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As is well-known, single atom catalysts 
(SACs) possess unambiguous active sites 
and maximize atom utilization, which 
are deemed as a candidate for CO pro-
duction.[2] To date, the development of 
traditional d-block SACs for CO2RR is seri-
ously hindered,[3] because their d-orbitals 
bring about the strong adsorption of *H 
and *CO resulting in severe hydrogen 
evolution (HER) and CO poisoning.[4] 
Oppositely, main group SACs show a 
great potential for CO2 electroreduction 
(CO2RR) to CO due to their robust ability 
in restraining adsorption of *H and *CO 
compared to traditional d-block SACs.[4a,5] 
Unfortunately, the delocalized orbitals of 
main group SACs show an unsatisfactory 
ability of CO2 activation to *COOH.[5a] 
Therefore, it is imperative to optimize 
the CO2 activation process of main group 
SACs.

Many strategies have been employed to 
decrease the energy barrier of CO2 activation for SACs, chiefly 
in the construction of low-coordination sites, diatomic struc-
ture, and heteroatomic coordination.[3a,6] For example, Jiang 
et al. designed Ni SAC with a low coordination number of 3 to 
promote electron localization and CO2 activation for Ni sites,[7] 
leading to a prominent TOF of ≈1425 h−1. In order to improve 
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electrons on p-orbitals through asymmetric coordination of Ca SAC sites 
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absorption fine spectroscopy shows the obtained Ca-N3O features: one O 
and three N coordinated atoms with one Ca as a reactive site. In situ attenu-
ated total reflection infrared spectroscopy proves that Ca-N3O promotes 
*COOH formation. As a result, the Ca-N3O catalyst exhibits a state-of-the-
art turnover frequency of ≈15 000 per hour in an H-cell and a large current 
density of −400 mA cm−2 with a CO Faradaic efficiency (FE) ≥ 90% in a flow 
cell. Moreover, Ca-N3O sites retain a FE above 90% even with a 30% diluted 
CO2 concentration.
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1. Introduction

CO2 electroreduction reaction (CO2RR) to CO has aroused 
widespread attention, because it represents a promising solu-
tion for mitigation of excessive CO2 concentration, mean-
while providing a feedstock to Fischer-Tropsch synthesis.[1] 
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electron localization and CO2 activation, Lu et  al. developed 
atomically dispersed Ni–Zn bimetal sites,[8] which exhibited a 
TOF of ≈1400 h−1. However, the performance of SACs through 
these two strategies is still unappealing, because the electron 
density of metal sites is largely related to the species of coordi-
nation atoms.[9–12]

Herein, we localized electron on p-orbitals through an 
asymmetric coordination on Ca SAC (Ca-N3O) by O doping 
to enhance the CO2 activation. Density functional theory 
(DFT) calculations demonstrate the weaker adsorption of 
*CO and *H on Ca sites than that of Fe site. Ca-N3O shows 
a facilitated *COOH formation process after O doping due 
to the electron localization induced by asymmetric coordina-
tion. The predicted theoretical results were proved experimen-
tally. The Ca-N3O catalyst was synthesized through a facile 
pyrolysis method and then structural characterizations such 
as X-ray absorption fine spectroscopy confirmed the Ca-N3O 
catalyst with one O and three N coordination atoms anchored 
on nitrogen-oxygen co-doped carbon (NC). Owing to the O 
induced electron localization around Ca sites, the Ca-N3O cata-
lyst exhibits a turnover frequency (TOF) of ≈15 000 per hour in 
H-cell and a current density of −400 mA cm−2 with a CO Fara-
daic efficiency (FE) over 90% in flow cell. Additionally, Ca-N3O 
remains a FECO ≥ 90% even at a low CO2 concentration. The 
favorable CO desorption of Ca SACs was confirmed by CO 
temperature programmed desorption (TPD). In situ attenu-
ated total reflection infrared spectroscopy (ATR-IR) dem-
onstrated that the transformation from *CO2 to *COOH is 
favored on the Ca-N3O and this is the pivotal step to enhance 
CO2RR to CO.

2. Results and Discussion

To figure out the difference between Ca SACs and a repre-
sentative transition metal (i.e., Fe) SACs with d-orbitals, theo-
retical analyses based on DFT calculations were conducted 
(Figure 1a and Figure S1, Supporting Information). As shown 
in Figure  1b, the CO desorption energy barrier on Ca SACs  
(< 0 eV) is much lower than that on Fe-N4 (1.38 eV). The energy 
barriers of HER on Ca SACs (>1.32 eV) are much higher than 
that on Fe-N4 (−0.24 eV) (Figure 1c). These results indicate the 
p-orbitals of Ca sites are beneficial to inhibit both HER and CO 
poisoning, compared to d-orbitals of Fe sites.

In order to evaluate the effect of the asymmetric coordination 
on CO2 activation, the theoretical simulations among Ca-N3O 
and Ca-N4 were analyzed. Mulliken charge analyses (Figure 1a 
and Table S1, Supporting Information) show that after the 
electron localization of Ca site by O doping, charge shift from 
Ca-N3O to *COOH (0.74 e) is larger than that from Ca-N4  
(0.68 e).[13] Similarly, after *COOH formation, Ca-N3O presents 
a larger shift of the p-band center (1.96 eV) than that of Ca-N4 
(1.08 eV) in the projected density of states (PDOS) (Figure 1d,e 
and Figure S2, Supporting Information), confirming more 
electrons in the p-orbitals of Ca-N3O can be used to stabilize 
*COOH.[14] Adsorption energy analyses reveal the strong inter-
action between *COOH and Ca-N3O (Figure  1f), which is 
confirmed by the lower energy barrier of *COOH from *CO2 
on Ca-N3O (0.51  eV) compared with that on Ca-N4 (0.59  eV) 
(Figure 1b). Moreover, adsorption energy analyses manifest all 
constructed Ca SACs (< 0.12 eV) exhibit much weaker adsorp-
tion of *CO than that of Fe SAC (2.34  eV), proving Ca SACs 
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Figure 1. Theoretical calculations. a) Comparison of schematic diagram and Mulliken charge analysis for *COOH adsorbed on Ca-N3O and Ca-N4 
orbitals. b,c) Free energy diagram for CO2-to-CO conversion and hydrogen evolution. d,e) PDOS and p-band center (εp) for before and after *COOH 
adsorbed on Ca-N4 and Ca-N3O. f) Adsorption energy of *COOH and *CO on catalysts.
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are beneficial for preventing CO poisoning. In addition, Ca 
SACs with symmetric five coordination atoms (Ca-N4O) were 
further studied. The results show that Ca-N4O has a higher 
energy barrier of *COOH formation than that on Ca-N3O 
because increased coordination atoms capture more electrons 
from metal center.[7,15] Therefore, these results demonstrate that 
asymmetric Ca-N3O possesses the electron localization on Ca 
site and effectively promotes the *COOH formation for CO2RR 
to CO.

To prove the theoretical analyzation, Ca SACs were prepared 
through a pyrolysis method.[16] Briefly, salt-assisted method 
was used to synthesize C3N4 nanosheets (NS). Then the cor-
responding aerogels were acquired by the chelation between 
the functional groups (NH2, CN) of C3N4 nanosheets and 
Ca or Fe ions (Figure S3, Supporting Information). Finally, the 
Ca SACs were obtained by pyrolysis of the aerogels (Figure 2a 
and Figure S4, Supporting Information). The contents of metal 
elements in Ca-N3O, Ca-N4O, and Fe-N4 catalysts are 0.67, 0.64, 
and 1.02 wt%, respectively. No metal X-ray diffraction (XRD) 
and Raman signal could be found for Ca-N3O, and Ca-N4O 

catalysts (Figures S5 and S6, Supporting Information), mani-
festing the absence of metallic phases and a good dispersion of 
the Ca atoms. Besides, according to inductively coupled plasma 
optical emission spectrometer analyses, any other metal con-
tamination was not detected in the obtained SACs (Table S2 
and Figure S7, Supporting Information).

Scanning electron microscope (SEM) and high-resolution 
transmission electron microscope (HRTEM) were used to 
investigate the morphology of Ca SACs (Figure  2b,c and Fig-
ures S8–S13, Supporting Information). The Ca atoms appearing 
as distributed bright spots were investigated with aberration-
corrected high-angle annular dark-field scanning transmission 
electron microscopy (AC HAADF-STEM). No metal nanopar-
ticle or cluster in Ca SACs was detected, confirming the good 
dispersion of Ca atoms. Furthermore, energy dispersive spec-
trometry (EDS) mappings reveal the uniform distribution of Ca 
species across the corresponding catalysts (Figure  2e; Figures 
S9 and S10, Supporting Information).

To explore the electronic structure of Ca SACs, high-reso-
lution X-ray photoelectron spectroscopy (XPS) measurements 
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Figure 2. a) Schematic illustration of the preparation for Ca-N3O. b) SEM image for Ca-N3O. c) HRTEM image for Ca-N3O. d) AC HAADF-STEM image 
for Ca-N3O. e) EDS maps for Ca-N3O.
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were performed (Figure S14, Supporting Information). As 
shown in Figure 3a and Figure S15, Supporting Information, 
three peaks at about 400.8, 399.8, and 398.8 eV, deconvoluted 
from N 1s, can be assigned to the N atoms in graphitic-N, 
pyrrolic-N, and pyridinic-N/Ca-N, respectively.[17] The high-
resolution O 1s peak of Ca SACs can be deconvoluted into four 
peaks, OCO (533.5 eV), OC (532.5 eV), OCa (531.8 eV) 
and OC (530.9  eV), indicating O atoms were successfully 
doped into the coordination environment (Figure  3b).[18] The 
peaks at 347.1 and 350.6 eV in the Ca 2p indicated that the Ca 
was presented in the form of +2 state due to N and O coor-
dination (Figure  3c).[18] Combined with the deconvolution 
results of N 1s, O 1s, and Ca 2p spectra, it can be concluded 
that CaN and CaO coordination exist in the Ca-N3O and 
Ca-N4O catalysts.

To confirm the structure of catalysts, X-ray adsorption 
spectra (XAS) were performed (Figure 3d). The Ca K-edge X-ray 
adsorption near edge structure (XANES) spectra of Ca-N3O and 
Ca-N4O SAC are close to those of CaO and Ca3N2 references, 
indicating Ca presenting an oxidation state (Figure 3d). Fourier 
transformed extended X-ray adsorption fine structure (EXAFS) 
spectra reveal the atomically dispersed features of the Ca atoms 
in Ca-N3O and Ca-N4O SAC (Figure  3e and Figure S16, Sup-
porting Information). From the fitting results of the EXAFS 
spectra, it can be found that there is no CaCa bonding in 
Ca-N3O and Ca-N4O SAC, confirming the atomic dispersion 
feature of Ca atoms. The calculated N and O coordination num-
bers with central Ca atoms are ≈3 and ≈1 in Ca-N3O, and ≈4 
and ≈1 in Ca-N4O, respectively, proving the structure features 
of the prepared samples (Table S3, Supporting Information). 

High resolution wavelet transform (WT) EXAFS plots in K 
spaces further demonstrate the existence of Ca single atom 
configurations in catalysts (Figure  3f and Figure S17, Sup-
porting Information). Atomic Fe-N4 catalyst with ≈4 N coordi-
nation atoms is also confirmed by similar analyses (Figure S18 
and Table S3, Supporting Information).

To assess the performance of catalysts, electrochemical 
tests were conducted in CO2 saturated 0.5  m KHCO3 (Figure 
S19, Supporting Information). No C2 and liquid products but 
only CO and H2 were detected from gas chromatograph and 
1H-NMR spectra (Figures S20-S23, Supporting Information). 
Remarkably, Ca-N3O SAC exhibits the largest Faradaic effi-
ciency of CO (FECO) of 97.3% at −0.85 V versus RHE, which is 
better than those of Ca-N4O SAC (87.4% at −0.85 V) and Fe-N4 
SACs (67.6% at −0.95 V) (Figure 4a). It is worth mentioning that 
the potential with FECO ≥ 90% of Ca-N3O ranged from −0.65 to 
−1.05  V. The maximal partial current density of CO (JCO) and 
TOF value with a FECO ≥ 90% for Ca-N3O SAC are 27 mA cm−2 
and ≈15 000 h−1 at −1.05  V versus RHE in H-cell, respectively, 
which are far superior to those of Ca-N4O SAC (18.6 mA cm−2, 
≈10 800 h−1), Fe-N4 SACs (11.8 mA cm−2, ≈6000 h−1) and those 
of other recently published works (Figure 4b; Figures S24–S26 
and Table S4, Supporting Information).

To evaluate the potential practical applications, the flow cell 
with Ca-N3O SAC was fabricated. It can be seen that Ca-N3O 
SAC achieves a high current density of −400 mA cm−2 with an 
outstanding FECO of ≈90% at −1.61 V and maintains stability at 
−100 mA cm−2 for over 26 h (Figure 4c,d and Figures S27,S28, 
Supporting Information). The performance under the dilute 
CO2 was also conducted (Figure 4e and Figure S29, Supporting 
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Figure 3. a–c) High-resolution XPS of N 1s, O 1s, and Ca 2p spectra of catalyst. d) Ca K-edge XANES spectra of catalysts. e) EXAFS fitting curves of 
catalyst. f) WT-EXAFS plot for Ca-N3O.
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Information), Ca-N3O SAC still achieved a high current density 
with a FECO above 90% from −0.75 to −0.85 V versus RHE under 
the dilute CO2 (30% CO2 and 70% N2). Therefore, Ca-N3O SAC 
has an anticipated prospect in practical application.[19]

In order to explore the mechanism, CO TPD and in situ 
ATR-IR measurements were employed (Figure  4f–i and 
Figure S30, Supporting Information). CO TPD tests show 
that Ca-N3O SAC possessed the largest CO deposition peak 
than those of other catalysts, indicating it has an outstanding 
property for CO deposition (Figure  4f). Raman peaks located 
at ≈1940, ≈1600, ≈1530, ≈1420, and ≈1250 cm−1 can be assigned 
to *CO stretching,[4a,20] HOH bending,[21] CO (CO3

2−) 
stretching,[22] CO (*COOH) stretching[23] and HCO3

− 
stretching,[6a,22a] respectively (Figure  4g–i). Although CO was 
extensively generated, no distinct *CO peak on Ca-N3O and 
Ca-N4O SAC was found, manifesting CO was easily desorbed 
from Ca sites, which is consistent with the result of CO TPD 
test (Figure  4f). On the contrary, obvious *CO peaks were 
detected on Fe-N4 catalyst (Figure 4i), revealing the strong CO 

adsorption on Fe sites. Notably, the intensity of CO (*COOH) 
stretching on Ca-N3O SAC was larger than that of Ca-N4O, 
indicating the facilitated *COOH formation on Ca-N3O SAC. 
Thus, the results of TPD and in situ ATR-IR demonstrate that 
Ca-N3O SAC exhibits a favorable *COOH formation and CO 
desorption, which is accordant with the DFT calculation results.

3. Conclusion

In summary, we developed a strategy to localize electron on 
p-orbitals of Ca through asymmetric coordination of Ca SAC 
(Ca-N3O) by O doping, which enhances the CO2 activation and 
thus the CO2RR performance. Theoretical simulations prove 
that Ca sites on Ca SACs inhibit both HER and CO poisoning 
and the electron localization of Ca sites induced by O doping 
in Ca-N3O could effectively promote the *COOH formation. 
To verify this theoretical prediction, we successfully synthe-
sized asymmetric Ca-N3O SAC, symmetric Ca-N4O SAC, and 

Adv. Mater. 2023, 35, 2300695

Figure 4. a) FECO at different potentials in H-cell. b) FECO and JCO of catalysts. c) The potentials and FECO at different current densities of Ca-N3O in 
flow cell. d) Stability of catalysts at a current density of −100 mA cm−2 in flow cell. e) FECO of Ca-N3O at different potentials under 30% CO2 concentra-
tion. f) CO TPD curves of catalysts. g–i) In situ ATR-IR spectra of Ca-N4O, Ca-N3O, and Fe-N4.
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representative d-orbital Fe SACs. The targeted Ca-N3O catalyst 
exhibits a state-of-the-art TOF of ≈15 000 per hour in H-cell 
and a current density of −400  mA cm−2 with a FECO of ≈90% 
at −1.61 V in flow cell. Moreover, the FECO of Ca-N3O surpasses 
90% even under dilute CO2 concentration of only 30%. The 
results of in situ ATR-IR and CO TPD demonstrate the facile 
*COOH formation and CO desorption from the Ca-N3O cata-
lyst, which is consistent with our DFT results. Thus, our work 
provides a new insight into the regulation of atomically dis-
persed main group metal sites for CO2RR.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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