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A B S T R A C T

The electrocatalytic reduction of carbon dioxide (CO2RR) into high value-added chemicals and fuels is regarded 
as one promising stratergy for the mitigation of CO2 emission and renewable energy storage. Single-atom cat
alysts (SACs) have exhibited huge potentials in this process, while normally suffer from a high overpotential and 
poor product selectivity. In this work, we for the first time prove that the electrochemical CO2RR to CO per
formance of the nitrogen-doped carbon supported iron SAC can be tremendously promoted by regulating the 
electronic properties of isolated Fe site through incorporating sulfur in the short range (first coordination sphere 
with metal) and phosphorus in the long range (functionalization in the host carbon substrate). This catalyst 
exhibited an industrial current density of 250 mA cm− 2 coupled with a CO Faradaic efficiency of ~95 % at a low 
overpotential of only 280 mV in a gas diffusion electrode (GDE)-based flow cell, surpassing most of the reported 
SACs. Experiments coupled with theory highlighted that heteroatom doping in the short- and long-range syn
ergistically promoted the electronic localization of Fe, which optimized the behaviors for the production of key 
*COOH intermediate species and CO* desorption on single Fe site, endowing this catalyst with superior CO2RR 
activities at low overpotentials. This work establishes atomic-level correlation between the electronic properties 
of atomically dispersed sites and CO2RR performance, and guides the fabrication of highly active and selective 
single-atom electrocatalysts on carbon surface.

1. Introduction

Up to now, excessive CO2 that has been emitted from the utilization 
of fossil energy causes severe environmental issues, which impedes the 
sustainable development of our industrial society (Huang et al., 2025a; 
Overa et al., 2022; Shafaat and Yang, 2021; Sullivan et al., 2021). With 
the aid of renewable electricity, electrocatalytic CO2RR has been 
developed into an eco-friendly path to transform CO2 into high-value 
chemicals and fuels (Huang et al., 2025b; She et al., 2022; Wang 
et al., 2023; Yang and Gao, 2023). Among various electrochemical 
products, much attention has been focused on CO, which can be directly 
separated from an aqueous reaction system and further utilized to pro
duce clean fuels with H2 via Fischer-Tropsch synthesis (Sun et al., 2017; 
Tuo et al., 2024; Yang et al., 2024). Owing to the chemical inertia of 

CO2, a large overpotential is typically needed to activate CO2, but 
inevitably lowered the selectivity to CO and the energy efficiencies by 
triggering the undesired hydrogen evolution reaction (HER) (Bao et al., 
2024; Huang et al., 2025c; Lai et al., 2022; Ma et al., 2024; She et al., 
2024). Hence, there is absolutely a need to design novel electrocatalysts 
that are capable of efficiently catalyzing the electrocatalytic CO2RR to 
CO at low overpotentials.

Gold and silver nanoparticles (NPs) are the most competent candi
dates to trigger the electrocatalytic process of CO2RR to CO at low 
overpotentials (Boutin and Haussener, 2024; Sedano Varo et al., 2024; 
Su et al., 2024; Yoo et al., 2024). Nevertheless, low-cost catalysts that 
are composed of earth-abundant metals have the promising prospect for 
industrial application. Lately, non-precious transition metal SACs have 
exhibited tremendous application potential for electrocatalytic CO2RR 
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by virtue of the maximum atom-utilization efficiency as well as their 
unique geometric and electronic structures (Ren et al., 2024; Senthil and 
Jung, 2024; Song et al., 2024; Sun et al., 2024b). Among various SACs, 
nitrogen-doped carbon supported Fe SACs with atomically dispersed Fe- 
N4 motifs were found to generate CO in electrocatalytic CO2RR at low 
overpotentials (Sun et al., 2019). However, the intrinsic activities of 
these prevalent Fe-N4 moieties are still far below state-of-the-art gold 
and silver NPs, due to their poor CO2 activation ability and intrinsic 
adsorption-energy scaling relationship (Cui et al., 2024; Yasin et al., 
2024; Zhang et al., 2024b). In principle, an eligible electrocatalyst for 
the electrocatalytic CO2RR to CO should not only interact strongly 
enough with the key COOH* intermediate to accelerate CO2 activation, 
but bind the CO* species weakly for fast desorption away from the active 
sites (He et al., 2020; Pan et al., 2018; Vijay et al., 2021; Zhu et al., 
2019). In this case, it would be a feasible approach to alter the energy 
barriers for the adsorption and desorption of key intermediates by 
modulating the electronic properties of these atomic Fe centers, and 
finally to enhance the inherent activity of single Fe sites at low 
potentials.

To tune the electronic properties of atomically dispersed sites, a 
variety of strategies have been developed, including heteroatom doping, 
coordination number adjustment, local strain, and vacancy etc (Li et al., 
2018; Mohd Adli et al., 2021; Rong et al., 2020; Sun et al., 2025; Wang 
et al., 2021a). Among them, heteroatom (e.g. O, F, P and S etc.) doping 
has recently gained great interests, since it is a straightforward approach 
and easy to scale up for mass production (Chen et al., 2024; Liang et al., 
2024; Sun et al., 2021; Sun et al., 2024a; Wang et al., 2024). For 
instance, when P was incorporated into the high coordination shells (n 
≥ 3) of the Fe center in a heterarchical nitrogen-doped porous carbon 
supported Fe SAC, stabilization of COOH* was enhanced on these 
electron-enriched Fe sites. Although the electrocatalytic CO2RR process 
was indeed promoted by P doping, the desorption of CO from these Fe 
sites became far sluggish (Sun et al., 2021). In another example, CO 
molecules were found to be more liable to escape from a N and S co
ordinated Ni SAC than the S-free NiN2 sites, while this is to a great extent 
at the expense of the activation of these CO2 molecules on such atomi
cally dispersed Ni sites (Jia et al., 2021). Hence, there is still a limit to 
the balance of energy barriers for CO2* activation and CO* desorption 
on single atom sites, which severely hinders their electrocatalytic ac
tivities (Ouyang et al., 2020).

Inspired by previous studies, we report a viable approach to further 
boost the electrocatalytic CO2RR performance of the nitrogen-doped 
carbon supported Fe SAC (denoted as Fe-SAC/NC) at low over
potentials by fine structural regulation of iron sites in the short range 
(first coordination sphere with metal) and long range (functionalization 
in the host carbon substrate). Specifically, the ligands of sulfur and 
phosphorus were introduced into the the first and remote coordination 
sphere of Fe, respectively, to generate the mesoporous S, P, N co-doped 
carbon supported Fe SAC (denoted as Fe-SAC/PSNC). When this catalyst 
was tested in the electrocatalytic CO2RR, it showed a high CO Faradaic 
efficiency (FECO) of ~95 % at an industrial current density of 250 mA 
cm− 2 at a low overpotential of only 280 mV in 1 M KOH, surpassing most 
of the reported SACs to date especially at low overpotentials. Experi
mental analysis combined with theory proved that the co-existence of 
sulfur in the short range and phosphorus in the long range increased the 
electron density of Fe center, which optimizes the behaviors for COOH* 
formation and CO* desorption, leading to superior CO2RR performance 
at low overpotentials.

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, 98 %, Aladdin), 2-meth
ylimidazole (2-MeIm, 99 %, Sigma-Aldrich), triphenylphosphine 
(pph3, 99 %, Alfa), methanol (≥99.9 %, Titan), Iron (II) acetate (Fe(Ac)2, 

95 %, Alfa), Sodium hydroxide (NaOH, 98 %, Alfa), hexadecyl trimethyl 
ammonium Bromide (CTAB, 98 %, Alfa), tetraethyl orthosilicate (TEOS, 
≥99.9 %, Alfa), trithiocyanuric acid (95 %, Damas-beta), melamine (99 
%, Alfa) were used without further purification.

2.2. Catalyst synthesis

2.2.1. Synthesis of pph3@ZIF-8 and ZIF-8
Typically, a mixture of 490 mg of Zn(NO3)2⋅6H2O and 385 mg of 

pph3 were dissolved in 25 mL methanol. Then, 20 mL of methanolic 
solution with 620 mg of 2-Melm was injected into the above solution and 
stirred at ambient temperature. The mixture was transferred into a 
Teflon-lined stainless-steel autoclave for crystallization at 120 ℃ for 4 h. 
The as-synthesized product was centrifuged, washed with methanol, and 
dried at 80 ℃ under vacuum to yield pph3@ZIF-8. Around 150 mg 
pph3@ZIF-8 was obtained. ZIF-8 was prepared by using similar pro
cedures without pph3.

2.2.2. Synthesis of SiO2-coated pph3@ZIF-8 and ZIF-8
In a typical synthesis, 500 mg of pph3@ZIF-8 was first dispersed in a 

mixture of 100 mL of methanol and 100 mL of deionized water. Then, 5 
mL of CTAB (25 mg/mL) and 10 mL NaOH (5 mg/mL) aqueous solutions 
were sequentially dropwise added into the above dispersion under 
stirring. Afterwards, 1 mL of TEOS in 5 mL methanol was injected and 
the mixture was further stirred for another 2 h. The SiO2-coated 
pph3@ZIF-8 powder was attained by filtration with methanol and vac
uum drying at 80 ℃ with a yield of ~750 mg. The SiO2-coated ZIF-8 
sample was synthesized by using ZIF-8 with an identical approach.

2.2.3. Synthesis of Fe-SAC/PSNC, Fe-SAC/PNC and Fe-SAC/NC
The as-received SiO2-coated powder was pyrolyzed at 950 ℃ under a 

flow of nitrogen for 3 h at a ramping rate of 5 ℃/min, and further 
immersed in 15 % hydrofluoric acid to remove SiO2. HF is extremely 
corrosive, causing severe burns and deep tissue damage and should be 
used only in a fume hood under adequate supervision. We urge that 
extreme caution should be taken during the experiment. The black 
products were denoted as P, N-doped carbon (PNC) and N-doped carbon 
(NC) with a yield of ~200 mg, respectively. For the synthesis of Fe-SAC/ 
PSNC, 20 mg PNC was first dispersed in a mixture of 1 mL isopropanol 
and 1 mL deionized water. Then, 200 μ L of Fe(Ac)2 solution that was 
prepared by dissolving 12 mg of Fe(Ac)2 and 84 mg urea in a mixture of 
1 mL isopropanol and 1 mL deionized water was dropwise added into 
the PNC dispersion. The mixture was stirred for 6 h, centrifuged and 
dried under vacuum. The Fe(Ac)2@PNC powder was further pyrolyzed 
with trithiocyanuric acid at 900 ℃ under a flow of nitrogen for 2 h to 
obtain the Fe-SAC/PSNC catalyst. The yield of Fe-SAC/PSNC was around 
15 mg. Fe-SAC/PNC and Fe-SAC/NC were prepared with the same 
method but replacing trithiocyanuric acid with melamine. The deviation 
for the synthesis of precursors is within 10 %.

2.3. Characterization

X-ray diffraction (XRD) spectra of these catalysts were recorded on a 
Rigaku RU-200b X-ray diffractometer equipped with a Cu-Kα radiation 
(λ = 0.15406 nm). Transmission electron microscopy (TEM) and high- 
resolution TEM (HR-TEM) images of these as-synthesized catalysts 
were characterized by using a Talos F200S G2 setup operating at 200 kV 
and a FEI Tecnai G2 F20 S-Twin operating at 200 kV. The N2 adsorp
tion–desorption isotherms of the Fe-SAC/NC, Fe-SAC/PNC and Fe-SAC/ 
PSNC samples were analyzed using a nitrogen gas sorption surface area 
apparatus (Micromeritics ASAP 2460) at 77 K. The atomic structure of 
Fe-SAC/PSNC was performed on an ARM-200CF (JEOL, Tokyo, Japan) 
TEM that was operated at 200 kV and equipped with double spherical 
aberration (Cs) correctors. Raman spectroscopy of catalyst was carried 
out using the LabRAM HR800 spectrometer. X-ray photoelectron spec
troscopy (XPS) spectra were conducted using a Thermo Scientific K- 
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Alpha System. The X-ray absorption fine structure (XAFS) spectra were 
characterized at the beamline BL11B station of the Shanghai Synchro
tron Radiation Facility (SSRF). The XAFS data of Fe-SAC/PNC and Fe- 
SAC/PSNC were recorded at room temperature in the fluorescence 
excitation mode with a Lytle detector. Fe foil and Fe2O3 were used as 
references and obtained from SSRF.

2.4. Electrochemical measurements for CO2RR

All electrochemical performance was conducted by using an elec
trochemical working station (PARSTAT⋅3000A-DX) at room tempera
ture. The electrocatalytic CO2RR was carried out in a flow cell. An Ag/ 
AgCl (3.5 M KCl) electrode was used as reference electrode and the 
counter electrode was a Pt foil. The liquid electrolyte (1 M KOH) and the 
CO2 gas (10 mL/min) were separated by a gas diffusion electrode (GDE). 
And an anion-exchange membrane (Fumasep FAA-3-PK-130) was used 
to segregate the catholyte and anolyte. The catalyst slurry was composed 
of 5 mg of the as-prepared catalyst powder, 20 μL of 5 wt% Nafion so
lution and 480 μL of ethanol, and was subjected to sonication treatment. 
The work electrode was a 1 × 1 cm− 2 carbon fiber paper coated uni
formly with 100 μL catalyst slurry. All flow cell experiments were per
formed at ambient conditions and the formula for reversible hydrogen 
electrode (RHE) mode was: ERHE = EAg/AgCl + 0.0591 × pH + 0.2046. 
Additionally, the linear sweep voltammetry (LSV) curves were recorded 
at a scan rate of 10 mV/s. Cyclic voltammetry (CV) was swept at the scan 
rate range from 5 to 35 mV s− 1 within the potential window of 0.5~0.6 
V vs. RHE, where no faradaic process was proceeded. The electro
chemical impedance spectroscopy (EIS) experiments were performed by 
applying an AC voltage with 10 mV amplitude in a frequency range from 
105 to 0.1 Hz at − 0.403 V vs. RHE. The electrochemical double-layer 
capacitance (Cdl) was determined from the slope by linear fitting the 
difference in current density against the scan rate. The gaseous products 
that were collected from the outlet of GDE were analyzed by an on-line 
gas chromatography (GC) by using thermal conductivity detector (TCD) 
for H2 and CO.

The Faraday efficiency of the generated gas products was calculated 
according to the equation:  

FE (%) = faradaic efficiency of CO or H2;
N = electron transfer number of the reaction with the NCO of 2;
F (c/mol) = Faradaic constant which is 96,485 C/mol;
V (mL/min) = the outlet gas flow rate of cell conducted by a flow 

meter at ambient condition;
v (νol %) = volume concentration of gas products (CO or H2) cali

brated from GC;
Itotal (C/s) = the steady cell current displayed by electrochemical 

workstation during the reaction process.

2.5. Computational details

All density functional theory (DFT) calculations were carried out 
using the Vienna Ab initio Simulation Package (VASP, version 6.4.3) 
(Kresse and Furthmüller, 1996; Kresse and Joubert, 1999). The 
exchange–correlation interactions were treated using the Per
dew–Burke–Ernzerhof (PBE) functional within the generalized gradient 
approximation (GGA) (Perdew et al., 1996). The projector augmented 

wave (PAW) method was employed to describe the interaction between 
core and valence electrons, with a plane-wave basis set and a kinetic 
energy cutoff of 400 eV (Blöchl, 1994). Partial occupancies were treated 
using Gaussian smearing with a width of 0.05 eV during the iterative 
diagonalization of the Kohn–Sham Hamiltonian. The electronic self- 
consistent field (SCF) calculations were considered converged when 
the total energy difference between successive iterations was less than 
10− 5 eV. Geometry optimizations were performed until the force on 
each atom was below 0.02 eV/Å. Brillouin zone integrations were car
ried out using a Γ-centered 3 × 3 × 1 Monkhorst-Pack k-point mesh. A 
vacuum layer of 15 Å was applied along the slab normal direction to 
prevent spurious interactions between periodic images. Van der Waals 
(vdW) interactions were considered using Grimme’s DFT-D3 method 
with Becke–Johnson damping (DFT-D3(BJ)) as implemented in VASP 
(Grimme et al., 2011). Thermodynamic corrections to the Gibbs free 
energy were obtained from vibrational frequency calculations using 
VASP, and post-processed via the VASPKIT 1.5 package (Wang et al., 
2021b). Visualization of charge density differences was performed using 
VESTA (Momma and Izumi, 2008). Crystal orbital Hamilton population 
(COHP) analyses were conducted with the LOBSTER code (Nelson et al., 
2020).

3. Results and discussion

3.1. Preparation and characterization of the Fe-SAC/PSNC catalyst

Fe-SAC/PSNC was synthesized via a stepwise approach, as illustrated 
in Fig. 1. First, zeolitic imidazolate framework-8 (ZIF-8, Zn(MIM)2, MIM 
= 2-methylimidazolate) that is composed of adequate cavities (11.6 Å) 
and windows (3.4 Å) was employed as a host to encapsulate triphenyl
phosphine (pph3, molecular diameter ca. 8.9 Å) to form pph3@ZIF-8 
(Sun et al., 2021). Transmission electron microscopy (TEM) analysis 
indicated that the as-prepared pph3@ZIF-8 nanocrystals exhibited a 
rhombic dodecahedron-like structure with a diameter of 100 nm, exactly 
the same as the original ZIF-8 nanocrystals (Fig. 2a and S1) (Wang et al., 
2018). At the same time, the microstructure of ZIF-8 was well main
tained during the encapsulation process, as evidenced by similar XRD 
patterns between ZIF-8 and pph3@ZIF-8 (Fig. 2f) (Chen et al., 2017). 

Obviously, the presence of pph3 molecules in the cavities of ZIF-8 did not 
destroy the microstructure of the host. After the hydrolysis of TEOS on 
the surface of pph3@ZIF-8, the as-prepared SiO2-coated pph3@ZIF-8 
(denoted as pph3@ZIF-8@SiO2) hybrid was further pyrolyzed and 
leached in hydrogen fluoride to obtain a P, N co-doped carbon matrix 
(PNC). Then, ferrous ions were introduced into the PNC support by 
adsorption, and these black powders were further carbonized with tri
thiocyanuric acid in a nitrogen atmosphere to generate Fe-SAC/PSNC. 
For comparative study, Fe-SAC/PNC and Fe-SAC/NC were also fabri
cated with a similar approach but pyrolyzed with melamine.

High-resolution TEM analysis manifested that the iron-containing 
samples of Fe-SAC/PNC, Fe-SAC/PSNC and Fe-SAC/NC still exhibited 
a rhombic dodecahedron-like structure (Fig. 2b, c and S2). However, 
since the organic ligands in the host decomposed along with the evap
oration of Zn species during the high-temperature thermal treatment, 
the surface of these iron-based catalysts became rough and contractive 
compared to that of the original ZIF-8 nanocrystals (Sun et al., 2019). 
More importantly, XRD analysis indicated that no any iron-based NPs 
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was detected in the porous carbon matrix of all these Fe-containing 
catalysts, highlighting that iron species were present in the form of 
highly dispersed state in the carbon matrix (Fig. 2g) (Xiao et al., 2022). 
This was also confirmed by the energy-dispersive X-ray spectroscopy 
(EDX). As shown in Fig. 2e, signals that belonged to C, N, Fe, P and S 
elements were uniformly distributed in the representative Fe-SAC/PSNC 
catalyst. In order to further recognize these highly dispersed Fe species, 
the aberration-corrected high-angle annular dark-field scanning TEM 
(HAADF-STEM) analysis was conducted on Fe-SAC/PSNC. As shown in 

Fig. 2d, some bright spots in the atomic range were clearly observed in 
the carbon matrix in a high dispersion. These bright dots could be 
ascribed to heavier Fe atoms with different Z-contrast relative to the 
carbon support, which confirmed the existence of atomically dispersed 
Fe species. An Fe loading of 2.3 wt% in Fe-SAC/PSNC was detected by 
the inductively coupled plasma optical emission spectrometry (ICP-OES) 
analysis. Moreover, all these iron-based catalysts exhibited two peaks at 
1350 cm− 1 (D band) and 1580 cm− 1 (G band) with a comparable ID/IG 
intensity ratio of ~1, corresponding to the disordered sp3 carbon and 

Fig. 1. Schematic illustration for the synthetic procedure of Fe-SAC/PSNC and Fe-SAC/PNC.

Fig. 2. Morphological characterizations of Fe-SAC/PSNC. TEM images of (a) pph3@ZIF-8, (b) Fe-SAC/PNC and (c) Fe-SAC/PSNC; (d) HAADF-STEM image of Fe- 
SAC/PSNC; (e) EDX elemental mapping images of C, N, Fe, P and S in Fe-SAC/PSNC; XRD patterns of (f) ZIF-8 and pph3@ZIF-8; and (g) the pyrolyzed catalysts; 
(h) Raman spectra of Fe-SAC/NC, Fe-SAC/PNC and Fe-SAC/PSNC.
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graphitic sp2 carbon, respectively (Fig. 2h) (Xiao et al., 2023). These 
results verified that well-dispersed single Fe sites were stably anchored 
on the highly graphitized and porous carbon framework of the as- 
synthesized catalysts.

The chemical composition and electronic structure of the as- 
prepared iron-based catalysts were explored by X-ray photoelectron 
spectroscopy (XPS). The high-resolution C 1s XPS signals of Fe-SAC/ 
PSNC, Fe-SAC/PNC and Fe-SAC/NC were deconvolved into four peaks 
with similar peak areas, corresponding to the C–C bonding (284.8 eV), 
the C-N bonding (285.8 eV), the C-O bonding (286.8 eV) and the C=O 
bonding (288.4 eV), respectively (Fig. 3a, S3 and S4, and Table S1) (Jin 
et al., 2023). The N 1 s signals were deconvoluted into five species of 
pyridinic-N (~398.4 eV), Fe-N coordination configurations (~399.2 
eV), pyrrolic-N (~400.1 eV), quaternary-N (~401.0 eV) and oxidized-N 
(~402.3 eV) with similar percentages (Fig. 3b, S5 and S6, and Table S2) 
(Chen et al., 2022; Ren et al., 2022). The P 2p spectra in Fe-SAC/PSNC 
and Fe-SAC/PNC displayed a primary peak of the P-C bonding at 
132.6 eV and a minor peak of the P-O bonding at 133.7 eV (Fig. 3d and 
e) (Lu et al., 2022; Roh et al., 2023). Moreover, the peak at ≈128.5 eV 
that refers to the Fe-P bonding was absent, suggesting that these P 
species in the carbon matrix was not coordinated with Fe (Zhou et al., 
2023). For the S 2p signals in Fe-SAC/PSNC, the coexistence of Fe-S 

coordination (~161.7 eV), C-S-C (~164.0 eV), C=S-C (~165.2 eV) 
and sulfate (C-SOx) (~167.3 eV) was confirmed (Fig. 3f) (Yu et al., 2021; 
Zhu et al., 2024). As for the Fe 2p spectra, the Fe 2p3/2 signals for Fe- 
SAC/PSNC, Fe-SAC/PNC and Fe-SAC/NC were situated between those 
of Fe0 (~706.7 eV) and Fe2O3 (~711.6 eV), manifesting that the Fe 
species in these highly dispersed Fe samples have an electropositive Feδ+

feature (0 < δ < 3) (Fig. S7-9) (Mills and Sullivan, 1983; Wan et al., 
2022). Therefore, fine structural regulation of single Fe sites in the near 
and long range by S and P was achieved, respectively.

To gain more in-depth insight into the electronic and geometric 
properties of Fe center in these as-prepared iron-based catalysts, the 
synchrotron X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectroscopy were 
further employed. The Fe K-edge XANES spectra were present in Fig. 3g. 
Apparently, the white line intensity of both Fe-SAC/PSNC and Fe-SAC/ 
PNC was situated between those of Fe0 and Fe2O3, indicative of a 
partially positive valence state of Fe, in accordance with the Fe 2p XPS 
result. Moreover, Fe-SAC/PSNC displayed a lower intensity than Fe- 
SAC/NPC, which indicated a reduced valence state of Fe in Fe-SAC/ 
PSNC than that in Fe-SAC/NPC. Our previous study has proved that 
phosphorus in the high coordination shell of single Fe site increased the 
electron density of Fe compared to the phosphorus-free counterpart (Sun 

Fig. 3. Electronic and geometric information of the as-synthesized catalysts. (a) High-resolution C 1 s and (b) N 1 s XPS of Fe-SAC/PSNC; (c) N species distribution in 
Fe-SAC/PSNC, Fe-SAC/PNC and Fe-SAC/NC; High-resolution P 2p XPS of (d) Fe-SAC/PSNC and (e) Fe-SAC/PNC; (f) High-resolution S 2p XPS of Fe-SAC/PSNC; (g) Fe 
K-edge XANES and (h) k2-weighted EXAFS of Fe-SAC/PNC and Fe-SAC/PSNC; and (i) R space fitting curve of Fe-SAC/PSNC with the model of single Fe site.
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et al., 2021). Therefore, we can propose that the valence state of Fe 
decreased in the sequence as follows: Fe-SAC/NC > Fe-SAC/PNC > Fe- 
SAC/PSNC. These results highlighted that Fe-SAC/PSNC with S in the 
short-rang and P in the long-range exhibited a higher electron density 
than Fe-SAC/NC and Fe-SAC/PNC. Fourier-transformed k2-weighted 
EXAFS spectra of these as-synthesized samples demonstrated that both 
Fe-SAC/PNC and Fe-SAC/PSNC exhibits no Fe-Fe scattering at ≈2.21 Å, 
indicative of the atomically dispersed feature of the Fe species (Fig. 3h) 
(Zhao et al., 2024). Both Fe-SAC/PNC and Fe-SAC/PSNC exhibited their 
dominant peak at ≈1.52 Å, corresponding to the atomically dispersed Fe 
with the Fe-N(O) pair (Murphy et al., 2024). For Fe-SAC/PSNC, an 
additional shoulder peak at ≈1.84 Å that was attributed to the Fe-S 
scattering interaction was also distinguished (Zhang et al., 2024a). 
The quantitative EXAFS fitting analysis was further performed to 
recognize the local coordination configuration of Fe in Fe-SAC/PSNC 
and Fe-SAC/PNC (Fig. 3i, S10 and Table S3). The corresponding best- 
fit parameters indicated that the coordination configurations of Fe- 
SAC/PNC and Fe-SAC/PSNC are Fe-N4O1 and Fe-N3S1O1 moieties, 
respectively. These results manifested the presence of four N coordina
tion in-plane together with one axial O ligand in Fe-SAC/PNC, and three 
N and one S coordination in-plane together with one axial O ligand in Fe- 
SAC/PSNC.

3.2. Catalytic performance of the Fe-SAC/PSNC catalysts for the 
electrocatalytic CO2RR

After recognizing the microstructures of these as-synthesized iron- 
based SACs with advanced characterization techniques, their electro
catalytic CO2RR performance was further evaluated in a gas diffusion 
electrode (GDE)-based flow cell filled with 1 M KOH electrolyte. As 
shown in Fig. 4a, the linear sweep voltammetry (LSV) polarization 
curves of these as-prepared catalysts manifested that the overall current 
density (j) increased with the applied potentials. Only CO and H2 with 
ignorable other gas/liquid products were detected during the whole 
CO2RR process. The NC substrate exhibited a maximum FECO of ~17 % 
in the entire j range from 25 to 150 mA cm− 2 (Fig. 4b). When single Fe 
atoms were introduced into the NC system, both the partial current 
density (jCO) and FECO sharply increased with a maximum FECO of ~95 
% at 100 mA cm− 2 (Fig. 4c). However, the FECO gradually decreased 
with an increase of current density. Interestingly, doping heteroatoms 
like P and S in the system of Fe-SAC/NC was able to further improve the 
FECO at high current densities. For instance, the incorporation of P in the 
higher coordination sphere of Fe in Fe-SAC/PNC maintained the 
maximum FECO of 98 % to 150 mA cm− 2 (Fig. 4d). When S was also 
incorporated into the first coordination sphere of Fe, the Fe-SAC/PSNC 
catalyst exhibited a FECO of more than 95 % in a much wider cur
rent–density range until 250 mA cm− 2, highlighting that the synergistic 

Fig. 4. CO2RR performance of the as-prepared nitrogen-doped carbon supported catalysts in a GDE-based flow cell. (a) LSV curves of Fe-SAC/NC, Fe-SAC/PNC, Fe- 
SAC/PSNC and NC; FECO and jCO of (b) NC, (c) Fe-SAC/NC, (d) Fe-SAC/PNC, and (e) Fe-SAC/PSNC at the total current densities in the range of 50 to 400 mA cm− 2; (f) 
The electrocatalytic CO2RR performance of Fe-SAC/PSNC in comparison with typical SACs in flow cells (correlation data presented in Table S4); (g) Stability test of 
Fe-SAC/PSNC in CO2RR at 100 mA/cm2; (h) Tafel slope of Fe-SAC/NC, Fe-SAC/PNC and Fe-SAC/PSNC; (i) Electrochemical impedance spectroscopy (EIS) mea
surements for Fe-SAC/NC, Fe-SAC/PNC and Fe-SAC/PSNC.
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roles of S and P in boosting the catalytic performance of single Fe sites 
during the electrocatalytic CO2RR process (Fig. 4e and Fig. S11). More 
importantly, such a high activity at 250 mA cm− 2 on Fe-SAC/PSNC was 
achieved only at a small overpotential of 280 mV, outperforming most of 
the previously reported SACs for converting CO2 to CO product at low 
overpotentials. (Fig. 4f and Table S4). Moreover, when Fe-SAC/PSNC 
was tested at a steady current density of 100 mA/cm2, the FECO gradu
ally decreased to ~90 % after the 6h continuous electrolysis (Fig. 4g). 
Some white carbonate precipitates were clearly found on the electrode 
surface after the stability test. During the electrocatalytic CO2RR, CO2 
can react with OH– anions in the electrolyte to generate HCO3

–/ 
CO3

2– anions (Cofell et al., 2021). As the reaction continued, these car
bonates locally surpassed their solubility, precipitated on the electrode 
surface, and finally blocked the catalyst with a decreased electro
catalytic performance.

Tafel analysis was further conducted to get insights into the kinetic 
mechanism for CO2RR (Fig. 4h) (Ma and Seger, 2024). The fast kinetics 
of Fe-SAC/PSNC was demonstrated by its much smaller Tafel slope of 
79.4 mV dec-1 than that of Fe-SAC/PNC (91.8 mV dec-1) and Fe-SAC/NC 
(157.5 mV dec-1). Obviously, the first electron transfer for CO2 

activation is the rate-determining step (RDS) for the total electro
catalytic CO2RR process, while the smaller value of Fe-SAC/PSNC also 
manifested the faster initial electron transfer to a CO2 molecule for CO2 
activation than the other catalysts (Wu et al., 2024). The fast electron 
transfer was also demonstrated by a lower interfacial charge-transfer 
resistance (Rct) of Fe-SAC/PSNC (19.4 Ω) than those of Fe-SAC/PNC 
(44.6 Ω) and Fe-SAC/NC (67.7 Ω), which were obtained from the elec
trochemical impedance spectroscopy (Fig. 4i and Table S5). Hence, Fe- 
SAC/PSNC offered better stabilization for the key intermediate of 
COOH* than the rest samples, which was supposed to accelerate CO 
production during the electrocatalytic CO2RR process.

To gain more insights into the inherent activity of these as-prepared 
iron-based catalysts, N2 adsorption/desorption analysis was further 
carried out. As shown in Fig. S12, all these three catalysts exhibited a 
large and similar Brunauer-Emmett-Teller (BET) specific surface area 
(SBET) of ~1200 m2 g− 1 with a hierarchical pore structure consisting of 
micropores, mesopores and macropores (Table S6) (Sun et al., 2016). 
Therefore, the large specific surface area and characteristic hierarchical 
porous structure of these catalysts were supposed to expose more active 
sites, enhance the adsorption capacity for CO2 molecules, and facilitate 

Fig. 5. (a) Local coordination structures of Fe-SAC/PSNC with S and P at the most stable configurations (grey: carbon; blue: nitrogen; pink: phosphorous; yellow: 
sulfur; brown: iron; red: oxygen; white: hydrogen); (b) Calculated free energy diagrams for CO2RR on the Fe center for Fe-SAC/NC, Fe-SAC/PNC, Fe-SAC/PSNC; (c) 
The limiting potential difference of CO2RR and HER over different models; Crystal orbital Hamilton population (COHP) analysis of the bonding interactions between 
CO* and Fe site for (d) Fe-SAC/NC, (e) Fe-SAC/PNC and (f) Fe-SAC/PSNC; Density of state (DOS) of the orbital interaction for (g) Fe-SAC/NC, (h) Fe-SAC/PNC and (i) 
Fe-SAC/PSNC between Fe 3d and C 2p of CO*; (j) Differential charge density of the as-synthesize Fe-SAC/NC, Fe-SAC/PNC and Fe-SAC/PSNC (yellow and cyan 
represent accumulation and depletion, respectively; isosurface value = 0.01 eÅ-3).
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efficient mass transfer during the electrocatalytic CO2RR process. 
Furthermore, the electrochemical active surface areas (ECSA) were also 
introduced by measuring the double-layer capacitance (Cdl) calculated 
from the cyclic voltammetry (CV) curves in the non-Faraday region 
(Fig. S13, S14 and Table S7). Obviously, Fe-SAC/PSNC showed an ECSA 
value of 612.0 m2 g− 1, very similar as that of Fe-SAC/PNC (592.5 m2 

g− 1) and Fe-SAC/NC (580.0 m2 g− 1), indicating that a comparable 
number of active sites in these three catalysts were exposed for the 
electrocatalytic CO2RR process. Hence, Considering the distinct cata
lytic difference in the CO2RR activity among these three Fe SACs, 
cooperative regulation of the short- and long-range coordination struc
ture of Fe center by sulfur and phosphorus, respectively, boosted the 
electrocatalytic CO2RR activity of Fe-SAC/PSNC at high current 
densities.

3.3. Theoretical analysis of the Fe-SAC/PSNC catalyst for the 
electrocatalytic CO2RR

To illustrate how structural regulation in the near and long range of 
single Fe atom affected the electrocatalytic CO2RR performance, DFT 
calculations were further conducted. In our previous study, we have 
demonstrated that the promotion role of phosphorus on an Fe SAC in the 
electrocatalytic CO2RR depended upon the inter-site distance between P 
and Fe, and the incorporation of P dopant in the third coordination shell of 
Fe to the utmost extent promoted CO production on Fe by inducing the 
electron localization of Fe center (Sun et al., 2021). Based on the charac
terization data, a graphene layer comprising of an Fe atom coordinated by 
three N atoms, one S atom and one axial hydroxyl group in the first shell 
and one P atom in the third shell was built. The location of S relative to the 
P atom was examined and the most stable position was identified (Fig. 5a). 
In general, the electrocatalytic CO2RR to CO can be divided into four re
action pathways in the sequence of (1) CO2+*→CO2*, (2) 
CO2*+H++e− →COOH*, (3) COOH*+H++e− →CO*+H2O and (4) CO*→ 
CO+*. The first electron transfer step for COOH* generation 
(CO2*+H++e− →COOH*) is generally identified as the RDS (Vijay et al., 
2021). In our previous study, we have proved that in contrast to the pure 
NC substrate, the atomically dispersed Fe sites decreased the free energy 
barriers of *COOH formation, thereby promoting the electrocatalytic 
CO2RR activities of nitrogen-doped carbon supported Fe SACs (Sun et al., 
2019). Moreover, we also proved that the reaction Gibbs free energy (ΔG) 
of COOH* generation on Fe-SAC/NC was 0.59 eV, and the ΔG value 
decreased to 0.32 eV after the incorporation of P in the third shell of the 
single Fe atom, manifesting that P dramatically enhanced CO2 activation 
and COOH* formation on Fe-SAC/PNC (Sun et al., 2021). When the sec
ond heteroatom S was introduced into the system, this study identified that 
the energy barrier for COOH* generation on Fe-SAC/PSNC slightly 
increased from 0.32 eV to 0.39 eV, while this value is still much lower than 
0.59 eV of Fe-SAC/NC (Fig. 5b). This result indicated that Fe-SAC/PSNC 
and Fe-SAC/PNC have nearly comparable activity towards CO2* activa
tion to COOH*. Moreover, the role of axial O was also investigated in 
affecting the property of single Fe site in Fe-SAC/PSNC (Fig. S15). 
Compared to the active site with an axial O ligand, the model catalyst 
without an axial O ligand showed a much higher CO desorption barrier 
from the Fe center (0.93 eV vs 0.72 eV), highlighting the importance of the 
axial O ligand for promoting the catalytic activity by facilitating CO 
desorption and active site regeneration during the catalytic reaction. The 
difference in limiting potentials (UL) of CO2RR and HER for H2 production 
(ΔUL = UL(CO2) − UL(H2)) was also calculated to clarify the performance 
differences in the electrocatalytic CO2RR among Fe-SAC/NC, Fe-SAC/PNC 
and Fe-SAC/PSNC (Tuo et al., 2023). As shown in Fig. 5c, Fe-SAC/PSNC 
exhibited the highest value of ΔUL than the other two catalysts, 
implying that CO production was remarkably promoted with suppressed 
H2 production on Fe sites in Fe-SAC/PSNC. For the second electron 
transfer step (COOH*+H++e− →CO*+H2O), it was an exothermic process 
over all catalysts. However, Fe-SAC/PSNC displayed a lower reaction 
barrier for CO* desorption than Fe-SAC/PNC. Obviously, the introduction 

of S in the system weakened the interplay between Fe and CO*, acceler
ating CO desorption from the active site for its regeneration.

Electronic property analysis, including crystal orbital Hamilton 
population (COHP), density of state (DOS), partial density of state 
(PDOS) and charge density difference were further conducted to 
comprehend the underlying factors that determine the conspicuous 
differences in CO2RR performance over Fe-SAC/NC, Fe-SAC/PNC and 
Fe-SAC/PSNC. Bader charge analysis indicated that the oxidation states 
of Fe for Fe-SAC/NC, Fe-SAC/PNC, Fe-SAC/PSNC and bulk Fe2O3 were 
+1.30e, +1.24e, +1.19e and +1.50e, respectively. Obviously, the 
incorporation of S and P in the system indeed reduced the oxidation state 
of Fe in Fe-SAC/PSNC. The charge density differences upon *COOH 
adsorption at the three single Fe sites were further analyzed. The results 
revealed that the stabilization mechanisms of *COOH varied with the 
coordination environment. For Fe-SAC/NC, all four N atoms contributed 
electron density to stabilize *COOH on the Fe center. In the case of Fe- 
SAC/PSNC, one of the three N atoms played a role in electron donation. 
However, for Fe-SAC/PNC, the *COOH-Fe interaction appeared to be 
driven purely by charge transfer between the Fe center and the adsor
bate. These trends aligned well with the calculated *COOH formation 
energies (Fig. S16). Obviously, the electron-rich Fe center contributed 
more electronic density around the Fermi level to bond with *COOH 
intermediate compared to that of FeN4O, which was reported in our 
previous work (Fig. S16 and S17) (Sun et al., 2021). Such enhanced 
electron interactions increased the adsorption energy of *COOH on Fe of 
Fe-SAC/PSNC, which lowered the energy barrier for CO2 activation and 
the formation of *COOH intermediate. Moreover, in order to illustrate 
the bonding interactions between CO* and Fe site of Fe-SAC/NC, Fe- 
SAC/PNC, Fe-SAC/PSNC, COHP analysis was further conducted. As 
shown in Fig. 5d-f, the bonding interaction strength at the Fermi level is 
more intensive for Fe-SAC/PNC than those of Fe-SAC/NC and Fe-SAC/ 
PSNC. This is in consistence with the CO* desorption barrier differ
ence among the three catalysts, i.e., CO desorption from Fe-SAC/NC and 
Fe-SAC/PSNC is relatively easier than from Fe-SAC/PNC. The variation 
in Fe-CO* interaction is also reflected in the DOS analysis (Fig. 5g-i), 
which shows that the overlap between the C 2p orbitals and Fe 3d or
bitals at the Fermi level is only observed for CO*-Fe-SAC/PNC, ac
counting for the stabilization of CO on Fe center and the highest CO 
desorption barrier compared to the rest catalysts. Additionally, the d- 
band center of Fe for the three catalysts with CO adsorbed was calcu
lated. The values are 0.41 eV, 0.34 eV, and 0.27 eV for Fe-SAC/PNC, Fe- 
SAC/PSNC and Fe-SAC/NC, respectively, indicating the strongest CO-Fe 
interaction for Fe-SAC/PNC followed by Fe-SAC/PSNC and Fe-SAC/NC. 
The is also evidenced by the charge density difference as illustrated in 
Fig. 5j. Electronic alteration of Fe in Fe-SAC/PSNC affected the 
adsorption properties of CO*. More electrons were donated from the Fe 
center in Fe-SAC/PNC to bond with CO*, leading to a high electron 
density accumulated around the Fe-C bond. By contrary, electron 
donation from O atom and four adjacent N atoms were required to 
stabilize CO* on Fe-SAC/PSNC and Fe-SAC/NC by means of their weak 
hybridization ability, respectively. Hence, the generation of COOH* and 
desorption of CO* were facilitated, rendering Fe-SAC/PSNC highly 
active in the electrocatalytic CO2RR process.

4. Conclusion

In summary, a Fe-SAC/PSNC SAC was fabricated by incorporating S 
in the short range and P in the long range of single Fe site in the nitrogen- 
doped hierarchical porous carbon substrate. When this catalyst was 
evaluated in the electrocatalytic CO2RR, it exhibited a j of 250 mA cm− 2 

coupled with a high FECO of ~95 % at a low overpotential of only 280 
mV in a GDE-based flow cell filled with 1 M KOH electrolyte, out
competing most of the previously reported single-atom electrocatalysts. 
Experiments combined with theory highlighted that incorporating S in 
the first shell and P in the third shell synergistically increased the 
electronic density of Fe. These electron-enriched Fe sites optimized the 
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