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Single atom catalysts (SACs) have been widely investigated and regarded as the 

promising electrocatalysts for carbon dioxide reduction. However, studies on the 

impact of coordinated-nitrogen species in active center on the spin state and catalytic 

activity remain scarce. Herein, two single Ni atom electrocatalysts with distinct 

pyridinic-N and pyrrolic-N coordination through a rapid joule-heating method that 

preserves precursor nitrogen configurations. Magnetic susceptibility measurements 

reveal that pyridinic-N induces a high-spin state in Ni centers, while pyrrolic-N 

stabilizes a low-spin configuration. The high-spin Ni-Npyridinic-C demonstrates an 

exceptional performance in electrocatalytic CO2 reduction, achieving 98.8 % CO 

Faradaic efficiency in H-cells and maintaining >99 % Faradaic efficiency at industrial 

current densities (≥250 mA cm-2) across alkaline, neutral, and acidic electrolytes in a 

gas-diffusion flow cell. A maximum power density of 1.89 mW/cm2 and excellent 

charge-discharge cyclability also achieve in zinc-CO2 battery, further demonstrating 

the applicability of Ni-Npyridinic-C. Theoretical calculations demonstrate that the high-

spin state enhances d-orbital dispersion, strengthening hybridization with π* orbital of 

CO2 and stabilizing *COOH intermediates, thereby accelerating CO2 activation. This 

study not only establishes a novel strategy for spin-state engineering through 

coordination control but also advances scalable electrocatalyst design for efficient 

carbon cycling. 
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1. Introduction 

Electrocatalytic converting carbon dioxide into valuable chemicals and synthetic 

fuels under relatively benign conditions represents a promising approach to mitigating 

atmospheric CO2 concentrations while providing valuable raw materials.[1] 

Nevertheless, the inherent high thermodynamic and kinetic stability of CO2 necessitates 

the surmounting of substantial energy barriers, often accompanied by significant 

overpotentials.[2] Furthermore, in aqueous electrolytes, the competing hydrogen 

evolution reaction usually exhibits faster kinetics compared to CO2 reduction, 

ultimately compromising product selectivity.[3] Consequently, design and development 

of ideal electrocatalysts for CO2 reduction with excellent activity and high durability 

are crucial for the realization of carbon cycle.  

Among the numerous electrocatalysts developed for CO2 reduction, single atom 

catalysts that anchored on nitrogen-doped carbon have been widely developped and 

demonstrated great potential in various reactions due to their various advantages such 

as approximately 100% metal atom utilization and unique electronic structures, which 

combine the advantages of homogeneous and heterogeneous catalysts.[4] Both 

theoretical calculations and experimental results in recent decades have confirmed that 

the active sites in single atom catalysts are M-NxC moieties, whose spin state play a 

crucial role in determining the intrinsic activity of single atom catalysts. The spin state 

of the single-atom active center is determined by the occupation pattern of its 3d orbital 

electrons, which significantly affects the catalytic performance by altering the 

adsorption strength of intermediates, changeing the selectivity of reaction pathways, 

and regulating the efficiency of electron transfer.[5] The spin state directly influences 

the electronic structure of the metal active center, thereby optimizing the adsorption 

free energy of reactant and reducing the free energy of intermediates formation (such 

as *COOH, OH*, etc.).[6a] For example, in the CO2RR process, when the spin state of 

Ni single atom changes from a low spin (LS) state to a high spin state (HS), the d-p 

orbital coupling between the Ni and CO2 strengthens, enhancing the CO2 activation and 

reducing the energy barrier for formation of *COOH, thereby significantly improving 

the selectivity and activity for CO production.[6b] Additionally, spin state regulation can 

alter the adsorption configuration of reactant molecules, thereby influencing the 

reaction pathway. For instance, introducing heteroatoms (such as B and O) in the first-

coordination shell of single atoms can break the D4h symmetry and induce spin 

rearrangement, which can promote the lateral adsorption of CO2 and trigger a 

protonation-prioritized pathway, directly accelerating the formation of *COOH while 

weakening the excessive adsorption of CO, thereby avoiding catalyst poisoning and 

increasing CO yield.[7] The spin polarization effect can also accelerate the charge 

transfer process through a synergistic effect. For example, in a cooperative system of 

Ni nanoclusters and single atom site, the size effect of clusters can induce spin 

polarization at Ni single atom, promoting the dissociation of water molecules to 

generate *H protons, providing a rapid proton source for the protonation of CO2, 

thereby significantly reducing the overpotential for CO production.[8] In recent decades, 

extensive strategies have been demonstrated to be highly effective in regulating the spin 

state of single atom active sites, such as modulating the coordination environment of 
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metal centers,[9] implementing strain engineering and axial functionalization,[10] 

harnessing the cooperative effects among neighboring atoms or clusters,[11] applying 

external physical field regulation,[12] and introducing carriers and co-component 

groups.[13] However, a comprehensive understanding of how the coordinated nitrogen 

species affect the spin state and the catalytic performance of SACs is still lacking.[14] 

Because the types of nitrogen in most reported M-NxC catalysts are complex, such as 

pyridinic N, pyrrolic N, and graphitic N, and it is quite challenging to obtain highly 

uniform coordinated nitrogen species.[15] The primary reason is that most SACs 

supported on nitrogen-doped carbon (NC) carriers are synthesized via prolonged high-

temperature calcination, typically exceeding 600 °C for more than two hours, during 

which the structure of NC support undergo reorganization and interact with metal atoms 

to achieve the most stable configuration, leading to the formation of hybrid nitrogen 

species to coordinated with metal centers. Therefore, developing an effective strategy 

capable of fabricating SACs with highly uniform coordinated nitrogen species is of 

great significance for investigating the impact of coordinated-N types on the spin state 

of active center. 

In this work, a spin-state modulation strategy has been applied to regulate the 

electrocatalytic activity of single Ni atom catalysts for CO2 reduction. Two single Ni 

atom catalysts with different coordinated-N species were firstly synthesized through a 

gas-protected joule heating process, during which the nickel metal complex precursors 

were rapidly carbonized at high temperature, and their coordination nitrogen 

configuration remained invariant. The coordination structures of two single Ni atom 

catalysts were confirmed to be Ni-N4C by X-ray absorption fine structure spectra 

(XAFS), and the N species in these two catalysts were further deterimed to be pyrrolic-

N and pyridinic-N respectively by N k-edge X-ray absorption near-edge structure 

spectra (XANES) and X-ray photoelectron spectroscopy (XPS) techniques. Magnetic 

susceptibility (M-T) measurements confirms that the Ni center in Ni-Npyridinic-C and Ni-

Npyrrolic-C are in high spin state and low spin state, respectively. The Ni-Npyridinic-C with 

high spin state can realize an excellent electrocatalytic activity and selectivity for CO2-

to-CO conversion in both H-type cell and gas diffusion flow cell. A maximum CO 

faradaic efficiency of 98.8% is achieved at -0.7 V and kept above 90% from -0.4 to -

1.2 V (vs. RHE) in H-type cell. In gas diffusion flow cell, 99.4%, 99.3% and 99.1% CO 

faradaic efficiency can be obtained at industrial-level current densities (≥ 250 mA cm-

2) in alkaline, neutral and acidic electrolytes, the CO partial current density all exceed 

450 mA cm-2. The applicability of the Ni-Npyridinic-C catalyst was also demonstrated in 

zinc-CO2 battery. The d-electron energy level distribution of Ni in the high-spin state 

is more dispersed, which strengthens the hybridization with the π* orbital of CO2 

molecules and facilitates the adsorption and activation of CO2, while Ni in low-spin 

state leads to a higher degree of degeneracy in the d-orbital energy levels and weakens 

the interaction with the reaction intermediates. The projected density of states (PDOS), 

crystal orbital Hamilton population (COHP) analysis and density functional theory 

(DFT) calculations further reveal that Ni-Npyridinic-C catalyst possesses a stronger 

interaction with *COOH intermediate than Ni-Npyrrolic-C, thus accelerating the electron 

transfer from Ni center to *COOH, leading to boosted CO2 reduction activity. 
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2. Results and Discussion 

2.1 Synthesis and Characterization of Single Ni Atom Catalysts with different 

coordinated N species 

Figure 1a illustrates in detail the synthesis process of atomically dispersed Ni-N4-

C catalysts with different coordinated N species through a gas-protected flash Joule 

heating strategy, during which the temperature quickly increases to 2000 °C within five 

seconds, and the nickel metal complex precursors were rapidly carbonized at high 

temperature in short time. The configuration of the nickel metal complexes and the 

types of coordinated nitrogen have no time to change during the rapid carbonization 

process, leading to the fast doping of Ni and N into XC-72 carbon support. High-

resolution transmission electron microscopy (HRTEM) images in Figure 1b and Figure 

1e clearly reveal the irregular layer like graphitic carbon structures for as-obtained Ni-

Npyrrolic-C and Ni-Npyridinic-C, which is inherited from the XC-72 carbon black (Figure 

S1). Furthermore, no clearly metal nanoparticles can be observed in the aberration-

corrected high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images for both Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts, and the 

homogeneous atomic-scale dispersed bright dots on carbon matrix are ascribed to the 

Ni single atoms in both catalysts (Figure 1c and Figure 1f), demonstrating the 

successfully synthesized single Ni atoms catalysts. Elemental mapping of Ni-Npyridinic-

C and Ni-Npyrrolic-C in Figure 1d and Figure 1g verifies the fact that Ni single atoms and 

N are homogeneously distributed over the whole carbon support. Inductively coupled 

plasma atomic emission spectrometry (ICP-AES) measurements reveal the Ni contents 

in Ni-Npyridinic-C and Ni-Npyrrolic-C are 1.10 wt% and 1.13 wt% (Table S1), respectively. 

The specific surface area and pore volume of Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts 

were obtained from nitrogen adsorption-desorption isotherms shown in Figure S3. As 

exhibited in Figure S3, both Ni-Npyridinic-C and Ni-Npyrrolic-C exhibit typical type III 

isotherms and H3 hysteresis loops in the range of P/P0 = 0 ~ 1.0, revealing the existence 

of mesopores (Table S2). The Brunauer-Emmett-Teller (BET) surface area of Ni-

Npyridinic-C and Ni-Npyrrolic-C are 149.98 m2 g-1 and 152.26 m2 g-1, respectively, 

indicating the highly consistent structure of these two catalysts.  

Powder X-ray diffraction (PXRD) patterns in Figure 2a exhibit a broad peak at 

about 26 degree for both Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts, similar with that of 

pure XC-72 carbon black (Figure S2), which is attributed to the graphitic carbon, and 

no diffraction peaks for metallic Ni can be observed, indicating no crystalline Ni species 

are generated in these two catalysts, which are in accordance with the HAADF-STEM 

results. The X ray absorption fine structure spectra (XAFS) and X-ray absorption near-

edge structure (XANES) spectra at Ni K-edge were collected to explore the detailed 

information about the electronic structure and microchemical coordination environment 

of Ni active centers. As shown in Ni K-edge XANES spectra (Figure 2b), the white line 
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of Ni-Npyridinic-C and Ni-Npyrrolic-C are both located in-between that of NiO and Ni foil, 

very close to that of NiPc, indicating the oxidation state of monodispersed Ni in Ni-

Npyridinic-C and Ni-Npyrrolic-C is between 0 and +2. The nearly coincident white lines of 

Ni-Npyridinic-C and Ni-Npyrrolic-C implies that the chemical states of Ni atoms in the two 

catalysts are essentially the same. The Fourier transformed extended X-ray absorption 

fine spectra (FT-EXAFS) of Ni-Npyridinic-C, Ni-Npyrrolic-C and NiPc in Figure 2c exhibit 

a prominent peak at ~1.4 Å, which is assigned to the Ni–N interaction. No peak for Ni–

Ni interaction can be observed, indicating that Ni is atomically distributed in both 

Npyridinic-C and Ni-Npyrrolic-C catalysts, this result is consistent with the HAADF-STEM 

results. The quantitative EXAFS fitting was performed to confirm the local 

coordination structure of Ni atoms in Npyridinic-C and Ni-Npyrrolic-C catalysts. As 

exhibited in Figure 2d and Figure 2e, the experimental results match well with the 

fitting model, indicating that Ni atoms in Npyridinic-C and Ni-Npyrrolic-C are both 

coordinated with four nitrogen atoms (Figure S4 and Table S3), and the inset figure in 

Figure 2d and Figure 2e illustrate their probable structure, respectively. In addition, 

wavelet transform (WT)-EXAFS contour plots were performed in the k-space to clarify 

the backscattering atoms in the R-space, as shown in Figure 2g and Figure 2h, the 

maximum intensity of scattering path for both Npyridinic-C and Ni-Npyrrolic-C is at ≈ 4.6 

Å-1, which is ascribed to the Ni–N scattering path. However, the highest intensity 

located at ≈ 6 Å-1 in Ni foil is attributed to the Ni–Ni scattering path (Figure S5). The 

above results further confirm the Ni atoms in Npyridinic-C and Ni-Npyrrolic-C are 

atomically dispersed. The nitrogen species in Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts 

were investigated through N k-edge XANES and the spectra were compared in Figure 

2f, in which two obvious peaks situated at 400.1 eV and 402.3 eV are corresponding to 

the pyridinic-N and pyrrolic-N, respectively. [16] As depicted in Figure 2f, the majority 

of nitrogen in Ni-Npyridinic-C catalyst is pyridinic type, with a minor portion of pyrrolic 

type. While most of nitrogen in Ni-Npyrrolic-C catalyst is pyrrolic type, with a small 

amount of pyridinic type. High-resolution N 1s XPS spectra of Ni-Npyridinic-C and Ni-

Npyrrolic-C shown in Figure 2i were applied to further study the nitrogen species in these 

two catalysts, and the nitrogen peak in both catalysts can be divided into three peaks, 

i.e. 398.5 eV, 399.8 eV, and 401.5 eV, which are ascribed to the pyridinic-N, pyrrolic-

N, and graphitic-N.[17] As observed in Figure 2i, the dominant nitrogen species in Ni-

Npyridinic-C and Ni-Npyrrolic-C catalysts are pyridinic-N and pyrrolic-N, respectively, and 

their contents in these two catalysts respectively reach 83.4 at.% and 85.6 at.% (Table 

S4). These results are in good accordance with the N k-edge XANES analysis. To 

further explore the influence of the rapid carbonization process on nitrogen species, 

high-resolution N 1s XPS spectra of Ni-Npyridinic-C and Ni-Npyrrolic-C before and after 

carbonization were compared. As exhibited in Figure S6, after rapid flash joule heating 

process at 2000 °C, the nitrogen species in both catalysts almost remain the same with 
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those in uncarbonized samples, indicating the good feasibility of this materials 

synthesis strategy. The chemical state of Ni in Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts 

were analyzed via high-resolution Ni 2p XPS spectra (Figure S8), two obvious peaks 

located at 855.3 eV and 873.1 eV in both Ni single atom catalysts are corresponding to 

the Ni 2p3/2 and Ni 2p1/2, another two clearly peaks at 861.1 eV and 879.8 eV are 

attributed to the satellite peaks.[18] The contents of Ni 2p3/2, Ni 2p1/2 and satellite peaks 

for Ni-Npyridinic-C and Ni-Npyrrolic-C were quantified by integrating the areas of fitted 

peaks and the results were shown in Table S5. The binding energy of Ni 2p3/2 and Ni 

2p3/2 in both Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts shift towards positive direction 

when compared with XPS spectra of Ni metal (Ni 2p3/2 852.4 eV, Ni 2p1/2 869.6 eV), 

indicating a positive oxidation state of Ni in Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts. 

The coexistence of Ni 2p3/2, Ni 2p1/2 and related satellite peaks in Ni-Npyridinic-C and Ni-

Npyrrolic-C indicates the mixed-valence state of Ni in Ni-Npyridinic-C and Ni-Npyrrolic-C. 

These results are consistent with the Ni K-edge XANES results in Figure 2b. From the 

above analysis, we can conclude that two Ni single atom catalysts with Ni-N4 

coordinated structure are successfully synthesized, and the most significant disparity 

between two Ni single atom catalysts is the type of coordinated nitrogen. 

2.2 Electrochemical CO2 Reduction Performance of Ni-N-C in H-type cell and 

Flow-cell. 

The electrocatalytic CO2 reduction performance of the as-synthesized Ni-Npyridinic-

C and Ni-Npyrrolic-C catalysts was first evaluated in standard three-electrode H-type cell 

with CO2/Ar-saturated 0.5 M KHCO3 solution as electrolyte. Linear sweep 

voltammetry (LSV) curves in Figure 3a exhibit that both Ni-Npyridinic-C and Ni-Npyrrolic-

C achieve the higher current density in CO2 saturated electrolyte than that in Ar 

saturated electrolyte, indicating the electrocatalytic activity of Ni-Npyridinic-C and Ni-

Npyrrolic-C for CO2 reduction. In addition, Ni-Npyridinic-C exhibits a larger current density 

than Ni-Npyrrolic-C in the entire testing voltage range. The gaseous and liquid products 

were detected separately using GC and 1H NMR spectrum after constant potential 

electrolysis. H2 and CO are the only gaseous products (Figure S9, S11 and S12) and no 

liquid products were detected (Figure S10). As can be seen from Figure 3b, Ni-Npyridinic-

C exhibits higher faradaic efficiency for CO than Ni-Npyrrolic-C with the whole potential 

range and attains the maximum CO faradaic efficiency 98.8% at -0.7 V vs. RHE, which 

is significantly higher than that of Ni-Npyrrolic-C (76.4%). From -0.4 to -1.2 V vs. RHE, 

the CO faradaic efficiency of Ni-Npyridinic-C maintains above 90%, demonstrating the 

high activity and product selectivity of Ni-Npyridinic-C. To eliminate the influence of 

precursors on the electrocatalytic performance, the electrochemical performance of Ni-

Npyrrolic and Ni-Npyridinic precursor before calcination for CO2 reduction were 

investigated, their LSV curves and CO faradaic efficiency were further compared with 

those of Ni-Npyrrolic-C and Ni-Npyridinic-C in Figure S13. The current densities and CO 
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faradaic efficiency of Ni-Npyrrolic precursor and Ni-Npyridinic precursor are significantly 

lower than those of the Ni-Npyrrolic-C and Ni-Npyridinic-C in the whole potential range, 

indicating that the outstanding electrocatalytic activity of Ni-Npyridinic-C does not 

originate from the precursor. Subsequently, the electrocatalytic activities of nickel-free 

carriers (Npyridinic-C and Npyrrolic-C) for CO2 reduction were studied, and the CO2 

electroreduction performance exhibited by the two nickel-free carriers can be 

disregarded (Figure S14), further confirming that the superior catalytic performance of 

Ni-Npyridinic-C does not come from the Npyridinic-C carrier. The CO partial current density 

(Figure 3c) and turn oner frequency (TOF) per nickel site (Figure 3d) achieved on Ni-

Npyridinic-C is significantly higher than those on Ni-Npyrrolic-C at same potential, also 

confirming the excellent catalytic performance of Ni-Npyridinic-C for CO2 reduction. 

Figure 3e displays the durability measurement of Ni-Npyridinic-C in H-type cell, in which 

it can be observed that the current density and CO faradaic efficiency of Ni-Npyridinic-C 

almost keep constant with negligible attenuation during 80 hours electrolysis, revealing 

the outstanding stability of Ni-Npyridinic-C. After durability measurements, no obviously 

changes were observed in the SEM images (Figure S19), XRD patterns (Figure S18), 

and XPS spectra (Figure S22) of Ni-Npyridinic-C and Ni-Npyrrolic-C, and Ni atoms still 

homogeneously disperse on the whole structure of Ni-Npyridinic-C (Figure S20-S21), 

further demonstrating the excellent stability of Ni-Npyridinic-C and Ni-Npyrrolic-C. 

Furthermore, the electrolyte after durability measurement was analyzed by ICP-OES 

and no Ni species was detected. The catalytic performance of Ni-Npyridinic-C in H-type 

cell was compared with the previously reported Ni-based electrocatalysts in Table S6, 

in which the CO faradaic efficiency and durability of Ni-Npyridinic-C surpass majority of 

the reported Ni-based electrocatalysts, accompanied with a significantly larger current 

density. For the purpose of exploring the origin of the higher catalytic activity of Ni-

Npyridinic-C than Ni-Npyrrolic-C, electrochemical active surface areas (ECSA) of Ni-

Npyridinic-C and Ni-Npyrrolic-C were acquired from the double-layer capacitances (Cdl) 

with cyclic voltammetry measurement in no-faradaic potential range. As illustrated in 

Figure S15, Ni-Npyridinic-C (14.12 mF cm-2) and Ni-Npyrrolic-C (13.88 mF cm-2) possess 

the nearly identical capacitances, which are consistent with the BET surface areas 

shown in Figure S3 and Table S2, indicating that the quantity of exposed reactive sites 

almost the same, and the ECSA and specific surface area of Ni-Npyridinic-C and Ni-

Npyrrolic-C are not the decisive factors for their catalytic performance for CO2 reduction. 

Subsequently, Tafel plots were applied to investigate the CO2 reduction reaction kinetics, 

as illustrated in Figure S16, Ni-Npyridinic-C exhibits an expected smaller Tafel slope 

(174.06 mV dec-1) than Ni-Npyridinic-C (236.41 mV dec-1), suggesting the superior CO2 

reduction reaction kinetics of Ni-Npyridinic-C. The electrochemical impedance 

spectroscopy (EIS) of Ni-Npyridinic-C and Ni-Npyrrolic-C during CO2 reduction were 

further measured to investigate the reaction kinetics. As shown in Figure S17, Ni-
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Npyridinic-C exhibits an obvious smaller semidiameter than Ni-Npyrrolic-C, indicating a 

faster electron transfer speed and reaction kinetics of Ni-Npyridinic-C for CO2 

electroreduction. From the abovementioned analysis, we can conclude that the 

dissimilarity in the catalytic activities of Ni-Npyridinic-C and Ni-Npyrrolic-C is mainly 

attributed to variance in the types of coordinated nitrogen, the pyridinic-N coordinated 

Ni active center has the superior intrinsic activity and product selectivity than the 

pyrrolic-N coordinated Ni atoms.  

The practical applicability of Ni-Npyridinic-C for CO2 reduction under industrial-

level current density (> 300 mA cm-2) was evaluated in gas-diffusion flow-cell, and the 

structure is detailed illustrated in Figure S23, in which gaseous CO2 directly contact 

with the catalyst and then be reduced at the solid-liquid-gas triple-phase interface. As 

listed in Figure 3f, Ni-Npyridinic-C can achieve the industrial-level CO partial current 

densities in all alkaline, neutral and acidic electrolytes, and the maximum current 

densities are 494.4 mA cm-2, 459.1 mA cm-2 and 479.2 mA cm-2, respectively, far 

surpassing industrial-level current density requirements for industrial application. The 

maximum CO Faradaic efficiency in alkaline electrolyte (KOH) attains 99.4% at 

current density of -250 mA cm-2, and maintains above 98.1% in a wide current density 

range of -50 – -500 mA cm-2 (Figure 3g). In neutral electrolyte (KHCO3), Ni-Npyridinic-

C achieves the maximum CO Faradaic efficiency of 99.4% at -300 mA cm-2, retaining 

above 98.1% from -50 mA cm-2 to -350 mA cm-2, and then gradually descends to 91.8% 

at -500 mA cm-2. Remarkably, the CO Faradaic efficiency can still reach 99.1% in 

acidic electrolyte at current density of -250 mA cm-2 and keeps above 95.8% in the 

whole testing current density range. Furthermore, the durability of Ni-Npyridinic-C in gas-

diffusion flow-cell with alkaline, neutral and acidic electrolytes were also investigated. 

As shown in Figure 3h, the CO Faradaic efficiency of Ni-Npyridinic-C can still maintain 

above 94.7% 93.1% and 99.4% at a constant current density of -100 mA cm-2 for 45 

hours. In addition, after 24 hours measurements at -300 mA cm-2, the CO Faradaic 

efficiency of Ni-Npyridinic-C can remain above 94.01%, 96% and 95.03% in alkaline, 

neutral, and acidic electrolyte, respectively (Figure S24). These durability 

measurements demonstrate the outstanding stability of Ni-Npyridinic-C at high current 

density in wide pH range. The performance of Ni-Npyridinic-C in gas-diffusion flow-cell 

with alkaline, neutral and acidic electrolytes were compared with the previously 

reported electrocatalysts in Table S7, and Ni-Npyridinic-C exceeds most of the reported 

catalysts. The exceptional catalytic activity and durability of Ni-Npyridinic-C in both H-

type cell and gas-diffusion flow-cell at wide pH range electrolyte foretell the prospect 

for industrial application. 

2.3 Zinc-CO2 battery 

The primary aqueous zinc-CO2 battery based Ni-Npyridinic-C was constructed and 

further used to evaluated the practical applicability of Ni-Npyridinic-C for CO2 reduction. 
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Figure 4a exhibits the detailed structure of zinc-CO2 battery, in which carbon paper 

loaded with the Ni-Npyridinic-C serves as cathode and zinc foil works as anode, and the 

catholyte (KHCO3) and anolyte (KOH) is separated by an bipolar membrane. The 

discharge and charge voltages under different current densities are exhibited in Figure 

4b, in which an obvious rechargeable behavior of the assembled zinc-CO2 battery can 

be observed. The zinc-CO2 battery could deliver a maximum power density of 1.89 mW 

cm-2 at a discharge current density of 4.0 mA cm-2 during discharge (Figure 4b). The 

CO2 reduction products in zinc-CO2 battery during the discharge process were detected, 

and the Faradaic efficiency was compared in Figure 4c. As shown in Figure 4c, Ni-

Npyridinic-C equipped in the zinc-CO2 battery displays an excellent CO selectivity within 

the discharge process with a maximum CO Faradaic efficiency of 96.0% at 7.0 mA cm-

2, meanwhile, the CO Faradaic efficiency can maintain above 92.1% in a wide range of 

discharge current density (2.0 ~ 7.0 mA cm-2). At the constant discharge current density 

of 1.0 mA cm-2, the discharge voltage maintains at 0.42 V, and then gradually decreases 

with the increasing of the discharge current density from 1.0 mA cm-2 to 7.0 mA cm-2. 

The discharge voltage can retain stable at different discharge current densities. The 

galvanostatic charge-discharge cycling at discharge current density of 1 mA cm-2 and 

2 mA cm-2 in Figure 4e reveal the high stability of Ni-Npyridinic-C during battery cycling. 

No obvious voltage decay can be observed during 200 charge-discharge cycles at 1 mA 

cm-2 and 180 charge-discharge cycles at 2 mA cm-2, manifesting the outstanding 

stability of the assembled zinc-CO2 battery. XRD, XPS and HRTEM were further 

applied to investigate the stability of Ni-Npyridinic-C in Zn-CO2 battery. After charge-

discharge cycles, no obviously changes can be observed in the XRD patterns (Figure 

S25), XPS spectra (Figure S25) and HRTEM images (Figure S26) of Ni-Npyridinic-C, and 

Ni atoms still homogeneously disperse on the whole structure of Ni-Npyridinic-C (Figure 

S26), confirming the superior stability of Ni-Npyridinic-C. The maximum power density, 

FECO and durability of Ni-Npyridinic-C in Zn-CO2 battery were further compared with the 

previously reported electrocatalysts in Table S8, and Ni-Npyridinic-C exhibited the 

superior electrochemical performance in Zn-CO2 battery than most of the reported 

single atom electrocatalysts. The abovementioned results demonstrate the promising 

applicability of Ni-Npyridinic-C in zinc-CO2 battery. 

2.4 Investigation of Catalytic Mechanism  

To clarify the different CO2 reduction activity as well as the reduction mechanism 

over Ni-Npyridinic-C and Ni-Npyrrolic-C catalysts, in-situ attenuated total reflection 

infrared spectroscopy (ATR-IR) measurements at different potentials were conducted 

to probe the reaction intermediates. Figure 5a and 5b exhibit the in-situ ATR-IR spectra 

of CO2 reduction on Ni-Npyridinic-C and Ni-Npyrrolic-C respectively, in which *COOH 

(1407 cm-1), H2O (1641 cm-1), CO (1915 cm-1) and CO2 (2360 cm-1) can be clearly 

observed in both spectra.[19] As the reaction potential increases from -0.2 V to -1.2 V, 
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the absorbance of CO2 decreases, indicating the continuously consumed CO2 during the 

reaction. The peak intensities of *COOH key intermediate and adsorbed H2O both 

gradually increase for Ni-Npyridinic-C and Ni-Npyrrolic-C as the overpotential increased, 

demonstrating that the *COOH intermediate formation is the rate-determining step for 

CO2 reduction, and the H2O is the proton source for CO2 reduction. The gradually 

increased CO intensity at higher overpotential indicates the accumulation of the 

generated CO at high overpotential. The peak intensities of *COOH and CO on Ni-

Npyridinic-C are significantly larger than those of on Ni-Npyrrolic-C, indicating the superior 

catalytic activity of Ni-Npyridinic-C for CO2 reduction. 

The CO2 adsorption capacities of Ni-Npyridinic-C and Ni-Npyrrolic-C were evaluated 

by CO2 adsorption isotherms. As displayed in Figure S27, Ni-Npyridinic-C and Ni-

Npyrrolic-C exhibit the similar adsorption curves for CO2, and the maximum CO2 

adsorption capacities of Ni-Npyridinic-C and Ni-Npyrrolic-C are 2.37 cm3 g-1 and 2.41 cm3 

g-1 at P/P0 = 1.0, indicating the similar CO2 adsorption capacities of Ni active sites in 

both electrocatalysts. This result demonstrates that the CO2 adsorption ability is not the 

key determinant for the catalytic performance of Ni-Npyridinic-C and Ni-Npyrrolic-C for 

CO2 reduction. In order to gain deep insights into the electron spin configuration effect 

of Ni-Npyridinic-C and Ni-Npyrrolic-C on their electrocatalytic activities for CO2 reduction, 

the electron paramagnetic resonance (EPR) spectroscopy of Ni-Npyridinic-C and Ni-

Npyrrolic-C were conducted. As exhibited in Figure S28, Ni-Npyridinic-C displays an 

obvious peak at ~ 3000 Gauss with a g-factor of ~2, while the peak density of Ni-

Npyrrolic-C is significantly weaker than that of Ni-Npyridinic-C, indicating a higher 

abundance of unpaired electrons in the Ni 3d orbitals of Ni-Npyridinic-C than Ni-Npyrrolic-

C. Subsequently, the unpaired 3d electrons and spin states of Ni active center in Ni-

Npyridinic-C and Ni-Npyrrolic-C were further analyzed by Ni K-edge XANES spectra and 

Fourier transform EXAFS spectra. The white line position at ~ 8334 eV represents the 

quadrupole-allowed transition from 1s to 3d, and at ~ 8340 eV represents the 1s to 4pz 

transition.[20] As observed in enlarged XANES spectra of Ni-Npyridinic-C and Ni-Npyrrolic-

C in Figure S29, Ni-Npyridinic-C exhibits an increased intensity at 8334 eV than Ni-

Npyrrolic-C, and this is ascribed to the hybridization of the 3d and 4p orbitals, which leads 

to the spin allowed transitions from 1s to 4p.[20] At 8340 eV, Ni-Npyridinic-C also displays 

an increased intensity than Ni-Npyrrolic-C, indicating the higher amounts of unpaired 3d 

electrons in Ni-Npyridinic-C, [21] and this is consistent with the result of EPR. The enlarged 

Fourier transform EXAFS spectra of Ni-Npyridinic-C and Ni-Npyrrolic-C were further 

compared, and the peak position of Ni-Npyridinic-C had a slightly shift towards the 

direction of longer Ni-N distance than Ni-Npyrrolic-C, indicating a slightly longer Ni-N 

distance in Ni-Npyridinic-C than that in Ni-Npyrrolic-C and a high-spin state of Ni-N species 

in Ni-Npyridinic-C.[22] In addition, the spin state of Ni-Npyridinic-C and Ni-Npyrrolic-C were 

confirmed by the magnetic susceptibility (M-T) measurements (Figure 5c). According 
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to the Curie-Weiss law,[23] the effective magnetic moments (μeff) of Ni-Npyridinic-C and 

Ni-Npyrrolic-C are determined to be 2.83 μB and 1.05 μB respectively, and the unpaired 

electrons in 3d orbital of Ni center in Ni-Npyridinic-C is verified to be 2, while in Ni-

Npyrrolic-C is confirmed to be 0, indicating that the Ni center in Ni-Npyridinic-C and Ni-

Npyrrolic-C is in high spin state and low spin state, respectively. Calculated projected 

density of states (PDOS) of Ni2+ in Ni-Npyridinic-C and Ni-Npyrrolic-C were further applied 

to investigate the spin-state of Ni center. As displayed in Figure S30, the Ni active 

center in Ni-Npyridinic-C shows a dxy(4), dxz,yz(2), dz
2(1), dx

2
-y

2(1) configuration with a 

high-spin state, while in Ni-Npyrrolic-C is low-spin state with a dxy(4), dxz,yz(2), dz
2(2), dx

2
-

y
2(0) configuration. This is in good agreement with the M-T results.  

The distinct spin states of the 3d orbitals on the Ni active center is ascribed to the 

different coordinated N species, which can significantly affect the 

adsorption/desorption behavior of the CO2 and reaction intermediates (*COOH and 

*CO) (Figure S31) along the z-axis direction during the CO2 reduction process, thereby 

leading to the obvious differences in catalytic activities. Figure S32 illustrates the 

adsorption energy of CO2 on Ni centers in Ni-Npyridinic-C and Ni-Npyrrolic-C, respectively, 

an obviously higher adsorption energy can be observed for Ni-Npyridinic-C (-0.136 eV) 

than Ni-Npyrrolic-C (-0.122 eV), indicating the stronger adsorption ability and more 

activation probability of Ni-Npyridinic-C for CO2. To elucidate the influence of electron 

spin states on CO2 reduction kinetics, the projected density of states (PDOS) of Ni-

Npyridinic-C and Ni-Npyrrolic-C was subsequently computed. As displayed in Figure 5f, the 

overlapping between Ni-3d orbital and *COOH-2p orbital over Ni-Npyridinic-C is more 

obvious than that over Ni-Npyrrolic-C, indicating a stronger interaction. Furthermore, the 

closer d band center of Ni-Npyridinic-C to Femi level implies an enhanced reaction 

kinetics. To further clarify the spin state effect on catalytic activity, the spin density 

diagrams of Ni center with *COOH intermediate were visualized in Figure 5d. The 

partially occupied dZ
2 orbital in high spin state of Ni-Npyridinic-C can form a 𝜎∗ orbital 

with *COOH (Figure 5d), and promote the interaction between *COOH and Ni center, 

therefore boosting the reaction kinetics of *COOH formation and further reduction. 

Crystal orbital Hamilton population (COHP) analysis of Ni-Npyridinic-C and Ni-Npyrrolic-

C bonding and anti-bonding state with *COOH were further conducted to investigate 

the nature of Ni-*COOH interaction (Figure 5g). The ICOHP value of Ni-Npyridinic-

COOH is determined to be -1.391 eV, obviously larger than -1.149 eV of Ni-Npyrrolic-

COOH, suggesting stronger Ni-*COOH interaction over Ni-Npyridinic-C. Subsequently, 

the charge density difference and Bader charge (Figure 5e) were conducted to 

investigate the electron transfer behaviors. Compared to Ni-Npyrrolic-C (0.10 e), Ni-

Npyridinic-C can endow more charge (0.30 e) to the adsorbed *COOH, therefore 

facilitating the *COOH interaction and activation.  
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To further investigate the origin of high catalytic activity of Ni-Npyridinic-C, first-

principles density functional theory (DFT) calculations were conducted (details are 

shown in theoretical and computational methods), during which the configuration of Ni 

sites coordinated with four pyrrolic-N and four pyridinic-N were applied as calculation 

models. According to the above mentioned in-situ ATR-IR analysis, *COOH and *CO 

are main intermediates for CO2 reduction to CO. The Gibbs free energy change (ΔG) 

diagrams of Ni-Npyridinic-C and Ni-Npyrrolic-C for CO2 reduction to CO indicate the 

formation of *COOH is the rate-determining step for both catalysts (Figure 5h). As 

shown in Figure 5h, the four pyridinic-N coordinated Ni center exhibits a lower free 

energy change (1.57 eV) for *COOH formation than that on four pyrrolic-N 

coordinated Ni center (1.94 eV), indicating an easier formation of *COOH on Ni-

Npyridinic-C than on Ni-Npyrrolic-C, thus leading to the higher activity of Ni-Npyridinic-C. 

The Gibbs free energy change (ΔG) diagrams (Figure S32a) of Ni-Npyridinic-C and Ni-

Npyrrolic-C for hydrogen evolution reveal that the formation energy of *H on Ni-Npyrrolic-

C (0.76 eV) is significantly lower than that on Ni-Npyridinic-C (1.55 eV), demonstrating 

a faster reaction kinetics of Ni-Npyrrolic-C for hydrogen formation. To evaluate the 

selectivity of CO2 reduction towards hydrogen evolution reaction, the limiting 

potentials difference between CO2 to CO conversion and hydrogen evolution reaction 

(UL(CO2)-UL(H2)) was calculated. As exhibited in Figure S32b, Ni-Npyridinic-C displays 

an obvious smaller value than Ni-Npyrrolic-C, which indicates a higher CO2 to CO 

selectivity of Ni-Npyridinic-C. From above mentioned analysis, we can summarize that 

the disparity in catalytic activity of Ni-Npyridinic-C and Ni-Npyrrolic-C towards CO2 

reduction is mainly ascribed to the distinct types of coordinated nitrogen in Ni-N active 

centers. The high spin state of Ni in Ni-Npyridinic-C active center can effectively 

strengthen the interaction between Ni center and *COOH intermediate and facilitate the 

electron transfer from Ni to *COOH by a high filling state in anti-bond orbitals, thereby 

activating the Ni single atomic site to boost the CO2 reduction. 

3. Conclusion 

In summary, we have proposed a spin state modulating strategy to regualte the 

electrochemical performance of Ni single atom catalyst for CO2 reduction. Two Ni-N4C 

single atom catalysts with different coordinated N species were successfully 

synthesized through a gas-protected Joule heating strategy and the coordinated-N 

species in these two catalysts were confirmed to be pyridinic-N and pyrrolic-N, 

respectively. M-T measurements demonstrated that the Ni in Ni-Npyridinic-C is in high 

spin state, while in Ni-Npyrrolic-C is in low spin state. The Ni-Npyridinic-C catalyst with 

high spin state could achieve an excellent electrocatalytic activity and CO Faradaic 

efficiency for CO2 reduction. In H-type cell, the maximum FECO of Ni-Npyridinic-C 

reaches 98.8% at -0.7 V and keeps above 90% from -0.4 to -1.2 V, which are 

significantly larger than those of Ni-Npyrrolic-C. While in gas-diffusion flow cell, the CO 
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partial current density in alkaline, acid and neutral electrolyte all exceed 450 mA/cm2, 

with the over 90% CO Faradaic efficiency. The applicability of the Ni-Npyridinic-C 

catalyst was also demonstrated in zinc-CO2 battery. PDOS, COHP and DFT 

calculations demonstrate that Ni-Npyridinic-C possesses a possesses a high spin state Ni, 

which effectively strengthen the interaction between Ni 3d-orbital and C 2p-orbital of 

*COOH, accelerate the electron transfer from Ni center to *COOH, leading to the 

boosted CO2 reduction activity. The spin state manipulation strategy proposed in this 

work provides a new avenue to rationally design highly efficient single atom catalysts 

for CO2 reduction. 
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Figure 1. (a) Schematic illustration of the synthetic procedure of Ni-Npyrrolic-C and Ni-

Npyridinic-C. (b) TEM image, (c) HAADF-STEM image and (d) elemental mapping 

images of Ni-Npyridinic-C. (e) TEM image, (f) HAADF-STEM image and (g) elemental 

mapping images of Ni-Npyrrolic-C. 
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Figure 2. (a) XRD patterns of Ni-Npyridinic-C and Ni-Npyrrolic-C. (b) Normalized Ni K-

edge XANES spectra and (c) Fourier-transform k3-weighted EXAFS spectra of Ni K-

edge for Ni-Npyrrolic-C, Ni-Npyridinic-C and corresponding references. (d-e) FT-EXAFS 

fitting results of Ni K-edge for Ni-Npyrrolic-C and Ni-Npyridinic-C shown in R-space. The 

data are k3 weighted and not phase corrected. (f) XAFS spectra of N K-edge for Ni-

Npyrrolic-C and Ni-Npyridinic-C. (g-h) Wavelet transforms for the k2-weighted Ni K-edge 

EXAFS spectra for Ni-Npyrrolic-C and Ni-Npyridinic-C. (i) N 1s XPS spectra for Ni-

Npyrrolic-C and Ni-Npyridinic-C. 
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Figure 3. (a) LSV curves of Ni-Npyrrolic-C and Ni-Npyridinic-C in CO2/Ar saturated 

electrolyte. (b) CO Faradaic efficiency and (c) CO partial current density of Ni-Npyrrolic-

C and Ni-Npyridinic-C in H-cell. (d) TOF values of Ni-Npyrrolic-C and Ni-Npyridinic-C. (e) 

Stability test of Ni-Npyridinic-C in H-cell for 80 hours. The electrolyte is 0.5 M KHCO3. 

(f) CO partial current density and (g) CO Faradaic efficiency of Ni-Npyridinic-C in Flow-

cell with alkaline, neutral and acidic eletrolytes. (h) Durability test of Ni-Npyridinic-C in 

Flow-cell and schematic illustration of gas-diffusion Flow-cell. The electrolyte are 1 M 

KOH (alkaline, pH=14), 0.05 M H2SO4 + 1M KCl (acidic, pH=1) and 1 M KHCO3 

(neutral, pH=8.2). 
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Figure 4. (a) Schematic illustration of a primary aqueous Zn-CO2 battery. (b) 

Polarization curves and power density of Zn-CO2 battery with Ni-Npyridinic-C as 

electrocatalyst. (c) CO and H2 Faradaic efficiency during discharge. (d) Discharge 

curves at different current densities. (e) Charge-discharge curves at different current 

densities. 
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Figure 5. The in-suit ATR-FTIR spectra of CO2 reduction on (a) Ni-Npyridinic-C and (b) 

Ni-Npyrrolic-C catalysts. (c) Magnetic susceptibility of Ni-Npyridinic-C and Ni-Npyrrolic-C. 

(d) Orbital interactions between *COOH and Ni over Ni-Npyrrolic-C (LS) and Ni-

Npyridinic-C (HS). (e) Charge density difference and Bader charge analysis of *COOH 

adsorbed on Ni-Npyridinic-C and Ni-Npyrrolic-C. (f) Projected density of states of Ni and 

*COOH over Ni-Npyridinic-C and Ni-Npyrrolic-C. (g) COHP analysis of Ni-COOH over 

Ni-Npyridinic-C and Ni-Npyrrolic-C. (h) Free energy profiles of CO2RR on Ni-Npyridinic-C 

and Ni-Npyrrolic-C. 
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Two well-designed Ni-N4C single atom electrocatalysts with dfferent coordinated 

nitrgen species have been developed via a gas-protected fast joule heating strategy. The 

pyridinic-type nitrogen coordinated Ni-Npyridinic-C exhibits a superior electrocatalytic 

activity than the pyrrolic-type nitrogen coordinated Ni-Npyrrolic-C for CO2 reduction in 

H-type cell, with nearly 100% Faradaic efficiency for CO. Remarkedly, excellent 

catalytic activities also achieve in all alkaline, neutral and acidic electrolytes with 

industrial-level CO partial current densities. The outstanding durability and CO 

selectivity origin from modulating the spin-state of Ni center with different 

coordinated-N species, which significantly strengthen the interaction and faciliate the 

electron transfer between Ni center and *COOH intermediate, leading to the decreased 

energy barrier for *COOH formation and boosted reaction kinetics for *COOH further 

reduction. 
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