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Abstract:

Identifying efficient catalysts for the H, evolution reaction and CO, reduction, which can operate at low overpotential
in a neutral or near-neutral pH aqueous solution, represents a significant challenge. This work reports the synthesis
of an AuCu nanoalloy in the form of spherical nanoparticles with an average size of ~16.7+0.3 nm. The morphology,
crystal structure, and chemical composition of AuCu nanoparticles were characterised by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), high resolution - high angle annular dark field -
scanning transmission electron microscopy (HR-HAADF-STEM), and energy dispersive X-ray (EDX) analysis.
The use of AuCu nanoparticles as a catalyst for the H, evolution and CO, reduction reactions in a 0.1 M KHCO,
(pH 6.8) solution was investigated. It was found that AuCu nanoparticles catalysed the reduction of CO, to CH,
at a low cathodic potential of -0.2 V vs. Reversible hydrogen electrode (RHE) with a Faradaic efficiency of 7.1%.
However, at low cathodic potentials ranging from -0.2 to -0.5 V vs. RHE, H, evolution was more favourable than
CO, reduction reactions. Conversely, at higher cathodic potentials, e.g. -0.6 V vs. RHE, the reduction of CO, to CO
was more favourable. The AuCu nanoparticles demonstrate superior CO, reduction selectivity compared to Au and
Cu nanoparticle catalysts. A discussion on potential reaction pathways contributing to the CO, reduction selectivity
is also proposed.
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1. Introduction silver nanoparticles (Ag NPs) [16] were excellent catalysts
) ) for H, evolution in an acidic solution, e.g. 0.5 M H_SO,.
Water electrolysis or photoelectrolysis (also called water 2 & 2o
i . . . However, in a neutral pH electrolyte, e.g. pH 7 phosphate
splitting) is considered as an attractive technology for the .
. . buffer, these catalysts showed much lower catalytic
large-scale production of green H, [1, 2]. It consists of two )
. . . performance. In contrast, Cu/Cu,O nanoparticles, generated
half-reactions, namely the hydrogen evolution reaction and ) . C 2 .
. . . C via an electrochemical reduction or a photoelectrochemical
the oxygen evolution reaction, which have sluggish kinetics ] ) o ] )
reduction of Cu,O thin film, exhibited attractive catalytic

due to their multiple electron and proton nature. To accelerate o
activity in the pH 7 phosphate buffer [17].

these reactions, efficient catalysts are required. For instance,

Pt is known to be the most efficient and stable H, evolution
catalyst, but its extremely low abundance in the Earth’s
crust limits its potential industrial use [3]. To address this
issue, several attractive alternatives to Pt catalysts have been
developed, such as transition metal sulfides [4-9], transition
metal phosphides [10, 11], or coordination complexes of
transition metals [12, 13]. In our previous works, we have
demonstrated that gold nanoparticles (Au NPs) [14, 15] and
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Beyond water electrolysis producing green H,, the idea
of coupling water oxidation with CO, reduction has been
initiated [18, 19]. By doing so, the greenhouse gas CO, can
be reduced into CO, HCOOH, CH,COOH, CH,, CH,OH,
which can subsequently be used either as chemical stocks
or fuels. In comparison to the H, evolution reaction, CO,
reduction reactions have almost comparable equilibrium
thermodynamic Therefore, the

potentials. hydrogen
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evolution reaction always competes with the CO, reduction
reaction. In principle, due to its faster kinetics, the hydrogen
evolution reaction usually prevails over CO, reduction
reactions. In this context, significant efforts are being
mobilised by the scientific community to identify catalysts
that offer high CO, reduction selectivity versus H,evolution.

Among reported CO, reduction catalysts, the Cu catalyst
is the most attractive one as it can offer a wide range of
products from C, like CO, HCOOH, CH,, CH,OH to C,,
like CH,COOH, HOOC-COOH, CH, ...[20]. However,
it is still not clear which structural features will affect its
product selectivity. In our recent work, we demonstrated
that CuO nanoparticles were an attractive catalyst for CO,
reduction in a KHCO, electrolyte solution showing high
HCOOH production selectivity with a Faradaic efficiency
0f26% at -0.9 V vs. RHE [21]. In the group IB, Au [22] and
Ag [23] were also reported to be active catalysts for the CO,
reduction into CO.

To tune CO, reduction selectivity, a potential strategy is to
create bimetallic catalysts. It was proposed that the bimetallic
catalyst surface could adjust the adsorption of intermediates
(thus altering the reaction pathways), generate more
catalytically active sites, and even avoid catalyst poisoning
[20, 24]. M.L. Frisch, et al. (2023) [25] demonstrated the
superior CO, reduction selectivity versus H, evolution of a
CuAg NPs bimetallic catalyst over monometallic Cu NPs.
X. Ma, et al. (2020) [26] demonstrated superior CO, to CO
reduction selectivity of a core@shell structure AuCu,@Au
NPs catalyst compared to the Au NPs catalyst, wherein the
AuCu, core was proposed to reduce the absorption energy of
[Au-COOHJ* and [Au-CO]J* intermediates. J. Huang, et al.
(2020) [27] reported on a bimetallic AuCu NPs with an Au-
rich core and a Cu-rich shell, showing outstanding CO,-to-
C,H, reduction selectivity with a Faradaic yield of ~20%.

Herein, we report on the synthesis of an AuCu nanoalloy
in the form of spherical nanoparticles (hereafter denoted
as AuCu NPs) and investigate its electrochemical catalytic
activity for H, evolution and CO, reduction in an aqueous
pH-neutral electrolyte solution. We demonstrate the
superior CO, reduction selectivity of AuCu NPs compared
to Au NPs and Cu NPs catalysts. The potential mechanism
by which the AuCu NPs catalyst promotes CO, reduction

and inhibits H, evolution is also discussed.
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2. Experimental section
2.1. Synthesis of AuCu nanoparticles

Deionised water (DI) was degassed by N, flux to
remove dissolved oxygen before being used as the solvent
for reactions. In a typical synthesis, 500 ml of CuCl, 0.01
M solution in DI water and 500 ml of HAuCl, 0.01 M
solution in DI water were mixed. The mixture was stirred
under N, flux and heated to 95°C. Then, 4 ml of trisodium
citrate 0.1 M solution was added dropwise to the solution.
After 5 minutes, 1.5 ml of hydrazine was added, and the
reaction mixture was stirred for a further 30 minutes. Once
the reaction was complete, the mixture was allowed to cool
naturally to room temperature. AuCu nanoparticles (CuAu
NPs), appearing as a dark brown suspension, were collected
by centrifugation and thoroughly washed three times with
DI water. Finally, they were re-dispersed in 3 ml of DI at a
concentration of 0.435 g.I"" in a vial under N, atmosphere
prior to use for characterisation or CO, reduction catalysis.

The same process was used to synthesise Au NPs and Cu
NPs using only the HAuCl, precursor or CuCl, precursor,
respectively.

2.2. Characterisation

The UV-Vis spectrum was collected using a Cary UV-Vis
Compact instrument. The shape, size, and crystallinity of
the AuCu NPs were examined by high-resolution HAADF-
STEM (JEM, ARM200F microscope, operating at 200 kV,
point resolution of 0.19 nm). TEM grids were prepared by
casting a drop of the AuCu NPs suspension onto a copper
grid (400 hexagonal meshes, carbon-coated). The grids
were then dried under vacuum for at least one night before
being introduced into the microscopy chamber.

2.3. Electrochemical assay

A 100-ml AuCu NPs solution with a concentration of
0.435 g.I'! was directly used as the catalyst ink and drop-
casted onto a 0.283 cm? graphite substrate. The resultant
catalyst electrode was dried at 40°C for 10 minutes.

The electrochemical assay was conducted using a
Biologic Instrument SP200 potentiostat. A conventional
three-electrode configuration was used with the catalyst
working electrode, an Ag/AgCl 3M KCl reference electrode,
and a Pt plate counter electrode. The electrolyte was a 0.1 M
KHCO, solution at pH 6.8, saturated with CO, gas.

Vietnam Journal of Science,

Technology and Engineering




m PHYSICAL SCIENCES | PHYSICS, CHEMISTRY, ENGINEERING

A linear sweep voltammogram (LSV) was recorded with
a slow potential scan rate of 2 mV.s™. Bulk electrolysis was
conducted at different constant potentials, ranging from
-0.2 V to -0.9 V vs. RHE in a gas-tight two-compartment
H-cell. After the 2-hour bulk electrolysis, gas products
in the headspace of the H-cell were quantified using gas
chromatography (GC). GC analysis was conducted using
a PerkinElmer Clarus 690 instrument. 100 pl of the gas
sample was injected by a gas-tight glass syringe into a
Restek ShinCarbon ST 100/120 column operated at 90°C.
The carrier gas flow was set at 12 ml.min, the thermal
conductivity detector (TCD) was operated at 200°C, and the
flame ionisation detector (FID) was operated at 400°C. The
H, calibration curve was built using a Pt catalyst electrode
that generated H, at a constant current of 1 or 3mAin 0.5 M
H,SO, in the same electrolysis cell. The calibration curve for
CO was built using a CO standard gas with concentrations
ranging from 0.1 to 1%. CH, was quantified by comparison
with a 0.5% CH, standard gas. The quantification of
formate and acetate was conducted with a Dionex Integrion
high-performance ion chromatography (IC) system. DI
water, used as the mobile phase, was set at a flow rate of
1 ml.min'. The calibration curve was built using Sigma-

Aldrich formate and acetate standard solutions (1000 ppm).

3. Results and discussion

AuCu nanoparticles, referred to as AuCu NPs, were
synthesised via the co-reduction of Cu" and Au'™ salts using
hydrazine as the reducing agent in the presence of a citrate
surfactant. By employing the same synthesis method, it

A) B9
™ gz

was possible to prepare Cu NPs and Au NPs when using
only the Cu" or Au™ precursor, respectively. These Cu NPs
and Au NPs were used as reference samples to discuss the
physicochemical properties of AuCu NPs. TEM analysis
showed the aggregation of small AuCu NPs, with an average
particle size of ~16.7+0.3 nm (Fig. 1A). The size distribution
was rather narrow (Fig. 1, inset). In solution with DI water
as the solvent, these CuAu NPs exhibited similar plasmonic
absorption to that of Au NPs, with an absorption maximum
at ~528 nm (Fig. 1B).

As expected, no plasmonic absorption was observed for
the Cu NPs reference sample. These results alone do not
confirm the formation of a CuAu nanoalloy, as a mixture
of Au NPs and Cu NPs would display similar absorption
features. Thus, to confirm the nanoalloy nature, HRTEM
analysis was conducted on the CuAu NPs sample. Figs.
2A and 2C show the lattice fringes of AuCu and Au,Cu
nanocrystallines. Most d-spacing values determined match
those of the AuCu crystal phase (PDF#38-0741). However,
in some locations, d-spacing values were determined to
better match the Au,Cu crystal phase (PDF#34-1302).
EDX coupled with HRTEM was then employed to track
the elemental mapping of a single AuCu NP. As seen in
Fig. 2D, the chemical composition was analysed for each
point on the red crossline that passed through an AuCu
NP, being approximately 10 nm in size. From the profile
of Au and Cu concentration, it can be concluded without
any ambiguity that the AuCu NP is composed of Au and Cu
elements with equal atomic concentration, thus consistent
with the observation of the AuCu crystal phase.
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Fig. 1. (A) SEM images of the AuCu NPs. Inset shows the particle size distribution. (B) UV-Vis spectra for a solution of AuCu
NPs (red trace), Au NPs (black trace), and Cu NPs (blue trace) in DI water.
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Fig. 2. (A, B, C) HR-HAADF-STEM analysis of AuCu NPs. Inset shows the corresponding FFT analysis for the region marked by
the yellow square. (D) Energy dispersive X-ray analysis along the horizontal red line. Red and blue curves represent the Au

and Cu content, respectively.

AuCu NPs were then deposited onto a graphite electrode.
No additive was used to exclude potential interferences
while examining the electrochemical properties of AuCu
NPs. The AuCu NPs electrode was then assayed in a 0.1
M KHCO, solution saturated with CO, gas, at a pH of
6.8. In the first potential polarisation, a reduction event
was observed at -0.4 V vs. RHE before the evolution of
the catalytic current (Fig. 3A, black trace). However, the
reduction peak vanished in subsequent potential scans
(Fig. 3A, red, blue, and pink traces). We attribute this
reduction event to the reduction of Cu' or Cu species present
on the surface of AuCu NPs into Cu®. It is well known that
the surface of nano Cu is spontaneously oxidised into Cu,O
and/or CuO by oxygen in the air. Hence, when handling
AuCu NPs in the air, it is possible that their surface is
partially oxidised, generating Cu', Cu" oxide species. After
the reduction of surface species was completed, the AuCu
NPs electrode showed steady I-V curves.

MARCH 2025 ¢ VOLUME 67 NUMBER 1

The catalytic current emerged from a potential of -0.12 V
vs. RHE. Itis noted that in a neutral pH electrolyte, catalysing
H, evolution at such a low overpotential is challenging. For
example, in a pH 7 phosphate buffer electrolyte, catalytic
H, evolution has been reported for Cu/Cu,0O with an onset
potential of -0.3 V vs. RHE [17], Cu,MoS, with an onset
potential of -0.16 V vs. RHE [28], and amorphous CoMoS
with an onset potential of -0.12 V vs. RHE [6, 9]. However,
catalytic CO, reduction at such a low overpotential is
rare. For example, S. Min, et al. (2016) [29] reported CO,
reduction into CO and COOH on a Cu foam catalyst at a
low potential of -0.2 V vs. RHE. Herein, bulk electrolysis
was conducted at different potentials ranging from -0.2 to
-0.9 V vs. RHE, and products were quantified to understand
the competition between H, evolution and CO, reduction.
Fig. 3B shows the evolution of the cathodic current density
over 2 hours of bulk electrolysis at -0.6 V vs. RHE. It can
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Fig. 3. Electrochemical properties of the AuCu NPs catalyst electrode. (A) Subsequent |-V curves recorded with a slow
potential scan rate of 2 mV.s™; (B) |-t curve obtained when electrolysing at -0.6 V vs. RHE. Electrolyte was a 0.1 M KHCO, solution

saturated with CO, (pH 6.8).

be seen that the catalytic current density slightly decreased
from the initial value of -1.2 to -0.9 mA.cm? over 2 hours.
We attribute this decrease to the partial detachment of AuCu
NPs from the graphite electrode during bulk electrolysis,
which was actually observed even with the naked eye.

Gas chromatography analysis revealed the production
of H,, CO, and CH, (Fig. 4A). Analysis of liquid products

by ion exchange chromatography demonstrated the
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production of HCOOH and CH,COOH (Fig. 4B). It is
important to note that the formation of other products such
as C,H,, C,H,OH, etc., could not be excluded due to the
limitations of experimental analysis. Figs. 4A-C show the
product selectivity as a function of the applied potentials.
CH, was produced with the highest Faradic efficiency (FE)
of ~7.1% at a low cathodic potential of -0.2 V vs. RHE

(Fig. 4A, blue trace). To the best of our knowledge, this
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Fig. 4. Evolution of (A) gas products and (B) liquid products. (C) Product selectivity as a function of potentials applied
when using the AuCu NPs catalyst electrode. (D) Comparison of products obtained at -0.9 V vs. Reversible hydrogen
electrode using AuCu NPs, Au NPs and Cu NPs catalyst electrodes. The electrolyte was a 0.1 M KHCO, solution saturated with

CO, (pH 6.8).
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Fig. 5. Schematic illustration of competing reaction pathways on AuCu
nanoparticle (NP) catalysts, leading to the formation of H,, HCOOH, and CO

products.

represents the lowest overpotential ever reported for the
production of CH,. At this potential of -0.2 V vs. RHE, H,
was produced with the highest FE of 45% (Fig. 4A, black
trace), while HCOOH and CH,COOH liquid products were
produced at FEs of 3.0% and 2.5%, respectively (Fig. 4A).
Increasing the reducing potential caused a decrease in the
production yields of H,, HCOOH, and CH,COOH. At -0.5
V vs. RHE, FE values were determined to be 26% for H,,
1.5% for HCOOH, and 1% for CH,COOH. At -0.6 V vs.
RHE and higher cathodic potentials, a drastic change was
observed when the production of CO occurred alongside the
evolution of H,. The production selectivity of CO increased
with increasing reducing potential. At -0.9 V vs. RHE, CO
was produced with an FE of 40%, and H, was produced with
an FE of 25%, resulting in a molar ratio nCO/nH, of 1.6/1.
When CO was produced, the production of HCOOH and
CH,COOH was negligible, e.g., with FEs of less than 1%.
It is noted that higher CO,-to-CO reduction selectivity, e.g.,
up to 85%, has been obtained for other Cu-based catalysts
such as carbon-supported Cu-In nanoparticles [30]. Thus,
it is critical to screen for the best metal(s) to compose Cu-
based bimetallic nanoparticles capable of displaying the
highest CO, reduction selectivity.

The currently available data clearly demonstrate the
competition between the reduction of H' evolving H,
and the reduction of CO, generating CO, HCOOH, and
CH,COOH. On the surface of the AuCu NPs catalyst, H,

MARCH 2025 ¢ VOLUME 67 NUMBER 1

HCOOH
+1e 2! CO +H,0

evolution proceeds through the formation
of the [AuCu-H]* hydride intermediate

(Fig. 5). Such a mechanism has been

-c/ proposed for pure Au NPs [14] and Cu/
Cu,O NPs catalysts [17]. CO, molecules
can bond with this hydride species,
forming the [AuCu-H-CO,J*, which is
a key species for the generation of the

AuCu-C/

HCOOH product (Fig. 5, pink arrow
pathway). Alternatively, HCOOH can

also be produced if CO, molecules bond

directly to the reduced catalyst via an
O-bond, e.g., through the formation of the
[AuCu-OCOJ* intermediate [31, 32]. In
contrast, if CO, molecules bond to the reduced catalyst via
a C-bond, e.g., through the formation of the [AuCu-CO,]*
species, CO is produced (Fig. 5, red arrow pathway). The
progression of this pathway results in CO production (Fig.
5, red arrow pathway). Apparently, the CO production
pathway was less favourable than the H, evolution pathway
(Fig. 5, black arrow pathway). Therefore, H, production
was prioritised at low reducing potentials. To promote CO

production, a higher reducing potential was required.

To evaluate the stability of the AuCu NPs catalyst,
bulk electrolysis was performed at -0.9 V vs. RHE for 10
hours. After electrolysis, the AuCu NPs were collected and
characterised using SEM and EDX analyses. No significant
morphological or compositional changes were observed
(Figs. 6A, 6B), indicating the stability of the AuCu NPs

catalyst during CO, reduction catalysis.

‘
AuCu Nps As Prepared

Fig. 6. SEM images of the catalyst electrode. (A) As-
prepared AuCu NPs; (B) The same catalyst electrode after
being conditioned at -0.9 V vs. Reversible hydrogen electrode
for 10 hours in a CO,-saturated 0.1 M KHCO, solution.
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Bulk electrolysis was also conducted at -0.9 V vs. RHE
for 2 hours using Au NPs and Cu NPs as reference samples.
The Cu NPs electrode produced H, with an FE of 32.5%
and HCOOH with an FE of 5%, but no CO was detected.
In contrast, the Au NPs electrode produced H, and CO with
almost equal FEs of 35%, resulting in a molar ratio nCO/
nH, of approximately 1/1 (Fig. 5B). Hence, it is clear that
the AuCu NPs catalyst displayed superior CO, reduction
selectivity compared to the Au NPs and Cu NPs counterparts.

4. Conclusions

In conclusion, by employing a simple solution process,
namely the chemical reduction of a Cu" and Au™ salts
mixture, AuCu nanoalloy nanoparticles (AuCu NPs)
were synthesised. The AuCu NPs were crystalline and
stoichiometric, with an equal atomic concentration of Au
and Cu elements. AuCu NPs displayed similar plasmonic
absorption properties to those of the Au NPs reference
sample. In a pH 6.8 KHCO, electrolyte solution saturated
with CO,, the AuCu NPs catalysed both CO, reduction and
H" reduction, evolving H,. The products of CO, reduction
were determined to be CO, CH,, HCOOH, and CH,COOH.
The product selectivity was found to be dependent on the
reducing potential applied. At low reduction potentials,
e.g., from -0.2 to -0.5 V vs. RHE, the AuCu NPs catalyst
promoted the production of H,. Notably, at a low potential
of -0.2 V vs. RHE, AuCu NPs catalysed the CO, to CH,
reduction with a commendable Faradaic efficiency of 7.1%.
At higher reducing potentials, e.g., from -0.6 to -0.9 V vs.
RHE, the AuCu NPs catalyst promoted CO, reduction,
generating CO. In comparison to Au NPs and Cu NPs
monometallic catalysts, the bimetallic catalyst AuCu NPs
showed superior CO, reduction selectivity.
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