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ABSTRACT

Developing high-efficient yet low-cost electrocatalysts is crucial for the elec-

trochemical oxygen evolution reaction (OER). Here a universal strategy for the

facile synthesis of bimetallic Fe2P–Ni2P heterostructure has been developed.

And the catalytic activity of the obtained bimetallic heterostructure had further

studied. The sample was obtained by hydrothermal method through mixing the

nickel–iron precursors followed by direct phosphating annealing. The catalyst

has flower ball morphology that provides a massive active surface area with

more active sites. At the same time, the Fe2P–Ni2P bimetallic heterostructure

sample has excellent OER catalytic performance under alkaline electrolyte with

an overpotential of 317 mV to achieve the current density of 10 mA cm-2 in

1.0 M KOH solution and a low Tafel slope of 58.71 mV dec-1. This research

proposes a general and economical method for the preparation of heterogeneous

metal phosphide electrocatalysts toward the OER.

1 Introduction

The increasing environmental pollution and the over-

exploitation of the earth’s resources call for further

development of clean energy to replace the fossil

energy. Electrochemical water splitting is considered

as a promising way to produce clean and sustainable

hydrogen energy [1, 2]. Oxygen evolution reaction

(OER) is a magnitude procedure in the electrochem-

ical water splitting process and is one of the hinge

factors affecting hydrogen efficiency of electrolytic

aquatic products [3]. The typical OER process

involves four sequential proton-coupled electron

transfers, leading to the large overpotentials to

overcome the kinetic barrier [4]. Therefore, the pro-

gress of a highly efficient and low-price oxygen

evolution catalyst could quicken up the inherent

reaction kinetics and reduce the overpotential of

OER, further enhancing the productivity of electro-

chemical water splitting. At present, noble metal

(e.g., Ru, Ir, and Pt)-based catalysts are recognized as

the most effective catalysts for hydrogen production
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among various electrocatalysts [5, 6]. However, the

limited inventory and high price still hinder its large-

scale industrial application [7–9]. Thus, exploiting

new class of electrocatalysts and revealing the cat-

alytic mechanism are of great significance for the

rapidly growing demand toward oxygen evolution.

As a promising alternative OER electrocatalysts,

the earth-abundant transition metal phosphides, have

given rise to follow with more interest in recent years

[10–14]. The phosphorus in the phosphide structure

can participate in the reaction through moderate

bonding with the reaction intermediates, thus form-

ing active sites with proton receptors and hydride

receptors on its surface [15]. Most of all the hetero-

geneous bimetallic phosphides as OER or bifunc-

tional electrocatalysts have attracted widespread

attention, including Fe–CoP [16], (Ni0.33Fe0.67)2P [17],

FeP/Ni2P [18], and FeCo/Co2P [19], due to their

chemical advantages and various structural proper-

ties [20–22]. Previous studies have demonstrated that

the OER properties of nickel phosphate and iron

phosphate were because of the synergetic effect of

Fe3? and Ni3? in the catalyst. Because their lower

coordination number and higher H2O adsorption

energy can induce OOH* deprotonation to produce

O2, they are proved as the active centers of OER

[23, 24]. Designing and fabricating the dual metal Ni

and Fe compounds are significant for oxygen evolu-

tion reaction.

Here, we advance a tactics to synthesize support-

less Fe2P–Ni2P bimetallic heterostructure electrocat-

alyst (FNP). The Ni–Fe precursor has been uniformly

mixed by hydrothermal synthesis and then the Fe2P–

Ni2P sample was obtained by direct phosphating

annealing. The flower-like morphology of the catalyst

reveals a lot of active surface area, and these more

active sites lead to high active material loading mass

and excellent electrocatalytic efficiency [25]. The

active substances Ni/Fe-oxide or Ni/Fe-hydroxide

formed on the surface after the OER of bimetallic

phosphides have excellent desorption ability to the

intermediate (O*, OH*, and OOH*) [7, 26]. And the

internal Fe2P–Ni2P core has better conductivity and

a higher transfer coefficient, resulting in a synergistic

effect in improving the catalytic performance [22, 27].

The special Fe2P–Ni2P bimetallic heterojunction was

bond by the interaction between Fe2P and Ni2P lat-

tice. And this catalyst shows excellent OER activity

and stability, with an overpotential of 317 mV at a

current density of 10 mA cm-2 and a low Tafel slope

of 58.71 mV dec-1 in 1.0 M KOH solution. In addi-

tion, FNP has a stable OER catalytic ability that for

more than 20 hours. This work mainly studies the

improvement of heterojunctions in double transition

metal phosphates for catalytic efficiency. And the

mend of Ni–Fe bimetal phosphates binding mode

makes the OER electrocatalytic material with a good

appearance and catalytic properties without using

foam nickel and MOF or carbon cloth. This pioneer-

ing work opens a new path for designing a bimetallic

phosphate as a catalyst for OER and other

applications.

2 Experimental details

2.1 Materials

Nickel acetate (98.0%), Iron nitrate nonahydrate

(98.5%), and Potassium hydroxide (KOH, [ 85%)

were purchased from Shanghai Macklin Biochemical

Co., Ltd. Hexamethylenetetramine (HMT) was pur-

chased from Sinopharm Chemical Reagent Co., Ltd.

Nafion solution (5 wt%) were purchased from Alfa

Aesar. Carbon fiber paper (thickness: 3 mm) was

purchased from Shanghai Hesen electric co., Ltd.

Anhydrous ethanol purchased from Cologne Chem-

ical Products Co., Ltd. All the reagents and chemicals

were not further purified before use.

2.2 Synthesis of Fe2P–Ni2P(FNP), Ni2P,
and Fe2P

In a typical preparation of FNP, 0.5 mmol Iron (III)

nitrate anhydrous, 1.5 mmol nickel acetate, and

4 mmol hexamethylenetetramine (HMT) were dis-

solved in 40 mL deionized water under uniform

stirring. Then the uniform mixture was transferred to

a 100 mL Teflon-lined autoclave and went through a

hydrothermal reaction at 120 �C for 12 h. After cool-

ing down to room temperature, the precipitate was

collected by centrifugation and washed with deion-

ized water and ethanol three times, respectively. The

resulting precipitate was dried in an oven at 70 �C
and ground to fine powder before annealing. Then

the obtained Ni–Fe precursor and 1.0 g of red phos-

phorus were put into two ceramic boats, respectively,

inside a tube furnace and ensuring that the red

phosphorus was situated upstream. After flushed

with N2 for 30 min to get rid of the air in the quartz
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tube, the temperature at the center of the furnace was

elevated to 500 �C and maintained at 500 �C for 4 h at

a ramping rate of 5 �C per minute. Then naturally

cooled down to ambient temperature and the final

product was obtained. The Ni2P and Fe2P were pre-

pared by adding only nickel acetate and Iron (III)

nitrate anhydrous in the first step with the remaining

steps unchanged.

2.3 Materials characterization

To identify the crystal structure and chemical com-

position of the as-prepared samples, X-ray diffraction

(XRD) data were collected with a Cu Ka radiation

(k = 0.15406 nm) source. X-ray photoelectron spec-

trometry (XPS) was carried out on an ESCALAB250Xi

spectrometer with monochromatic Al Ka radiation to

confirm the elemental constituents and bonding

configurations. Scanning electron microscopy (SEM;

Hitachi S-4800, Japan) and transmission electron

microscopy (TEM; JEOL, JEM-2100SX, Japan) were

used to monitor the microstructures of the samples.

2.4 Electrochemical characterizations

All electrochemical measurements were performed

using a three-electrode system on a CHI760e work-

station (Shanghai Chenhua, China) at room temper-

ature. The mixture of 5 mg synthetic catalyst, 800 lL
water, 200 lL ethanol, and 50 lL 5 wt% Nafion

solution was dispersed using ultrasonic to prepare

catalyst ink. Then the catalyst ink of 5 lL was uni-

formly dripped on the surface of the polished glassy

carbon electrode (GCE, diameter 3 mm) and dried in

the air as the working electrode. Hg/HgO electrode

as the reference electrode and Pt plate as the counter

electrode. 1.0 M KOH solution (99.99% metal purity)

was used as an electrolyte and oxygenated for 30 min

before each test to achieve O2-saturated. All poten-

tials were iR-corrected to compensate for the effect of

solution resistance (80% solution resistance). All

electrochemical potentials in this paper were cali-

brated to reversible hydrogen electrode (RHE)

potentials according to the Nester equation (ERHE-

= EHg/HgO ? 0.098 ? 0.059 9 pH) and the overpo-

tential (g) of the OER was calculated as follows: g
(V) = ERHE - 1.23 V.

3 Results and discussion

3.1 Characterization and morphology

In this study, the bimetallic Fe2P–Ni2P phosphide

catalyst has been prepared by hydrothermal and

annealing phosphating. Firstly, uniformly mixed Ni–

Fe precursors were obtained by the hydrothermal

method. After drying and grinding at 70 �C in the

oven, the Ni–Fe precursor and red phosphorus were

put into a tubular furnace and annealed at 500 �C for

4 h under nitrogen atmosphere with the heating rate

of 5 �C min-1. Meanwhile, Ni2P and Fe2P were syn-

thesized by phosphating separately as a comparison.

The crystal structure of the samples was determined

by powder X-ray diffraction (XRD) analysis, as

shown in Fig. 1a; the FNP sample has five broad

peaks at 30.5� (110), 47.4� (210), 52.9� (002), 54.2�
(300), and 54.7� (211) belonging to Fe2P (JCPDS

76-0089), while those have five broad peaks at 40.8�
(111), 44.7� (021), 47.3� (210), 54.2� (300), and 54.4�
(002) belong to Ni2P (JCPDS 65-9706). This fully

indicates that the Ni and Fe-mixed precursor was

transferred to the heterostructure of Ni2P and Fe2P.

The results of XRD spectra of Ni2P and Fe2P as con-

trast samples are also consistent with Ni2P (JCPDS

65-9706) and Fe2P (JCPDS 76-0089) cards to prove the

successful synthesis of Ni2P and Fe2P.

The specific morphology and structural character-

istics of the FNP sample are analyzed using field

emission scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). It can be

seen from Fig. 1b and c that the precursors of Ni2P

and Fe2P are evenly mixed by the hydrothermal

method and the flower-like spherical morphology is

formed by phosphating. This structure can provide a

large of active surface areas and expose the active

sites to the maximum extent, thus promoting the

improvement of electrocatalytic performance. The

corresponding TEM images (Fig. 1d, e) show that the

FNP heterostructure has clear and visible lattice

stripes with the crystal plane spacing of 0.126 nm and

0.2 nm, corresponding to the (400) and (201) crystal

planes of Ni2P and Fe2P, respectively. In addition, the

heterostructure in the phase boundary region

between Ni2P and Fe2P phase marked in Fig. 1e can

prove that the heterostructure between Ni2P and Fe2P

is formed after phosphating, and the interface

bonding effect generated by this heterostructure is

conducive to exposing more active sites [20, 21],
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promoting charge transfer and thus promoting the

reaction kinetics. The ring pattern from selected area

electron diffraction (SAED) shown in Fig. 1f reveals

that the characteristic (210) and (200) belong to the

Fe2P and the (301) and (311) belong to the Ni2P,

which match well with the XRD results. Moreover,

according to the energy-dispersive X-ray spectrome-

try (EDX) mapping images in Fig. 1g–i illustrate the

uniform distribution of Ni, Fe, and P elements in FNP

sample. The result shows that the P element has

sufficient combination with Fe and Ni in the phos-

phating process. The results of XRD and TEM anal-

ysis proved the successful synthesis of the FNP

heterostructure.

3.2 Electrochemical properties

The electrocatalytic OER performance of FNP in

alkaline solution was studied using a standard three-

electrode system. Ni2P and Fe2P were tested under

the same conditions as the contrast. Prior to the linear

sweep voltammetry (LSV) test, the samples were

subjected to several cyclic voltammetry (CV) cycles in

the electrolyte at a scan rate of 100 mV S-1 until a

stable CV curve was obtained. The LSV curves of the

samples were obtained at a scan rate of 10 mV s-1

with 90% iR-compensation [28]. The obtained LSV

activation performance curves are shown in Fig. 2a.

FNP sample electrocatalysts exhibit better catalytic

activity with an overpotential of 317 mV at

10 mA cm-1 current density significantly smaller

than that of Ni2P (365 mV) and Fe2P (600 mV), indi-

cating that the heterojunction bimetallic phosphide

synthesized by phosphating can significantly

enhance the OER activity. Tafel slope, which

describes the effect of potential or overpotential on

steady-state current density, is a key factor in evalu-

ating OER dynamics. Using the LSV curve in Fig. 2a

Fig. 1 a XRD patterns of FNP/Ni2P/Fe2P. b, c SEM and d TEM images of FNP. e HRTEM images and f SAED pattern of FNP. g–i EDX

mapping of FNP
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to calculate the Tafel slope of the corresponding

sample, as shown in Fig. 2b, and the Tafel slope of

the FNP shown in Fig. 3b is 58.71 mV dec-1 which is

much lower than those of Ni2P (81.66 mV dec-1) and

the Fe2P (164.50 mV dec-1), which indicates that the

heterojunction formed by the metal phosphide of Fe–

Ni has a faster electron transfer speed and enhances

the electrocatalytic kinetics of FNP [29, 30].

Since the electrochemical active surface area

(ECSA) is proportional to the double-layer capaci-

tance (Cdl), the intrinsic surface area activity of the

sample is evaluated by ECSA as shown in Fig. 2b–d

[31]. The Cdl of the FNP sample is the largest among

the three samples (38.93 mF cm-2), compared with

Ni2P (25.80 mF cm-2) and Fe2P (22.13 mF cm-2),

which means that the heterostructure of Ni2P and

Fe2P in the FNP sample produced a larger electro-

chemical active region with more active sites [32].

The electrochemical impedance in Fig. 3a shows

that the FNP sample has lower impedance than that

of Ni2P and Fe2P, indicating that the FNP sample has

a higher charge transport rate and better OER cat-

alytic activity, which also proves that the Ni2P–Fe2P

heterostructure can improve the conductivity. The

Fig. 2 a OER LSV curves of FNP, Ni2P, and Fe2P samples in

1.0 M KOH electrolyte. b Tafel plots derived from the polarization

curves in (a). CV curves for c FNP, d Ni2P, and e Fe2P at different

scan rates: 20, 40, 60, 80, 100, and 120 mV s-1 from inside to

outside. (Dj0 = Dja - Djc). f Capacitive currents at 1.25 V (vs

RHE) as a function of the scan rate for FNP, Ni2P, and Fe2P

Fig. 3 a Nyquist plots of FNP, Ni2P, and Fe2P samples. b Chronopotentiometry curves at a constant current density of 10 mA cm-2 for

FNP. c LSV curves before and after 20-h CV cycles for FNP

23424 J Mater Sci: Mater Electron (2021) 32:23420–23428



durability and stability of FNP were tested by scan-

ning the FNP electrode with a continuous CV cycle at

100 mV s-1 scanning rate and constant current den-

sity at 10 mA cm-2. As shown in Fig. 3b, the over-

potential required to produce the same current

density after 20 h of CV cycle does not significantly

decrease, indicating that the FNP sample has excel-

lent anti-aging catalytic activity.

In order to further confirm the formation of

bimetallic phosphides and investigate the effect of

Fe2P and Ni2P heterostructures on the catalytic effi-

ciency of electrocatalytic water splitting, the valence

of FNP samples before and after OER test had been

analyzed by X-ray photoelectron spectroscopy (XPS)

analysis. The FNP overall XPS spectra (Fig. 4a)

showed obvious elemental Ni, Fe, and P signals,

consistent with the sample’s XRD and EDX mapping

data. The nickel elements before the OER test had

four peaks in the 2p spectrum (located in Fig. 4b).

The peaks at 853.2 eV and 870.9 eV can be indexed to

Ni–P bonds, and the peaks at 856.9 eV and 875.0 eV

correspond to the Ni3? in the Ni–O bond attributed to

the oxidation of the FNP surface [33, 34]. The peaks at

861 eV and 880.19 eV belong to satellite peaks. In

comparison, the Ni–P bond peaks at 853.2 eV and

870.9 eV of FNP samples disappeared after the test,

which indicated that the Ni–P bond in Ni2P decom-

posed and formed Ni–O/OOH phase catalytic active

sites on the surface. For the Fe 2p spectrum of initial

FNP (Fig. 4c), the peak located at 706.3 eV corre-

sponds to the Fe–P bond, indicating the formation of

Fe2P. The peaks of Fe 2p3/2 and Fe 2p1/2 appearing at

711.3 eV and 724.2 eV belong to Fe2?, respectively.

While the peak values of 714.4 eV and 725.6 eV with

higher binding energies correspond to the Fe3? in

iron oxide because of the surface oxidation of iron

phosphides in the air [35, 36]. It can be observed that

the double peaks from Fe2? in FNP samples after

OER operation become weakened and the double

peaks from Fe3? are enhanced [37], which indicate

that Fe2? is oxidized to a higher valence state after

OER operation, forming Fe–O/OOH, which further

Fig. 4 a Overall XPS spectra of FNP. High-resolution XPS spectra of b Ni and c Fe. d P in FNP before and after OER electrolysis in

1.0 M KOH
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promotes the enhanced OER activity. In Fig. 4d, the

initial samples show two peaks of P 2p. The peak at

130.0 eV belongs to the P 2p of the P-metal species.

The other one peak at 134.5 eV corresponds to the

oxidized P species peaks of the disappearance of two

peaks after OER reaction which indicates that the

phosphides FNP by stability test decompose into

metal hydroxides to form a new Ni/Fe oxygen

hydroxide–phosphide interface, which can overcome

the disadvantage of poor conductivity of hydroxyl

hydroxides.

Based on the above results, the catalytic perfor-

mance of heterogeneous structure FNP was

improved, mainly due to the following factors: 1. the

flower-like morphology gives the catalyst more active

surface area and active sites to enhance the transfer of

electrons. 2. The interface bonding effect of

heterostructure leads to the appearance of cations

with a more complex electronic structure and higher

conductivity, which reduces the thermodynamic

barrier of the 4 e multiproton-coupled electron

transfer step and promotes the formation of O–O

bond, thereby improving the electrocatalytic effi-

ciency [38]. 3. In the OER reaction, FNP heterojunc-

tion forms an interface of Ni(Fe) oxyhydroxide/

phosphate on the surface. This hybrid interface has

good adsorption capacity for intermediates (O*, OH*,

and OOH*) and thus greatly enhances the electro-

catalytic efficiency [7, 39]. Therefore the synergy

brought about by the heterostructure between the

rich Ni2P and Fe2P interfaces and the formed Ni

(Fe)–O/OOH surface layer gives NFP electrode

superior activity and stability.

4 Conclusion

As mentioned above, a new type of Ni2P–Fe2P

bimetallic heterostructure phosphide composite was

obtained by phosphating Ni–Fe-mixed precursors

directly in N2, which was used as a catalyst for OER

electrolytic water. The bimetallic phosphide hetero-

junction of this material shows high electrodynamics

and enhanced conductivity. Meanwhile, the syner-

gistic interaction between Ni2P and Fe2P-rich inter-

faces and the formation of Ni/Fe-oxyhydroxide

surface layer contributes to the superior electrocat-

alytic performance and working stability of the FNP.

FNP’s excellent OER electrolytic water properties

indicate that this pioneering work opens a new path

for designing bimetallic phosphides as catalysts for

water electrolysis and other applications.
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