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Abstract: Electrolytic water splitting is a promising path for the production of clean hydrogen when
combined with green electric power, such as photovoltaic and wind power; however, the high current
water electrolysis is mainly dependent on the utilization of Pt, Ru, and other expensive materials,
while the transition metal-based catalysts still need improvement in electrocatalytic activity and
stability. Here, we present the preparation of economic and scalable electrode materials, Nickel-Iron
phosphide/Nickel foam (NiFeP/NF), with a hierarchical porous structure for overall water splitting
as both the anode and cathode. An overall potential of 1.85 V for the current density of 100 mA cm−2,
and a long lifetime of 700 h, were achieved by using NiFeP/NF as both the anode and cathode. The
nanostructures of the composite phosphides were investigated and the spent electrode after long-term
electrolysis was characterized to investigate the long-term failure mechanism of the phosphides.
Surface shedding and reconstruction theories were proposed for the failure of the NiFeP/NF cathode
and anode in long-term electrolysis, respectively. Furthermore, TiO2 coating was proved to be an
efficient strategy to elongate the lifetime of the phosphide electrodes, which shows a slow current
decline rate of 0.49 mA·cm−2 h−1.

Keywords: nickel-iron bimetallic phosphide/nickel foam; oxygen evolution reaction; hydrogen
evolution reaction; TiO2 coating; overall water splitting

1. Introduction

The energy crisis, environmental pollution, and population explosion make it essential
to develop clean and renewable energy-related materials and technologies. Among various
new energy sources, photovoltaic and wind power have lower requirements on geograph-
ical conditions and can be promoted in many places in the country. Due to the power
fluctuation in solar and wind power, efficient energy storage methods are needed to store
the energy at the peak of power generation. Electrolytic aqua hydrogen converts electric en-
ergy into hydrogen energy; an amount of 1 kg of hydrogen can store 1.4 × 105 kJ of energy.
The energy density is 130 times higher than that of lithium-ion batteries, showing obvious
advantages in energy storage. In addition, when pure hydrogen is consumed, it will not
emit carbon dioxide and various toxic and harmful waste gases like fossil fuel combustion;
therefore, the promotion of hydrogen energy is very conducive to the improvement of the
environment [1,2].

The dominant hydrogen in the market is mainly from fossil fuel conversion, which
accounts for ~95% of today’s hydrogen production. A variety of green hydrogen production
methods gradually emerged. The water electrolytic device structure is relatively simple,
including electrolytic cells, electrodes, collector plates, and a separated membrane [1],
whereas noble metal catalysts are commonly used in commercial electrolytic devices.
To lower the cost of the electrolytic strategy, non-precious metal-based electrodes are
intensively invested in. A lot of progress has been made in electrode materials and device
designs [2]. Hydrogen production using electrolytic water splitting has great potential,
especially in combination with the increasing scale of renewable energy power generation.
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As the core component of a water electrolytic device, the electrode determines the
reaction rate, efficiency, and lifetime of the device. The evaluation of electrode performance
usually includes two aspects: the electrocatalytic activity, and stability. The electrocatalytic
activity is related to the energy efficiency and hydrogen yield, for which as much current
density as possible is to be produced under a certain bias. Stability, especially the ability to
maintain good electrocatalytic activity for a long time, is the key to reducing material and
maintenance costs [1,3].

An electrode consists of the conducting substrate and the electrocatalytic material
on the surface. The substrate material conducts the current from the power source to
the electrode surface, so the resistance of the substrate must be minimized to prevent
waste of energy. Considering the chemical corrosion in the strong alkali electrolyte and
the electrochemical corrosion during electrolysis, the most commonly used substrates
are carbon materials and corrosion-resistant metals, such as carbon paper [1,2], carbon
cloth [3,4], nickel [5], stainless steel [6,7], titanium [8], and so on. In addition, in order to
increase the active area of the electrode surface, the substrate can be processed for surface
nanostructures. For example, carbon paper was first loaded with carbon tubes and then
impregnated with cobalt sulfide, which greatly increased the specific surface area of the
electrode and significantly increased the electrocatalytic activity [9]. Raney nickel was
loaded on the surface of nickel mesh as the cathode for enhanced surface areas of active
nickel catalyst [10]. Materials with large specific surface areas can also be directly used as
substrates, such as copper foam [11], nickel foam [12], etc.

Electrocatalytic material plays a key role in the electrolysis. Since the reaction mech-
anisms of the anode and cathode are very different, electrocatalytic materials are only
suitable for either Hydrogen evolution reactions (HERs) or Oxygen evolution reactions
(OERs). The electrocatalytic materials can be roughly divided into noble-metal-based
and non-noble-metal-based materials. Noble-metal-based materials are the most widely
used electrocatalytic materials. Pt has very low HER overpotential and strong corrosion
resistance, becoming the most commonly used electrocatalytic material for HERs. Ru and
Ir, as well as their oxides, are widely used as electrocatalytic materials for OERs [13,14].
Since noble-metal-based materials are expensive, rare, and popular in many other chemical
industries, the development of non-noble-metal-based materials has received intensive
attention. The non-noble-metal-based electrolytic materials include transition metals and
their alloys [15], transition metal oxides [16], transition metal sulfides [17], transition metal
phosphides, etc.

Transition metal phosphides (TMP) generally have good electrical conductivity, a
large number of highly active sites on their surface, and a variety of compounds and
morphologies; thus, they have become a popular group of electrocatalytic and photocat-
alytic materials. The electrocatalytic properties of TMPs, including copper phosphide
(Cu3P) [18–20], nickel phosphide (Ni2P, Ni5P4, etc.) [21,22], and cobalt phosphide (CoP,
Co2P, CoP2) [23,24] for HERs and OERs have been investigated. These TMPs consist of a
single transition metal element and exhibit excellent activity and stability; however, there
is still room for improvement in the water-splitting performances of TMPs. The interaction
of TMP with the intermediate hydrogen product is reflected by the adsorption energy of
hydrogen (∆GH*), and this effect has certain rules: Some TMP values of ∆GH* are negative
(such as phosphates of Cu and Fe), and some TMP values of ∆GH* are positive (such
as phosphates of Ni, Co, and Mn). When two TMPs with opposite values of ∆GH* are
combined, the ∆GH* will shift toward zero, thus improving the HER activity [25–28].

It is generally believed that the OER active site of TMP is not phosphide itself but
phosphates, hydroxides, or hydroxyl oxides generated by the oxidation of phosphides
under a positive potential [29,30] on the surface of phosphides. Among them, bimetallic
hydroxides or hydroxyl oxides, especially NiOOH/FeOOH, have been considered very
active electrocatalysts for OERs [31,32]; however, using phosphides as OER catalysts can
bring about positive effects on charge transfer, surface area, and electronic structures, which
lead to better performance than their hydroxyl oxide counterparts [33]. For example, the
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active sites of the Ni1−xFex-P/PO3@fCNTs OER electrocatalyst were ascribed to Fe-doped
γ-NiOOH, and the Fe ratio can affect the selectivity of Ni1−xFex-P/PO3@fCNTs [34]. Nickel-
Iron phosphide has been proven to be a highly active and stable electrocatalyst for both HERs
and OERs and is often considered to be an overall water-splitting electrocatalyst [12,35,36].

TiO2 is stable in both basic and acidic solutions, so it can be coated onto electrodes to
improve their electrochemical or photoelectrochemical stability [37–39]. Various methods,
such as spin coating [40], atom layer deposition [41], and magnetron sputtering [42] have
been utilized to coat the TiO2 on the surface of substrates.

TMPs as electrocatalytic materials have been intensively investigated for their out-
standing performance in water splitting. Most of the reports concern the performance of the
TMP electrode as either the cathode or anode. There are few reports about the direct appli-
cation of TMP electrodes in long-term electrolysis in a two-electrode configuration. Herein,
we present a scalable preparation of Nickel-Iron phosphide/Nickel foam (NiFeP/NF)
as both the anode and cathode for long-term electrolysis. The surface morphology of
the as-prepared NiFeP/NF was observed, which shows the Ni5P4 nanosheets with Fe2P
nanoparticles attached. The phosphorization degree and Fe content were optimized. The
two-electrode electrolysis, based on NiFeP/NF, shows excellent HER and OER properties.
The long-term spent electrodes on the anode and cathode were characterized to investigate
the probable mechanism for the performance declination after long-term electrolysis. Based
on the failure mechanism, a facile strategy of surface coating using TiO2 on NiFeP/NF has
been proposed and shown significantly improved stability.

2. Results and Discussion
2.1. Preparation and Water-Splitting Performance of NiFeP/NF

The preparation process of NiFeP/NF is schematically shown in Figure 1. The Nickel’s
surface tends to form a dense oxide film, which is also the source of its corrosion resistance.
Soaking in HCl can corrode the oxide film on the surface to a certain extent, so as to create
conditions for subsequent processes. When nickel is immersed in water, its surface is slowly
corroded by water and dissolved oxygen, and a large number of nanosheets are formed
on the surface of the nickel substrate. After immersion in Fe(NO3)3 solution, Ni can be
further oxidized using Fe3+ and generates the composite structure of Ni(OH)2/Fe(OH)2. In
the phosphorization process, NaH2PO2·H2O begins to decompose at 280 ◦C (Equation (1)),
producing phosphine gas (PH3) and sodium hydrogen phosphate (Na2HPO4). The PH3 can
react with metal hydroxides and metal elemental substances to produce metal phosphides
with a variable stoichiometric ratio. Because nickel itself is not easily corroded by PH3 to
large depths, only the thin layer of nickel on the surface could be converted into nickel
phosphide. This preparation method avoids the use of expensive noble metals or other
expensive reagents, as well as the fluorides that were commonly used in other methods for
TMP materials.

2NaH2PO2 = PH3(g) + Na2HPO4 (1)

Many clusters of nanosheets, with a thickness of ~600 nm, are coated on the surface of
NiFeP/NF, as shown in the high-magnification SEM image in Figure 2a. These nanosheets
cover the whole surface of NF with a homogeneous distribution, as shown in Figure 2b.
Figure 2c–e are TEM images of NiFeP/NF after being prepared using the FIB method with
the surface protection of a carbon layer. A hierarchical porous structure of NiFeP/NF
is observed, as shown in Figure 2c. Besides the uniform gray part on the upper part
of the graph, which is the carbon film plated on the surface during sample preparation,
mesoporous NiFeP nanosheets were observed, indicating a high electrocatalytic surface
area. Under the NiFeP nanosheets is a thin layer of nickel phosphide supporting the surface
NiFeP nanosheets. Between the surface phosphide and the metal substrate, there is a
macroporous structure, which is probably formed during the phosphorization process. The
bottom part, with obvious large and dense grains, is metal Ni. Connections are still present
between the substrate and the surface nanosheets. It is obvious that the phosphating
process erodes a thickness of ~2 um on the surface.
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Figure 2. (a) High-resolution SEM image of NiFeP/NF; (b) low-resolution SEM image of NiFeP/NF
and pristine Ni foam (inset); (c) TEM image of NiFeP/NF prepared using FIB; (d) TEM image of
NiFeP/NF in the area of the red box in (c); (e) HR-TEM image of NiFeP/NF in the area of the red box
in (d); (f) XRD pattern of NiFeP/NF.

The TEM image in Figure 2d shows the structure of the surface nanosheets, which
are made up of nanoparticles with a size smaller than 10 nm. The HR-TEM Figure 2e is
of the red box area in Figure 2d, showing the atomic lattice. The lattices with a spacing
of 0.215 nm and 0.221 nm, and an angle of 82.1◦, correspond to the (121) and (210) crystal
planes of Ni5P4, respectively. In the deep contrast area, the lattice spacing of 0.198 nm and
0.145 nm, at an angle of 83.63◦, correspond to the (210) and (013) of Fe2P, respectively. The
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close contact of these two phases indicates that a heterojunction of Ni5P4 and Fe2P has
formed. The XRD of NiFeP/NF, Figure 2f, confirms the presence of Ni5P4 and Fe2P. Besides
the major phase of Ni, another two phases of Ni5P4 and Fe2P can be detected in NiFeP/NF.

EDS of the cross-section of the NiFeP/NF is performed to analyze the element distri-
bution of NiFeP/NF. In Figure 3a, the upper half is nanosheets, and the bottom half is the
Ni base. In Figure 3b, Ni is evenly distributed on both sides, suggesting that it is the major
element in the nanosheets and the foam substrate. Most Fe only infiltrated the nanosheets,
and just a small amount of Fe diffused into the Ni base, as shown in Figure 3c. In Figure 3d,
P only exists in the nanosheets, which leaves the Ni base uncorroded and maintains the
mechanical strength of the NF.
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The phosphorizing degree of TMP has a significant impact on its electrocatalytic
performance. Generally, when P content increases, electrical resistance increases, and so
does its activity [23]; therefore, it is necessary to find the appropriate phosphating degree for
the TMP electrocatalytic material. In addition, the phosphating temperature also has a great
impact on the mechanical properties of the material. In this work, sodium hypophosphate
dosage plays a key role in the control of the phosphating degree of the TMP electrodes
by adjusting the concentration of PH3 in the furnace. The LSV voltammetry curves, as
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pictured in Figure 4a, were obtained by using the LSV method in a three-electrode system.
The sample prepared with 0.5 g sodium hypophosphate showed the best performance for
hydrogen and oxygen evolution electrolysis. The EIS method was used to analyze the
impedance of some samples in a two-electrode system. The results are shown in Figure 4b.
The impedance of the electrode can be calculated from the radius of the circular arc in the
Nyquist curve. Obviously, with the increase in the amount of sodium hypophosphate, the
resistance of the electrode also increased gradually from 1.5 to 3 Ω. The increased resistance
was not only due to the increase in resistivity caused by the increase in P content in TMP but
probably due to the increased thickness of the phosphide layer. After increasing the amount
of sodium hypophosphate, as shown in Figure 4c, the brittleness of the material increased
significantly. It is more likely to crack when the samples are over-phosphorized (Figure 2c).
The surface phosphide was easy to break when cutting or preparing the electrodes, which
made it difficult to apply in electrocatalysis.
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Figure 4. (a) LSV curves of hydrogen evolution and oxygen evolution of NiFeP/NF prepared with
different amounts of sodium hypophosphate; (b) Nyquist curve of NiFeP/NF prepared with different
amounts of sodium hypophosphate; (c) Photographs of NiFeP/NF samples prepared with a dosage
of 0.6 g sodium hypophosphate; (d) Hydrogen evolution and oxygen evolution LSV curves of NiFeP
samples prepared with Fe(NO3)3 solution of different concentrations.

The metal ratio of bimetallic phosphide has a significant impact on its electrocatalytic
activity [25–29]. It is generally believed that the electrocatalytic performance of the phos-
phide can be improved by the formation of a compound of two transition metals, and the
ratio of the two transition metals in the material composition should be a certain interme-
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diate value. In this work, the Ni(OH)2 precursor was immersed in Fe(NO3)3 solution to
achieve iron doping, and the Fe content in the material could be adjusted by adjusting
the concentration of Fe(NO3)3 solution. Figure 4d shows the LSV curves of the hydrogen
and oxygen evolution of NiFeP samples prepared by soaking in Fe(NO3)3 solutions with
different concentrations. It is obvious that the sample prepared with 0.1 M Fe(NO3)3
solution has the highest activity. According to the theory of the influence of bimetallic
phosphides on the adsorption energy of reactants, the adsorption energy of H on the two
metal phosphates is positive and negative, respectively [26]. The adsorption energy of the
composite material is, thus, in between their adsorption energy, probably in proportion to
the ratio. Among the tested endmembers, the optimal concentration of Fe(NO3)3 solution
is 0.1 M. The approximate ratio of Fe and Ni in the phosphide is ~0.4 from the XPS analysis
on the surface, which will be discussed in the following section.

The as-prepared NiFeP/NF has outstanding electrocatalytic hydrogen and oxygen
evolution performance and can be used as both the anode and cathode in the water elec-
trolytic device at the same time. In a two-electrode system with the same 5 mm × 5 mm
NiFeP/NF electrodes for both the cathode and anode in 1 M KOH, the water was elec-
trolyzed continuously for 700 h at a current density of 100 mA/cm2, and the electrolyte
was replaced once. Before and after the CP test, the LSV curves of the NiFeP/NF cathode
and anode, together with pristine NF and commercial Pt/C, RuO2, were tested using a
three-electrode system, and the results are shown in Figure 5a–d. In the HER reaction,
Figure 5a, NiFeP/NF has a higher onset overpotential (140 mV) at 10 mA/cm2 compared to
that of Pt/C (21 mV); however, NiFeP/NF’s current density exceeds that of Pt/C at 0.42 V
due to its faster growth of current density with increased bias. After 700 h of reaction, the
activity of NiFeP/NF decreased but it is still higher than that of pristine NF. HER Tafel
slopes of the samples were calculated and are presented in Figure 5b. The Tafel slope of
NiFeP/NF is 49 mV/dec, slightly higher than that of Pt/C, indicating that the activity
of NiFeP/NF is only slightly lower than that of Pt/C. The major reason for the better
high-current performance of NiFeP/NF is its large specific surface area. Concerning the
OER activity of NiFeP/NF, Figure 5c shows a much better performance than RuO2, and
maintained a relatively high activity after 700 h of reaction. Figure 5d leads to the same
conclusion that NiFeP/NF has excellent OER activity and stability. The potentials needed
for 100 mA/cm2 for a two-electrode system with NiFeP/NF is 1.8 V, lower than those
with NF (2.18 V) or the Pt/C-RuO2 pair (1.975 V). The potential curve of NiFeP/NF in the
constant current test of 100 mA/cm2 is shown in Figure 5e. The initial potential was about
1.9 V, which was not much different from the required potential of 1.8 V at the current
density of 100 mA/cm2 measured in the LSV curve. With the extension of the reaction time,
the potential required for electrolytic water also increases gradually up to 2.3 V. Newly
prepared KOH electrolyte was refilled at 450 h. Due to this interference, the potential was
reduced to 1.9 V, and then gradually increased. The energy efficiency of water electrolysis
can be obtained by dividing the theoretical potential of 1.23 V by the actual potential. The
initial efficiency of the 700 h durability test was 65%, and the minimum efficiency was 53%.
Even after a long time of use, the energy efficiency could still meet the needs of production.
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2.2. Analysis of NiFeP/NF after Long-Term Electrolysis and Improvement with TiO2 Coating

For industrial applications, it takes a lot of manpower and material resources to replace
the failed electrode each time, especially when the electrolyte is strongly acidic or strongly
alkaline; therefore, the stability issue in industry is very important, which is closely related
to the running cost. Unfortunately, there are very few studies on the long-term stability of
TMPs. In this work, the structural changes of NiFeP/NF were studied and an improvement
scheme was tentatively proposed using TiO2 as a corrosion-resistance coating.

The morphology changes in the electrode surface before and after the water electrolysis
reaction for 200 h were studied mainly by SEM observations. The surface morphology of
the as-prepared NiFeP/NF shows nanosheet structures well-distributed on the surface,
as pictured in Figure 6a. After anodic OER for 200 h, obvious surface reconstruction was
observed and finer nanosheets were produced, as shown in Figure 6b. This can be ascribed
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to the anodic oxidation of the TMP in an alkaline environment into metal hydroxyl oxides,
the morphology of which is iconic nanosheet structures. After working as the cathode for
the HER for 200 h, as shown in Figure 6c, part of the electrode surface fell off, exposing the
underneath Nickel phosphide layer with lower activity.
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The surface of the NiFeP/NF cathode before and after use was further studied by
XRD, shown in Figure 7. The diffraction peaks of the Ni5P4 and Fe2P phases could not be
observed after 200 h, indicating that the two phosphide compounds were both transformed.
Since the volume of hydrogen is twice that of oxygen, the electrocatalytic particles on the
surface of the cathode for the HER are more strongly impacted by the bubbles. The bubbles,
especially from the inner gaps, are more likely to gather into large bubbles and destroy the
surface structure.
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The cathode surface materials are, therefore, more prone to be shredded off. The
surface of the NiFeP/NF anode after long-term reaction was further investigated by XPS.
The pristine NiFeP/NF (before oxidation) and spent NiFeP/NF (after oxidation for 200 h)
were characterized and compared in Figure 8a. The comparison of the relative content of
Ni/Fe, Figure 8b, shows only a slight decrease in Fe after 200 h. This indicates a very slight
change in the transition metal elements on the surface and almost no shedding from the
surface. The high-resolution spectrum of Ni 2p of the pristine sample in Figure 8c shows
that, in addition to nickel phosphide, some Ni2+ do not combine with P on the surface of
the material, which should be the hydroxyl oxides and oxides of Ni. The overall binding
energy of Ni increased after oxidation. This indicates that nickel phosphide was oxidized
after long-term anodic catalysis. The high-resolution spectrograph of Fe 2p, presented in
Figure 8d, shows a similar oxidation of iron phosphide. The high-resolution spectrum
of P 2p is presented in Figure 8e. Before oxidation, P existed in the form of both metal
phosphide and phosphorus oxide, while after oxidation, the metal phosphide on the surface
almost disappeared, and the relative content of phosphorus also decreased significantly. It
is speculated that in the process of oxygen evolution, metal phosphide was transformed
into metal phosphate and hydroxyl oxide, and other species, and as the reaction progressed,
phosphorus was lost from the surface. In summary, the failure form of the NiFeP/NF
anode is mainly the surface reconstruction caused by the oxidation of phosphides to other
species such as phosphates and hydroxyl oxides.
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Based on the change in surface structure of the NiFeP/NF electrodes as both the
anode and cathode, a surface coating with TiO2 was proposed to elevate the shedding and
oxidation of the surface phosphide. The surface morphology of the as-prepared NiFeP-
TiO2/NF is shown in Figure 9a. TiO2 can be observed on the surface of the material as
a network. After the material was used as the anode for water electrolysis for 200 h, as
shown in Figure 9b, some cracks occurred on the surface. Even though the oxidation of
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phosphide into hydroxyl oxide still occurred, the overall condition remained relatively
good. After the material was used as the cathode for water electrolysis for 200 h, as shown
in Figure 9c, part of the surface shed, while the surface of the remaining part kept some
original nanostructures.
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NiFeP-TiO2/NF-0.01 M and NiFeP-TiO2/NF-0.1 M samples were obtained by treating
the materials with 0.01 M and 0.1 M TiCl4 methanol solution, and NiFeP/NF without
TiCl4 methanol solution was used as the control for comparison of the activity and stability
in electrolytic water splitting. Figure 10a shows the LSV curve of each sample. The
hydrogen evolution and oxygen evolution activities of the material decreased slightly after
the coating of TiO2, mainly due to the blockage of a small amount of the active sites by
the TiO2 layer, however, they were still higher than the noble metal electrodes. Figure 10b
shows the current curve of each sample measured at a constant potential of 1.8 V. It is
obvious that NiFeP-TiO2/NF-0.01 M had the slowest current decline rate, which is about
0.49 mA·cm−2 h−1, showing the best stability. By integrating the current over time, the total
amount of charge passing through the electrode can be obtained. The Faraday efficiency of
a HER is approximately 100% and the total amount of hydrogen produced over time can
be calculated, as shown in Figure 10c. NiFeP-TiO2/NF-0.01 M lagged behind in hydrogen
production due to the relatively smaller current in the early stage; however, it maintained
a large current after a long reaction time and produced the most hydrogen after 120 h.
Therefore, the NiFeP-TiO2/NF-0.01 M (hereinafter referred to as NiFeP-TiO2/NF) is the
most stable electrode prepared in this paper. Figure 10d is a comparison of the LSV curves
of NiFeP/NF and NiFeP-TiO2/NF after continuous electrolyzation at a 1.8 V constant
potential for a period of time. It can be seen that the performance of NiFeP/NF was slightly
better than NiFeP-TiO2/NF in the beginning; however, at 195 h, the gap between the
two became very small, and at 290 h, the performance of NiFeP-TiO2/NF became higher
than that of NiFeP/NF. This proves that TiO2 support is indeed beneficial to improving the
electrolytic water stability of NiFeP-TiO2/NF.

In conclusion, the NiFeP/NF shows outstanding electrocatalytic performance in water-
splitting electrocatalysis. The phosphide electrode can be used as the anode and cathode
at the same time in a two-electrode cell for 700 h. The performance declination is still
observed and can be ascribed to the surface shedding on the cathode and oxidation on
the anode. Surface coating using TiO2, even though not the best strategy, is observed to
effectively elevate the activity declination.
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the two-electrode system after continuous electrolysis at 1.8 V constant potential for a period of time.

3. Experiment Materials

NF was purchased from Guangjiayuan New Materials (Kunshan, China), with an
area density of 380 g/m2 and thickness of 1 mm. Chemicals, including Pt/C, RuO2, HCl,
Fe (NO3)3·9H2O, KOH, C2H6O, and CH3OH were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China); TiCl4 and NaH2PO2·H2O were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China); Nafion 117 solution
(5%) was purchased from Sigma-Aldrich (St. Louis, MO, USA); Ar was purchased from
Air Liquide Co., Ltd. (Shanghai, China). Ultrapure water was produced using a Milli-Q
ultrapure water system, the system was purchased from Merck (Rahway, NJ, USA).

3.1. Preparation of NiFe Hydroxide/NF Precursor

First, a nickel foam with a thickness of 1 mm and an appropriate size was cut and
ultrasonically cleaned with ethanol and pure water for 15 min, respectively, to remove
the oil and dust. Then, the cleaned nickel foam was immersed in 3 M HCl and soaked at
room temperature for 1.5 h. After washing with plenty of water, the foam was immersed in
ultrapure water for 24 h to form nanosheet morphology, and then immersed in 0.1 M Fe
(NO3)3 solution for 1 h for ion exchange. Finally, the samples were taken out and dried at
60 ◦C.

For comparison, the concentration of Fe (NO3)3 solution was adjusted to 0.05 M and
0.2 M. Other conditions remained unchanged, and two groups of samples were prepared.

3.2. Preparation of NiFeP/NF

Appropriate dosage of NaH2PO2·H2O was weighed according to the volume of tube
furnace. Every 1 cm3 of the tube space corresponded to 2 mg NaH2PO2·H2O. The volume
of tube furnace used in this paper was 251.2 cm3, therefore, 500 mg NaH2PO2·H2O was
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used. NaH2PO2·H2O was put into a porcelain boat, the top of which was capped to prevent
spilling the chemical. The porcelain boat was placed upstream of the gas flow, and the
sample was placed downstream. After the furnace tube was sealed, the vacuum was
pumped and argon was filled successively. The process was repeated three times to empty
the air in the furnace tube. The furnace was heated at a heating rate of 2 ◦C/min, kept at
350 ◦C for 2 h, and then cooled to room temperature naturally. Argon gas was kept flowing
at 70 sccm during the process. After the heat treatment, the sample was taken out and
marked as nickel-iron bimetallic phosphide/nickel foam (NiFeP/NF).

For comparison, the dosage of NaH2PO2·H2O was adjusted to 100, 200, 300, 400,
600 mg, and other conditions remained unchanged. Another 5 groups of samples were
prepared.

3.3. Preparation of NiFeP-TiO2/NF

First, 0.01 M TiCl4 methanol solution was prepared in a fume hood. NiFeP/NF was
immersed into TiCl4 methanol solution and stirred for 5 s to ensure the solution fully
infiltrated its surface. Then, the sample was taken out and exposed to the air for natural
drying. After 1 h, TiCl4 was naturally hydrolyzed into TiO2 to prepare NiFeP-TiO2/NF.

For comparison, 0.1 M TiCl4 methanol solution was prepared to treat the material,
other conditions remained unchanged.

3.4. Preparation of Electrode

The sample was cut as required: an L shape formed by a square of 5 mm × 5 mm and
a rectangle tap of 5 mm × 2.5 mm. The tap was polished until the nickel base was exposed,
and then a wire was connected to the polished area with soldering tin. Finally, the whole
tap was encapsulated with epoxy resin.

For comparison, 40 mg Pt/C or RuO2, 45 µL Nafion, 405 µL ethanol, and 300 µL
water were evenly mixed with ultrasonication, and 20 µL of the solution was dripped on
5 mm × 5 mm carbon paper and then naturally dried, respectively.

3.5. Characterization

NiFeP/NF, prepared using 0.1 M Fe (NO3)3 and 500 mg NaH2PO2·H2O, as well as
NiFeP-TiO2/NF, prepared with 0.1 M TiCl4, were characterized using following methods.

The compositions of the samples were characterized using X-ray diffraction (XRD,
ULTIMA IV, Rigaku, Tokyo, Japan) with filtered Cu Kα radiation (λ = 1.5418 Å). The mor-
phologies were characterized using scanning electron microscopy (SEM, GAIA3, TESCAN,
Brno, Czech). The microstructures were characterized using high-resolution transmis-
sion electron microscopy (HR-TEM, FEI Talos F200X, Thermofisher, Waltham, MA, USA)
equipped with energy dispersive spectroscopy (EDS) kit, and the sample was prepared by
focused ion beam (FIB, GAIA3, TESCAN, Brno, Czech). Surface compositions and valence
states were characterized using X-ray photoelectron spectroscopy (XPS, Thermo Kalpha,
Thermo Scientific, Waltham, MA, USA).

3.6. Electrocatalytic Measurements

The electrochemical tests used in this paper include linear sweep voltammetry (LSV),
chronopotentiometry (CP), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS). The electrolyte used in the experiment was 1 M KOH solution, pH = 14,
and the test instrument was a multi-channel electrochemical workstation (VMP3, BioLogic,
Seyssinet-Pariset, France). The test methods included two-electrode method for CP and
CA tests and three-electrode method for LSV and EIS tests. When using two-electrode
method, the working electrode and counter electrode were identical electrodes prepared in
this work. When using three-electrode method, the working electrode interface was the
electrode prepared in this work, the opposite electrode was a platinum wire electrode, and
the reference electrode was a Hg/HgO reference electrode. The data for all the potentials
reported in this study are vs. RHE. In 1 M KOH, E (RHE) = E (Hg/HgO) + 0.924 V.
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4. Conclusions

In this paper, a scalable preparation method of nickel-iron bimetallic phosphide/nickel
foam (NiFeP/NF) is presented. The surface of the as-prepared NiFeP/NF showed a
nanosheet structure, with Fe2P nanoparticles attached to Ni5P4 nanosheets. The phosphat-
ing degree and iron cation dipping conditions were optimized. The prepared NiFeP/NF
had excellent hydrogen evolution and oxygen evolution properties, and the potential was
1.85 V when the current density of 100 mA/cm2 was reached. The bimetallic phosphide
compound structure shows superior catalytic activity in electrocatalysis to the Pt/Ti and
RuIr/Ti control. The NiFeP/NF applied as both the anode and cathode in a two-electrode
cell was tested for water electrolysis in an alkaline solution for 700 h.

The activity decline of NiFeP/NF electrodes was analyzed. The surface shedding
of the cathode and the surface oxidation of the anode were proposed according to the
morphology, XRD, and XPS analysis on the spent sample after 200 h electrolysis. TiO2
coating was applied on the surface of the electrode, which effectively improved the stability
of the electrodes.
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