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The development of efficient and cost-effective non-precious-metal single-atom catalysts (SACs) is crucial
for advancing the practical application of electrocatalytic CO, reduction (CO,RR). However, identifying
highly active metal atoms and designing catalysts with uniform active center structures remain signifi-
cant challenges. To address this, we developed a generic pyrolysis method to synthesize a series of tran-
sition metal-based SACs with atomically dispersed metal anchored on carbon nitride support (M-C3Ny,
M=Fe, Ni, Cu). Benefiting from the unique electronic structure of the Fe-N4 sites supported on C3Njg,
the Fe-C3N, catalyst demonstrated exceptional performance, achieving a CO Faradaic efficiency of 99.6%
and maintaining excellent stability. Theoretical calculations indicate that the Fe site exhibits a relatively
stronger interaction with the *COOH intermediate, thereby helping to lower the energy barrier of the CO,
protonation process. This study provides valuable theoretical insights and practical synthesis strategies for

Fe-N, sites

designing high-performance non-precious-metal SACs for CO,RR.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The escalating global energy crisis and the urgent challenge of
greenhouse gas emissions have spurred significant interest in the
electrocatalytic CO, reduction reaction (CO,RR) as a sustainable
pathway to convert CO, into valuable chemicals and fuels [1-5].
The efficient and selective electroreduction of CO, to CO is par-
ticularly valuable, as CO serves as a key syngas component for
industrial processes like Fischer-Tropsch synthesis [6-9]. However,
the inherent stability of the CO, molecule necessitates overcoming
high energy barriers and managing complex multi-electron trans-
fer pathways during its reduction [10-13]. Furthermore, the com-
peting hydrogen evolution reaction (HER) often severely compro-
mises the activity, selectivity, and stability of electrocatalysts [14-
18]. Consequently, developing electrocatalysts that are highly active
and selective is crucial for the practical implementation of CO, re-
duction reactions.
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Single-atom catalysts (SACs) have emerged as promising can-
didates for CO,RR, offering exceptional atom utilization efficiency,
well-defined active sites, and unique electronic tunability [19-22].
The choice of support material is critical, as it stabilizes the metal
single atoms while simultaneously modulating their electronic en-
vironment to influence catalytic performance. Graphitic carbon ni-
tride (g-C3N4) is an attractive support due to its tunable electronic
properties and ordered structure. Its framework features abundant
pyridinic nitrogen sites, which provide ideal anchoring points for
metal single atoms, facilitating the formation of stable M-N4 moi-
eties [23-25]. While g-C3N4-based SACs have demonstrated high
performance in various catalytic reactions, their efficacy for the
specific CO,-to-CO conversion pathway varies significantly depend-
ing on the non-precious metal center (e.g., Fe, Ni, Cu) [26-28]. This
performance disparity stems primarily from how the distinct metal
atoms influence the electronic characteristics and geometric con-
figuration of the M-N, site, thereby dictating the adsorption be-
havior of key reaction intermediates and the resulting structure-
activity relationships [29-31]. A systematic comparative study and
theoretical elucidation of different metal centers within the same
g-C3N4 support framework, specifically for CO,-to-CO reduction,
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Fig. 1. (a) The calculated Gibbs free energy diagrams for CO,RR on the Fe-C5Ny,
Cu-C3N, and Ni-C3N4 surfaces. The charge density difference and Bard charge of
(b) Fe-C3Ny, (c) Cu-C3N,4 and (d) Ni-C3N4 with *COOH adsorption. The charge accu-
mulation is shown as the yellow region, and the charge depletion is shown as the
cyan region.

remains lacking, hindering the rational design of high-performance
SACs. Therefore, a fundamental investigation into how different
metal single atoms, within an identical coordination environment,
affect intermediate adsorption energetics and electronic structure
is essential not only for elucidating the reaction mechanism but
also for providing a solid theoretical foundation for designing effi-
cient CO,RR catalysts.

Based on this, we synthesized a series of transition metal SACs
(Fe, Cu, Ni) anchored on g-C3N4 (denoted as M-C3N4). Among
these, Fe-C3N,4 exhibited superior catalytic performance for CO,-to-
CO conversion, achieving a remarkable Faradaic efficiency of 99.6 %
for CO at —2.5V vs. Ag/Ag*, alongside a current density approach-
ing 100 mA/cm?2. Density functional theory (DFT) calculations re-
veal that the Fe center promotes greater electron density redistri-
bution towards the *COOH intermediate, significantly lowering its
formation energy barrier and thus enhancing catalytic activity. This
work highlights the crucial influence of the metal center’s elec-
tronic structure on the adsorption strength of key intermediates
and provides new insights for the rational design of SACs for ad-
vancing CO,RR.

In order to investigate the effect of metal atom type on CO,RR
efficiency, we constructed and optimized M-N,4 single-atom mod-
els based on C3N4-supported metals (M =Fe, Cu, Ni) via DFT sim-
ulations as shown in Fig. S1 (Supporting information). We chose
Fe-Ng4, Cu-N4, and Ni-N4 as research models because these struc-
tures have been proven to have high efficiency for CO,RR. Firstly,
the reaction pathway and Gibbs free energy for the reduction of
CO, to CO on Fe, Cu, Ni single atom supported C3N,4 catalysts were
calculated (Fig. 1a) [32]. All three catalysts followed a typical re-
duction pathway: * +CO, — *COOH — *CO — * +CO. Among them,
the Cu-C3N4 and Ni-C3N4 models require overcoming energy bar-
riers of 1.37 and 0.83 eV, respectively, to reduce *CO, to *COOH. In
contrast, the Fe-C3N4 model significantly enhances the adsorption
of reaction intermediates, particularly *COOH, by reducing the en-
ergy of the rate-determining step to 0.13 eV, thereby facilitating the
protonation process of *CO,. Furthermore, the overpotential in the
Fe-C3N4 model is reduced to 0.66eV, with the rate-determining
step now shifting to the desorption of *CO. The energy barrier of
the overall reaction pathway was the smallest for Fe-C3N, model,
demonstrating the optimal CO, activation ability and kinetic ad-
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Fig. 2. (a) Schematic diagram of the synthesis of Fe-C3N4. (b) TEM image of Fe-
C3Ny. (c) HRTEM of Fe-C3Ng4. (d) Aberration corrected HAADF-STEM image of Fe-
C3Ny. (e) Elemental mapping images of C, N, and Fe in Fe-C3N,.

vantages. This may be due to the strong interaction between Fe-
C3N4 and the intermediate *COOH, which is beneficial for stabi-
lizing the *COOH intermediate and reducing the activation energy
of CO,. In contrast, the formation of *COOH intermediates is the
determining step for CO,RR on Cu-C3N4 and Ni-C3Ny4, indicating
poor stability towards intermediates and limited CO, activation ef-
ficiency.

To further understand the electronic interactions between metal
centers and reaction intermediates, we calculated the differential
charge density distribution and Bader charge of M-N, (Figs. 1b-
d) [33,34]. The results showed that Fe-C3N4 transferred the largest
amount of charge to the intermediate *COOH (0.39 e), indicating
that it has stronger electronic coupling with the intermediate in
the adsorption state, which helps to stabilize the adsorption con-
figuration and promote the reaction. In addition, the adsorption
energy results directly indicate that Fe-C3N4 has stronger adsorp-
tion of the intermediate *COOH, which will be beneficial to the
protonation process of CO, (Fig. S2 in Supporting information). In
summary, Fe-C3N4 exhibits excellent catalytic activity during the
electroreduction of CO, to CO, attributed to the stronger interac-
tion between the Fe center and the intermediate *COOH, thereby
reducing the reaction energy barrier.

In light of the excellent CO,RR performance of Fe-C3N4 model
through DFT studies, we developed the Fe SACs with an optimal
FeN, structure supported on C3N4. Fig. 2a illustrates the synthe-
sis process of Fe-doping carbon nitride (Fe-C3Ny4). Specifically, fer-
ric acetylacetonate and melamine were mixed, subjected to a hy-
drothermal treatment, and then calcined at a high temperature
to obtain Fe-C3N,4 catalyst. For comparison, Ni-doping carbon ni-
trides and Cu-doping carbon nitrides were synthesized using a
similar method and named Ni-C3N,4 catalyst and Cu-C3N4 cata-
lyst, respectively. The microstructure of the synthesized catalysts
was investigated using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The SEM image (Fig. S3a
in Supporting information) of Fe-C3N4 reveals the highly inter-
connected ultrathin nanosheets with well-defined porous features.
Similarly, other catalysts also exhibit similar structures (Figs. S3b-
d in Supporting information). The TEM image of the synthesized
Fe-C3N,4 catalysts (Fig. 2b) exhibit three-dimensional (3D) frame-
work structure stacked by nanosheets, and notably, they possess
a porous characteristic. No obvious metallic particles can be ob-
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served in the high-resolution TEM image (HRTEM) of Fe-C3Ny4 (Fig.
2c). These observations imply that numerous iron moieties may be
highly dispersed in the form of tiny clusters or single atoms. Fig.
2d presents an aberration-corrected high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) image
of Fe-C3N,4 at atomic resolution. The image clearly reveals nu-
merous bright dots on the carbon matrix (marked by red circles),
which signifies the presence of densely and atomically dispersed
Fe species [35]. Energy-dispersive X-ray spectroscopy (EDS) map-
ping images (Fig. 2e) suggest the uniform dispersion of C, N, and
Fe elements on the catalyst, with no evidence of large metallic par-
ticles, corroborating the atomic-level dispersion of Fe elements on
the porous C3N,4 support.

As shown in the X-ray diffraction (XRD) pattern, the main ma-
trix of C3N4 remains unchanged after Fe doping, with characteristic
peaks at 27.2° assigned to the (002) planes, respectively (Fig. S4 in
Supporting information) [36,37]. Similar peaks also appear in the
XRD patterns of the Ni-C3N4 and Cu-C3N4 catalysts, indicating the
absence of Ni- and Cu-based metal particles. In addition, M-C3N4
exhibit two broad peaks located at 400 and 1500cm™!, belong-
ing to the classical C3N,4 peak (Fig. S5 in Supporting information)
[38]. The Fe, Ni, and Cu contents in Fe-C3Ny4, Ni-C3Ny4, and Cu-C3Ny4
were estimated to be 1.82 wt%, 1.15 wt%, and 1.59 wt%, respec-
tively, as reveled by inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Table S1 in Supporting information). Con-
sequently, Fe-C3N,4 exhibited the highest metal loading among the
three catalysts. Nitrogen sorption isotherms and the correspond-
ing pore size distribution curves were obtained to evaluate the
textural properties of all synthesized catalysts. As depicted in Fig.
S5a (Supporting information), all catalysts showed typical typell
isotherms coupled with notable Type H3 hysteresis loops, illustrat-
ing the existence of abundant mesopores and macropores [39,40].
Specifically, in all the catalysts, the hysteresis loops rose steadily
with P/Py, which was usually regarded as the characteristic of the
flake structures [41]. These flake structures were also confirmed in
the SEM images. As depicted in Figs. S6b and S7 (Supporting in-
formation), the incorporation of metal species induces slight but
discernible changes in pore structure, as reflected in the shift of
the pore size distribution and the increase in microporosity of M-
C3N4 compared to pristine C3Ny4. Therefore, the porous C3Ny4 cat-
alysts anchored with high-loading metal single atoms, particularly
Fe sites, have been successfully synthesized. This combination of
high metal loading density and abundant porosity is anticipated to
significantly enhance catalytic activity.

To further characterize the composite, Fourier transform in-
frared (FT-IR) spectroscopy analysis was performed. As shown in
Fig. S8 (Supporting information), the peaks at 810 cm™! is at-
tributed to the stretching vibration of triazine units, and the ab-
sorption bands in the range of 1170-1740 cm~! correspond to the
stretching vibration of C=N, C-N in the triazine rings and C-N
outside the triazine rings, whereas the broad peaks at 2960-3420
cm! belong to the stretching vibration of the N-H band in amine
groups and stretching vibration of the O-H band on the surface
water molecules adsorbed. The elemental composition and related
valence states on the surface of M-C3N,4 catalysts were further
studied via X-ray photoelectron spectroscopy (XPS). The XPS sur-
vey spectrum indicates C, and N as the predominant elements in
M-C3N4 and C3N4 catalysts (Fig. S9a in Supporting information).
The Fe, Ni and Cu spectra exhibited weak signal intensity, making
it difficult to determine the oxidation states of Fe, Ni and Cu, as
only faint Fe 2p, Ni 2p and Cu 2p peaks are observed. Three dis-
tinct peaks (Fig. S9b in Supporting information) at ca. 284.8, 286.2
and 288.6eV can be observed in high-resolution C 1s spectrum
of Fe-C3Ny, attributed to C-C, C-N, C=0 bonding [42,43]. High-
resolution N 1s XPS spectrum of Fe-C3N4 (Fig. S9c in Supporting
information) display three types of N atoms, including pyridinic
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N (397.9eV), metal-N bonding (399.2eV), pyrrolic N (401.09eV)
[44]. Furthermore, high-resolution N 1s XPS spectra for Fe-C3Nyg,
Cu-C3N4 and Ni-C3Ny4 confirm the presence of significant metal-N
bonds, highlighting the strong interaction between the metal cen-
ters and N in the C3N4 framework.

The electronic structures and coordination environments of Fe
species in Fe-C3N4 were further investigated using X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) characterizations [45-47]. As observed in
the Fe K-edge XANES spectra (Fig. 3a), the absorption edge position
of Fe-C3Ny4 is located between those of FePc and Fe,03 suggesting
that the valence state of Fe species in Fe-C3N4 is between +2 and
+3. The further quantification of the oxidation state through linear
extrapolation confirmed that the oxidation state of Fe in Fe-C3Ny is
+2.1 (Figs. S10a and b in Supporting information). The possible co-
ordination environment was identified by Fourier-transformed (FT)
ks-weighted EXAFS spectra. Notably, the primary peak of the Fe K-
edge in Fe-C3N, (Fig. 3b) was located at ~1.57 A, which was similar
to the Fe-N bonding environment of FePc. Note that no apparent
Fe-Fe coordination peak at ~2.2 A was observed on Fe-C3N, com-
pared with Fe-foil and Fe,03 references, manifesting that Fe atoms
in Fe-C3Ny4 existed as mononuclear Fe species instead of crystalline
phase [48]. Furthermore, by analyzing the Ni K-edge XANES spec-
tra (Fig. 3c), it was found that the absorption edge position of Ni-
C3Ny4 fell between those of Ni foil and NiO. This result suggested
that the valence state of Ni species in Ni-C3N4 was between 0 and
+2. The EXAFS spectra of Ni-C3N4 (Fig. 3d) display a prominent
peak around ~1.36A, attributed to the Ni-N scattering path with
non-phase correction [49]. It is worth noting that, in comparison
with the Ni foil and NiO references, no prominent Ni-Ni coordi-
nation peak at ~2.2A was detected in Ni-C3Ny, indicating that Ni
atoms also are atomically dispersed in the C3N4 substrate (Fig. 3d).
Similarly, the Cu K edge XANES spectrum (Fig. 3e) indicates that
the valence state of Cu species in Cu-C3N4 is between O and +2.
As observed in the Cu ky-weighted EXAFS spectra (Fig. 3f), A major
peak located at ~1.43 A was detected in Cu-C3N, catalyst, which is
attributed to the Cu-N scattering path in the first shell layer. More
importantly, the Cu-Cu characteristic peaks are absence on Cu-
C3Ny4, compared to that of Cu foil, confirms the lack of Cu clusters
and supports the atomic level dispersion of Cu species [50]. The
wavelet transform (WT) was also employed to examine the Fe K-
edge EXAFS (Fig. 3g) oscillations for the Fe-C3N4. The WT contour
plots of Fe-C3N, exhibit a singular intensity maximum at approx-
imately 3 A-1, corresponding to Fe-N coordination. Crucially, no
Fe-Fe scattering signature appears at 7.5 A-1, which distinguishes
it from Fe foil and Fe,03 references. This absence definitively con-
firms atomic dispersion of Fe throughout the C3N4 matrix. Subse-
quently, a least-square EXAFS fitting was performed to extract the
structural parameters of Fe/Cu/Ni in M-C3N4. The fitting analysis
(Fig. S11 in Supporting information) showed that the Fe atom in
Fe-C3N4 coordinated with 4N atoms, forming Fe-N4 atomic inter-
face with average bond length of 1.9 A. Similarly, Cu-C5N, (Fig. S12
in Supporting information) and Ni-C3N,4 (Fig. S13 in Supporting in-
formation) exhibit similar coordination results, as detailed in Ta-
ble S2 (Supporting information). In summary, we have successfully
prepared three different metal supported single atom catalysts on
C3Ny4, with each metal center forming a planar M-N4 coordination
structure.

The activity of the electrocatalytic CO,RR over differ-
ent catalysts were studied systematically in a CO,-saturated
[BMIM][BE4]/MeCN solution using the H-cell (Fig. S14 in Support-
ing information). The H-type cell comprises two compartments,
with the electrolyte separated by a Nafion 117 membrane to
enable control over solvent exchange. The linear sweep voltam-
metry (LSV) measurements for the four catalysts were conducted
within the range of -1V to —2.5V vs. Ag/Ag*. The products were
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Fig. 3. (a) Fe K-edge XANES spectra. (b) Fourier transform (FT) EXAFS of Fe K-edge. (c) Ni K-edge XANES spectra. (d) Fourier transform (FT) EXAFS of Ni K-edge. (e) Cu
K-edge XANES spectra. (f) Fourier transform (FT) EXAFS of Cu K-edge. (g) Wavelet-transformed k;-weighted EXAFS spectra of Fe.

Fig. 4. (a) LSV curves of C3Ng4, Ni-C3N4, Cu-C3Ny4, and Fe-C3N4 measured in the H-cell with pure CO, saturated [BMIM][BF,] (0.3 mol/L)/MeCN electrolyte. (b) FEco of the
prepared catalysts. (c) Jco of the prepared catalysts. (d) Comparison of CO,RR to CO performance of Fe-C3N, with other previously reported electrocatalysts in the H-cell. (e)

Long-term stability test.

quantified by nuclear magnetic resonance (NMR) spectroscopy and
gas chromatography (GC). Only H, and CO were detected during
the CO,RR process. It was found that in the LSV curves (Fig. S15
in Supporting information), the current density in a CO,-saturated
[BMIM][BF4]/MeCN solution was higher than that in Ar-saturated
electrolyte, which indicated that obvious electrocatalytic CO,RR
occurred in a CO,-saturated [BMIM][BF4]/MeCN solution. Notably,
Fe-C3N4 (Fig. 4a) demonstrates the highest total current density
across the studied potential range and the lowest onset potential

among all the prepared catalysts. The M-C3N, catalysts with
metal loading exhibit a higher current density than pure C3Ng,
indicating the positive impact of metal loading on enhancing the
current density (Fig. S16 in Supporting information). Fe-C3N,4 (Fig.
4b) exhibits high selectivity (FEcg > 95%) over a broad potential
range from -2.1V to -2.5V, with a maximum FE¢y of 99.6% at
—2.5V. Throughout the entire potential range, Fe-C3N4; shows
relatively the best performance compared to Cu-C3Ng4, Ni-C3Ny4
and C3Ng4, indicating its superior CO,RR catalytic activity. Among
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all the catalysts, C3N4 displays the lowest FEcg under all voltages,
highlighting the critical role of metal sites in enhancing catalytic
activity. Moreover, Fe-C3N4 demonstrated a higher partial current
density for CO (Jco), reaching 100 mA/cm? at —2.5V, approximately
twice that of Cu-C3N,4 and Ni-C3Ny4 (Fig. 4c). In conclusion, Fe-C3Ny4
exhibits superior performance in catalyzing the reduction of CO,
to CO, making it a promising candidate for CO,RR applications.
comparative analysis with previously reported electrocatalysts
positioned Fe-C3N4 as a leading performer in CO,RR performance
for the H-cell (Fig. 4d and Table S3 in Supporting information).

Electrochemical surface area (ECSA), an important indicator of
catalytic activity reflecting the amount of catalyst in contact with
the electrolyte, was obtained by measuring the CV curves with var-
ious scan rates. The ECSA was assessed through the double-layer
capacitance (Cy) measurements [51]. The Cy of Fe-C3N4 was cal-
culated to be 0.235 mF/cm?, significantly exceeding that of Cu-
C3N4 (0.219 mF/cm?2) and Ni-C3N4 (0.210 mF/cm?) (Figs. S17 and
S18 in Supporting information), indicating a greater abundance of
available catalytic active sites in Fe-C3N,4. This can be attributed
to excellent microstructures in the catalysts, as reflected in the
TEM images. In Fe-C3Ny4, the 3D framework structure exhibited by
catalysts and a rough surface on the C3N4 increases the electro-
chemical surface. Additionally, Tafel plots were used to evaluate
the electrode kinetics. As shown in Fig. S19 (Supporting informa-
tion), Fe-C3N4 exhibited the lowest Tafel slope of 233 mV/dec, in-
dicating a faster CO, reduction rate, which further enhanced its
CO,RR performance. The stability of the Fe-C3N4 catalyst was eval-
uated through chronopotentiometry testing at 100 mA/cm?, where
it demonstrated exceptional durability for CO,RR, retaining 99% of
its initial FEcg after 10h of continuous electrolysis (Fig. 4e). Fig.
S20 (Supporting information). the XANES and EXAFS spectra of
Fe-C3N,4 before and after electrolysis, demonstrating the structural
stability of the active sites.

In summary, we have successfully synthesized a series of car-
bon nitride-supported atomically dispersed transition metal (Fe, Ni,
Cu) single-atom catalysts using a generic pyrolysis method. Exper-
imental result revealed that the Fe-C3N4 catalyst exhibits excep-
tional performance for the electrocatalytic reduction of CO, to CO,
achieving a remarkable Faradaic efficiency of 99.6% and demon-
strating excellent stability over 10h at —2.5V vs. Ag/Ag*. This su-
perior activity is attributed to the synergistic effect of the well-
defined Fe-N4 coordination structure and adjacent nitrogen dop-
ing within the g-C3N4 matrix. DFT calculations provide important
mechanistic insights, revealing that the Fe center facilitates the
transfer of electrons to the *COOH intermediate, effectively lower-
ing the formation energy barrier of *COOH, which is identified as
the rate-determining step, thereby enhancing the overall catalytic
activity. These findings offer valuable fundamental insights into the
structure-activity relationships governing g-C3N4-based SACs.
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