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ABSTRACT: The facile synthesis of efficient non-precious-metal-
based bifunctional catalysts for overall water splitting is highly
desirable from both industrial and environmental perspectives.
This study reports the electrodeposition and characterization of a
transition-metal (Mo, Fe)-codoped nickel phosphide (Ni3P:FeMo)
bifunctional catalyst for enhanced overall water splitting in an
alkaline medium. The Ni3P:FeMo catalyst exhibited outstanding
electrocatalytic performance for both the hydrogen evolution
reaction and oxygen evolution reaction with low overpotentials of
−103 and 290 mV, respectively, at a high current density of 100
mA/cm2 along with fast electrocatalytic kinetics. A full water-splitting electrolyzer consisting of a bifunctional Ni3P:FeMo catalyst
required a low cell voltage of 1.48 V to attain a current density of 10 mA/cm2 with excellent stability for more than 50 h. Density
functional theory calculations provided insights into the microscopic mechanism of the effective modulation of the p- and d-band
centers of the P and Ni active sites by the Mo and Fe codoping of Ni3P, thereby enhancing the bifunctional catalytic activity of Ni3P.

KEYWORDS: transition-metal-codoped nickel phosphide, electrodeposition, oxygen evolution reaction, hydrogen evolution reaction,
overall water splitting

1. INTRODUCTION

Electrochemical water splitting is an effective and promising
energy conversion technology for producing a highly pure
hydrogen (H2) fuel, which is an alternative and sustainable
energy source to fossil fuels.1−3 The overall water-splitting
process includes the hydrogen evolution reaction (HER) at the
cathode and the oxygen evolution reaction (OER) at the
anode, both of which require efficient catalysts for accelerating
the reaction kinetics to make the electrolyzer practically
feasible.4 The current state-of-the-art electrocatalysts for water
splitting are mainly based on noble metals, such as Pt for HER
and ruthenium(IV) oxide (RuO2) or iridium(IV) oxide (IrO2)
for OER,3−5 but their scarcity and high cost restrict their large-
scale applications of water electrolysis. Therefore, earth-
abundant catalysts with high catalytic activity and long-term
stability need to be developed for overall water electrolysis.
Furthermore, most of the reported electrocatalysts have not
shown excellent HER and OER performances in the same
electrolyte owing to incompatible activity and stability.1,6,7

Accordingly, substantial efforts have been focused on
fabricating earth-abundant and inexpensive bifunctional
electrocatalysts with excellent HER and OER performances
in the same electrolyte.

To date, various inexpensive earth-abundant catalysts have
been explored as possible alternatives to noble-metal catalysts,
including transitional metal oxides/hydroxides,8−11 sul-
fides,12−14 selenides,15,16 and phosphides.17−20 Among them,
although transition-metal phosphides (TMPs) are promising
due to their efficient catalytic performances, durability, and
cost-effectiveness,17−20 they still suffer from inferior catalytic
performance and stability compared to noble-metal catalysts.
To solve this, the reaction energy barrier for HER and OER of
metal-phosphide-based catalysts needs to be optimized by
improving the electron transfer during electrocatalysis and
modifying their electronic structure via doping.20−24 A
previous theoretical study showed that nickel phosphide
(Ni3P) can achieve a very low Gibbs free energy (ΔGH*)
level via structural and compositional engineering and by
doping with Mo, Fe, and/or Co.25−27 Thus, ΔGH* is a useful
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parameter for predicting the theoretical activity of catalysts: an
ideal electrocatalyst should possess a low ΔGH*.

25−27

Among transition metals, Mo has a higher impact on
enhancing HER by tailoring the surface electronic structure of
catalysts, while Fe in combination with NiP enhances OER due
to the formation of oxygen-containing intermediates (*O,
*OH, and *OOH).20,28−31 The most common method for the
synthesis of TMPs requires long reaction times and high
temperatures. Moreover, TMPs have been synthesed using
complex methods such as a gas−solid reaction, a solution-
phase reaction, and two-step melt-spinning combined with
chemical etching,31−36 requiring phosphine (PH3) gas and
organic solvents, which are highly toxic and flammable. Thus,
synthesis of TMP-based electrocatalysts using a relatively facile
synthesis strategy with low-cost equipment and chemicals is a
critical task. We have used a simple and scalable one-step
electrodeposition method to prepare a Mo- and Fe-codoped
nickel phosphide (Ni3P:FeMo) bifunctional electrocatalyst on
nickel foam at 40 °C for overall water splitting. Outstanding
bifunctional electrocatalytic activities of the Ni3P:FeMo
catalyst were observed with very low overpotential values,
which are comparable with those of state-of-the-art phosphide-
based catalysts (Figure 1a,b). We further assembled a
bifunctional Ni3P:FeMo catalyst-based alkaline electrolyzer
for overall water electrolysis, which operates at a low cell
voltage of 1.48 V to yield 10 mA/cm2 with outstanding long-
term stability. Density functional theory (DFT) calculations
revealed that the Ni3P (112) structure possessed independent
P and Ni active sites for HER and OER, respectively.
Therefore, the Mo and Fe dopants can selectively improve
each catalytic reaction by adjusting the tendencies of the p-
and d-orbitals, which are strongly related to the H* and O*
binding strengths, respectively.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Nickel foam (NF) was purchased

from ALANTUM, Korea, while nickel chloride (NiCl2), sodium
molybdate (Na2MoO4), sodium citrate (Na3C6H5O7), iron chloride
(FeCl2), and sodium hypophosphite (NaH2PO2) were purchased
from Sigma-Aldrich, Korea. All of the chemicals were of analytical
grade and were used as received. All solutions were prepared with
deionized (DI) water.

2.2. Synthesis of an Optimized Ni3P:FeMo Electrocatalyst.
The self-supporting (Fe, Mo)-codoped Ni3P (Ni3P:FeMo) micro-
spheres were synthesized via cathodic electrodeposition on NF
substrates. Scheme 1 shows a graphical representation of the
formation of Ni3P:FeMo microspheres directly deposited onto an
NF substrate; the NF substrate’s color changed from metallic silvery-

Figure 1. (a,b) Electrocatalytic hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) performances, respectively, of the
optimized (Mo, Fe)-codoped (Ni3P; Ni3P:FeMo) catalyst in comparison to those of the recently reported metal-phosphide-based catalysts at a
driving current density of 10 mA/cm2 in 1 M KOH electrolyte. The numbers in brackets are reference numbers.

Scheme 1. Formation of Transition-Metal (Mo, Fe)-
Codoped Nickel Phosphide (Ni3P; Ni3P:FeMo)
Nanospheres Directly Deposited on a Nickel Foam (NF)
Substrate Using an Electrodeposition Techniquea

a(a,b) The silvery-white surface of the bare 3D NF foam turns black
after the electrodeposition. (c) A magnified view showing the
Ni3P:FeMo nanosphere deposition on the NF surface.
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white to black after the film deposition (Figure S1 in the Supporting
Information). Before the film deposition, the NF substrate was
cleaned via applying ultrasonication in a 3 M hydrochloric acid (HCl)
solution for 10 min to remove the oxide layer and surface
contaminants and then washed with acetone, ethanol, and DI water
for 10 min. The cleaned substrate was dried at 60 °C for 24 h.
Electrodeposition was performed in a conventional three-electrode
cell with a Pt wire, a saturated calomel electrode (SCE), and an NF
substrate with an area of 1 × 1 cm2 as the counter, reference, and
working electrodes, respectively. Film deposition was performed at
−1.0 V (vs SCE) in the potentiostatic mode (VERSA-STAT3,
Princeton Applied Research) for 20 min at 40 °C. After the
deposition, the films were rinsed in DI water and dried in air. A Ni3P
film was electrodeposited in an electrolytic bath containing 0.1 M
NiCl2, 0.01 M C6H5Na3O7, and 0.5 M NaH2PO2. In addition, for
comparison purposes, we also prepared Mo-doped Ni3P (Ni3P:Mo)
and Fe-doped Ni3P (Ni3P:Fe) under similar conditions. For the Mo
and Fe codoping, the Na2MoO4 and FeCl2 precursor concentrations
were varied from 2.5 to 10 mM, and the obtained results are
presented in Figure S2 (Supporting Information).
2.3. Characterization Methods. The structural and chemical

properties of the electrodeposited films were analyzed via X-ray
diffraction (XRD, Rigaku, MiniFlex2 Desktop, Tokyo, Japan) and X-
ray photoelectron spectroscopy (XPS, VG Multilab 2000, Thermo
VG Scientific, UK). The surface morphology, chemical composition,
and crystallinity of the deposited films were studied via field emission
scanning electron microscopy (FE-SEM, JSM-6701F, JEOL, Japan),
energy-dispersive X-ray spectroscopy (EDS), transmission electron
microscopy (TEM, JEOL 2010), and selected area electron diffraction
(SAED).
2.4. Electrochemical Measurements. All the electrochemical

measurements were performed at room temperature on a Princeton
Applied Research VersaSTAT3 potentiostat using a three-electrode
system in 1 M KOH solution. The three-electrode cell was equipped
with the deposited catalyst film, Pt wire, and SCE as the working,
counter, and reference electrodes, respectively. The potentials were
measured and calibrated to a reversible hydrogen electrode (RHE)
and converted to the overpotential (η) using the Nernst equation: η =
ERHE − 1.23 V.4 Before performing the HER and OER measurements,

the catalyst electrode was activated using cyclic voltammetry (CV)
until a stable potential was observed. After the activation, linear sweep
voltammetry (LSV) curves were recorded at a scan rate of 2 mV/s
from high to low potentials for OER and from low to high potential
for HER to avoid possible interference in the oxidation and reduction
peaks with the OER and HER onsets, respectively. The electro-
chemical active surface areas (ECSAs) of the electrode were
calculated from CV curves obtained at different scan rates. Long-
term stability was measured using chronopotentiometry (CP).
Electrochemical impedance spectroscopy (EIS) was performed at
bias potentials of −50 and 250 mV for HER and OER, respectively,
with a 10 mV AC amplitude over the 1 Hz−10 kHz frequency range;
the corresponding Nyquist plots were fitted to an equivalent circuit
model using ZView software.

2.5. DFT Calculations. All ab initio calculations were performed
with the Vienna Ab initio Simulation Package (VASP 5.4.1).37−40 The
projector augmented wave method was employed along with the
generalized gradient approximation based on the Perdew−Burke−
Ernzerhof (PBE) functional using a plane-wave cutoff energy of 500
eV.39−43 The lattice constants and internal atomic positions were fully
optimized until the residual forces were below 0.04 eV/Å. To avoid
interactions between the layers, the vacuum slab space of a unit cell in
the z-direction was set as 15 Å. The k-points of the Ni3P (112) surface
structures were sampled using the (3 × 7 × 1) Monkhorst−Pack
mesh.44

3. RESULTS AND DISCUSSION

3.1. Crystal Structure, Chemical Composition, and
Morphology of Ni3P:FeMo. Figure 2a shows the XRD
patterns of the Ni3P, Ni3P:Mo, Ni3P:Fe, and Ni3P:FeMo
catalysts deposited on NF substrates and the Ni3P powder
scratched from the substrate. The XRD peaks at 44.2, 51.6, and
76.1° correspond to the (111), (200), and (220) planes of the
NF substrate (JCPDS 04−0850), respectively. However, the
powder XRD spectrum also exhibits a broad peak at 43.6°
corresponding to the (112) plane of Ni3P (JCPDS #34−
0501).45 The crystallinity of the Ni3P:FeMo catalyst is poorer,

Figure 2. (a) XRD patterns of nickel phosphide (Ni3P), Mo-doped Ni3P (Ni3P:Mo), Fe-doped Ni3P (Ni3P:Fe), and (Mo, Fe)-codoped Ni3P
(Ni3P:FeMo) on the NF and Ni3P powder mechanically scraped from the substrate. A broad (112) peak appears in the Ni3P powder sample, while
the intensity of the (112) peak is reduced due to Mo and Fe doping. The sharp peaks are associated with the NF substrate. FE-SEM images of (b)
nickel phosphide (Ni3P), (c) Ni3P:Mo, (d) Ni3P:Fe, and (e) Ni3P:FeMo films. The Ni3P and Ni3P:Fe nanoparticles were uniformly distributed on
the NF substrate, and a flat and compact granular morphology was observed for the Ni3P:Mo film. Large 100 nm diameter Ni3P:FeMo
nanoparticles uniformly form on the NF substrate.
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and this may be beneficial for enhanced catalytic activity
because of the higher structural disorder and conductive nature
of the catalyst.31,34,35 The FE-SEM images of the Ni3P,
Ni3P:Mo, Ni3P:Fe, and Ni3P:FeMo films are shown in Figure
2b−e. Ni3P and Ni3P:Fe nanoparticles with sizes below 50 nm
were uniformly distributed on the NF substrate. The Ni3P:Mo
film comprises flat, compact grains with an average size of

around 100 nm. In the Ni3P:FeMo film, larger nanoparticles
form due to the agglomeration of smaller ones, and the
substrate was evenly covered by the small nanoparticles.
Crystal growth is a thermodynamic equilibrium process, and
the equilibrium morphology of crystal particles is determined
by the minimum surface energy of the crystal plane. Thus, the
observed different morphologies are associated with the

Figure 3. High-resolution XPS measurements. (a) Ni 2p, (b) Mo 3d, (c) Fe 2p, and (d) P 2p core-level spectra of nickel phosphide (Ni3P), Mo-
doped Ni3P (Ni3P:Mo), Fe-doped Ni3P (Ni3P:Fe), and (Mo, Fe)-codoped Ni3P (Ni3P:FeMo). The core-level spectra deconvoluted using
Gaussian curve-fitting reveal the successful Mo and Fe doping of Ni3P.

Figure 4. (a) TEM image, (b) HR-TEM image, and (c) SAED pattern of nickel phosphide (Ni3P). (d) TEM image, (e) HR-TEM image, and (f)
SAED pattern of (Mo, Fe)-codoped Ni3P (Ni3P:FeMo). The Ni3P film comprises a large number of nanoparticles with a well-resolved lattice fringe
spacing of 0.20 nm, corresponding to the (112) plane of Ni3P with clear diffraction spots in the SAED pattern. The large, agglomerated
nanoparticle with a faint diffused halo ring indicates the poor crystallinity of Ni3P:FeMo.
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modified surface energy of Ni3P crystalline planes upon Mo
and Fe doping. The obtained nanomorphology is beneficial for
increasing the surface area of the catalyst and thereby
facilitating the OER and HER processes.46 The compositional
analysis of the films is reported in Table S1. The atomic
percentage (at%) ratio of Ni to P in the Ni3P film is ∼3, but
after Mo and Fe doping, the amount of P decreases, thereby
decreasing the ratio. The EDS elemental mapping of the
Ni3P:FeMo film presented in Figure S3 shows that the
constituents Ni, Fe, Mo, and P are uniformly distributed over
the entire film, thus confirming the successful formation of the
Ni3P:FeMo film via the single-step electrodeposition method.
XPS analysis was conducted to reveal the chemical oxidation

states and surface compositions of all of the deposited films.
The survey spectra (Figure S4) reveal the existence of Ni, Mo,
Fe, and P in the films, indicating that Mo and Fe were
successfully incorporated. The O 1s spectra indicate the
surface oxidation states of the material upon exposure to air.30

The binding energies of the observed peaks were calibrated
using the C 1s binding energy of 284.5 eV.47 The Ni 2p core-
level spectra (Figure 3a) of the films show two peaks at 856
and 873.6 eV along with two shakeup satellites, which can be
assigned to the Ni 2p3/2 and Ni 2p1/2 peaks of Ni3P,
respectively.25,46 Figure 3b depicts the high-resolution Mo 3d
spectra for the Ni3P:Mo and Ni3P:FeMo samples; the peaks at
232.2 and 235.7 eV were assigned to Mo 3d5/2 and Mo 3d3/2,
respectively, which could have stemmed from the surface
oxidation of MoP to MoO3 upon exposure to air.48 The Fe 2p
core-level spectra (Figure 3c) were deconvoluted into Fe 2p3/2
and Fe 2p1/2 peaks along with their satellite peaks, confirming
that Fe mostly exists in the Fe3+ oxidation state in the Ni3P:Fe
and Ni3P:FeMo samples. The deconvoluted peak of Fe 2p3/2

shows three main peaks at binding energies of 709, 711, and
714 eV, which can be assigned to Fe−P, Fe−O, and Fe-PO,
respectively.49 The P 2p core-level spectra (Figure 3d) can be
deconvoluted into two peaks at 132.5 and 133.7 eV, which can
be assigned to 2p3/2 and 2p1/2 of nickel phosphate, respectively,
reflecting the surface oxidation of P species because of the
exposure of the sample surface to air.50−52

Morphological and structural analyses were further con-
ducted using TEM and high-resolution TEM (HR-TEM)
images. Figure 4a,d shows the TEM images of the Ni3P and
Ni3P:FeMo thin films, respectively. The Ni3P film comprises
numerous nanoparticles with diameters of 10−15 nm. In
contrast, in the Ni3P:FeMo film, small nanoparticles are
densely packed and form large nanostructures. The corre-
sponding HR-TEM images in Figure 4b,e both reveal a well-
resolved lattice fringe spacing of 0.20 nm, corresponding to the
(112) plane of Ni3P. The SAED pattern of the Ni3P film in
Figure 4c shows diffraction spots and diffused rings indexed to
the (112), (132), and (233) planes of Ni3P, thereby revealing
its polycrystalline nature. However, a faint diffuse halo ring
appears after the Mo and Fe doping in the corresponding
SAED pattern of the Ni3P:FeMo film (Figure 4f), which is
attributed to its poor crystallinity and is consistent with the
XRD results.

3.2. HER Performance of Ni3P:FeMo Catalysts. The
electrocatalytic performances of the prepared electrodes for
both HER and OER were evaluated using the LSV technique
in a standard three-electrode cell in 1 M KOH electrolyte
solution at a scan rate of 2 mV/s. All the potentials were
converted to RHE, and the LSV curves were iR-corrected using
the solution resistance obtained from EIS measurements
(Figure 5a). The HER overpotential of the as-prepared Ni3P

Figure 5. (a) iR-corrected hydrogen evolution reaction (HER) LSV curves measured at 2 mV/s, for nickel phosphide (Ni3P), Mo-doped Ni3P
(Ni3P:Mo), Fe-doped Ni3P (Ni3P:Fe), and (Mo, Fe)-codoped Ni3P (Ni3P:FeMo), showing overpotential values of −50, −20, −46, and −20 mV,
respectively, at a current density of 10 mA/cm2. (b) Tafel plots corresponding to the LSV curves in (a). (c) Chronopotentiometric measurements
of HER at various current densities. (d) Measured Nyquist plots (symbols) (overpotential = −50 mV) for the Ni3P, Ni3P:Mo, Ni3P:Fe, and
Ni3P:FeMo electrodes. The lines represent spectra fitted with the corresponding equivalent circuit (in the inset). (e) Chronopotentiometric curve
of the Ni3P:FeMo electrode at a constant current density of 20 mA/cm2 for 50 h. (f) iR-corrected HER LSV curves of the Ni3P:FeMo electrode
before and after stability testing.
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electrode is −50 mV at a current density of 10 mA/cm2. The
overpotential is reduced after Mo and Fe doping, with the
Ni3P:Mo and Ni3P:Fe catalysts exhibiting HER overpotentials
values of −20 and −46 mV at 10 mA/cm2, respectively. The
Ni3P:FeMo electrode exhibits a very low potential of −20 mV
at 10 mA/cm2. However, at the high current density of 100
mA/cm2, its HER overpotential of −103 mV is far superior to
that of the Ni3P (−126 mV), Ni3P:Mo (−110 mV), and
Ni3P:Fe (−118 mV) samples. This demonstrates that the Mo
and Fe codoping effectively increased the intrinsic activity of
the original Ni3P catalyst. In the Ni3P:FeMo catalyst, Ni sites
possess good water dissociation ability, while the Mo and Fe
sites possess a superior adsorption capability toward H. The
Mo and Fe codoping tunes the Gibbs free energy of hydrogen
adsorption, thereby enhancing the HER performance.20

Furthermore, the electrocatalytic HER performance of the
NiFeMoP catalyst is superior to that of the recently reported
Ni-based phosphide electrocatalysts (Figure 1a and Table S2).
The HER kinetic behavior of the electrodes was evaluated

based on their corresponding Tafel slopes obtained from their
LSV curves using the Tafel equation η = b log j + a (where b is
the Tafel slope, j is the current density, and a is a constant).53

The Tafel slope is conversely related to the cathode charge-
transfer factor associated with the HER kinetics. The Tafel
slope of the Ni3P:FeMo catalyst is 80 mV/dec (Figure 5b),
which is lower than that of the Ni3P (88 mV/dec), Ni3P:Mo
(85 mV/dec), and Ni3P:Fe (86 mV/dec) catalysts. This
suggests that the Mo and Fe doping enhance the electronic
transfer and electronic conductivity of the actual Ni3P catalyst.
The Tafel slopes of all the samples are in the 80−88 mV/dec
range, which follows the Volmer-Heyrovsky mechanism: the
Volmer step is the rate-determining step due to the desorption

of atomic hydrogen from the catalyst surface in the HER
process.54

Figure 5c shows the multistep chronopotentiometric curves
for the electrodes; the current density increases from 10 to 200
mA/cm2, and the potential remained constant at each current
density increment for 600 s. The potential also rapidly shifts
with varying current density, thereby reflecting the excellent
mass transport behavior and stability of the catalyst over the
entire current density range.50,55 EIS analysis was performed to
investigate the HER kinetics of the catalyst. Figure 5d shows
Nyquist plots (symbols) of all the samples together with their
fitted curves (lines). The inset shows the equivalent circuit
used for fitting the Nyquist plots, where Rs and Rct are the
series and charge-transfer resistances, respectively. The
Ni3P:FeMo electrode possesses the smallest Rs (0.64 Ω) and
Rct (0.23 Ω) values among all the other electrodes, indicating
its much faster charge-transfer kinetics during the HER
process.56 The long-term stability of the Ni3P:FeMo catalyst
was evaluated using chronopotentiometry (CP) at −20 mA/
cm2 (Figure 5e) and the LSV curves obtained before and after
the stability testing (Figure 5f). The change in the over-
potential of the Ni3P:FeMo catalyst is negligible after 50 h of
continuous operation, thus demonstrating its excellent
durability in a highly alkaline solution.
To gain further insight into the outstanding HER activity of

the Ni3P:FeMo catalyst, the ECSAs of the electrodes were
calculated by measuring the double-layer capacitance (Cdl)
using the CV curves in the nonfaradaic potential region at
different scan rates. ECSA is directly related to Cdl: ECSA =
Cdl/Cs, where Cs is the specific capacitance of the electrode in
an alkaline medium (0.04 mF cm−2). Cdl can be directly
obtained from the slope of the current density versus scan rate

Figure 6. (a) iR-corrected oxygen evolution reaction (OER) LSV curves measured at 2 mV/s for nickel phosphide (Ni3P), Mo-doped Ni3P
(Ni3P:Mo), Fe-doped Ni3P (Ni3P:Fe), and (Mo, Fe)-codoped Ni3P (Ni3P:FeMo), showing overpotential values of 310, 320, 283, and 250 mV,
respectively, at a current density of 10 mA/cm2. (b) Tafel plots corresponding to the LSV curves in (a). (c) Chronopotentiometric measurements
of OER at various current densities. (d) Measured Nyquist plots (symbols; at overpotential = 250 mV) for the Ni3P, Ni3P:Mo, Ni3P:Fe, and
Ni3P:FeMo electrodes. The lines represent spectra fitted with the corresponding equivalent circuit in the inset. (e) Chronopotentiometric curve of
the Ni3P:FeMo electrode at a constant current density of 20 mA/cm2 for 50 h. (f) iR-corrected OER LSV curves of the Ni3P:FeMo electrode
before and after stability testing.
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(Figure S5).57 The Cdl values of the Ni3P, Ni3P:Mo, Ni3P:Fe,
and Ni3P:FeMo electrodes were 7.50, 6.58, 6.48, and 15.13
mF/cm2, respectively, and thus, the Ni3P:FeMo electrode
attains a significantly larger Cdl value than the other electrodes.
Moreover, the corresponding ECSAs of the electrodes are 187,
164, 162, and 378 cm2, respectively, revealing that the Mo and
Fe codoping in Ni3P significantly increased the effective active
sites.
3.3. OER Performance of Ni3P:FeMo Catalysts. The

electrocatalytic OER performances of the samples were
measured under the same conditions used in the HER
evaluation. Figure 6a shows the iR-corrected LSV measured
in the reverse sweep curves for the Ni3P, Ni3P:Mo, Ni3P:Fe,
and Ni3P:FeMo catalysts. All the prepared catalysts exhibit a
negative peak associated with the Faradaic reduction of the
active catalyst materials. The Ni3P:FeMo catalyst exhibits
superior OER electrocatalytic activity with the smallest
overpotential of 250 mV for yielding 10 mA cm−2 compared
to the Ni3P (310 mV), Ni3P:Mo (320 mV), and Ni3P:Fe (283
mV) catalysts. This excellent OER performance of the
Ni3P:FeMo electrocatalyst is comparable or better than that
of the recently reported nickel-phosphide-based electro-
catalysts (Table S2 and Figure 1b). Figure 6b shows the
OER Tafel plots for the electrodes. The Tafel slope of the
Ni3P:FeMo catalyst is 28 mV/dec, which is lower than that of
the other electrodes, revealing its faster reaction kinetics and
higher catalytic activity. Figure 6c shows the chronopotentio-
metric curves of the electrodes at various current densities. At
each current step, the potential immediately levels off and
remains constant for the rest of the 600 s, thereby indicating

the excellent mass transport properties and mechanical
robustness of the electrodes. Moreover, EIS analysis was
conducted to analyze the electrodes’ charge transport
mechanisms; Figure 6d depicts their Nyquist plots. Among
the electrodes, the Ni3P:FeMo electrode exhibits the smallest
Rs and Rct values, thus revealing its fast charge-transfer process
and the strongest electrical integration from the catalyst surface
to the conductive support.19 The intrinsic catalytic activity of
all the samples is compared using ECSA-normalized LSV
curves. The LSV curves normalized by ECSA (Figure S6)
reveal that the Ni3P:FeMo sample possesses the highest
intrinsic activity compared to the other electrocatalysts. In
addition to high OER catalytic activity, long-term stability is
important. The chronopotentiometric measurements at a
constant current density of 20 mA/cm2 show that the
Ni3P:FeMo electrode maintained its potential for at least 50
h (Figure 6e). After continuous operation for 50 h, the OER
activity was almost unchanged with negligible current density
decay (Figure 6f). These results indicate the high stability of
the Ni3P:FeMo catalyst for OER in an alkaline solution.

3.4. Bifunctional Activity of Ni3P:FeMo Catalysts. The
experimental results show that the Ni3P:FeMo catalyst exhibits
excellent HER and OER performances in an alkaline KOH
medium. Therefore, two-electrode configurations with either
Ni3P or Ni3P:FeMo catalysts were assembled for the overall
water-splitting activity in a 1 M KOH solution. Figure 7a
shows the LSV curves (without iR-correction) for the Ni3P//
Ni3P and Ni3P:FeMo//Ni3P:FeMo electrolyzers at a scan rate
of 2 mV/s in 1 M KOH solution. The Ni3P:FeMo//
Ni3P:FeMo electrolyzer requires a cell voltage of 1.48 V at

Figure 7. (a) LSV curves of the nickel phosphide (Ni3P)//Ni3P and (Mo, Fe)-codoped Ni3P (Ni3P:FeMo)//Ni3P:FeMo electrolyzers for water
splitting. (b) Long-term durability testing of the Ni3P:FeMo//Ni3P:FeMo electrolyzer at 10 mA/cm2. (c) Photograph of the Ni3P:FeMo//
Ni3P:FeMo electrolyzer used for the full water splitting. (d) Comparison of the overall bifunctional water-splitting performance of Ni3P:FeMo//
Ni3P:FeMo with that of the recently reported phosphide-based electrocatalysts at 10 mA cm−2 in 1 M KOH.
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10 mA/cm2, which is significantly lower than that of the
Ni3P//Ni3P system (1.62 V). Additionally, we analyzed the
stability of the Ni3P:FeMo catalyst for the overall water
splitting. Figure 7b shows the long-term stability of the
Ni3P:FeMo electrolyzer for 50 h at 10 mA/cm2. After 50 h, in
addition to its long-term stability, the LSV curve remained
almost unchanged (Figure S7), thereby indicating that the
Ni3P:FeMo catalyst has excellent electrochemical stability for
the overall water splitting. The key factor that contributes to
the stability of the optimized Ni3P:FeMo sample is the Fe and
Mo codoping induced electrochemically stable surface states.
Figure 7c shows the H2 and O2 gas bubbles observed on the
respective electrodes. To further confirm the stability of the
Ni3P:FeMo catalyst after the HER and OER tests, SEM and
XPS characterizations were performed (Figures S8 and S9).
The FE-SEM images show a spherical granular structure that is
well-preserved after the long-term electrolysis. The XPS survey
spectra show peaks corresponding to Ni, Fe, Mo, P, and O.
The peak intensity of O slightly increases after the OER
stability test. Furthermore, almost no changes are observed in
the core spectra of all the elements, except for the Mo
spectrum that shows a deficient Mo 3d peak after the HER and
OER stability tests. Finally, the cell voltage for the overall water
splitting at 10 mA/cm2 for the Ni3P:FeMo//Ni3P:FeMo
system is compared with those of the recently reported
phosphide-based electrolyzers (Table S2 and Figure 7d),
suggesting that Ni3P:FeMo is an excellent bifunctional catalyst
for splitting water into H2 and O2.
3.5. Density Functional Theory (DFT) Calculations.

DFT analysis was conducted to gain further insights into the
effect of Mo and Fe incorporation in the Ni3P structure on the
HER and OER electrocatalytic activities in terms of the
electronic properties. The schematics of our models are shown
in Figure 8. For convenience in identifying the active site

positions, we labeled the sites using the element name and an
Arabic number; details of the active site naming are included in
Figure 8a. To investigate the effect of Mo and Fe doping, we
preferentially designed a Ni3P (112) surface structure (Figure
8a) based on the characterization using the HR-TEM images
(d(112) = 0.20 nm; Figure 4). Subsequently, we systematically
investigated the HER/OER activities by evaluating the
overpotentials (ηHER/OER) using a general free energy diagram
(FED) approach (Figure 8b) for all the possible active sites
(Figure 8a).58,59 The calculated FEDs for the pure Ni3P (112)
surface reveal that the ηHER/OER values for HER and OER are
0.25 and 0.49 V, respectively, in the H and O binding-
potential-determining steps, and the active sites are uniquely
determined by P and Ni, respectively. The binding strength of
the adsorbent at the potential-determining step is strongly
correlated with the position of the p- and d-band centers,
which determine the filling of the antibonding state near the
Fermi level.60−62 Figure 8c shows that at each potential-
determining step, the P active sites for the HER induce weak H
binding strength due to the filled antibonding state (Pp−Hs)*,
whereas the Ni active sites for the OER induce strong O
binding strength through the emptied antibonding state (Nid−
Op)*. The results for the pure Ni3P (112) surface imply that
significantly weaker or stronger H and O binding strength
deviating from the ideal value could be responsible for the
higher ηHER/OER. Therefore, the catalytic activity of Ni3P can be
modulated by adjusting the p- and d-band center positions
(i.e., the electronic structure) to bestow adequate H and O
binding strength. Particularly, an increase in the p-band center
and a decrease in the d-band center (Figure 8c) can improve
the HER and OER catalytic activities, respectively.
We focused on a comparative analysis of the p- and d-band

centers of Ni3P, Ni3P:Fe, Ni3P:Mo, and Ni3P:FeMo according
to Mo and Fe doping (Figure S10). The results in Figure 8d

Figure 8. (a) Optimized nickel phosphide (Ni3P) bulk, the Ni3P (112) surface, and all the possible active sites for the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). (b) Free energy diagrams of HER and OER with the Ni3P (112) surface structure. (c) Schematic of
the p-band (P site) and d-band (Ni site) centers attributed to the electron-filling difference in the antibonding states. Generally, nonmetal (metal)
active sites possess weak (strong) binding strengths with specific intermediate states (H* and O*). (d) p- and d-band center variations of P and Ni
active sites according to the dopant types (Fe, Mo, and Fe/Mo) for Ni3P, Mo-doped Ni3P (NiMoP), Fe-doped Ni3P (NiFeP), and (Mo, Fe)-
codoped Ni3P (NiFeMoP).
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clearly show that compared to the pure Ni3P structure, the p-
band centers of the P active sites shifted to a higher position
due to Mo doping, and the d-band centers of the Ni active sites
shifted to a lower position due to Fe doping. These desirable
shifts of the p- and d-band centers partially fill the antibonding
states, yielding ideal binding strengths (Figure 8c). These
theoretical evaluations imply that Mo (Fe) doping can improve
the HER (OER) activity by increasing (decreasing) the H*
(O*) binding strength at the P (Ni) active sites (Figure 8d).
Furthermore, the tendencies of the p- and d-band centers
according to the dopant agree well with the experimental HER
and OER performances. Thus, the Mo/Fe codoping of Ni3P
can remarkably increase its HER and OER catalytic activities
by providing a suitable electronic structure and ideal binding
strength at the potential-determining step, which is not present
in the Ni3P, Ni3P:Fe, and Ni3P:Mo structures. Consequently,
note that the characteristic electronic features of Ni3P:FeMo
afford improved HER and OER catalytic performances due to
the effective modulation of the p- and d-orbitals of the P and
Ni active sites, respectively.

4. CONCLUSIONS
We successfully synthesized transition-metal (Mo, Fe)-
codoped Ni3P nanostructured thin films as a bifunctional
electrocatalyst for the overall water-splitting activity using a
single-step electrodeposition method at 40 °C. The
Ni3P:FeMo catalyst exhibits superior HER and OER catalytic
activities and long-term stability in an alkaline solution
compared to the Ni3P, Ni3P:Fe, and Ni3P:Mo catalysts.
Moreover, the deposited catalyst exhibits overpotentials of
−20 and 250 mV for the HER and OER, respectively, to yield
10 mA/cm2. Furthermore, a two-electrode electrolyzer with
the Ni3P:FeMo catalyst films as the anode and cathode for the
overall water-splitting activity in an alkaline solution required a
cell voltage of 1.48 V to yield a current density of 10 mA/cm2

and remained highly stable for 50 h. This study highlights the
importance of the structural and compositional engineering of
Ni3P using transition-metal codoping to explore highly active,
low cost, and efficient bifunctional catalysts for overall water-
splitting activities.
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