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Abstract

Electrocatalytic reduction of CO2 to fuels and chemicals possesses huge potential to alleviate current environmental crisis.

Heteroatom doping in metal-nitrogen-carbon (M-N-C) single-atom catalysts (SACs) has been found capable to promote the

electrocatalytic CO2 reduc-tion reaction (CO2RR). However, the origin of the enhanced activity is still elusive. Here, we report

that sulfur-doped cobalt-nitrogen-carbon single-atom catalyst (Co1-SNC) exhibits superior CO2RR performance compared to

sulfur-free counterpart (Co1-NC). On the basis of in situ attenuated total reflectance surface-enhanced infrared absorption

spectroscopy (ATR-SEIRAS), kinetic isotope effect (KIE) and theoretical calculation, it is demonstrated that sulfur doping

can promote water activation, elevate the d-band center of Co active site, and reduce the free energy of *COOH intermediate

formation. This work deepens the understanding of the CO2RR chemistry over heteroatom-doped SACs for designing efficient

CO2RR processes.
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Comprehensive Summary
Electrocatalytic reduction of CO2 to fuels and chemicals possesses huge potential to alleviate current environmental crisis. Heteroatom doping in metal-nitrogen-carbon (M-N-C) single-atom catalysts (SACs) has been found capable to promote the electrocatalytic CO2 reduction reaction (CO2RR). However, the origin of the enhanced activity is still elusive. Here, we report that sulfur-doped cobalt-nitrogen-carbon single-atom catalyst (Co1-SNC) exhibits superior CO2RR performance compared to sulfur-free counterpart (Co1-NC). On the basis of in situ attenuated total reflectance surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS), kinetic isotope effect (KIE) and theoretical calculation, it is demonstrated that sulfur doping can promote water activation, elevate the d-band center of Co active site, and reduce the free energy of *COOH intermediate formation. This work deepens the understanding of the CO2RR chemistry over heteroatom-doped SACs for designing efficient CO2RR processes.

Background and Originality Content

Electrocatalytic CO2RR affords a promising route to address the current environmental and energy issues
by converting CO2 into carbon-based fuels[1, 2]. Among the different electrochemical CO2RR products, CO
is regarded as one of the most promising industrial targets due to its high energy efficiency[3, 4]. Tremendous
efforts have been devoted to developing efficient electrocatalysts with high activity and selectivity to favor CO
production[5, 6]. Recently, single-atom catalysts have aroused increasing interests owing to their high atomic
utilization efficiency and tunable coordination structure[7, 8]. Metal-nitrogen-carbon catalysts as one of the
most typical SACs have attracted extensive attention for the CO2RR to produce CO[9, 10]. However, M-N-
C catalysts usually exhibit poor CO2RR performance without further modification. Therefore, developing
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effective M-N-C catalysts for highly active CO2RR remains challenging yet urgent.

The introduction of heteroatoms (such as B, P, S and Se) into M-N-C catalysts provides a useful strategy to
further enhance its catalytic activity due to the optimized electronic structure[11-14]. For example, Yang et
al. developed S doped NiNC catalyst for robust CO2RR due to the formation of low-valent Ni(I)[15]. Besides,
P doped FeNC catalyst also exhibited impressive performance owing to the moderate adsorption energy[16].
According to the previous reports, the formation of *COOH intermediate via the proton-electron transfer
process is the rate-determining step (RDS) for CO2RR to CO[17, 18]. However, few studies have scrutinized
the water activation and proton transfer.

In this work, we develop a Co1-SNC catalyst with S doped in the first shell of CoN4. The Co1-SNC
exhibits superior CO2RR performance compared to Co1-NC. In situ ATR-SEIRAS and KIE studies indicate
that Co1-SNC owns better water affinity and superior capability for water activation. Theoretical analyses
further show that S doping can upshift the d-band center of Co active site and reduce the free energy of
*COOH intermediate formation. This work enriches the understanding of CO2RR chemistry over heteroatom
doping M-N-C SACs and offers new insights for developing high-performance catalysts for various important
electrochemical reactions.

Results and Discussion

2
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The Co1-SNC catalyst was synthesized by ball-milling a mixture of melamine, L-cysteine and CoCl2, fol-
lowed by a two-step calcination in argon atmosphere (Figure 1a). Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and aberration-corrected high-angle annular dark-field scanning
TEM (AC-HAADF-STEM) were applied to investigate the morphology and structure of Co1-SNC and Co1-
NC. As shown in Figure 1b-d, the typical morphology of Co1-SNC is sheet-like thin layer with no obviously
observed nanoparticles. In Figure 1e, the bright dots can be assigned to the monodispersed Co atoms[19].
Moreover, the elemental mapping and line scan further reveal the uniform distribution of C, N, S, and Co
elements on the Co1-SNC catalyst (Figures 1f and g). The Co content (1.04 wt.% and 0.98 wt.% for Co1-NC

3
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and Co1-SNC, respectively) was estimated by the inductively coupled plasma optical emission spectrometry
(ICP-OES). More morphological characterizations of the Co1-NC are shown in Figure S1.

Figure 2. (a) XRD patterns of Co1-SNC, Co1-NC and NC. (b) Raman spectra of Co1-NC and Co1-SNC.
(c) Co 2p XPS spectra of Co1-NC and Co1-SNC. (d) Co k-edge XANES spectra. (e) R space EXAFS spectra
of Co1-SNC and Co foil reference. (f) The fitting curve of Co1-SNC.

As shown in Figure 2a, the XRD patterns only show diffraction peaks at 26.2° and 43.6°, which are assigned
to (002) and (101) plane of graphitic carbon, respectively. The XRD results further indicate that Co na-
noparticles are absent in both Co1-NC and Co1-SNC. Compared to Co1-NC, the XRD peaks for Co1-SNC
become broader and weaker, suggesting that S doping results in low crystallinity and defective structure,
which is further proved by a higherID/IG ratio of Co1-SNC in the Raman measurement (Co1-NC:1.02; Co1-
SNC:1.10) in Figure 2b[20]. Besides, the Brunauer–Emmett–Teller (BET) specific surface area was measured
to be 113.12 and 299.66 m2 g-1 for Co1-NC and Co1-SNC, respectively (Figure S2).

Next, we performed XPS measurements to explore more detailed surface structure of Co1-NC and Co1-SNC
catalysts. As shown in Figure S3, N 1s XPS spectra can be deconvoluted into pyridinic-N (398.13 eV),
pyrrolic-N (399.79 eV), graphitic-N (400.93 eV) and oxidized N species (402.76 eV) for both Co1-NC and
Co1-SNC[21]. Besides, the S 2p XPS spectrum for the Co1-SNC catalyst displays a peak at 165.16 eV, which
can be attributed to S-Co bond[22]. Figure 2c displays the Co 2p XPS spectra, where the peaks at 780.89
eV and 796.3 eV correspond to the Co 2p3/2 and Co 2p1/2 orbitals of Co2+, respectively. Noteworthily,
compared to Co1-NC, the binding energy of Co1-SNC is blue-shifted, suggesting that the incorporation of S
can enrich electron density on the Co site, which expects to boost the adsorption of CO2. X-ray absorption
near-edge structure (XANES) spectroscopy was performed to examine the coordination structure of Co1-
SNC (Figure 2d). The pre-edge of Co1-SNC is observed higher than that of Co foil but lower than that of
cobalt phthalocyanine (CoPc), indicating that the cobalt valence state in Co1-SNC is between 0 and +2[23].
Moreover, extended X-ray absorption fine structure (EXAFS) was analyzed to further get information on
the local structure of Co1-SNC. As displayed in Figure 2e, the Co1-SNC exhibits the characteristic peaks
of the Co-N bond at 1.4 Å and no Co-Co bond (2.1 Å) can be found, which further confirms the existence
of atomically dispersed Co. In addition, the fitting result discloses that the coordination number of the Co
atom in the first shell is near four with the proposed CoN3S structure (Figure 2f and Table S1).

Figure 3. Electrochemical CO2RR performance of Co1-NC and Co1-SNC. (a) FECO of Co1-NC and Co1-
SNC at different potentials. (b) Partial current density of CO (jCO ) over Co1-NC and Co1-SNC. (c) Stability
test of Co1-SNC at -0.8 V (vs. RHE) in CO2saturated 0.5 M KHCO3 solution.

The CO2RR performance of the as-prepared catalysts was evaluated in CO2-saturated 0.5 M
KHCO3electrolyte (details can be found in the Supporting Information). All potentials here are relative
to the reversible hydrogen electrode (RHE) scale unless stated otherwise. According to the linear sweep
voltammetry (LSV) curves (Figure S4), Co1-SNC shows comparable hydrogen evolution activity to Co1-NC
in Ar-saturated electrolyte. It is worth noting that Co1-SNC exhibits a much higher current density and
smaller onset potential compared to Co1-NC in the CO2-saturated electrolyte, indicating a superior CO2RR
performance[24]. Furthermore, according to Figures 3a and b, Co1-NSC exhibits a much higher FECO and
larger j CO than those of Co1-NC across all testing potentials. The maximum FECO of Co1-SNC reaches
75.6 +- 2% at -0.8 V. Besides, no liquid products can be detected (Figure S5). Furthermore, the durability
of Co1-SNC for CO2RR was assessed at a constant applied potential of -0.8 V (Figure 3c). The Co1-SNC
catalyst can maintain a stable cathodic current density at 17.5 mA cm-2 and an average FECO of 76%,
suggesting excellent catalytic stability of Co1-SNC in the CO2RR.

To further understand the electrochemical properties of electrocatalysts, the electrochemically active surface
area (ECSA) was investigated. The electrochemical double-layer capacitance (Cdl) of Co1-SNC (0.75 mF
cm-2) is higher than that of Co1-NC (0.25 mF cm-2), indicating the more active sites for CO2RR on Co1-
SNC catalyst (Figure S6). However, the CO partial current densities normalization by ECSA of Co1-SNC
and Co1-NC are -15.28 and -13.92 mA cm-2, respectively, demonstrating that the intrinsic activity for CO

4
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production of the Co1-SNC electrocatalyst is higher than Co1-NC (Figure S7).

In situ ATR-SEIRAS was performed to investigate the mechanism of CO2RR on Co1-NC and Co1-SNC
catalysts. The IR spectra were collected from 0 to -1.0 V (vs. RHE) with a step of 0.1 V in a CO2saturated
0.5 M KHCO3 solution. As shown in Figures 4a and b, the peak at 3400 cm-2 and 1950 cm-2 can be assigned to
the O-H stretching band of surface water and adsorbed *CO intermediate, respectively[25, 26]. The frequency
and intensity of the vibrations are strongly dependent on the electrode potential, indicating that the obtained
ATR-SEIRAS signals are mainly from the electrode from the electrode interface[27]. Compared to Co1-NC,
the O-H stretching band shifts to lower wavenumbers, suggesting a stronger affinity between water molecules
and Co1-SNC (Figure 4c)[28].

Figure 4. In situ ATR-SEIRAS spectra of Co1-NC (a) and Co1-SNC (b) at different applied potentials.
(c) O–H stretching wavenumbers of interfacial water at different applied potentials. (d) Potential-dependent
*CO wavenumbers and peak-integrated intensities on Co1-NC and Co1-SNC catalysts, respectively. Solid
and dotted lines represent *CO wavenumbers and peak intensities, respectively.

Furthermore, Figure 4d shows that the *CO band frequencies increase initially and then decrease with
increasing the cathodic potential over Co1-SNC. Besides, there are no obvious *CO peaks on the surfaces of
both catalysts in an Ar-saturated 0.5 M KHCO3 solution (Figure S8). According to previous reports, the
Stark effect could cause the frequency shift of *CO band to a lower wavenumber with decreasing cathodic
potential, and a higher *CO coverage would induce the frequency shift to a higher wavenumber due to the
dipole-dipole coupling effect[29]. The *CO peak-integrated intensities further show a higher *CO coverage
over Co1-SNC, explaining the superior CO2RR to CO performance over Co1-SNC[30].

Additionally, as proton-feeding is important for the formation of the crucial intermediate (*COOH) during
CO2RR, kinetic isotope effect (KIE) of H/D over Co1-NC and Co1-SNC catalysts was performed to explore
the water activation process. As shown in Figure 5a, the KIE of Co1-NC and Co1-SNC are close to 2,
indicating that the activation of water was involved in the RDS of CO2RR, which was further demonstrated

5
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by the effect of pH of electrolyte that a higher local pH environment favored the formation of CO (Figure
5b)[31]. Besides, compared to Co1-NC (1.98), the decreased KIE value (1.72) indicates accelerated H2O
dissociation over Co1-SNC[32]. Furthermore, electrochemical impedance spectroscopy (EIS) was preformed to
evaluate the interfacial charge-transfer process, and the Co1-SNC shows a smaller charge transfer resistance,
corresponding to a faster charge-transfer process to form reactive intermediates (Figure 5c)[33].

To further understand the superior CO2RR performance of Co1-SNC, we performed density functional theory
(DFT) calculations. Typical CoN4 and CoN3S model were constructed (Figure 5d), with match well with
the EXAFS fitting results. As shown in Figure 5e, the formation of *COOH intermediate via the proton-
electron transfer process is the rate-determining step for CO2RR to CO[34]. Moreover, the reaction free
energy of the RDS reduces from 1.88 eV over CoN4 to 1.54 eV over CoN3S. Furthermore, the density of
states (DOS) and Bader charge analysis were performed to reveal the electronic structure of CoN4 and
CoN3S. As displayed in Figure 5f, the S doping elevates the d-band center of cobalt from -1.02 eV to -
0.79 eV, which benefit the CO2activation[35]. Besides, differential charge density distribution analysis shows
that the Co1-N3S possesses a stronger electronic interaction with *COOH intermediate, facilitating the CO2

adsorption (Figure 5g, Figure S9). Therefore, S doping can optimize the adsorption and activation of CO2on
the Co active site.

Figure 5. (a) KIE of Co1-NC and Co1-SNC measured at -0.8 V (vs. RHE). (b) Effect of electrolyte pH
on CO2RR performance over the Co1-SNC at -0.8 V (vs. RHE). (c) EIS Nyquist plot of the Co1-NC and
Co1-SNC catalysts. (d) Theoretically computed model of CoN4 and CoN3S. (e) The calculated free energy
diagrams of CO2-to-CO conversion. (f) The calculated density of states for Co 3d orbital of CoN4 and
CoN3S. (g) Differential charge density distribution between the catalyst (CoN4 and CoN3S) and *COOH

6
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intermediate.

Conclusions

In summary, Co1-SNC catalyst with a Co1-N3S structure has been successfully prepared through a facile
pyrolysis method, which exhibits a greatly enhanced CO2RR to CO performance compared to Co1-NC. In
situ ATR-SEIRAS and KIE analyses demonstrate accelerated water dissociation over the Co1-SNC catalyst.
Furthermore, DFT calculations indicate that the introduction of S into Co1-NC can adjust the electronic
structure of Co active center, facilitating the adsorption and activation of CO2.

Experimental

Synthesis of catalysts

Synthesis of Co1-SNC : 6 g melamine, 2 g L-Cysteine and 10 mg Cobalt chloride were first grounded
into a homogeneous precursor by ZrO2 mortar ball. Subsequently, the fine powder mixture was undergone
a two-stage pyrolysis and carbonization process at the Ar atmosphere (first stage: from 25°C to 580 °C,
maintain at 580 °C for 2 h and then heated to 900 °C for 1.5 h). The heating rate of the whole process was
2 °C/min. After cooling down to room temperature, the product was leached at 80 °C in 0.5 M HCl for 24 h
to remove the unstable species. Afterwards, the sample was heated at 700 °C again to eliminate the residual
Cl-.

Synthesis of Co1-NC : The same method was used for the synthesis of Co1-NC (For Co1-NC, L-alanine
was used instead of L-Cysteine. For detail: 6 g melamine, 2 g L-alanine and 10 mg Cobalt chloride was used).

Electrochemical measurements

All electrochemical CO2 reduction experiments were performed at room temperature and normal pressure
on a three-electrode system in an H-type cell (separated by a Nafion 117 membrane) with a CHI 760e
potentiostat. The catalyst coated carbon fiber paper (1 × 1 cm2), Ag/AgCl electrode and platinum slice
were used as working, reference and counter electrode, respectively. The electrolyte was 0.5 M KHCO3

aqueous solution. The potential was converted to the reversible hydrogen electrode (RHE) scale according
to the Nernst equation: E (vs. RHE) = E (vs. Ag/AgCl) + 0.059 × pH + 0.198 V. The gaseous products
(i.e., H2 and CO) were quantified by a gas chromatography (GC-2014, SHIMADZU) equipped with a flame
ionization detector (FID) for CO and a thermal conductivity detector (TCD) for H2 quantification. The flow
rate of CO2 was controlled at 20 cc/min at the inlet of electrochemical cell. The liquid-phase products were
quantified on a nuclear magnetic resonance spectroscopy (NMR, Bruker Avance III 600 MHz) with dimethyl
sulfoxide (DMSO) as the internal standard.

Other experimental details and characterization data are available in Supporting Information.

Supporting Information

The supporting information for this article is available on the WWW under htt-
ps://doi.org/10.1002/cjoc.2023xxxxx.
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