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desirable because of their high energy
density and economic values.!*] Copper
(Cu) is the most attractive electrocatalyst
for CO,RR that can produce C,, products
in considerable amounts.[* Although sig-
nificant progress has been achieved, Cu
electrocatalysts still struggle to achieve
high C,, selectivity and activity at indus-
trial current densities due to the sluggish
kinetics of the C—C coupling step.[*”]

Recent studies reported that bimetal-
lic electrocatalysts exhibit improved C,,
selectivity and activity compared to pure
Cu.l®] The enhanced C—C coupling step

Copper (Cu) is the most attractive electrocatalyst for CO, reduction to
multi-carbon (C,, ) products with high economic value in considerable
amounts. However, the rational design of a structurally stable Cu-based
catalyst that can achieve high activity and stability towards C,, products
remain a grand challenge. Here, a highly stable nickel oxygenate/Cu
electrocatalyst is developed with abundant NiOOH/Cu interfaces by in situ
electrochemical reconstruction. The nickel oxygenate/Cu electrocatalyst
achieves a superior Faradaic efficiency of 86.3 + 3.0% and a record partial
current density of 2085 A g~' for C,, products with long-term stability. In situ
experimental and theoretical studies demonstrates that the exceptional
performance in generating C,, products is attributed to the presence of the
NiOOH/Cu interfaces which increase *CO coverage, lower energy batrier for

*CO coupling and stabilize *OCCO simultaneously. This work provides new
insights into the rational design of electrocatalysts to achieve stable and

efficient electrocatalytic CO, reduction capabilities.

1. Introduction

Carbon dioxide (CO,) in the atmosphere gradually increasing has
led to severe environmental issues, such as global warming.!]
Electrochemical CO, reduction reaction (CO,RR) driven by re-
newable energy is a promising strategy to mitigate climate
deterioration and close the carbon cycle.?) Among numerous
products formed by CO,RR, multi-carbon (C,,) products are

on bimetallic electrocatalysts is attributed
to the stabilization of key intermedi-
ates, such as *CO and *OCCO, through
unique electronic structure, strain ef-
fect, or geometric effects introduced by
the secondary metal.’l Among the nu-
merous metallic elements, nickel (Ni) is
considered a promising candidate due to its strong affin-
ity for oxygen, which can potentially stabilize O-containing
intermediates.®] Therefore, several Cu—Ni bimetallic electro-
catalysts have been developed to promote the formation of
C,, products.’) Unfortunately, like other bimetallic electro-
catalysts, their structural instability poses a significant chal-
lenge. Under the conditions of CO, reduction, these electrocata-
lysts tend to undergo electrochemical reconstruction, leading to
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uncontrollable selectivity and activity of CO,RR.[>!% For exam-
ple, the Cu—Ni bimetallic electrocatalysts often demonstrate Ni
segregation, which causes an unwanted hydrogen evolution re-
action (HER).® Thus, it is crucial to construct structurally stable
Cu—Ni electrocatalysts for achieving sustainedly high selectivity
and activity of CO,RR to C,, products.

Considering the excellent structural stability and strong bind-
ing ability to O-containing intermediates,!l here we explored us-
ing nickel oxygenates (Ni®* species) as an alternative to metallic
Ni atoms, and successfully in situ constructed a nickel oxide hy-
droxide (NiOOH)/Cu electrocatalyst with abundant NiOOH/Cu
interfaces during CO,RR. In situ X-ray absorption spectroscopy
(XAS) and in situ surface-enhanced Raman spectra results veri-
fied that the NIOOH/Cu interfacial structure keeps stable during
CO,RR and significantly increases the adsorption of *CO com-
pared to the pure Cu surface. Theoretical calculations demon-
strated that the NiOOH/Cu interfaces also provide dual sites for
stabilizing *OCCO intermediates and decrease the kinetic bar-
rier for C—C coupling. As a result, the NIOOH/Cu electrocatalyst
shows an impressive C,, Faradaic efficiency (FE) of 86.3 + 3.0%
at an industrial current density of 400 mA cm™2. The selectivity of
C,H, maintains above 50% with high stability over 5 h. More in-
triguingly, the NIOOH/Cu interfaces exhibit extremely high elec-
trocatalytic activity toward C,, products with a recorded partial
current density of 2085 A g~!.

2. Results and Discussion

The NiOOH/Cu electrocatalyst was synthesized in two steps
(Figure 1a). In the first step, Ni—Cu oxygenate precursor (NiCu-
OP) was prepared by an epoxide gel approach, forming a uni-
form sol-gel (Figure S1, Supporting Information). The powder
X-ray diffraction (XRD) pattern of the NiCu-OP was found to be
almost identical to that of pure Cu,(OH),Cl (Figure S2, Support-
ing Information), which is consistent with literature results that
Ni species doping does not significantly change the lattice param-
eters of Cu,(OH),CL!["?] X-ray photoelectron spectroscopy (XPS)
confirmed that Cu and Ni coexist in the material, and they are in
the 2+ and 3+ oxidation states, respectively (Figure S3, Support-
ing Information). Scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HR-TEM) images
displayed that the NiCu-OP has a microporous structure com-
posed of aggregated nanoclusters (Figures S4 and S5, Supporting
Information). The energy-dispersive X-ray spectroscopy (EDS)
mapping reveals that Cu and Ni elements are uniformly dis-
tributed over the whole gel framework (Figure S6, Supporting
Information).

In the second step, the NiCu-OP powders were mixed with
solvents and binders to prepare ink, and then the ink was ap-
plied onto carbon paper, forming Ni—Cu electrodes, which were
subsequently assembled into a flow cell. The NiOOH/Cu elec-
trocatalyst was in situ obtained by electrochemical reduction
of the Ni—Cu electrode under a constant current density of
—100 mA cm~2 in 1 M KOH electrolyte for 30 min. After this
treatment, numerous nanoparticles are presented with an av-
erage diameter of 10-30 nm on the carbon paper (Figures 1b;
Figure S7, Supporting Information). The XRD pattern shows
a metallic Cu crystal structure and an amorphous f-NiOOH
structure (Figure S2, Supporting Information). In the HR-TEM
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images (Figure 1c,d), lattice fringes with dimensions of 0.241
and 0.208 nm correspond to the NiOOH (001) and Cu (111)
lattice planes, respectively,!’] which confirms the presence of
NiOOH/Cu interfaces. The EDS mapping images show a clear
phase separation between Ni and Cu on a microscale (Figure 1e),
but the Large-scale ones exhibit a uniform dispersion of Ni
and Cu elements (Figure S8, Supporting Information), which
indicates that there are a large number of NiOOH/Cu inter-
faces uniformly dispersed in the NIOOH/Cu electrocatalyst. XPS
measurements were then performed to characterize the surface
chemical compositions and oxidation states. The Ni 2p, , peaks
at the binding energies of 856.4 and 855.2 eV are attributed to Ni
(I1T) and Ni(II), respectively (Figure 1f).*] The average valence
state of Ni is 2.7+, indicating that NIOOH was only slightly re-
duced in the NiIOOH/Cu electrocatalyst. The Cu 2p;;, peak at a
binding energy of 932.28 eV is attributed to Cu (0), supporting the
existence of metallic Cu (Figure 1g). Another peak at 933.08 eV
attributed to Cu (II) should result from the slight oxidation of
metallic Cu in air. Overall, the NIOOH/Cu electrocatalyst with
abundant interfaces was in situ generated by electroreduction.

To gain further insights into the structure and oxidation state
changes of the NIOOH/Cu electrocatalyst during in situ construc-
tion, we carried out in situ XAS measurements (Figure 2; Figures
S9 and S10, Supporting Information).['] The applied potential
was gradually decreased in steps from the open circuit voltage
(OCV, 0.8 V versus RHE) to —1.4 V versus RHE during the mea-
surements. Under all working potentials, the catalyst showed a
characteristic Ni(III) peak at the edge position, 8,343 eV, in the
corresponding normalized Ni K-edge X-ray absorption near-edge
structure (XANES) spectrum (Figure 2a). When the reduction
potential was applied, the edge position moved to the lower en-
ergy region, indicating an oxidation state of Ni decreased slightly
(Table S1, Supporting Information), aligning with the findings
from XPS (Figure 1f). The k*-weighted Fourier-transformed ex-
tended X-ray absorption fine structure (EXAFS) spectra displayed
a characteristic Ni—O bond peak at R = ~ 1.56 A and Ni—Ni bond
peak at R = ~2.76 A at all working potentials (Figure 2b), which
demonstrates that Ni species exist in a NIOOH structure under
all conditions. These results illustrate that the oxidation state and
structure of Ni are maintained during the in situ formation pro-
cess of the NiIOOH/Cu electrocatalyst. In the meantime, the ra-
tio of the Ni—O scattering peak to the Ni—Ni scattering peak was
reduced as the reduction potentials were decreased from OCV to
—1.4 V (Table S2, Supporting Information), which is likely indica-
tive of the formation of oxygen vacancies from NiOOH consistent
with the trend of XANES.

Under the initial OCV condition, the NiCu-OP exhibits a char-
acteristic Cu (II) peak at 8,985 eV in the corresponding normal-
ized Cu K-edge XANES spectra (Figure 2c). As the potential was
decreased to —0.8 V, a peak at 8,980 eV corresponding to Cu
(0) was presented, which validates the XRD result (Figure S2,
Supporting Information). Within the range of —0.8 Vto —1.4 V,
the stable retention of Cu (0) indicates the conversion of nearly
all Cu (I) centers to lower oxidation states under low potential
conditions, in line with literature results that Cu,(OH),Cl will
be reduced to a metallic Cu at a negative potential. In the Cu
K-edge EXAFS spectra (Figure 2d), the NiOOH/Cu electrocata-
lyst displayed a distinctive metallic Cu—Cu bond peak at 2.48 A
from —0.8 to —1.4 V, which shows the metallic nature of Cu
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Figure 1. Synthesis and characterizations of the NiIOOH/Cu electrocatalyst. a) Schematic diagram of the synthesis process. b) SEM image, c) TEM
image, d) HR-TEM image, and the corresponding e) EDS mapping, f,g) XPS spectra of Ni 2p and Cu 2p.

active sites, consistent with the observation of Cu (0) in the
XANES spectra.’>l The above XAS results and microstruc-
tural characterizations illustrate that Cu,(OH),Cl was reduced to
metallic Cu nanoparticles and coupled with NiOOH to assemble
into NIOOH/Cu interfacial structure.

The CO,RR catalytic activity of in situ formed NiOOH/Cu elec-
trocatalysts was evaluated in a conventional three-electrode flow
cell system using 1 M KOH as the electrolyte (refer to Experimen-
tal Section). The product FEs of the NiIOOH/Cu electrocatalyst
were determined at different current densities ranging from 100
to 500 mA cm~? (Figure 3a). It can be found that C,H, is the
major CO,RR product at all current densities. The highest FE
for C,H, reached 54.6 + 0.5% and the total FE of C,, products
reached 86.3 + 3.0% at 400 mA cm~2. The NiOOH/Cu electrocat-
alyst consistently exhibited high selectivity toward C,, products
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(FEs > 75%) across all applied current densities, with a minor
presence of H, (FE < 10%) and C, products (FEs < 13%). The cor-
responding applied potentials at different current densities are
presented in Figure S11 (Supporting Information).

To investigate the impact of the Ni/Cu atomic ratio on elec-
trocatalytic performance, we synthesized a series of NNOOH/Cu
electrocatalysts with various Ni/Cu atomic ratios from 5% to 30%
(denoted as NiOOH/Cu-X, where X represents the Ni/Cu atomic
ratio). Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was used to quantify the Ni/Cu atomic ratios (Table
S4, Supporting Information). The NiOOH/Cu electrocatalysts
with different atomic ratios have similar properties in morphol-
ogy and valence state (Figures S12—S15, Supporting Informa-
tion). However, we found a strong correlation between the Ni/Cu
atomic ratio and C,, products (Figure 3b; Figure S16, Supporting
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Figure 2. In situ XAS characterizations of the formation process of the NIOOH /Cu electrocatalyst. a) In situ Ni K-edge XANES spectra at OCV (NiCu-OP)
and different reduction potentials. b) Fourier transform of the k? -weighted EXAFS spectra at Ni K-edge and corresponding fitting curves. The Ni K-edge
EXAFS spectra of Ni, NiO, and -NiOOH standards are included for comparison. c) In situ Cu K-edge XANES spectra of the NIOOH/Cu electrocatalyst
and the Cu, Cu,0, and CuO standards. d) Fourier transform of the k?-weighted EXAFS spectra at Cu K-edge and corresponding fitting curves. All in situ

XAS measurements were performed in 1 m KOH.

Information). The electrochemical tests were performed at a
constant current density of 400 mA cm™. The C,, FE reveals
a volcano relationship with different Ni/Cu atomic ratios. As
the Ni/Cu atomic ratio decreased from 30% to 10%, the total
FEs of C,, products gradually increased from 37.1% to 86.3%,
whereas the H, FE decreased progressively from 34.7% to 7.1%.
This should be caused by the NiOOH cluster aggregation at
higher contents increased HER activity. Furthermore, reducing
the Ni/Cu atomic ratio from 10% to 5% also resulted in a de-
creased C,, FE, due to diminished interfacial density, conse-
quently influencing the electrocatalytic activity. In stark contrast,
the bare Cu sample prepared using a similar method exhibited
significantly decreased FEs toward C,, products at all evaluated
currents (Figure S17, Supporting Information). Specifically, the
NiOOH/Cu-10 electrocatalyst exhibited a two-fold increase in C,
product selectivity compared to the bare Cu at the current density
of 400 mA cm~2, but H, and CO FEs were significantly reduced
(Figure 3c), which indicated that the present of NNOOH/Cu inter-
faces facilitates the formation of C,, products.

To obtain further evidence for the role of the NiIOOH/Cu inter-
faces in CO,RR, we prepared several control samples for compar-
ison, including bare Cu, bare NiOOH, and mechanically mixed
NiOOH and Cu (denoted as NIOOH/Cu-mixed). The NIOOH/Cu
electrocatalyst reflected the highest selectivity for C,, products
(Figure 3d). In contrast, the bare NIOOH exhibited no activity
of CO,RR (Figure S18a, Supporting Information), which agrees
with previous reports that the inorganic nickel oxygenates fa-
vor HER.["] Interestingly, the bare Cu and NiOOH/Cu-mixed
showed similar C,, selectivity x40% (Figure 3d; Figures S17 and
S18Db, Supporting Information), suggesting that simply mixing
the two species cannot bring extra active sites for C—C coupling.
SEM and TEM mapping images indicated that the mechanically
mixed NiOOH and Cu are unevenly distributed with poor inter-
facial contact (Figures S19 and S20, Supporting Information). In
comparison, in situ derived NIOOH/Cu electrocatalysts are rich
in interfaces of NIOOH and Cu with substantially improved C,,
selectivity by ~50%. At the same time, the effect of catalyst sur-
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face roughness on the selectivity of C,, products were excluded
(Figure S21, Supporting Information). Therefore, it is confirmed
that the NIOOH/Cu interfaces are active sites for C—C coupling.

Additionally, a chronopotentiometry test was performed to
evaluate the long-term stability of the NiOOH/Cu-10 electrocata-
lyst in a flow cell at 200 mA cm~? (Figure 3e; Figure S22, Support-
ing Information). Throughout the continuous 5-hour period of
CO,RR, the selectivity of C,H, stays consistently above 50% with
slight decay and the total FE of C,, products remain above 70%.
Competing HER was at a low level (H, FE < 20%), which sug-
gested that the NIOOH phase does not aggregate during electro-
catalysis. The mass loss of the electrocatalyst was less than 0.01%
by detecting the dissolved element content in the electrolyte af-
ter electrocatalysis (Table S5, Supporting Information). These re-
sults indicated the high structural stability of the NiOOH/Cu
electrocatalyst. SEM and HR-TEM images revealed that the mor-
phology of the NiOOH/Cu-10 was still maintained after a long-
time CO,RR (Figures S23 and S24, Supporting Information),
which solidly confirms the robustness of the NIOOH/Cu inter-
facial structure. The long-term stability test was limited by salt
precipitation and flooding on gas diffusion electrodes. Overall,
the interfacial NiOOH/Cu electrocatalysts exhibited superior se-
lectivity and remarkable long-term stability for C,, products. Fur-
thermore, the electrocatalytic activity of the NIOOH/Cu inter-
faces for C,, products were evaluated by a gravitational current
density based on the loading mass of active materials. Compared
with the state-of-the-art catalysts, the NIOOH/Cu-10 electrocat-
alyst achieved the highest partial current density of 2085 A g~!
for C,, products (Figure 3f), which further demonstrated that
the NiOOH/Cu interfaces possess extraordinarily high activity
for C—C coupling.

It is well-known that CO,RR to C,, products undergoes a crit-
ical CO dimerization step, and a high CO coverage favors the
C—C coupling reaction and inhibits the activity of the competing
HER.["8] Therefore, we compared the coverage of surface-adsorb
CO (*CO) on the NIOOH/Cu-10, Cu, and NiOOH electrocatalysts
by in situ surface-enhanced Raman spectroscopy measurements
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Figure 3. CO,RR performance over NiOOH/Cu electrocatalysts. a) FEs of all the products under different geometrical current densities on the
NiOOH/Cu-10 electrocatalyst. b) FEs of C; and C,, products and jc,,. on the NIOOH/Cu-X samples with various Ni/Cu atomic ratios at a total current
density of 400 mA cm~2. c) FEs of all the products on the NiIOOH/Cu-10 and bare Cu electrocatalysts at 400 mA cm~2. d) Comparison of FEs of C;
and C,, products on the NIOOH/Cu-10, NiOOH-Cu mixed, Cu and NiOOH electrocatalysts at 400 mA cm~2. ) Stability test of the NIOOH/Cu-10 at
200 mA cm~2 in a flow cell along with the corresponding H, and C,H, FEs. f) Comparison of our NiOOH/Cu-10 electrocatalyst with previous electro-
catalysts on the FEs and partial current densities for electrocatalytic CO,-to-C,, products reaction (Refs.[6a,16]). Partial current density is normalized by
active material loading mass to evaluate catalytic activity of electrocatalysts. More detailed information is presented in Table S3 (Supporting Information).
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Figure 4. In situ surface-enhanced Raman spectroscopic studies. a) an Operando electrochemical flow cell with Raman spectra. b—d) In situ surface-
enhanced Raman spectra in the region of 1800-2400 cm™' on b) NiOOH/Cu-10, c) Cu, and d) NiOOH catalysts in CO,-saturated 0.1 m KHCO; at

various potentials.

under cathodic potentials from —0.2 to —1.2 V versus RHE, re-
spectively (Figure 4). The C=0 stretching mode near 2070 cm™!
of the three electrocatalysts displayed notable differences.[**?] The
NiOOH/Cu electrocatalyst showed the most obvious *CO sig-
nals (Figure 4b), meanwhile, its signals of Cu—CO stretching and
frustrated rotation modes located at 280 and 360 cm™! were also
observed (Figure S25, Supporting Information).['1° [n compar-
ison, the peaks near 2070 cm™ for the bare Cu surface were
largely weakened under all working potentials (Figure 4c). No
peak was found using the NiOOH surface (Figure 4d), which
should be due to the fact that NIOOH is more prone to undergo
HER than CO,RR, agreeing with the electrochemical results
and previous literature.[?”) The Raman results illustrated that the
NiOOH/Cu interfaces exhibit significantly improved ability to ad-
sorb *CO, which is expected to promote the *CO dimerization
reaction.

To further clarify the promoting effect of the NNOOH/Cu in-
terface on CO dimerization, density functional theory (DFT) cal-
culations were performed on the NiOOH/Cu interface and Cu

surface. Two reaction pathways were primarily considered, in-
cluding dimerization of *CO (*OCCO) as a key step in the for-
mation of C,, products, and hydrogenation of *CO (*COH) as a
competitive reaction for methane production.!'®*2!] The optimal
configurations of all reaction intermediates are shown in Figures
S26-S30 (Supporting Information). The NiOOH and reaction in-
termediates were located on the surface of Cu (111). Representa-
tive structures are shown in Figure 5a—d, and detailed calculation
results are given in Table S6 (Supporting Information).

The Gibbs free energy changes of the 2*CO—*OCCO path
for the bare Cu surface and NiOOH/Cu interface were calcu-
lated to be 0.79 eV and —1.165 eV, respectively (Figure 5e). The
less energy barrier of *OCCO formation at the NIOOH/Cu in-
terface indicated that the dimerization of *CO is more efficient
than that on the bare Cu surface. From the DFT-optimized struc-
ture, it was found that the Ni atom exposed by defect-rich NiNOOH
forms a Ni—O bond with *CO and *OCCO intermediates at the
NiOOH/Cu interface (Figure 5a; Figure S25, Supporting Infor-
mation), which provides favorable conditions for the subsequent

a (/3 Cc e
Yoo ool
00000 | 00000
00000/ 00000 | _
b d (\3
Eebe |ossnd,
00000 00

4.0 I NiOOH/Cu

351 gy

22 E= g.uoow Cu *CO — *COH
2.0 %

1.5-

104  2co-rocco
0.5 —
0.0

-0-5- .

-1.0

-1.5

-2.04

Figure 5. DFT calculations. The optimized configurations and structural details for *OCCO (a,c) and *COH (b,d) on a,b) the NiOOH/Cu interface and
c,d) the Cu surface. e) Comparison of the Gibbs free energy changes of 2*CO to *OCCO and *CO to *COH reactions. The Ni, Cu, C, O, and H atoms

are denoted by blue, brown, gray, red, and white balls, respectively.
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C—C coupling reaction. The charge density map of *OCCO on
the NiIOOH/Cu interface further unveiled the synergy effect be-
tween the NiOOH and Cu (Figure S31, Supporting Informa-
tion). Specifically, the positively charged center atom Ni polar-
izes the electron density of the terminal oxygen and the result-
ing overhanging carbon center is stabilized by the surface Cu
atom, which provides the dual sites to stabilize *OCCO interme-
diates. Therefore, the NiOOH/Cu electrocatalyst with favorable
interfacial electronic structure enhances the *CO adsorption and
reduces the activation energy barrier of CO—CO dimerization.

Since the conversion of *CO to *COH via *CO hydrogenation
will deplete *CO and disrupt the C,, pathway, it should also be
considered as the primary competitive reaction. The activation
energy for the protonation of *CO to *COH at the NiOOH/Cu
interface is significantly elevated by 0.52 eV compared to that on
the bare Cu surface (Figure 5e), suggesting that the conversion of
*CO to *COH is suppressed and thus the C; pathway is inhibited
at the NIOOH/Cu interface. The energy barrier of *CO coupling
is significantly lower than that of *CO protonation, verifying that
the C,, pathway is more advantageous for the NNOOH/Cu inter-
face compared to the C; pathway.

3. Conclusion

We have successfully developed highly stable nickel oxy-
genate/Cu electrocatalysts with abundant NIOOH/Cu interfaces
through an in situ electrochemical reconstruction. The inter-
facial electrocatalysts exhibit extraordinarily higher C,, activity
than the state-of-the-art electrocatalysts with a record partial cur-
rent density of 2085 A g™! and a superior Faradaic efficiency of
86.3 + 3.0%, meanwhile, keep high structural stability during
electrocatalysis. Combining in situ experimental and theoretical
studies, we have discovered that the remarkable efficiency toward
C,, products is attributed to the in situ constructed highly dis-
persed NiOOH/Cu interfaces, which not only significantly in-
crease the key intermediate *CO adsorption, but also provide
dual sites for stabilizing the key intermediate *OCCO and lower
the kinetic barrier for CO dimerization. Our work can provide a
reference for constructing durable interfacial structures in vari-
ous metal oxygenate/Cu electrocatalysts to achieve high selectiv-
ity for different products in CO,RR.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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