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Abstract: The advancement of rechargeable zinc-air 

batteries significantly depends on bifunctional oxygen 

electrocatalysts to provide outstanding oxygen 

reduction/evolution reaction (ORR/OER) performance. However, 

it is still challenging to design electrocatalysts with excellent 

bifunctional activity and stability. Here, we adopt an ultrafast 

printing method to efficiently embed a tri-atom cobalt complex 

precursor onto graphene nanosheets to obtain a triatomic 

catalyst (Co3-NG), exhibiting a durable and excellent bifunctional 

catalyst in the electrocatalytic ORR (Ehalf-wave  =  0.903 V）and 

OER (Ej=10  =  1.596 V). The Co3-NG-assembled zinc-air battery 

can output a maximum power density of 189.0 mW cm−2 at 330 

mA cm−2 and can be charged and discharged over 3,000 cycles 

significantly outperforming the Pt/C+RuO2 benchmark (146.5 

mW cm−2, 360 cycles) under testing conditions of 25 °C. In situ 

XAS analysis and theoretical calculations unclose that Co3ON6 

is the catalytic site for bifunctional ORR/OER electrocatalysis. 

The constructed triangular pyramidal active sites effectively 

regulate the d-band center and electronic configuration, and 

promote the adsorption/desorption of oxygen intermediates. This 

work uncovers that the geometry and electronic structure of 

triatomic active center play a key role in improving bifunctional 

ORR/OER performance for electrochemical energy applications. 

Introduction 

Rechargeable zinc-air batteries (ZABs) show a large theoretical 

energy density (1086 Wh kg–1), cost effectiveness, 

environmental benignity and high safety, making them potential 

candidates for next-generation energy storage and conversion 

facility.[1] The ORR in the discharge process and OER in the 

charging process of ZABs are mutually reversible, showing slow 

kinetic and high energy barrier, thus impeding the energy 

efficiency.[2] Currently, commercial ORR and OER catalysts are 

mainly Pt-, Ir- or Ru-based precious metal catalysts, but their 

single function, poor stability and high cost limit the large-scale 

application.[3] Therefore, researchers have begun to work on the 

development of inexpensive and efficient bifunctional catalysts.  

In recent years, single-atom catalysts (SACs), characterized 

by their 100% atom utilization and uniform active-site 

configuration, spark profound interest as viable Pt/C 

alternatives.[4] By manipulating the coordination environments 

surrounding active single atoms, the energy barriers for proton-

electron transfer processes can be selectively altered, providing 

an optimal setting for investigating the relationship between the 

structure and ORR/OER activity.[5] Nonetheless, in the case of 

multi-electron transfer reactions, the isolated nature of single 

sites within SACs poses challenges in overcoming the linear 

scaling relationship between their adsorption strength and 

various intermediates, such as multiple oxygen-containing 

species (*OOH, *O, and *OH) with differing binding 

preferences.[6] Diatomic catalysts (DACs) as the extension of 

SACs can break the linear relationship. The adjacent two metal 

centers not only optimize the electron configuration of the active 

site through short-range electron interactions, but also provide a 

new location for the reaction intermediates.[7] Previous studies 

have shown that in single-atom configurations, the O2 adsorption 

mode is end-on configuration and the binding pathway is more 

likely to occur, while in diatomic configurations, the O2 

adsorption mode is preferentially bridge-cis-configuration and 

the dissociation pathway is more likely to occur.[8] Compared 

with the association pathway, the dissociation pathway can 

directly split the O–O bond to achieve rapid four-electron 

transfer in one step, and effectively improve the oxygen 

conversion efficiency and ORR kinetics.[9] For instance, Fe-Co 

dual-atom sites incorporated within N-enriched graphene 

presented higher ORR activity and stability involving the division 

barrier of O2 and OOH into O and OH as low as 0.25 and 0.02 

eV, respectively, significantly lower than those observed on 

individual Fe or Co sites.[10] 

Although DACs have achieved significant progress, offering 

two adjacent metal atoms and greater degrees of freedom than 

SACs, the geometric and electronic properties of the diatomic 

configuration can not fully optimize the adsorption energies for 
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all intermediates. Furthermore, uncovering the configuration-

activity relationships, elucidating the synergistic enhancement 

mechanisms of heteroatomic sites, and understanding their 

inherent bifunctional properties remain significant challenges.[11] 

It has been reported that triatomic catalysts (TACs),[12] in which 

tri-atom active sites are not the simple sum of single atom sites 

and diatomic sites, have different catalytic properties, and there 

may be synergistic effects to break through the theoretical limits 

of SACs and DACs owing to the more freedom for adsorbed 

species.[13] Through extensive ab initio calculations focusing on 

trimers of 3d, 4d, and 5d transition metals, Zhou et al. 

illuminated that these spatially constrained triatomic metal 

clusters possess the ability to simultaneously bind multiple CO2 

molecules and offer distinctive reaction pathways that spatially 

and electronically facilitate C–C coupling.[14] Based on 

theoretical calculations, Shui et al. demonstrated higher activity 

of precious TACs than SACs.[15] The electron structure showed 

that the O-2p and Pt-3d orbitals have strong hybrid strength in 

the system of OH adsorption on Pt3-NG, which is conducive to 

the electrocatalytic reaction. In addition, Wu et al. constructed a 

trinuclear active structure (Co2MnN8) that can spontaneously 

combine with OH to form Co2MnN8-2OH, which generates a half-

filled      orbital that easily penetrates the antibonding π orbital 

of oxygen, thus promoting the adsorption or desorption of 

oxygen-containing intermediates in the ORR.[16] Hence, it is an 

effective way to design bifunctional OER/ORR catalysts based 

on the structure of TACs. 

Among the transition metals studied, Fe or Co embedded 

onto N-doped carbon substrates to form the M-N-C materials are 

recognized to be the most promising oxygen electrode 

catalysts.[17] However, the deleterious Fenton reactions (Fe2+ + 

H2O2) of Fe-N-C materials limit their practical applications.[18] 

Therefore, improving the ORR activity of Co-N-C has become an 

important goal in the development of ORR electrocatalysts. 

Studies have shown that Co–Nx sites can significantly affect 

ORR/OER activity, and the catalytic performance can be 

improved by adjusting the coordination environment of cobalt 

active centers.[19] However, the construction of triatomic active 

sites through directional controlled synthesis still face a huge 

challenge, and the key problem is to inhibit the aggregation of 

atoms caused by high surface energy. Although some literatures 

have reported the synthesis of DACs by encapsulation-pyrolysis 

method, using porous materials to encapsulate macrocyclic 

complexes, and then retaining the main carrier of molecular 

framework through pyrolysis to obtain the target catalysts,[20] the 

method of accurately and controllably synthesizing TACs still 

needs to be explored, since during the encapsulation process, 

the target metal ions would be exchanged with the ions for the 

synthesis of porous materials in the solution and the triatomic 

structure might be destroyed. 

For more controlled synthesis of TACs, we developed an 

ultrafast printing method that can effectively inhibit atom 

migration and accurately synthesize the target triatomic active 

sites. In this method, the pre-synthesized triatomic cobalt 

complex precursor was adsorbed onto the support by 

electrostatic action, and nitrogen-doped triatomic cobalt catalyst 

(Co3-NG) is then obtained by ultrafast Joule heat pyrolysis. The 

Co3-NG catalyst demonstrates fantastic ORR and OER 

performance with ORR half-wave potential (E1/2) of 0.903 V and 

OER overpotential (η10) of 366 mV. The assembled Co3-NG-

based zinc-air battery can be continuously charged and 

discharged for over 3,000 cycles. In situ X-ray absorption 

spectroscopy (XAS) and theoretical simulation findings show 

that the construction of Co3ON6 active site with triangular 

pyramidal configuration effectively regulates the adsorption 

mode and d-band center of reaction intermediates, which makes 

the catalyst have good ORR/OER bifunctional activity. 

Results and Discussion 

Synthesis and characterization 

Figure 1a displays the ultrafast printing method for the synthesis 

of the triatomic cobalt catalyst onto N-doped graphene (Co3-NG). 

The term "ultrafast printing" describes the rapid anchoring of the 

Co3 clusters onto the graphene substrate. First, a cobalt cluster 

complex (Co3L) was synthesized by a recrystallization 

method.[21] The trimer cobalt atoms are all coordinated to a 

pyridine ligand, and three adjacent Co atoms are bridged with 

oxygen to give a highly central coordination structure (Figure S1). 

The detailed crystal structure was illustrated by Fourier 

transform infrared (FTIR) spectroscopy examination (Figure S2), 

indicating the successful synthesis.[22] The synthesized Co3L 

was electrostatically absorbed on graphene oxide (GO), and the 

suspension liquid was freeze-dried to produce the precursor of 

Co3L-GO. To control the rate of atomic migration, the Co3L-GO 

was fleetly annealed within two seconds in NH3 atmosphere and 

then cooled down in liquid nitrogen. For comparison, diatomic 

cobalt-doped graphene (Co2-NG) and single-atom Co-doped 

graphene (Co1-NG) were synthesized using similar methods as 

depicted in the supporting information, and the structures of 

Co2L, Co2-NG and Co1-NG are shown in Figure S3. 

Transmission electron microscopy (TEM) images reveal that 

Co3-NG exhibits a morphology of 2D ultrathin nanosheets and 

no visible nanoparticles (Figure 1b, c). The energy dispersive 

spectrometer (EDS) mappings of Co3-NG clearly demonstrate 

that the Co, N, O, and C elements are uniformly over the whole 

NG (Figure 1d, e). Furthermore, the atomic configuration of Co 

within the Co3-NG catalyst is verified by aberration-corrected 

high-angle annular dark-field scanning transmission electron 

microscopy (AC-HAADF-STEM) images (Figure 1f, g and Figure 

S4), and the existence of bright spots indicates that the Co 

atoms are successfully anchored and evenly dispersed on the 

graphene substrate. In particular, triangular triatomic 

configuration can be seen, enlightening the speculation of 

trimeric sites. When analyzing the local environment, it is 

observed that the adjacent Co atoms form a triangular structure, 

and their direct distances are 2.6 Å, 2.7 Å, and 3.8 Å, 

respectively (Figure 1h, i). Besides, the intensity distributions of 

line profile show that the spacing between adjacent Co atoms 

are mainly ~2.6 Å and 3.8 Å (Figure 1j), demonstrating the 

successful construction of the triatomic cobalt structure. 
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Figure 1. (a) Synthesis diagram of Co3-NG. (b, c) HRTEM images. (d) HRTEM and (e) the corresponding EDS mapping. (f, g) Aberration-corrected HAADF-

STEM images. (h-j) Interatomic distance assessment. 

 

The crystal structures of Co3-NG, Co2-NG and Co1-NG were 

analyzed by X-ray diffraction (XRD), showing two obvious peaks 

positioned approximately at 26.4° and 43.4°, which belong to the 

graphene matrix (Figure S5). There are no detectable Co 

particle signals, meaning that the Co species are highly 

dispersed in the three catalysts.[23] The graphitic degrees of the 

catalysts were acquired through Raman spectroscopy, as 

depicted in Figure S6. Two distinct broad peaks situated roughly 

at 1345 and 1590 cm⁻¹ correspond to the D band and G band, 

respectively.[24] The intensity ratio of the D band to the G band 

(ID/IG) for NG is 1.08, which is higher than that of Co3-NG (0.98), 

Co2-NG (1.01) and Co1-NG (1.06), implying that the doping of 

Co can improve the graphitization degree of carbon substrate 

and reduce defects. The degree of graphitization of carbon 

substrate reflects the electron transfer ability, and the electron 

transfer in the Co3-NG is better than NG, Co1-NG and Co2-

NG.[25] X-ray photoelectron spectroscopy (XPS) was employed 

to investigate the constituent elements and the oxidation state of 

Co in the catalysts. The XPS survey spectra of Co-NG, Co2-NG 

and Co3-NG reveal the presence of C, N, O and Co, as shown in 
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Figure S7. The Co 2p spectra of Co1-NG, Co2-NG and Co3-NG 

demonstrate peaks at 780.8, 781.4 and 781.6 eV, respectively, 

indicating that they have a valence state close to +2 (Figure 

2a).[26] Further comparison of Co 2p3/2 among the three catalysts 

shows that Co3-NG exhibits higher binding energy, indicating 

that the electron density of Co atoms can be modulated by the 

coordination environment.[27] The high-resolution N 1s spectra of 

Co1-NG, Co2-NG and Co3-NG were deconvolved into five 

characteristic peaks, which are assigned to pyridinic–N, Co–N, 

pyrrolic–N, graphitic–N and oxidized–N, positioned at 398.6 eV, 

399.3 eV, 400.1 eV, 401.2 eV, and 404.0 eV, respectively 

(Figure 2b), indicating the presence of Co–N in all three 

samples.[28] Co-Nx sites are known to enhance both ORR and 

OER activities. Pyridine–N within the active site contributes to 

ORR activity, while graphitic–N improves electron transfer 

efficiency, thereby accelerating the overall catalytic 

performance.[29] 

 

Figure 2. (a) Co 3d and (b) N 1s XPS spectra of Co1-NG, Co2-NG and Co3-NG. (c) Co k-edge XANES spectra of Co foil, CoPc, Co3O4, Co1-NG, Co2-NG, Co3-NG 

and Co3-L samples. (d) FT-EXAFS spectra. (e, f) FT-EXAFS of the R-space fitting curve for Co3-NG and Co3-L (Inset: model of Co3-NG and Co3-L). (g) WT-

EXAFS plots. 

 

The oxidation state and coordination structures were further 

surveyed by XAS.[30] As shown in Co K-edge X-ray absorption 

near-edge structure (XANES) spectra (Figure 2c), the absorption 

edge for Co1-NG, Co2-NG, and Co3-NG is very close to that of 

cobalt phthalocyanine (CoPc), suggesting that the oxidation 

state of cobalt in these samples is approximately +2. Moreover, 

the absorption edge of Co3-NG is more negative than Co1-NG 

and Co2-NG, meaning that the oxidation state of Co in Co3-NG is 

slightly lower in agreement with the aforementioned XPS results. 

In contrast, Co3L exhibits an absorption edge higher than that of 

Co3O4, implying that the oxidation state of cobalt in Co3L is 

higher than +2.7.[31] The The Fourier transform extended X-ray 

absorption fine structure (FT-EXAFS) reveals significant 

differences in the local coordination environment of Co across 
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the various catalysts, as shown in Figure 2d. The FT-EXAFS 

curves of the Co1-NG, Co2-NG, Co3-NG and Co3L catalysts 

exhibit a prominent peak at ~1.5 Å, corresponding to the Co-N/O 

coordination.[32] The peaks at ~2.4 Å in the FT-EXAFS spectra of 

Co3-NG and Co3L align closely with the Co–O–Co scattering 

path observed in Co3O4 reference, while differing from the Co–

Co scattering path in Co foil.[33] The corresponding FT-EXAFS 

fitting curves and parameters (Figure 2e, Figure S8e and Table 

S1) reveal that the spectrum of Co3-NG is well fitted with 

backscattering paths of Co–N and Co–O. Specifically, the 

coordination numbers for Co–N and Co–O are ~2.2 and ~0.9, 

respectively, and the corresponding bond length is ~1.81 Å and 

~1.91 Å.[34] Furthermore, the bond length of Co–Co in the Co–

O–Co path is ~2.56 Å, and the coordination number is ~1.1.[28] 

This result  is consistent with the results obtained for the Co3L 

(Figure 2f, Figure S8f and Table S1). The fitting results of Co1-

NG and Co2-NG are shown in Figure S8a-d and Table S1, and 

the local coordination environment corresponds to Co2N6 and 

Co-N4, respectively. The wavelet transform (WT) EXAFS 

analysis is utilized to effectively discriminate and identify the 

backscattering atoms within the local atomic structure. The WT 

plots for Co3-NG and the reference samples are shown in Figure 

2g and Figure S9. The maximum intensity of Co3-NG is ~5.0 A−1, 

which aligns with the Co–N/O coordination, while another 

maximum intensity, occurring at ~8.5 A−1, matching with Co–O–

Co scattering.[19c] Based on the fitting results, the coordinated 

environment of the triatomic cobalt in Co3-NG can be reasonably 

assigned as Co3ON6 as illustrated in the inset of Figure 2e. The 

successful construction of Co3ON6 is attributed to Co3-L acting 

as a precursor, providing Co metal sites initially coordinated with 

O and N atoms. Additionally, ammonia, as a nitrogen source, 

supplies active nitrogen species through high-temperature 

decomposition, which further react with Co metal centers to form 

Co-N bonds.[35] 

Oxygen electrocatalysis performance 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 

were applied to ascertain the catalytic ORR performance of the 

catalysts in 0.1 M KOH solution saturated with O2. CV curves of 

Co3-NG, Co2-NG and Co1-NG exhibit a pronounced reduction 

peak at 0.7 ~ 1.0 V vs. RHE, suggesting that all the samples 

possess ORR electrocatalytic performance (Figure S10).[36] 

Moreover, the Co3-NG exhibits more positive reduction peak 

than Co2-NG and Co1-NG, illustrating higher ORR activity of the 

former. LSV curves illustrate that the Co3-NG exhibits favorable 

onset and half-wave potentials (Eonset = 1.012 V and E1/2 = 0.903 

V), which are significantly superior to those of Co2-NG (0.974 

and 0.855 V), Co1-NG (0.889 and 0.834 V), NG (0.873 and 

0.663 V) and Pt/C (0.952 and 0.839 V) (Figure 3a).The diffusion 

limited current density (Jlim) of Co3-NG at 0.5 V is −5.59 mA cm−2, 

surpassing that of Pt/C (−4.66 mA cm−2), Co2-NG (−4.52 mA 

cm−2), Co1-NG (−3.62 mA cm−2) and NG(−2.85 mA cm−2), 

demonstrating its exceptional mass transport properties and 

intrinsic catalytic activity.[37] Moreover, the mass activity of Co3-

NG is significantly higher than that of the reference samples, 

further demonstrating its superior intrinsic catalytic activity 

(Figure S11).[38] The Tafel slope of Co3-NG is 67 mV dec−1, 

which compares favorably to those of Co2-NG (84 mV dec−1), 

Co1-NG (80 mV dec−1), NG (125 mV dec−1) and Pt/C (90 mV 

dec−1), implying that Co3-NG has more beneficial ORR catalytic 

kinetics (Figure 3b).[39] In addition, the effect of cobalt content 

(Figure S12) and annealing temperature (Figure S13) on the 

ORR activity was studied. The catalytic activity is best when the 

cobalt doping amount was 1.0 wt.% and the annealing 

temperature is 1500 ℃. The results demonstrate that the 

catalyst achieves an optimal balance between the number of 

active sites and the dispersion of Co atoms, maximizing the 

formation of Co3 active sites and ensuring proper graphitization 

of the carbon framework on this condition. This leads to an 

increased number of active sites and enhanced electron transfer 

capability, resulting in exceptional ORR performance.[40] The 

ORR performance of the synthesized Co3-NG exhibits 

superiority compared to the majority of recently reported Co-

based atomic catalysts (Table S3).The Koutecky-Levich (K-L) 

equation was used to evaluate approximate the electron transfer 

number (n) in the ORR.[41] The LSV curves were collected in the 

range of 400 to 2500 rpm min−1, wherein the limit current density 

of Co3-NG exhibits a gradual increase with increasing rotational 

speed (Figure 3c). The K-L diagram of Co3-NG at 0.3 ~ 0.7 V 

determines that the average n is approximately 3.91, signifying 

that the ORR is predominantly a 4e− pathway. Figure 3d 

illustrates the H2O2 yield and n of Co3-NG and Pt/C at varying 

voltages, as determined by rotating ring-disk electrode (RRDE) 

measurements. The H2O2 yield and n of Co3-NG are about 

4.92% and 3.90, respectively, near to those of Pt/C (5.88% and 

3.93), further verifying the predominant 4e− process on the Co3-

NG. Furthermore, double layer capacitance (Cdl) and 

electrochemically active surface area (ECSA) of the samples 

were acquired by CV testing (Figures S14-S17 and Figure 

3e).[42] The Cdl and ECSA values of Co3-NG (16.3 mF cm−2 and 

408 cm2) are greater than those of Co2-NG (12.5 mF cm−2 and 

311 cm2), Co1-NG (7.6 mF cm−2 and 189 cm2) and NG (2 mF 

cm−2 and 50 cm2), indicating that Co3-NG has larger 

electrochemical surface area, which exposes more ORR 

catalytic active sites. The fitted Nyquist plots reveal that the 

charge transfer resistance (Rct = 4.1 Ω) of Co3-NG is significantly 

lower than that of the other control catalysts (Figure S18). This 

indicates that Co3-NG exhibits enhanced electron transfer 

capability and faster ORR kinetics. The high specific surface 

area and low charge transfer resistance of Co3-NG further 

demonstrate its exceptional ORR performance. 

For practical applications, stability and tolerance to 

methanol and CO are important indicators to measure the 

excellence of a catalyst.[35] Figure 3f shows that the current of 

the initial retention rate of Co3-NG after 17 h is 93.8%, which 

surpasses that of Pt/C catalyst by a significant margin (only 

73.1%), indicating excellent stability under alkaline conditions. 

Figure 3g depicts the current changes of Co3-NG and Pt/C after 

adding methanol. The current change of Co3-NG is negligible, 

while Pt/C drops sharply after adding methanol, and then slowly 

recovers to about 50%, implying that Co3-NG has excellent 

cross-resistance to methanol. In addition, after continuing to 

inject 200 s CO into the solution, the current of the Co3-NG 

catalyst is observed to decrease slightly, and then gradually 
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recover after stopping the CO injection, indicating that Co3-NG 

exhibits superior CO tolerance to Pt/C (Figure S19).[43] The 

acidic ORR performance was evaluated in O2-saturated 0.1 M 

HClO4. Co3-NG exhibits a half-wave potential of 0.74 V, slightly 

lower than Pt/C (E1/2 = 0.77 V) (Figure S20a). However, Co3-NG 

demonstrates superior durability, retaining 80.7% of its initial 

current after 6 h, far better than Pt/C, which remains only 61.6% 

under the same conditions (Figure S20b). 

Then, the OER activity was evaluated in 1.0 M KOH. Co3-

NG demonstrates a voltage of 1.596 V at 10 mA cm−2 with η10 of 

366 mV, which is minor than Co2-NG (425 mV), Co1-NG (479 

mV) and commercial RuO2 (397 mV) (Figure 3h). Besides, we 

also conducted chronoamperometric measurements, revealing 

that the current maintained near-constant levels after 14 hours 

of operation, further validating remarkable OER stability for the 

Co3-NG (Figure 3i). The potential difference ΔE (Ej=10 − E1/2) on 

the oxygen electrode can be used to assess the bifunctional 

activity of the catalysts.[44] From Figure 3j, the ΔE of Co3-NG is 

0.693 V, surpassing that of Co2-NG (0.8 V), Co1-NG (0.875 V)， 

Pt/C+RuO2 (0.788 V) and most of the reported atomic catalysts 

(Figure S21), which indicates that Co3-NG has better ORR/OER 

bifunctional catalytic performance. 

 

 

Figure 3. (a) ORR polarization curves. (b) Tafel slopes. (c) ORR polarization curves of Co3-NG at various scanning rates (the inset: K–L plots). (d) H2O2 yields 

and n. (e) Capacitive current against the scan rate. (f) Stability evaluation at 0.5 V (vs. RHE). (g) Methanol tolerance tests (3 M). (h) OER LSV curves. (i) I-t curves 

of Co3-NG. (j) OER/ORR bifunctional curves. 

 

Studies on reaction mechanisms 

To study the structural evolution of Co3-NG during ORR, in situ 

XAS experiments were carried out.[45] We obtained the XAS 

spectra of Co3-NG at different potentials in an O2-saturated 0.1 
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M KOH solution. As depicted in Figure 4a, with the decrease of 

the applied potential, a change toward lower energy was 

detected in the absorption edge of Co3-NG. Compared with open 

circuit potential (OCP) conditions, a pre-edge peak of reduced 

intensity was detected at 0.85 V and 0.80 V, indicating the 

occurrence of ORR.[46] Then, the EXAFS oscillations were used 

to detect structural changes at active sites throughout the ORR. 

The Co K-edge FT-EXAFS spectra indicate that the Co–N/O 

peak shifts from 1.51 to 1.69 Å during the reaction at 0.9 V, and 

the Co–O–Co signal shifts from 2.37 to 2.51 Å (Figure 4b), 

suggesting that the adsorption of intermediates at the active 

center causes the stretching of Co–N/O and Co–O–Co.[7] 

Furthermore, at different potentials, the intensity of Co–N/O and 

Co–O–Co varied to different degrees, potentially due to the 

reduction or oxidation of cobalt atoms and structural 

reconstruction. In addition, these changes are further influenced 

by the adsorption and desorption of reaction intermediates, 

exhibiting that the structure of Co3ON6 changes dynamically 

during the ORR.[47] The Co K-edge FT-EXAFS fitting results at 

different potentials demonstrate an enlarge in the coordination 

number of Co–N/O bonds, implying that Co atoms are the active 

centers for the ORR (Figure 4c-f and Table S2).[48] Additionally, 

Figure S22 displays the WT plots of Co3-NG under various 

potentials, showing partial shifts in the Co–N/O and Co–O–Co 

scattering paths, further confirming that the Co atoms are the 

active sites for the ORR.[49] The in situ XAS analysis indicates 

that the catalytic ORR capability is directly associated with the 

active site of Co3ON6. In addition, we performed in situ Raman 

spectrum to detect the intermediates, and further identify 

potential active sites during ORR. In Figure S23, no obvious 

peaks were observed at an applied voltage of 1.1 V, signifying 

that the ORR did not occur. As the applied voltage decreases, 

two peaks appear at ~460 and ~615 cm−1, assigned to Co(OH)2 

and CoOOH, respectively.[50] Meanwhile, the peak at ~910 cm−1 

attributable with Co–O–Co, progressively becomes strong due to 

the adsorption of O intermediates with increasing potential.[51] 

Furthermore, the peaks emerged at ~1120 and ~1480 cm−1 can 

be ascribed to Co–*O2 and Co–*OOH species, which forms via 

the adsorption of O2 and *OOH species on the Co center.[52] 

 

 
Figure 4. (a, b) In situ XANES and FT-EXAFS spectra of the Co k-edge at various potentials. (c-f) Co k-edge FT-EXAFS at OCP, 0.9, 0.85 and 0.8 V. 

 

To acquire a deeper understanding of the ORR and OER 

mechanisms on the Co3-NG materials, we conducted density 

functional theory (DFT) simulations. The optimized structure 

(Co3ON6) of Co3-NG was built founded on the aforementioned 

AC-HAADF-STEM and XAFS findings (Figure S24a). For 

comparative purposes, models of Co2-NG with a Co2N6 

configuration and Co-NG with a CoN4 configuration were also 

established (Figure S24b, c). Figure 5a, along with Figure S25a, 

b, illustrate the adsorption configurations of the optimized OOH*, 

O*, and OH* intermediates on Co3-NG, Co2-NG, and Co1-NG. 

On Co1-NG model, the intermediate adopts a cis-adsorption 

configuration on the Co–N4 site. In the case of Co2-NG, OOH* is 

cis-adsorbed on a single cobalt atom, while O* and OH* are 

bridge-adsorbed between two cobalt atoms. In contrast, the 

Co3ON6 active site in Co3-NG offers a more diverse range of 

adsorption modes for these intermediates than Co2-NG and Co1-

NG. Specifically, O* preferentially forms an axial connection 

through three Co–O bonds, one of which eventually breaks, 

leading to the formation of a bridging OH*.[53] The construction of 

the Co3ON6 active site provides a novel adsorption pathway for 
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ORR/OER intermediates. Figure 5b displays the change of 

Gibbs free energy (ΔG) during the ORR process. The rate-

determining step (RDS) for all three configurations is the 

conversion of OH* to H₂O.[54] The ORR free energy diagram 

displays that each elementary step for three models is downhill 

at U = 0 V. The ΔG of Co3-NG catalyst is 0.73 eV, surpassing 

that of Co2-NG (0.60 eV) and Co1-NG (0.48 eV), indicating that 

Co3-NG is the most favorable to the ORR process.[55] When U = 

1.23 V, the ΔG of each reaction step on the Co3-NG is 0.08, 

−0.74, 0.16 and 0.50 eV, respectively. The desorption step of 

OH* is still the RDS with a lower energy barrier of 0.50 eV than 

on Co2-NG (0.63 eV) and Co1-NG (0.75 eV). These results 

underscore that Co3-NG exhibits better ORR performance than 

Co2-NG and Co1-NG. Therefore, the synergistic effect of tri-atom 

cobalt and oxygen atoms optimizes the desorption energy of 

OH* and enhances the activity of ORR. 

According to the Gibbs free energy diagram of OER 

process (Figure 5c), the RDS of Co3-NG, Co2-NG, and Co1-NG 

are from *O to *OOH at U = 0 V, and the ΔG  are 1.97, 2.12, and 

2.22 eV, respectively. Notably, Co3-NG has the smallest ΔG, 

indicating that it is most conducive to the OER. At U = 1.23 V, 

the overpotential of Co3-NG is 0.74 eV, which is decreased 

compared to that on Co2-NG (0.89 eV) and Co1-NG (0.99 eV).[56] 

Furthermore, we explored and optimized other potential reaction 

pathways at the Co3ON6 active site, as illustrated in Figure S26. 

By calculating the ΔG values for ORR/OER associated with 

each pathway, we identified the pathway depicted in Figure 5(a) 

as the most thermodynamically favorable reaction mechanism. 

In summary, the Co3-NG electrocatalyst can optimize the 

adsorption mode of the intermediates due to the unique 

arrangement of Co3ON6, which effectively regulates the 

adsorption/desorption energy of oxygen-containing 

intermediates, reduces the reaction energy barrier, and 

facilitates the progression of both ORR and OER. 

 

Figure 5. (a) The proposed ORR/OER mechanism on the Co3-NG. (c, d) ΔG diagram of ORR and OER. (d) Charge density difference of Co3-NG. (e, f) DOS and 

PDOS of Co 3d orbital in Co3-NG, Co2-NG and Co1-NG. 

 

The electron distribution in the Co3-NG, Co2-NG and Co1-

NG was studied by charge density difference. The 

electronegativity of O and N is bigger than that of Co, and 

electrons are easily obtained.[57] The construction of the 

triangular pyramidal Co3ON6 active site in the Co3-NG triggers 

charge rearrangement and reduces the electron delocalization of 

Co3-NG (Figure 5d and Figure S27). This rearrangement 

facilitates the swift release of electrons during reactions, thereby 

enhancing the dynamics of both ORR and OER.[58] To gain 

precise insights into the electronic effects of Co3-NG, Co2-NG, 

and Co1-NG, we conducted calculations for the total density of 

states (DOS) and partial density of states (PDOS) for the three 

models, as depicted in Figure 5e, f. The d-band centers of Co3-

NG, Co2-NG and Co1-NG are −1.19 eV, −1.09 eV and −1.03 eV, 

respectively. A rightward shift in the d-band center moves the 

metal d-band closer to the Fermi level, enhancing the electronic 

interaction with adsorbates and typically increasing the 

adsorption energy. Conversely, a leftward shift has the opposite 

effect.[59] Notably, the d-band center of the Co3-NG exhibited a 

notable leftward shift compared to those of Co2-NG, and Co1-NG 
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configurations. This shift reduced the electronic interaction 

between the Co3ON6 active site and the oxygen intermediates, 

thereby optimizing the adsorption energy.[60] Furthermore, the 

Co 3d-orbital of Co3-NG occupies the largest electron state near 

the Fermi level, demonstrating that the triangular pyramidal 

Co3ON6 structure changes the electron density of the Co 3d-

orbital, which is conducive to promoting the transfer between 

reaction intermediates and the active site.[61] The theoretical 

simulations show that Co3-NG with triangular pyramidal Co3ON6 

active site can effectively regulate the adsorption mode and d-

band center of the reaction intermediates, decrease the reaction 

energy barriers, accelerate the reaction kinetics, and thus 

increase the ORR/OER activity. 

Zn–air battery performance 

By leveraging the exceptional ORR and OER performance of the 

Co3-NG catalyst, it was incorporated into a rechargeable zinc-air 

battery (ZAB) to explore its potential practical application.[62] 

Specifically, the liquid rechargeable ZAB is assembled using 

Co3-NG as the air cathode, a zinc plate as the anode, and 6 M 

KOH + 0.2 M Zn(Ac)2 as the electrolyte (Figure 6a). The 

assembled ZAB with Co3-NG obtains an open-circuit voltage 

(OCV) of 1.48 V, surpassing the OCV of a Pt/C+RuO2-based 

ZAB (1.40 V), indicating its higher output voltage (Figure 6b). 

According to charge-discharge polarization curves (Figure 6c), 

the overall charge-discharge overpotential of Co3-NG-based 

ZAB exhibits a minor voltage gap of 0.80 V at a large current 

density of 50 mA cm-2, outperforming Pt/C+RuO2 (1.22 V), 

suggesting the excellent performance of the Co3-NG-based ZAB. 

Furthermore, discharge polarization curves and specific capacity 

curves (Figure 6d, e) demonstrates that the maximum power 

density and specific capacity of the Co3-NG-based ZAB (189.0 

mW cm−2 and 770.3 mAh gZn
−1) are superior to those of 

Pt/C+RuO2 (146.5 mW cm−2 and 716.4 mAh gZn
−1). The Co3-NG-

based ZAB also performs better than recently reported Co-

based atomic catalysts (Table S3). To evaluate the low-

temperature performance of the Co3-NG-assembled zinc-air 

battery, discharge curve tests were conducted at −20 °C, −10 °C, 

and 0 °C. As shown in the power density diagram (Figure S28), 

the corresponding maximum power density is 58.3, 72.6, and 

118.7 mW cm−2, respectively. These results highlight its low-

temperature resistance under subzero conditions. Moreover, a 

comparison of discharge voltages at different current densities 

(5-50 mA cm−2) shows that the discharge voltage and voltage 

recovery rate of the Co3-NG-based ZAB are superior to the 

Pt/C+RuO2-based ZAB, indicating that Co3-NG-based ZAB has 

excellent discharge rates (Figure 6f). The stability of the Co3-

NG-based ZAB was evaluated as a vital indicator for practical 

applications (Figure 6g and Figure S29). The Co3-NG-based 

ZAB exhibits a high energy efficiency of 56.41% and a low 

voltage gap of 0.85 V. Notably, after 3,000 cycles (500 h), the 

energy efficiency (54.64%) and voltage gap (0.88 V) displays 

minimal change, whereas the Pt/C+RuO2-based ZAB 

demonstrates obvious degradation after 360 cycles (120 h), 

suggesting that Co3-NG exhibits remarkable cycle stability. 

Additionally, a self-made flexible rechargeable ZAB using Co3-

NG as the cathode shows an OCV of 1.41 V, exceeding the 

OCV of a Pt/C+RuO2-based flexible ZAB (1.33 V) (Figure 6h). In 

Figure 6i, the Co3-NG-based flexible ZAB displays 10 h stability 

at 2 mA cm-2, which is surpassed to the Pt/C+RuO2-based 

flexible ZAB. Subsequently, the charge-discharge cycle 

constancy of the Co3-NG-based flexible ZAB is experiment at 

folding angles of 0°, 90° and 180°, and the results indicate 

excellent flexibility and stability (Figure 6j). 

 

10.1002/anie.202503019

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202503019 by Shanxi U

niversity, W
iley O

nline L
ibrary on [01/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RESEARCH ARTICLE    

10 

 

Figure 6. (a) Diagram of the ZAB. (b) OCV curves. (c) The Charge-discharge polarization curves. (d) The discharge polarization and power density curves. (e) 

Specific capacities at 10 mA cm
−2

. (f) Constant discharge curve. (g) Cycling tests at 5 mA cm
−2

. (h) OCV curves of the flexible ZAB. (i) Cycling tests at 2 mA cm
−2

. 

(j) Cycling tests at 2 mA cm
−2

 by curving to 0°, 90°, and 180°. 

 

Conclusion 

In summary, Co3-NG catalyst with triatomic cobalt sites has 

been successfully constructed by an ultrafast printing method, 

which is effective to increase the bifunctional ORR/OER activity. 

Triatomic cobalt sites were verified using AC-HAADF-STEM to 

directly observe and XAS experiments to analyze their 

coordination environment. The Co3-NG is a durable and high-

performance bifunctional catalyst in the electrocatalytic ORR 

(E1/2 = 0.903 V) and OER (η10 = 366 mV), and the assembled 

zinc-air battery shows excellent operating performance and 
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excellent stability (3000 cycles), which results from intrinsic 

activity of Co3ON6 sites. Theoretical calculation results show that 

the Co3ON6 active site effectively modulates the ΔG of the rate-

determining step, significantly accelerating the reaction kinetics 

and thereby enhancing the ORR/OER activity. In this work, the 

unique Co3ON6 active site in Co3-NG offers multiple pathways 

for the adsorption of reaction intermediates, effectively breaking 

the linear scaling relationship typically observed between active 

sites and reaction intermediates in single-atom Co catalysts. 

Furthermore, the trigonal pyramidal structure of Co3ON6 

modulates the electron density of the Co 3d orbital, enhancing 

the transfer of reaction intermediates between active sites. The 

synthesis method guarantees both high catalytic activity and 

exceptional stability of the catalyst. Therefore, the construction 

of the triatomic cobalt sites offers a novel perspective for the 

design of efficient bifunctional oxygen electrocatalyst and the 

study of the catalytic mechanism of oxygen electrocatalysis. 
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Using an ultrafast printing technique, we have successfully embedded triatomic cobalt cluster precursors into graphene nanosheets, 

resulting in a triatomic Co3-NG catalyst with excellent bifunctional OER/ORR activity. The triangular pyramidal active sites effectively 

regulate the d-band center and electronic structure, and promote the adsorption/desorption of oxygen intermediates. 
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