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Abstract

To attain a circular carbon economy and resolve CO2 electroreduction

technology obstacles, single‐atom catalysts (SACs) have emerged as a logical

option for electrocatalysis because of their extraordinary catalytic activity.

Among SACs, metal–organic frameworks (MOFs) have been recognized as

promising support materials because of their exceptional ability to prevent

metal aggregation. This study shows that atomically dispersed Ni single atoms

on a precisely engineered MOF nanosheet display a high Faradaic efficiency of

approximately 100% for CO formation in H‐cell and three‐compartment

microfluidic flow‐cell reactors and an excellent turnover frequency of

23,699 h−1, validating their intrinsic catalytic potential. These results suggest

that crystallographic variations affect the abundant vacancy sites on the MOF

nanosheets, which are linked to the evaporation of Zn‐containing organic

linkers during pyrolysis. Furthermore, using X‐ray absorption spectroscopy

and density functional theory calculations, a comprehensive investigation of

the unsaturated atomic coordination environments and the underlying
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mechanism involving CO* preadsorbed sites as initial states was possible and

provided valuable insights.
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1 | INTRODUCTION

The electrochemical reduction of carbon dioxide (eCO2RR)
is a cutting‐edge method for achieving carbon neutrality that
has attracted substantial attention.1–3 However, this reaction
is limited in terms of high overpotential, low conversion
efficiency, the inevitable hydrogen evolution reaction (HER),
and sluggish stability. Moreover, the thermodynamic stability
and robust C═O bonds of CO2 molecules challenge their
activation.4–6 These obstacles impede electron and proton
transfer during the eCO2RR. Therefore, rational electro-
catalysts that can create highly active catalytic sites while
ensuring long‐term stability must be investigated.7–9 Single‐
atom catalysts (SACs) differ from traditional catalysts
because they use isolated metal atoms anchored on support
materials as active sites, enabling nearly 100% efficiency in
metal atom utilization.10,11 Despite their exceptional advan-
tages, single‐metal atoms agglomerate into nanoparticles due
to their high surface energies, producing inferior activity.12

Therefore, appropriate SAC supports are required to prevent
excessive aggregation and stabilize single atoms. Among the
diverse support materials, zeolitic imidazolate frameworks, a
subclass of metal–organic frameworks (MOFs) with high
nitrogen content, have been extensively used to prepare
metal–nitrogen‐doped carbon SACs with dense active
sites.13–15 This study used an eco‐friendly approach to design
two‐dimensional (2D) ZIF‐8 nanosheets (ZIF‐8‐NSs) as
optimal support materials for SACs. The Ni precursor was
added during the synthesis of ZIF‐8‐NS (Ni‐ZIF‐8‐NS),
which underwent pyrolysis at 950°C under an N2 atmo-
sphere, resulting in the final product, Ni–NC–NS. Following
a comprehensive investigation using experimental and
theoretical approaches, the generation of vacancy sites in
the synthesized materials depended on their crystallographic
characteristics. The atomic coordination of Ni–NC–NS,
comprising one Ni single atom combined with two N atoms
and two vacancy sites (NiN2–V2), was revealed using
synchrotron radiation‐based X‐ray absorption spectroscopy
(XAS). Ni–NC–NS demonstrated excellent eCO2RR perform-
ance, exhibiting a high Faradaic CO2‐to‐CO conversion
efficiency (FECO) of approximately 100% in H‐cell and flow‐
cell reactors and a remarkable turnover frequency (TOF) of
23,699 h−1. Density functional theory (DFT) calculations
were performed using CO* preadsorbed sites (CO*) as the

initial states and applying the d‐band theory for an in‐depth
theoretical study to determine the mechanisms responsible
for the superior electrocatalytic performance of the catalysts.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of the electrocatalysts

Bimetallic Zn/Ni ZIF‐8‐NSs were prepared using a
solution synthesis method. A Zn(NO3)2·6H2O (0.297 g)
and Ni(NO3)2·6H2O (0.099 g) solution in 45mL of
deionized (DI) water was added to a 2‐methylimidazole
(1 g) solution in 45mL of DI water. After stirring for 24 h
at room temperature, the precipitates were centrifuged
(3500 rpm, 10min), washed twice with DI water, and
dried at 80°C for 24 h. Subsequently, the sample was
placed in a tube furnace and heated at 950°C for 4 h
(heating rate of 2°Cmin−1) under an N2 atmosphere to
obtain Ni–NC–NS. The same solution synthesis method
adopted for Ni‐ZIF‐8‐NS was also utilized to prepare
bimetallic Zn/Ni ZIF‐8 particles (labeled Ni‐ZIF‐8‐P);
however, different solvents were used. A 200mL metha-
nol solution of Zn(NO3)2·6H2O (2.97 g) and Ni
(NO3)2·6H2O (1.2 g) was mixed with another 200mL
methanol solution of 2‐methylimidazole (6.85 g). After
stirring for 24 h at room temperature, the precipitate was
centrifuged (3500 rpm, 10min), washed twice with
methanol, and dried at 80°C for 24 h. Afterward, the
sample was placed in a tube furnace and heated at 950°C
for 4 h (heating rate of 2°Cmin−1) under an N2

atmosphere to yield Ni–NC–P. NC–NS and NC–P
electrocatalysts were constructed using the same solution
synthesis method employed for Ni‐ZIF‐8‐NS and Ni‐ZIF‐
8‐P without adding the Ni precursor. Subsequently, the
resulting samples were heated using a tube furnace at
950°C for 4 h (heating rate of 2°Cmin−1) under an N2

atmosphere.

2.2 | Material characterizations

The morphologies and sizes of the samples were
determined using field‐emission scanning electron
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microscopy (SEM; Sigma, ZEISS). High‐resolution
transmission electron microscopy (TEM) images were
acquired using a JEM‐2100F microscope (JEOL), and
the corresponding element maps were obtained using
energy‐dispersive spectrometry (EDS; Oxford Instru-
ments). Aberration‐corrected high‐angle annular
dark‐field scanning TEM (HAADF‐STEM) images
were obtained using a Cs‐corrected TEM (Themis Z
60‐300; Thermo Fisher Scientific) operating at 200 kV.
The Ni–NC–NS and Ni–NC–P samples were deposited
on a Cu mesh TEM grid to acquire TEM images. The
X‐ray diffraction (XRD) patterns were collected using
a Bruker New D8‐Advance diffractometer with a Cu
Kα radiation X‐ray source. X‐ray photoelectron
spectroscopy (XPS) was performed using a ULVAC‐
PHI X‐TOOL instrument with Al Kα as the X‐ray
source. Inductively coupled plasma atomic emission
spectroscopy (ICP‐AES; OPTIMA 4300DV; PerkinEl-
mer) was conducted using Ar plasma as the source to
confirm atom loading on the as‐prepared samples.
The specific surface area and porosity were quantified
using the Brunauer–Emmett–Teller (BET; ASAP2020)
equation based on the N2 adsorption/desorption
isotherms. To confirm the presence of a vacancy site
in materials, electron paramagnetic resonance (EPR)
spectroscopy was carried out at 273 K (Bruker EMX/
Plus spectrometer). XAS was performed in transmit-
tance and fluorescence detection modes at beamline
8D at the Pohang Accelerator Laboratory. The XAS
data, including X‐ray absorption near‐edge spectros-
copy (XANES) and extended X‐ray absorption fine
structure (EXAFS) data, were analyzed using the
ATHENA and ARTEMIS programs of the IFEFFIT
package.

2.3 | Electrode preparation and
electrochemical measurements

The method described for electrode preparation was
applied to all the investigated samples. To prepare the
working electrode for the eCO2RR, 5 mg as‐prepared
catalyst powder and 5 mg carbon black were dispersed
in 1 mL ethanol and 40 µL Nafion solution (5 wt%)
and sonicated for 2 h. Subsequently, 20 µL of the
homogeneous catalyst ink was drop‐cast onto a
1 × 1 cm2 polytetrafluoroethylene (PTFE)‐treated car-
bon paper (Sigracet 39 BB) and dried at room
temperature. Electrochemical experiments were per-
formed in a customized H‐type cell separated into
cathodic and anodic sections using a Nafion mem-
brane (212; Dupont Co.). A standard three‐electrode
system (working, counter, and reference electrodes)

was used. eCO2RR was performed in the cathodic
section, which comprised the working electrode
(1 × 1 cm2) and reference electrode (saturated calomel
electrode [SCE]) in 20 mL CO2‐purged 0.5 M KHCO3

at pH 7.2. The anodic section comprised a Pt mesh
counter electrode in 20 mL Ar‐purged 0.5 M KHCO3 at
pH 8.8. Throughout the electrochemical measure-
ments, 20 mL min−1 CO2 gas was used as the electro-
lyte in the cathodic section. The SCE reference
electrode was converted into a reversible hydrogen
electrode (RHE) scale as follows:

E E(vs. RHE) = (vs. SCE) + 0.222 V

+ 0.0592 × pH.
(1)

Linear sweep voltammetry (LSV) polarization
curves were obtained at a scan rate of 10 mV s−1.
The CO and H2 gas products during the eCO2RR were
detected using online gas chromatography (GC; 7890
B; Agilent Technologies). CO and H2 were detected
using a flame ionization detector (FID) and a thermal
conductivity detector (TCD), respectively. The liquid
products were analyzed using nuclear magnetic
resonance (NMR; VNS6000 MHz) spectroscopy with
dimethyl sulfoxide as the internal standard. No liquid
products were detected in the NMR spectra. Electro-
chemical surface area (ECSA) was calculated as
follows:

C

C
ECSA = ,dl

s
(2)

where Cdl and Cs are the double‐layer and specific
capacitances, respectively. The average Cs was 50 μF
cm−2 throughout the area at scan rates of 10, 20, 40, 60,
80, and 100mV s−1, the potential window of 0.6−0.85 V
versus RHE, and the mass of the catalyst (5 mg) in a CO2‐
purged 0.5M KHCO3 electrolyte. The Cdl at 0.725 V
versus RHE was estimated as follows:

C
j

j j j=
2

( = − ).dl a c

∆
∆ (3)

To conduct the experiments in a flow‐cell reactor, the
catalyst ink was spray‐coated onto PTFE‐treated carbon
paper measuring 1 × 1 cm2 and dried at room tempera-
ture. Catalyst loading was maintained at 3 mg cm−2. In
both electrolytes, 0.5 M KHCO3 and 1M KOH were
cycled through each compartment at 50mLmin−1. The
CO2 gas was introduced into the system at 100mLmin−1.

To evaluate the selectivity of the electrocatalysts, the
FECO was calculated as follows:
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j

j

v zF

j
FE (%) = = ,CO

CO

total

CO

total

(4)

where FECO is the Faradaic efficiency for CO production,
%; jCO is the partial current density of CO; jtotal is the total
current density; vCO is the concentration of CO, mol, as
measured using GC; z is the number of electrons
exchanged for product formation; Z= 2 for CO and
H2), F is the Faradaic constant (F= 96,485 Cmol−1),

To quantify the intrinsic electroactivity, the TOF was
calculated as follows:

h
j

m m M
TOF( ) =

/zF

× ( / )
× 3600,−1 CO

cat Ni Ni
(5)

jCO is the partial current density of CO (jCO values of
Ni–NC–NS are 18.1, 22.5, and 26.8 mA cm−2 at −1.0,
−1.1, and −1.2 V vs. RHE, respectively). z is the number
of electrons exchanged for product formation (two for
CO, z= 2). F is the Faradaic constant (F= 96,485 C
mol−1). mcat is the catalyst mass on the electrode
(mcat = 0.2 mg cm−2). mNi is the Ni metal loading of the
catalyst (Ni–NC–NS: 0.6 wt% obtained using ICP‐AES).

MNi is the atomic mass of the transition metal
(MNi = 58.6934 gmol−1).

3 | RESULTS AND DISCUSSION

3.1 | Catalyst synthesis and
characterization

Scheme 1 illustrates the fabrication process for dispersed
single Ni atoms anchored on ZIF‐8‐NS. Initially, Zn
(NO3)2 and Ni(NO3)2 metal sources, 2‐methylimidazolate
organic ligands, and DI water were mixed and stirred for
24 h at room temperature to synthesize Ni‐ZIF‐8‐NS. The
final Ni–NC–NS product was obtained via high‐
temperature pyrolysis for carbonization. However, tradi-
tional 3D Ni‐ZIF‐8‐P and its pyrolyzed products
(Ni–NC–P) were synthesized using methanol, a toxic
solvent. SEM and TEM images of Ni–NC–NS revealed a
nanosheet structure with an average area of approxi-
mately 300 nm (Figures 1A and S1), comparable to those
of ZIF‐8‐NS and Ni‐ZIF‐8‐NS (Figure S2). Additionally,
HAADF‐TEM images with the corresponding EDS

SCHEME 1 Schematic of the synthesis method and proposed vacancy‐manipulated Ni–Nx active site architecture of Ni–NC–NS.
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mapping profiles confirmed well‐dispersed Ni, N, and C
in the porous graphitic carbon nanosheet structure;
however, no Zn signals were detected (Figure 1B,C). The
ring‐like selected‐area electron diffraction (SAED) pat-
tern demonstrates the crystallinity of Ni–NC–NS, ex-
hibiting a diffraction pattern of amorphous carbon
(Figure 1D).16 Aberration‐corrected HAADF‐STEM
images at different atomic magnifications showed
isolated, dense bright spots representing single Ni atoms
anchored on the graphitic carbon nanosheet structure
(Figure 1E,F). Line profile analysis confirmed that the
signal intensity associated with a single Ni atom was
distinguishable (Figure 1F). Atomic force microscopy
revealed a thickness of approximately 5 nm for Ni‐ZIF‐8‐
NS, indicating that thin nanosheets can offer abundant
exposure sites (Figure S3).17 Ni–NC–P exhibited hexago-
nal facets with an average size of approximately 60 nm
and a single Ni atom insertion on the ZIF‐8‐P support
(Figure S4). However, Zn was detected in the EDS
mapping, distinguishing it from Ni–NC–NS. The digital
photographs of the samples before and after pyrolysis are
shown in Figure S5.

The crystal structures of the fabricated materials
were examined using XRD. The results show that ZIF‐
8‐NS has a monoclinic crystal structure, with Zn2+

cations coordinated to four nitrogen atoms from the
imidazolate group (Figure S6).18 In contrast, ZIF‐8‐P
exhibits the typical cubic crystal structure of ZIF‐8.19

These differences in crystal structures are attributed to
the polar environment and symmetry of the molecular
structure, which depend on the solvent used.20

Furthermore, no significant changes in the peaks of
ZIF‐8‐P and ZIF‐8‐NS were observed after adding Ni
ions. The simulated and experimental XRD patterns

were compared to confirm the monoclinic and cubic
crystal structures of ZIF‐8‐NS and ZIF‐8‐P, respectively
(Figure S7). Optimized monoclinic ZIF‐8‐NS and cubic
ZIF‐8‐P crystal structures were obtained (Figure S8).
After high‐temperature pyrolysis at 950°C, broad
carbon diffraction patterns were observed in the XRD
patterns of all as‐prepared samples at 25° and 44°,
assigned to the (002) and (100) planes, respectively
(Figure 2A). The XRD analysis showed no characteris-
tic peaks of metallic Zn (JCPDS No. 900‐8522) or Ni
(JCPDS No. 004‐0850), indicating that single Ni atoms
were dispersed effectively on the graphitic carbon
support, thereby preventing metal aggregation.21 The
Raman spectra indicated that Ni–NC–NS had a higher
peak intensity ratio (1.06) of D band and G band (ID/
IG) than Ni–NC–P (0.97), suggesting that Ni–NC–NS
has a larger number of defective sites, a rich vacancy
environment, and disordered carbon sites due to Zn
evaporation (Zn boiling point: 907°C; Figure 2B).22

However, a slight decrease in the ID/IG ratio was
observed after adding Ni (Figure S9). To support the
findings from the Raman measurements, we further
conducted EPR spectroscopy experiments to confirm
the presence of vacant sites by observing a magnetic
signal in g‐values. A distinctive isotopic EPR signal
emerged at g = 2.004, revealing that the carbon atoms
within Ni–NC–NS, which possess abundant nitrogen
vacancy sites, induce magnetism (Figure S10).23 XPS
was used to examine the chemical compositions and
valence states. The XPS survey spectra of Ni–NC–NS
and Ni–NC–P show the presence of Ni, N, O, and C
(Figure 2C); however, only Ni–NC–P contains
Zn, consistent with the EDS results (Table S1). The
high‐resolution XPS spectrum of N 1s exhibited the

FIGURE 1 Morphological
characterizations of the Ni–NC–NS catalyst.
(A) TEM image (scale bar = 400 nm), (B)
HAADF‐TEM image (scale bar = 200 nm),
(C) corresponding elemental mapping
profiles for C, N, Ni, and Zn elements
obtained using EDS elemental mapping (red,
blue, pink, and green colors represent C, N,
Ni, and Zn, respectively), (D) SAED pattern
(scale bar = 10 nm−1), (E) HAADF‐STEM
image (scale bar = 5 nm), and (F) magnified
aberration‐corrected HAADF‐STEM image
of Ni–NC–NS. Inset in (F) shows the line
profiles of Ni single atoms obtained from the
pink dotted line.

CHO ET AL. | 5 of 14
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deconvolution of Ni–NC–NS and Ni–NC–P into five
different N configurations, namely pyridinic N, Ni–N,
pyrrolic N, graphitic N, and oxidized N, with binding
energies of 398.2, 399.5, 400.5, 401.3, and 403.4 eV,
respectively. These configurations facilitated the for-
mation of rich anchor sites to stabilize the Ni metal
centers (Figure 2D).24,25 Additionally, high‐resolution
XPS spectra of Ni 2p3/2 for Ni–NC–NS and Ni–NC–P
showed peaks between the Ni foil (Ni0; 853.5 eV) and
Ni2+ (855.8 eV), highlighting the oxidative Niδ+ nature
of Ni (0 < δ < 2; Figure S11).26 N2 adsorption and

desorption isotherms were obtained using the BET
method to investigate the specific surface area and
pore structure. The results demonstrated that
Ni–NC–NS had a total pore volume of 0.36 cm3 g−1, a
mesoporous structure, and a specific surface area of
930 m2 g−1, which was significantly higher than that of
Ni–NC–P (688 m2 g−1; Figure 2E). The corresponding
pore size distribution diagram shows micropores and
mesopores in Ni–NC–NS.27 Therefore, the exceptional
advantages of Ni–NC–NS, including its remarkably
high specific surface area and abundant porosity, are

FIGURE 2 Characteristic analysis of materials. (A) XRD patterns of NC–P, Ni–NC–P, NC–NS, and Ni–NC–NS for crystal structure. The
JCPDS profiles of metallic Zn (red) and Ni (blue) are represented. (B) Raman spectra, (C) XPS survey spectra, (D) N 1s high‐resolution XPS
spectra, and (E) BET analysis of Ni–NC–P and Ni–NC–NS (inset shows average pore size distributions of Ni–NC–P and Ni–NC–NS).
Optimized atomic structure models of (F) cubic ZIF‐8‐P and (G) monoclinic ZIF‐8‐NS. (H) Computed removal energies of the Zn‐containing
organic linker from each structure. (I) Schematic of the removal energy calculation procedure for materials.
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attributed to its extensive exposure to active sites
during catalytic reactions.28

3.2 | Investigation of a vacancy‐
manipulated site

XPS was conducted on Ni‐ZIF‐8‐NS at various pyrolysis
temperatures for 4 h to investigate the effects of vacancies
resulting from the evaporation of Zn. As the pyrolysis
temperature increased from 750°C to 950°C, there was a
noticeable decrease in Zn content from 2.47% to 1.39% to
0% (Figure S12, region A), confirming complete Zn
evaporation at 950°C while retaining Ni (Figure S12,
region B). Furthermore, XPS measurements of NC–NS
and NC–P, including survey spectra and elemental
analysis, revealed Zn only in NC–P (Figure S13 and
Table S2). Residual Zn was still detected in NC–P and
Ni–NC–P, even after pyrolysis at 1000°C for 10 h. To
investigate the thermal stability and decomposition
properties of the catalysts with various crystal structures,
thermogravimetric analysis (TGA) was conducted under
an N2 atmosphere (Figure S14). Initially, cubic Ni‐ZIF‐8‐
P exhibited a significant mass loss between the initial (Ti)
and final mass loss temperatures (Tf) at 439°C and 557°C,
respectively, indicating a disintegrated crystal structure
and degraded organic components (Figure S14A).29 The
Ti of monoclinic Ni‐ZIF‐8‐NS was comparable to that of
cubic Ni‐ZIF‐8‐P, while the Tf was more than 85°C lower
than that of cubic Ni‐ZIF‐8‐P (Figure S14B). Based on
this phenomenon, it was hypothesized that monoclinic
Ni‐ZIF‐8‐NS decomposes the CN fragments containing
Zn at an earlier stage than that of cubic Ni‐ZIF‐8‐P,
thereby allocating additional energy to residual Zn
evaporation, porphyrin structural stabilization, and
vacancy manipulation.29 Additional investigations were
conducted to substantiate the abovementioned analyses
and hypotheses. First, the removal energy (ΔEremoval) of
2‐methylimidazolate Zn‐containing organic linker from
ZIF‐8 was calculated: ΔEremoval =−(ΔEZIF‐8− ΔEZn− Δ
EZn−removed ZIF‐8), where a more positive ΔEremoval

indicates a higher energy requirement for removal, thus
indicating a sluggish removal process of the Zn‐
containing organic linker. The atomic structures of cubic
ZIF‐8‐P and monoclinic ZIF‐8‐NS were analyzed to
determine the energy required for removal
(Figure 2F,G). The calculated ΔEremoval indicated that it
was easier to remove the Zn‐containing organic linker
from monoclinic ZIF‐8‐NS (9.66 eV) than from cubic ZIF‐
8‐P (10.74 eV; Figure 2H,I). Due to its significantly lower
removal energy, monoclinic ZIF‐8‐NS exhibited complete
Zn evaporation during high‐temperature pyrolysis. This
prevented metal aggregation, stabilized the porphyrin

structure, and induced a more abundant vacancy
environment. Conversely, the residual Zn in Ni–NC–P
required higher energy barriers than those of Ni–NC–NS
for CO2 activation to form COOH* in the eCO2RR
system, which can be attributed to the coordinatively
unsaturated environment.30

3.3 | In‐depth investigation of atomic
environments

XAS was used to investigate the local structural and
electronic properties of single Ni atoms in Ni–NC–NS at
the atomic level. Ni K‐edge XANES showed that the
Ni–NC–NS was situated between Ni0 and Ni phthalo-
cyanine (NiPc) (Ni2+) (Figure 3A). This result indicates
that the valence state of isolated Ni atoms is in the Niδ+

nature range (0 < δ< 2), consistent with the XPS results.
Fourier‐transform EXAFS (FT‐EXAFS) spectroscopy was
performed to investigate the atomic environment of
Ni–NC–NS at the Ni K‐edge. The major peak of
Ni–NC–NS was identified at approximately 1.33 Å
(Figure 3B) and assigned to the first shell. This suggests
a significantly shorter Ni–N interaction than the Ni–N
coordination peak of NiPc (1.44 Å). Additional insights
into the various atomic environments, such as the
coordination number (CN) and precise Ni–N bond
distance, were obtained through FT‐EXAFS curve fitting,
which consistently exhibited positive values in the magni-
tude R space (|χ(R)|) at the Ni K‐edge (Figure 3C).
Subsequently, FT‐EXAFS in the real R space (Re[χ(R)]),
which oscillates between positive and negative values, was
performed to verify the reliability of the data (Inset in
Figure 3C). EXAFS curve fitting analyses demonstrated
that the CN of Ni species in Ni–NC–NS was 2.3 ± 0.1,
revealing the configuration of most NiN2–V2 (NiNx–Vy,
where N and V indicate the nitrogen and vacancy,
respectively, and x and y indicate their respective CNs).
In addition, FT‐EXAFS in real q space (Re[χ(q)]) was
transformed back into the wavevector space (the window
function was assigned in q space at 0–8 Å−1), indicating
well‐matched and well‐fitted data (Figure 3D).31 The Ni–N
configuration in Ni–NC–NS was discerned via 2D repre-
sentative wavelet‐transformed‐EXAFS, encompassing k
and R spaces (Figure S15). Additional XAS analyses were
performed, including fitting the EXAFS curves of the Ni
foil, NiPc, and Ni‐ZIF‐8‐NS (Figure S16). The XAS analysis
revealed that Ni–NC–P exhibited a Niδ+ (0 < δ< 2) valence
state at the Ni K‐edge. The CN of Ni–NC–P was 3.2 ± 0.2,
and the prominent peak was observed at approximately
1.39 Å, indicating a longer Ni–N bond length than that of
Ni–NC–NS (Figure S17A–C). Table S3 shows the Ni
K‐edge EXAFS curve‐fitting results for the reference
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materials and catalysts. The XAS data at the Zn K‐edge of
Ni–NC–P, which contained Zn, were compared to those of
Ni–NC–NS, which did not contain Zn (Figure S17D–F and
Table S4). XAS analysis revealed that Ni–NC–P exhibited a
distinct combination of Ni–N and Zn–N interactions,
whereas Ni–NC–NS predominantly characterized Ni–N
interactions.

3.4 | Electrochemical CO2RR
performance in H‐cell and flow‐cell
reactors

Based on the atomic environment findings, the electro-
catalytic performance of the Ni–NC–NS catalyst, which
features the NiN2–V2 interaction, was evaluated in the
eCO2RR. For this purpose, a conventional H‐cell reactor
with a 0.5M KHCO3 electrolyte was used, and its
performance was compared with that of NC–NS, NC–P,

and Ni–NC–P. The H‐cell was connected to an online GC
system to quantitatively analyze the gas‐phase products
using a well‐fitted calibration curve for gas standards
(Figure S18). To stabilize the electrodes, representative
chronoamperometric measurements of all the as‐
prepared samples were conducted over a range of
potentials (Figure S19). The LSV polarization curves
(Figure 4A) demonstrated that Ni–NC–NS achieved a
significantly higher cathodic current in the potential
range from −0.2 to −1.3 V versus RHE compared to
NC–P, NC–NS, and Ni–NC–P, demonstrating superior
electrocatalytic performance. Ni–NC–NS showed approx-
imately 100% FECO under the potentials ranging from
−0.7 to −1.0 V versus RHE and high CO partial current
density (jCO) of 18.1, 22.5, and 26.8 mA cm−2 at −1.0,
−1.1, and −1.2 V versus RHE, respectively. No liquid
products were detected using 1H NMR (Figure S20). The
plots obtained using a TCD and FID for online GC
detection at given potentials are represented in

FIGURE 3 XAS analysis at the atomic level. (A) Ni K‐edge XANES spectra (inset image is an enlargement of [A]), and (B) the
k3‐weighted FT‐EXAFS spectra of Ni–NC–NS with Ni foil and NiPc as references. The proposed atomic structure of the Ni site in Ni–NC–NS
is displayed in inset (B); gray, blue, and light‐green balls represent the C, N, and Ni atoms, respectively. (C) Corresponding FT‐EXAFS fitting
curves in magnitude R space (|χ(R)|), with inset showing FT‐EXAFS fitting curves in real R space (Re[χ(R)]), and (D) in real q space
(Re[χ(q)]) at the Ni K‐edge for Ni–NC–NS.
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FIGURE 4 eCO2RR performance of fabricated catalysts. (A) LSV polarization curves at a scan rate of 10mV s−1, (B) FECO, and (C) CO
partial current density of Ni–NC–NS compared to those of NC–P, NC–NS, and Ni–NC–P in the potential range of −0.7 to −1.1 V versus RHE.
(D) TOF values of Ni–NC–NS (Ni: 0.6 wt%) and Ni–NC–P (Ni: 1.21 wt%), which were derived from ICP‐AES measurements (Table S1) at
various applied potentials. All measurements were performed under the same conditions: CO2‐purged 0.5M KHCO3 and 20mLmin−1 CO2

flow. (E) Comparison of TOF values of reported Ni SAC‐based eCO2RR electrocatalysts in the H‐cell reactor (TOF values of reported Ni
SACs are arranged in Table S5). Our electrocatalysts are marked as pink stars.
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Figure S21. Ni–NC–P exhibited an FECO of 86% at −1.0 V
versus RHE and relatively lower jCO than Ni–NC–NS
(Figure 4B,C). Chronoamperometry measurements and
FE for CO and H2 on pristine carbon paper are shown in
Figure S22 for an accurate comparison. The TOF was
calculated using an electrode with Ni loading in the
catalyst based on ICP‐AES measurements to evaluate the
intrinsic activity of the catalyst in an electrocatalytic
system (Table S1).32 Ni–NC–NS exhibited an ultrahigh
TOF value of 18,403 h−1 at −1.1 V versus RHE and
23,699 h−1 at −1.2 V versus RHE (Figure 4D), which are
significantly higher than those of reported Ni SAC‐based
eCO2RR catalysts under similar conditions (Figure 4E
and Table S5). The smaller semicircle in the Nyquist plot
of Ni–NC–NS indicated its faster charge‐transfer capacity
for CO formation than that of Ni–NC–P, owing to the
lower interfacial resistance at the electrode/electrolyte
interface, which facilitated the rapid catalytic kinetics of
Ni–NC–NS toward CO formation (Figure S23A).9 A
detailed explanation of the additional eCO2RR perform-
ance of Ni–NC–NS, including the lowest Tafel slope
(123mV dec−1), which favors the formation of the
COOH* intermediate and a large ECSA to facilitate
sufficient exposed active sites during the reaction, is
shown in Figure S23B–H.33,34 Subsequently, 20, 40, and
60 µL of ink was deposited via the drop‐casting method
to investigate the impact of the amount of catalyst ink
deposited on the carbon paper on the electrochemical
performance (Figure S24A). Although FECO slightly
decreased with increasing ink deposition, the
Ni–NC–NS catalyst with 60 µL ink exhibited significantly
high jCO of 58.1 mA cm−2 and high FECO of 95.3% at
−1.0 V versus RHE (Figure S24B–D). To evaluate the
long‐term stability of Ni–NC–NS, a constant chronoam-
perometry test was performed to resolve the limited
stability of SACs. The performance decreased slightly
compared to the initial test; however, high FECO and jCO
were maintained even after 10 h of long‐term stability
testing in the H‐cell at −1.0 V versus RHE (Figure S25A).
Single Ni atoms were inserted into the large specific
surface area and abundant vacancy sites of the
nanosheet; therefore, long‐term stability could be
obtained by interfering with Ni nanoparticle aggregation
and efficiently suppressing hydrogen evolution.35 After
10 h of stability testing, a negligible structural collapse
was observed in the SEM and HAADF‐STEM images
(Figure S25B,C). Furthermore, XRD, XPS, and XAS
revealed that the crystal structure and electronic state
of Ni–NC–NS remained unchanged after an extended
period of electrocatalytic stability testing, indicating the
robust chemical stability of the catalyst (Figure S25D–G).

To enhance commercial viability by addressing the
issue of limited CO2 solubility in a conventional H‐cell

reactor, a three‐compartment microfluidic flow cell
system was employed under ambient conditions
(Figure 5A).36 For cost‐effectiveness, an optimal amount
of catalyst ink (3 mg cm−2) was deposited on a 1 × 1 cm2

carbon paper substrate (Figure S26A). The LSV polariza-
tion curves of Ni–NC–NS in 0.5M KHCO3 and 1M KOH
electrolytes show a high cathodic current in the applied
potential range from 0 to −1.2 V versus RHE
(Figure S26B). The Ni–NC–NS in 0.5M KHCO3 electro-
lyte exhibits an excellent FECO of over 94% at a wide
range of applied voltages from −0.8 to −1.2 V versus RHE
and a jCO of 114mA cm−2 at −1.2 V versus RHE
(Figure 5B,D). The eCO2RR performance with an
alkaline electrolyte (1M KOH) recorded a significantly
high jCO of 210mA cm−2.37 However, a slightly lower
average FECO than that achieved in the 0.5M KHCO3

was observed (Figure 5C,E). We compared the recently
reported Ni‐SAC‐based eCO2RR catalysts used in flow
cell reactors in terms of jCO in two electrolyte environ-
ments (Figure S27).

3.5 | Theoretical study

A computational analysis using DFT calculations was
performed to understand how vacancy sites in the atomic
environment affect eCO2RR activity. This study focused
on the Ni–N–C active sites embedded in carbon support.
Three models with varying vacancy sites, namely NiN4,
NiN3–V, and NiN2–V2, were modeled around the isolated
Ni sites (Figure 6A). The average Ni–N CNs of Ni–NC–P
(3.2) and Ni–NC–NS (2.3) were obtained from the EXAFS
results (Table S3). Based on these data, Ni–NC–P
comprised the majority of NiN3–V, with a small amount
of NiN4. In contrast, Ni–NC–NS comprised the majority
of NiN2–V2, with a small amount of NiN3–V. The DFT
calculations revealed that the energy required for the
desorption of CO* to form CO(g) on bare NiN3–V and
NiN2–V2 was markedly high, resulting in the formation
of CO* on the attached Ni sites (Figure S28). Therefore,
the CO* preadsorbed sites were used as the initial states
for NiN3–V and NiN2–V2.

38 The first protonation step of
CO2 to form COOH* was the potential‐determining step
of NiN4 ( GCOOH*∆ = 1.65 eV), which resulted in improved
catalytic activity (Figure 6B). Furthermore, a large
number of vacancy sites in the porphyrin structure
strengthened COOH* binding ( GCOOH*∆ = 0.93 and
0.13 eV for single and double vacancy sites, respectively),
thus facilitating a more positive limiting potential for the
eCO2RR (UL[CO2]; Figure 6C). Furthermore, this study
investigated the effects of competitive HER. The vacancy
sites strengthened H* binding, leading to higher catalytic
activity for the HER (Figure S29). This was likely due to
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the scaling relationship between the C* and H* binding
energies.39 Both catalytic activity and selectivity were
considered, and the values of UL(CO2) and UL(CO2) –
UL(H2) were simultaneously evaluated. NiN2–V2 exhibits
the most favorable UL(CO2) and UL(CO2) –UL(H2)
values, surpassing those of NiN4, implying that it is the

most promising catalyst for the eCO2RR based on
thermodynamic considerations. Microkinetic modeling
confirmed that NiN2–V2 exhibited the highest TOF for
the eCO2RR to generate CO (Figure 6D).40 This can be
attributed to remarkably strong COOH* and moderate
CO* binding, which enabled effortless CO2 activation

FIGURE 5 Flow cell assessments. (A) Schematic of a three‐compartment microfluidic flow cell and its components. Faradaic efficiency
for gas products and CO partial current density of Ni–NC–NS with 3mg cm−2 (B, D) in CO2‐purged 0.5M KHCO3 and (C, E) in CO2‐purged
1M KOH electrolytes at the applied potential range of −0.8 to −1.2 V versus RHE.

CHO ET AL. | 11 of 14

 26379368, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.510 by C

hung-A
ng U

niversity, W
iley O

nline L
ibrary on [24/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and CO desorption. Therefore, the computational analy-
sis elucidated the exceptional catalytic activity of
Ni–NC–NS observed in the electrocatalytic experiments
based on the results obtained for NiN2–V2. For a more
accurate comparison, the effect of residual Zn on
Ni–NC–P was investigated. The ZnN4 and ZnN3–V
structures were modeled based on the EXAFS results,
which showed an average CN of 3.6 (Table S4). DFT
calculations indicated that the activation energy barriers
for CO2 to form COOH* and the protonation of COOH*
to form CO* were high for ZnN4 and ZnN3–V.
Consequently, their catalytic activities were expected to

be lower than those of their Ni counterparts (Figure S30).
This suggests that the facile removal of inactive Zn motifs
from Ni–NC–NS contributes to its high catalytic activity
and selectivity (Figure 2F–I). Electronic structure analy-
ses were performed to investigate the effect of vacancy
formation on the binding strength of the reaction
intermediates. An upshift in the d‐band centers relative
to the Fermi level was observed, from −1.94 to −1.58 to
−1.20 eV for NiN4, NiN3–V, and NiN2–V2, respectively,
with increasing vacancy sites (Figure 6E). Higher d‐band
center positions lead to less electron occupation of the
antibonding states below the Fermi level, resulting in

FIGURE 6 DFT calculations to unravel the mechanistic understanding. (A) Atomic structures of NiNx–Vy with charge density
difference (CDD) plots, where (CO*) indicates preadsorbed CO* at the Ni sites. CDD is calculated as ρ ρ ρ ρ= − −total Ni N−NC∆ , where
ρ ρ, ,total Ni and ρN−NC are charge densities of the total system, Ni metal site, and N‐doped carbon support, respectively. The blue (yellow) area
indicates charge accumulation (depletion), with an isosurface value of 0.04 e Å−3. (B) Gibbs free energy diagram of NiNx–Vy. (C) The
calculated limiting potentials (UL) of NiNx–Vy under eCO2RR and HER and their differences. More positive value of UL(CO2)−UL(H2)
indicates higher selectivity toward eCO2RR. (D) The predicted TOF value using mean‐field microkinetic modeling and (E) partial density of
states of NiNx–Vy under eCO2RR. The dashed vertical lines indicate the calculated d‐band center values. (F) Electron density distributions of
HOMO with an isosurface level set to 0.003 e Å−3. (G) Binding energies of COOH* (y‐axis) versus d‐band center (lower x‐axis) or Bader
charge (upper x‐axis). The color gradient indicates stronger COOH* binding regions.
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stronger COOH* binding and easier activation of CO2.
41

These findings are supported by the Bader charge
analysis,42 where the interaction between Ni sites and
adsorbates strengthened with increasing vacancy sites as
the number of Ni sites decreased (Figure 6A,G).43,44 As
the vacancy sites increased, the highest occupied
molecular orbital (HOMO) showed a more localized
electron density near the Ni sites, facilitating electron
donation for easier CO2 activation and COOH* formation
(Figure 6F).45 These electronic structure analyses prove
that introducing vacancy sites enhances the activity of
the Ni sites in the eCO2RR.

4 | CONCLUSION

An Ni SAC derived from a 2D nanosheet MOF was
successfully fabricated by combining vacancy engineer-
ing and morphology reconstruction via solvent substitu-
tion. The abundant vacancy sites of Ni–NC–NS, detected
using TGA, XRD, Raman spectroscopy, EPR, and
theoretical studies, provided exposed sites, prevented
metal aggregation, and stabilized the porphyrin struc-
ture. The Ni–NC–NS catalyst, comprising a single Ni
atom combined with two nitrogen atoms and two
vacancy sites confirmed using XAS, exhibited exceptional
performance, with an FECO of approximately 100%, TOF
of 23,699 h−1, stability over 10 h in an H‐cell reactor, and
a remarkable jCO of 210mA cm−2 in a three‐
compartment microfluidic flow cell reactor. Further-
more, DFT calculations provided significant insights into
the vacancy effect and CO* preadsorbed states, which
were used to investigate the most favorable atomic
coordination environment for optimal performance of
the eCO2RR system.
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