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dinationmodulation with different
heteroatoms unveils favorable single-atom Ni sites
for near-unity CO selectivity in CO2

electroreduction†

Shuangqun Chen,‡a Tong Cao,‡a Wen Yan,b Ke Zhao,a Yalin Guo,*a Tiantian Wu, *c

Daliang Zhang,a Ming Ma, b Yu Han d and Jianfeng Huang *a

Coordinationmodulation is a key strategy for enhancing the catalytic activity of single-atom catalysts (SACs)

in CO2 electroreduction. However, achieving suchmodulation within the same framework by incorporating

an array of heteroatoms with differing electronic properties remains unexplored, despite its potential for

optimizing active sites. Here, we investigate unprecedentedly three Ni-based SACs (N3Ni–C, N3Ni–N,

and N3Ni–O), where varying coordinating atoms (C, N, and O) modulate continuously the electronic

structure to explore their effects on CO2 electroreduction. Compared to the N3Ni–N catalyst with classic

Ni–N4 coordination, N3Ni–C demonstrates significantly enhanced CO2 conversion, achieving remarkably

a near-unity Faradaic efficiency for CO (99.3%) at −0.7 VRHE in the H-cell and a CO partial current

density of 396.8 mA cm−2 at −1.15 VRHE in the flow cell, whereas N3Ni–O exhibits inferior performance.

Operando and computational investigations reveal that both C- and O-coordination enhance CO2

hydrogenation by elevating the Ni d-band center, thereby strengthening *COOH intermediate

adsorption. However, the concurrent promotion of the hydrogen evolution reaction competes with CO2

reduction, ultimately leading to opposite effects on performance. This work provides atomic-level

insights into CO2 electroreduction mechanisms and offers compelling strategies for improving SAC

performance via coordination modulation with heteroatoms.
1 Introduction

Rising global consumption of fossil fuels has led to excess CO2

emissions, resulting in severe environmental repercussions and
signicant sustainability challenges.1–4 The electrochemical
CO2 reduction reaction (eCO2RR), powered by electrical energy
preferably sourced from renewable origins, is recognized as
a sustainable and clean approach for transforming CO2 into
valuable chemicals and fuels.5–9 Carbon monoxide (CO), one of
the simplest products of the eCO2RR, enjoys strong market
demand because of its versatility as a chemical feedstock
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extensively utilized in numerous industrial processes.10–14 Thus,
converting CO2 to CO via electrochemical reduction offers
a multifaceted solution that addresses environmental concerns,
integrates renewable energy sources and supports industrial
needs. However, this conversion is currently hindered by high
overpotentials and competing reactions, such as the hydrogen
evolution reaction (HER), necessitating the development of
catalysts that are more efficient, selective, and ideally also cost-
effective to enhance the practical viability of this process.15–17

Noble metals gold (Au) and silver (Ag) are widely regarded as
the most efficient materials for catalyzing the conversion of CO2

to CO in the eCO2RR.18–21 Nevertheless, their high costs and
limited Faradaic efficiency (FE) at elevated current densities
continue to present signicant challenges.22,23 To achieve effi-
cient CO2 conversion to CO, the rational design and control-
lable synthesis of electrocatalysts with improved reaction
efficiency—grounded in a deep understanding of reaction
mechanisms and structure–activity relationships—have
emerged as key research areas. In this regard, single-atom
catalysts (SACs) with metal–nitrogen–carbon (M–N–C) struc-
tures have attracted considerable attention in recent years for
the eCO2RR, owing to their low cost, well-dened atomic
structures, and unique electronic properties.24–27 SACs based on
© 2025 The Author(s). Published by the Royal Society of Chemistry
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non-precious metals, such as Ni, Fe, Co, Mn, and Sn, have
shown particular promise in the electrocatalytic conversion of
CO2 to CO.28–32 Nevertheless, earlier studies of M–N–C SACs
primarily employed symmetric M–N4 coordination congura-
tions, which, as a classic conguration, while demonstrating
potential, typically require further improvement in electron
transfer efficiency and the adsorption and activation of CO2

molecules to enhance the overall efficiency of CO2-to-CO
conversion.33–35 Furthermore, the reduction of CO2 to CO typi-
cally involves two proton-coupled electron transfer steps, with
overcoming the high energy barrier for the formation of the key
intermediate COOH* in the rst (rate-determining) step
remaining a major challenge for M–N4-congured SACs.36,37

Given these challenges, research focused on modulating the
electronic properties of the metallic active sites within M–N–C
structures is crucial for achieving efficient CO2 conversion.

Generally, N doping of carbon-based substrates induces
signicant changes in the properties of the support material,
providing abundant coordination sites that facilitate the
formation of various N-coordinated metal structures (M–Nx, x#
4).38–41 As a result, beyond merely adjusting the number of N
coordination sites, strategies have been developed to incorpo-
rate other heteroatoms with differing electronic properties—
such as carbon (C) and boron (B), which possess electron-
donating characteristics compared to N, and oxygen (O) and
uorine (F), which exhibit electron-withdrawing characteris-
tics—into catalysts by substituting N atoms to optimize the
electronic properties of the metallic active sites.42–52 These
approaches are particularly attractive because they effectively
alter the charge distribution and/or structural symmetry of the
active sites, providing signicant opportunities to enhance the
catalytic performance of M–N–C SACs. For example, the incor-
poration of electron-decient C has been shown to enhance the
catalytic performance of the eCO2RR by modifying the elec-
tronic structure and thereby optimizing the binding energies of
intermediates (*COOH and *CO) through cooperative regula-
tion with N of the coordination environment of the Ni2 center
within the Nx–Ni2–C7−x SACs.53 In contrast, in N3–Sn–O1 SACs,
the electron-rich nature of O atoms was found to precisely tune
the binding strengths of intermediates (*COO and *COOH) in
the eCO2RR, markedly improving the selectivity for CO as the
dominant product.54

Across reported results, heteroatoms, despite having oppo-
site electronic effects relative to N (i.e., electron-donating and
electron-withdrawing), have all been shown to facilitate CO2-to-
CO conversion following N-coordination substitution. While
this phenomenon is not unexpected, as relevant studies
primarily employed only a single type of heteroatom to regulate
the electronic properties of the active sites within different SAC
systems, it raises confusion regarding which types of hetero-
atoms, based on their electronic effects, are more advantageous
for CO2-to-CO conversion in specic new SACs. Resolving this
confusion is fundamentally important for a more comprehen-
sive understanding of the structure–activity relationships and is
also practically useful for the rational design of more advanced
SACs aimed at efficient CO2-to-CO conversion. To address this
confusion, incorporating heteroatoms with opposite electronic
© 2025 The Author(s). Published by the Royal Society of Chemistry
effects into the coordination sites within the same SAC struc-
ture to enable bidirectional regulation of the electronic prop-
erties of metallic active centers is essential. However, to the best
of our knowledge, no studies to date have investigated the
regulation of active sites within the same SAC system by intro-
ducing different types of heteroatoms with varying electronic
effects (i.e., electronegativities stronger and weaker than N, thus
presenting electron-donating and electron-withdrawing prop-
erties) for N-coordination substitution.

In this study, we report for the rst time the selective
replacement of a coordinated N atom in the M–N4 structure
with C and O atoms, respectively, to modulate continuously the
coordination environment of the metallic sites in SACs and
investigate their impacts on electrochemical CO2-to-CO
conversion. Due to their differing electronegativities and coor-
dination properties, C and O atoms modify the electronic
structure of the catalyst in distinct ways, enabling the identi-
cation of favorable active sites with optimal adsorption behav-
iors for intermediates in the eCO2RR. To this end, we explore
novel Ni-based SACs with three types of atomic coordination
(N3Ni–C, N3Ni–N, and N3Ni–O) supported on carbon nano-
ribbons. Among these catalysts, N3Ni–C demonstrates the best
catalytic performance in the eCO2RR, while N3Ni–O shows the
worst. In more detail, for N3Ni–C, the CO Faradaic efficiency
(FECO) remains above 96.2% across a wide potential range from
−0.6 to −1.0 VRHE, reaching a maximum of 99.3% at −0.7 VRHE,
and is sustained for around 24 hours in an H-type cell. When
applied in a ow cell, the N3Ni–C catalyst also exhibits a high
FECO exceeding 98.6% at current densities ranging from 50 to
400 mA cm−2. Detailed experimental characterization and
theoretical density functional theory (DFT) calculations reveal
that substituting the N-coordinate in the N3Ni–N catalyst with C
promotes both CO2 hydrogenation and the HER, with CO2

hydrogenation being favored. In contrast, while the O-substi-
tution also enhances both CO2 hydrogenation and the HER, the
HER is preferred over CO2 hydrogenation. These contrasting
preferences between the two competitive reactions lead to
distinct CO2 conversion performances, providing valuable
insights into the favorable coordination environment for Ni
sites to efficiently catalyze CO2-to-CO conversion.

2 Results and discussion
2.1. Synthesis and characterization

Fig. 1a illustrates the synthesis of nickel-based SACs supported
on carbon nanoribbons using a facile yet effective method
involving physical mixing and high-temperature pyrolysis (see
details in the ESI†). The process began with the preparation of
a homogeneous precursor mixture by mixing and grinding
ammonium chloride (NH4Cl), nickel chloride hexahydrate
(NiCl2$6H2O), and rod-shaped perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) powders (Fig. S1†), which serve as the
sources of nitrogen (N), nickel (Ni), and carbon (C), respectively.
The mixture was then calcined at high temperatures under an
argon atmosphere, followed by post-treatment with sulfuric
acid solution, yielding the nal catalyst. Notably, the catalyst
structure was determined by the pyrolysis temperature, with
Chem. Sci., 2025, 16, 10444–10453 | 10445
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Fig. 1 Preparation and structural characterization of N3Ni–C/N/O. (a) Schematic illustration of the synthesis pathway for N3Ni–C. (b) XRD
patterns. (c) and (d) Low- (c) and high- (d) magnification TEM images. (e) AC-HAADF-STEM image. (f) HAADF-STEM and elemental mapping
images. (g) XPS spectra of Ni 2p3/2.
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N3Ni–O, N3Ni–N, and N3Ni–C forming at 800 °C, 900 °C, and
1000 °C, respectively. This temperature-dependent structural
evolution among N3Ni–O, N3Ni–N, and N3Ni–C likely arises
from the varying thermal stability of O, N, and C during high-
temperature treatment, governed by their respective binding
strengths with the central Ni atom (O < N < C). This results in
differing volatilization tendencies (O > N > C) as the annealing
temperature increases—a phenomenon that has been well-
documented.22 However, the underlying mechanism may be
more intricate, potentially involving factors such as the forma-
tion of unsaturated metal sites, partial reduction of the catalyst,
or other temperature-induced transformations, as suggested in
10446 | Chem. Sci., 2025, 16, 10444–10453
previous studies.1 To gain a deeper understanding of the growth
mechanism, each individual component was removed from the
precursor mixture to examine its effect on the product, while
keeping all other synthesis procedures unchanged. Experi-
mental results showed that the absence of NiCl2$6H2O resulted
in irregular carbon nitride (CN) thin layers (Fig. S2†). When
NH4Cl was removed, only nickel (Ni) nanoparticles were
observed, with the carbon material completely volatilized at
high temperatures. Similarly, aer removing PTCDA, NH4Cl
completely decomposed as well, leaving only Ni nanoparticles.
These results indicate that the nitrogen from NH4Cl plays
a critical role in stabilizing the carbon material at high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures, while the presence of nickel from NiCl2$6H2O is
essential for maintaining the nanoribbon structure.

X-ray diffraction (XRD) was rst employed to analyze the
phase and structural information of the three samples (i.e.,
N3Ni–O, N3Ni–N, and N3Ni–C). As shown in Fig. 1b, two broad
diffraction peaks appeared at approximately 26° and 44° in all
samples, corresponding to the (002) and (101) planes of
graphite carbon, respectively. No diffraction peaks related to Ni
crystallites were observed, indicating that the Ni species were
either too small in size or too low in loading.25,30 The graphitic
carbon structure of the samples was further conrmed by
Raman spectroscopy, which revealed two characteristic bands
typical of carbon materials: one assigned to disordered carbon
(1355 cm−1, ID) and the other to graphitic carbon (1585 cm−1,
IG) (Fig. S3†). Notably, the ID/IG ratio was 1.000, 0.907, and 0.886
for N3Ni–O, N3Ni–N and N3Ni–C, respectively, indicating
a gradual decrease in the disorder of the carbon substrate with
increasing pyrolysis temperature.24,37 The decreasing disorder
can be attributed to the increased volatilization of heteroatoms
(such as O or N) from the carbon substrate induced by higher
temperatures, contributing to a more ordered carbon structure.

Fig. 1c presents a representative transmission electron
microscopy (TEM) image of the N3Ni–C sample, illustrating its
nanoribbon morphology with thickness and width approxi-
mately 25 nm and 500 nm, respectively. Such a one-dimensional
structure is expected to facilitate oriented electron transport
and promote the exposure of surface-active sites, thereby
enhancing electrocatalytic activity.55 Higher-magnication TEM
imaging further revealed the presence of thin-layered wrinkles
and micropores on the ribbons (Fig. 1d and e), which can
potentially increase the surface area of the material. Indeed, the
N3Ni–C sample achieved a Brunauer–Emmett–Teller (BET)
surface area of 114.11 m2 g−1, the highest among the three
samples studied (Fig. S4†). We further examined the atomic
structure of N3Ni–C using aberration-corrected high-angle
annular dark-eld scanning transmission electron microscopy
(AC-HAADF-STEM). The AC-HAADF-STEM image depicts bright
dots sharply against a dim substrate due to the stark Z-contrast
between Ni atoms and the carbon substrate, which unambigu-
ously suggests the presence of Ni species in the form of highly
dispersed single atoms (Fig. 1e). Elemental mapping conrmed
that C, N, and Ni elements were uniformly distributed across
the carbon support (Fig. 1f). Taken together, the TEM ndings
are in good alignment with the XRD and Raman results dis-
cussed earlier, providing evidence for the single-atomic-Ni
structure of the N3Ni–C sample. Likewise, N3Ni–O and N3Ni–N
possess analogous single-atom structures, as veried by TEM
and elemental mapping (Fig. S5 and S6†). Inductively coupled
plasma optical emission spectrometry (ICP-OES) determined
the Ni loading for the three samples to be 0.774 wt%, 0.393 wt%,
and 0.375 wt%, respectively, indicating a slight decrease in Ni
content with increasing pyrolysis temperature.

The chemical states of Ni species were investigated using X-
ray photoelectron spectroscopy (XPS) (Fig. 1g). The Ni 2p spectra
revealed that the principal Ni 2p3/2 peaks for the three samples
(N3Ni–O, N3Ni–N, and N3Ni–C) were all positioned between the
Ni0 peak (853.5 eV) and the Ni2+ peak (855.8 eV), suggesting
© 2025 The Author(s). Published by the Royal Society of Chemistry
their oxidation states ranging between 0 and +2. Notably, as the
electronegativity of the coordinating atoms (O, N, and C)
decreased, the Ni 2p3/2 peaks of the respective samples (N3Ni–O,
N3Ni–N, and N3Ni–C) shied progressively to lower binding
energies, specically, from 855.3 eV to 854.5 eV.

This trend highlights the electronic interactions between the
central Ni atom and the surrounding coordinating atoms,
which affect the electron density around the Ni center and alter
its electronic environment.

The chemical state and local atomic environment of Ni species
within the three samples were further analyzed using X-ray
absorption spectroscopy (XAS), with Ni foil, NiO, and nickel
phthalocyanine (NiPc) serving as references. Consistent with the
XPS results (Fig. 1g), the X-ray absorption near-edge structure
(XANES) spectra (Fig. 2a) show that the absorption edges of N3Ni–
O, N3Ni–N, N3Ni–C and NiPc are all positioned between those of
Ni foil and NiO, conrming their positive valence states lying
between Ni0 and Ni2+. Likewise, as the coordinating atom varies
from O to N to C, the absorption edge of the corresponding
sample gradually approaches that of Ni foil, demonstrating a shi
toward a lower valence state. To gain further insights into the
local coordination characteristics of Ni atoms, we conducted an
analysis using extended X-ray absorption ne structure (EXAFS)
spectroscopy at the Ni K-edges. The Fourier-transformed k3-
weighted EXAFS (FT-EXAFS) spectra are presented in Fig. 2b,
along with their curve-tting analysis and results shown in
Fig. 2c–e, S7 and Table S1.† As illustrated in the FT-EXAFS
spectra, prominent characteristic peaks corresponding to Ni–N,
Ni–Ni, and Ni–O coordination were observed at approximately
1.90, 2.48, and 2.07 Å for NiPc, Ni foil, and NiO, respectively.
These reference peaks provide a solid basis for comparison with
the Ni SAC samples (Fig. 2b and Table S1†). Notably, the Ni–Ni
coordination peak was absent in all three Ni SAC samples, which
agrees well with the AC-HAADF-STEM results indicating that the
Ni species exist as isolated single atoms rather than as Ni parti-
cles. Furthermore, all Ni SAC samples exhibited the Ni–N coor-
dination peak, although with a slight shi in peak position. The
curve-tting analysis further revealed that the prominent peak in
the N3Ni–N sample arises from the collective scattering of four
Ni–N bonds with a bond length of 1.88 Å, conrming a Ni–N4

coordination environment (Fig. 2d, and Table S1†). In contrast,
the central Ni atom in the N3Ni–C sample coordinates with
three N atoms (bond length: 1.88 Å) and one C atom (bond length:
2.11 Å), resulting in a N3–Ni–C coordination (Fig. 2c and Table
S1†). Similarly, in the N3Ni–O sample, the Ni atom coordinates
with three N atoms (bond length: 1.91 Å) and one O atom (bond
length: 2.10 Å), forming a N3–Ni–O coordination (Fig. 2e and
Table S1†), with the O atom bonded to the C matrix (Fig. S16†).
Additionally, the tting results were corroborated by density
functional theory (DFT) calculations using structural models
based on the tted coordination environments (Fig. S17†). These
calculations indicate that the Ni atom exhibits increasingly
higher oxidation states as one coordinating atom changes from C
to N to O (Fig. 2f–h), which echoes the afore-discussed XPS results
(Fig. 1g).

To intuitively visualize the coordination characteristics of these
samples, we performed wavelet transform (WT) analysis on the k3-
Chem. Sci., 2025, 16, 10444–10453 | 10447
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Fig. 2 XAS-analysis of N3Ni–C/N/O and reference samples. (a) and (b) Ni K-edge XANES spectra (a) and FT-EXAFS spectra (b) for N3Ni–C, N3Ni–
N, N3Ni–O, and reference samples (Ni foil, NiPc, and NiO). (c–e) Experimental and fitted FT-EXAFS curves for N3Ni–C, N3Ni–N, and N3Ni–O,with
insets showing the local coordination structure of the Ni center. (f)–(h) Charge density difference and Bader charge analysis for N3Ni–C, N3Ni–N,
and N3Ni–O. (i) Wavelet transform (WT) EXAFS patterns for N3Ni–C, N3Ni–N, N3Ni–O and references samples (Ni foil, NiPc, and NiO).
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weighted EXAFS data of the Ni K-edges. The resulting scattering
intensity distribution patterns in K, R-space are displayed in
Fig. 2i. Specically, all three Ni SAC samples display their scat-
tering intensity maxima at coordinates similar to those observed
in the intensity distribution pattern of NiPc. This similarity is
expected, as Ni–N coordination predominantly contributes to the
scattering intensity in the Ni SAC samples. In addition to con-
rming the presence of the Ni–N bond, this similarity also rules
out the existence of Ni–Ni bonds, thereby reaffirming the atomic
dispersion of the Ni species in the three Ni SAC samples. Another
interesting observation is that the scattering intensity pattern of
the N3Ni–N sample displays similar symmetry to that of NiPc,
whereas the N3Ni–C and N3Ni–O samples exhibit obvious asym-
metries. The differing pattern symmetries among the three Ni SAC
samples highlight the role of C/O atoms in disrupting the cen-
trosymmetry of the Ni–N4 coordination upon substituting one N
atom. Collectively, the XAS results demonstrate a bidirectional
modulation of the electronic structure of Ni SACs by engineering
coordination atoms (i.e., C and O) that have lower and higher
electronegativities, respectively, compared to the N atom within
the same coordination framework. This strategy provides a versa-
tile platform for exploring optimized single-atom sites for the
electrochemical conversion of CO2 to CO.

2.2. Performance for the eCO2RR

The electrocatalytic CO2RR performance for the three Ni SACs
was evaluated, in comparison to a Ni-free CN substrate, in both
neutral and alkaline electrolytes using a three-electrode H-type
electrolysis cell and a ow cell, respectively. Initially, linear
sweep voltammetry (LSV) was performed in the H-cell
10448 | Chem. Sci., 2025, 16, 10444–10453
containing a CO2-saturated 0.5 M KHCO3 solution (pH = 7.0).
The results revealed that the N3Ni–C catalyst exhibits the lowest
onset potential and the highest current responses among the
catalysts studied, indicating its superior electrocatalytic activity
(Fig. 3a). Further investigation demonstrated that the high
activity of N3Ni–C is directly related to the CO2RR, as evidenced
by signicantly lower current responses of the same catalyst in
an Ar-saturated KHCO3 solution (Fig. S8†).

Building upon these ndings, controlled potentials ranging
from −0.5 to −1.0 VRHE were applied to investigate the
potential-dependent distribution of CO2RR products, including
both gaseous and liquid species, which were quantitatively
analyzed using online gas chromatography and 1H nuclear
magnetic resonance (NMR) spectroscopy, respectively. This
potential range was selected because all catalysts showed
a surge in cathodic current density starting around −0.5 VRHE

(Fig. 3a). At all applied potentials, only H2 and CO were detec-
ted, with the total Faradaic efficiency (FE) approaching 100%
(Fig. 3b and S9†). Remarkably, the N3Ni–C catalyst achieved
exceptional CO selectivity exceeding 96.2% across a broad
potential window (−0.6 to −1.0 VRHE), outperforming N3Ni–N,
N3Ni–O, and CN, throughout the entire investigated potential
range (−0.5 to −1.0 VRHE). In particular, a near-unity FECO of
99.3% was achieved at a low potential of −0.7 VRHE for N3Ni–C.
This performance not only signicantly surpasses the optimal
performances of N3Ni–N (94.5% at −0.7 VRHE), N3Ni–O (90.4%
at −0.8 VRHE), and CN (58.5% at −0.7 VRHE) but also positions
N3Ni–C among the best Ni-based SACs reported to date for the
electrochemical CO2 conversion to CO (Fig. 3c and Table S2†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The eCO2RR performance of N3Ni–C/N/O and comparative samples. (a) LSV curves. (b) Faradaic efficiency (FE) for CO and H2. (c)
Comparison of the FEs at specific potentials for N3Ni–C and other reported Ni SACs (Table S2†). (d) Partial current density of CO. (e) Turnover
frequency (TOF). (f) eCO2RR stability test for N3Ni–C in an H-cell at −0.7 VRHE. (g) eCO2RR performance of N3Ni–C on a gas diffusion layer
electrode in a flow cell configuration.
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Moreover, with the same catalyst loading, the N3Ni–C cata-
lyst demonstrated signicantly higher geometric total current
density (j) and CO partial current density (jCO) compared to the
other catalysts at each individual potential (Fig. 3d, and S10†).
However, because the catalysts have different Ni loadings, the
intrinsic eCO2RR activity, expressed as the turnover frequency
(TOF) for CO, was further calculated by normalizing the number
of Ni atoms in each catalyst (see calculation details in the ESI†).
As shown in Fig. 3e, the N3Ni–C catalyst exhibits higher TOF
than N3Ni–N and N3Ni–O at all tested potentials, reaching up to
5.89 s−1 at −1.0 VRHE. This performance is comparable to the
best-performing Ni-based SACs reported in the literature (Table
S2†). The TOF comparison strongly demonstrates the favorable
effect of the unique N3–Ni–C coordination in delivering high
intrinsic activity for CO2-to-CO conversion. Consistently, N3Ni–
C exhibited the lowest Tafel slope among the tested samples
(Fig. S11†). Additionally, the double-layer capacitance (Cdl),
obtained via cyclic voltammetry in a non-Faradaic region
(Fig. S12†), indicates that N3Ni–C has a slightly larger value
(13.0 mF cm−2) compared to N3Ni–N (12.7 mF cm−2) and N3Ni–
O (11.0 mF cm−2). The overall high Cdl for all three samples is
likely attributable to the ribbon-like carbon support, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
offers a high surface area for exposing single-atomic active sites
(see BET results discussed earlier). Therefore, the superior
catalytic activity of N3Ni–C can be attributed to the greater
exposure of active sites with higher intrinsic activity.

Importantly, the N3Ni–C catalyst retained its outstanding
performance around 24 hours of electrolysis at −0.7 VRHE

(Fig. 3f). Aer the durability test, the current density was largely
retained, and the FECO changed negligibly. Post-mortem char-
acterization of N3Ni–C (including XRD, TEM, elemental anal-
ysis, and AC-HAADF-STEM images) also revealed trivial changes
in phase, composition, morphology, and atom dispersion,
demonstrating its excellent structural stability (Fig. S13–S15†).
Furthermore, when assembled in a ow electrolyzer equipped
with a gas diffusion electrode (GDE), N3Ni–C achieved a high
FECO of over 98.6% at various industrially relevant current
densities (50–400 mA cm−2) and reached a current density of up
to 400 mA cm−2 (equivalent to a CO partial current density of
396.8 mA cm−2) at −1.15 VRHE, surpassing most state-of-the-art
CO-selective catalysts (Fig. 3g and Table S3†). These stability-
test results and ow-cell performance collectively demonstrate
the potential industrial feasibility of the N3Ni–C catalyst for CO
production via the eCO2RR.
Chem. Sci., 2025, 16, 10444–10453 | 10449
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2.3. Mechanistic investigation through operando ATR-
SEIRAS measurements and DFT calculations

Based on the above results, it is concluded that, compared to
N3Ni–N, substituting a nitrogen atom with carbon—an element
with lower electronegativity than nitrogen—enhances the elec-
trochemical conversion of CO2 to CO (Fig. 3a, b, d, e and S10–
S12†). Conversely, substitution with oxygen, which has higher
electronegativity than nitrogen, has an adverse effect. These
contrasting impacts, arising from the differing electronegativ-
ities of carbon and oxygen relative to nitrogen, motivate us to
investigate the underlying mechanism.

We rst conducted operando attenuated total reection
surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS) measurements to monitor surface-adsorbed reaction
intermediates during the CO2RR on the most active N3Ni–C
catalyst. These measurements were implemented in both Ar-
and CO2-saturated 0.5 M KHCO3 solutions, over a potential
range from the open circuit potential (OCP) to −1.1 VRHE

(Fig. 4a and b). At the OCP, the spectra were featureless, indi-
cating that no intermediates were adsorbed on the catalyst
surface. However, as the potential was decreased to −0.3 VRHE

and further to −1.1 VRHE, multiple vibrational bands emerged.
Two peaks at approximately 1387 cm−1 and 1258 cm−1 were
observed, corresponding to carbonate species, CO3

2− and
HCO3

−, respectively, while a peak at 1647 cm−1 was attributed
to adsorbed water (*H2O).56,57 Notably, in the CO2-saturated
solution, the intensity of the *H2O peak gradually decreased
with increasingly negative potentials, indicating accelerated
consumption of *H2O. In contrast, the *H2O peak in the Ar-
saturated system remained nearly unchanged. This difference
Fig. 4 Investigation of CO2-to-CO conversion mechanisms. (a) and (b) o
in an Ar-saturated (a) and CO2-saturated (b) 0.5 M KHCO3 solution. (c) a
N3Ni–C, N3Ni–N, and N3Ni–O. (e) Projected density of states (pDOS) of th
(3d) labeled.

10450 | Chem. Sci., 2025, 16, 10444–10453
in the behavior of *H2O suggests that, as the potential becomes
more negative, CO2 reacts more rapidly with the *H2O. The
enhanced CO2 reduction at more negative potentials is further
evidenced by the noticeable weakening of the HCO3

− peak
(∼1260 cm−1), as CO2 consumption depletes locally the HCO3

−

concentration (Fig. 4b). Moreover, the reduction of CO2 is
accompanied by the appearance of a new peak at 1443 cm−1

(Fig. 4b), which corresponds to the *COOH intermediate—
a well-documented critical precursor for CO formation in the
CO2RR.58,59 The intensity of this peak increased signicantly
with more negative potentials, whereas it was absent in the Ar-
saturated system irrespective of the potential applied (Fig. 4a).
Furthermore, no signals for adsorbed CO (*CO) were detected,
which is attributable to the weak adsorption and rapid
desorption of CO on the N3Ni–C surface.60,61 Overall, the ATR-
SEIRAS results indicate that the N3Ni–C coordination struc-
ture facilitates the formation of the *COOH intermediate while
promoting the rapid desorption of CO. These ndings help
explain the high catalytic activity and exceptional CO selectivity
observed for the CO2RR over the N3Ni–C catalyst.

With insights gained from operando ATR-SEIRAS measure-
ments, we conducted DFT computations to examine the CO2-to-
CO conversion via the *COOH intermediate and the parasitic
HER across the three Ni SACs. Model optimization results
indicate that CO2 reduction preferentially occurs at the Ni
center for all three catalysts (Fig. S18†). By comparison, the HER
is favored at the Ni center for N3Ni–C and N3Ni–N, but shis to
the neighboring carbon site of the substrate in N3Ni–O. The free
energy proles (Fig. 4c) reveal that the N3Ni–N structure exhibits
a relatively high energy barrier (0.71 eV) for the CO2
perando ATR-SEIRAS of N3Ni–C recorded at various applied potentials
nd (d) free energy diagrams for the eCO2RR to CO (c) and HER (d) on
e Ni 3d orbital in N3Ni–C, N3Ni–N, and N3Ni–O, with the d band center

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrogenation step (CO2 / *COOH), the rate-determining step
(RDS) in the CO2-to-CO conversion. This high energy barrier is
consistent with previous reports,38,41 attributed to the high
degree of symmetry in N3Ni–N. In contrast, the N3Ni–C struc-
ture displays a signicantly lower energy barrier (0.08 eV) for the
CO2 hydrogenation step, which explains its higher CO2

conversion activity observed experimentally. When the
competitive HER is considered (Fig. 4d), the N3Ni–C catalyst
needs to overcome an energy barrier of 0.13 eV for H2 produc-
tion. This value exceeds the energy requirement (0.08 eV) for the
CO2 hydrogenation step, providing a clear account for the
exceptional CO selectivity exhibited by the N3Ni–C catalyst. For
N3Ni–O, the energy barrier for the CO2 hydrogenation step (0.21
eV) is also remarkably reduced compared to that of N3Ni–N.
Theoretically, this lower energy barrier should translate to
higher CO production activity. However, experimental obser-
vations contradict this expectation, as N3Ni–O demonstrates
lower activity than N3Ni–N (Fig. 3a, b, d and e). A deeper anal-
ysis, incorporating the HER, reveals that N3Ni–O favors the HER
pathway over CO2 conversion, with energy barriers of −0.02 eV
and 0.21 eV, respectively. By contrast, N3Ni–N shows a slight
preference for CO2 conversion (0.71 eV) over the HER (0.72 eV).
This difference explains why N3Ni–O underperforms compared
to N3Ni–N in CO formation, despite its reduced energy barrier
for the CO2 hydrogenation step. Further support for the
observed catalytic preferences is provided by the calculated
differences between the thermodynamic limiting potentials for
the CO2RR andHER, dened asDUL= UL(CO2)–UL(H2). The DUL

values for N3Ni–C, N3Ni–N, and N3Ni–O are −0.05, −0.01, and
0.23 V (Fig. S19†), respectively, which align well with the trends
in selectivity discussed above.

Taken together, these results illustrate that substituting the
N-coordination with C or O atoms disrupts the symmetry of the
Ni–N4 structure in N3Ni–N, leading to a signicantly reduced
energy barrier for the CO2 hydrogenation step. Projected density
of states (pDOS) calculations (Fig. 4e) further attribute this
reduction to the elevated d-band center (3d) of the Ni sites
(N3Ni–N:−2.09 eV; N3Ni–O:−1.91 eV; N3Ni–C:−1.43 eV), which
enhances *COOH adsorption, as evidenced by the adsorption
energies of the *COOH intermediate on the three catalysts
(Fig. S19†) and the corresponding charge density difference
(Fig. S20†). Meanwhile, C/O substitution also substantially
lowers the energy barrier for the HER. However, the contrasting
extents to which C and O substitutions inuence CO2 conver-
sion and the HER ultimately result in C substitution favoring
CO2 conversion over the HER, while O substitution does the
opposite.

3 Conclusions

In summary, we have successfully fabricated a series of carbon-
nanoribbon-supported Ni SACs (namely, N3Ni–C, N3Ni–N, and
N3Ni–O) where one coordinating atom varies across C, N, and O.
This series has been designed to investigate how coordination
modulation affects the performance of electrochemical CO2

reduction, with the goal of identifying the optimal coordination
environment to enhance the efficiency of Ni sites. Operando
© 2025 The Author(s). Published by the Royal Society of Chemistry
characterization and DFT calculations reveal that both C and O
coordination benecially modulate the energy barriers for CO2

hydrogenation and the HER, albeit to different extents. This
modulation disparity results in a preference for CO2 conversion
over the HER on N3Ni–C, while the HER is favored over CO2

conversion on N3Ni–O. Consequently, compared to the N3Ni–N
catalyst with the conventional Ni–N4 structure, the N3Ni–C
catalyst demonstrates signicantly enhanced CO2 conversion
performance, with the FECO exceeding 96.2% over a broad
potential range (−0.6 to −1.0 VRHE) and peaking at 99.3% at
−0.7 VRHE in the H-cell. Moreover, the CO partial current
density reaches an impressive 396.8 mA cm−2 at −1.15 VRHE in
the ow cell, establishing N3Ni–C as a leading contender among
state-of-the-art CO2-to-CO conversion catalysts. This study
highlights the potential of tuning the competition between CO2

conversion and the HER through strategic coordination
modulation, providing a novel perspective for designing and
developing highly efficient SACs for CO2 electroreduction to CO.
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