisely controlled. This parameter may also affect the
form of the current-voltage characteristics.

5. Conclusions

In this study, the structure of GO synthesized using differ-
ent oxidizing agents was investigated by IR spectroscopy
and quantum chemical methods. It was demonstrated that
oxidation with potassium permanganate (the Hummers’
method) yields GO with a variety of oxygen-containing
functional groups, including carboxyl, carbonyl, epoxy, and
hydroxyl groups. Subsequent reduction with sodium boro-
hydride produces rGO with virtually no oxygen-containing
groups detectable by IR spectroscopy. In contrast, oxida-
tion with sodium dichromate results in a GO structure
where epoxy groups predominate.

The catalytic activity of the various GO samples, along
with the reduced rGO, was evaluated in the water dissoci-
ation reaction at the bipolar membrane interface. Reduced
graphene oxide (rGO) and the dichromate-oxidized GO
(rich in epoxy groups) exhibited nearly identical catalytic
activity. This effect is attributed to high electronic conduc-
tivity in the case of rGO, and to the residual content of car-
boxyl and phenolic groups in the case of the dichromate-
oxidized GO.

The highest catalytic activity was observed for the BM-
1 membrane modified with GO synthesized by the Hum-
mers’ method. The significantly lower overvoltage (0.39 V
vs. 2.8 V at 3.5 mA/cm? compared to the dichromate-oxi-
dized sample) confirms that carboxylic and phenolic func-
tional groups play a crucial role in enhancing the catalytic
water dissociation process.
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