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In this work, bimetallic nanoparticles (NPs) of Au and Cu are synthesized for the electrochemical reduc-
tion reaction of CO, (CO,RR). It is known that the binding strength between the reduction intermediates
and the electrocatalyst affects the selectivity of products, but how to correlate the performance with the
surface composition, structure, and properties of a bimetallic electrocatalyst, instead of stoichiometric or
bulk composition remains less discussed. AuCu and AuCu; NPs with the size around ~8 nm were pre-
pared. By excluding the size effect, the work studies the effects of surface composition and heteroatomic
interaction on the selectivity and faradaic efficiency of the reduction products. Based on X-ray absorption
spectroscopy (XAS), one can quantify the alloying extent and surface compositions of electrocatalysts,
which are supposed to have the pivotal effects on the reaction pathways and the corresponding reduc-
tion products. It is found that high activity and notably improved CO selectivity of Au-Cu bimetallic NPs
can be attributed to the heterometallic coordination and their electronic interactions. The reduction prod-
ucts were analyzed by gas chromatography and nuclear magnetic resonance (NMR) spectroscopy. Nearly
60 mA cm~2 of current density was recorded at -0.91 V vs. RHE, and selectivity of 78+4.3% CO was

obtained using AuCu.

© 2020 Published by Elsevier Ltd.

1. Introduction

The global energy demand is continuously increasing. The ma-
jority of the energy depends on non-renewable resources espe-
cially fossils such as petroleum and crude oils. However, excess
CO, is emitting to the atmosphere in the utilization of fossil fu-
els in various power plants, industries, vehicles, and other factories
that can disrupt the environment and become a cause for global
warming [1-7]. This challenging issue leads to an increase in tem-
perature, unprecedented climate change, expansion of dissertation,
acidification of oceans, and health effects [4, 8-11]. Therefore, re-
mediation of emitted CO, is an important action before dissemi-
nating to the environment and affects the natural ecological sys-
tem through the unbalancing carbon cycle [12-15]. Among many
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remediation techniques, CO,RR has plenty of advantages and it is
a promising approach for the simultaneous development of green
energy technology [4, 16, 17]. This is because it can be performed
at ambient conditions, easily tuned by external parameters (such
as potential, temperature, pressure, etc.) [13, 18-20], capable of
producing valuable compounds like formate, carbon monoxide and
other products. This type of reduction technique is a promising
technology to provide in large scalability, to make an effective and
efficient reduction of CO,. Carbon monoxide can be reduced fur-
ther into another compound containing high energy density, which
can be used for green energy sources [15, 16, 20-23].

Although CO,RR has numerous advantages, there are a few
challenges affecting the faradaic efficiency and selectivity of prod-
ucts [5, 24-28]. Competitive hydrogen evolution reaction during
CO, reduction that retards the reduction efficiency, and difficulties
to separate products are challenges in the reduction process. Active
sites of the surface perhaps blocked by reduction intermediates
lead to deactivation of catalytic performance and shorten the life-
time of electrocatalyst, limited solubility and slow kinetics of CO,
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leads a weak mass transfer in the reduction process are also lim-
itations of the process. Lastly, transfer and coupling of many elec-
trons/protons, several reaction pathways, mechanisms [7, 27, 29—
35], and many possible products make the process more compli-
cated than other catalytic activities such as hydrogen evolution re-
action (HER) [36, 37], oxygen evolution reaction (OER) [37-39] and
oxygen reduction reaction (ORR) [24, 40-44].

Currently, bimetallic systems of electrocatalysts are preferable
because of their versatility, optical properties over their single
metal counterparts as well as lower energy utilization in the
CO,RR [28, 33, 39, 45-48]. Bimetallic electrocatalysts are able to
tune the binding strength of the reduction intermediates of CO,
and desorption of products by optimizing the surface composition,
[33, 44, 49-51] analyzing the chemical properties and modifica-
tions of the composites. [47, 52-55] The preparation technique and
modification of the surface can tune the synergistic effect between
any two metals in the alloy formation. Among many bimetallic sys-
tems, alloys of Au and Cu have a great role in enhancing faradaic
efficiency, improving the activity and selectivity of the CO,RR. [27,
32, 42, 53, 56] Au-Cu alloys have been addressed by various re-
searchers in a different aspect of the reduction process of CO, [5,
15, 39, 57-59].

Kim et al. [44] have studied the parameters that can enhance
the turn over frequency of the reduction product and then dic-
tates the selectivity and overall activity of the reduction process on
Au-Cu NPs, which is prepared in a monolayer platform. In another
study [60], this group has investigated the transformation of disor-
dered to ordered atomic arrangement of AuCu nanoparticles (NPs).
The ordered NPs are more selective towards the formation of CO
than the disordered one. Chen et al. [25]. have synthesized core-
shell Cu/Au nanostructure for electrochemical reduction of CO, to
syngas with a stable CO/H, ratio at a potential —0.65 V vs. RHE.
The result indicates Cu nanostructure generates a higher current
density than polycrystalline Cu. Their result also showed the coat-
ing of a thin layer of Au on Cu nanowire enhances the FE% of CO.

Although binding strength between the electrocatalyst surface
and reduction intermediates is known to have dominant roles
in reaction mechanism and product selectivity, investigations re-
ported in literature usually concern the relationship between the
catalytic activity and composition. However, less attention has ever
been given to the relationship between the catalytic activity and
actual surface composition, e.g. in the case of a bimetallic electro-
catalyst. Herein, we have synthesized bimetallic (AuCu & AuCus)
and monometallic (Au & Cu) NPs supported on activated carbon
nanotubes to address the above issues in detail by tuning the com-
position to understand the structural properties of electrocatalysts
and to investigate the synergistic effects between Au and Cu. These
features mainly analyzed by X-ray absorption near edge structure
(XANES) and Extended X-ray absorption fine structure (EXAFS) in-
cluding determination of the alloying extent and surface compo-
sition of atoms. The supported electrocatalysts were characterized
by SEM, EDS, XRD, XPS and XAS to detect the morphology, com-
position, electronic properties and the structure of bimetallic NPs.
The CO,RR activity and selectivity of bimetallic electrocatalysts of
Au and Cu were correlated with their surface composition, atomic
coordination and interaction.

2. Experimental
2.1. Treatment of MWCNT

The type of carbon nanotubes used is Fullerene, multi-walled,
<8 nm outer diameter, 2-5 nm internal diameter and 0.5-2 pm
long. To treat and activate, 0.5 g of MWCNT (Alfa Aesar) was
taken and calcinated at 500 °C for 5 h. Then it was cooled to
room temperature mixed with 10% HCl (ACROS) and sonicated

for 30 min. Eventually, it was washed at least three times with
ultra-pure water until pH of the washing solution was above 5.
[61] The collected MWCNT was dried under vacuum at 60 °C fol-
lowed by functionalizing it in acid and KMnO4 based on the proce-
dures, [62] which is described in detail in supportive information
(Section 1 & Figure S1). Eventually, the functionalized MWCNT was
characterized to confirm its property, morphology and purity. Fi-
nally, it is used as a supporting and activating material of the metal
NPs for the catalysis activity in CO,RR.

2.2. Preparation of metal nanoparticles supported on MWCNT

Electrocatalysts are prepared through the co-reduction pro-
cess from the corresponding metal precursors using the proce-
dure in Figure S2. To prepare AuCu/MWCNT/CP, 20 mL of 1-
octadecene was heated at 130 °C in Ar environment for 30 min
and 2 mmol of oleic acid, 2 mmol of oleylamine, 4 mmol of
1,2-hexadecanediol 3.33 mmol of treated MWCNT, 0.25 mmol
of CuCl,e2H,0 (99%, ALDRICH) and 0.25 mmol of HAuClye3H,0
(99.99%, ALDRICH) were added to the reaction mixture. Under
this inert environment, the mixture was heated to 200 °C with
stirring for 2 h. Afterward, it was cooled to room temperature
and ethanol was added followed by washing through centrifu-
gation three times with ethanol and hexane consecutively. Fi-
nally, it was dried in vacuum at 60 °C then AuCu/MWCNT/CP was
synthesized. In the same process and reaction condition to pre-
pare AuCu3/MWCNT/CP, 0.125 mmol of HAuClye3H,0 was used.
To synthesize Au/MWCNT/CP and Cu/MWCNT/CP, 0.5 mmol of
HAuCl4¢3H,0 and 0.5 mmol of CuCl,*2H,0 were applicable re-
spectively. The amount of MWCNT added in each composition was
equal.

2.3. Electrochemical performance test and quantification of products

Cation exchange membrane (Nafion® 117, perfluorinated mem-
brane, SIGMA ALDRICH) is commonly used to separate the an-
ode and cathode in the H-cell reactor in which the reduction is
performed at the cathode while oxidation takes place at anode
[63-65] (Figure S3). The main purpose of the membrane is to
transport the charge carriers and to prevent the crossover of re-
duction intermediates and final reduction products between the
anode and cathode compartments. [65, 66] Three electrode sys-
tem i.e. Ag/AgCl (3 M) and Pt wire are used as reference and
counter electrode respectively. The electrocatalysts deposited on
carbon paper (AuCu/MWCNT/CP, AuCu3/MWCNT/CP, Au/MWCNT/CP
& Cu/MWCNT/CP) are used as a working electrode in 0.5 M of
KHCO3 (99.7%, ALDRICH) electrolyte solution with pH value 8.3.
Before the electrochemical test, the solution was saturated with Ar
and CO, by purging for 30 min at a rate of 100 mL min~'. Cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) analysis
were performed within the potential domain of 0.38 V to —1.1 V
vs. RHE in Ar and CO, environment to test the performance of
the reduction activity. The pH of the solution after electrolysis was
measured and recorded in between 7.8 to 8.1, depending on the
product type formed using each electrocatalyst.

The electrocatalyst slurry was prepared by dissolving 10 mg of
each electrocatalyst with 1 mL mixture of isopropanol, absolute
ethanol, ultra-pure water and an appropriate amount of Nafion so-
lution [67] (5% Nafion, SIGMA ALDRICH), which is used as a binder
to tightly deposit metal nanoparticles [68] and multi-walled car-
bon nanotubes on the carbon paper. After sonication and complete
dissolution of the slurry, 72 puL of each composition was dispersed
on 1 cm? carbon paper and dried at room temperature for 3-5 h.

Electrochemical impedance spectroscopy (EIS) was measured at
—0.91 V vs. RHE at a frequency range between 100k Hz-0.1 Hz
and an amplitude of 10 mV for 50 cycles. The stability of each
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electrocatalyst was measured at a specific potential for 3 h. The
reduction of CO, was performed through chronoamperometry at
—0.51V, —0.71 V and —0.91 V vs. RHE. The reduction process was
carried out in our laboratory designed electrochemical reactor cell
which is connected with GC via a continuous flow of CO, (10 mL
min~!) into the reactor cell containing the electrolyte solution. Af-
ter CO,RR through the designed configuration and set up, gaseous
products (CO and H,) were detected and quantifiable directly by
online gas chromatography (GC), while the liquid parts were deter-
mined by offline nuclear magnetic resonance (NMR) spectroscopy.
To quantify CO and H,, calibration curves were constructed us-
ing known concentrations of each standard gas. Quantification of
HCOOH was conducted using a specified amount dimethylsulfox-
ide (DMSO), which is used as a reference/standard in NMR analysis
for calibration via deconvolution of the standard peaks by Topspin
software.

2.4. Determination of alloying extent and surface composition using
XAS

The atomic distribution, alloying extent and surface composi-
tion of bimetallic NPs can be evaluated by deriving structural pa-
rameters of XAS. The basic parameters needed to determine al-
loying extent are Prangom (Pra) Rrandom (Rra), Pobserved (Pob), and
Ropserved (Rop) in which Pripgom and Rpangom Obtained from XAS
analysis. Mathematically, it is expressed as Pypserved=Nau-cu/ ZNau-i»
Ropserved=Ncu-au/ ZNcu-i- Pobserved 1S justified as the ratio of the
scattering atoms of Cu coordination number around absorbing
atoms of Au (Nay.cy) to the total coordination number of absorbing
atoms (X Ngag.i). In the same way, Rypserveq 1S described as the ra-
tio of the scattering atoms of Au coordination number around ab-
sorbing atoms of Cu (N¢y.ay) to the total coordination number of
absorbing atoms (XNc,.;). Therefore, according to the above princi-
ple, the alloying extents of Au and Cu (Ja, and J¢,) are determined
using Eq. (1) & 2 respectively [7, 69].

P
Jau = M x 100% (1)
random
R
JCu — Robserved « 100% (2)
random

The surface composition of Au is analyzed based on the follow-
ing mathematical expression (Eq. (3)) [70].

X3 Nayi —12) 3)
X(X Nau—i —12) + (1 =Xx) (X Ney— —12)
where; X5(Au) is the surface compositions of Au, x represents bulk
composition obtained from Au L3-edge jump. The nomenclature
to describe the parameters and symbols in XAS measurement are
shown in Table S4. The apparatus and instrument details for all ex-
periment in this work is described in supportive information Sec-
tion 12.

XS (Au) =

3. Results and discussion
3.1. Characterization of electrocatalysts

The dispersion of metal NPs on the carbon nanotubes is clearly
observed by advanced SEM measurement (Fig. 1& Figure S4). The
SEM image reveals not only the availability of metals but also
it shows the uniformity of metal NPs on the supporting mate-
rial (MWCNT). The SEM images and energy dispersive X-ray spec-
troscopy (EDS) mappings in Fig. 1 reveal that the metal NPs are
detected and uniformly distributed on MWCNT. The morphology
of bare MWCNT is observed using SEM image as shown in Fig. 1a
while Fig. 1b depicts the dispersion of AuCu alloy on MWCNT. El-
emental mappings of Au, Cu and C in AuCu/MWCNT shown in

“¢1 Carbon

Fig. 1. The SEM images of (a) MWCNT without metal nanoparticles, (b)
AuCu/MWCNT, (c) EDS elemental maps of Au, Cu and carbon in AuCu/MWCNT.
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Fig. 2. XRD patterns of monometallic electrocatalysts (Au/MWCNT & Cu/MWCNT)
and the bimetallic (AuCu/MWCNT & AuCu3;/MWCNT) nanoparticles.

Fig. 1c confirm the uniform distribution of each element in the
electrocatalyst.

The composition of each metal NP in bimetallic and
monometallic is confirmed using a number of techniques. XRD
pattern of each NP including MWCNT (Fig. 2) matches with the
corresponding characteristic pattern (JCPDS file) of each phase,
which was recorded in the range of 10<26<80°. Major peaks of
the intermetallic type alloy i.e. AuCu/MWCNT and AuCuz3/MWCNT
appeared at 40.31° and 41.28° respectively, which are found in
between the major peaks of monometallic i.e. Au (260=38.54°) and
Cu (260=43.67°). The significant peak shift is observed in bimetallic
NPs compared to monometallic that confirms the appearance of a
new phase due to the formation of an alloy [71]. The XRD pattern
also indicates the particle size of bimetallic NP (~8 nm) is lower
compared to the size of NPs of the individual metal (~12-13 nm).
The weight percent and bulk composition of each atom in the
bimetallic are determined by EDS measurement as reported in
Figure S5, while the surface chemistry of each electrocatalyst was
further investigated by XPS analysis.

Functionalizing MWCNT with acids and oxidizing agents can
enhance the chemical reactivity typically through the formation
of carboxyl and hydroxyls as it is confirmed by XPS measure-
ment and fitting. The wide scan surveys for XPS measurement
for each composition (AuCu/MWCNT, AuCuz/MWCNT, Au/MWCNT
& Cu/MWCNT) are shown in Fig. S6 (a-d) respectively. In the
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Fig. 3. XPS spectra for monometallic catalyst (a) Au 4f region in Au/MWCNT, (b) Cu 2p region in Cu/MWCNT and
(d) Au 4f region (e) Cu 2p region and (f) C 1 s region in AuCu3/MWCNT, (g) Au 4f region, (h) Cu 2p region and (
fitting line for the peaks Au 4f 7/2, Cu 2p 3/2 and C-C region in C 1 s, the green one shows the fitting line for 4f 5

blue represents the raw data).

XPS measurements, the atomic ratio (%) of Au, Cu and C in
AuCu/MWCNT are 6.7%, 5.4% and 87.9% while in AuCus3/MWCNT it
is obtained 2.9%, 10.3% and 86.8% respectively as shown in Table S1.
These values are higher than the atomic ratio obtained using EDS
analysis. This indicates that metal NPs are present mainly on the
surface part of the electrocatalysts loading the carbon nanotubes.
In monometallic NPs, the XPS spectrum shown in Fig. 3a rep-
resents Au 4f regions i.e. Au 4f 5/2 & Au 4f 7/2, while Fig. 3b re-
veals Cu 2p orbital regions i.e. Cu 2p1/2 & Cu 2p3/2. The spectrum
of C 1 s region in Au/MWCNT is shown in Fig. 3c. In bimetallic
AuCu3/MWCNT and AuCu/MWCNT, all spectra of Au 4f, Cu 2p and
C 1 s region are shown in Fig. 3 (d-f) and Fig. 3 (g-i) respectively.
The binding energy of Au 4f spectra in the bimetallic is shifted to
a higher value from 83.62 eV to 83.89 eV, while Cu 2p orbitals
shifted slightly to the right (lower binding energy) compared to
monometallic. This indicates there is electron transfer from Au to
Cu in AuCu3/MWCNT and AuCu/MWCNT. In all electrocatalysts, the
smaller spectrum in Cls region appeared on the left side of C-C
sp3 peak due to O = C & O-C groups, which were caused by the
functionalizing the carbon nanotubes. The shoulders XPS peaks in
Cu 2p region (Fig. 3b & 3e) for AuCu3/MWCNT and Cu/MWCNT re-
spectively, indicated by the red star are due to the formation of
minor hydroxides on the Cu surface arising from the incorpora-
tion of oxygen on Cu during the measurement and/or transporta-

(c) C 1 s region in Au/MWCNT; XPS spectra of bimetallic
i) C 1 s region in AuCu/MWCNT. (The pink indicates the
/2 and Cu 2p 1/2 peak, the red is the peak sum and the

tion of samples in XPS. This is because Cu NP is sensitive to react
with air/oxygen and has a tendency to form hydroxide or oxide.
However, this phenomenon was not observed in AuCu/MWCNT.
The reason might be less amount of Cu was present in this com-
position compared to AuCu3/MWCNT and Cu/MWCNT. The peaks
;abelled as “a”, “b” & “c” might be satellites (shake-off and shake-
up) peaks due to a sudden change in columbic potential as the
photon ejected electron passing through the valence band [75-77].

The presence of oxygen-containing groups on it facilitates the
exfoliation of MWCNT bundles and increases the solubility in polar
media [72-74]. The atomic ratio of oxygen is not reported because
it is expected the source of oxygen was not from the sample rather
due to exposed with air during measurement. This scenario is con-
firmed using a better sensitive technique i.e. XAS analysis, where
no oxidation of samples was observed.

3.2. Investigations of properties of electrocatalysts using XAS

The XANES spectra give information about the oxidation state
and electronic environment of the absorbing atom, while the EX-
AFS spectra provide information on the type, number and distance
of the backscattering atom surrounding the central atom and pro-
vide geometric information [69]. Fig. 4a reveals XANES spectra of
Cu K-edge of samples with the corresponding metal reference. In
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Fig. 4. XANES spectra (a) Cu K-edge and (b) Au L3-edge; EXAFS data of (c) Cu K-edge,

all samples, the appearance of a more intense peak (peak “m”) is
ascribed to the transition of 1 s to 4pyy in Cu atom. Furthermore,
the oxidation state of Cu in AuCu/MWCNT and AuCus3/MWCNT was
found almost identical to the bulk reference i.e. Cu foil. In XANES
of Au L3-edge (Fig. 4b), the energy was similar for all samples. The
oxidation state of Au in bimetallic samples was close to the metal-
lic state in the reference i.e. Au foil. These pieces of evidence show
that the bimetallic samples were free of oxide. Furthermore, it is to
note that the symbol ‘k’ denotes the difference of white line inten-
sity of bimetallic samples to the monometallic ones, indicating that
Au in these samples possesses higher unfilled electron states than
Au foil and Au/MWCNT. This implies electron transfer between Au
and Cu in bimetallic samples. The change in electronic properties
will also affect their catalytic features.

EXAFS gives information about the bonding distances, the co-
ordination environment of an atom of interest and others [69].
Herein, the EXAFS analysis was used to investigate the formation of
homo and heteroatomic interactions between metal NPs including
the quantifications and type of atoms present surrounding the cen-
tral atom, which is described in terms of coordination number and
alloying extent. EXAFS fittings of Au L3 and Cu K-edges including
K-space are shown at supporting files in Figure S7 & S8. Their fit-
ting parameters are reported and elaborated in Table 1. Spectra of
Cu K-edge in Cu/MWCNT, AuCu/MWCNT and AuCu3/MWCNT depict
the formation of Cu-Cu and Cu-Au bonds (Fig. 4c) involving Cu is
the central atom. In EXAFS of Au L3-edge in Fig. 4d, Au-Cu and Au-
Au are the bonds existing in the bimetallic electrocatalyst involving
Au is the central atom surrounded by Cu and other Au atoms. The
bimetallic NP exhibits higher first shell scattering amplitude than
Au foil and Au/MWCNT. This belongs to the stronger constructive
interference of photoelectron scattering in the ordered structural
clusters surrounding Au. The intensive amplitude and shorter bond
length of Au-Cu in AuCu/MWCNT and AuCu3/MWCNT ascribable to
the alloying and synergistic effect between the two atoms. This

b
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and (d) Au L3-edge in AuCu/MWCNT, AuCu;/MWCNT, Au/MWCNT and Cu/MWCNT.

alteration in structural and electronic properties of atoms in the
bimetallic samples is the main electronic parameter enhancing the
catalytic ability of the electrocatalysts.

Resolving the backscattered wavelets, the structural features,
e.g. the neighboring coordination and bonding configuration of the
absorbing atom can be determined. The total coordination num-
ber of each metal is less than that of the corresponding metal
foil and confirms the presence of uncoordinated atom that can
attribute enhancement of the catalytic activity in addition to the
strong synergistic effect (electronic and geometric) of Au-Cu bond.
The variation of coordination number and effect of surrounding
atoms (geometric effect) and the detailed information about XAS
measurement is reported in the fitting results shown in the ta-
ble. The table elaborates the coordination number of Au-Au in
AuCu/MWCNT and AuCu3/MWCNT are 5.724+1.24 and 1.16+0.12 re-
spectively. This value indicates that Au is surrounded by many Au
atoms in AuCu/MWCNT, compared to AuCuz/MWCNT where the Au
atoms in AuCus are largely surrounded by Cu atoms. The coordina-
tion number of Cu-Cu in AuCu/MWCNT and AuCus are 7.44+1.40
and 6.96+0.34 respectively. This implies Cu is surrounded by more
Cu and less Au atoms, because the coordination number of Cu-Au
in AuCu/MWCNT and AuCu3/MWCNT are 3.35+1.10 and 1.74+0.32
respectively. The coordination structures will be further correlated
with the estimated surface composition analysis using XAS data, as
shown in Table 2 in Section 3.3.

3.3. Quantitative determination of alloying extent and surface
composition

In addition to the above discussion of XANES and EXAFS, XAS
results can reveal information such as the alloying extent (J) and
surface composition of bimetallic NPs. Hwang et al. [69]. have de-
signed the alloying extent model for bimetallic using seven alter-
natives of atomic distribution based on Egs. (1) and (2). Referring



Table 1

The curve fitting results of Au L3-edge and Cu K-edge for monometallic, bimetallic and corresponding metal foils of Au and Cu.
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Sample Shell Nlal R [A]1P] AE, [eV] [d o2 [A2]ld R-factorle! (x10-2)
AuCu/MWCNT Au-Au 5.72+1.24 2.79+0.05 451+1.88 0.013 0.1
Au-Cu 5.82+1.10 2.66+0.02 0.009
Cu-Au 3.35+1.10 2.66+0.02 0.019
Cu-Cu 7.44+1.40 2.54+0.01 0.008
AuCu3 /MWCNT Au-Au 1.16+0.12 3.04+0.16 2.99+0.52 0.009 0.13
Au-Cu 9.86+0.32 2.63+0.01 0.009
Cu-Au 1.744+0.32 2.63+0.01 0.011
Cu-Cu 6.96+0.34 2.56+0.01 0.011
Au/MWCNT Au-Au 11.20+0.62 2.86+0.01 4.11+£0.39 0.008 0.18
Au foil Au-Au 12.0 + 0.36 2.86+0.01 4.66+0.22 0.008 0.07
Cu foil Cu-Cu 12.0 £ 0.79 2.54+0.01 4.02+0.69 0.009

[a] Coordination numbers, [b] Bond length, [c] Inner potential shift, [d] The Debye-Waller factor, [e] Running factor.

Table 2

XAS measurement parameters and results in estimating alloying extent and surface composition of Au and Cu in the bimetallic AuCu and AuCus; electro-

catalysts.
Sample ZNauii ZNeyii Pobserved Prandom Robserved Rrandom Jau Jeu X5(Au)
AuCu/MWCNT 11.54 10.79 0.50 0.50 0.40 0.50 100 80 0.61
AuCu3;/MWCNT 11.02 8.70 0.89 0.75 0.41 0.25 119 160 0.23

to the same methodology, the bimetallic alloying extent values for
Au and Cu in AuCu/MWCNT were calculated as Jp, = 100% and
Jcu = 80%. In this case, Au atoms prefer Cu rather than Au, but
Cu atoms prefer Cu rather than Au during the formation of an al-
loy. For this reason, the distribution of Au is significantly better
than that of Cu atoms because J,, is greater than Jc,. Therefore, at
the equilibrium state, the interactions (H) are compared as follows:
Hcy-cu > Hau-cu > Hau-au. For this type of scenario, NPs of the alloy
favor a structure similar to that of the Cu rich in core and Au rich
in the shell. [35, 44, 78] In the case of AuCus, the alloying extent of
Au and Cu are Ja, = 119% and Jc, = 160% respectively. In this con-
dition, it describes that heteroatomic interaction is more intensive
than homoatomic, however, the amount of Au atom in the shell is
lower on AuCus/MWCNT/CP.

Additionally, the surface compositions of Au, X5(Au), relative
to Cu in AuCu/MWCNT and AuCu3/MWCNT were evaluated using
Eq. (3). The parameters and results are reported in Table 2. Actual
surface composition is very important because the selectivity of
products is related to the types of atoms present on the surface of
the electrocatalyst and sometimes related to the size of metal NPs.
The calculated Au composition on the surface of AuCu/MWCNT
is 0.61, much higher than the bulk or stoichiometric composition
(0.5). Additionally, the calculated Au composition on the surface of
AuCu3/MWCNT is 0.23, slightly lower than the bulk or stoichiomet-
ric composition (0.25). It is to address that the surface and bulk
compositions of bimetallic NPs could be different, as demonstrated
in the aforementioned EXAFS analysis and calculations.

3.4. The performance of electrochemical reduction of CO»

The performance of CO,RR wusing electrocatalysts and
MWCNT/CP was tested by LSV in potential domain —1.1 V to
0.38 V vs. RHE in 0.5 M KHCO3 (pH=8.3) after saturated with
CO, (Fig. 5a) and in Ar environment (Figure S9b). The amount
of current produced in CO, environment was significantly higher
than in Ar saturated solution. Because there is no CO, reduction
in the latter case. The increment of current in CO, environment
indicates the progression of CO, reduction. The reduction activity
using AuCu/MWCNT/CP is highest compared to other composi-
tions. Since the surface area of each electrocatalyst is nearly the
same (Table S3), it is possible to claim that the activity difference
among electrocatalysts arises from the homo and heteroatomic
interactions between Au and Cu in the alloy. Electrochemical

impedance was performed at an amplitude of 10 mV and a fre-
quency range of 10 kHz-10 mHz for 50 cycles during CO,RR at
—0.91 V vs. RHE. The total resistance of AuCu/MWCNT/CP is ~10
€2, which is the least resistance value compared to the resistance
obtained in AuCu3/MWCNT/CP and monometallic (Fig. 5b). This
phenomenon is related to the electrocatalytic performance of
each electrocatalyst. In all impedance measurements, the solution
resistance (Rs) was very small due to the high concentration of
the electrolyte solution (0.5 M KHCOs3) that increased greatly the
ionic conductivity. Thus, the IR drop compensation was considered
based on the Rs value. Comparing Fig. 5a and Figure S9a, the
highly conductive MWCNT plays a role in enhanced performance.

The electrochemical result shows that AuCu/MWCNT/CP shows
the highest reduction performance and it has the least charge
transfer resistance. It is interesting to note that both bimetal-
lic electrocatalysts exhibit better activity than their monometallic
counterparts. This can be first ascribed to the synergy created by
the heteroatomic coordination of Au and Cu atoms and the compo-
sition on the surface, as estimated by the XAS measurements. Fur-
thermore, the unsaturated coordination numbers for Au and Cu in-
dicate that these vacancy sites could be the additional active sites
[37, 43, 79].

The stability of each electrocatalyst was tested through
chronoamperometry at —0.91 V vs. RHE for 3 h. The result indi-
cates all catalysts are stable enough for CO,RR (Fig. 6). The trends
of recorded current density generated by all samples is identical to
the order shown in LSV measurements. The use of the high surface
of MWCNT is believed to enable better dispersion of electrocata-
lysts and endow them with good durability.

3.5. Determination of the reduction products in CO,RR

CO,RR was performed in a reactor that was connected to
the gas chromatography (GC) with a continuous flow of CO,
(10 mL/minute) feed into the cathode compartment containing
an electrolyte solution. The experimental steps/flows are demon-
strated in Figure S10, and the instrumental details are mentioned
in supportive information section 12. In GC analysis with the deter-
mination scope of quantifying CO and H,, the reduced gas passed
through the inlet of GC and entered into the column together with
a carrier gas (helium). The quantification of reduced gases was de-
termined by establishing calibration curves from standards of CO
and H, (Figure S11, S12 & S13), while formate was quantified by
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Fig. 5. (a) Linear sweep voltammetry (LSV) of CO,RR using electrocatalysts and MWCNT/CP, (b) The Nyquist plots in electrochemical impedance measurement for each

electrocatalyst at —0.91 V vs. RHE in 0.5 M KHCO3 saturated in CO,.
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Fig. 6. Stability test of electrocatalysts during CO,RR through chronoamperometry
at —0.91 V vs. RHE in 0.5 M KHCO3, which was saturated with CO,.
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Fig. 7. Faradaic efficiencies of AuCu/MWCNT/CP, Au/MWCNT/CP, AuCuz/MWCNT/CP
and Cu/MWCNT/CP at —0.91 V vs. RHE in 0.5 M KHCOs;.

NMR (Figure S14). In the evaluation of the reduction performance,
FE% of each product depends on the composition of electrocat-
alysts, as seen in Fig. 7. The FE% of CO using AuCu/MWCNT/CP
at —0.91 V vs. RHE is 784+4.3%. The amount of FE% of CO at the
indicated potential using Cu/MWCNT/CP and Au/MWCNT/CP was
3642.8% and 7344.0% respectively even though the FE% of CO us-
ing Au/MWCNT/CP is higher than AuCu3;/MWCNT/CP. Formate was
also detected using Cu/MWCNT/CP and AuCu3/MWCNT/CP with
FE% of 14+1.5% and 10+1.2% respectively at —0.91 V vs. RHE.

Comparing these two electrocatalysts (AuCus vs. Cu), one can
find the alloy also able to suppress the competitive H, evolution
reaction. At lower potentials (—0.71 V & —0.51 V vs. RHE), the FE%
of CO is decreased, and that of H, is increased compared to its FE%
at —0.91 V vs. RHE as shown in Figure S15. The current density
and FE% of CO in this work are compared with literature values
as summarized in Table S2, and it shows the presence of MWCNT
boosts the reduction activity. The enhancement effect of MWCNT
in bimetallic is better than the corresponding monometallic. The
reason might be that the bimetallic NPs have smaller particle sizes,
which increases the coupling effect with MWCNT.

CO CO

CO* +
H Formate

co* HY

4B o
et e
ECECOO
AuCwMWCNT/Cp AUCu/MWCNT/CP
*
co* - CO 0% W o

Cu/MWCNT/CP

AuUMWCNT/CP

Scheme 1. Schematic demonstrations of the binding strength of CO* and H,, in-
cluding the desorption status of reduction products from the surfaces of each elec-
trocatalyst. The thickness of all arrows indicates the relative adsorption and desorp-
tion strength of reaction intermediates and reduction products. Downward arrows
towards the electrocatalyst surface refer to adsorption strength, while the upward
arrows show the desorption ability of products.

3.6. Correlation between catalytic activity and surface properties of
electrocatalysts

According to the results above and knowledge from literature,
this section is focused on relating the catalytic activity and prod-
uct distribution with the surface properties of the electrocatalysts.
Published articles reported that the approximate binding strength
between Au and CO* is nearly —0.3 eV while Cu and CO* is about
—0.7 eV indicates the strength of CO* with Au is weaker than that
of Cu [32, 35, 44, 78, 80-82]. Scheme 1 demonstrates the interac-
tion between the reaction intermediates and the surfaces of elec-
trocatalysts. The information is schemed by considering Au and
Cu’s properties attributing from DFT results in the literature and
our previous article [35, 83]. The scheme shows that each compo-
sition has different binding strength with the reduction intermedi-
ates (CO* & hydrogen) and desorption tendency with products.

In this study, the enhanced activity and selectivity of CO,RR on
AuCu/MWCNT/CP towards CO is attributed to the enrichment of Au
on the surface and the interaction between Au and Cu. The Au-
rich surface has weaker binding strength between the surface and
CO* that leads to easier desorption of CO from the surface. The
effect of heterometallic interaction is also confirmed by compar-
ing the FE% of CO between AuCu/MWCNT/CP and Au/MWCNT/CP,
where the bimetallic generates higher CO by suppressing evolu-
tion of hydrogen compared to the monometallic. In contrast, Cu
or Cu-rich electrocatalysts have stronger binding interaction with
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intermediates, and the slow desorption of CO favors the formation
of formate. This phenomenon accounts for lower FE% of CO using
Cu/MWCNT/CP and AuCu3/MWCNT/CP compared to Au-rich elec-
trocatalysts.

4. Conclusion

Tuning the surface composition and the structure of the Au-Cu
bimetallic electrocatalysts affects the catalytic activity and selec-
tivity of CO,RR. The heteroatomic interaction between Au and Cu
is evaluated by calculating the alloying extent of each atom that
can determine the surface properties of the electrocatalyst. The
alloying extent of Au and Cu in AuCu and AuCus are 100% and
80%, respectively. These values indicate the existence of the in-
teraction between the atoms, which contributes for the enhance-
ment of CO,RR. Additionally, the value of the alloying extent of
Au in AuCu specifies the surface is rich in Au related to Cu. Since
the binding strength between the Au surface and the reduction in-
termediate (CO*) is low, the desorption rate of the product (CO)
is high. Thus, AuCu/MWCNT/CP is more selective towards CO (~78
FE%). On the other hand, the formation of CO on AuCu3/MWCNT/CT
is less compared to AuCu/MWCNT/CT due to the surface is rich in
Cu. Therefore, the high binding strength of CO* with Cu-rich sur-
face in AuCu3/MWCNT/CT and Cu/MWCNT/CT favors retaining the
reduction intermediates on the surface to produce formate. Finally,
it is concluded that the activity and selectivity of CO,RR on the
Au-Cu bimetallic electrocatalysts depend on the surface composi-
tion and interaction of the atoms.
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