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The electrochemical CO, reduction reaction is an attractive solu-
tion for converting CO, into reusable chemicals. However, the low
activity of the catalysts restricts its widespread application for con-
version. This study uses a simple one-pot method to prepare
B-doped AuCu alloy (AuCuB) materials. AuCuB-400 demonstrated
a superior faradaic efficiency (FE) for CO [99% at —1.16 V vs. the
reversible hydrogen electrode (RHE)], whereas the FEco of AuCu
was much lower (42%). Operando electrochemical Raman spec-
troscopy and density functional theory (DFT) calculations revealed
that incorporating B could tune the electronic structure of AuCu
to promote the adsorption of CO intermediates, thus facilitating
the conversion of CO, to CO. These findings will provide a good
approach for designing highly active alloy catalysts for converting
CO, to CO.

Increasing CO, emissions have resulted in various issues, such
as global warming and rising sea levels." Various approaches
have been proposed to capture and utilize CO, to mitigate
these serious issues.>® One of the most promising approaches
is the electrochemical CO, reduction reaction (CO,RR), which
represents a straightforward and environment-friendly strategy
to transform CO, into valuable products (CO, HCOOH, C,H,,
etc.).*® However, some intrinsic challenges dramatically
hinder the development of this method, such as poor selecti-
vity, low partial current density, and low faradaic efficiency
(FE).” Numerous efforts have been devoted to this field to solve
these problems, including designing electrocatalysts and opti-
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mizing
membranes.

Exploring efficient and robust electrocatalysts are an impor-
tant part of CO,RR," because they can reduce the energy
barrier of the reaction and improve the selectivity of specific
products. Although some non-metal materials exhibit superior
FEco,"*® metal catalysts have better conductivity and higher
current density than non-metal catalysts. Among various metal
catalysts, Au is a well-known electrocatalyst for CO,RR to form
CO. However, its high cost limits its commercial development
and application.'”*® Therefore, Au-transition bimetallic
materials have been reported to reduce the cost while improv-
ing the catalytic efficiency.'® For example, the maximum FE¢
of the ordered Au-Cu catalyst synthesized by the Yang group is
80%, which is significantly greater than those of pure Au-cata-
lysts reported previously.”® Additionally, the performance of
the catalysts can be further improved by the incorporation of
non-metallic atoms, such as nitrogen,”" boron (B),***® and
sulfur.?® This is because of the adjustment of valence electrons
or structure of the catalyst. B is quite favored among these
non-metallic atoms because of its high electronegativity, which
helps with electron transfer to alter the energetics of the reac-
tion intermediates by shifting the d-band center or electro-
static interactions and promotes electrocatalytic
performance.?”*°*? Catalysts doped with B, such as B-doped
Ag nanosponges,”® B-Pd interstitial nanocrystals,*® and
PdRuBP nanospine assemblies,®® have been widely used in
electrochemistry, exhibiting excellent catalytic activity. The
study of B-doped Pd catalysts revealed higher formate pro-
duction over a wide potential range compared to undoped Pd.
The result can be attributed to the downshift of the d band
center of surface Pd atoms due to the charge transfer between
B and Pd after doping B.*® Han et al. revealed that under the
impact of charge transfer between Cu and B, a B-doped oxide-
derived-Cu catalyst exhibited higher FE¢, products (C;H,, C,Hg
and C,H;OH, 48.2%) than a B-free oxide-derived-Cu catalyst
(30.5%).*” Although B-modified metallic materials have been
studied in several literature reports, achieving a higher FE
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toward a specific product remains a significant challenge in
CO,RR.

Herein, this study presents a B-doped AuCu alloy (AuCuB)
for efficient CO,RR. Operando electrochemical Raman spec-
troscopy and density functional theory (DFT) calculations were
combined to obtain convincing evidence that AuCuB shows
significant activity in converting CO, to CO, owing to improved
*COOH adsorption.

The AuCuB-400 material was synthesized by reducing
HAuCl;-H,O and CuCl,-2H,0 in an N,N-dimethylformamide
(DMF) solution using NaBH, as a boron source and reducing
agent. For comparison, the same procedure was used to syn-
thesize the AuCu-400 material; however, DMF was replaced by
H,O (refer to the ESI} for details). The results of inductively
coupled plasma-atomic emission spectrometry (ICP-AES) indi-
cated that ca. 3.93 at% of B was doped in AuCuB-400 catalysts,
but no B was detected in AuCu-400. X-ray diffraction (XRD)
was conducted to confirm the crystal structure of AuCu-400
and AuCuB-400. As shown in Fig. 1A, the five diffraction peaks
at 2-theta values of 38.1°, 44.3°, 64.5°, 77.6°, and 81.7° corre-
sponded to the crystal planes of (111), (200), (220), (311), and
(222) for the AuCu-400 material, respectively. The diffraction
peaks of the AuCuB-400 material shifted to higher angles. For
both AuCuB-400 and AuCu-400, the absence of distinct Cu
diffraction peaks and the similar molar ratio of Cu and Au
(1:2.8, by ICP-AES) indicate that Cu and Au exist in the form
of an alloy. Notably, when compared with AuCu-400, the main
shift in the diffraction peak of AuCuB-400 implies that B
doping caused the lattice expansion, which is consistent with
the previously reported literature.>®

Transmission electron microscopy (TEM) images (Fig. 1B
and C) showed that the as-synthesized AuCu-400 and
AuCuB-400 were mainly composed of nanoparticles. The
corresponding particle size distribution histograms of AuCu-
400 and AuCuB-400 were comparable (5.5-6 and 4.5-5.5 nm,
Fig. S1}). The lattice fringes with d-spacings of 0.224 and
0.234 nm corresponded to the (111) planes of AuCu-400 and
AuCuB-400 (Fig. 1D and E), respectively, which were analyzed
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Fig. 1 X-ray diffraction (A) of AuCu-400 (black line) and AuCuB-400
(red line). TEM images (B and C) and the corresponding HRTEM images
(D and E) of AuCuB-400 (B and E) and AuCu-400 (C and D).
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by high-resolution transmission electron microscopy
(HRTEM). Compared with AuCu-400, the interplanar spacing
of AuCuB-400 was enlarged due to the effective B-doping.
Combining the results of XRD, HRTEM and ICP-AES, it can be
observed that B was successfully incorporated into the crystal
lattice of AuCu-400.

To understand the preparation process, some controlled
experiments have been carried out (Table S1f). Interestingly,
no B was detected in Au(B) when CuCl,-2H,0 was not added to
the reaction solution (entry 2), whereas no solid material was
obtained in the absence of HAuCl,-H,O (entry 3), indicating
that Cu was not reduced in this case. These suggest that the
coexistence of three substances in DMF (entry 1) is key to the
synthesis of AuCuB. The possible reactions of NaBH, are
shown in Fig. S2.7 The decomposition of BH,  in DMF may
occur on the surface of AuCu (or Cu) (entries 1, 4 and 6),
which contributes to the doping of B.

To investigate the electrocatalytic performance of the two
materials for CO,RR, linear sweep voltammetry (LSV) measure-
ments were conducted. As shown in Fig. 2A, the hydrogen evol-
ution reaction occurred inevitably under an N, atmosphere
(black curve). Under CO,-saturated conditions, an obvious
increase in the current density of AuCuB-400 was detected,
which can be attributed to the electroreduction of CO, (red
curve). Additionally, a positive shift in the onset potential
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Fig. 2 (A) LSV curves recorded at a scan rate of 50 mV s~ in 1 M KOH
for AuCuB-400. (B) LSV curves recorded at a scan rate of 50 mV s™* for
AuCu-400 (black line) and AuCuB-400 (red line) in 1 M KOH under a
CO, atmosphere. (C) FE and Jco measured at various potentials for the
AuCu-400 and AuCuB-400 catalysts. (D) FEco and Jco on AuCu-400,
AuCuB-300, AuCuB-400, and AuCuB-500 at —1.16 V vs. RHE. (E) Long-
term electrolysis of AuCuB-400 at —1.16 V vs. RHE.
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occurred from the initial —0.40 to —0.10 V. Similar behaviors
were observed for AuCu-400 (Fig. S31). A controlled experiment
was conducted between AuCuB-400 and AuCu-400 to examine
the effect of B incorporation in CO,RR. As shown in Fig. 2B,
the onset potential of AuCuB-400 (—0.10 V vs. RHE) was more
positive than that of AuCu-400 (—0.25 V vs. RHE), indicating
the excellent CO,RR performance of AuCuB-400 as the catalyst.

To further investigate the catalytic activity and selectivity of
the AuCu-400 and AuCuB-400 materials in CO,RR, potentio-
static electrolysis was conducted in CO,-saturated 1 M KOH
solution with a gas diffusion electrode. As shown in Fig. 2C, in
the case of the AuCuB-400 material, the major products were
CO and H,, while the constituents of products using AuCu-400
were significantly complex (CO, HCOOH, H,, C,H,, and
C,H;OH), revealing the high selectivity of AuCuB-400 in
CO,RR for CO. Additionally, from —0.96 to —1.36 V vs. RHE,
the AuCuB-400 catalyst displayed much higher FEco and Joo
values than AuCu-400, indicating the advantage of AuCuB-400
in CO,RR to form CO, which can be distinctly attributed to the
incorporation of B. The application of AuCuB-400 even
achieved a remarkable FEco of 99% when the testing potential
was —1.16 V vs. RHE, indicating the high activity of AuCuB-400
in CO,RR to form CO. These values are higher than those of
most of the existing high performance materials for converting
CO, to CO (Table S2+).

The effect of the B content on the catalyst activity was
further investigated. In this case, AuCuB-300 and AuCuB-500
were synthesized by altering the amount of NaBH, to 300 and
500 pmol (Table S3 and Fig. S4, S5t). Overall, AuCuB-400 out-
performed the other AuCuB materials in terms of catalytic per-
formance (Fig. S61). When the potential was set at —1.16 V vs.
RHE, the maximum FEgo for AuCuB-300, AuCuB-400, and
AuCuB-500 was 65%, 99%, and 88%, respectively (Fig. 2D),
demonstrating a trend of decline after increasing with an
increase in the B content. The partial current density for CO
showed a similar trend with the increase in the B content
(Fig. 2D).

The stability in catalytic activity is essential for electrocata-
lysts. Hence, the long-term electrolysis of AuCuB-400 was con-
ducted using chronoamperometry (Fig. 2E). Negligible decay
was observed in both current density and FEco during the con-
tinuous electrolysis (approximately 6.5 h). Moreover, no
obvious morphological changes and B leaching (from 3.93 at%
to 3.50 at%) of AuCuB-400 were observed after long-term elec-
trolysis by TEM and ICP-AES (Fig. S77), implying its high
stability.

Electrochemical impedance spectroscopy was performed to
further investigate the reaction kinetics of the AuCuB-400 and
AuCu-400 materials. The plot of AuCuB-400 showed a smaller
diameter than that of AuCu-400 (Fig. 3A), indicating a lower
interfacial charge transfer resistance. This implies that
AuCuB-400 is beneficial for accelerating the electron transfer
between the catalyst and reactant. The electrochemical surface
areas of the AuCuB-400 and AuCu-400 materials were also
tested using double-layer capacitance. AuCuB-400 presented a
larger double-layer capacitance (9.84 mF cm™?) than AuCu-400

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Nyquist plots (A), the linear relationship between the current and
scan rate (B), high-resolution XPS spectra of Au 4f (C) and Cu 2p (D) of
AuCu-400 (black line) and AuCuB-400 (red line).

(2.23 mF cm™?, Fig. 3B and Fig. S8t), implying a larger electro-
chemical active surface area which is beneficial for promoting
CO,RR.

It is hypothesized that the high activity of the catalyst is
caused by B doping, which can affect the local electronic struc-
ture.”® Hence, this study analyzed the local electronic structure
of AuCuB using X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 3C, Au 4f in AuCuB-400 had two distinct charac-
teristic peaks with binding energies of 84.54 and 88.22 eV for
Au 4f,/, and Au 4f;,, respectively.*® The Cu 2py,, and Cu 2p;,,
peaks appeared at 932.72 and 952.52 eV for Cu 2p, corres-
ponding to a valence of Cu(0) or Cu(i) (Fig. 3D).*° Au 4f and Cu
2p significantly shifted to a higher binding energy in
AuCuB-400 compared with AuCu-400, implying that charge
transfer occurred between B and AuCu.*”*! Fig. S91 shows the
charge density difference of AuCuB with and without B
doping, in which charge transfer from the metal to B is appar-
ently shown. The charge transfer may affect the adsorption of
intermediates and further influence the electrocatalytic
performance.

To further explore the reaction process, operando Raman
spectroscopy experiments were conducted from 0.15 to —0.45
V vs. RHE in CO,-saturated 1 M KOH solution. Herein, the
reference potential was 0.15 V vs. RHE (CO,RR did not occur at
this potential). As shown in Fig. 4, due to the adsorption of
*CO on Cu and Cu-CO stretching, AuCu-400 exhibited the
Raman peaks at 301 and 389 cm™', while the corresponding
Raman peaks of AuCuB-400 were at 272 and 354 cm'. The
charge transfer between the B atom and AuCu was mostly
responsible for the blue shift after B doping.**** The absence
of a *CO adsorption peak on Au was possibly caused by the
rather weak binding strength of *CO and its fast desorption
from Au surfaces, which correlated well with the previous
study by Dunwell et al** Notably, Cu-CO and *CO on
AuCuB-400 were detected at more positive potential (0.1 V vs.
RHE) than those on AuCu-400 (—0.25 V vs. RHE), indicating

Green Chem., 2023, 25,1339-1344 | 1341
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Fig. 4 Potential-dependent operando Raman spectra recorded on
AuCu-400 (A) and AuCuB-400 (B) in 1 M KOH.

that the activation of CO, can be achieved at more positive
potential and the superior activity of AuCuB converts CO, into
CO. The LSV curves perfectly represented the results.

The *CO bridge and *CO stretching peaks appeared at 1860
and 2060 cm™* (Fig. S107) for AuCu-400, representing the key
intermediate for C-C coupling.*>° Nevertheless, neither of
these *CO peaks was observed in the Raman spectra of
AuCuB-400, indicating that incorporating B is not in favor of
the formation of C, intermediates, which coincides with the
electrolysis result (Fig. 2C). As shown in Fig. 4A, the *OCO~
intermediate at 530 cm™" was detected for AuCu-400, which is
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the key intermediate for generating HCOOH.*® In contrast, no
*OCO™ peak was observed in the Raman spectra of AuCuB-400
(Fig. 4B), indicating that incorporating B inhibits the gene-
ration of HCOOH in CO, electroreduction.

DFT calculations were performed to explore the role of the
incorporated B in the AuCu intermetallic compound in the
conversion of CO, to CO [refer to the ESI for details, eqn (S6)-
(S8)7].>" A AuCu(111) facet (Fig. S11AT) was used as the model
surface because of its high thermodynamic stability. The
doped B was introduced as an interstitial atom at the octa-
hedral site between the topmost layer and sublayer of AuCu
(111) (Fig. S11Bt), denoted as AuCu(111)-B. Such a model has
been proposed in previous experimental and theoretical
studies.”®>> The CO, reduction to CO proceeds through two
proton-coupled electron transfer (PCET) steps and via the for-
mation of *COOH, followed by a C-O bond break to yield
CO.”* Adsorption configurations of *COOH and *CO on AuCu
(111) and AuCu(111)-B are shown and compared in Fig. 5A.
The free energy changes were obtained according to the com-
putational hydrogen electrode model, proposed by
Norskov.>*>> Fig. 5B shows the Gibbs free energy profiles of
CO,RR to form CO. The formation of *COOH requires a high
energy gain, making it the dominant process in CO,RR to
form CO and determining the limiting potential. The *COOH
formation on AuCu(111)-B requires lower free energy gain
(1.01 eV) than that on AuCu(111) (1.25 eV), demonstrating the
easier formation of *COOH on the AuCu(111)-B surface. The
solvation effect was also considered using the VASPSol code
interfaced with VASP (Fig. 5121).>® The overall trend remains
identical with the one having no solvation effect. The stronger

*COOH on AuCu *COOH on AuCuB *CO on AuCu *CO on AuCu-B
O Au © Cu O B @ cC ® O E F 2
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Fig. 5 (A) Adsorption configurations of *COOH and *CO on AuCu(111) and AuCu(111)-B. (B) Gibbs free energy profiles for CO,RR on AuCu(111) and
AuCu(111)-B. Charge density difference plots of *COOH adsorption on AuCu(111) (C) and AuCu(111)-B (D). Planar-averaged charge density difference
of *COOH adsorption on AuCu(111) (E) and AuCu(111)-B (F). Surface electrostatic potentials of AuCu(111) (G) and AuCu(111)-B (H).
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*COOH binding on AuCu(111)-B can be also observed from the
charge density difference (CDD) plots (Fig. 5C and D). The
*COOH radical binds to surface Au via the C atom on both sur-
faces and the Au atom donates electrons to C and O atoms in
the carbonyl group. For *COOH binding on the AuCu(111)-B
surface, more electron transfer is observed from the planar-
averaged CDD along the Z direction. As shown in Fig. 5E and
F, compared with AuCu(111), more electron depletion around
Au and more electron accumulation around C and O are
exhibited for the AuCu(111)-B surface. Such a phenomenon
can be understood from the surface electrostatic potential
(Fig. 5G and H). The regions among surface Au (shown in red)
have a more negative electrostatic potential on AuCu(111)-B
than on AuCu(111), indicating the higher ability for the
adsorption of electrophiles (*COOH in this case). To summar-
ize, the doping of B into the AuCu(111) surface gives rise to
the higher nucleophilicity of the Au surface and thus the stron-
ger ability for *COOH adsorption. As a consequence, the free
energy gain of CO, that undergoes a PCET step to give *COOH
is lowered on AuCu (111)-B than on AuCu(111) and the rate is
accelerated by 4 orders of magnitude.

In summary, this study successfully prepared the AuCuB
material using a simple one-pot method. The synthesized
AuCuB-400 catalysts exhibited superior performance to the
AuCu-400 alloy. The FEco of AuCuB-400 even reached 99%
with a partial current density of 76 mA cm™ at —1.16
V. Combining operando Raman spectroscopy with DFT calcu-
lations reveals that B doping is crucial in determining the high
activity of the catalyst by tuning the electronic structures and
thus the strong ability for *COOH adsorption on AuCuB. These
findings will serve as a good strategy for the high performance
of CO, electroreduction to form CO.
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