Hybrid Catalyst Coupling Single-Atom Ni and Nanoscale Cu for
Efficient CO; Electroreduction to Ethylene

Zhouyang Yin,t Jiaqi Yu,* Zhenhua Xie,$ Shen-Wei Yu,' Liyue Zhang,' Tangi Akauola,t Jingguang G.
Chen,*$ Wenyu Huang,*# Long Qi,*!' and Sen Zhang*1

tDepartment of Chemistry, University of Virginia, Charlottesville, Virginia 22904, United States

#Department of Chemistry, lowa State University, Ames, lowa 50011, United States

§Department of Chemical Engineering, Columbia University, New York, New York 10027, United States

1U.S. DOE Ames Laboratory, lowa State University, Ames, lowa 50011, United States

KEYWORDS: hybrid catalyst, CO: reduction, electrocatalysis, ethylene, in-situ

ABSTRACT: A hybrid catalyst with integrated single-atom Ni and nanoscale Cu catalytic components is reported to enhance
the C-C coupling and ethylene (CzH4) production efficiency in the electrocatalytic CO2 reduction reaction (eCO2RR). The sin-
gle-atom Ni anchored on high-surface-area ordered mesoporous carbon enables high-rate and selective conversion of CO:
to CO in a wide potential range, which complements the subsequent CO enrichment on Cu nanowires (NWs) for the C-C
coupling to CzHa. In situ surface-enhanced infrared absorption spectroscopy (SEIRAS) confirms the substantially improved
CO enrichment on Cu once its integration with single-atom Ni. Also, in situ X-ray absorption near edge structure (XANES)
demonstrates the structural stability of the hybrid catalyst during eCO2RR. By modulating hybrid compositions, the opti-
mized catalyst shows 66% Faradaic efficiency (FE) in an alkaline flow cell with over 100 mA-cm at -0.5 V vs. reversible
hydrogen electrode, leading to a five-order enhancement in C2H4 selectivity compared with single-component Cu NWs.

INTRODUCTION

Reaching net-zero CO2 emission by 2055 is critical to
limiting global warming to 1.5 °C above the pre-industrial
periods, as emphasized by the Intergovernmental Panel on
Climate Change (IPCC).! The utilization of COzas an alter-
native C1 feedstock for commodity chemical production is
a promising strategy to reduce and even eliminate the de-
pendence on fossil fuel resources for a rapid decarboniza-
tion.23 Compared with conventional thermal conversion of
COz, eCO2RR is advantageous in terms of prospects for dis-
tributed chemical manufacturing under ambient condi-
tions, and the direct use of clean electrical energy and the
proton source in water.*7 In the past few decades, eCO2RR
has been extensively investigated, and among various cata-
lytic materials studied, Cu is the most appealing one due to
its ability to enable C-C coupling to produce Cz+ hydrocar-
bons and oxygenates that are more valuable than C: prod-
ucts (CO, CHs4, formate).8-10 Substantial efforts have been
devoted to tailoring Cu catalysts to enhance the Cz+ pro-
duction, including tuning crystalline plane of Cu (e.g,
(100))'112 or boundary/stepped Cu surface,'315 alloying
with other elements,'¢17 adjusting Cu oxidation state,8-20
surface ligand modification,?! synthesizing Cu-based met-
al-organic frameworks,???> and modulating catalyst-
electrode integration.?%2627 To get more insights of the C-C
bonding, a variety of in-situ characterization methods have

also been developed.28-33 Despite some progress, Cu-based
catalysts still remain low in energy efficiency and product
selectivity, especially when targeting one specific Cz+
product rather than a mixture.63435
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Figure 1. Schematic illustration of modular design of
Cu/Ni-NAC hybrid catalyst for tandem catalysis.

Here we report a hybrid catalyst with two functional
modules, single-atom Ni and nanoscale Cu being properly
coupled to facilitate selective production of C2Hs in eCO2RR
(Figure 1). CzH4 is one of the largest volume organic chem-
icals produced in petrochemical industry, and is broadly
used to synthesize plastics and other chemicals.3¢ Previous
theoretical work suggested that the adsorbed *CO is an



important intermediate for the subsequent C-C coupling,
and experimentally, Cu with the (100) catalytic surface is
among such catalysts.3’-40 However, Cu is kinetically slug-
gish in the CO2-to-CO step, which limits the surface cover-
age of *CO and results in high overpotential and low selec-
tivity for C2H4 production.*! In principle, a hybrid catalyst
that cascades CO2-to-CO and CO-to-C:Hs conversions
should greatly favor the C2H4 production, but this requires
these two complementary conversion steps to have match-
ing overpotentials for the maximized synergy. Very recent-
ly, we have developed a single-atom Ni catalyst anchored
on nitrogen assembly carbon (Ni-NAC) that can catalyze
CO2-to-CO with more than 90% Faradaic efficiency (FE) at
a wide potential range, due to the enhanced mass transfer
from high-surface area ordered porous architecture and
the abundant single-atom Ni catalytic centers.*243 We envi-
sion that such a single-atom Ni-NAC material is an ideal
candidate to complement Cu for the tandem conversion.
Our results show that, by properly assembling single-atom
Ni-NAC and Cu NWs with dominant {100} surface facets, a
high-rate eCOzRR with a 66% FE to C2H4 at moderate po-
tential {-0.5 V vs. reversible hydrogen electrode (RHE)} is
obtained. In situ SEIRAS provides direct evidence of sub-
stantially enhanced CO enrichment on Cu in the hybrid
catalyst. Our work highlights the modular design of hybrid
catalysts to optimize reaction kinetics for eCOz2RR and po-
tentially for other complex reactions.

RESULTS AND DISCUSSION
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Figure 2. (a) STEM HAADF image of Ni-NAC materials
showing ordered porous structure (scale bar = 100 nm).
(b) The atomic resolution STEM image of Ni-NAC. Red ar-
rows illustrate single-atom Ni sites (scale bar = 5 nm). (c,
d) SEM images of Cu NWs (c) and Cu/Ni-NAC hybrid cata-
lyst (d) (scale bar = 50 pm).

Catalyst Preparation and Characterization. The sin-
gle-atom Ni-NAC and Cu NWs were synthesized separately,
according to the reported methods (Supporting infor-
mation, SI).3742 As shown in Figure S1, the as-synthesized
Cu NWs have a diameter of ~50 nm and a length of several
to tens of um. The face-centered cubic (fcc) metallic Cu
structure is confirmed using X-ray diffraction (XRD) (Fig-
ure S2). The surface of Cu NWs is mainly composed of
{100} facets (Figure S3), which have been proven to be

active for the CO reduction to CzH4.114* The single-atom Ni-
NAC possesses an ordered mesoporous architecture, as
indicated by the aberration-corrected scanning transmis-
sion electron microscopy (STEM) high-angle annular dark
field (HAADF) image (Figure 2a). The formation of single-
atom Ni is also visualized in HAADF-STEM image (Figure
2b). After Cu NWs and Ni-NAC were successfully synthe-
sized, they were mixed in hexanes under sonication to
generate the hybrid catalysts (Figure 1). As shown in the
scanning electron microscopy (SEM) image in Figure 2c,
before assembly, high-purity Cu NWs intersect with each
other. After assembly (Figure 2d), the Cu NWs are uniform-
ly embedded in the matrix of Ni-NAC and Vulcan carbon,
suggesting that Cu NWs and Ni-NAC are in close contact. In
addition, the morphology of Cu NWs is not changed after
the formation of the hybrid catalysts.
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Figure 3. (a) Nitrogen sorption isotherm analysis of Ni-
NAC. (b) Pore distribution of Ni-NAC. (c, d) R-space plots of
Cu (c) and Ni (d) K-edge EXFAS of metal foil standard and
hybrid catalyst.

Besides electron microscopy for morphology characteri-
zation, N2 physisorption measurement shows that the sur-
face area of single-atom Ni-NAC sample reaches 718 m?g!
due to the uniform (Figure 3a) and interconnected 3.0 nm
pores (Figure 3b). Consistent with our previous report,
the Ni-NAC sample presents single-atom Ni on the graphit-
ic N-doped carbon with a Ni loading of 1.7 wt.% while no
Ni nanoparticles are formed, as interpreted from the ICP
results, the XRD pattern (Figure S4), and extended X-ray
absorption fine structure (EXAFS) measurement (dis-
cussed below). To understand the atomical coordination
structure of the hybrid material, we performed ex situ
EXAFS measurements of Cu/Ni-NAC, as summarized in
Figure 3c and d. The R-space plot of the hybrid catalyst is
consistent with the Cu foil standard, in which a Cu-Cu scat-
tering pathway is observed at 2.2 A, a typical feature for fcc
Cu structure (Figure 3c). Unlike the EXAFS of Cu, the main
peak in the R-space plot of Ni locates at 1.45 A&, which is
identical to the Ni-N peak in reported Ni-phthalocyanine
(Pc) standard (Figure 3d).#* Compared with the Ni foil ref-
erence, there is no detectable Ni-Ni peak in the hybrid



catalyst. Therefore, the hybrid catalyst contains both sin-
gle-atom Ni and continuous Cu metallic structures.

In order to investigate the bi-component effect and avoid
CO deficiency or overproduction, Cu NWs and Ni-NAC with
different ratios are assembled and evaluated. Cu NWs: Ni-
NAC: Vulcan carbon weight ratio are controlled to be 2:1:1
(Cu/Ni-NAC 2:1), 5:1:4 (Cu/Ni-NAC 5:1), and 10:1:9
(Cu/Ni-NAC 10:1), where the eCOzRR-inert carbon support
(Vulcan carbon) is added to maintain the conductivity of
the catalysts and the carbon (Vulcan carbon + Ni-NAC)/Cu
ratio is unchanged (1:1).
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Figure 4. eCO2RR (a) products distribution and (b) current
density of Cu/Ni-NAC hybrid catalysts in different poten-
tials.

Electrochemical Performance. We first used a H-cell in
a neutral electrolyte (0.5 M KHCO3) to evaluate the impact
of different compositions of Cu/Ni-NAC for the eCOzRR,
where online gas chromatograph (GC) and nuclear mag-
netic resonance (NMR) were employed to analyze gas and
liquid products, respectively. The typical GC and NMR
spectra are displayed in Figure S5 and S6. As summarized
in Figure 4a, the Cu/Ni-NAC 2:1 sample shows the highest
FE toward CO among the three hybrid catalysts, indicating
that a high ratio of single-atom Ni module leads to CO
overproduction. As a result, although the CzHs yield be-
comes higher as the overpotential increase, the highest
CzHs FE for the same catalyst is still less than 10%. We
found that increasing the relative content of Cu NWs in the
hybrid catalyst significantly enhances C2H4+ FE. Using the
Cu/Ni-NAC 5:1 catalyst, the highest C2Hs4 FE could reach
50% at -1.4 V vs RHE, but only 14% of C2H4 is obtained at -
1.2 V. With more Cu NWs incorporated, Cu/Ni-NAC 10:1
produces 23% of CzHa at -1.2 V, but has slightly lower FE at
higher overpotentials. The current densities of these hy-
brid catalysts are displayed in Figure 4b. From -1.2 to -1.6
V, Cu/Ni-NAC 2:1 has the highest current density (up to 80
mA-cm2) due to the highest catalyst loading amount. Alt-
hough the Cu NWs and Ni-NAC loading are lowered in
Cu/Ni-NAC 5:1 and Cu/Ni-NAC 10:1 due to increased use
of Vulcan carbon, their current densities are just slightly
lower with greatly enhanced CzH4 FE. Taking both C2H4 FE
and current density into consideration, Cu/Ni-NAC 10:1
stands out with the optimized performance and is specifi-
cally discussed below for in situ spectroscopy studies and
flow-cell testing.

In situ Spectroscopy. To confirm our hypothesized
coupling mechanism in hybrid catalysts, we used in situ
SEIRAS to elucidate the reaction intermediates and path-
ways during the eCO2RR. We deposited a thin film of Au

nanoparticles on the silicon attenuated total reflection
crystal that serves as both a working electrode and a sur-
face enhancement layer to improve intermediate signals.®
Then, our catalysts were uniformly spin-coated on the Au-
modified silicon crystal, and we ensured that Au film was
fully covered to avoid Au interference in eCO2RR. As shown
in Figure 5a, the hybrid Cu/Ni-NAC catalyst exhibits two
strong CO adsorption peaks at 2050 and 1950 cm! during
the negative scan, representing clear evidence that *CO
generated from Ni-NAC module is transferred and en-
riched on the surface of Cu NWs for the subsequent C-C
coupling. As the potential becomes more negative, the
atop-bound *CO band intensity (2050 cm-!) decreases, and
the bridge-bound CO peak (1950 cm™1) increases, which is
in accordance with previous report.” In contrast, with Cu
NWs as the catalyst, there are no peaks associated with
bridge-bound CO were observed, and a small atop-bound
CO peak only appeared after -0.8 V (Figure 5b), indicating a
low coverage of *CO on Cu NWs during the eCOzRR. In ad-
dition, control experiments with only Ni-NAC catalyst were
also tested using in situ SEIRAS under the same condition
(Figure S7), and there is no detectable *CO peak, suggest-
ing that the effective integration of Ni-NAC and Cu NWs are
essential for such a strong *CO enrichment phenomenon.
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Figure 5. (a, b) In situ SEIRAS spectra of Cu/Ni-NAC (a)
and Cu NWs (b) catalysts under eCO2RR conditions. (c) In
situ XANES of Ni K edge of Cu/Ni-NAC eCOzRR conditions.

Furthermore, Ni K-edge XANES spectra were also ana-
lyzed and summarized in Figure 6. It is clearly seen that,
for both as-prepared and post-electrolysis, ex situ Ni K-
edge XANES spectra of the hybrid catalyst are distinctive
from Ni foil but identical to Ni-NAC. In addition, under in
situ conditions for eCO2RR, in situ Ni K-edge spectra re-
main unchanged (Figure 5c), confirming the high stability
of single-atom Ni structures in the hybrid catalyst.
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Figure 6. XANES results of Cu/Ni-NAC under different
conditions.

Performance Optimization with Flow Cell. Changing
the neutral-pH electrolyte to alkaline solutions should
suppress the competing hydrogen evolution reaction
(HER) and boost the C-C coupling reaction in eCOzRR;
however, it is likely to cause bicarbonate/carbonate for-
mation and crossover issue in the full electrolyzer. To min-
imize CO2 and alkaline solution reaction and to optimize
electrolyzer performance, we assembled a flow cell with
Cu/Ni-NAC 10:1 catalyst-modified gas diffusion electrode
and 1 M or 10 M KOH electrolyte (Figure S8). As shown in
Figure 7a, in 1 M KOH Cu/Ni-NAC 10:1 starts to produce
more than 15% of Cz2Has, and the C:H4 FE keeps increasing
with the overpotential. At -0.9 V, the C:H4 FE reaches a
plateau of 53%. A more basic condition, 10 M KOH, leads to
higher C:Hsyield and lower onset overpotential for C2Ha
production. It starts to generate 37% C:Ha4 at -0.3 V and
reaches a peak of 66% CzH4 at -0.5 V. Clearly, by control-
ling electrolyte pH in the flow cell, our hybrid catalyst can
deliver a further enhanced C:H4 FE from 40% (neutral) to
66% (10 M KOH) at a significantly decreased overpoten-
tial.
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Figure 7. (a) eCOzRR of Cu/Ni-NAC 10:1 in flow cells with
different electrolytes. (b) Products distribution with
Cu/Ni-NAC 10:1 and Cu NWs catalysts in flow cells (elec-
trolyte: 10 M KOH). (c) eCO2zRR stability test of Cu/Ni-NAC
10:1 in a flow cell (electrolyte: 10 M KOH) .

To further demonstrate the synergy of two components
in the hybrid catalyst, a control experiment with pure Cu

NWs catalyst was carried out using the same flow cell con-
dition (10 M KOH). We observed that Cu NWs behaves sim-
ilarly as Cu/Ni-NAC 10:1 by enabling 30-40% C:H4 FE at -
0.3 V (Figure 7b). However, at more negative overpoten-
tials, the CO formation drops to nearly 0 with Cu NWs be-
cause of the significantly higher rate of competitive hydro-
gen evolution reaction. The lack of CO production leads to
a dramatic drop in the CzH4 yield with Cu NWs. On the con-
trary, due to the high CO formation activity of Ni-NAC, the
CO formation with the Cu/Ni-NAC catalyst remains higher
than 10% at more negative potentials. With abundant CO
intermediates, the Cu NWs in close contact with Ni-NAC
remains high selectivity towards CzHa. In addition, the abil-
ity of Ni-NAC to generate sufficient CO within a wide po-
tential range is further demonstrated upon the investiga-
tion of the Ni-NAC catalyst for eCO2RR under the same al-
kaline conditions (Figure S9).

Meanwhile, we assessed our hybrid catalyst stability for
the eCOz2RR in 10 M KOH (Figure 7c). After 10 hours of
constant potential electrolysis at -0.5 V under the flow cell
condition, the C2H4 FE drops slightly from 66% to 53%,
while the current density remains above 100 mA-cm2.
Compared with recent Cu-based catalysts for eCOzRR to
ethylene, our hybrid catalyst stands out with both high
selectivity and activity at low overpotentials (Table S1).
Therefore, Cu/Ni-NAC 10:1 shows promise as a robust
catalyst to selectively reduce COz to CzH4 at low overpoten-
tials.

EXPERIMENTAL SECTION

Chemicals. Nickel(II) acetylacetonate (95%), carbon
tetrachloride (99.9%), ethylenediamine (99.5%), tetrae-
thyl orthosilicate (TEOS, 98%), and pluronic P123
(Mn~5,800), oleylamine (OAm, >70%), copper(I) chlo-
ride(CuCl, 98%) were purchased from Sigma-Aldrich. Hy-
drofluoric acid (trace metal grade), hydrochloric acid
(trace metal grade), nitric acid (trace metal grade) and N-
Methyl-2-pyrrolidone (NMP) were purchased from Fisher
Chemical. Platinum wire (0.5 mm diameter, Premion®,
99.997%) and Toray Carbon Paper (TGP-H-60) were ob-
tained from Alfa Aesar. Polyvinylidene fluoride (PVDF) was
purchased from MTI corporation. All chemicals were used
as received without further purification.

Synthesis of Ni-NAC. Ni-NAC was synthesized accord-
ing to our previous report.#? In a typical synthesis, SBA-15
was obtained first for the template-growth of Ni-NAC. 4 g
of pluronic P123 was firstly dissolved in 120 ml of hydro-
chloric solution (1.6 M) at 38 °C. After being dissolved, 8.5
ml of TEOS was added and the solution was kept stirring
for 20 h. The composition of the achieved gel was: 1 TEOS:
0.017 P123: 5.68 HCl: 197 H20. The hydrothermal synthe-
sis was performed in an oven at 100 °C for 24 h in a sealed
polypropylene bottle. The white solid material was recov-
ered by Biichner filtration, washed with distilled water,
and dried overnight in an oven at 80 °C. The obtained solid
was then calcined in a muffle furnace at 550 °C under air
for 5 h with a heating rate of 1 °C min-! to produce SBA-15.
The Ni acetylacetonate was added into a solution of eth-
ylenediamine (1.80 g) and carbon tetrachloride (4.00 g),
followed by the addition of SBA-15 (0.80 g). The mixture
was then heated in an oil bath set at 90 °C for 16 h for con-



densation before the oil bath temperature increased to 120
°C for 4 h to remove the uncondensed ethylenediamine
and carbon tetrachloride. The obtained powders were cal-
cined under Ar flow, with temperature raised in a ramping
rate of 3 °C min'! and further maintained at 800 °C for 2 h.
The achieved black powder was then etched with 5 wt.%
HF solution to remove the SBA-15. The catalyst was recov-
ered via centrifuge, washed with deionized water until the
pH reached 7. The catalyst was further dried at 100 °C for
future usage.

Synthesis of Cu NWs. Cu NWs were synthesized using
the reported method.?” 0.1 g of CuCl was dissolved in 3 mL
of OAm at 25 °C under Ar flow and vigorous magnetic stir-
ring for 15 min. The solution was then heated to 120 °C for
30 min for degassing. After that, the reaction solution was
heated to 180 °C at 20 °C min'! and kept at this tempera-
ture for 90 min. After cooled down to room temperature,
40 mL of hexane was added to collect 50 nm wide Cu NWs
via centrifugation (1000 rpm, 3 min). The product was
purified by adding 40 mL of hexane and centrifugation for
3 times and then re-dispersed in hexane.

Synthesis Cu/Ni-NAC hybrid catalysts. The as-
prepared Cu NWs (dissolved in hexane), Ni-NAC, and K]
Carbon are mixed in certain ratio and sonicate in hexane
for 2 hours. The product was purified by adding 40 mL of
hexane and centrifugation for 3 times and then dried in N2
gas.

Characterization. Scanning electron microscope (SEM)
imaging was obtained using the FEI Quanta 650 operated
at 10 kV. Aberration corrected scanning transmission elec-
tron microscope (STEM) imaging was performed using the
FEI Titan Themis. Powder X-ray diffraction (XRD) was car-
ried out on a Bruker D8A25 diffractometer with Cu Ka
radiation (A = 1.54184 A). N2 physisorption was performed
using an auto-adsorption analyzer (Micromeritics, 3Flex)
at -196 °C. Inductively coupled plasma mass spectroscopy
(ICP-MS) analysis for metal loadings was performed using
Agilent 7700 ICP-MS. SEIRAS are collected by Thermo Sci-
entific Nicolet iS50 FTIR Spectrometer. X-ray absorption
spectroscopy (XAS) of the catalysts were measured at
Beamline 9-BM of the Advanced Photon Source in Argonne
National Laboratory. The in situ XANES spectra of Ni K-
edges were collected at beamline 7-BM of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven Na-
tional Laboratory. Details about the in situ XAS experi-
ments can be referred to Ref. 48.

Electrode Preparation. 40 mg of the dried catalyst
powder was ground with 4 mg of PVDF with a few drops of
NMP to produce catalyst paste that was painted directly
onto a 1.0 cm x 2.0 cm carbon paper. The catalyst-
decorated carbon paper was dried in a vacuum-oven over-
night and served as a working electrode.

eCOzRR Test in H-cell. Autolab electrochemical poten-
tiostat was used to conduct eCO2RR experiments in aque-
ous 0.5 M KHCOs. A platinum wire was used as the counter
electrode. All potentials were measured against an
Ag/AgCl reference electrode (4.0 M KCl, Pine instrument)
and were converted to those against RHE. The experiments
were performed in a gas-tight cell with two compartments
separated by an anion exchange membrane (Nafion®
212). Each compartment contained 12 mL of electrolyte

with approximately 10 mL of headspace. The deionized
water was obtained from a Millipore Autopure System.

eCOzRR Test in Flow Cell. Flow cell used for eCO2RR is
shown in Figure S8. A 2 cm x 2 cm Ni foam was used as the
counter electrode. All potentials were converted to those
against RHE. The experiments were performed in a gas-
tight cell with two compartments separated by catalyst-
loaded carbon paper/working electrode (the catalyst is
loaded on the liquid phase side). The gas phase compart-
ment is flowed by 10 sccm of CO2 gas and the liquid phase
compartment is filled by circulated 25 mL of electrolyte.

Product Analysis. Before the experiment, the electro-
lyte in the cathode compartment was saturated with CO:
by bubbling CO2 gas for at least 30 min and was stirred at
900 rpm. CO2 gas was delivered at an average rate of 10
sccm (at room temperature and ambient pressure) and
routed directly into the gas sampling loop of a gas chro-
matograph (SHIMADZU GC-2014). The gas phase composi-
tion was analyzed by GC every 35 min. The GC analysis was
set up to split the gas sample into two aliquots whereof
one aliquot was equipped with a thermal conductivity de-
tector (TCD) for Hz quantification. The second aliquot was
equipped with a methanizer and a flame ionization detec-
tor (FID) for analyzing CO and C1 to C3 hydrocarbons. Ar-
gon (99.9999%) and hydrogen gas (99.9999%) were em-
ployed as carrier or make-up gases respectively. Solution
'H NMR, acquired with Varian NMRS 600 MHz, was em-
ployed at the end of experiments to characterize liquid
products. To be specific, 700 pL aliquot of the electrolyte
was mixed with 70 pL of dimethyl sulfoxide (DMSO) stand-
ard solution (20 mM DMSO in D-0).

CONCLUSIONS

In conclusion, we report a hybrid catalyst with comple-
mentary single-atom Ni and nanoscale Cu active modules
that permits cascading CO2-to-CO and CO-to-CzH4 process-
es for the efficient production of CzHs. Compared with tra-
ditional single-component catalysts, this modular design
presents a novel and facile strategy for cross-module
transfer and enriching key intermediate *CO onto the Cu
surface for the C-C coupling to the desired product, as vali-
dated by in situ SEIRAS. The resultant Cu/Ni-NAC hybrid
catalyst with optimized two module compositions produc-
es C2Ha with 50% FE at -1.6 V vs. RHE in 0.5 M KHCOs3 solu-
tion and with 66% FE at -0.5 V vs. RHE in 10 M KOH condi-
tion. Moreover, the hybrid catalyst is durable under flow
cell conditions. The highlighted modular design of the
eCO2RR catalyst is likely applicable to other catalytic appli-
cations that involve multiple steps with key intermediate
formation and utilization occurring at distinct units.
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