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A B S T R A C T

The development of high-activity and low-cost electrocatalysts through simple one-step method is of vital im-
portance for electrocatalytic water splitting, but still remains a challenge. In this work, ternary Ni-N-P micro-
particles, an analogue of NiCx, are in-situ grown on nickel foam through one-step phosphorization at low tem-
perature under atmosphere of ammonia. The unique microparticles-like morphology and suitable electronic
structure render them enhanced electron and mass transfer ability, ensuring superior activity and good dur-
ability in catalyzing oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) under alkaline
condition. Specifically, the optimal Ni-N-P microparticles can deliver 10 mA/cm2 at the overpotential of 260 mV
and 180 mV vs. reversible hydrogen electrode (RHE) for OER and HER, respectively. Additionally, only a cell
voltage of 1.7 V is required to afford 10 mA/cm2 when the prepared Ni-N-P microparticles serve as both anode
and cathode in two-electrode configuration for overall water splitting. The Ni-N-P microparticles hold promise as
cost-effective and efficient candidate for practical water splitting devices.

1. Introduction

Electrochemical water splitting is an attractive approach to not only
provide high-purity chemical raw material (H2), but also store inter-
mittent sources such as sunlight and wind in the form of chemical en-
ergy [1]. Currently, its large-scale application is greatly hampered by
the lack of active and low-cost electrocatalysts to expedite the reaction
process, including the anodic OER and HER at the cathode [2,3].
Therefore, efficient catalysts are highly required to accelerate sluggish
dynamics and reduce the needed overpotential. Despite favorable ki-
netics on Pt-based metals for HER [4] and Ru/Ir-based materials for
OER [5], they suffer from rare reserves and high cost [6], which largely
hinder their wide-range practical application. Developing non-noble
materials with high activity for both OER and HER is accordingly im-
perative and desirable.

Inspired by the partially filled 3d-orbital and earth-abundant
nature, the first-raw transition-metal compounds, especially nickel-
based materials, have emerged as an alternative and effective water
splitting catalysts [7]. Much efforts has been dedicated to explore
various compositions and structures of nickel-based compounds,

including nickel sulfides [8,9], phosphides [10,11], (hydro)oxides
[12,13] and nitrides [14,15]. Given the intrinsically metallic properties
and excellent electronic conductivity, Ni3N receives special attention
and shows great potential as effective OER/HER electrocatalysts [16].
In general, there are two steps to prepare Ni3N, the first one is to
synthesize Ni precursors such as NiO and Ni(OH)2, then reacted with N
sources such as azides and ammonia (NH3) [17–19]. Although this
method is well-developed, high temperature (≥400 °C) or long reaction
time (≥5h) are usually required [14,20–22]. In contrast, developing
facile one-step method through reaction between existing Ni and N
source, for example N2 plasma activated nickel foam (NF) [23], is much
more competitive. As a 3D porous substrate, the usage of NF can pro-
vide Ni source, increase the surface area and avoid using the polymer
binder. However, studies that involve NF as Ni source directly are still
very limited [24,25] and exploring simple one-step calcination ap-
proach to prepare NF-based compounds as effective catalysts for water
splitting needs further investigation.

Herein, ternary compound of Ni-N-P microparticles were in-situ
grown on NF by one-step phosphorization at low temperature of 300 °C
under the atmosphere of NH3, which applied NaH2PO2·H2O and NH3 as
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P and N sources, respectively. Of note, the presence of NaH2PO2·H2O is
essential for the reaction between NF and NH3 in such low temperature
and short reaction time. Due to the increased surface area and tailored
electronic structure that benefit reaction process, the obtained Ni-N-P
microparticles exhibit excellent activity and robust stability towards
OER/HER, which can afford the current density of 10 mA/cm2 at the
overpotential of 260 mV and 180 mV vs. RHE for OER and HER, re-
spectively. Moreover, when assemble the Ni-N-P microparticles into
water splitting device, it only needs a cell voltage of 1.7 V to deliver the
current density of 10 mA/cm2 with satisfactory long-time stability.

2. Experimental section

2.1. Reagents

NaH2PO2·H2O was obtained from Sigma-Aldrich. Potassium hydro-
xide (KOH) was provided by Beijing Chemical Co., Ltd. (China). Water
was purified through Millipore system.

2.2. Synthesis of Ni-N-P catalysts

To produce Ni-N-P catalysts, NF (2 cm × 3 cm) and 1 g
NaH2PO2·H2O were placed in two separate porcelain boats, then put the
NF at the middle of the tube furnace and NaH2PO2·H2O at the upstream
10 cm far from the NF. Afterward, the tube furnace was heated to
300℃ for 2 h with a ramp rate of 5℃/min, then cooled down naturally
under the protection of NH3.

As control experiments, Ni-N and Ni-P catalysts were also

synthesized through similar procedure. Specifically, the NF was cal-
cined at 300 ℃ for 2 h under the atmosphere of NH3 without the
NaH2PO2·H2O to obtain the Ni-N catalysts. As for the preparation of the
Ni-P catalysts, the NF went through phosphorization (300 ℃ for 2 h)
with the presence of NaH2PO2·H2O under the atmosphere of Ar.

2.3. Characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) measurements were collected using a PHILIPS XL-30 ESEM at an
acceleration voltage of 20 kV. High-resolution transmission electron
microscopy (HRTEM) was performed on JEM-2100F transmission
electron microscope (200 kV). Powder X-ray diffraction (XRD) profiles
were performed on a X’Pert-Pro MPD diffractometer. The X-ray pho-
toelectron spectroscopy (XPS) spectra were recorded on ESCALAB-MKII
250 photoelectron spectrometer with Al Kα radiation.

2.4. Electrochemical measurements

The electrochemical tests were performed on CHI660E workstation
(Shanghai, China). A graphite rod and the Ag/AgCl electrode were
applied as counter and reference electrode, respectively. The Ag/AgCl
electrode was calibrated to RHE: E (RHE) = E (Ag/AgCl) + 0.954 V
(1 M KOH). Linear sweep voltammetry (LSV) measurements were car-
ried out in O2-saturated 1 M KOH for OER and N2-saturated electrolyte
for HER with a scan rate of 5 mV/s, respectively. For Tafel slope cal-
culation, the scan rate was reduced to 1 mV/s. Electrochemical im-
pedance spectroscopy (EIS) profile was recorded over a frequency range
from 0.01 Hz to 10 KHz. To calculate the electrochemically active
surface area (ECSA), cyclic voltammetry (CV) was conducted with po-
tential range of 0.1 ~ 0.2 V (vs. RHE). The Chronoamperometric test of
Ni-N-P microparticles for HER and OER was performed at the constant
potential of −0.18 V and 1.52 V (vs. RHE). Assuming all Ni are active
sites, the turn over frequency (TOF) for OER and HER was calculated by
the equation [26]:

=
× ×

TOF I
n F m

where I is the current (A); n is the stoichiometric number of consumed
electrons (n = 2 and 4 for HER and OER, respectively); F is the Faraday

Scheme 1. Schematic diagram of preparation procedure and electrocatalytic
application of the Ni-N-P microparticles.

Fig. 1. (a) The XRD pattern of the obtained Ni-N-P microparticles. (b) SEM image and (c) the EDX-mapping of the resulted Ni-N-P microparticles. Inset in (b): size
distribution of Ni-N-P microparticles.
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constant (96485 C/mol) and m is the moles of active sites. All potential
was versus RHE and all current was 80% iR-corrected.

3. Results and discussion

Facile low-temperature calcination method was applied to prepare
ternary Ni-N-P microparticles using NF as Ni source, NaH2PO2·H2O,
NH3 as P and N sources, respectively (Scheme 1). The XRD pattern of
Ni-N-P microparticles (Fig. 1a) shows several sharp peaks, implying the
high crystallinity of the products. Interestingly, these peaks do not
match that of any standard diffraction patterns for single nickel phos-
phides or nitrides, however, most peaks can be indexed to that of the
NiCx (JCPDS No. 45–0979). It has been reported that NiCx is active for
catalyzing OER process [27,28], the obtained Ni-N-P microparticles are
accordingly expected to be an effective OER catalysts owing to the close
resemblance in crystal phase. Of note, Small amount of phosphides
existed and slight oxidation occurred on the surface due to the XRD
pattern. The morphology of the ternary Ni-N-P compound is proved to
be irregular microparticles with average size of 640 nm (Fig. 1b and
inset). The corresponding EDX spectrum (Fig. 1c) confirm the

homogeneous distribution of Ni, N and P elements, and the composition
was collected in Table S1. The lattice spacing of 0.3 nm in the HRTEM
image (Fig. S1) is consistent with the (1 1 1) plane of NiCx. In addition,
the products of Ni-N and Ni-P were also synthesized for better com-
parison. The Ni-P products displayed similar microparticles mor-
phology to that of the ternary Ni-N-P (Fig. S2a and Fig. S2b). While the
resulting Ni-N products (Fig. S2c and Fig. S2d) exhibited featureless
morphology.

The chemical state of the products was identified by XPS. Fig. 2a
shows the Ni 2p spectrum for Ni-N, Ni-P and Ni-N-P compounds. For Ni-
N, two peaks centered at 856.2 eV and 873.9 eV belong to the Ni 2p3/2
and Ni 2p1/2 of Ni2+, respectively, with bands of 861.3 eV and 879.3 eV
appeared as the satellite peaks [29,30]. As for Ni-P and Ni-N-P, the
binding energy of 852.5 eV and 869.9 eV can be assigned to the Ni-P
species; while the peaks at 856.2 eV and 873.9 eV correspond to the Ni-
O species due to the some oxidation by air [31,32]. Electronic inter-
action would be enhanced due to the stronger electronegativity of
oxygen, which is beneficial for the OER process. The peak fitting result
of P 2p for Ni-P (Fig. 2b) exhibits two different bindings, wherein the
doublet at 128.9 eV and 129.7 eV is attributed to P-Ni binding [33]. The

Fig. 2. XPS spectra for (a) Ni 2p, (b) P 2p and (c) N 1s of Ni-N, Ni-P and ternary Ni-N-P microparticles.

Fig. 3. (a) LSV curves of NF, Ni-N, Ni-P and Ni-
N-P microparticles at scan rate of 5 mV/s. (b)
The histogram of needed overpotential for var-
ious catalysts to drive the current density of
10 mA/cm2. (c) The Tafel slopes. (d)
Chronoamperometric curve of Ni-N-P micro-
particles for OER. Inset: Polarization curves of
Ni-N-P microparticles before and after 3000 CV
cycles.
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peak of P-Ni binding almost vanishes completely after the introduction
of N, suggesting the modulated electronic interaction between Ni, P and
N. As for N 1s spectrum of Ni-N sample (Fig. 2c), it can be deconvoluted
into two kinds of bindings, one is possible Ni-N binding of 398.03 eV,
and the other (399.01 eV) is similar to that of pyridinic N [33]. How-
ever, only one peak (401.4 eV) that close to that of graphitic N is ob-
served for Ni-N-P sample [34], which may imply the different structure
of ternary Ni-N-P microparticles.

The OER performance of the obtained Ni-based catalysts was then
evaluated. Fig. 3a displays the iR-corrected LSV curves. Apparently, the
ternary Ni-N-P microparticles exhibit best performance with an over-
potential of 260 mV vs. RHE at 10 mA/cm2, exceeding those of Ni-N
(295 mV vs. RHE), Ni-P (312 mV vs. RHE) and the substrate NF (330 mV
vs. RHE, Fig. 3b). The Tafel slope for Ni-N-P microparticles is calculated
to be 85 mV dec−1 (Fig. S3 and Fig. 3c), indicating the more favorable
catalytic OER kinetics. For OER, the formation of absorbed OOH species
is generally identified as rate-limiting step [35,36], so we suspect that
the tailored electronic structure of ternary Ni-N-P microparticles lowers
the energy barrier for the formation of OOH species, thus leading to the
impovement of OER activity. To investigate the intrinsic activity of the
product, the TOF for OER was determined as 0.003 s−1 (300 mV vs.
RHE). Additionally, we evaluate the stability of ternary Ni-N-P

microparticles by chronoamperometry measurement (Fig. 3d). The
current density could maintain ~15 mA/cm2 for almost 24 h. Also, the
catalytic activity do not show any observable decay after 3000 CV cy-
cles (inset in Fig. 3d), implying the outstanding stability of the ternary
Ni-N-P microparticles for OER.

Besides the excellent OER performance, the prepared Ni-N-P mi-
croparticles also show apparent activity towards HER. As shown in
Fig. 4a, the ternary Ni-N-P microparticles exhibit the highest HER ac-
tivity. To deliver the current density of 10 mA/cm2, the ternary Ni-N-P
microparticles require an overpotential of 180 mV vs. RHE (Fig. 4b),
which is much smaller than those of other samples. Linear fitting the
Tafel data results in a Tafel slope of 83 mV dec−1 for ternary Ni-N-P
microparticles (Fig. S4 and Fig. 4c), reflecting the HER pathway follows
Volmer-Heyrovsky mechanism [37]. The TOF of ternary Ni-N-P mi-
croparticles for HER is 0.0002 s−1 (200 mV vs. RHE). To further explore
the origin of enhanced HER activity, the ECSA was estimated by cal-
culating the electrical double-layer capacitance (Cdl, Fig. S5) [38]. As
expected, the Ni-N-P microparticles display highest Cdl value, more
than ten times larger than that of Ni-N product (Fig. 4d). Meanwhile,
EIS was conducted to gain insights into the charge transfer process
(Fig. 4e). It can be easily observed that the ternary Ni-N-P micro-
particles possess smallest charge transfer resistance. Moreover, the

Fig. 4. (a) HER performance of NF, Ni-N, Ni-P and Ni-N-P at scan rate of 5 mV/s. (b) The histogram of overpotential at the current density of 10 mA/cm2 for HER. (c)
The Tafel slopes. (d) The Cdl and (e) EIS plots of various catalysts. (f) The HER performance of Ni-N-P before and after 3000 CV cycles. (g) Chronoamperometric
curve of Ni-N-P for HER. (h) The LSV curve and (i) the chronopotentiometric curve of water electrolyzer. Inset in (i): the image of H2 and O2 bubbles released from
the surface of ternary Ni-N-P microparticles.

S. Zhang, et al. Electrochemistry Communications 114 (2020) 106701

4



obtained Ni-N-P microparticles possess outstanding cycling stability
with no obvious degradation after continuous 3000 CV cycles (Fig. 4f).
And the rather good stability is also corroborated by the chron-
oamperometric measurement (Fig. 4g), which is able to preserve 91%
of the current density after 12 h operation.

Encouraged by the good OER and HER performance, an electrolyzer
is assembled for water splitting with ternary Ni-N-P microparticles
served as both anode and cathode. Fig. 4h shows the polarization curve,
which can afford a current density of 10 mA/cm2 at the cell voltage of
1.7 V (Table S2). Further, the Ni-N-P microparticles electrodes de-
monstrate good long-time stability. The current density displays a slight
attenuation and then levels off (Fig. 4i), with gas bubbles produce and
release from the electrode surface continuously (inset in Fig. 4i), which
illuminates its potential as efficient electrocatalysts for water splitting.

4. Conclusion

In summary, the ternary Ni-N-P microparticles that grown on NF are
successfully prepared by facile one-step phosphorization, which serve
as efficient electrocatalysts for overall water splitting. As water splitting
electrolyzer, it only needs a cell voltage of 1.7 V to deliver the current
density of 10 mA/cm2 with robust long-time stability. The excellent
performance can be attributed to the higher surface area and suitable
electronic structure, thus leading to more accessible active sites and
enhanced electron transport. Featured with low-cost, readily sc alable
synthesis and high catalytic activity, our work offers a specific example
to uncover the binder-free electrode with tunable compositions can be
developed for efficient water electrolysis.
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