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ABSTRACT: Supported metal clusters with the integrated
advantages of single-atom catalysts and conventional nanoparticles
held great promise in the electrocatalytic carbon dioxide reduction
(ECO,R) operated at low overpotential and high current density.
However, its precise synthesis and the understanding of synergisti-
cally catalytic effects remain challenging. Herein, we report a facile
method to synthesize the bimetallic Cu and Ni clusters anchored Cul/Ni bimetallic clusters Synergistic effect promotes ECO,R
on porous carbon (Cu/Ni—NC) and achieve an enhanced ECO,R.

The aberration-corrected high-angle annular dark-field scanning

transmission electron microscopy and synchrotron X-ray absorption spectroscopy were employed to verify the metal dispersion and
the coordination of Cu/Ni clusters on NC. As a result of this route, the target Cu/Ni—NC exhibits excellent electrocatalytic
performance including a stable 30 h electrolysis at 200 mA cm™> with carbon monoxide Faradaic efficiency of ~95.1% using a
membrane electrode assembly electrolysis cell. Combined with the in situ analysis of the surface-enhanced Fourier transform infrared
spectroelectrochemistry, we propose that the synergistic effects between Ni and Cu can effectively promote the H,O dissociation,
thereby accelerate the hydrogenation of CO, to *COOH and the overall reaction process.

KEYWORDS: electrocatalytic CO, reduction, bimetallic cluster, synergistic catalysis, membrane electrode assembly electrolysis cell,
in situ surface-enhanced infrared absorption spectroscopy

B INTRODUCTION Faradaic efficiency (FE¢o) through many effective strategies,
such as tailoring the coordination number of Ni atom,*
heteroatom cloping,14 etc. However, the sluggish reaction
process of proton-coupled electrons transfer at the active site
of single Ni atom largely limits the overall reaction rate."
Introducing another metal was explored to break the limited
linear relationship between the adsorption of reaction
intermediates and the catalytic activity on single catalytic
sites, thus improving the catalytic performance.'® For instance,
Chen et al.'” reported Ni—Cu diatomic site catalysts can
reduce the formation energy of the key *COOH intermediate
via the synergistic effect between Cu and Ni. Besides, diatomic
Ni—Fe bimetallic active centers were also able to promote the
hydrogenation of CO, to COOH* and the release of co.'®
Overall, the synergistic effect between two metallic sites is

Electrocatalytic carbon dioxide reduction (ECO,R) into
chemical feedstocks, driven by the renewable electricity,
point a new path out to turn CO, into valuable products for
the sustainable carbon loop while storing energy.' Among
various ECO,R products, CO is one of the most important
products, which has been widely used as the crucial feedback,
such as Fischer—Tropsch industries.” However, the activity
and selectivity of ECO,R are seriously restricted by the
chemically inert feature of CO, and the kinetically efficient
competing reaction of hydrogen evolution.” Therefore, lots of
research has been triggered in developing robust electro-
catalysts to facilitate the kinetics of ECO,R to CO for meeting
the industrial requirements with high reaction rate and high

selectivity. In the past years, a variety of ECO,R catalysts have ! A . .
been re;}cl)rte d incﬂu dir}lrg noble mett:l catalyst: ( Ag,4 }I;u,s and conducive to optimizing the formation and desorption of key

P d6) molecular catalysts (metal porph rins’ and metal intermediates during the ECO,R process. Additionally, metal
phth;locyaniness) anc)II single-atom catai’ysts (SACs) 9-11 clusters like Ni nanoclusters (NiN,) immobilized on N-doped
Even then, it is far behind the practical demand since the carbon nanotubes (NCNT) is found to be more active for

challenges still lie in the development of earth-abundant and

efficient catalytic materials and in-depth analysis of reaction Received:  October 22, 2023
mechanisms. Revised:  February 1, 2024
SACs have been attached great attentions in ECO,R due to Accepted: February 2, 2024

the nearly 100% accessible active site and controllable metal Published: March 4, 2024

coordination environment.'” Particularly, Ni SACs have
exhibited large current density (j) and high carbon monoxide
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Figure 1. Synthesis and morphology characterization. (a) Schematic illustration of Cu/Ni—NC synthesis. (b) HAADF-STEM image of Cu/Ni—
NC. (c) EDS (energy dispersive spectrometer) mappings of C, N, Cu and Ni elements of Cu/Ni—NC.

ECO,R owing to a lower Gibbs free energy to form *COOH 30 h (j = 200 mA cm™?), outputting high CO selectivity of

than the Ni single sites as well.'"” In this context, bimetallic FEco over 95.1% and the cell voltage of 2.98 V. In-situ
cluster catalysts can offer more opportunities in achieving high characterization suggests that the synergistic effects of Ni and
catalytic performance by virtue of their more abundant metal Cu play an important role in promoting the H,O dissociation,
active sites and the possible synergistic effects on generating which favors the rapid CO, hydrogenation to *COOH and
and stabilizing the key intermediate species during the ECO,R accelerating the overall reaction. This work provides a facile
process. Therefore, the development of rational supported synthesis method for the atomically dispersed non-noble metal
bimetallic cluster catalyst in boosting the ECO,R and the deep cluster catalysts and also provides a basic effective strategy in
insight into the synergistic role of each metal is expected; constructing efficient ECO,R and other complex reactions.

however, it remains grand challenging.
Herein, we report a facile method to synthesize atomically Bl RESULTS AND DISCUSSION
dispersed bimetallic copper and nickel cluster catalysts (Cu/

Ni—NC) in electrocatalytic ECO,R to CO and an under- Synthesis and Characterizations

standing of the synergistic contribution of Cu and Ni to the As shown in Figure la, Cu/Ni—NC was obtained via a cascade
achieved high electrochemical performance. The Aberration- anchoring strategy. First, nitrogen doped carbon (NC)
corrected high-angle annular dark-field scanning transmission substrate with high specific surface area was synthesized by
electron microscopy (HAADF-STEM) and the synchrotron X- the carbonization of the cheap chitosan precursor, where high
ray absorption spectroscopy (XAS) analysis identified the specific surface area facilitates the exposure of more accessible
metal dispersion state and coordination on the carbon subtract. active site and the sufficient transfer of the reactants and
Compared with the atomically dispersed copper cluster catalyst products.”” Then, Cu/Ni—NC was obtained by the pyrolysis
(Cu—NC) and atomically dispersed nickel cluster catalyst of the precursors of copper nitrate, nickel nitrate, and 2,2’-

(Ni—NC) counterpart, Cu/Ni—NC exhibits higher activity Dipyridine on NC, acidic washing and drying overnight.
with the jco of 19 mA cm™2 and FEqq of ~93.2% at —0.7 V Powder X-ray diffraction (XRD) pattern (Figure S1) shows

versus reversible hydrogen electrode (vs RHE) in H-cell. only one broad diffraction peaks at 25.2° for Cu/Ni—NC,
Moreover, we used membrane electrode assembly (MEA) cell which is assigned to the crystal face (002) of graphitic carbon,
to further evaluate the catalytic performance of the catalyst excluding the presence of crystalline metal particles on NC
close to the practical application, which can stably work over supports.” HAADF-STEM was further performed to verify the
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dispersion state of the Ni and Cu elements on carbon
substrates. As shown in Figure 1b, numerous bright spots were
observed for

Cu/Ni—NC in the dark field condition, which can be
attributed to the metal atoms of Cu and Ni due to its greater
contrast under dark field condition,* indicating that the metal
atoms exist as clusters on carbon substrates. Elemental
mappings (Figure 1c) proven the even distribution of Ni, Cu
and N elements over the carbon substrates. Similarly, as
identified by the XRD pattern (Figure S1) and electron
microscopy analysis (Figures S2 and S3), atomically Ni and Cu
clusters exist in the Ni—NC and Cu—NC counterpart,
respectively, which were synthesized with the same approach.

The specific surface area and pore size structure of the
prepared catalysts were analyzed by nitrogen adsorption and
desorption isotherms. The specific surface area of Cu/Ni—NC
is calculated up to 2681 m* g™' (Figure S4), which is favorable
for exposing abundant accessible active site and the mass
transfer of the gas during the reaction process.”’ Meanwhile, a
significant hysteresis loop structure in the adsorption and
desorption curves implies the mesoporous structure of Cu/
Ni—NC. Furthermore, the pore size distribution analysis
identifies the existence of many micropores and mesopores
for Cu/Ni—NC with the pore size range from 0.5 to 6 nm.
This constructed micromesoporous structure is conducive to
the sufficient mass transfer during the catalytic reaction.”” In
addition, Ni—-NC and Cu—NC also have similar specific
surface areas and pore structures compared to Cu/Ni—NC.
The contents of metal elements in these catalysts were
determined by inductively coupled plasma-optical emission
spectroscopy (ICP, Table S1). Cu and Ni contents in Cu/Ni—
NC were similar. Notably, all these prepared catalysts possess
the superhydrophobic surface as their contact angle for the
prepared catalysts were above 150° (Figure SS), which
mitigated the flooding of the gas-diffusion electrode and
increased the concentration of CO, at the electrode inter-
face.””

X-ray photoelectron spectroscopy (XPS) and synchrotron
XAS characterization were undertaken to investigate the
chemical states and atomic-scale configurations of Cu and Ni
for the prepared samples. The N 1s XPS spectra of all these
catalysts were consistently deconvoluted into four N species
(pyridinic N: 398.5 eV, graphitic N: 401.3 eV, metal N: 400.2
eV, oxidized N: 403.7 eV)."” The high-resolution Cu and Ni
2p XPS spectra indicates that Ni and Cu valence is between 0
and +2, which is possibly due to the presence of nitrogen
coordinated metal of the prepared catalyst (Figures S6—S8)."
Figure 2a and 2c illustrates the X-ray near-edge structure
(XANES) spectra at Ni/Cu K-edge for the prepared samples of
Cu/Ni—NC, Ni—NC and the standard samples of the metal
(Ni and Cu) foil and metal phthalocyanine (NiPC/CuPC).
The absorption edge position of Ni for both Cu/Ni—NC and
Ni—NC is located between the Ni foil and NiPC, further
illustrating that the average Ni/Cu valence state is between 0
and +2. The absorption edge of Ni for Cu/Ni—NC is slightly
shifted compared to Ni—NC, which suggest that the
introduced Cu atoms affects the electronic structure of Ni
atoms on NC.”” As Cu K-edge XANES (X-ray absorption near
edge structure) spectra shown in Figure 2c, the similar
phenomena was observed of Cu/Ni—NC and Cu—NC. The
Fourier transforms of the extended X-ray absorption fine
structure (FT-EXAFS) spectra for both Cu/Ni—NC, Ni—-NC,
metal foil, and metal phthalocyanine are displayed in Figure 2b
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Figure 2. Structural characterization. (a, b) XANES spectra of Ni K-
edge and FTs of k>-weighted Ni K-edge EXAFS data for Cu/Ni—NC,
Ni—NC, NiPC and Ni foil. (¢, d) XANES spectra of Cu K-edge and
FTs of k*-weighted Cu K-edge EXAFS for Cu/Ni—-NC, Cu—NC,
CuPc and Cu foil. (d, e, f) Experimental and the fitting Ni and Cu K-
edge EXAFS curves in R space of Cu/Ni—NC.

and 2d. Cu/Ni—NC and Ni—NC have similar peaks at ~1.99
and ~2.47 A at Ni K-edge that are attributed to Ni—N and
Ni—Ni (or Ni—Cu) paths. It is thus clear that Ni is dispersed
atomically on nitrogen doped carbon substrates.”> There are
two peaks located at 1.91 and 2.49 A, which are attributed to
Cu—N and Cu—Cu (or Cu—Ni).”® Furthermore, the local
coordination structure of Cu/Ni—NC, Ni—NC, and Cu—NC
was analyzed by the least-squares EXAFS curve fitting using
the models with varied d values (Figure 2e-f and Figure S9).
The detailed fitting results are shown in Table S2. Therefore,
atomically dispersed bimetallic Cu/Ni—NC, Ni—NC, and Cu—
NC are successfully synthesized.

ECO,R Performance Evaluation

First, the ECO,R performance of these control samples were
evaluated in an H-cell using three-electrode system in CO,-
saturated electrolyte (0.5 M KHCO,). The linear sweep
voltammetry (LSV) curves of the prepared catalysts were
displayed in Figure 3a. Compared with Ni—=NC and Cu—NC,
Cu/Ni—NC had a lower onset potential, indicating that Cu/
Ni—NC had the better CO, activation ability. Moreover, Cu/
Ni—NC exhibits the higher current density across the entire
applied potential window than Cu—NC and Ni—NC. The
electrochemical active surface area (ECSA) was compared by
evaluating the double layer capacitance (Cg) of these control
catalysts (Figure $10).* The Cy of Cu/Ni—NC (124.2 mF
cm™?) is larger than that of Ni—-NC (103.6 mF cm™?) and
Cu—NC (89.3 mF cm™), which is likely due to that the
syner%istic effect between Cu and Ni provides more active
sites.”” Chronoamperometry was performed at the potential of
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Figure 3. Electrocatalytic performance tested in H-cell. (a, b) LSV
curves obtained in CO,-saturated electrolyte (0.5 M KHCO;) and
FE( over different potentials of the as-fabricated Cu/Ni—NC, Ni—
NC and Cu—NC. (c) jco of the as-fabricated samples under different
potentials. (d) j and FEcq vs the electrolysis time for Cu/Ni—NC
electrode under —0.7 V vs RHE.

—0.3 to —0.8 V vs RHE. The gas products were examined by
gas chromatography, and the liquid products were analyzed by
"H-nuclear magnetic resonance ('H NMR). As shown in
Figure 3b, within the potential range, only CO and H, were
detected. Cu/Ni—NC exhibits high CO selectivity with 93.2%
of the maximum FE.q at —0.7 V vs RHE. And the FEqy of
Cu/Ni—NC can be maintained over 85% from —0.4 to —0.8 V
(vs RHE). Contrastively, the FE¢ of Ni—NC is only slightly
lower than Cu/Ni—NC, along with the maximum FEcq of
91.4% (—0.6 V vs RHE). The largest FEco of Cu—NC was
only 55% (—0.4 V vs RHE). Besides, the CO partial current
densities (joo) of these catalysts were compared at various
application potentials, as shown in Figure 3c. The j-q values of
Cu/Ni—NC over the total applied potentials are obviously
higher when compared to that of Ni—=NC and Cu—NC. The
above results claim that the introduction of Cu atoms
significantly improves the catalytic activity of the Ni—NC
catalyst.

The long-term catalytic durability of Cu/Ni—NC in H-cell
was evaluated at —0.7 V vs RHE (Figure 3d). After the
constant 20 h operations, the current density and the CO
selectivity of Cu/Ni—NC did not decline apparently, and the
liquid phase product in the electrolyte was not detected
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Figure 4. Electrocatalytic performance tested in a MEA electrolyzer. (a) Schematic illustration of the electrolysis device. (b) j of Cu/Ni—NC under
different cell voltages. (c) FE¢o of Cu/Ni—NC under different cell voltages. (d) jco of Cu/Ni—NC under different cell voltages. (e) Stability of

Cu/Ni—NC electrode under 200 mA cm™2.
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Figure S. In situ ATR-SEIRAS recorded during ECO,R (a) Cu/Ni—NC. (b) Cu—NC. (c) Ni—NC. (d) Proposed catalytic mechanism of Cu/Ni—

NC for ECO,R.

(Figure S11). Subsequently, Cu/Ni—NC, Ni—NC, and Cu—
NC after 20 h of electrolysis were characterized by XRD and
TEM. The XRD pattern of Cu/Ni—NC, Ni—N, Cu—NC and
carbon paper is displayed in Figure S12. No obvious metal
diffraction peaks were observed, excluding the formation of
metal nanoparticles after long-term electrolysis, which is also
further identified by the TEM images (Figures S13—15).
Besides, Ni and Cu elements were uniform dispersed on the
carbon substrate. Moreover, the electrolyte before and after 20
h electrolysis was examined by ICP atomic emission
spectroscopy. Result shows that metal atom hardly leaches
out during the electrolysis. Thus, it is demonstrated that the
prepared catalysts have good stability during the ECO,R.
Despite with advanced electrocatalysts, the low solubility
and sluggish transport of CO, in aqueous electrolyte in H-cell
will limit the increase of j.** To avoid these problems, the MEA
electrolysis device was further utilized to estimate the catalytic
contribution of Cu/Ni—NC at industrial-level current density.
Figure 4a shows the MEA that was composed of the Cu/Ni—
NC on a gas-diffusion electrode (GDE) as the cathode, the
IrO,-«H,0 anode and an anion exchange membrane (AEM).
Figure 4b displays the current density recorded at each applied
voltage. Upon increasing the applied current density from 62
to 264 mA cm ™2, the voltage of the assembled MEA increase
from 2.5 to 3.0 V, along with FE¢ up to 90% (Figure 4c). The
jco increased from 57 to 250 mA cm™ at the identical cell
voltage (Figure 4d). Moreover, Cu/Ni—NC exhibits long-term
durability in the MEA electrolyzer. As shown in Figure 4e, the
Cu/Ni—NC maintains a high FEq of over 90% and the stable
output voltage at 200 mA cm > under the long-term
electrolysis for 30 h. Compared with other similar catalysts,
the Cu/Ni—NC catalyst exhibits the advantages in the high-
efficiency electrocatalytic ECO,R regarding the electrolysis
time, FE, cell voltage and current density (Table S3).

100

Catalytic Process Analysis

The in situ surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) was measured to analyze the electrocatalytic
ECO,R process. Generally, it was found that the observed
negative peak is associated with the consumed intermediates
while a positive peak was resulted by the generated one
intermediates.”> The positive geak at 1403 cm™ is associated
with the adsorbed *COOH."” With the negative shift of the
potential, this positive peak of the as-synthesized Cu/Ni—NC,
Ni—NC and Cu—NC gradually reinforces, indicating an
increased formation of *COOH on the catalyst surface (Figure
Sa—c). As shown in Figure Sa, a negative peak located at 1620
cm™ gradually reinforces upon the negative shift of the
potential, which is attributed to the faster consumption of H,O
than the accumulation on the Cu/Ni—NC surface during the
electrolysis process.”® Similar phenomenon is also observed for
Cu—NC (Figure Sb). Thus, the introduction of Cu benefits the
dissociation of water, which are favorable for the hydro-
genation reactions in the aqueous electrocatalysis.'* Differ-
ently, only a positive peak nearly located at 1620 cm™" appears
for Ni—=NC, of which the intensity increases with the negative
shift of the potential. Thus, the adsorption of H,O on the Ni—
NC surface is dominant compared to the consumption of H,O,
resulting in the enrichment of H,O on the catalyst surface.
Based on the above analysis, it is proposed that the accelerated
water dissociation through importing Cu promotes the
electrochemical hydrogenation of CO, to the key intermediate
*COOH and thus improve the overall electrocatalytic
performance of Cu/Ni—NC catalysts compared with Ni
catalysts (Figure 5d).

B CONCLUSION

In this work, a convenient and universal method was adopted
to successfully synthesize an atomic level dispersed bimetallic
Cu and Ni catalyst. The Cu/Ni—NC exhibits better electro-
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catalytic performance compared with Ni—NC and Cu—NC. In
MEA test, FEco up to 95.1% and the cell voltage of 2.98 V are
obtained at 200 mA cm™2. Combined with in situ ATR-
SEIRAS analysis, we speculate that the improved electro-
catalytic performance originates from the synergistic role of Cu
and Ni: Cu helps accelerate the water dissociation and
promote the CO, hydrogenation to *COOH on Ni sites. This
work provides a convenient and universal strategy for
fabricating the atomically dispersed metal cluster catalysts
and emphasizes the synergistic effect of different metals in
electrocatalytic complex reactions.
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