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ABSTRACT: We develop an N-coordination strategy to design a robust CO2 reduction reaction (CO2RR)
electrocatalyst with atomically dispersed Co−N5 site anchored on polymer-derived hollow N-doped porous
carbon spheres. Our catalyst exhibits high selectivity for CO2RR with CO Faradaic efficiency (FECO) above
90% over a wide potential range from −0.57 to −0.88 V (the FECO exceeded 99% at −0.73 and −0.79 V).
The CO current density and FECO remained nearly unchanged after electrolyzing 10 h, revealing remarkable
stability. Experi-ments and density functional theory calculations demon- strate single-atom Co−N5 site is
the dominating active center simultaneously for CO2 activation, the rapid formation of key intermediate
COOH* as well as the desorption of CO.

Electrocatalytic CO2 reduction reaction (CO2RR) is an important process for CO2 conversion, and it
could help tackle the global warming problem, resulting from excessive consumption of fossil fuels to
some extent.1,2 However, the existence of competitive process, namely hydrogen evolution reaction (HER),
and the high overpotential in CO2RR decrease the selectivity of product and conversion efficiency. A series
of electrocatalysts including metals and molecular complexes, etc.3−20 have been explored to improve the
CO2 reduction activity. Among them, due to the distinct molecular structure and tunable atomic structure,
metal porphyrins and phthalo-cyanines were considered as optimal models to explore catalytic mechanism
and optimize the catalytic performance.21,22 Recently, N-doped carbon material anchored metal single
CO2RR.26,27 Despite extensive efforts by researchers, the development of robust electrocatalysts to boost
the catalytic performance and the exploration of active center for CO2RR are still challenging.

Herein, we report a highly active and selective catalyst with atomically dispersed Co sites anchored on
polymer-derived hollow N-doped porous carbon spheres (HNPCSs) with large surface area (568 m2·g−1),
abundant coordination N sites and high electrical conductivity. Electrochemical measurements indicate that
the Co−N5/HNPCSs catalyst exhibits excellent performance for CO2RR with CO Faradaic efficiency (FECO)
of 99.2% and 99.4% at −0.73 and −0.79 V, which is equivalent to a 15.5-fold enhancement of cobalt
phthalocyanine (CoPc) inactivity. This catalyst also exhibits high FECO (>90%) over a wide potential range
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from −0.57 to −0.88 V. Combining experiments and density functional theory (DFT) calculations, we
deduce single-atom Co−N5 site is the dominating active center simultaneously for CO2 activation and the
rapid formation of key reaction intermediate COOH* as well as the desorption of CO.

Figure 1a shows the synthesis procedures. We synthesize core@shell SiO2@melamine-resorcinol-
formaldehyde polymer spheres (MRFPSs) using a modified Stober method28 (Figure S1a). Then,
SiO2@N-doped porous carbon spheres are obtained by pyrolysis of SiO2@MRFPSs at 700 °C under Ar
(Figure S1b). After etching the silica core with HF, the HNPCSs were obtained (Figure S1c−g). Finally, the
Co−N5/ HNPCSs catalyst is prepared through constructing coordina-tion interaction between Co and N. A
uniform hollow spherical structure can be observed (Figure 1b,c) from scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). These morphologies inherite the structure of HNPCSs, and
no CoPc aggregates are observed, suggesting that CoPc are anchored on the HNPCSs uniformly. High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive
X-ray spectroscopy (EDS) images reveal that C, N and Co elements are homogeneously distributed over
the entire HNPCSs (Figure 1d). The Co content (determined by inductively coupled plasma optical
emission spectrometry) is about 3.54 wt % (Table S1). From aberration-corrected HAADF-STEM, high-
density bright dots (highlighted by yellow circles) are observed (Figure 1e,f), which is corresponding to
single Co atoms. The Raman spectrum (Figure S2) suggests the Co−N5/HNPCSs catalyst only exhibits the
vibrational peaks of HNPCSs, indicating the strong electronic interactions between CoPc and HNPCSs.

Figure 1. (a) Schematic illustration, (b) SEM, (c) TEM, (d) HAADF- STEM and EDS images, C (blue), N (green) and Co

(red). (e, f) AC HAADF-STEM and magnified images.
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The X-ray diffraction (XRD) pattern only displays a broad peak at 2θ = 22.8°, corresponding to the
(002) plane of HNPCSs. No diffraction peak of CoPc is observed, indicating that CoPc is anchored on the
HNPCSs with high dispersity (Figure S3). X-ray photoelectron spectroscopy (XPS) reveals the presence
of C, N and Co elements (Figure S4a). The binding energy (BE) of the Co 2p3/2 peak located at 780.6 eV,
corresponding to the Co−N species (Figure S4b). The BE of Co 2p is higher than that Co0 (778.1 eV) and
Co2+ (779.2 eV), but lower than that Co3+ (781 eV) (Figure S4d), suggesting the valence state of Co is
between +2 and +3. Three types of N atoms including graphitic (401.3 eV), pyrrolic (400.2 eV) and
pyridinic (398.8 eV) can be distinguished (Figure S4c). The pyrrolic-N species served as anchor for
stabilizing the single atom Co site because of the existence of the strong coordination affinity, as confirmed
by DFT (Figure S25). The Auger spectroscopy (Figure S4e,f) of Co−N5/HNPCSs has a some shift about 6
eV to the right compared with CoPc, which indicates that the valence of Co atom in Co−N5/HNPCSs is
higher than that of CoPc, demonstrating the existence of coordination interaction.

The electronic structure and coordination environment are examined by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS). The absorption edge position
of Co−N5/HNPCSs is located between that of CoO and Co3O4, suggesting single Co atom carries positive
charge and the valence state of Co is between +2 and +3 (Figure 2a). The Co K-edge exhibits a similar
near-edge structure to that of CoPc but the curve has a minor shift to the right, which indicates that the
valence of Co atom in Co−N5/HNPCSs is slightly higher than that of CoPc.

Figure 2. XANES spectra at the Co K-edge of (a) Co foil, CoO, Co3O4 and Co−N5/HNPCSs, (b) Co−N5/HNPCSs-T (inset

is the magnified image), (c) WT, (d) FT at R space, (e) schematic model,Co (wathet), N (blue), C (gray) and H (white).
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The Fourier-transformed (FT) k3-weighted EXAFS spectra (Figure 2d) displays one main peak at 1.5 Å,
corresponding to the Co− N first coordination shell, and no Co−Co coordination peak at Å can be detected.
The wavelet transform (WT) plot (Figure 2c) of Co−N5/HNPCSs shows the WT maximum at 5Å−1,
corresponding to the Co−N bonding by comparing with Co foil, CoO, Co3O4 and CoPc. No intensity
maximum corresponded to Co−Co can be observed. Compared with CoPc, the slight shift of WT maximum
may be due to the existence of coordination interaction between CoPc and HNPCSs. The quantitative
coordination configuration of Co atom can be obtained by EXAFS fitting (Figure S5, Table S2). The Co−N
coordination number is 5. These results further indicate that the existence of coordination between single
Co atom in CoPc and N atom in HNPCSs. Therefore, the Co atomic structure model can be described
(Figure 2e, the Co atom is coordinated by five N atoms).

The CO2 electrolysis is measured by linear sweep voltammetry (LSV) in a CO2-saturated 0.2 M
NaHCO3 solution (Figure 3a). The Co−N5/HNPCSs shows 15.5-fold higher current densities (6.2 mA·cm−2,
normalized by the geometrical surface area) relative to pure CoPc (0.4 mA·cm−2) at the potential of −0.73
V vs RHE. The FECO reaches 99.2% and 99.4% over Co−N5/HNPCSs catalyst at −0.73 and −0.79 V vs RHE
respectively, which is significantly higher than CoPc at the same potential (Figure 3b). Such high FECO has
seldom been reported up to now (Table S3).

Figure 3. (a) LSV curves. FECO and FEH2 of (b) Co−N5/HNPCSs and CoPc, (c) M-N5/HNPCSs (M = Co, Fe, Ni, Cu) and

(d) Co− N5/HNPCSs-T. (e) Chronoamperograms at −0.73 V (inset is FECO and FEH2 at di� erent time). (f) XANES of

Co−N5/HNPCSscatalyst under ex situ and in situ (inset is the magnifiedimage).

In CO2RR, different metal catalytic sites usually undergo different reaction pathways, which leads to
the difference in FE. To probe the effect of metal sites on electrocatalytic activity, M−N5/HNPCSs catalysts
(M = Fe, Ni, Cu) are synthesized and characterized (Figures S6−S10, Tables S1 and S2). Interestingly, in
terms of FECO, M−N5/HNPCSs catalysts are found to be significantly inferior to Co−N5/HNPCSs (Figure
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3c), indicating the positive role of Co sites. To reveal the effect of coordination environment,the
Co−N5/HNPCSs catalyst was pyrolyzed at different temperature. Co−N4/HNPCSs and Co−N3/HNPCSs
catalyst are obtained at 400 and 600°C, whereas higher temperature lead to the formation of NPs. (Figure
2b, Figures S11−S16, Tables S1 and S2). Figure 3d shows that the FECO (FEH2 shown in Figure S17) drops
with the decrease of Co−Nx coordination. Electrocatalytic tests results indicate that the Co−N5/HNPCSs
has the highest FECO at −0.73 and −0.79 V vs RHE, and its FECO remains higher than 90% from −0.57 V
to −0.88 V vs RHE. The Co−N4/ HNPCSs and Co−N3/HNPCSs exhibit relatively high CO2 reduction
ability at certain potentials, and the FECO of these two samples are around 90% from −0.57 to −0.79 V.
Nevertheless, the formation of NPs results in the deactivation of catalyst in CO2 electrolysis, namely, the
FECO of Co−N5/ HNPCSs-T (T = 800, 1000 °C) are lower than 50% at all potentials, indicating higher
catalytic activity of single-atom site catalysts. Furthermore, the Co−N5/HNPCSs also shows the highest
turnover frequency (TOF) value (Figure S18a, 480.2 h−1) and the largest CO partial current density (Figure
S18b,∼4.5 mA·cm−2) at −0.73 V vs RHE among all the catalysts. The CO current density value and
FECO remained nearly unchanged after electrolyzing 10 h at −0.73 V (Figure 3e), suggesting remarkable
stability. The current density can be enhanced and the support morphology affect the charge transfer during
electrolysis (Figures S19−S23).

In situ XAS results indicated that the Co K-edge XANES peaks are located at a higher energy than that
of ex situ state in the reduction potential from −0.66 to −0.79 V, indicating that the valence state of Co
becomes higher in electrolysis than ex situ state. However, when a higher potential (−0.88 V) is applied, the
Co K-edge has a significant shift, whereas the FECO is decreased. These changes show that the appropriate
electronic structure is important for CO2RR (Figure 3f, Figure S24).

Figure 4. (a) Optimized structures for the intermediates. (b) Calculated free energy of CO2RR (red short dash line, the

desorption free energy level of CO; dash dot lines, the desorption free energy of CO).

DFT calculations are carried out to understand the intrinsic property and reactivity. The CO2RR
pathway is investigated via computational hydrogen electrode model29 (Figure 4a). Therequired free energy
change (ΔG) for CoPc from CO2 to adsorbed COOH* is close to zero (0.02 eV), lower than that of NiPc
(1.42 eV), CuPc (1.92 eV) and FePc (0.10 eV), indicating a higher CO2RR activity (Figure 4b). The bond
lengthchanges show the same sequence (Table S4). The ΔG from CO2 to MPc_CO* are −0.43, 0.33, 0.79,
0.72 eV in the sequence of Fe, Co, Ni, Cu, and the CO desorption free energy level is 0.99 eV. The BE of
CO on FePc and CoPc is −1.17 and −0.68 eV, suggesting CO tend to desorb on CoPc. The reaction may be
blocked on the first proton-coupled electron-transfer step (PES) for NiPc (1.42 eV) and CuPc (1.92 eV).
The free energy profile of CO2RR on the Co−N5/HNPCSs improves the ΔG of the first reduction step to
−0.28 eV, and keep the CO* species progress close to CoPc. The improvement degree of ΔG for the first
PES is 0.31 eV, whereas the increase of CO desorption free energy is 0.16 eV, thus making the effectivity of
CO2RR on Co−N5/HNPCSs higher than on CoPc. Electron localization function (Figure S26) revealed that
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the strong COOH interaction and moderate binding interaction of CO on Co center makes it ideal material
for CO2RR. In the context of chemisorption of COOH or CO, an approximately linear relationship is found
between the adsorption energy Eads and the d-band center Edbc30 (Figure S27 and Table S5).

In summary, we have developed an N-coordination strategy to atomically dispersed Co electrocatalyst
with high selectivity in the conversion of CO2 to CO. Significantly, the formed Co−N5 site is found to be the
active center for CO2 activation and the rapid formation of key reaction intermediate COOH* as well as
desorption of CO. This work not only designs a robust CO2RR electrocatalyst but also provides an in-depth
under- standing of the catalytic active centers.
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