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for solving the slow kinetics for oxygen 
reduction reaction (ORR).[2] Up till now, 
platinum group metals are still believed to 
be the most efficient ORR electrocatalyst. 
However, the applications of the noble 
catalysts on a large scale are seriously 
restricted by the cost, stability, and scar-
city.[3] Thus, the development of efficient 
Pt-based alternative catalysts for ORR has 
become a top priority.

Single-atom catalysts (SACs), which 
could reduce particle size to atomic level 
and maximize the atom utilization and 
exposure of active sites, is considered to 
be beneficial for different electrocatalytic 
reactions.[4] Atomic-scale SACs (MNC) 
have gradually become one of the most 
prospective candidates for replacing noble 
metal materials in the field of electro-
catalysis.[5] In that case, metal–organic 

frameworks (MOFs) are defined as an ideal self-sacrificing 
template for the construction of SACs because of the control-
lable and confinement effect of cavity.[6] Various traditional 
metal-supported N-doped carbon materials have been devel-
oped based on the carbonization of MOFs precursors. Owing to 
the carbon-nitrogen-rich networks and the flexible cavities that 
can easily accommodate foreign active transition metals, zeolite 

Single-atom catalysts (SACs) with specific coordination environment are 
expected to be efficient electrocatalysts for oxygen reduction reaction (ORR). 
Herein, NiN4C10 coordination site is constructed through encapsulating 
Ni2+ into the cavity of ZIF-8 as a self-sacrificing precursor and anchoring it 
on 3D N-doped carbon frameworks. The NiN4C10 catalyst shows excellent 
ORR activity and stability, with a high half-wave potential (0.938 V vs RHE), 
which is currently the best performances in Ni-based SACs. The remarkable 
performance with high ORR activity in alkaline solution is attributed to the 
single-atom nickel active sites with faster electron transport and suitable elec-
tronic structure. Moreover, the power density of zinc-air battery assembled by 
NiN4C10 as cathode is 47.1% higher than that of the commercial Pt/C. This 
work not only provides a facile method to prepare extremely active Ni-based 
SACs, but also studies the intrinsic mechanism toward the oxygen reduction 
reaction under alkaline condition.

1. Introduction

The increasing environmental pollution and energy crisis 
derived from the use of fossil fuels have prompted to the 
development of efficient, clean, and sustainable energy, such 
as metal-air batteries and conductive membrane fuel cells.[1] 
One of the major obstacles is the synthesis of active catalysts 
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imidazolate frameworks (ZIFs) are generally selected as effi-
cient precursor for preparing MNC catalysts.[7] Up till now, 
numerous SACs with diverse transition metal center have been 
prepared. Most of the reported literatures focused on the effect 
of central metal atoms on the ORR performance of MNC 
catalysts, and the ORR activity follows the sequence Fe > Co > 
Cu > Mn > Ni.[8] The NiN4 center composed of Ni atom and 
four N atoms is difficult to form OOH* owing to its weak ability 
to bind O and resulting in H2O2 production to hinder 4e− pro-
cess.[9] Basically, the ORR activity and stability of SACs is highly 
determined by the tailoring of first- and second- or higher-
coordination shells, and the local coordination environment 
of the central atom is closely related to its catalytic activity and 
stability.[10] Therefore, by accurately adjusting the coordination 
electronic structure of NiNC, reducing the energy  barrier 
between the Ni-based center and oxygen and reaction interme-
diates can accelerate electron transport, thereby improving the 
oxygen reduction performance. Therefore, the construction of 
Ni SACs with a NiNC coordination structure is extremely 
important for greatly improving its ORR activities.

Herein, atomically dispersed NiNC active site, which was 
anchored on N-doped polyhedral carbon framework, has been 
in situ developed by calcination of Ni@ZIF-8. The as-obtained 
NiNC manifests a superior ORR property, as demonstrated 
by an ultrahigh half-wave potential of 0.938 V, which is the best 
activity in Ni-based center SACs with NiN4C10 coordina-
tion up to now. Density functional theory (DFT) calculations 
indicated that the suitable adsorption and desorption capabili-
ties for reaction intermediates, and the NiNC active sites 
possessed higher charge density and faster electron transport 
efficiency, which could significantly improve the ORR perfor-
mance. Furthermore, zinc-air battery assembled by NiNC 
showed a remarkably enhanced property with a power density 
of 178 mW cm−2, which is superior to the commercial Pt/C 
catalyst. This work offered a facile strategy to develop Ni-based 
SACs with outstanding ORR performance, and further studied 
the intrinsic mechanism of SACs under alkaline condition.

2. Results and Discussion

As shown in Figure 1a, ZIF-8 had been used as sacrifice tem-
plate to synthesize NiNC catalyst. Ni2+ was encapsulated into 
the flexible cavity of ZIF-8 and converted into NiN4 species 
in situ by one-step pyrolysis. As a contrast, a suite of NiNC 
samples with different molar ratios of Ni were also developed 
using the same method. The optimal catalyst was expressed 
as NiNC (the molar ratio of Ni2+ was 0.1). In addition, the 
nitrogen-doped carbon (NC) without Ni was also obtained by 
the carbonization of ZIF-8. The transmission electron micros-
copy (TEM) and scanning electron microscope (SEM) had 
been carried out to study the particle size and morphology 
of the obtained electrocatalysts. Obviously, the NiNC and 
NC samples retained the rhombic dodecahedron shape of 
the precursor, and the particle size was about 120  nm, while 
the evaporation of Zn reduced by carbon matrix at high tem-
perature led to a rougher particle surface (Figure 1b,c).[11] Mean-
while, the NiNC-0.06, NiNC-0.08, and NiNC-0.12 
also maintained the polyhedral structure of ZIF-8 (Figure S1, 

Supporting Information). Next, high-resolution TEM (HRTEM) 
and nitrogen adsorption-desorption analysis had been selected 
to evaluate the porous structures of the NiNC and NC 
samples (Figure  1d; Figures S2 and S3, Supporting Informa-
tion). At a low pressure (P/P0 = 0.05–0.06), the volume adsorp-
tion of NiNC and NC samples increased significantly, 
while at a higher pressure (P/P0 = 0.45–0.95), an obvious hys-
teresis loop was observed, indicating that both micropore and 
mesopore existed in these two samples (Figure S3, Supporting 
Information). The Brunauer–Emmett–Teller (BET) surface 
areas and the total pore volume of NiNC were 1305 m2 g−1  
and 0.937 cm3 g−1, respectively. And these two values were 
1466 m2 g−1 and 1.053 cm3 g−1 for NC, which may be caused 
by the evaporation or rare residue of metallic Zn during pyroly-
 sis process (Figures S3 and S4, Supporting Information).[12] 
With respect to NC sample, it indicated that NiNC had 
more distinct porous structures, including micropores and 
mesopores (Figure S4, Supporting Information). The specific 
surface areas of mesopore were 280 and 321 m2 g−1 for NC 
and NiNC, respectively, indicating the increase of the con-
tent of mesopore in NiNC catalyst. Meanwhile, the content 
of micropore decreased in NiNC, and the specific surface 
areas were 1217 and 1037 m2 g−1 for NC and NiNC, respec-
tively. The abundant mesopores structure and a large specific 
surface area would be expected to be beneficial for fast mass 
transport in the ORR process.[13] The High-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and elemental mapping verified that the C, N, and Ni 
were distributed uniformly throughout the dodecahedron of 
NiNC in Figure  1e. Figure  1f revealed the isolated bright 
dots concentrated distributed in the N-doped carbon frame-
work, which proved the existence of Ni single atom. The X-ray 
diffraction (XRD) patterns were selected to study the crystalline 
structures of the obtained samples. As can be seen in Figure 1g, 
Ni@ZIF-8 had been prepared successfully. And both NC and 
NiNC showed just two peaks at 24° and 42°, which could 
be attributed to the (002) and (100) of carbon, respectively. The 
Raman spectra showed two characteristic carbon resonances at 
1580 cm−1 (G-band) and 1350 cm−1 (D-band), assigning to the 
graphitic sp2 carbon and sp3 carbon, respectively (Figure S5, 
Supporting Information).[14] The ID/IG ratio of NiNC is 0.91, 
lower than that of NC (0.92), indicating the highly graphitic 
carbon substrate was obtained in NiNC sample.

The chemical states were tested by using X-ray photoelectron 
spectroscopy (XPS). The survey spectrum indicated that the Ni, 
N, C, and O elements could be well observed in the NiNC 
sample (Figure  2a; Figure S6, Supporting Information). The 
Ni 2p peak was not detected owing to the low content of Ni 
(0.18 at%, Table S1, Supporting Information). And this result 
matched well with the data derived from inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) (Figure  2b; 
Table S2, Supporting Information). The N 1s spectrum indi-
cated the presence of two nitrogen species, including graphitic 
N (400.9 eV) and pyridinic N (398.5 eV) (Figure 2c; Figure S7, 
Supporting Information). The pyridinic N species has been 
demonstrated to be beneficial to the electrocatalytic perfor-
mance. As can be seen from Figure  2d, the binding energy 
at 284.8 eV can be ascribed to the sp2 carbon, illustrating that 
high-quality conjugated honeycomb lattice were obtained.[15] 
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Other binding energies at 286.1 and 288.7 eV related to carbon 
had also been detected and can be designed as CN and CO 
groups (Figures S8 and S9, Supporting Information). In addi-
tion, the in-deep structural information of NiNC was 
studied by extended X-ray absorption fine structure (EXAFS). 
The EXAFS results showed a peak at 1.887 Å, indicating primary 
NiN coordination in NiNC sample (Figure  2e; Table S3,  
Supporting Information). However, the NiNi peak at 2.45 Å  
could not be observed from the NiNC catalyst.[16] The 
NiN4 configuration structure could also be found in NiPc  
(Figure S10, Supporting Information). This result corroborated 
that the atomic dispersion of NiN4 sites has been formed. In 
Figure  2f, the X-ray absorption near-edge structure (XANES) 
spectra of NiNC lied between the Ni foil and NiO, obviously 
indicated the distinct electronic structure of Niδ+ (0 < δ  <  2). 
The white-line intensity of NiNC was higher than that of Ni 
foil, indicating positively charged state of Ni atoms induced by 
electron transfer from Ni to the carbon matrix, as commonly 

seen in SACs. Compared with NiO, the white-line intensity of 
NiNC decreases, which indicated that the electronic proper-
ties of the single Ni atom had been adjusted.[17] Figure S11 (Sup-
porting Information) further shows that average oxidation state 
of Ni in NiNC is 1.84. On the basis of the fitting results, 
the local structure of the proposed NiNC was that Ni coor-
dinated with four nitrogen atoms in first shell and ten carbon 
atoms in second shell to form NiN4C10 coordination (inset 
in Figure 2f; Figure S12 and Table S3, Supporting Information). 
EXAFS wavelet transform analysis (W-T) of atomic Ni disper-
sion was carried out, whose location is highly associated to the 
path length R (Figure  2g–i; Figure S13, Supporting Informa-
tion). As shown in Figure  2g, there is no detection of NiNi 
metal bond similar to Ni foil in NiNC, which indicates 
the atomic-level dispersion of Ni elements on account of the 
signal of the second coordination sphere of NiNC is similar 
to scattering path of phthalocyanine Ni. The bond length of 
NiNC is significantly different from the NiNi metal bond. 

Figure 1. a) Schematic procedure for the synthesis of NiNC, b) SEM image of NC, c) SEM image of NiNC, d) TEM image of NiNC,  
e) elemental mapping results of NiNC, f) atomic-resolution HAADF-STEM image of NiNC, and g) XRD patterns of ZIF-8, Ni@ZIF-8, and their 
derivatives.
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The scattering path signal of samples at [χ(k), χ(R)] as shown 
in Table S4 (Supporting Information). Two scattering path sig-
nals including the NiN bonds located at [6, 1.78]. According 
to re-fitting the second coordination sphere, the phthalocyanine 
Ni and NiNC have a very similar coordination environ-
ment, but the second coordination layer environment is dif-
ferent (Figure S14, Supporting Information). In addition, for 
the four nitrogen mesoatoms in phthalocyanine Ni and two 
carbon mesoatoms in NiNC, the coordination environments 
of the nitrogen species are also significantly different, leading 
to the differences in the XANES feature peak (Figure 2f). It is 
a particular type of metal electronic structure combined with a 
specific type nitrogen to form NiNC catalysts with excellent 
ORR performance.

The ORR performances of the NiNC were studied 
based on the rotating disk electrode (RDE) method in 0.1 m 

O2-saturated KOH solution. For comparison, other compara-
tive catalysts, including the NC, NiNC-0.06, NiNC-
0.08, NiNC-0.12, and the commercial Pt/C (20  wt%) cata-
lysts, were also measured in the same conditions. As seen from 
Figure  3a,b, the NiNC catalyst showed the optimal ORR 
property with the half-wave potential (E1/2) of 0.938 V (vs RHE), 
which is better than those of the commercial Pt/C (0.862  V), 
NC (0.79 V), NiNC-0.06 (0.893 V), NiNC-0.08 (0.907 V), 
and NiNC-0.12 (0.884  V) (Figures S15–S17, Supporting 
Information). These results indicated that with the increase of 
Ni content, the catalytic activity gradually enhanced, revealing 
the formation of NiN4 active sites could effectively improve 
their ORR activities. However, the E1/2 began to decrease 
when the molar ratio of Ni2+ was 0.12. This mainly due to the 
excessive Ni would lead to partial collapse of the polyhedron 
framework of ZIF-8, thus affecting the ORR electrochemical 

Figure 2. XPS spectra of NiNC: a) survey spectra, b) Ni 2p, c) N 1s, and d) C 1s, e) Ni K-edge EXAFS spectrum, f) Ni K-edge XANES spectrum 
of NiNC, Ni foil, NiO (inset shows schematic structural model for NiNC), Ni K-edge 2D wavelet transform for: g) NiNC, h) Ni foil, and  
i) NiO, respectively.
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performance (Figure S1, Supporting Information). Meanwhile, 
the influence of the carbonization temperature (800–1000  °C) 
on ORR properties had also been explored in Figure S18 (Sup-
porting Information). The NiNC treated at 1000 °C demon-
strated the optimal ORR performance (E1/2 = 0.938 V). Simul-
taneously, the kinetic current density analysis showed that the 
NiNC was 11.09 mA cm−2@0.9 V, far exceeded than that of 
the commercial Pt/C (1.13 mA cm−2@0.9  V) (Figure  3c and 
Figure S19, Supporting Information), which is 9.8 times higher 
than that of Pt/C. Furthermore, the Tafel slope of NiNC 
was 59 mV dec−1, significantly lower than those of the NC 
(106 mV dec−1), NiNC-0.12 (77 mV dec−1), NiNC-0.06 
(70 mV dec−1), NiNC-0.08 (65 mV dec−1), and the commer-
cial Pt/C catalyst (80 mV dec−1), demonstrating the enhanced 
kinetics (Figure 3d).[18] In addition, the E1/2 showed little decay 
after 5000 potential cycles and the long-term chronoampero-
metric tests indicated that the high durability for NiNC as 

the ORR catalyst (Figure 3e; Figures S20 and S21 and Table S5, 
Supporting Information). After CV durability test, NiNC 
kept the dodecahedral structure of ZIF-8 (Figure S22, Sup-
porting Information) and Ni single atom could be found in 
carbon matrix as shown in Figures S23 and S24 (Supporting 
Information). Furthermore, XPS results showed that after 
3000 and 4000 CV cycles, Ni atoms still existed in the carbon 
framework as single atoms without agglomeration or oxidation 
(Figure S25, Supporting Information). Moreover, the NiNC 
was also measured in O2-saturated 0.1 KOH with 3 m CH3OH. 
Linear sweep voltammetry (LSV) curves showed that the pres-
ence of methanol had no effect on the oxygen reduction per-
formance in Figure 3f, indicating that the NiNC had strong 
resistance to methanol poisoning. The electron transfer number 
showed that NiNC preferentially adopted the four-electron 
oxygen reduction process. At the same time, the H2O2 yield of 
NiNC was less than 5%, indicating that H2O was the main 

Figure 3. a) CV and b) LSV curves measured in O2 saturated 0.1 m KOH. c) Kinetic current density (JK@0.9 V) and E1/2 of NiNC and 20% Pt/C.  
d) Tafel plots of the obtained NiNC and the references. e) Stability test, f) LSV curves of NiNC-0.1 in O2-saturated 0.1 m KOH with 3 m CH3OH. 
g) Peroxide yield and number of transferred electrons of the obtained NiNC and the references. h) Cdl values of NiNC samples. i) Comparisons 
of ORR performance for the MNC catalysts reported in literatures.
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oxygen reduction product (Figure  3g).[19] Double-layer capaci-
tance (Cdl) was selected to assess the electrochemical active 
surface area  (ECSA), and the Cdl value was 23.1 mF cm−2 for 
NiNC (Figure 3h; Figures S26 and S27, Supporting Informa-
tion) The above results indicated the larger active surface area 
and the better catalytic performance for NiNC.[20] And the 
NiNC exhibited the optimal ORR property compared with 
other MNC catalysts reported recently (Figure 3i). Detailed 
comparisons for ORR catalytic performance were summarized 
in Table S6 (Supporting Information).

The NiNC sample was used to assemble a Zn-air bat-
tery in a 6.0 m KOH electrolyte to assess its practical applica-
tion (Figure 4a). Open-circuit voltages of the NiNC and the 
commercial Pt/C catalyst were 1.462 and 1.495  V, respectively 
(Figure  4b). The curves of NiNC maintain long-term sta-
bility after 40  000 s at 1.462  V. The optimal power density of 
the NiNC was 178 mW cm−2, which quite surpassed the 
commercial Pt/C catalyst (121 mW cm−2, Figure  4c). And the 

smaller polarization of NiNC indicated better performance 
at high current density for the Zn-air battery (Figure  4d). At 
the same time, a small charge–discharge (CD) voltage gap 
was detected, and the discharge voltage plateaus were 1.35, 
1.32, 1.29, and 1.32 V at 2, 5, 10, and 5 mA·cm−2, respectively, 
implying that the NiNC had better reversibility and operated 
at various current densities and processes (Figure 4e).[20] A LED 
light could be powered by two batteries connected in series in 
Figure 4e. As can be seen from Figure 4f, the specific capacity 
of the battery assembled by NiNC was estimated to be  
827 mAh gZn

−1 at the discharge density of 5 mA cm−2, much 
higher than that of the commercial Pt/C (775 mAh gZn

−1) and 
the other catalysts reported recently (Table S7, Supporting 
Information). The galvanostatic discharge and charge tests were 
selected to investigate cycling stability of the assembled cells at 
a current density of 5 mA cm−2. In Figure 4g, the NiNC elec-
trode exhibited an outstanding charge–discharge cycling sta-
bility for 60 h without any significant drop in performance. The 

Figure 4. a) Schematic diagram of the Zn-air battery, b) open-circuit voltage curves of the catalysts, c) polarization and power density curves,  
d) discharge/charge curves, e) galvanostatic discharge voltage platform curves of the NiNC electrode at different current densities, a LED light was 
powered by two cells in the inset, f) specific capacity, and g) discharge/charge cycling curves of NiNC and Pt/C at 5 mA cm−2.

Small 2021, 17, 2102125



2102125 (7 of 9)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

above results indicated that the NiNC based zinc-air battery 
had outstanding rechargeable property, long-term stability, and 
excellent compressibility.

DFT calculations had been implemented to further study the 
ORR mechanism for the NiN4C10 active center. The obtained 
structures of NiNC and NC were constructed in this work. 
The adsorption free energy of OH* (ΔGOH*) on NiN4C10 
could be verified based on the Gibbs free energy diagram for 
the NiN4C10 site at a potential of 0.0–1.23 V. At the standard 
ORR potential (U = 1.23 V), some of the basic reactions at active 
centers were exothermic in Figure  5a. The structure of NC 
required an energy barrier of 0.425 eV to actuate the first elec-
tron transfer step (O2 + H2O + e− + * → *OOH + OH−). How-
ever, the energy barrier of the first electron transfer step was 
further decreased to 0.369  eV for the NiNC. Furthermore, 
the largest energy barrier was the second electron transfer step 
with the ΔG = 0.597 eV (*OOH + e− → *O + OH−), confirming 
rate-determining step (RDS). For NC, the RDS was the first 
electron transfer step with ΔG = 0.425 eV, demonstrating faster 
kinetic performance of ORR on NiNC. Structure of reac-
tion intermediate both NC and NiNC were represented in 
Figure S31 (Supporting Information). In alkaline solution, the 
ORR is usually thought to occur in the following steps

O H O e * *OOH OH2 2+ + + → +− −  (1)

*OOH e *O OH+ → +− −  (2)

*O H O e *OH OH2+ + → +− −  (3)

*OH e * OH+ → +− −  (4)

where * represents the adsorption sites. In general, the ORR 
properties are intently correlated to the intermediates, such 
as OOH*, O*, and OH*. Figure  5b showed the geometric 
structures of the intermediates and plausible catalysis mecha-
nism. The density of states (DOS) was further studied, owing 
to the d-band center is extremely related with the metal–
adsorbate interaction.[22] The NiNC (−2.25  eV) presented 
a lower d-band center, indicating that the declined absorption 
energy of ORR intermediates (Figure S32, Supporting Infor-
mation). The calculated projected density of states (PDOS) 
results of NiNC and NC in Figure S33 (Supporting 
information) show that the NiNC has the highest density 
states near the Fermi level. The charge density difference 
diagrams expressly indicated the intensive charge transfer 
arising in the NiNC coordination center (Figure  5c and  
Figure S34, Supporting Information). It means that NiNC 
has a higher charge density, faster electrons transfer, and 
better ORR catalytic activity than NC. The systematic ORR 
processes of NiNC as cathodic catalysts have been pre-
sented in Scheme  1.[23] The existence of mesopores in the 
NiNC accelerated the mass transfer of oxygen and the 
elimination of products, which was beneficial to improve the 
oxygen reduction performance. At the same time, the lower 
d-band center of NiNC lead to the reaction intermediate 
desorbed easily from the active sites, thereby improving the 
oxygen reduction activity.

At the same time, the lower d-band center of NiNC lead 
to the reaction intermediate desorbed easily from the active 
sites, thereby improving the oxygen reduction activity. It is 
obvious that the outstanding ORR property of NiNC could 
be ascribed to the following aspects: a) Abundant mesopores 
in the NiNC were beneficial to mass transfer during 
ORR process and enhanced ORR catalytic performance. b) 
NiNC had a lower d-band center (−2.25 eV), indicating that 
the Ni metal center had a weaker O desorption energy, which 
accelerated the reaction between the active site and the inter-
mediate, thereby improving the ORR performance. c) Because 
the abundant mesopores and lower d-band center of NiN4, 
the efficiency of the chemical conversion between nickel 
single-atom sites and adsorbates was improved, thus the syn-
ergistic coupling effect of pore structure and NiN4 active 
site could enhance the catalytic performance of NiNC in 
alkaline solution (Scheme 1). The above results demonstrated 

Figure 5. a) Free energy diagrams for ORR obtained at zero potential 
(U = 0 V), working potential, and equilibrium potential (U = 1.23 V) on 
NC and NiNC. b) Reaction scheme with the intermediates in the 
ORR process on NiNC. c) Calculated charge density differences for 
NiNC.

Scheme 1. Schematic illustration for the enhancement of the ORR per-
formance over NiNC.
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the NiNC catalyst with the outstanding ORR performance, 
indicating it is expected as an efficient catalyst for future prac-
tical applications.

3. Conclusion

In summary, a NiNC catalyst with atomically dispersed 
NiNC active sites had been prepared by a facile method. 
Owing to the NiN4 coordination structure, the as-developed 
NiNC manifests an outstanding ORR activity, as demon-
strated by an ultrahigh half-wave potential of 0.938 V, which is 
currently the best performance among Ni-based single-atoms 
catalysts. DFT calculation results indicated that the NiNC 
active sites had higher charge density and faster electron trans-
port efficiency, which could significantly improve the ORR 
performance. This work offered a facile method to prepare 
Ni-based single-atom electrocatalyst with outstanding ORR 
performance, and further studied the intrinsic mechanism of 
single-atom catalyst under alkaline conditions.

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