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Electrochemical reduction of carbon dioxide to
acetic acid on a Cu—Au modified boron-doped
diamond electrode with a flow-cell system+
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Boron-doped diamond (BDD) was modified with copper and gold particles by using an electrodeposition
technique to improve its catalytic effect on CO, reduction in a flow system. The system was optimized
based on the production of formic acid by the electroreduction process. At the optimum applied
potential of —1.0 V (vs. Ag/AgCl) and flow rate of 50 mL min~% the copper—gold-modified BDD
~2 571 and a concentration of 15.93 ppm, while
2 57! and a concentration of 0.47 ppm. An

acetic acid was produced with a rate of 0.11 mol m™“ s
advantage of the flow system using the modified BDD was that it was found to accelerate the

produced formic acid at the highest rate of 4.88 mol m

production rate of acetic acid as well as to decrease the reduction potential of CO,. Furthermore, better
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Accepted 1st July 2023 stability of the metal particles was observed when using mixed copper—gold modification on the BDD
surface than single modification by either metal. The results indicated that a flow system is suitable to be

DOI: 10.1039/d3ra03836] employed for electroreduction of CO, using the bimetal-modified BDD electrodes, especially with
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1 Introduction

Carbon dioxide (CO,) exists naturally in the atmosphere and is
one of the greenhouse gases produced by the combustion of
fossil fuels. Increased human activity and energy demand have
caused an increase in CO, gas in the atmosphere, which may
cause global warming.' This high concentration of CO, gas in
the atmosphere has attracted the attention of numerous
researchers around the world, to suppress the emission of CO,,
to convert it into more valuable compounds that could be used
as chemical stock, or to possibly convert it back to fuel. Various
methods to convert CO, have been widely developed to produce
valuable products effectively and efficiently, including chem-
ical,” photocatalytic,>* and electrochemical methods.>®* Among
these methods, electrochemistry is one of the known methods
involving a process that can be carried out at room temperature
and pressure as well as neutral pH. In addition, the conditions
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copper and gold as the modifying particles.

of the reaction are easily adjustable.” The material used as the
working electrode is one important factor, among many others,
that is reported to influence the electrochemical reduction of
CO,. Accordingly, the use of many types of metals and non-
metals for CO, electroreduction has been reported.>”****

Recently, boron-doped diamond (BDD) has been reported to
be used as the working electrode in CO, electrochemical
reduction. The unique properties of BDD, such as its high
chemical and physical stability as well as its wide potential
window, are believed to be key properties to suppress hydrogen
evolution,'>** a reaction mechanism that usually interferes the
reduction of CO,." The use of a BDD electrode for CO, elec-
troreduction was reported to convert CO, into formic acid with
high efficiency.’'® Furthermore, the modification of the BDD
surface with various metals and bimetals has also been re-
ported, leading to an increase in catalytic activity for CO, elec-
troreduction.”**'” Qur previous reports have shown that
modification of the BDD surface with copper particles can
enable the conversion of CO, to C,/C; compounds using a batch
cell.”"” The interaction of copper to bind with carbon monoxide
to form an intermediate that continuously reduces to hydro-
carbon or alcohol was proposed as the mechanism.'®* Addi-
tionally, it was also reported that the electroreduction of CO, at
a gold electrode generated carbon monoxide as the main
product.>®>*

In addition to the working electrodes, the electrochemical
cell systems used for electrolysis have been reported to influ-
ence the CO, reduction product efficiency. A proper and well-
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designed cell could produce the product in high yield and
selectively. Two types of systems have been reported, namely,
batch and flow systems. Employing a flow system, in which the
electrolyte is pumped and flows through the electrode, thus
improving the mass transfer of CO, to the surface of the
working electrodes, was reported to influence the pH and CO,
concentration on the electrode surface.'®** Accordingly, an
increase in formic acid production from 71% to 94.7% by using
a flow-system in a long-term use has been reported."®

The present research involves the electrochemical reduction
of CO, at bimetallic copper and gold nanoparticles modified
onto the surface of a BDD electrode in a flow-cell system. BDD
modified with copper was selected because copper has the
potential to generate organic compounds with more than one
carbon,'"” while gold was selected to produce a high CO
concentration to increase the copper electrode performance.>***
As expected, the presence of gold can increase the electro-
chemical conversion of CO, with a higher number of carbon
atoms. Moreover, good stability of the electrode performance
was observed, indicating that the developed electrode is
promising for application to CO, reduction using a flow cell.

2 Experimental
2.1 Chemicals

CuSO, (98%), HAuCl,-3H,0 (99.9%), KCl (99%), KOH
(=85.0%), H,S0, (98%), HCI (37%), HNO; (70%), HCOOH
(=95%), CH3COOH (99%), HCIO, (70%), methanol (99.8%),
ethanol (99.8%), and isopropanol (=99.8%) were purchased
from Sigma-Aldrich and applied without further purification. A
simple lab water system (Direct-Q UV3, Millipore) with
a maximum conductivity of 18 MQ was used to produce the
ultra-pure water.

2.2 Preparation of the working electrode

The BDD electrode was synthesized by using a chemical vapor
deposition method as described in the previous report.”
Methane gas was used as the carbon source and trimethox-
yborane was used as the boron source; the ratio of boron to
carbon in the precursor gas was maintained at 1%. The quality
of the BDD was characterized using Raman spectroscopy
(Fig. S11); the spectrum showed a peak at 1333 em™ " attributed
to sp® carbon bonds and a pair of peaks at 500 and 1200 cm ™"
related to disordered diamond without any sp®> peak at
1500 cm ™ '.>* Prior to use, pre-treatment via ultrasonication in
isopropanol and ultrapure water was applied to the BDD for
15 min each, followed by drying with N, gas. Copper-modified
BDD (Cu-BDD) was prepared using a chronoamperometry
technique in 0.1 M H,SO, solution containing 1 mM CuSO, at
a potential of —0.6 V (vs. Ag/AgCl),"” whereas gold-modified BDD
(Au-BDD) was prepared using the same technique in 0.1 M
H,SO, solution containing 1 mM HAuCl, at a potential of
—0.2 V (vs. Ag/AgCl). Copper-gold-modified BDD (CuAu-BDD)
was prepared at a potential of —0.6 V using 0.1 M H,SO, solu-
tion containing 1 mM CuSO, and 1 mM HAuCl,. The electro-
deposition was carried out for various durations, i.e., 60 s, 100 s
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or 300 s. All the prepared electrodes were then characterized
using cyclic voltammetry (CV) and scanning electron
microscopy-energy dispersive X-ray (SEM-EDS).

2.3 Electrochemical reduction of CO, and analysis of
product

The reduction of CO, was performed using a flow cell with
a coupled chamber divided by a Nafion 117 membrane
(Fig. S27). The working electrode (Cu-BDD, Au-BDD, or CuAu-
BDD) was placed in one compartment. A solution of 0.5 M
KCI containing CO, was placed in this compartment. The other
compartment contained an Ag/AgCl system as the reference
electrode and Pt wire as the counter electrode together with
a solution of 0.5 M KCl as the electrolyte. Each compartment
was connected by inlet and outlet lines to a reservoir with
a volume of 1 L. To remove other gases in the solution, N,
aeration was performed for 15 min. Next, a solution with dis-
solved CO, was prepared by conducting CO, aeration for about
5 min, which decreased the pH of the solution to around 3.9. A
potentiostat (PGSTAT204; Metrohm Autolab) was employed for
all electrochemical measurements. In the processes using the
flow system, the electrolyte was pumped to flow through the
electrode. The product was analysed using high-performance
liquid chromatography (HPLC) (Welizer L600-DP6 with UV Vis
Detector L600-UV) after 60 min of the electroreduction process.
Inertsil ODS-3 (5 pm, GL Science) was used as the column and
0.1% HClO, was used for the mobile phase. The HPLC
measurements of each standard solution of formic acid and
acetic acid showed a chromatogram peak at a retention time of
2.1 min and 6.4 min, respectively. The standard chromatograms
of acetic acid and formic acid are shown in Fig. S3.T An example
of chromatograms containing formic acid and acetic peaks after
the 60 min process is shown in Fig. S47 as the result of the
electroreduction of CO, using a CuAu-BDD electrode at
a potential of —1.0 V.

3 Results and discussion
3.1 Preparation of the solution for CO, aeration

A solution of 0.5 KCI containing CO, was used as the solution
model to study the electroreduction of CO,. Prior to the elec-
troreduction process, N, aeration was carried out to remove
other gas impurities from the solution. After N, aeration, no
peak was observed in voltammogram of 0.1 M KCI at CuAu-BDD
in the potential range from —2.0 V to 0.0 V (vs. Ag/AgCl) (Fig. 1,
black line). A significant increase in the current at the onset
potential of —1.7 V due to hydrogen evolution was confirmed.
This result confirmed that the electrolyte was successfully
cleaned and contained nitrogen only. Subsequently, the CO,-
aerated solution generated a well-defined reduction peak at
a potential of around —1.5 V (vs. Ag/AgCl), indicating the
reduction reaction of the dissolved CO, species in the electro-
Iyte (Fig. 1). A slight shift in the onset potential of hydrogen
evolution was observed due to the increase of the solution pH in
the presence of CO,, as the dissolved CO, formed carbonic
acid.* Various CO, aeration times of 5, 15, and 30 min were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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applied to obtain the optimum CO, dissolution. A higher
current was observed for an aeration time of 15 min (Fig. 1,
green line) indicating that a higher concentration of CO, could
be dissolved in the electrolyte compared to those achieved using
5 and 30 min aerations (Fig. 1, red and blue lines, respectively).
Accordingly, a solution of 0.5 M KCl aerated for 15 min with N,
and then for 15 min with CO, was used as the standard solution
to study the CO, electroreduction.

3.2 Preparation of the working electrodes

The working electrode was prepared via the modification of
BDD films. The modification was performed via the electro-
chemical deposition of both copper and gold particles on the
surface of BDD. Prior to the deposition, CV was performed in
a 0.1 M H,S0, solution consisting of 1 mM CuSO, as the source
of copper and 1 mM HAuCl, as the source of gold to determine
the parameters for the deposition. The voltammogram of the
solution containing both metal cations is displayed in Fig. 2.
Several reduction peaks were observed, including one at
a potential of +0.6 V (vs. Ag/AgCl) as well as peaks at —0.1 V and
—0.6 V. Accordingly, to provide for the simultaneous reduction
of the copper and gold to be deposited on the surface of the
BDD electrode, the higher reduction potential, i.e., —0.6 V, was
applied for the subsequent experiments. Similarly, this poten-
tial was applied to other BDD films using solutions of 0.1 M
H,SO, containing only 1 mM CuSO, or 1 mm HAuCl,. A visible
physical change with the formation of golden yellow spots was
observed for the gold-modified BDD (Au-BDD) and the copper-
gold-modified BDD (CuAu-BDD).

The electrochemical properties were measured to compare
the BDD electrodes before and after the modification. Fig. 3
shows the differences in the voltammogram of BDD in 0.5 M
KClI solution before and after electrodeposition. No peak was
observed in the voltammogram of the unmodified BDD in the
potential range from —2.0 V to 2.0 V (vs. Ag/AgCl), although
a wide potential window from around —0.1 V to +0.2 V was
observed (Fig. 3a), which is well known as an advantageous
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(8] ——N; 15 min
.7.54 —COZ 5 min
CO, 15 min
——CO, 30 min
'10-0 T L L
-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Ag/AgCl

Fig. 1 Linear sweep voltammetry of 0.5 M KCl solution with various
CO;, aeration times using copper—gold-modified BDD. Scan rate was
100 mv s,
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Fig. 2 Cyclic voltammogram of 0.1 M H,SO,4 containing 1 mM CuSO4
and 1 mM HAuCl, at the unmodified BDD electrode.

property of BDD.*?*** After modification with copper, one pair
of oxidation and reduction peaks was noted in the voltammo-
gram at potentials of about +0.5 V and —0.5 V with a shift in the
hydrogen evolution potential to more positive potential
(Fig. 3b), whereas after modification with gold, the voltammo-
gram shows an oxidation peak at +1.3 V and two reduction
peaks at around +0.5 V and +1.0 V with a slight difference in the
hydrogen evolution potential compared to the unmodified BDD
(Fig. 3c). Additionally, the voltammogram of BDD after modi-
fication with copper and gold shows two oxidation peaks at
around +0.2 V and +1.2 V and reduction peaks at around +0.6 V,
—0.2 V and —0.6 V (Fig. 3d). The potentials of these peaks are
very similar to the oxidation reduction potentials of copper and
gold (Fig. 3b and c, respectively) indicating that both the copper
and gold particles were deposited on the BDD surface. These
results indicate that the Au and Cu particles deposited on the
surface of BDD are in the bimetallic form since it shows indi-
vidual peaks of Au and Cu. This result is in agreement with
a report of synthesized Au-Cu nanoparticles on MWCNTS using
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Fig. 3 Cyclic voltammograms of 0.5 M KCl solution at the unmodified
BDD (a), as well as at the BDDs modified with copper (b), gold (c), and
both copper and gold (d).
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Fig.4 Dependence of formic acid production on the deposition times
of metals on the BDD surface.

Table 1 Elemental composition of the BDD films before and after the
modifications

Weight%
Unmodified
Element BDD Cu-BDD Au-BDD CuAu-BDD
C 88.80 98.88 93.51 98.20
(0] 13.20 0.94 3.59 0.30
Cu N.A. 0.18 N.A. 0.12
Au N.A. N.A. 2.89 1.48
£ 18 -
= I 25 mL/min
o 164 [ 50 mL/min
c 144 I 100 mL/min

CuAu-BDD

Cu-BDD Au-BDD

Fig. 5 Dependence of formic acid production on the flow rate in CO,
reduction using the Cu-BDD, Au-BDD, and CuAu-BDD electrodes.

electrodeposition methods that are very similar to our
methods.* In this report, the XPS spectra of the Au-Cu nano-
particles on the MWCNT exhibited Au 4f7/2 and 4f5/2 doublets
with binding energies of 84.6 eV and 88.1 eV, respectively, and
a Cu 2p peak with a binding energy of 935 eV, which are typically
characteristic of Au® and Cu®. This report confirmed that Au and
Cu were deposited as bimetallic nanoparticles on the surface of
MWCNTs. In addition, in this voltammogram, the hydrogen
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Fig. 6 Formic acid and acetic acid production on Cu-BDD (a), Au-
BDD (b), and CuAu-BDD (c) at various reduction potentials in the flow
electrochemical reduction of CO,.

evolution potential was observed at a similar potential to that of
Cu-BDD.

To study the optimum amount of copper and gold for
deposition on the BDD surface, analysis of the products of the
CO, electroreduction was performed. The electroreduction of
CO, using Cu- and Au-BDD electrodes is expected to produce
organic acids, alcohols, and gases. Formic acid is reported to be
formed through an electron transfer process in which CO,
receives an electron to become CO,  followed by protonation
with an H' ion to form formic acid.** Additionally, the forma-
tion of acetic acid was proposed to involve two CO groups that
are adsorbed on the electrode surface. The adsorbed CO on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Faradaic efficiency comparison of formic acid and acetic acid production at different applied potentials using Cu-BDD, Au-BDD, and

CuAu-BDD
Conc. (ppm) % faradaic efficiency
Reduction potential
Electrode (Vvs. Ag/AgCl) HCOOH CH;-COOH HCOOH CH;-COOH
Cu-BDD —0.8 0.54 0 30.08 0
—1.0 1.35 0 30.32 0
—-1.2 4.40 0 12.97 0
—-1.5 16.64 0 33.92 0
—-1.7 15.40 0 9.09 0
Au-BDD —0.8 1.35 0 21.71 0
—-1.0 3.25 0 35.57 0
—-1.2 7.91 0.17 39.59 2.58
—-1.5 7.73 0 10.73 0
—-1.7 6.79 0 7.63 0
CuAu-BDD —-1.0 15.93 0.47 40.31 3.63
—-1.2 12.93 0.26 17.70 1.10
—-1.5 11.23 0.25 13.26 0.92
18 o the electrode surface receives an electron transfer to form the
P, [P Flow Cell || Batch Cell mA°"':°A°.; . . .
™ B Acstio Act acetic acid precursor. As the reported main product of CO,
?,z = reduction was formic acid, optimization of the amount of
c F . . .
g — copper and gold modification for the CO, electroreduction was
z 2 conducted by observing the generated formic acid by using
o . . . .
S HPLC to measure the concentration of formic acid in the
2 solution.*
0

A 1.2 A5 A 1.2 A5
Reduction Potential / V vs. Ag/AgCI

Fig. 7 Comparison of the flow cell and batch system on CO, reduc-
tion products using the CuAu-BDD electrode in 0.5 M KCl solution.

Au-BDD (After)

- CuAu-BDD (After)

Fig. 8 SEM characterisation results of various working modified BDD
electrodes before (left) and after (right) being used.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The electroreduction of CO, was conducted at a potential of
—1.5 V (vs. Ag/AgCl) using various deposition times for copper
and gold as well as a mixture of copper and gold, namely, 60,
100 and 300 s. Increasing formic acid production was observed
with increasing copper deposition time. The highest formic acid
content was produced using copper deposition for 300 s, which
generated 16.64 ppm formic acid (Fig. 4).

The SEM-EDS results show that the longer the applied
deposition time, the greater the mass percentage of the
deposited copper particles, resulting in an increase in the
number of active species to catalyse the CO, electroreduction.
Additionally, the modification of BDD with gold achieved the
highest formic acid production at a deposition time of 100 s
with 7.93 ppm formic acid (Fig. 4). At a deposition time of 300 s,
the SEM-EDS results showed that the gold particles were
agglomerated, resulting in a decrease in the gold electro-
catalyst, thereby reducing the performance of the electrode in
producing formic acid. In the case of modification with both
copper and gold particles, an electrodeposition time of 300 s
generated the highest formic acid production of 11.23 ppm
formic acid. Accordingly, optimum deposition times of 300 s for
copper electrodeposition, 100 s for gold electrodeposition, and
300 s for the electrodeposition of both copper and gold were
selected for the subsequent experiments.

SEM-EDS characterization was performed to study the
morphology of the BDD surface after the modification. The SEM
images typically showed that small particles were deposited on
the surface after the modification, while the analysis using EDS
summarized in Table 1 indicated that copper and gold particles
were successfully electrodeposited.

RSC Adv, 2023, 13, 22061-22069 | 22065
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Table 3 Comparison of the different reported electrodes for CO, electroreduction

% faradaic efficiency
Electrode System Red time (min.) Electrolyte HCOOH CH;-COOH
BDD?*'*? Batch 60 0.1 M NaCl 5.8 —
AuCu/GC*° Batch 20 0.1 M KHCO; 2.5 —
Cu/GC*° Batch 20 0.1 M KHCO; 11.5 0.5
Cu/Cu,0* Batch 60 0.5 M NaHCO; 33.0
CuSn NPs/C-A** Batch 15 0.1 M KHCO;, 71.5 -
SnO, nano-sheet/CC** Batch 60 0.5 M NaHCOj; 87.2 —
cd/Cu foil*® Flow 40 0.5 M KHCO; 76.2 —
Oxide derived AuNP*’ Flow 15 0.5 M KHCO; 11 —
CuAu-BDD (this work) Flow 60 0.5 M KCl 40.3 3.6

Table 1 shows that the surface of the unmodified BDD was
composed of 96.8% (w/w) carbon and 3.20% (w/w) oxygen.
Modification with metals typically decreases the oxygen content
on the surface. Modification with copper decreased the oxygen
content from 13.2% (w/w) to 0.94% (w/w), whereas the modifi-
cation with gold decreased it to 3.59% (w/w). Modification with
both copper and gold decreased the oxygen content to 0.30%. It
has previously been reported that the surface of BDD films was
terminated by hydrogen, as the films were prepared using
a chemical deposition method under the hydrogen atmo-
sphere.'?¢ The significant amount of oxygen on the surface of
BDD was probably caused by the voltammetry treatment, which
partially oxidizes the surface hydrogen terminations to give
oxygen terminations.**>¢

The decrease in oxygen content after modification indicated
that the metal particles were deposited on oxygen atoms as the
active sites. It seems the electrostatic interaction between the
metal particles and the negative charge of oxygen drove the
metal deposition on the oxygen sites of the surface.

Moreover, more gold than copper could be deposited on the
BDD surface, which is reasonable as the reduction potential of
copper, which is significantly more negative than the actual
reduction potential of gold, was applied to deposit both gold
and copper particles simultaneously.

Furthermore, the effect of the electrolyte flow rate was
studied at a potential of —1.5 V (vs. Ag/AgCl) with Cu-BDD, Au-
BDD and CuAu-BDD electrodes. Flow rates of 25, 50 and 100
mL min~ " were applied. Fig. 5 shows that for all the electrodes,
increasing the flow rate to 50 mL min ' increased the formic
acid production, but production decreased at a flow rate of 100
mL min~". Theoretically, the increase in flow rate increases CO,
mass transport, thereby increasing the production rate.**
However, a technical problem occurs, as a flow rate higher than
50 mL min " increases a significant vibration in the electrolyte
flow drive pump. This vibration affects the stability of the
electrochemical work and triggers an increase in the hydrogen
evolution reaction, resulting in a decrease in the CO, electro-
reduction performance.

The potential applied in this work so far was —1.5 V,
considering that the onset potential for hydrogen evolution is
around this potential. Applying a potential of —1.5 V seems to

22066 | RSC Adv, 2023, 13, 22061-22069

generate better performance for Cu-BDD than other electrodes.
Accordingly, various applied potentials, including —0.8 V,
—-1.0V, —1.2V,1.5Vand —1.7 V (vs. Ag/AgCl), were applied to
optimize the reduction potential of CO, for all electrodes, as the
applied potential is reported to strongly affect the selectivity
products of the electroreduction of CO,.”” The products formic
and acetic acid were used as the parameters of the electrode
capability. Fig. 6 shows that Cu-BDD is a suitable working
electrode to produce formic acid. The yield of formic acid
initially increases as more negative potentials are applied.
However, the formic acid production decreases at a potential of
—1.7 V (vs. Ag/AgCl). A similar phenomenon also takes place
when Au-BDD is used, with an increase in formic acid produc-
tion, but the production of formic acid decreases at a potential
of —1.5 V (vs. Ag/AgCl). At a more negative potential, the
decrease in product efficiency is due to a great change in current
density and high H, gas production, which causes the release of
metal particles deposited on the BDD surface.

The CO, electroreduction performance using CuAu-BDD was
observed under similar conditions. As the optimum reduction
potentials of CO, electroreduction using Cu- and Au-BDD are
—1.5Vand —1.2 V, respectively, potentials of —1.0 V, —1.2 Vand
—1.5 V (vs. Ag/AgCl) were applied when using CuAu-BDD as the
working electrode. These results show that at all potentials, the
CuAu-BDD electrode can produce formic acid and acetic acid
(Fig. 6). The optimum reduction potential of —1.0 V (vs. Ag/
AgCl) produces formic acid with a production rate of 4.88 mol
m~ 2 s~ with a concentration of 15.93 ppm, while the acetic acid
production rate was 0.11 mol m > s with a concentration of
0.47 ppm.

Table 2 shows a comparison of the CO, reduction products
along with the acetic acid and formic acid production
(concentration) and the faradaic efficiency (FE) of Cu-BDD, Au-
BDD, and CuAu-BDD at different applied potentials. The high-
est FE for formic acid production (40.31%) could be obtained
using CuAu-BDD at an applied potential of —1.0 V (vs. Ag/AgCl).
Meanwhile, higher applied potentials of —1.5 V and —1.2 V for
Cu-BDD and Au-BDD, respectively, were needed to achieve their
optimum FE values of 33.92% (Cu-BDD) and 39.59% (Au-BDD).
The highest formic acid production was achieved using Cu-BDD
at a reduction potential of —1.5 V. However, the highest FE was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtained using CuAu-BDD at a potential of —1.0 V. This
phenomenon was probably due to the existence of gold on the
prepared bimetal CuAu-BDD electrode. Gold particles provide
better conductivity to further decrease the energy required for
the electroreduction of CO,, causing the optimum reduction
potential to decrease around 33% from —1.5 V (the optimum
potential applied for Cu-BDD) to —1 V. The results also indi-
cated that the existence of the inert metal Au on the bimetal
CuAu provides more stability in the electroreduction reaction of
CO,, resulting in a high FE of the CuAu-BDD electrode to
produce formic acid. In addition, acetic acid was not observed
at almost all the applied potentials when Cu-BDD or Au-BDD
was used as the working electrode. The highest FE for acetic
acid production (3.63%) was noted when using CuAu-BDD at an
applied potential of —1.0 V.

The amount of acetic acid generated in this work is very low
compared to the amount of formic acid generated. In fact,
although some reports using Cu-based electrodes have shown
the formation of acetic acid from the electroreduction of CO,, it
is not very easy to form acetic acid as 2 C and 8 H atoms are
needed, as per the reaction below, while only 2 H atoms are
needed to form formic acid. Accordingly, carbon monoxide or
formic acid is generally formed by CO, reduction. Among the
many solid electrodes, only copper and gold are reported to
produce acetic acid. The reactions for producing both formic
acid and acetic acid production are written as follows:****

CO, + 2H" + 2¢- = HCOOH (formic acid)

2CO, + 8H"' + 2¢” = CH;COOH + 2H,0 (acetic acid)

3.3 Comparison of flow systems and batch systems

The advantage of using the flow system was studied by
comparing the CO, electroreduction of the flow system with
that of the batch system using CuAu-BDD electrodes (Fig. 7).
Using the batch system, formic acid can be produced at all
potentials of —1.0 V, —1.2 V and —1.5 V (vs. Ag/AgCl). In addi-
tion, acetic acid can only be produced at —1.5 V (vs. Ag/AgCl)
with a production rate of 0.04 mol m > s™* and a concentra-
tion of 0.18 ppm. The use of the same electrodes and conditions
in the flow cell system can produce acetic acid with a higher
concentration, i.e., 0.25 ppm, with a production rate of 0.06 mol
m 2 s~ *. Accordingly, it can be concluded that employing a flow
cell system for CO, electroreduction accelerates the production
rate of acetic acid and at the same time reduces the reduction
potential of CO, from around —1.5 V by using Cu-BDD to
around —1.0 V by using AuCu-BDD.

3.4 Deposited metal stability for CO, electroreduction
application

Further, the stability of the metal particles (copper and gold) at
the modified BDD electrode for CO, electroreduction applica-
tions was examined. Characterisation using SEM-EDS was per-
formed to indicate the stability of the copper and/or gold

© 2023 The Author(s). Published by the Royal Society of Chemistry
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particles deposited on the BDD surface by comparing the
particle composition before and after being used for CO, elec-
troreduction. In general, the SEM-EDS results of the three
modified BDD electrodes show a decrease in the copper and
gold particle numbers after use for CO, electroreduction
(Fig. 8). The EDS measurements indicated that a considerable
decrease in mass occurred for Cu-BDD with a decrease of
44.44%. This significant decrease indicates that the copper
particles are less stable on the surface of the BDD. A smaller but
significant decrease was observed for the deposited gold in the
Au- and CuAu-BDD electrodes, with lower gold particle release
as the main reason. The results indicate that the gold particles
have better stability on the BDD surface than the copper
particles.

A comparison with reported electroreductions of CO, at
various electrodes using batch and flow systems is summarized
in Table 3. Cu-based electrodes have been widely used for the
CO, reduction reaction due to their ability to not only produce
HCOOH, but also to generate other products such as CO,
CH;COOH, and H,. Additionally, their intrinsic properties as
a stable conductive material provide the opportunity for the
electrochemical setup to achieve high performance as a current
collector, which contributes to the amount of product that can
be produced in the electrochemical reaction. Additionally, to
improve its activity and selectivity, combining Cu with other
metal to form bimetallic catalysts has been widely investigated
by other researchers. Comparison with other Cu- or Au- based
electrodes that give HCOOH as a major product and CH;COOH
as a by-product shows that the developed CuAu-BDD electrode
gave higher faradaic efficiency (FE) for formic acid and acetic
acid production.

Furthermore, based on the comparison data in Table 3, the
flow system with a proportional comparable electrode (AuCu/
GC)*® provides higher FE than the batch system. This
phenomenon is attributed to the high performance from
diffusion and charge transfer reaction on the surface of the
working electrode, which was generated by the highest elec-
trolyte mobility on the electrode surface, which decreases the
diffusion layer and further increases the product yield of the
reduction reaction. Therefore, developing the system from
batch to flow has been proven to enhance the CO, electro-
reduction products.

In addition, this excellent performance takes place not only
due to the influence of the bimetal materials and the setup of
the system, but also due to substrate electrode used as the
current collector. Compared to AuCu/GC and Cu/GC, the
developed CuAu-BDD shows a higher FE for both HCOOH and
CH;COOH. The probable reason for this phenomenon is the
wide potential window of BDD compared to GC, which would
allow more hydrogen gas to be formed through the hydrogen
evolution reaction. However, a higher formic acid FE was ach-
ieved when SnO, nanosheet/carbon cloth, CuSn NPs/C-A, and
Cd/Cu foil were used as the working electrode. The higher
surface area of electrode was probably the main reason.
Accordingly, the optimization of the electro-active surface area
is important to further enhance the formic acid and acetic acid
production.
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4 Conclusions

Copper and/or gold particles were successfully deposited on the
surface of boron-doped diamond (BDD) to form copper-
modified-BDD (Cu-BDD), gold-modified BDD (Au-BDD) and
copper-gold-modified BDD (CuAu-BDD) to be employed as the
working electrodes in the electroreduction of CO,. Based on the
formic acid production at the electrodes, the optimum deposi-
tion percentages were found to be 0.18% copper on Cu-BDD,
2.89% gold on Au-BDD, and 20% copper and 14.45% gold on
CuAu-BDD. The flow system of CO, electroreduction showed an
optimum electrolyte flow rate of 50 mL per minute with
optimum applied potentials of —1.5 V, —1.2 V, and —1.0 V (vs.
Ag/AgCl) for the Cu-BDD, Au-BDD, and CuAu-BDD electrodes,
respectively. The highest production rates of formic and acetic
acid were found using CuAu-BDD, with formic acid and acetic
acid being produced with a rate of 4.88 mol m > s ! and
0.11 mol m™> s™*, respectively. Faradaic efficiencies of 40.3%
for formic acid and 3.6% for acetic acid could be obtained. The
flow system of CO, electroreduction using AuCu-BDD was found
to accelerate the production rate of acetic acid and to reduce the
applied potential for CO, electroreduction from —1.5 V to
—1.0 V potential (vs. Ag/AgCl). Better stability of the metal
particles was also noted as well at Au-BDD and CuAu-BDD due
to the better stability of the deposited gold.
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