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dependent upon the traditional Haber–
Bosch process with the harsh condition 
from gaseous nitrogen and hydrogen, 
which consumes 1–2% of the world’s 
annual energy supply consumption and 
is not environmentally friendly. In view 
of the fossil fuels shortage and global 
climate change, a clean and sustainable 
route for efficient N2 fixation is desired.[1] 
Electrochemical nitrogen reduction reac-
tion (NRR) is emerging as a very attractive 
strategy for sustainable development, as 
it utilizes renewable electricity to convert 
water and N2 into NH3 under ambient 
conditions.[2] Especially, the utilization of 
H2O as the hydrogen source instead of raw 
material hydrogen can substantially reduce 
energy intensive process of hydrogen 
 production from methane or natural gas, 
as well as fossil fuels and greenhouse gas 
emission.[3] However, to date, NH3 produc-
tion efficiency via NRR remains unsat-
isfactory. The greatest challenge is the 
impractically low Faradaic efficiency (FE) 

due to the competing hydrogen evolution reaction (HER) that 
occurs in the same region of potential.[4] Previously, a variety 
of metal and metal-free active sites have been explored as pos-
sible electrocatalysts for the NRR,[5–10] which are summarized in 
Table S1 and S2, Supporting Information, respectively. Unfortu-
nately, in most of these studies, the catalytic performances were 
still insufficient to be practical for the production of NH3.

Ammonia (NH3) electrosynthesis gains significant attention as NH3 is 
essentially important for fertilizer production and fuel utilization. However, 
electrochemical nitrogen reduction reaction (NRR) remains a great challenge 
because of low activity and poor selectivity. Herein, a new class of atomically 
dispersed Ni site electrocatalyst is reported, which exhibits the optimal NH3 
yield of 115 µg cm−2 h−1 at –0.8 V versus reversible hydrogen electrode (RHE) 
under neutral conditions. High faradic efficiency of 21 ± 1.9% is achieved at 
−0.2 V versus RHE under alkaline conditions, although the ammonia yield is 
lower. The Ni sites are stabilized with nitrogen, which is verified by advanced 
X-ray absorption spectroscopy and electron microscopy. Density functional 
theory calculations provide insightful understanding on the possible structure 
of active sites, relevant reaction pathways, and confirm that the Ni-N3 sites are 
responsible for the experimentally observed activity and selectivity. Extensive 
controls strongly suggest that the atomically dispersed NiN3 site-rich catalyst 
provides more intrinsically active sites than those in N-doped carbon, instead 
of possible environmental contamination. This work further indicates that 
single-metal site catalysts with optimal nitrogen coordination is very promising 
for NRR and indeed improves the scaling relationship of transition metals.
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1. Introduction

Due to its high energy density (4.32 kWh L−1), hydrogen con-
tent (17.6 wt%), and facile liquidation (boiling point: −33.3 °C at 
1 atm), ammonia (NH3) is used as a clean alternative fuel and 
hydrogen carrier for storage and delivery. Currently, ammonia 
synthesis is a significant chemical technology and heavily 
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Recently, single-metal site catalysts have provided new 
opportunities toward NRR and enable effective suppression 
of the HER.[11–15] For example, Choi et al. indicated that NRR 
selectivity on single metal sites is significantly higher than that 
on bulk metals surfaces due to the effective suppression of 
the HER with the help of ensemble effect.[16] Nørskov and co-
workers found that “on top” binding of nitrogen that is possible 
on single metal sites can enhance the rate of NH3 synthesis.[17] 
Moreover, it has been found that N species can promote the dis-
sociation of N2, especially in the presence of single-metal Lewis 
acid ions.[15] However, stabilizing the isolated single atoms 
against migration and agglomeration due to the high sur-
face energy is one of the key challenges during the synthesis. 
Compared to synthetic methods such as atomic layer deposi-
tion, atomic layer trapping, etc., utilization of metal organic 
frameworks (MOFs) to fabricate atomically dispersed catalysts 
has recently attracted considerable attention.[18,19] One of the 
strategies to form atomically dispersed species is to utilize the 
unique pores of MOFs as cages to spatially confine metallic 
species.[20] The other effective strategy is to construct defect-rich 
carbon hosts via a pyrolysis of MOFs as hosts, which can trap 
metal precursors and stabilize isolated metal atoms during the 
following thermal activation via an enhanced charge transfer 
mechanism between single atoms and defective sites.[19,21]

Here, we report atomically dispersed Ni sites on carbon 
framework with nitrogen vacancy as an effective non-noble 
metal electrocatalyst for the NRR through a defect engineering 
strategy and pyrolysis of bimetallic metal organic framework 
(BMOF) of Ni and Zn. As a control, we also synthesized Ni 
clusters supported on N-doped carbon framework and no sig-
nificant NRR activity was observed, confirming atomically dis-
persed unsaturated Ni coordination was the true active sites 
that was identified and investigated by X-ray absorption spec-
troscopy (XAS) and advanced scanning transmission electron 
microscopy (STEM) coupled with electron energy loss spectra 
(EELS) at the atomic level. The single Ni site catalyst showed 
the highest NH3 production rate of 115 µg cm−2 h−1 at –0.8 V 
versus reversible hydrogen electrode (RHE) and maximum FE 
of 20% at –0.6 V versus RHE under neutral condition. Under 
alkaline condition, highest FE of 21 ± 1.9% was attained at 
−0.2 V vs RHE, although the yield of ammonia was found to 
be lower than under neutral condition. Furthermore, density 
functional theory (DFT) calculations provide insightful under-
standing on the possible structure of active sites and favorable 
reaction pathway of the NRR on the single Ni site catalyst. 
The resulting catalyst may expand to other single metal sites 
such as Mo, Sc, V, and Zr for developing non-noble metal 
single site catalysts, which likely yield enhanced NRR activity 
and selectivity for ammonia synthesis.

2. Results and Discussion

2.1. Morphology and Coordination of Unsaturated Ni

An effective method was developed to form Ni-Nx-C coor-
dination from controlled pyrolysis of a BMOF of Ni and Zn  
(NixZn(1−x)BMOF). This process is also known as chemical 
doping of Ni into ZIF-8.[22] During the formation of the 

BMOF, Ni substitutes some of Zn nodes during crystalliza-
tion (Figure 1a). Thus, it coordinates with the ligands simi-
larly as Zn without affecting the structure. The morphology of 
NixZn(1−x)BMOF is similar to that of ZIF-8, showing sodalite-
type crystal structure and the rhombic dodecahedron shape 
(Figure S1a,b, Supporting Information). X-ray diffraction (XRD) 
patterns of NixZn(1−x)BMOF and Ni-Nx-C before (Figure 1b) and 
after pyrolysis (Figure 1c) indicate similar phases to ZIF-8 and 
amorphous carbon, respectively. High-resolution transmission 
electron microscopy (HRTEM) images of the Ni-Nx-C catalyst 
show a typical porous carbon framework without any metallic 
nanoparticles (Figure 1d,e). Besides, the brighter spots were 
observed in the high-angle annular dark-field STEM mode com-
pared to C and N atoms, further confirming that Ni atoms are 
homogeneously distributed in the carbon support (Figure 1f,g). 
EELS at the bright spots shows the coexistence of Ni and N 
signals (Figure 1h,i) while the spectra on the carbon does not 
show any peak for Ni (Figure 1j,k).

Extended X-ray absorption fine structure (EXAFS) and X-Ray 
absorption near edge structure (XANES)[23] were performed to 
investigate the state of Ni species and their coordination envi-
ronments (Figure 1l–n). Figure 1l indicates that Ni-Nx-C has a 
higher oxidation state than Ni foil but a lower oxidation state 
than NiO. Small peaks at 8334 and 8338 eV are very close to 
the peaks of NiN4 coordination of Ni phthalocyanines.[24] The 
 pre-edge peak near 8334 eV is assigned to the dipole forbidden 
but quadrupole-allowed transition (1s→3d), which indicates 3d 
and 4p orbital hybridization of the Ni central atoms.[24] The peak 
at 8338 eV indicates 1s→ 4p transition and is consistent with a 
pyramidal geometry for Ni single sites.[25] In addition, no peak 
corresponding to Ni-C coordination is observed at 8343 eV.[26] 
The K2-weighted Fourier transform of Ni K-edge EXAFS oscil-
lation shows a distinct peak at 1.41 Å (Figure 1m), which arises 
from the first shell Ni-N coordination.[27] As expected, no domi-
nant peak corresponding to Ni-C coordination is observed at  
1.2 or 1.6 Å. However, a small broad peak at 0.8 Å is observed 
for superposition of peaks due to Ni-N and Ni-C coordination.[28] 
The coordination number of Ni-N is 3.4 (Table S3, Supporting 
Information). Considering the error of EXAFS fitting, it can be 
inferred that the true Ni-N coordination is between 3 and 4 and 
the Ni atoms are coordinatively unsaturated. Figure 1n shows 
the EXAFS fits of NiPc and Ni-Nx-C in k-space and the oxidation 
state of Ni is between 0 and +2 as suggested from XANES. Zn 
K-edge XAS is also performed (Figure S2c,d, Supporting Infor-
mation) since Zn is still in the original structure at the pyrolysis 
temperature. The EXAFS results indicate that Zn is coordinated 
with nitrogen in Zn-N4 coordination at 700 °C for 3 h (Figure 
S3c,d and Table S3, Supporting Information). To investigate 
the importance of Zn-N4 in NRR, we also tested ZIF-8 that was 
pyrolyzed at 700 °C for 3 h. Although it is active for NRR, the 
activity is much lesser than that of Ni-Nx-C (discussed later). 
Thus, Zn-N4 probably acts as spacers to prevent Ni aggregation 
in Ni-Nx-C, instead of highly active NRR sites.

2.2. Catalyst Preparation at Various Conditions

Carbonization conditions proved effective in adjusting the 
level of nitrogen doping and the degree of graphitization in 
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carbon structures.[29,30] The change in carbon structure with 
pyrolysis conditions was investigated using Raman spectros-
copy (Figure 2a). Additionally, to get more understanding on 
the Ni coordination, N-doping, and their correlation with pyrol-
ysis conditions, X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed (Figure 2b,c).

From Figure 2a, two characteristic carbon resonances around 
1600 cm−1 (G band) and 1380 cm−1 (D band) are  dominant, 

which correspond to the planar motion of sp2-hybridized carbon 
atoms in an ideal plane and at the edge, respectively.[29,31,32] 
The ratio of the intensities of the two peaks (ID/IG) indicates 
the overall degree of graphitization in carbon. ID/IG ratio of 
Ni-Nx-C-600-3h is only 0.87 that implies the lack of defect for-
mation and low degree of graphitization at 600 °C. In addition, 
another characteristic carbon resonance around 2700 cm−1 
(referred as 2D peak) is also observed in each catalyst. The 2D 
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Figure 1. a) Schematic of NixZn(1−x)BMOF. b) XRD of NixZn(1−x)BMOF (represented in green) and ZIF-8 (represented in black). c) XRD of Ni-Nx-C  
(represented in green) and N-C (represented in black). d,e) HRTEM of Ni-Nx-C. f,g) High-angle annular dark-field STEM of Ni-Nx-C, showing  distribution of 
bright spots. h–k) EELS of Ni-Nx-C. l) XANES of Ni-Nx-C. m) Fourier-transformed EXAFS data and of Ni-Nx-C. n) EXAFS fits of NiPc and Ni-Nx-C in k-space.
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peak is the second order of the D peak that is always present in 
graphene and is not correlated with any defect.[33] However, the 
intensity of 2D band decreases with increasing layers as well 
as doping concentration. The position of the 2D peak shows 
red shift (>2700 cm−1) for Ni-Nx-C-600-3h, Ni-Nx-C-700-3h, 
Ni-Nx-C-900-3h, as well as Ni-Nx-C-1100-3h that is typical for N 
doping in graphene.[34] As the pyrolysis temperature increases, 
the height of 2D peak sharply decreased, probably due to 
increase in defect concentration and high degree of graphiti-
zation at higher pyrolysis temperature. In addition, two broad 
signals at ≈1200 and 1510 cm−1 are associated with the carbon 
atoms outside of a perfectly planar sp2 carbon network (such as 
aliphatic or amorphous structures) and integrated five-member 
rings or heteroatoms in carbon layers, respectively. Comparison 
of ID/IG ratio at other pyrolysis conditions is shown in Table S4,  
Supporting Information. For Ni-Nx-C-700-3h, more ordered 

sp2 carbon was formed relative to Ni-Nx-C-600-3h with broad 
peak between D and G peaks. Less carbon defects and disor-
dered structures are identified in catalysts treated at high tem-
perature such as Ni-Nx-C-900-3h and Ni-Nx-C-1100-3h, which 
is not favorable for the formation of single Ni sites. This is 
in good agreement with the N1s XPS analysis, suggesting no 
obvious Ni-N coordination at 400.1 eV (Figure 2b). In addi-
tion, as shown in Figure 2c, the binding energy of Ni 2p XPS 
spectrum is ≈855 eV (854.9 eV), which is higher than that of 
metallic Ni (853.0 eV) and lower than that of Ni2+ in Ni pc 
(855.7 eV), indicating that Ni has a valence between 0 and +2 
and is unsaturated.[35]

The elemental quantification determined by XPS is listed 
in Table S6, Supporting Information. Different N configura-
tion doped in carbon after pyrolysis of MOFs can be identified 
by the difference in binding energy: pyridinic (398.4 ± 0.2 eV), 
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Figure 2. a) Raman spectroscopy, b) XPS N1s, and c) XPS Ni 2p of NixZn(1−x)BMOF pyrolyzed at 600, 700, 900, 1100 °C (from top to bottom, 
respectively).



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900821 (5 of 11)

www.advancedsciencenews.com www.small-methods.com

metal–N (399.6 ± 0.2 eV), pyrrolic (400.8 ± 0.2 eV), graphitic 
nitrogen (401.1 ± 0.2 eV), and nitrogen oxides (>404.0 eV).[36] 
Pyridinic and graphitic nitrogen atoms are at the edge and 
interior of the carbon planes, respectively, while pyrrolic N is 
in a five-side carbon ring. When pyrolyzed at 700 °C for 3 h, 
pyridinic nitrogen is dominant and no graphitic nitrogen is 
observed. However, with increasing the pyrolysis temperature, 
graphitic nitrogen becomes dominant. As we reported earlier, 
pyridinic nitrogen content is critical for NRR activity while 
graphitic nitrogen is known to favor HER.[37] Therefore, NRR 
activity decreased with increasing the pyrolysis temperature, 
which may be related to the increase of graphitic nitrogen as 
well as the lack of Ni-N coordination.

In addition, Ni-Nx-C-700-3h catalyst has a BET surface 
area of 270 m2 g−1 with a pore volume of 0.812 cm3 g−1 
(Table S7, Supporting Information). Unlike metal aggre-
gates, nano-clusters or single nickel do not completely occupy 
the micropores (Figure S4, Supporting Information). XRD 
at all those pyrolysis conditions are compared in Figure S5, 
Supporting Information. Small clusters and aggregates are 
observed in the XRD of BMOF pyrolyzed at 700 °C for 1 h and 
900 °C for 1 h; however, no such aggregates are observed for 
any other catalysts.

2.3. Catalyst Optimization for Electrochemical  
Ammonia Synthesis

The standard absorbance spectra and calibration curve for 
ammonia detection in 0.1 M KOH solution using sodium 
salicylate method is shown in Figure S6, Supporting Infor-
mation. Catalytic activity at different pyrolysis conditions 
is shown in Figure 3a when tested at –0.3 V versus RHE 
(optimum potential). NRR activity is the highest when pyro-
lyzed for 3 h (Figure S7, Supporting Information); thus, the 
study is focused on Ni-Nx-C-700-3h. Although a small amount 
of ammonia was detected for the NixZn(1−x)BMOF precursor, 
it was similar in both N2 and Ar atmosphere and much lesser  
than the sample after pyrolysis, likely due to from the nitrogen 
species in  precursors. Importantly, NRR activity is the highest 
for a sample obtained from pyrolysis conditions of 700 °C for 
3 h and the activity decreased with increasing temperatures of 
pyrolysis.

Figure 3b shows the correlation between partial cur-
rent density and FE for catalysts pyrolyzed under different 
conditions. The current density in Ar is higher than N2 
for the NixZn(1−x)BMOF pyrolyzed at temperatures above 
900 °C. This can be correlated with the presence of Ni as 
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Figure 3. a) Comparison of NH3 production rate at different pyrolysis conditions at –0.3 V versus RHE in 0.1 M KOH solution. b) Comparison of 
partial current density and FE as function of pyrolysis condition for NixZn(1−x)BMOF at –0.3 V versus RHE in 0.1 M KOH solution. c) Comparison of 
UV–vis absorbance spectra after potentiostatic tests in 0.1 M KOH solution for the NRR on NixZn(1−x)BMOF pyrolyzed at different temperatures for 3 h.  
d) Comparison of NH3 production rate and FE as function of potential during the NRR for Ni-Nx-C-700-3h in 0.1 M KOH solution.
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aggregates rather than single atoms for NixZn(1−x)BMOF pyro-
lyzed at temperatures above 900 °C that increases the extent of 
HER even at –0.3 V versus RHE. Figure 3c shows the corre-
sponding UV–vis spectra and Figure 3d provided a comparison 
of activity at various potentials for the best performing Ni-Nx-
C-700-3h catalyst. The ammonia production rate in 0.1 M 
KOH solution was 85 µg cm−2 h−1 at –0.3 V versus RHE with 
a FE of around 11%. However, the FE is approximately 20% at 
–0.2 V versus RHE but with relatively low production rates. The 
activity is also two times higher than the metal-free nitrogen-
doped carbon catalyst that we had reported earlier at the same 
potential.[5] At –0.4 V versus RHE, the ammonia yield was 
slightly higher than that of –0.2 V versus RHE, although the FE 
is decreased due to dominance of HER.

To measure the background ammonia and contamination 
from the electrode itself, we tested the linear sweep voltam-
metry (LSV) of the glassy carbon electrode without catalysts in 
N2 and Ar atmosphere, respectively. As shown in Figure S8a, 
Supporting Information, the current density is much lower than 
when Ni-Nx-C is used as the catalyst. In addition, chronoamper-
ometry tests in different potential in N2 and Ar were also run 
using glassy carbon electrode to measure ammonia under exper-
imental conditions in Figure S8b, Supporting Information. It 
can be seen that very little or no NH3 is detected, confirming that 
the original source of NH3 was generated from electroreduction 
of N2 by the studied catalysts, rather than from environments.

Durability is considered as an important criterion to evaluate 
catalytic performance. Figure S9d, Supporting Information, 
shows the difference in current density in N2 and Ar atmos-
phere when tested for about 20 h. The LSV before and after sta-
bility test in nitrogen shows no degradation in current density 
(Figure S9e, Supporting Information). The ammonia produc-
tion rate and FE measured after each cycle are also comparable 
and steady (Figure S9f, Supporting Information), indicating the 
excellent stability of our catalyst for NRR.

2.4. Control Experiments

To confirm whether the unsaturated Ni-Nx-C is the true active 
sites, we synthesized Ni clusters on N-doped carbon (Niclusters-N-C)  
derived from Ni-MOF-74 with Ni as the only metal and N-C derived 
from ZIF-8 as comparisons. Comparisons of the XRD patterns 
before and after pyrolysis are shown in Figure 4a,b, respectively. 
Ni clusters are distinctly observed from the Niclusters-N-C  
sample with strong peaks at 45°, 52°, and 76°, representing 
crystal faces of Ni (111), Ni (200), and Ni (220), respectively, 
(JCPDS card no #40850), as well as some peaks of NiO (100) 
at 32° and NiO (111) at 37° (JCPDS card no #47-1049), indi-
cating the presence of metallic aggregates. However, no diffrac-
tion peaks for Ni, NiO, Zn, or ZnO are observed in the Ni-Nx-C 
sample, which suggested that mixing of Zn not only helps in 
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Figure 4. Comparison of XRD of a) ZIF-8 (black), NixZn(1−x)BMOF (green), and Ni-MOF-74 (red). b) Pyrolyzed ZIF-8 (N-C, black), Ni-Nx-C-700-3h 
(green), and Niclusters-N-C (red). c) Ammonia production rate comparison for N-C, Niclusters-N-C, and Ni-Nx-C. UV–vis spectroscopy of d) N-C,  
e) Niclusters-N-C, and f) Ni-Nx-C tested in 0.1 M KOH solution, respectively.
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obtaining the porous structure but also acts as a spacer to pre-
vent formation of Ni aggregates.[36]

NRR activity with variation of negative potential for N-C, 
Niclusters-N-C, and Ni-Nx-C are shown in Figure 4c and the cor-
responding UV–vis spectroscopies are shown in Figure 4d–f, 
respectively. For Niclusters-N-C, the ammonia detected is similar 
in N2 and Ar atmosphere with no net NRR activity when tested 
in the potential range of 0 to –0.5 V versus RHE. However, a 
strong difference in absorbance peak between N2 and Ar is 
observed for Ni-Nx-C, which is also higher than that of N-C syn-
thesized under identical pyrolysis conditions.

2.5. Ammonia Synthesis in Different Electrolytes

We compared the catalytic activity of NRR using three dif-
ferent electrolytes: 0.1 M KOH (pH = 13), 0.5 M LiClO4 
(pH = ≈8), and 0.01 M HCl (pH = 1). Higher the concentra-
tion of acid, higher the HER activity; thus, we chose 0.01 M 
HCl as the electrolyte under acidic conditions. Similarly, 
extent of HER is higher for highly concentrated alkali. Thus,  
0.1 M KOH was chosen as the electrolyte under alkaline con-
ditions. Initially, we compared current densities in different 
Ar-saturated electrolytes to eliminate electrolytes that highly 
favor HER (Figure S10, Supporting Information). The current 

densities of 0.1 M HCl and 0.1 M HClO4 solutions in Ar are 
similar, indicating that they have similar HER activities, while 
current densities in the 0.05 M H2SO4 solution is higher than 
that in 0.05 M HCl solution. This is probably due to dibasic 
nature of H2SO4. Although the pH of the electrolytes is dif-
ferent, they have similar specific conductivity. For 0.1 M KOH 
solution, specific conductance at 25 °C is 0.0241 S cm−1,[38] it is 
0.0367 S cm−1 for 0.5 M LiClO4 solution,[39] and 0.0324 S cm−1  
for 0.01 M HCl.[40]

In addition, the comparison of current density in N2 and Ar 
and the standard calibration curve along with UV–vis absorb-
ance spectra in 0.5 M LiClO4 solution is shown in Figure S11, 
Supporting Information. The catalyst achieves the highest NH3 
yield of 115 µg cm−2 h−1 at –0.8 V versus RHE and the highest 
FE of 18.5 ± 3% at –0.6 V versus RHE (Figure S12, Supporting 
Information, Figure 5a,b). Furthermore, we further tried to 
improve NRR activity of our catalyst at a slightly higher tem-
perature but ambient pressure in 0.5 M LiClO4 solution. The 
activity slightly increased at 40 °C but decreased again at 60 
°C (Figure S13, Supporting Information).

Figure 5c shows the UV–vis absorbance spectra of the best 
performing Ni-Nx-C-700-3h catalyst at different potentials in 
0.01 M HCl solution. The corresponding current densities 
in N2 and Ar at different potentials are shown in Figure S14, 
Supporting Information, with the standard calibration curve 
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Figure 5. Comparison of a) UV–vis absorbance spectra after potentiostatic tests and b) ammonia production rates and FE for Nix-N-C-700-3h catalyst 
in 0.5 M LiClO4 solution. c) Comparison of UV–vis absorbance spectra after potentiostatic tests and d) ammonia production rates and FE for Nix-N-
C-700-3h catalyst in 0.01 M HCl solution.
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in Figure S15, Supporting Information. Using 0.01 M HCl 
as the electrolyte, the onset potential for NRR was found to 
be at 0 V versus RHE while the highest activity was obtained 
at –0.1 V versus RHE (Figure 5d). A previous report has pro-
vided a comprehensive study on colorimetric methods and 
other methods for ammonia detection.[41] They also estimated 
the errors with change in pH for indophenol tests. For neutral 
and alkaline electrolytes, the standard error is <3% for a wide 
range of concentration of ammonia. However, they found that 
the ammonia predicted in acidic electrolyte is much lesser 
than actual concentration of ammonia for concentrations 
above 0.5 ppm (500 µg L−1). This could probably be a reason 
why we found that least ammonia in acidic electrolyte. We 
repeated tests using Nessler’s reagent in acidic electrolyte in 
Figure S16, Supporting Information. Indeed, using Nessler’s 
reagent, we found the concentration of ammonia to be higher 
compared to indophenol test. However, the trend in activity 
is similar. Even with Nessler’s reagent the activity was found 
to be highest at –0.1 V versus RHE and decreased at higher 
potentials.

Additionally, Watt and Crisp analysis were also done to 
test hydrazine may be a byproduct of nitrogen reduction 
(Figure S17, Supporting Information). A small amount of 
hydrazine (around 0.005 ppm) was detected at the optimum 
potential of nitrogen activation when 0.01 M HCl was used as 
the electrolyte. This is in accordance with our DFT analysis, 
which predicts hydrazine formation for certain NiNx active 
sites with specified coordination. However, no hydrazine was 
detected in alkaline or neutral electrolyte.

2.6. DFT Calculation to Elucidate Possible Active Sties  
and Reaction Pathway

To understand the observed activity of the Ni-Nx-C catalyst for 
the NRR, we have carried out the first-principles DFT calcula-
tions to elucidate the thermodynamics of the NRR on various 
Ni-Nx (x = 3 or 4) sites (Figure S18a, Supporting Information) 

embedded in a graphene layer. At first, our DFT results in 
Figure S18, Supporting Information, reveal that NRR could 
occur on this Ni-N3 site as follows: Unlike the previously 
reported ZIF-8-derived carbon (CNx) with nitrogen vacancy, 
there is no barrier for N2 adsorption on Ni-N3 site. First, N2 
molecule adsorbes on the top of the central Ni atom in an 
end-on configuration (Figure S18b, Supporting Information) 
with one N atom (denoted as proximal N) chelated with Ni by 
a bond length of 1.76 Å and another N atom (denoted as distal 
N) tilted along a Ni–N bond of the Ni-N3 site. Figure 6a depicts 
the charge distribution for this N2 adsorption configuration and 
shows the electron transfer between the adsorbed N2 molecule 
and the central Ni atom, which results in a binding energy of 
1.31 eV between N2 and Ni-N3 site. Subsequently, the distal N 
of the adsorbed N2 will undergo two hydrogenation steps to 
form *NNH and *NNH2 (hydrogenated nitrogen intermedi-
ates) (Figure S18c,d, Supporting Information). In the lowest-
energy configuration of *NNH2, the NN bond length has 
been stretched to 1.29 Å that is 13% longer than that (1.14 Å) of 
N2 gas molecule. Although the NN bond is weakened, it is not 
expected to break at this stage. In the following, the proximal 
N of the adsorbed N2 will undergo two hydrogenation steps to 
form *NHNH2 and *NH2NH2 (Figure S18e,f, Supporting Infor-
mation). The NN bond in *NH2NH2 is elongated to 1.46 Å  
that is about 28% longer than that of N2 gas molecule, and 
thus is significantly weakened. As a result, a subsequent hydro-
genation on the dismal N is believed to break the NN bond 
and release one NH3 to dissolve in electrolytes (Figure S18g,  
Supporting Information). Then, a final hydrogenation step 
leads to the desorption of final product NH3 and revives the 
Ni-N3 active site for further NRR as shown in Figure S18h, Sup-
porting Information.

In Figure 6b, we plot our computed free energy evolution 
for the NRR on the Ni-N3 site following the pathway described 
above. Our computational results show that under 0 V elec-
trode potential, the first two sequential hydrogenation steps on 
the distal N and the last hydrogenation step on the proximal  
N require overcoming some free energy barriers. The free 
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Figure 6. a) Atomistic structure and charge distribution of N2 adsorption on Ni-N3 active site. In this figure, the cyan and yellow clouds show the 
charge depletion and accumulation; the gray, blue, cyan, and white balls represent the C, N, Ni, and H atoms, respectively. The isosurface was set to 
be 0.006 eÅ3. b) Predicted energy evolution of NRR on a Ni-N3 site under applied potential of 0, –0.3, and –0.79 V versus RHE and c) calculated free 
energy evolution for HER on Ni-N3 active site at 0, –0.3, and –0.79 V versus RHE.
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energy barriers for these hydrogenation steps, involving proton 
and electron charge transfer, could be tuned by externally 
applied electrode potential. We, therefore, estimated the lim-
iting potential. Limiting potential is the least reversed electrode 
potential that needs to apply to overcome the largest energy bar-
rier. We found that an electrode potential of –0.79 V is required 
to proceed the NRR on the Ni-N3 site completely thermody-
namically favorable (Figure 6b). The value of this theoretically 
limiting electrode potential is in good agreement with our 
experimental value for neutral electrolyte. However, the impact 
from the electrolyte is a complex topic that includes many fac-
tors (e.g., solvation effects, interface structure, effects of electro-
lyte ions such as K+ and Li+). Such topic will be a good direction 
for future studies. In our calculations, the effect of electrolytes 
was not considered. However, we compared the energy barrier 
for ammonia desorption for Ni-N3 sites and previously reported 
N4 moiety with N vacancy. At –0.3 V versus RHE, the desorp-
tion barrier of last hydrogenation step for Ni-N3 sites is only 
0.49 eV compared to 1.44 eV for N4 moiety with N vacancy 
reported earlier.[5]

Regarding the selectivity of Ni-N3 site for the NRR, we calcu-
lated the free energy evolution for the competing HER on the 
Ni-N3 site as shown in Figure 6c. According to our predicted 
energy evolution from DFT results, although the adsorption 
of H+ ion at the active site under 0 V applied potential is also 
an exothermic reaction with –0.22 eV adsorption energy, the 
adsorption of N2 at the Ni-N3 site has much lower adsorption 
energy (–1.31 eV) that can beat the HER. From 0 to –0.79 V 
applied potential, the adsorption of H+ ion also becomes more 
and more favored as the free energy change of HER decreases 
from –0.22 to –1.01 eV Thus, at higher potentials FE decreases. 
However, we found that the adsorption of N2 on Ni-N3 site was 
stronger by 0.3 eV than that of H on Ni-N3 site and thus more 
favorable. Although, hydrogen evolution cannot be completely 
eliminated, it predicts suppression of HER.

Besides the Ni-N3 site, we computationally examined the 
free energy evolution of NRR on a more popular Ni-N4 site, in 
which a Ni-N4 moiety is embedded in a graphene layer, as well 
as a Ni-N2+2 site, in which a Ni-N4 moiety links the edges of two 
graphene segments. These two types of MN4 sites were found 
active for oxygen reduction reaction (ORR) and CO2 reduc-
tion reaction (CO2RR) in our previous studies on Fe-N-C cata-
lysts.[22,42–47] However, this computational study  predicts that the 
adsorption of N2 on the Ni-N4 site is too weak to initiate the NRR 
(Figure S19, Supporting Information) and undesired hydrazine 
(NH2NH2) would be the main product on the Ni-N2+2 site by 
comparing the alternative[48] (Figure S20, Supporting Informa-
tion) and distal[49] (Figure S21, Supporting Information) path-
ways in free energy evolution diagram (Figure S22, Supporting 
Information). Consequently, our computation indicates that the 
Ni-N3 sites (shown in Figure 6a) are mainly responsible for our 
experimentally observed good activity and selectivity for the NRR 
on the atomically dispersed single Ni site (Ni-N-C) catalyst.

3. Conclusions

In summary, we have obtained encouraging NRR activity on 
atomically dispersed single Ni sites coordinated with three N, 

which were prepared from a Ni-doped ZIF-8 precursor through 
an optimal pyrolysis. The NiN3 site consisting of single Ni 
coordinated with pyridinic nitrogen and a vacant, favors N2 
adsorption, and the NRR activity is much higher than Ni clus-
ters and N-doped carbon obtained under similar pyrolysis con-
dition. The NRR activity was identified universally in alkaline, 
acidic, and neutral electrolytes, but presents different catalytic 
activity and selectivity. We verified the coordination of unsatu-
rated Ni using EXAFS and XANES, and explored the structure 
at the atomic level by using HRTEM and EELS. Moreover, the 
favorable NRR pathways on different possible configurations of 
Ni-Nx sites were elucidated using DFT calculations, indicating 
that a mixed pathway of alternative and enzymatic on Ni-N3-C10 
configuration is most likely. In addition, on the basis of DFT 
calculations, the potential determining step during the NRR is 
the hydrogenation. Thus, this study added insightful knowledge 
to current “single atom” electrocatalysis, in which such atomi-
cally dispersed and nitrogen-coordinated metal sites (MNx) are 
not only active for the extensively studied ORR and CO2RR, but 
are also active for the NRR through appropriately designing 
metal centers and coordination environment.[50]

4. Experimental Section
Catalyst Synthesis: The BMOF of Ni and Zn was synthesized using a 

previously published procedure where Ni2+ replaces some of the Zn2+ 
in the Zn-N4 coordination in ZIF-8 during the crystallization (Figure S1, 
Supporting Information). Typically, an equal volume of metal nitrate 
solution in methanol and 2-methylimidazole in methanol was prepared, 
respectively. Solution of 2-methylimidazole was added to the metal 
nitrate solution rapidly while stirring by integrating metal into the 
ligand with a 1:8 ratio and keeping the Ni/Zn molar ratio as 1:1. The 
mixture was stirred at room temperature and aged for 24 h, followed 
by centrifugation, washed with ethanol at least three times, and then 
dried in oven at 60 °C for 6 h. Finally, the obtained BMOF was further 
subjected to high-temperature treatment (600–1100 °C) under constant 
N2 flow in a tube furnace with a heating rate of 5 °C min−1, designated 
as Ni-Nx-C-T-t, where “T” denotes the temperature of pyrolysis and “t” 
denotes the time of pyrolysis. For a comparison, control experiments 
were conducted with Ni clusters on carbon (Niclusters-N-C) and N-doped 
carbon (N-C) derived from Ni-MOF-74 and ZIF-8 upon pyrolysis under 
similar conditions, respectively.

Electrochemical Measurements: The catalyst screening was evaluated 
in a properly sealed single chamber cell with a rotating glassy-carbon-
disk electrode (GC-RDE) and a standard three-electrode system with 
studied catalysts, graphite rod, and Ag/AgCl electrode as the working 
electrode, counter electrode, and reference electrode, respectively. The 
reference electrode was calibrated with respect to the RHE by bubbling 
pure H2 at 1.0 atm into a calibration tube fitted with a Pt wire coated with 
Pt black. The electrochemical cell was rinsed with 0.1 M H2SO4 solution 
three times followed by washing with ultrapure water before filling it 
with 150 mL electrolyte. When preparing the catalyst ink, 10 mg of the 
catalyst and 30 µL of Nafion were dispersed in 1.0 mL of isopropanol, 
sonicated for 30 min, and then 20 µL of the ink was dropped onto the 
GC-RDE with a surface area of 0.245 cm2. A catalyst loading of 0.8 mg 
cm-2 was used for all of tests.

The electrolyte was saturated with UHP N2 or UHP Ar (control test) 
for 30 min at the rate of 200 mL min−1 before the test to eliminate the 
dissolved air in electrolyte and then the solution was collected with a 
syringe to detect any unwanted contamination. Cyclic voltammetry 
(CV) and LSV were performed at a scan rate of 50 and 5 mV s−1, 
respectively. A sample electrolyte was also collected after CV, LSV, and 
chronoamperometric tests. Chronoamperometry tests were performed 
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at different constant potentials.[51,52] The ammonia production rates 
were calculated by using Equation (1)

NH /NH 33
R V t A( ) ( )[ ]= × ×[ ]  (1)

where [NH3] is the concentration (mol L−1) of ammonia, V is the volume 
of electrolyte, t is the reaction time, and A is the surface area of the 
working electrode. Assuming three electrons are consumed to produce 
one NH3 molecule, FE was calculated using Equation (2)

FE 3 NH / 173F V Q( )[ ]= × × ×  (2)

where F is the Faraday constant and Q is the total charge passed through 
the electrodes during the reaction duration according to the total current 
density.

Material Characterization: The XRD patterns of the samples were 
recorded on a Rigaku Ultima IV diffractometer with Cu Kα X-rays 
operating at 200 mA and 40 kV, using Cu Kα as the radiation source  
(λ = 0.15418 nm). A JEOL JEM-2100F field emission electron microscope 
operating at 200 kV with an EDAX energy dispersive X-ray spectrometer 
and Nion UltraSTEM U100 operating at 60 kV were used for electron 
microscopy studies at Oak Ridge National Laboratory (ORNL). The 
scanning electron microscopy (SEM) images of the samples were 
taken on a Hitachi SU-70 SEM at a working voltage of 5 kV. Raman 
spectroscopy was performed using a Renishaw Raman system at 
514 nm excitation. Powder samples were deposited on a standard 
microscope glass slide. XPS was conducted using a Kratos AXIS Ultra 
DLD XPS system equipped with a hemispherical energy analyzer and a 
monochromatic Al Kα source operating at 15 keV and 150 W; the pass 
energy was fixed at 40 eV for the high-resolution scans. Before analysis, 
the samples were placed in vacuum at 80 °C overnight to remove any 
adsorbed substances. The specific surface area (SBET) measurements 
were carried out using N2 adsorption/desorption at 77 K on a 
Micromeritics TriStar II instrument. Samples were degassed at 130 °C 
for 5 h under vacuum prior to nitrogen physisorption measurements. 
XAS experiments including XANES and EXAFS were carried out at 
beamline 9-BM, Advanced Photon Source, Argonne National Laboratory. 
All XAS data were collected in a fluorescence mode and a Vortex ME4 
detector was used to collect the Ni K fluorescence signal while the 
monochromator scanned the incident X-ray photon energy through 
the Ni K absorption edge. Data reduction, data analysis, and EXAFS 
fitting were performed with the Athena, Artemis, and IFEFFIT software 
packages. UV–vis spectra were recorded on a Shimadzu UV-Probe 
2600 Series. Accuracies of the obtained results presented here are as 
follows: ΔN (±10%), ΔR (±1%), Δσ2 (±10%), and ΔE0 (±10%).[53] The Ni 
references used to compare are Ni foil, NiO (Ni2+), and NiOOH (Ni3+).

First-Principles Calculations: The spin-polarized DFT[54–57] calculations, 
which were performed using the Vienna Ab Initio Simulation 
package,[58–61] used the Perdew–Burke–Ernzerhof[62] generalized gradient 
approximation[63] functionals. The van der Waals correction was included 
using the Tkatchenko–Scheffler method.[64] The plane-wave cutoff energy 
was set as 400 eV in our calculations. The atomistic structures were 
relaxed to a tolerance of atomic force below 0.01 eV Å−1 during the 
structural relaxation. A 4 × 4 × 1 Monkhorst–Pack grid[65] was used to 
sample the Brillouin zone in our DFT calculations. 2D Ni-N3-C catalyst 
model adopted in our calculations was constructed from a graphene 
layer and consisted of 28 C atoms, 3 N atoms, and 1 Ni atom with 
a simulation cell size of 9.84 × 8.52 Å. The doped N and Ni atoms 
occupied graphitic carbon sites of the graphene layer and formed the 
Ni-N3 active site with a central Ni atom and three adjacent N atoms. A 
vacuum layer with a thickness of 18 Å was added in the normal direction 
to the graphene layer to minimize the interaction between the two 
periodic images.

At the standard state of the RHE, the free energy of a single pair of 
electron and proton can be indirectly calculated by the free energy of 

1
2 H2  

molecule in gas phase as 1
2H e H2

G G G+ =+ − .[66] The free energy of each 
reaction species was calculated with reference to RHE as

ads ZPEG E E eU∆ = ∆ + ∆ −  (3)

where ΔEads is the adsorption energy of the reaction species on the 
NiN3 site, ΔEZPE is the zero-point energy change computed from the 
vibrational model, and eU accounts for the energy shift owing to applied 
electrode potential.

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