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Nano-polyaniline enables highly efficient
electrocatalytic reduction of CO2 to methanol
in supporting electrolyte-free media and the
detection of free-radical signals

Shaolin Mu, *a Qiaofang Shi,a Chong Chen,b Xiangxiang Gongb and Huaiguo Xuea

Metals and metal oxides are widely used as catalysts for the electrochemical reduction of CO2. Here, we

report a low-cost catalyst based on nano-polyaniline polymerized on graphite for the electrochemical

reduction of CO2 in CO2-saturated water free of supporting electrolytes. The nano-polyaniline electrode

in this solution shows low resistance and low charge-transfer impedance (Rct), which leads to a rather

high reduction current density (�16.8 mA cm�2) and low overpotential (�0.44 V vs. Ag/AgCl). This

solution is environment-friendly and mimics that in photosynthesis. The free radical signal of CO2 was

successfully detected during the reduction process. The 1H NMR result demonstrates that the only

product formed was methanol.

Introduction

The continuous rise in CO2 levels in the atmosphere has led to
global warming and environmental contamination. The elec-
trochemical reduction of carbon dioxide (ERCO2) can possibly
reduce greenhouse gas emissions and also produce value-
added chemicals, such as CH3OH,1–5 formate,6–8 HCOOH,9–12

C2H5OH,13,14 CH3COOH,15 and CO.16 In addition, the ERCO2

can be easily controlled by modulating the applied potential,
and the reaction is carried out under mild conditions. However,
CO2 is a very stable molecule because of the high energy of the
CQO bond. This means that the ERCO2 needs the presence of
catalysts to decrease the reaction energy barrier. On the basis of
previous reports,17,18 various catalysts, such as metals,19–23

metal complexes,24 metal oxides,25–28 and semiconductors,29

have been used for the ERCO2. Conducting polymers are also
promising candidates due to their good redox properties, low
cost and facile processing. However, the use of conducting
polymers as catalysts for efficient ERCO2 has rarely been
reported, whereas conducting polymers have only been used
as carriers of the catalysts.15,30 Among these, Cu-based catalysts
and ultrathin metal catalysts have aroused considerable inter-
est due to the fact that Cu-based catalysts exhibit good selec-
tivity (80%)31 and high faradaic efficiency from 43% to
62%,3,25,31 and ultrathin metal catalysts exhibit high catalytic

activity (�13 mA cm�2 to �21.2 mA cm�2) and lower over-
potentials (�0.24 V vs. SCE).32–34

In addition, transition-metal-based nanomaterials have also
been used for the electrochemical reduction of CO2.35 For
instance, ionomers, MXenes, conducting polymers and their
graphene composites have shown excellent electrochemical
properties.36–38

Suitable catalysts for the ERCO2 must be environment-
friendly and exhibit high electrocatalytic activity, selectivity,
stability and a low overpotential. Therefore, scientists are facing
tough challenges and still have a long way to go toward
developing ideal catalysts for ERCO2, even in terms of electro-
catalytic activity and product selectivity.

NaHCO3
19,20 and KHCO3,4,8,34 which play an important role

in enhancing the solution conductivity, are usually used as
supporting electrolytes in CO2 electroreduction. However, the
presence of the supporting electrolytes is unfavorable for the
analysis and direct application of the product solution; more-
over, Na+ or K+ in the double layer affect the migration of H+ in
the solution.39

The aniline copolymer deposited on fluorine-doped tin
oxide (FTO) glass could catalyze the ERCO2 in water free of
supporting electrolytes,40 but its catalytic activity was lower
than those of Cu-based catalysts and ultrathin metal catalysts
used in solutions containing supporting electrolytes; the low
conductivity of FTO and water led to very low current density
during CO2 reduction despite good pH dependence. Here, we
report polyaniline (PAn) as a catalyst for the ERCO2, along with
graphite sheet as the polyaniline carrier to form the PAn/
graphite electrode.
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The ERCO2 occurs at the gas–liquid–solid interfaces of the
electrode, so the electrode wettability plays a pivotal role in the
ERCO2 efficiency41 because the affinity of the electrode surface
for aqueous solutions strongly affects the solid–liquid contact
angle and thereby impacts electrode activity toward the ERCO2.
Herein, we found that the PAn/graphite electrode possesses
extremely good wettability.

The nano-PAn/graphite electrode exhibited high selectivity,
electrocatalytic activity and low overpotential toward the ERCO2

compared with the aniline copolymer/FTO electrode in water
free of supporting electrolytes, which is attributed to the high
conductivity of graphite and polyaniline, as well as the surface
roughness, large specific surface area and extremely high
wettability of polyaniline. An aniline copolymer electrode was
prepared by the electrochemical copolymerization of aniline
and 2-amino-4-hydroxybenzenesulfonic acid on a fluorine-
doped tin oxide (FTO) glass. This copolymer shows good pH-
dependence, but its electric conductivity is lower than that of
polyaniline.40

Experimental section
Chemicals and materials

High-purity carbon dioxide gas (499.999%) and double-
distilled water were used for the ERCO2. Aniline was distilled
under reduced pressure before use. Graphite sheets were
purchased from Foshan Yinyihui Mould Co., Ltd and are
denoted as N-graphite sheets. The N-graphite sheet was treated
with a solution consisting of 8.1 M H2SO4 and 0.085 M K2Cr2O7

for a few minutes, depending on the graphite nature. The
treated N-graphite sheet loses its hydrophobic character and
is called the T-graphite sheet in this work.

Synthesis of polyaniline and the electrochemical reduction of
carbon dioxide

A traditional three-electrode cell consisting of a graphite sheet
working electrode, a Pt foil counter electrode and a saturated
calomel electrode (SCE) was used for the electrochemical synthesis
of polyaniline. The aniline solution consisted of 0.2 M aniline and
0.6 M H2SO4; the polyaniline film was deposited on a graphite sheet
(1 cm2) to form the PAn/graphite electrode unless the area of the
graphite sheet is mentioned otherwise. The ERCO2 was carried out
on a three-electrode system consisting of a PAn/graphite working
electrode, a Pt foil counter electrode and Ag/AgCl (with saturated
KCl solution) as the reference electrode. For the ERCO2, double-
distilled water was saturated by bubbling CO2 for 20 min prior to
measurement, and then, a continuous flow of CO2 was maintained
over the solution during electroreduction. The carbon dioxide
molecules in water dissociated into H+ and HCO3

� ions to form a
weak electrolyte solution.

CO2 þH2OÐ Hþ þHCO�3

The conductivity of the CO2-saturated water was B20 mS cm�1

(pH 3.8).

All the electrochemical measurements were performed on a
CHI 611C workstation. The impedance of the PAn/graphite
electrode was determined under the given potential in the
CO2-saturated water solution free of supporting electrolytes in
the frequency range of 105–0.01 Hz.

Physical characterization of the polyaniline catalyst

The N-graphite sheet and the polyaniline/N-graphite sheet were
observed using a scanning electron microscope (Gemini SEM
300 instrument). An HT 7800 model transmission electron
microscope was used to obtain the TEM images of the polyani-
line catalyst. The roughness of the electrode surface was
investigated using the Bruker Multimode 8 Atomic Force
Microscope (AFM. German). The specific surface area of the
graphite samples was measured on a specific surface and pore
size analysis instrument (BeiShiDe). The measurement of con-
tact angles was carried out on the contact angle instrument
JC20003D3. The measurement of electron spin resonance (ESR)
was carried out on a Bruker A300 spectrometer operating in
X-band (9.862 GHz) at 25 1C. The Bruker Company provided a
g-factor marker with S3/2. A home-made electrochemical ESR
cell was used for the in situ electrochemical-ESR studies similar
to a previous study,42 but both working and counter electrodes
were inserted into the very thin glass capillary of the ESR cell for
studying the ERCO2 in this work. The 1H NMR spectrum of the
product solution with D2O was recorded on a 600 MHz Bruker
spectrometer at 303.1 K.

Results and discussion
Synthesis of polyaniline and its electrochemical properties

The cyclic voltammetry method was used for the electrochemi-
cal polymerization of aniline. Aniline was polymerized on a
porous T-graphite sheet. Fig. 1(a) shows the cyclic voltammo-
gram (CV) of the electrochemical oxidative polymerization of
aniline in a 0.6 M H2SO4 solution in the potential range of
�0.2 V to 1.0 V (SCE). Fig. 1(a) indicates that the redox currents
increased very rapidly with the increasing number of cycles.
The current density was very large; this is attributed to the high
roughness and the large specific surface area of the T-graphite
electrode. In this case, only three cycles were enough to prepare
the PAn/T-graphite electrode for the study of ERCO2. This
electrode was characterized in a 0.2 M H2SO4 solution
(Fig. 1(b)). There were three pairs of redox peaks with high
redox peak currents. The first pair of redox peaks in the 0.0 to
0.25 V range is caused by the doping and de-doping of anions,
the third pair of redox peaks between 0.6 and 0.9 V is related to
the pH value of the solution, and the middle redox peaks are
attributed to the intermediates (oligomer of phenazine). There-
fore, the CV in Fig. 1(b) is very similar in shape to that of
polyaniline polymerized on a Pt foil in the same solution, which
means that the PAn/T-graphite electrode exhibits good redox
activity similar to PAn/Pt.43
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The redox form of polyaniline synthesized in an HCl
solution, as presented by MacDiarmid et al., is as follows:43

The stable polyaniline radicals can be regarded as the
mediators of ERCO2.

Images and specific surface area

The images of the N-graphite sheet, polyaniline deposited on
an N-graphite sheet, T-graphite sheet, and polyaniline depos-
ited on a T-graphite sheet are shown in Fig. 2(a-1), (b-1), (a-2)
and (b-2), respectively. The image of the N-graphite sheet
presented a block-like structure, and the polyaniline film on
the N-graphite sheet consisted of fibrils with a length of 250–
1000 nm and a diameter of 200 nm. The T-graphite sheet was
composed of blocks and fibrils, and the polyaniline film on the
T-graphite sheet was made of fibrils with a length of 300–1100 nm
and a diameter of 60–120 nm. These results indicate that the
polyaniline films consisted of nanofibrils, and the fibril diameter
in the polyaniline film on the T-graphite sheet was less than that in
the polyaniline film on the N-graphite sheet.

Fig. 2(b) displays the TEM images of T-graphite (Fig. 2(b-1))
and the polyaniline/T-graphite catalyst (Fig. 2(b-2)). The size of
T-graphite was about 240 nm � 340 nm, and the size of the
polyaniline/T-graphite catalyst was about 111 nm � 330 nm. A
comparison of two plots in Fig. 2(b) shows that polyaniline was
coated on the surface of the T-graphite grains.

The specific surface areas of the N-graphite sheet and the
T-graphite sheet were 0.0134 m2 g�1 and 6.75 m2 g�1, respectively,
that is, the specific surface of the T-graphite sheet was 504 times that of
the N-graphite sheet. This demonstrates that after the N-graphite sheet

was treated with the concentrated acid and K2Cr2O7, its specific surface
area dramatically increased.

The relationship between surface roughness and wettability

The roughness of the N-graphite sheet is shown in Fig. 3(a). Its
surface roughness (Rg) was 124 nm; however, the roughness of
the T-graphite sheet was over 5 mm, which is beyond the
measurement limit of the instrument. These results demon-
strate that the surface roughness of the T-graphite sheet was
much higher than that of the N-graphite sheet.

The change in the contact angle with time was monitored for
water on the three different electrode surfaces; the results are
shown in Fig. 3(b1)–(b3), respectively. Fig. 3(b1) indicates that the
contact angle between water and the N-graphite sheet changed
from 134.241 at t = 0 to 79.851 at t = 30 min; Fig. 3(b2) shows that
the contact angle between water and the T-graphite sheet changed
from 116.881 at t = 0 to 13.881 at t = 13 min. This result indicates
that the T-graphite sheet was almost completely wetted in the
measuring period of 13 min, which is much faster than the case of
the N-graphite sheet. The above results demonstrate that the rough
surface is associated with smaller contact angles, which is in good
agreement with the relationship between wettability and surface
roughness in porous media determined using the X-ray tomogra-
phy technique.44 High wettability increases the geometric surface
area of the graphite sheet, which is favorable to the electrochemi-
cal polymerization of aniline, enhances the surface area of the
polyaniline film and the electrocatalytic ability of polyaniline
toward the ERCO2, and increases the reduction current density
of ERCO2.

Fig. 3(b3) shows the change in contact angle with time for
water on the polyaniline film deposited electrochemically on
the T-graphite sheet. The results show that polyaniline was
almost completely wetted at t = 1 s. This result demonstrates
that polyaniline on the T-graphite sheet has very high wett-
ability in water, which increases the surface area of this polyani-
line electrode in contact with the solution and shortens the
response time of the electrode.

Fig. 1 (a) CVs of the electrochemical synthesis of the polyaniline film on graphite obtained in a solution containing 0.2 M aniline and 0.6 M H2SO4; (b) the
CV of the polyaniline film in a 0.2 M H2SO4 solution at a scan rate of 60 mV s�1.
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Fig. 3 (a) The surface roughness of the N-graphite sheet. (b) The contact angles as a function of time: (b1) N-graphite sheet, (b2) T-graphite sheet, and
(b3) polyaniline film deposited electrochemically on a T-graphite sheet.

Fig. 2 (a) SEM images: (a-1) N-graphite sheet, (a-2) T-graphite sheet, (b-1) polyaniline film deposited on a N-graphite sheet, (b-2) polyaniline film
deposited on a T-graphite sheet. (b) TEM Images: (b-1) T-graphite and (b-2) the polyaniline/T-graphite catalyst.
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The electrochemical reduction of CO2 in water free of
supporting electrolytes

The ERCO2 was first studied using the cyclic voltammetry
method, which can provide rapidly a wealth of information,
such as the catalyst activity, reduction potentials of CO2 and
charge transfer rate of the electrochemical reduction. Curve 1
in Fig. 4(a) is the CV of the nano-PAn/N-graphite electrode in
CO2-saturated water, showing a CO2 reduction peak at �0.30 V
with a reduction peak current of �3.0 mA (1 cm2 surface area).
Curve 2 in Fig. 4(a) is the CV of the nano-PAn/T-graphite
electrode, revealing a reduction peak at �0.25 V and a
reduction peak current of �16.42 mA; its electrode surface area
is 1.25 cm2, so the current density is �13.14 mA cm�2 at the
scan rate of 60 mV s�1. The reduction peak potentials on curve
1 and curve 2 suggest the intrinsic quality of a catalyst. The
aniline copolymer/FTO electrode in CO2-saturated water free of
supporting electrolytes showed that the reduction peak current
density at the same scan rate was �0.2304 mA cm�2; therefore,
the current density of the nano-PAn/T-graphite electrode is 57
times that of the aniline copolymer/FTO electrode.40

In addition, the above results indicate that the reduction
peak potential of the nano-PAn/T-graphite electrode was lower
than that of the nano-PAn/N-graphite electrode, and the
reduction peak current density of the nano-PAn/T-graphite
electrode was higher than that of the nano-PAn/N-graphite
electrode, indicating that the electrocatalytic activity of the
nano-PAn/T-graphite electrode was higher than that of the
nano-PAn/N-graphite electrode. The reason is that the rough-
ness and specific surface area of the T-graphite sheet are much
higher than those of the N-graphite sheet, which leads to a
greater contact surface area between aniline and the T-graphite
electrode than that between aniline and the N-graphite elec-
trode during the electrochemical polymerization of aniline;
furthermore, the polyaniline fibril diameter on the T-graphite
surface is less than that on N-graphite surface. As a result, the
apparent surface area of polyaniline on the T-graphite sheet

electrode is much higher than that on the N-graphite sheet
electrode.

To prove that the reduction peaks in curves 1 and 2 of
Fig. 4(a) are caused by CO2 and not polyaniline, the following
CV experiments were done. Curve 1 in Fig. 4(b) is the CV of the
nano-PAn/T-graphite electrode in a diluted H2SO4 solution of
pH 3.8, which is equal to that of the CO2-saturated water
solution. The reduction peak was seen at 0.40 V (curve 1 of
Fig. 4(b)), which is a much higher potential than that of the
peak in curve 1 of Fig. 4(a). This reduction peak is caused by the
reduction of polyaniline itself. Curve 2 in Fig. 4(b) is the CV of
the bare T-graphite electrode in the CO2-saturated water
solution, with no reduction peak. Clearly, the reduction peaks
on curves 1 and 2 in Fig. 4(a) are only caused by the electro-
chemical reduction of CO2 on polyaniline, i.e., polyaniline
exhibits great catalytic activity in the ERCO2. However, graphite
itself did not show any catalytic activity in CO2 reduction
because the ERCO2 is carried out at less negative potentials
in our experimental conditions compared to other electrode
materials.

Fig. 5(a) shows the CVs of the ERCO2 on the nano-PAn/
T-graphite electrode (s = 1.25 cm2) in CO2-saturated water free
of supporting electrolytes, displaying the reduction peak cur-
rent and peak potential as functions of the scan rate. The peak
current increased from �5.774 mA (its current density was
�4.595 mA cm�2) to �21.00 mA (the current density was
16.8 mA cm�2), accompanied by a peak potential shift from
0.086 to �0.44 V when the potential scan rate was increased
from 10–400 mV s�1. At the highest scan rate (400 mV s�1),
a reduction peak was still observed on the I–E curve, indicating
the fast charge transfer rate of the electrode reaction and that
polyaniline has rather high catalytic activity. The low over-
potential effectively inhibits the formation of hydrogen during
the reduction process of CO2. The curves in Fig. 4(a) and 5(a)
are very smooth, meaning no observable gas formation at the
electrode surface in this potential region.

Fig. 4 The CVs of different types of electrodes at a scan rate of 60 mV s�1. (a) Curve 1: nano-PAn/N-graphite electrode in CO2-saturated water and
curve 2: nano-PAn/T-graphite electrode in CO2-saturated water; (b) curve 1: nano-PAn/T-graphite electrode in a H2SO4 solution of pH 3.8 and curve 2:
nano-T-graphite electrode in CO2-saturated water.
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On the basis of the results in Fig. 5(a), the relationship
between the reduction peak current and the potential scan rate
is shown in Fig. 5(b). The results show a linear relationship at
scan rates less than 100 mV s�1; this means that the interface
charge-transfer process is rate controlling, that is, the electrode
reaction rate is controlled by the surface concentration of CO2

adsorbed on the polyaniline surface at low scan rates. At the
high scan rates, the concentration of CO2 on the electrode
surface is not enough to support the rapid electrode reaction,
thus deviating from the linear correlation.

As mentioned above, the aniline copolymer/FTO electrode in
CO2-saturated water free of supporting electrolytes shows low
reduction current density, which is mainly due to the high
resistance (13.3 KO) of the solution and FTO, and the high
charge transfer resistance (Rct is 124.4 KO).40 Fig. 5(c) presents
the impedance plot of the nano-PAn/T-graphite electrode in
CO2-saturated water free of supporting electrolytes; the applied
potential was set at �0.40 V. The results indicate that the
resistance of the solution and the electrode was 180 O, which
is much lower than that of the aniline copolymer/FTO elec-
trode, and the charge transfer resistance (Rct) of the nano-PAn/
T-graphite electrode was 720 O, which is only 1/173 times that
of the aniline copolymer/FTO electrode. The difference between

the aniline copolymer/FTO electrode and the nano-PAn/T-gra-
phite electrode is mainly due to the different conducting
polymers and carriers, that is, since the conductivity of graphite
is much higher than that of the FTO semiconductor, and the
conductivity of polyaniline is higher than that of the aniline
copolymer. In addition, the impedance plot in Fig. 5(c) con-
stitutes a semi-circle and a straight line; this indicates that the
regions of mass transfer and kinetic control were at low and
high frequencies, respectively; the appearance of a straight line
at low frequencies means that the CO2 reaction on the nano-
PAn/T-graphite electrode possessed a fast charge transfer rate,
this is due to the fast wettability rate and high wettability of the
nano-PAn/T-graphite in the aqueous solution. The reduction
current density of CO2 mainly depends on the resistance and
impedance of the electrode system.6 The above experimental
results indicate that the nano-PAn/T-graphite electrode in CO2-
saturated water free of supporting electrolytes shows low resis-
tance and low charge transfer impedance (Rct), which, however,
is higher than that of the rGO-CoPc electrode (Rct B 100 O).45

Therefore, the nano-PAn/T-graphite electrode has rather a high
reduction current density for CO2 electroreduction.

Fig. 5(a) indicates that the reduction peak potential shifted
with the scan rate; a reduction peak potential was at �0.44 V at

Fig. 5 (a) The CVs of the nano-PAn/T-graphite electrode in CO2-saturated water free of supporting electrolytes at the following scan rates: (1) 10, (2) 20,
(3) 40, (4) 60, (5) 100, (6) 200, (7) 300, and (8) 400 mV s�1; (b) the reduction peak current of CO2 as a function of the scan rate, based on the data from
Fig. 5(a), and (C) the impedance of the nano-PAn/T-graphite electrode at �0.4 V (vs. Ag/AgCl with a saturated KCl solution) in CO2-saturated water free
of supporting electrolytes.
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the scan rate of 400 mV s�1. Clearly, polyaniline shows a low
overpotential in the ERCO2. To obtain the product of the electro-
chemical reduction of CO2 in CO2-saturated water free of support-
ing electrolytes at pH 3.8, the chronoamperometry method was
used for the electrochemical reduction of CO2, and its potential
was controlled at�0.45 V based on the result observed in Fig. 5(a).
The quantity of electricity consumed during electrolysis over 1000 s
was 1.087 C. Considering that polyaniline itself would be reduced
during the reduction process at 0.45 V, the reduction of the same
polyaniline electrode was carried out at �0.45 V in a very diluted
H2SO4 solution of pH 3.8, which is equal to that of CO2-saturated
water free of supporting electrolytes; the quantity of electricity
consumed for polyaniline reduction was about 0.1 C during
electrolysis for 1000 s.

The spectra of ESR and 1H NMR

The ERCO2 is generally considered a free-radical reaction. The
initial reaction in CO2 reduction is the formation of the radical
anion.46

CO2 þ e� Ð CO��2

However, the direct detection of the CO2
�� radical in the

ERCO2 is scarcely possible because of its short lifetime and

especially, since the reduction of CO2 is carried out in the
aqueous solution, water can absorb microwaves, decreasing the
ESR signal intensity greatly. Thus, the detection of free radicals
in aqueous solutions needs a special ESR cell with a little
aqueous solution in the ESR-detecting part of the cell. Because,
graphite fibrils broke easily, and the ESR cell was very small,
when three electrodes were inserted into the ESR cell, the PAn/
T-graphite fibril electrode was broken. Thus, the PAn/Pt elec-
trode was used for ESR measurements. Fig. 6(a) and (b) show
the ESR spectra of the same PAn/Pt electrode obtained using
the in situ electrochemical-ESR technique in the diluted H2SO4

solution at pH 3.8 and in the CO2-saturated water free of the
supporting electrolytes at pH 3.8, respectively. Fig. 6(a) and (b)
indicate that each ESR spectrum consisted of a single line with
a symmetric signal. The g-value was 2.0033 in both solutions,
which is very close to the value (2.0023) of a free electron. The
ESR signals in Fig. 6(a) and (b) are mainly attributed to polyani-
line polymerized on the Pt wire. However, the change in ESR
signal intensity with applied potential observed in Fig. 6(a) is
quite different from that in Fig. 6(b). The ESR signal intensity in
Fig. 6(a) decreases with decreasing potential from �0.20 V to
�1.2 V. However, the ESR signal intensity in Fig. 6(b) increases
with decreasing potential from �0.20 V to �1.2 V. In general,
the ESR signal intensity of polyaniline decreases from 0.0 V in

Fig. 6 The ESR spectra of the PAn/Pt electrodes at various potentials (a) in a H2SO4 solution of pH 3.8; (b) in CO2-saturated water free of the supporting
electrolyte of pH 3.8 at different potentials: (1) �0.2, (2) �0.4, (3) �0.6, (4) �0.8, (5) �1.0, and (6) �1.2 V (vs. Ag/AgCl with a saturated KCl solution); (c) the
1H NMR spectrum of the product solution.
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the negative potential direction47 because the reduction of
polyaniline leads to a decrease in radical density. Thus, the
increase in ESR signal intensity from �0.20 V to �1.20 V in
Fig. 6(b) indicates that a new radical was formed on the
polyaniline electrode during the reduction process of CO2,
which should be the CO�� radical anions. However, its ESR
spectrum is not separately detected in Fig. 6(b) because CO2 is
adsorbed on polyaniline. Fig. 6(b) is obtained at a constant
potential reduction of CO2 in the potential region of �0.20 V to
�1.20 V; the reduction current increases with increasing
reduction potential, resulting in an increase in the concen-
tration of the product and free radical in the ESR cell with
increasing reduction potential, which leads to the enhance-
ment of the ESR signal intensity when the applied potential
changes from �0.20 V to �1.2 V.

Fig. 6(c) presents the 1H NMR spectrum of the product
solution obtained from the reduction of CO2 at the constant
potential of �0.45 V, revealing only one signal in the wide
chemical shift region 0–10 ppm except for a D2O signal. The
chemical shift of the methyl protons in methanol is known to
be 3.39 ppm;48 therefore, the signal at 3.24 ppm in Fig. 6(c)
is attributed to methanol. Considering the quantity of electri-
city consumed for the reduction of polyaniline itself, the
faradaic efficiency of methanol was approximately 90% (0.987
C/1.087 C), which is higher than that of the aniline copolymer/
FTO electrode (66.4%).40 This demonstrates that the polyani-
line catalyst has high faradaic efficiency and high selectivity
toward the ERCO2.

The mechanism of CO2 electroreduction to methanol is
rather complicated, because of the six-electron reaction.17 Here,
based on the experiment results, we believe that CO2 is
adsorbed on the surface of the PAn/graphite electrode and
the free radical signal is detected in the reduction process of
CO2. A simple mechanism for CO2 electroreduction in CO2-
saturated water free of supporting electrolytes is suggested as
follows:

PAnþ CO2 gð Þ ! PAn=CO2 adsð Þ

PAn=CO2 adsð Þ þ 1e� ! PAn
�
CO��2 adsð Þ

PAn
�
CO��2 adsð Þ þ 6Hþ þ 1e� ! CH3OHþH2Oþ PAn

Conclusion

In summary, polyaniline deposited on a porous graphite sheet
shows good catalytic performance, high selectivity, and a low
overpotential. The reduction current density of CO2 mainly
depends on catalyst activity and the resistance and impedance
of the electrode system; the nano-PAn/T-graphite electrode in
CO2-saturated water free of supporting electrolytes shows low
resistance and low charge transfer impedance (Rct). Therefore,
it demonstrates a rather high reduction current density for CO2

electroreduction. In this work, the ERCO2 was carried out in
CO2-saturated water free of supporting electrolytes, which is

environment-friendly and especially, mimics that in which
photosynthesis occurs in plants. The free-radical signal was
detected during the electrochemical reduction of CO2 using the
in situ electrochemical-ESR technique. The ERCO2 was found to
be a free radical reaction.

Author contributions

S. L. Mu, the eletrochemical reduction of CO2, catalyst prepara-
tion and, writing paper; Q. F. Shi, the eletrochemical reduction
of CO2 and impedance measurement; C. Chen, ESR measure-
ment; X. X. Gong, physical characterization; H. G. Xue: physical
characerization and paper correction.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the National Nature
Science Foundation of China. (grant number 21673203).

References

1 S. Back, H. Kim and Y. S. Jung, Selective heterogeneous CO2

electroreduction to methanol, ACS Catal., 2015, 5, 965–971.
2 S. Q. Zhao, S. J. Guo, C. Zhu, J. Gao, H. Li, H. Huang, Y. Liu

and Z. H. Kang, Achieving electroreduction of CO2 to
CH3OH with high selectivity using a pyrite-nickel sulfide
nanocomposite, RSC Adv., 2017, 7, 1376–1381.

3 J. H. Q. Lee, S. J. L. Lauw and R. D. Webster, The electro-
chemical reduction of carbon dioxide (CO2) to methanol in
the presence of pyridoxine (vitamin B6), Electrochem. Com-
mun., 2016, 64, 69–73.

4 X. X. Chang, T. Wang, Z. J. Zhao, P. P. Yang, J. Greeley,
R. T. Mu, G. Zhang, Z. M. Gong, Z. B. Luo, J. Chen, Y. Cui,
G. A. Ozin and J. L. Gong, Turning Cu/Cu2O interfaces for
the reduction of carbon dioxide to methanol in aqueous
solutions, Angew. Chem., Int. Ed., 2018, 130, 15641–15645.

5 Y. Q. Wang, Z. X. Zhong, T. K. Liu, G. L. Liu and X. L. Hong,
Cu@UiO-66 derived Cu+-ZrO2 interfacial sites for efficient
CO2 hydrogenation to methanol, Acta Phys.-Chim. Sin., 2021,
37, 2007089.

6 X. Zhang, J. Fu, Y. Y. Liu, X. D. Zhou and J. L. Qiao, Bismuth
anchored on MWCNTs with controlled ultrafine nanosized
enables high-efficient electrochemical reduction of carbon
dioxide to formate fuel, ACS Sustainable Chem. Eng., 2020, 8,
4871–4876.

7 P. L. Deng, H. M. Wang, R. J. Qi, J. X. Zhu, S. H. Chen,
F. Yang, L. Zhou, K. Qi, H. F. Liu and B. Y. Xia, Bismuth
oxides with enhanced bismuth-oxygen structure for efficient
electrochemical reduction of carbon dioxide to formate, ACS
Catal., 2020, 10, 743–750.

Research Article Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

1:
34

:4
6 

PM
. 

View Article Online

https://doi.org/10.1039/d2qm01119k


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 1385–1394 |  1393

8 S. W. Wang, T. Y. Kou, J. B. Varley, S. A. Akhade, S. E. Weitzner,
S. E. Baker, E. B. Duoss and Y. Li, Cu2O/CuS nanocomposites
show excellent selectivity and stability for formate generation via
electrochemical reduction of carbon dioxide, ACS Mater. Lett.,
2021, 3, 100–109.

9 J. T. Feaster, C. Shi, E. R. Cave, T. Hatsukade, D. N. Abram,
K. P. Kuhl, C. Hahn, J. K. Noørskov and T. F. Jaramillo,
Understanding selectivity for the electrochemical reduction
of carbon dioxide to formic acid and carbon monoxide on
metal electrodes, ACS Catal., 2017, 7, 4822–4827.

10 H. D. Manamperi, S. E. Witt and C. Turro, Selective elecrtroca-
talytic conversion of CO2 to HCOOH by a cationic Rh2(II, II)
complex, ACS Appl. Energy Mater., 2019, 2, 7306–7314.

11 K. Natsui, H. Iwakawa, N. Ikemiya, K. Nakata and Y. Einaga,
Stable and highly efficient electrochemical production of
formic acid from carbon dioxide using diamond electrodes,
Angew. Chem., Int. Ed., 2018, 57, 2639–2643.

12 X. C. Kang, L. L. Li, A. Sheveleva, X. Han, J. N. Li, L. F. Liu,
F. Tuna, E. Mclnnes, B. X. Han, S. H. Yang and M. Schröder,
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