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Copper is one of the most efficient catalysts widely investigated in electrochemical CO, reduction, how-
ever, the further development of copper-based catalysts is constrained by severe stability problems. In
this work, we developed a method for the synthesis of highly ordered CuAu intermetallic nanoalloys
(0-CuAu) under mild conditions (< 250 °C), which can convert carbon dioxide to carbon monoxide with
high selectivity and can operate stably for 160 h without current decay. The improved stability is believed
to be due to the increased mixing enthalpy and stronger atomic interactions between Cu and Au atoms
in the intermetallic nanoalloy. In addition, XPS results, Tafel slope and in situ IR spectroscopy demon-
strate that high valence gold atoms on o-CuAu surface promote the reduction of CO,. In contrast, the
disordered CuAu nanoalloy (d-CuAu) underwent atomic rearrangement to form a Cu-rich structure on
the surface, leading to reduced stability. These findings may provide insight into the rational design of

stable CO,RR electrocatalysts through proper structural engineering.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, turning greenhouse gas CO, into chemical fuels
and other energy-intensive products by electrochemical reduction
of CO, reactions (CO,RR) has become one of the most promising
and challenging topics due to their potential to mitigate emissions
and achieve carbon neutrality [1-3]. Copper is one of the most ef-
ficient metallic catalysts that can electro-convert CO, into hydro-
carbons and alcohols with decent efficiencies [2,4,5]. Great efforts
have been made to improve the activity and selectivity of Cu-based
CO,RR catalysts in recent years [6-8]. However, copper-based cat-
alysts tend to suffer from more severe stability problems because
Cu is a reactive metal that will undergo structural reconfiguration
during the CO,RR process [9,10], which however receives less re-
search attention [11].

To date, some attempts have been made to improve the
stability of Cu-based catalysts [12-17]. For example, converting
disordered alloy phases into ordered intermetallic compounds is
an attractive strategy for improving catalyst stability in fuel cells
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and water splitting [18-21]. Compared to disordered structures,
ordered intermetallic nanoalloys exhibit higher mixing enthalpy
and stronger atomic interaction, which help suppress the restruc-
turing of catalyst during reaction and thus improve the stability
[22-25]. Yang et al. [26] synthesized ordered CuAu nanoparticles
as an active catalyst for reducing CO, to CO, the high activity
was granted from the compressively strained three-atoms-thick
gold overlayers. In another research, controlling the amount of
Au in the precursor enabled the prepared intermetallic Aus;Cu
nanoparticles (NPs) to highly selectively for the CH4 formation
during CO,RR [27]. Birhanu et al. demonstrated that CuAu alloy
with an Au-rich surface is more selective towards CO production
while the Cu-rich surface favors producing formate [28]. Although
ordered intermetallic catalysts can improve stability, the common
methods for synthesizing ordered intermetallic materials often
require high temperatures (> 500 °C) [29-33]. The harsh prepa-
ration conditions constrain the further development of ordered
intermetallic catalysts [20]. Therefore, it is necessary to develop
a mild and low-energy-consuming strategy to synthesize ordered
intermetallic NPs and investigate the stability contribution they
made in the CO,RR process.

In this work, we developed a method to prepare CuAu in-
termetallic materials with atomically ordered arrangements at
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Fig. 1. (a) Schematic illustration of the fabrication of ordered CuAu nanoparticle. (b) TEM image and particle size distribution (PSD) histogram (the inset), (c¢) HRTEM image,
(d) selected area electron diffraction (SAED) image, and (e) HHADF-STEM image and the corresponding EDS elemental (Au, Cu) mappings of CuAu alloy NPs with ordered
atomic arrangement (0-CuAu). (f) The XRD patterns of o-CuAu and d-CuAu (CuAu alloy NPs with disordered atomic arrangement).

relatively low temperatures (250 °C). The ordered intermetallic
CuAu NPs (0-CuAu) can selectively reduce CO, to CO and remain
stable during long-term CO,RR operation. In contrast, the disor-
dered CuAu NPs (d-CuAu) undergo atomic rearrangement during
the reaction, forming a Cu-rich structure on the surface, vastly
reducing CO selectivity and stability. Therefore, ordered atomic
arrangements in intermetallic CuAu nanoalloys are essential to sta-
bilize the active sites and explain the enhanced catalytic stability.

As shown in Fig. 1a, CuAu heterojunction precursor was syn-
thesized using a modified electrostatic self-assembly approach re-
ported in our previous studies [34]. The precursor was then cal-
cined at 250 °C under H, for 2h to form intermetallic CuAu
nanoalloy. The diffusion rate of unstable Cu atoms is enhanced in
CuAu heterojunctions during hydrogen annealing, facilitating the
formation of atomically ordered CuAu nanoalloys [35]. Compared
with the common thermal annealing method of heating random
alloys at high temperatures (above 500 °C), lower thermal energy
is required to overcome the energy barrier during the disordered-
to-ordered transition [36]. Fig. 1b showed the TEM image of CuAu
alloy NPs presented a nearly monodispersed nanoparticle with or-
dered atomic arrangement (0-CuAu). The high resolution trans-
mission electron microscope (HRTEM) image showed in Fig. 1c
showed two sets of definite lattice fringes with the interplanar
spacing of 2.04 and 2.28 A, corresponding to the (200) and (111)
planes in o-CuAu. Moreover, the selected area electron diffraction
(SAED) image in Fig. 1d revealed the polycrystalline nature of the
0-CuAu NPs with three clear bright rings, which are attributed to
(111), (200) and (220) planes of the o-CuAu NPs, which consis-
tent with the HRTEM results. Scanning transmission electron mi-
croscopy (STEM-EDS) element mapping result demonstrated that
Au and Cu were uniformly distributed in the o-CuAu nanoalloys
(Fig. 1e). X-ray diffraction (XRD) patterns were shown for o-CuAu
and d-CuAu samples (CuAu alloy NPs with disordered atomic ar-
rangement) in Fig. 1f, where the peak positions of (111) and (200)
diffractions in the two CuAu NPs lie between those of pure Au
and Cu, which further confirmed the formation of bimetallic sys-
tem. In particular, the superlattice peaks appeared in o-CuAu and
peak splitting at the (200) and (220), indicating that the crystal
structure was changed from FCC to body centered tetragonal (Fig.
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Fig. 2. (a) The faradaic efficiencies (%) of CO (FEco) of o-CuAu and d-CuAu in
0.1 mol/L CO,-saturated KHCO3 aqueous solution, at various applied potentials dur-
ing CO,RR. (b) Initial FEco (black) and FE¢q after 6 h reaction (red) of o-CuAu and d-
CuAu at —1V vs. RHE in 0.1 mol/L CO,-saturated KHCO3 aqueous solution. (¢) 160 h
measurement of 0-CuAu using a 1 cm? MEA electrolyser at a total current density
of 100mA/cm? in 0.1 mol/L KOH with fresh electrolyte inject every 5 h.

S2a in Supporting information), which indicated atomic ordering in
o-CuAu.

Electrochemical CO, reduction was performed to study the
activity of CuAu NPs with different atomic ordering degrees. As
shown in Fig. 2a, the faradaic efficiency (FE) of CO over o-CuAu is
higher than d-CuAu within the whole potential range with a max-
imum two-fold increase at —1V. Notably, the FE¢g on o-CuAu can
be well maintained after 6 h operation, while the FEcy on d-CuAu
decreases significantly (~30%) (Fig. 2b). In addition, the o-CuAu
catalyst was loaded in a two-electrode membrane electrode as-
sembly (MEA) device with an effective area of 1 cm? for stability
testing, and the results showed that o-CuAu exhibited excellent
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Fig. 3. (a) TEM image and particle size distribution (PSD) histogram (the inset), (b) HRTEM image, (c) HHADF-STEM image and (e-g) the corresponding EDS elemental (Au,
Cu) mappings of o-CuAu after 6 h reaction at —1V vs. RHE. (d) The XRD patterns of o-CuAu before and after reaction.

CO,RR operational stability, capable of stable operation for 160 h
without decay at a current density of 100mA/cm?2, with an ap-
plied full-cell voltage of —2.5V+0.2V and a stable CO FE of ~60%
(Fig. 2c).

To further investigate the effect of ordering degree on the cat-
alytic performance, a series of CuAu alloy catalysts with differ-
ent atomic ordering degrees were prepared by adjusting synthe-
sis temperature. As shown in Fig. S2a, superlattice peaks became
more evident and peak splitting of (200) and (220) became more
precise for samples synthesized at higher temperatures, indicating
the increase in atomic ordering degree of CuAu NPs. Moreover, the
long-range order parameter (S) was estimated by the relative in-
tensity ratio of the superlattice peak to the base peak [26]. The
0-CuAu synthesized at 250 °C under H, had the highest S value
of 0.784, accounting for about 89% of atoms in the ordered lat-
tice positions. The intermetallic o-CuAu with high atomic order-
ing degree (~89%) could be obtained at such low temperature
(250 °C), which proves the superiority of the synthesis method.
In addition, the purity of reducing atmosphere also had an im-
pact on the atomic arrangement order of CuAu NPs (S,_cyau =0.784
for sample synthesized at 250 °C under H,, while S;_cyay =0.623
for synthesized at 250 °C under H,/Ar) (Fig. S3 in Supporting
information).

We further investigated the CO,RR performance of those in-
termetallic CuAu nanoalloys with different atomic ordering de-
grees. It can be seen from Fig. S2b (Supporting information) that
initial FEcg increased with the rising atomic ordering degree of
CuAu nanoalloys. After 6h reaction, the intermetallic CuAu sam-
ples with a higher atomic ordering degree can retain more of the
initial CO selectivity. Zhao et al. reported that the ordered arrange-
ment of atoms in intermetallic structures would stabilize the ac-
tive sites and improve reaction stability [22]. To understand the ro-
bust CO,RR stability of o-CuAu, further characterization of o-CuAu
and d-CuAu after the reaction was carried out and shown in Fig.
3 and Fig. S4 (Supporting information). The EDS element mapping
of 0-CuAu after 6h reaction at —1V vs. RHE (Figs. 3e-g) demon-
strated that Au and Cu were still uniformly distributed. Moreover,
the XRD pattern of o-CuAu after reaction showed that the superlat-
tice peaks were still evident, indicating the maintained atomic or-
dering arrangement after reaction (Fig. 3d). In contrast, the EDS el-
ement mapping of d-CuAu after reaction showed that the structure
of d-CuAu changed from a well-mixed alloy (before reaction, Figs.
S1c-e) to a Cu rich surface and Au rich bulk (Figs. S4e-g). Further-
more, a clear shift of major peak toward monometallic Au has ob-
served in X-ray diffraction (XRD) patterns of d-CuAu after reaction
(Fig. S4d), which means that the structure of d-CuAu post-reaction

3
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Fig. 4. High-resolution spectra of Au 4f (a) and Cu 2p (b) of 0-CuAu and d-CuAu. (c) Tafel plots for production of CO. (d, e) Potential-dependent, attenuated total reflection
infrared (ATR-IR) spectra on o-CuAu and d-CuAu in CO, saturated 0.1 mol/L KHCO5; from 0.0V to —0.8 V vs. RHE. (f) Proposed mechanisms for CO, reduction to CO on o-CuAu
and d-CuAu.
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is Au enriched in bulk and Cu enriched in surface, consisting with
EDS mapping results. The structural evolution of d-CuAu leads to
a decrease in FEqg. These results prove the importance of ordered
atomic arrangement in improving the stability of the catalyst due
to its higher enthalpy of mixing and stronger atomic interaction
[28].

XPS characterization was used to identify the chemical state of
0-CuAu and d-CuAu. As shown in Fig. 4a, the binding energy of
the Au 4f peaks in o-CuAu were shifted appreciably to higher val-
ues and the Cu 2p peak also appears to be negatively shifted in
comparison with those in d-CuAu (Fig. 4b). The Tafel slope for CO
production on o-CuAu is 65mV/dec, which leads to the mecha-
nism involving a reversible transfer of one electron to CO, to form
CO,*~ before a chemical rate-determining step [37-39]. The Tafel
slope of 136 mV/dec on d-CuAu indicates a rate-determining ini-
tial electron transfer to form an adsorbed CO,'~ intermediate (Fig.
4c), a step which overpotential is typically large at metal electrodes
due to the poor stability of the metal surface to CO,"~. To further
investigate the CO,RR mechanism of o-CuAu and d-CuAu, we
performed in situ attenuated total reflection infrared (ATR-
IR) spectroelectrochemical measurements to monitor the key
reaction intermediate (CO,"~). As shown in Fig. 4d, the vibra-
tion bands at approximately 1275 cm~! are assigned to the char-
acteristic vibration adsorption of CO,"~ on o-CuAu and no such
band was observed on d-CuAu (Fig. 4e), which is aligned with
the mechanisms of 1 electron pre-equilibrium on o0-CuAu and rate-
determining 1 electron transfer on d-CuAu supported by the elec-
trokinetic data. The results were summarized in Fig. 4f, which is
consistent with previous report that Au particles with high valence
can accelerate CO, reduction to CO [39].

In summary, this work provides a mild method to prepare
highly ordered CuAu intermetallic (0-CuAu), the acquired atomic
ordering arrangement could greatly affect their performance to-
wards electrochemical CO, reduction. The d-CuAu underwent
atomic rearrangement during the reaction, and formed a structure
with Cu rich surface, which exhibited poor CO selectivity and sta-
bility during long-term CO,RR. In contrast, due to the high mix-
ing enthalpy and strong atomic interactions between Cu and Au
atoms, o-CuAu selectively converted CO, to CO and demonstrated
excellent stability. Those results suggest that the ordered atomic
arrangement plays an essential role in improving the stability of
bimetallic catalysts, which will provide guidelines for designing ef-
ficient electrocatalysts.
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