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AbstractNi3N@C nanocomposite was prepared by a simple one-step low-temperature pyrolysis method with nickel
acetate in flowing ammonia. The spherical Ni3N nanoparticles were uniformly coated with a carbon protective layer
formed in-situ with a thickness of 10 nm, which shows excellent catalytic activity for overall water splitting in alkaline
solution. The experimental results showed that the initial potential for hydrogen evolution reaction (HER) was 0.06 V
(versus reversible hydrogen electrode, vs RHE), and the overpotential () was 284 mV at the current density of 10 mA
cm2; the initial potential for oxygen evolution reaction (OER) was 1.53 V vs RHE, and  was 390 mV at the current
density of 10 mA cm2. In addition, Ni3N@C had excellent stability for overall water splitting in alkaline solution. The
excellent activity and high stability of the catalyst are due to the high intrinsic activity of Ni3N as well as the formation
of carbon coating layer, which not only improves the conductivity of the material and accelerates the transfer of elec-
trons and protons, but also protects Ni3N from corrosion in alkaline electrolyte. In a word, we provide a simple, eco-
nomical and low-temperature sustaining method to prepare Ni3N to be used in water splitting, and the preparation
method can also be used to prepare other promising bifunctional electrocatalysts for energy conversion field.
Keywords: Nickel Nitride, Electrocatalysis, Bifunctional, Water Splitting, Hydrogen Energy

INTRODUCTION

The transformation and storage of renewable clean energy has
become the best way to solve the fossil energy crisis [1]. At pres-
ent, hydrogen is an ideal green energy carrier, which not only has
good storability, but can be stored and transported on a large scale.
It also has very high energy mass density, good combustion per-
formance, and the burning final product is water, which means
that it can be recycled with zero carbon emission, friendly to the
environment and no pollution. On the other hand, hydrogen pro-
duction from electrocatalysis of water can transform the electricity
into hydrogen energy with excellent storage performance [2], which
has the advantages of non-pollution, high safety and reliability; thus,
it is considered as the most potential technology. The key half reac-
tions of water splitting include hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), among which, HER is diffi-
cult to form bonded protons in alkaline solution [3]; OER involves
a multi proton-coupled electron transfer step, which has intrinsi-
cally sluggish kinetics [4]. Thus, advanced electrocatalysts (ECs) to
accelerate the reaction kinetics and reduce overpotential () for
OER and HER are badly in need of development, and the reason-
able design of high-performance ECs is particularly important.

The materials that can realize the OER or HER with better energy

efficiency are mainly focused on Pt (for HER), IrO2 and RuO2 for
OER [5-8]. The scarcity and high cost of these precious metal ECs
have greatly restricted their widespread application, hindering the
successful application and large-scale hydrogen production. There-
fore, it is imperative to find new non-noble metal ECs with low
price and good catalytic performance that can realize the overall
water splitting. In recent years, transition metal nitrides were intro-
duced to show good electrocatalytic efficiency [9-14]. Transition
metal nitrides are formed by the insertion of N atoms into the metal
lattice, where the lattice expands, the interaction force between metal
atoms weakens, and the structure changes, which makes metal
nitrides have unique physical and chemical properties [15,16].
Among them, nickel based nitrides have gained wide attention
owing to their environmental friendliness, high abundance and
unique electronic structure, along with promising catalytic activity
and stability in water splitting [9,11,12]. For example, Chen et al.
[17] prepared a sponge-like Ni3N/NC, which showed  of 310 mV
at a current density of 10 mA cm2 for OER. Ouyang et al. [18] grew
hierarchical Ni3N on nickel foam, and the prepared catalyst showed
 of 325 mV at a current density of 10 mA cm2 for the OER in
alkaline solution. In addition, nickel nitrides, such as NiMoN were
demonstrated to show excellent HER catalytic activity and good
stability in acidic media [19,20]. Gong et al. [21] prepared NiMoN
micro-pillar arrays on nickel foam, showing excellent HER perfor-
mance in acidic medium, where  was 31 mV at 10 mA cm2. Gao
et al. [22] synthesized Ni3N-nanosheets, which showed  of 59
mV for HER in acidic media at 10 mA cm2, but its  for HER in
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alkaline solution was 305 mV at 10 mA cm2.
From the above articles, it can be seen that transition nickel

nitrides have attracted much attention due to their high conductiv-
ity and good catalytic activity for HER and OER in solution. How-
ever, it is still a great challenge to develop ECs with HER/OER
bifunctional activity, especially for HER and water splitting in alka-
line solution. Secondly, nickel nitrides are commonly synthesized
by thermal treatment at high temperature using corresponding
metal oxides as precursors and ammonia, nitrogen gas or nitro-
gen-containing organics as nitrogen sources [23-25]. Most of these
studies have been using complex synthesis methods to obtain nickel
nitrides, which can only capture a small amount of nitrogen ele-
ment because metastable nickel nitride usually exhibits limited ther-
mal stability, and high temperature will reduce metal nitrides to
metal elements [26,27]. Usually the conductive substrate is neces-
sary to support nickel nitride and contribute to the electrons trans-
portation, while it is difficult to synthesize nickel nitride with con-
ductive layer by a low temperature one-step synthesis method.

In this work, Ni3N@C nanocomposites were synthesized by one-
step low-temperature pyrolysis method using Ni(CH3COO)2·4H2O
as Ni and C source, NH3 as N source. Spherical Ni3N nanoparti-
cles were formed uniformly coated with a carbon protective layer
with a thickness of 10 nm, which showed excellent HER and OER
activity in alkaline solution and can be used as bifunctional cata-
lyst for overall water splitting. Due to the excellent intrinsic activ-
ity of Ni3N and carbon protective layer, the as-prepared Ni3N@C
hybrids exhibited excellent activity and stability toward HER and
OER, showing low onset potential and  of 284 mV and 390 mV
for HER and OER at the current density of 10 mA cm2, respec-
tively. One-step pyrolysis is a simple, scalable, and versatile approach
for preparation Ni3N, which is expected to become a candidate mate-
rial for high efficiency overall water splitting catalyst.

EXPERIMENTAL SECTION

1. Materials
Nickel acetate (Ni(CH3COO)2·4H2O) was purchased from Tian-

jin Chemical Reagent Research Institute. Polytetrafluoroethylene
concentrated dispersion (PTFE, 60 wt% water suspension) was the
product of Shanghai Crystal Pure Biological Technology Co., Ltd.
Carbon fiber paper (CFP) was bought from Shanghai Hesen Electric
Co., Ltd. All the chemicals in this study were used without further
purification.
2. Synthesis of Ni3N@C Hybrid Catalyst

500 mg of Ni(CH3COO)2·4H2O was ground in the agate mortar
and then heated to 350 oC for 2 h under a NH3 atmosphere with a
ramp rate of 5 oC min1 in a tubular furnace. After cooling to room
temperature, the resulting product Ni3N@C was harvested.
3. Structural Characterization

The crystalline phases of the powder were determined by X-ray
diffraction (XRD, Bruker D8 Advance) using Cu K (=0.154056
nm) radiation under 40 kV and 40 mA condition with scanning
over the range of 20o

290o. The field emission scanning electronic
microscope (SEM) images were performed on a Hitachi S-4800.
The high-resolution transmission electron microscopy (HRTEM)
was taken on a field JEM 2100 with the energy dispersive spectros-

copy (EDS) and mapping equipment. Surface composition and
valence state of element were investigated by X-ray photoelectron
spectroscopy (XPS) with a monochromatized X-ray source (Al
K hv=1,486.6 eV) (AMICUS ESCA3200). All binding energies
were calibrated using carbon (C1s=284.6 eV) as a reference.
4. Electrochemical Measurements

OER and HER measurements were carried out in a standard
three electrodes system on a CHI 760D electrochemistry worksta-
tion (Chenhua Company, Shanghai) in an electrolyte solution of
1M KOH using Ag/AgCl electrode as the reference electrode, graph-
ite rod as the counter electrode, and CFP loaded with catalyst was
used as the working electrode. In a typical procedure, 2 mg of cata-
lyst was dispersed in 490L of water, 500L of ethanol and 10L
of 10 wt% PTFE (from its 60 wt% water suspension). The mixed
solution was sonicated at least for 30 min to form a homogeneous
ink, and then 100L of dispersion (containing 0.2 mg of catalyst),
divided into three times, was dropped onto 1 cm2 CFP substrate,
with loading about 0.2 mg cm2. The working electrode was cycled
~50 times by cyclic voltammetry (CV) with a scan rate of 50 mV
s1 until a stable CV curve was obtained, and polarization curves
of the catalyst with linear sweep voltammetry (LSV) were meas-
ured at room temperature with a scan rate of 5 mV s1.

Overall water splitting was done by two-electrode system with
Ni3N@C as both cathode and anode in 1M KOH. All the potentials
E measured in this study were converted to reversible hydrogen
electrode (RHE) scale according to the Nernst equation: E vs RHE=
E vs Ag/AgCl+0.05916×pH+0.197 V.  was calculated as follows: =
E vs RHE1.23 V.

The galvanostatic stability for HER, OER and overall water split-
ting was all sustained for 10 h at a constant current density. Elec-
trochemical impedance spectroscopy (EIS) was carried out in a
standard three electrode system on a CHI 760D with the scan-
ning frequency 100 kHz-0.1 Hz, and the disturbance amplitude was
5 mV. The electrical double layer capacitor (Cdl) of the as-synthe-
sized materials was measured in 1 M KOH from double-layer
charging curves using CV at scan rates 10, 30, 50, 70, 90, 110, 130
and 150 mV s1 in a small potential range of 1.12-1.22 V (vs RHE)
without electrochemical reactions.

RESULTS AND DISCUSSION

The crystal structure of the obtained catalysts was character-
ized by XRD as shown in Fig. 1. All the peaks are identical well
with the crystallographic phase of Ni3N nanocrystal (JCPDS No.
10-0280), in which the well-defined diffraction peaks at 2 values
of 38.92o, 41.90o, 44.43o, 58.50o, 70.46o, 78.29o, 83.64o, 85.46o and
87.25o were attributed to (110), (002), (111), (112), (300), (113),
(220), (302) and (221) crystal planes, respectively, indicating good
crystallinity of the Ni3N particles [28]. It is clear that there is an
inconspicuous small peak at 2 value of 30.46o, which may be the
amorphous carbon generated in the thermal decomposition pro-
cess. Due to the large grain size and strong crystal quality of Ni3N,
the carbon peak is small. In addition, no characteristic peaks of
the impurity are observed in the pattern.

The morphology of the prepared composite was investigated by
SEM. As depicted in Fig. 2(a), the product obtained after pyrolysis
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at 350 oC for 2 h has good dispersion and no large agglomeration
occurs, which indicates that the nanocomposites prepared through
one-step pyrolysis method have good dispersion and uniform
size. A high-magnification SEM image shown in Fig. 2(b) reveals
the spherical nanoparticles are with diameter around 200 nm.

The morphology, crystalline state and dispersion of as-synthe-
sized nanocomposites were further characterized by TEM (Fig. 3).
As shown in Fig. 3(a) and 3(b), it is further confirmed the large-
scale formation of the monodispersed spherical nanoparticles are
with predominantly 200 nm in diameter, which is consistent with
the SEM result. There are some thin sheets filled in the cracks of
particles and wrapped around Ni3N particles. Interestingly, TEM
images shown in Fig. 3(c) and 3(d) reveal a thin layer of about 10
nm thickness is found around Ni3N nanoparticles, and it is specu-
lated that it might be a carbon coated layer. The coating structure
can not only enhance the corrosion resistance of metal active sites,
but also improve the electrical conductivity of N3N, which will
benefit the electrocatalytic reaction.

HRTEM image of Ni3N@C nanoparticles given in Fig. 4 indi-
cates the clear lattice spacing of 0.203 nm can be well assigned to
the (111) plane of Ni3N nanoparticles, which is in good agreement
with the XRD pattern.

Fig. 1. XRD pattern of Ni3N@C nanocomposite.

Fig. 2. SEM image of Ni3N@C nanocomposite (a) at low magnification and (b) at high magnification.

Fig. 3. TEM images of Ni3N@C nanocomposite (a)-(b) at low mag-
nification and (c)-(d) at high magnification.

To further verify the successful synthesis of Ni3N@C nanocom-
posite, especially the carbon coating layer, elemental analysis was
performed by EDS. Fig. 5(a) indicates the presence of elements Ni,
N, C, a handful of O for Ni3N@C. The atomic ratio of Ni with N
is 67.86 : 16.89, which is close to that of stoichiometric Ni3N (3 : 1),
and the carbon content in hybrid is 2.82% according to its weight
percentage, proving the existence of C elements. The presence of O
element may be due to a little oxidation of specimen. The elemen-
tal distribution for Ni3N@C hybrids was further characterized by
HAADF-STEM (high angle annular dark field-scanning transmis-
sion electron microscopy) and corresponding elemental mappings,
as shown in Fig. 5(b)-(d). It is remarkable that different colors are
used to distinguish the distributions of Ni (indicated by yellow
color) and C (indicated by red color) elements. The brighter color
indicates that the element is more concentrated in these regions.
Both the Ni and C elements are found with homogeneous distri-
bution in the composite, which further confirms the existence of
C elements, and no detectable impurities exist. Unified with XRD
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and TEM, it is verified that the carbon coated Ni3N nanoparticles
are successfully synthesized.

To further observe the surface elemental composition and the
electronic configuration for Ni3N@C nanocomposites, the XPS was
performed. Fig. 6(a) shows the overall XPS spectrum of Ni3N@C
hybird, also indicating the presence of element Ni, N, C and O. As
depicted in Fig. 6(b), the deailed Ni 2p XPS spectrum divided by
spin-orbit coupling with binding energy at 854.5 eV (Ni 2p3/2) and
872.2 eV (Ni 2p1/2) is assigned to Ni+ species. Peaks at 854.9 eV,
875.9 eV are considered as 2p3/2 and 2p1/2 for Ni2+. There are still
two satellite peaks located at 858.1 and 883.1 eV, respectively [29,
30]. All these measurement results indicate that Ni3N@C surface is
slightly oxidized and the introduction of N optimizes the charge
distribution for nickel, which promotes the formation of nickel

nitride with good conductivity and catalytic activity [31]. Note that
the N 1s peak Fig. 6(c) can be deconvoluted into two components,
of which binding energy at 397.7 eV is from N in Ni3N, and the
signal at 399.7 eV is derived from C-N-C, meaning that partial
nitriding effect of carbon coating. In addition, the C 1s peak Fig.
6(d) also can be deconvoluted into two types, binding energies at
284.8 eV and 287.6 eV, indicating that the presence of C-C and C-
N-C, respectively.

To evaluate the catalytic properties of Ni3N@C hybrids for HER
and OER, the sample was first homogeneously deposited on CFP
with a catalyst loading of 0.2mg cm2. LSV polarization curves using
the prepared electrode were evaluated in 1 M KOH solutions using
a standard three-electrode system at 5mV s1 to minimize the capac-
itive current. As shown in Fig. 7, the polarization curves showed

Fig. 4. (a) HRTEM image of Ni3N@C; (b) Corresponding line profile of Ni3N@C.

Fig. 5. (a) The EDS spectra of the Ni3N@C hybrids; (b) HAADF-STEM image and corresponding elemental mapping images of (c) Ni and
(d) C for the as-synthesized Ni3N@C nanocomposite.
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that they had excellent catalytic activity for HER and OER in alka-
line solution. The initial potentials are 0.06 V (vs RHE) for HER
and 1.53 V (vs RHE) for OER, with a small  of 284 mV and 390
mV at a current density of 10 mA cm2, respectively. The high cat-
alytic performance for Ni3N@C nanocomposite could be attributed
to the following two reasons. First, the dominant factor of Ni3N
nanoparticles obtained by one-step pyrolysis is good choice for Ni
based catalysts. Second, the coated carbon layer formed in-situ can
conduct electrons as a channel, and plays an important role in en-
hancing the conductivity of the composites.

To further analyze the kinetic characteristics of the catalyst, we

conducted an EIS test on Ni3N@C and simulated the equivalent
circuit in Fig. 8. Here, the intersection value on the horizontal axis
at the high frequency is the uncompensated solution resistance Rs.
The diameter of the semicircle in the Nyquist plot reflects the Rct

value, which represents the charge transfer resistance at the inter-
face between the electrolyte solution and the electrode. As can be
seen, CFP shows a large semi-circle; thus, the high frequency region
is magnified to obtain the inset figure in Fig. 8. In the inset, Rs is
almost the same for CFP and Ni3N@C, but the diameter of Ni3N@C
is smaller, indicating that Rct value of Ni3N@C is much lower than
that of CFP. The smaller Rct illustrates the interfacial resistance be-

Fig. 6. (a) XPS survey spectra of Ni3N@C nanocomposite; (b), (c) and (d) are deconvoluted Ni 2p, N 1s and C 1s XPS spectra.

Fig. 7. LSV curve of Ni3N@C in 1 M KOH (a) for HER and (b) for OER.
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tween the ECs and the solution is small, and Ni3N@C has good
conductivity, thus leading to fast reaction speed.

In addition, the electrochemically active surface area (ECSA),
that is, the effective area involved in the electrochemical reaction,

Fig. 8. Nyquist plots of Ni3N@C and CFP (the inset in the upper left
corner shows the corresponding equivalent electric circuit
and the figure in the middle is the enlarged view at high fre-
quency region).

Fig. 9. CV curves of (a) Ni3N@C and (b) CFP at different scanning rates; (c) Comparison of the linear relationship of current density with
scanning rates for Ni3N@C and CFP.

is also one of the important parameters for studying the kinetic
process of Ni3N@C. As shown in Fig. 9(a)-(b), CV curves of
Ni3N@C and CFP with different scanning rates were tested in the
potential range of 1.12-1.22 V (vs RHE). As shown in Fig. 9(c),
when the potential value was fixed at 1.17 V (vs RHE), the cur-
rent density difference j for Ni3N@C and CFP had a linear rela-
tionship with the scanning speed, and the slope is the double-layer
capacitance value Cdl, which for Ni3N@C is 167.4F cm2 and for
CFP is 57.45F cm2 (Fig. 9(c)). Under the same test conditions,
the Cdl value is directly proportional to the ECSA. It is obvious that
compared with CFP, the ECSA of Ni3N@C increases significantly,
indicating more active sites are exposed.

In addition to good catalytic activity, it also showed excellent
stability. Fig. 10(a) shows the chronopotentiometric response of
OER for Ni3N@C nanocomposites under static current density of
10 mA cm2. After a long period 10 h, the potential varies between
1.616 V and 1.631 V (vs RHE), and significant changes do not
occur, indicating Ni3N@C hybrids exhibit strong stability. The inset
shows that the Ni3N@C hybrid almost affords the same the LSV
polarization curve as initial catalyst even after 10 h galvanostatic
measurement. The protective coated carbon layer formed in-situ
transported electrons as a channel, and played an important role
in protecting Ni3N nanoparticles and avoiding the corrosion of
active sites in alkaline solution, thus improving the stability of the
catalyst.

Fig. 10(b) shows the potential response of HER for Ni3N@C
nanocomposites under 20 mA cm2. It is obvious that Ni3N@C
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nanocomposite also has a good HER stability, which is rare in alka-
line solution. The inset is the LSV polarization curve of Ni3N@C
before and after the stability test for 10 h. Surprisingly, after 10 h
stability test, the HER initial potential of Ni3N@C decreased by
36 mV, and  of Ni3N@C decreased by 80 mV at the current den-
sity of 10 mA cm2, which may be due to the fact that in the long-
term HER process, the hydrogen produced in large amounts breaks
away from the catalyst surface and leaves a vacancy to form a porous
structure, making the active sites increased and more conductive
to improve the activity of HER. The intrinsic reason for the en-
hanced HER performance will be further studied in the next step.

The excellent bifunctional electrocatalytic activity for HER and
OER prompts us to design two-electrode system for water split-
ting. Ni3N@C deposited on CFP were used as both cathode and
anode (Ni3N@C//Ni3N@C) in 1.0 M KOH. The LSV polarization

curves were evaluated at a scanning speed of 5 mV s1. Fig. 11(a)
shows the polarization curves of HER and OER placed on the same
coordinate axis, and the potential corresponding to current den-
sity in the two-electrode system can be judged through the poten-
tial difference (voltages) on the curves. It can be clearly seen from
the figure that the voltage between HER and OER is 1.73V, 1.91V,
2.02 V and 2.15 V, respectively, when the current density reaches 5,
10, 15 and 20 mA cm2, which indicates that Ni3N@C is a highly
efficient and energy-saving catalyst for overall water splitting. At
the same time, the stability of Ni3N@C for overall water splitting
was measured at a constant current of 5 mA cm2, and it can be
seen that the voltage has no downward trend during the 10 h elec-
trolysis process (Fig. 11(b)). The overlapped LSV curves of before
and after the overall water splitting 10 h stability test also have no
obvious changes (inset in Fig. 11(b)), which further reveals the

Fig. 10. (a) Chronopotentiometric curve of Ni3N@C nanocomposite for OER at a constant current density of 10 mA cm2 (the inset shows
the polarization curves of OER for hybrids before and after 10 h stability test); (b) Chronopotentiometric curve of Ni3N@C nano-
composite for HER at a constant current density of 20 mA cm2 (the inset shows the polarization curves of HER for hybrids before
and after 10 h stability test).

Fig. 11. Overall water splitting performance of Ni3N@C in 1.0 M KOH using two-electrode Ni3N@C//Ni3N@C system (a) HER and OER LSV
polarization curves of Ni3N@C; (b) Chronopotentiometric curve of Ni3N@C nanocomposite for overall water splitting at a constant
current density of 5 mA cm2 (the inset shows the polarization curves before and after 10 h stability test).
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high activity and durability of Ni3N@C for overall water splitting.

CONCLUSION

Using Ni(CH3COO)2·4H2O as a precursor, a one-step pyrolysis
method was successfully developed to synthesize carbon-coated
Ni3N nanocomposite. The uniformly distributed Ni3N nanoparti-
cles with an average size of ~200 nm are well dispersed and have
carbon layer formed in-situ about 10 nm. Thanks to its intrinsic
high activity and good dispersion, Ni3N@C shows a low HER ini-
tial potential, which is only - 60 mV and a low OER starting poten-
tial of 1.53V vs RHE. At the same time, the catalyst shows excellent
stability for HER and OER in alkaline solution for about 10 h. In
an alkaline electrolytic cell, using Ni3N@C as cathode and anode,
an initial voltage of only 1.60 V is required to activate the cell and a
low voltage of 1.91 V is needed for water splitting at 10 mA cm2.
Meanwhile, the catalyst shows long-term stability. The high per-
formance of the as-prepared Ni3N@C nanocomposite is associ-
ated with the highly active nature of Ni3N, along with electrical
conductivity of carbon formed in-situ, promoting electron trans-
fer of the electrode surface and protecting catalyst from corrosion,
which are favorable to improve activity and stability for the HER,
OER and overall water splitting. This study may open up a new
avenue for the design and syntheses of non-noble overall water
splitting ECs toward energy conversion and storage applications.
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