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Yijun Zhong,a Ziyang Zhangb and Yong Hu *a

In this work, we demonstrate the design and construction of hierarchical FeP/Ni2P hybrid hollow

nanospindles (HNSs) as an active and stable electrocatalyst for the oxygen evolution reaction (OER).

Employing solid FeOOH NSs coated with a thin layer of SiO2 as the template and Ni(NO3)2$6H2O as the

reagent, 2D nickel silicate (Ni3Si4O10(OH)2$5H2O) nanosheets were grown on the surface of the FeOOH

spindles through a facile solvothermal method to produce hierarchical FeOOH@Ni3Si4O10(OH)2$5H2O

hybrid NSs. Following a subsequent phosphorization treatment, the as-prepared solid composite NSs

were successfully converted into FeP/Ni2P HNSs. The SiO2 nanocoating was found to play a crucial role

in this synthesis, and served not only as a reagent for the solvothermal reaction, but also as

a nanoreactor for preserving the template morphology after the phosphorization treatment. Benefiting

from the unique hollow and hierarchical nanoscaled hybrid structure, the FeP/Ni2P HNS electrocatalyst

displays superior electrocatalytic activity for the OER to FexP, Ni2P and the physical mixture of FexP and

Ni2P samples, achieving an overpotential of 234 mV at a current density of 10 mA cm�2 in 1 M KOH and

a relatively low Tafel slope of 56 mV dec�1.
1. Introduction

The oxygen evolution reaction (OER) is the counter electrode
reaction involved in overall water splitting (2H2O / O2 + 2H2),
which is the crucial step for renewable hydrogen (H2) fuel
production and fabricating metal–air batteries.1,2 However, the
efficiency of these renewable technologies is hampered by the
sluggish kinetics of the OER.3,4 Precious metal oxide catalysts,
such as iridium (Ir) or ruthenium (Ru)-based ones, are generally
used to achieve fast reaction kinetics for practical applications.
But the applications using noble-metal catalysts are greatly
limited due to the high-cost and scarcity problems.5–7 Therefore,
exploring cheap alternatives with high activity and durability is
important to facilitate the realization of clean-energy devices for
commercial applications.8–12

Recently, as a new family of OER catalysts, transition-metal
phosphides have attracted considerable attention owing to
their metalloid characteristics of good electrical conductivity,
which is benecial to electrochemical performance.13,14 Mono-
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metal phosphides such as FeP,15 Ni2P16 and CoP17–19 have
already shown an outstanding performance for the hydrogen
evolution reaction (HER). Meanwhile, there are some reports on
CoP,20 Ni2P21 and MnO2–CoP3 (ref. 22) used as efficient OER
catalysts in alkaline medium. For example, Hu and coworkers
have reported that Ni2P nanoparticles are not only an excellent
HER catalyst, but are also highly active for the OER, exhibiting
an overpotential of only 290 mV at a current density of
10 mA cm�2 in 1 M KOH.23 To date, the efforts that have been
made in pursuing highly active electrocatalysts for the OER can
generally be classied into two categories. One of the approaches
focused on optimizing the electronic structure of catalysts by
means of compositional and structural modulation or element
doping to enhance the OER efficiency.24–27 For instance, compo-
sitional and structural optimization of bimetallic phosphides,
such as NiCoP,28,29 NiFeP30 and CoFeP,31 has been demonstrated
as an effective method to adjust the valence and electronic state
and therefore achieve much better electrocatalytic performance
in comparison with their mono-metallic counterparts.32

The other important way to achieve high-performance cata-
lysts is to engineer the nano/microstructure surface with more
exposed active sites which are the prerequisite to reduce
evolution overpotentials and promote the reaction kinetics.33–35

In the last decade, two-dimensional (2D) nanosheets, inspired
by graphene, have received tremendous attention in the eld of
energy conversion and storage owing to their inherent advan-
tage of a large exposed surface area, which is the crucial factor
facilitating charge and mass transport in electrochemical
J. Mater. Chem. A, 2018, 6, 14103–14111 | 14103
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reactions.36 However, in practical applications, 2D nanosheets
inevitably tend to restack together due to their high surface
energy, which reduces the contact area of the electrocatalyst/
electrolyte interface and the amount of exposed active sites
and consequently compromises the performance of the cata-
lysts.37 It has been reported recently that assembling pristine 2D
nanosheets into three-dimensional (3D) hierarchical architec-
tures would effectively prevent the aggregation of nanosheets,
and the surface of 2D nanomaterials can be fully exposed and
utilized, leading to high electrocatalytic performance. For
instance, Lou et al. reported the synthesis of hierarchical MoS2
microboxes constructed from ultrathin MoS2 nanosheets via
a facile template-assisted method, and high specic capacity
and excellent cycling performance for lithium storage, as well as
enhanced electrocatalytic activity for electrochemical hydrogen
evolution, were observed.38 To the best of our knowledge, the
synthesis of hierarchical multi-metal phosphide non-spherical
hollow nanostructures is rarely reported.

Herein, we demonstrate the design and construction of
hierarchical FeP/Ni2P hybrid hollow nanospindles (HNSs) as
active and stable OER electrocatalysts. Using solid and smooth
FeOOH nanospindles as templates, a thin layer of SiO2 was
rst coated and then transformed into 2D nickel silicate
(Ni3Si4O10(OH)2$5H2O) nanosheets which were assembled onto
FeOOH to form hierarchical FeOOH@Ni3Si4O10(OH)2$5H2O
hybrid NSs via reaction with Ni(NO3)2$6H2O through a facile
solvothermal method. Following a subsequent phosphorization
treatment, the solid composite NSs were converted into the nal
FeP/Ni2P HNSs. Compared with FexP, Ni2P and the physical
mixture of FexP and Ni2P samples, owing to the unique hollow
structure and hierarchical nature of the nanohybrid, the
FeP/Ni2P HNSs exhibit remarkably enhanced electrocatalytic
activity for the OER in an alkaline electrolyte.

2. Experimental section

All reagents used in this work were of analytical grade,
purchased from Shanghai Chemical Reagent Factory and used
as received without further purication.

Synthesis of FeOOH NSs

A simple solvothermal process was employed to synthesize the
FeOOH NSs. 4.04 g of FeCl3$6H2O was dissolved in a mixed
solution of 20mL distilled water and 12mL ethylene glycol (EG),
and a clear solution was obtained. Aermagnetically stirring for
20 min, the resulting solution was transferred into a 50 mL
sealed Teon-lined stainless steel autoclave and then placed in
a reaction oven at 100 �C for 8 h. The resultant product was
collected by centrifugation and washed with anhydrous ethanol
and distilled water three times, and nally dried at 70 �C under
vacuum for 4 h.

Synthesis of FeOOH@SiO2 NSs

50 mg of the as-obtained solid FeOOH NSs was dispersed into
a solution mixture of 30 mL of ethanol and 40 mL of distilled
water and stirred for 20 min before 6 mL of ammonia solution
14104 | J. Mater. Chem. A, 2018, 6, 14103–14111
(28%) was added. The obtained solution was then mixed with
5 mL of ethanol solution containing 0.2 mL tetraethylorthosi-
licate (TEOS) under magnetic stirring at room temperature. The
mixed solution was kept stirring for 6 h for complete reaction,
and the resultant FeOOH@SiO2 NSs were nally collected by
centrifugation and washed with anhydrous ethanol and
distilled water three times, and dried at 70 �C for 4 h.

Synthesis of FeOOH@Ni3Si4O10(OH)2$5H2O NSs

40 mg of the as-obtained FeOOH@SiO2 NSs, 0.2 mmol of
Ni(NO3)2$6H2O, and 4 mmol of NH4Cl were dispersed in 30 mL
distilled water by ultrasonication, and then 400 mL ammonia
solution (28%) dissolved in 10 mL ethanol was added into the
mixture under stirring for 30 min. The resulting mixture was
transferred into a 50 mL sealed Teon-lined stainless steel
autoclave and placed in an oven at 100 �C for 12 h. The resultant
FeOOH@Ni3Si4O10(OH)2$5H2O NSs were collected by centrifu-
gation and washed with ethanol and distilled water three times,
and nally dried under vacuum at 70 �C for 4 h.

Synthesis of the FeP/Ni2P HNSs

In a typical procedure, the as-prepared FeOOH@Ni3Si4O10

(OH)2$5H2O NSs and commercial NaH2PO2 (mass ratio of 1 : 5)
were loaded into a porcelain crucible and placed at two separate
positions, respectively, keeping the NaH2PO2 at the upstream
side of the tube furnace. The phosphorization treatment was
performed in a N2 (99.999%) atmosphere, in which the sample
was heated to 500 �C at a rate of 2 �C min�1, maintained at this
temperature for 2 h, and nally cooled down to room temper-
ature naturally. The as-prepared product was immersed in 2 M
NaOH for 1 h to remove redundant SiO2.

Synthesis of FexP

By using FeOOH NSs as the precursor, FexP samples were
prepared via the same phosphorization procedure as described
for synthesizing the FeP/Ni2P HNSs.

Synthesis of Ni2P

Through the same phosphorization procedure, Ni2P samples
were also prepared by using Ni3Si4O10(OH)2$5H2O NSs as the
precursor. Typically, the starting reagents were a mixture of
6 mL TEOS, 62 mL ethanol, and 12 mL of 28% ammonia. The
mixture was stirred mildly for 1 hour to obtain the SiO2

sample.39 Subsequently, the same solvothermal approach
and phosphorization treatment were employed to synthesize
Ni3Si4O10(OH)2$5H2O and Ni2P, respectively.

Characterization

Powder X-ray diffraction (XRD) measurements were carried out
on a Bruker D8 Advance X-ray diffractometer equipped with
a Cu Ka radiation source (l ¼ 1.5418 Å). Scanning electron
microscopy (SEM) images were taken with a Hitachi S-4800
scanning electron micro-analyzer with an accelerating voltage
of 15 kV. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) measurements as well as energy
This journal is © The Royal Society of Chemistry 2018
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dispersive spectroscopy (EDS) mapping were conducted on
a JEM-2100F eld-emission TEM. X-ray photoelectron spec-
troscopy (XPS) analyses were performed by using an ESCALab
MKII X-ray photoelectron spectrometer withMg Ka X-rays as the
excitation source. Raman spectra were recorded on a micro-
Raman spectrometer (Renishaw RM 1000) and the wavelength
of the excitation laser was 514 nm. The BET surface area, pore
size, and pore volume of the products were measured at 77 K on
a Micromeritics ASAP 2020 surface area and porosity analyzer.
Electrode fabrication

Ni foam substrates (10 mm � 20 mm � 1 mm) were cleaned
with HCl (3 mol L�1), distilled water, and anhydrous ethanol
several times. All the samples were prepared according to a re-
ported method.40 Typically, 70 wt% product powder, 10 wt%
polymer binder (polyvinylidene uoride, PVDF) and 20 wt%
carbon black were dispersed in N-methyl-pyrrolidone (NMP)
solvent to produce a homogeneous slurry. Subsequently, the
obtained suspension was coated onto the cleaned Ni foam
substrates, with a loading mass density of about 1.8 mg cm�2,
and then dried at 80 �C for 12 h under vacuum.
Electrochemical measurements

Electrochemical experiments of all the prepared electrodes were
carried out in O2-saturated 1.0 M KOH solution (pH ¼ 13.6) at
room temperature using a bipotentiostat workstation (WD20-
BASIC Metrohm PGSTAT101) with a three-electrode congura-
tion. A saturated calomel electrode (SCE) and a carbon rod were
utilized as the reference and counter electrode, respectively. The
Ni foam substrate loaded with the catalysts was used as the
working electrode, with a working area of 1 cm � 1 cm. The
electrolyte was bubbled with oxygen for 20 min before the OER
measurements. Electrochemical impedance spectroscopy (EIS)
measurements were carried out on a Zennium electrochemical
workstation (ZAHNER, Germany) with an amplitude of 10 mV
and a frequency range from 105 Hz to 0.1 Hz. All of the poten-
tials were calibrated with respect to the reversible hydrogen
electrode (RHE, saturated KCl), and the RHE potential was
calculated using the relationship E(RHE) ¼ E(SCE) + 0.059 � pH +
0.242. Linear-sweep voltammetry measurements were recorded
Fig. 1 Schematic illustration of the construction of the FeP/Ni2P HNSs.

This journal is © The Royal Society of Chemistry 2018
at a scan rate of 5 mV s�1, and all polarization curves were iR
corrected. The catalyst stability was evaluated by using cyclic
voltammetry (CV) curves at a scan rate of 50 mV s�1 between
1 and 1.7 V (vs. RHE) and the chronopotentiometry technique.
3. Results and discussion

The synthesis strategy of the hierarchical FeP/Ni2P HNSs is
schematically presented in Fig. 1. In step I, a thin SiO2 layer was
coated on the surface of the solid FeOOH NSs at room
temperature. Through a facile solvothermal method in step II,
the SiO2 was converted into Ni3Si4O10(OH)2$5H2O nanosheets
via reaction with Ni(NO3)2 and hierarchical FeOOH@Ni3Si4-
O10(OH)2$5H2O hybrid NSs were thus obtained. In step III, the
interior FeOOH NSs were gradually converted into Fe2O3 at
a low temperature of around 300 �C through the thermal
dehydration reaction: 2FeOOH / Fe2O3 + H2O,41 and FeP was
obtained via further reaction of Fe2O3 with H3P, which was
produced by the decomposition of NaH2PO2. At the same time,
Ni3Si4O10(OH)2$5H2O nanosheets also reacted with H3P to form
Ni2P nanosheets. During the phosphorization treatment, the
nanosheets formed on the spindles acted as a protective
nanoreactor which helped to maintain the spindle morphology
in the nal hierarchical structure of FeP/Ni2P HNSs.

The morphology of the solid FeOOH NSs was rst charac-
terized by SEMmeasurements. In Fig. 2a and b, it can be clearly
seen that the as-prepared sample is completely composed of
spindle-like rods with a smooth surface and a uniform size of
approximately 900 nm in length and 180 nm in width. As
revealed by the XRD analysis (Fig. S1, see the ESI†), the as-
prepared FeOOH NSs correspond to the tetragonal phase of
FeOOH (JCPDS card no. 34-1266, a¼ 10.535 Å, b¼ 10.535 Å, and
c ¼ 3.03 Å).42 Aer the growth of a thin layer of SiO2 via the
reaction of TEOS with ammonia, the shape and size of the
FeOOH NSs were maintained, as revealed by the SEM images in
Fig. S2a and b (see the ESI†). This was also conrmed by the
TEM observation. The TEM images in Fig. 3a and b clearly
exhibit a uniform spindle-shaped structure. The HRTEM
images in Fig. 3c and d indicate that the SiO2 layer is amor-
phous and about 4 nm in thickness, and the image of the area
deeper inside reveals lattice fringes with an interplanar distance
J. Mater. Chem. A, 2018, 6, 14103–14111 | 14105
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Fig. 2 SEM images of the as-prepared (a and b) FeOOH NSs and (c and d) FeP/Ni2P HNSs.
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of 0.203 nm, which corresponds to the (510) lattice planes of
FeOOH. In addition, the EDS line scan and elemental mapping
images of the as-prepared FeOOH@SiO2 NSs were measured to
further prove the core–shell structure. As shown in Fig S3 (see
the ESI†), it can be clearly seen that Fe and Si elements are
uniformly distributed in the core and shell area, respectively,
conrming the successful formation of the core–shell structure.
In the further reaction of FeOOH@SiO2 NSs with Ni(NO3)2, the
SiO2 shell was converted into Ni3Si4O10(OH)2$5H2O nanosheets,
which were vertically grown on the surface of FeOOH NSs. As
shown in Fig. S2c and d (see the ESI†), the size of FeOOH@Ni3-
Si4O10(OH)2$5H2O NSs is about 1.1 mm in length and 250 nm in
width. The crystalline phase of Ni3Si4O10(OH)2$5H2O is
conrmed by XRD analysis (Fig. S4, see the ESI†), in which all the
diffraction peaks can be indexed to the phases of Ni3Si4O10

(OH)2$5H2O (JCPDS card no. 43-0664)43 and FeOOH, indicating
the successful growth of nickel silicate on the surface of FeOOH
NSs.

Aer the reaction of FeOOH@Ni3Si4O10(OH)2$5H2O NSs
with NaH2PO2 at 500 �C in a nitrogen atmosphere for 2 h, the
FeOOH and nickel silicate were transformed into FeP and Ni2P,
resulting in the hierarchical FeP/Ni2P HNSs. During the phos-
phorization reaction, due to the Kirkendall effect, the resulting
product was expected to form a hollow structure. As revealed by
the SEM images in Fig. 2c and d, the uniform morphology is
well preserved aer phosphorization, while the TEM images in
Fig. 3e and g clearly reveal the well-dened hollow interior and
nanosheets of several nanometers grown on the surface of the
NSs. The HRTEM image in Fig. 3f indicates that the micro-
crystals of the as-obtained composite FeP/Ni2P HNSs exhibit an
interplanar spacing of 0.19 nm corresponding to the (210)
lattice plane of Ni2P, and an interplanar spacing of 0.26 nm
corresponding to the (200) lattice plane of FeP. The elemental
mapping images (Fig. 3g–j) further reveal the uniform
14106 | J. Mater. Chem. A, 2018, 6, 14103–14111
distribution of Fe, Ni and P elements in the composite FeP/Ni2P
HNSs. Meanwhile, the XRD results in Fig. 4 conrm that only
the phases of FeP and Ni2P exist in the FeP/Ni2P HNSs. A series
of typical diffraction peaks at 32.5�, 34.8�, 37.1�, 48.3� and
56.1�can be indexed to the (011), (200), (111), (211) and (221)
planes of FeP (JACPS card no. 71-2262) and those at 40.8�, 44.7�,
47.3� and 54.2� can be indexed to the (111), (201), (210) and
(300) planes of Ni2P (JACPS card no. 03-0953), respectively.

A series of controllable experiments were also conducted to
explore the effects of the shell thickness on the overall perfor-
mance by adding different amounts of TEOS for the synthesis of
FeOOH@SiO2 NSs. As shown in Fig. S5a–c (see the ESI†), with
the addition of 0.05 mL of TEOS, the thickness of the SiO2 shell
is determined to be 2–3 nm (dened as FeOOH@SiO2-0.05 NSs),
whereas the shell thickness is measured to be 8–9 nm when the
amount of TEOS is 0.4 mL (Fig. S5d–f, see the ESI,† dened as
FeOOH@SiO2-0.4 NSs). Aer solvothermal reaction and phos-
phorization treatment, the morphology of the as-obtained
samples with different amounts of TEOS is obviously
different. As shown in the SEM images (Fig. S6a and b, see the
ESI†), only a few nanosheets can be observed on the surface of
FeOOH NSs using FeOOH@SiO2-0.05 NSs as a reagent for sol-
vothermal reaction, and the nanospindle shape is collapsed
aer phosphorization treatment. When the amount of TEOS is
increased to 0.4 mL, more dense nanosheets can be observed on
the surface of the nal product and the spindle-like morphology
is maintained (Fig. S6c and d, see the ESI†).

Interestingly, without the use of the SiO2 layer, the as-
prepared FeOOH NSs were directly phosphorized and the
nanospindle shape wasn't preserved (Fig. S7b, see the ESI†).
Besides, the XRD pattern (Fig. S7a, see the ESI†) of the as-
prepared product without using SiO2 shows the co-existence
of two crystalline phases of FeP (JACPS card no. 71-2262) and
Fe2P (JACPS card no. 85-1727), which can be dened as FexP. In
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a and b) TEM images and (c and d) HRTEM images of the as-prepared FeOOH@SiO2 hybrid NSs; (e) TEM, (f) HRTEM and (g) STEM images
of the FeP/Ni2P HNSs, together with elemental mapping of (h) Fe, (i) Ni, and (j) P elements.

Fig. 4 XRD pattern of the as-prepared FeP/Ni2P HNSs.

This journal is © The Royal Society of Chemistry 2018
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addition, in the absence of the SiO2 layer, the nanosheets of
Ni2P just accumulated together rather than being assembled on
the surface of FeP during the phosphorization process (dened
as FeP–Ni2P), as revealed by the SEM images in Fig. S8 (see the
ESI†). Thus, it can be concluded that the SiO2 layer not only
served as the template and starting material for the following
reactions, but also helped to preserve the shape and mono-
disperse size distribution of the nal product during the
phosphorization process at higher temperature. Additionally,
the SEM images of the as-prepared Ni2P nanospheres using SiO2

as a precursor are shown in Fig. S9a and b (see the ESI†), and the
XRD pattern of the Ni2P is presented in Fig. S9c (see the ESI†).

The surface chemical states of the composite FeP/Ni2P HNSs
were examined by the XPS technique. The XPS survey spectrum
is shown in Fig. 5a, revealing the presence of Fe, Ni, C, O, and P
elements in the sample. The observed O element may originate
from the adsorbed O2 and H2O due to the exposure of the
sample to air. The high-resolution XPS spectrum of Fe 2p is
J. Mater. Chem. A, 2018, 6, 14103–14111 | 14107

https://doi.org/10.1039/c8ta03933j


Fig. 5 (a) XPS survey spectrum and high-resolution XPS spectra of (b) Fe 2p, (c) Ni 2p and (d) P 2p for the FeP/Ni2P HNSs.
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shown in Fig. 5b, exhibiting two main spin–orbit doublets that
can be deconvoluted into four components: the rst doublet at
711.4 eV and 724.4 eV corresponds to Fe2+ 2p3/2 and Fe2+ 2p1/2
and the second doublet at 715.6 eV and 728.0 eV corresponds to
the splitting peaks of Fe3+ 2p3/2 and Fe3+ 2p1/2.44–46 In addition,
the small peak at 706.9 eV can be ascribed to metallic Fe.47,48 The
high-resolution spectrum of the Ni 2p region is shown in Fig. 5c,
and it can be deconvoluted into six peaks. The peak at 853.1 eV
is assigned to Ni2+ 2p3/2 of Ni species (Ni

d+, d is likely close to 0)
in the Ni–P, which shis positively by 0.9 eV compared with the
metallic Ni peak at 852.2 eV.49 And the peak appearing at
857.9 eV is ascribed to Ni2+, being characteristic of the surface
oxidation states of Ni species in the sample.50 Meanwhile, the
peaks at 856.3 eV and 874.3 eV are related to Ni 2p3/2 and Ni 2p1/
2 of the oxidized Ni species, respectively.51,52 As shown in Fig. 5d,
the high-resolution XPS spectrum of P species exhibits two
main peaks: the peak at 129.5 eV can be well tted with metal
phosphides and the other one at 133.6 eV is assigned to the
oxidized metal phosphate species due to the exposure to air.53

The composite sample is also found to have a high Brunauer–
Emmett–Teller (BET) specic surface area of 15.8 m2 g�1

(Fig. S10, see the ESI†), and the Barrett–Joyner–Halenda pore
sizes are 4 nm and 7 nm (as shown in the inset of Fig. S10, see
the ESI†). Overall, the unique hollow hierarchical structure of
the sample is expected to provide a high density of active sites
and therefore allow a rapid mass transfer process for the OER.

To evaluate the electrocatalytic OER activity of the FeP/Ni2P
HNSs, 1.8 mg of the examined samples were loaded on Ni foam
14108 | J. Mater. Chem. A, 2018, 6, 14103–14111
as the current collector and tested in a typical three-electrode
setup with a scan rate of 5 mV s�1. The ohmic potential drop
losses from the solution resistance are applied to all of the
initial data, and all of the potentials are recorded on a reversible
hydrogen electrode (RHE) scale. To achieve comprehensive
understanding of the electrochemical catalytic performance of
the FeP/Ni2P HNSs, several materials were utilized for
comparative experiments, including FexP, Ni2P, and the phys-
ical mixture of FexP and Ni2P (1 : 1, wt%). The linear sweep
voltammetry (LSV) curves of all the samples are shown in
Fig. 6a; FeP/Ni2P HNSs show the lowest overpotential of 234 mV
at a current density of 10 mA cm�2, while FexP, Ni2P, the
physical mixture of FexP and Ni2P, and the bare Ni foam exhibit
overpotentials of 72 mV, 303 mV, 294 mV and 400 mV, respec-
tively. These results indicate that the as-prepared composite
FeP/Ni2P HNSs have better electronic transmission capacity
than the physical mixture. In particular, the interface of FeP/
Ni2P, which consists of highly active sites between these two
kinds of metal phosphide surfaces, is quite vital for the
promotion of the OER activity.54 In addition, we further studied
the inuence of FeP/Ni2P with different shell thicknesses for the
OER performance. As can be seen in Fig. S11 (see the ESI†), the
FeP/Ni2P HNSs exhibit obviously superior OER activity
compared with the as-prepared FeP–Ni2P, FeP/Ni2P-0.05 and
FeP/Ni2P-0.4 HNSs. Meanwhile, the overpotential of the FeP/
Ni2P HNSs examined on a glassy carbon (GC) electrode was
290 mV in 1 M KOH solution at room temperature (Fig. S12, see
the ESI†). For performance comparison, another important
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) OER polarization curves of various catalysts in 1 M KOH, and (b) Tafel plots of the as-prepared FeP/Ni2P HNSs, FexP, Ni2P and the
physical mixture of the FexP and Ni2P samples. (c) Nyquist plots and (d) scan rate dependence of current density for the FeP/Ni2P HNSs, FexP, and
Ni2P samples. (e) The polarization curve for the FeP/Ni2P HNSs before and after 3000 cycles. (f) Chronopotentiometry curve of the FeP/Ni2P
HNSs for the OER.
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control catalyst, NiFeP, was obtained according to a previously
reported procedure,55 and it exhibited an overpotential of only
about 248 mV at a current density of 10 mA cm�2 in 1 M KOH
solution (Fig. S13, see the ESI†). Furthermore, the OER perfor-
mance of the FeP/Ni2P HNSs was also examined in 1 M PBS at
room temperature, and it was found to be comparable to that of
previously reported OER electrocatalysts (Fig. S14, see the ESI†)
such as Co–Pi NA/Ti,56 CoCH/NF,57 Ni3N@Ni–Ci58 and CoFe–
Bi@CoFe–LDH.59 Moreover, the excellent OER activity of the
FeP/Ni2P HNSs is comparable with that of other transition-
metal-based electrocatalysts, as listed in Table S1 (see the ESI†).

The OER electrocatalytic kinetic performance is shown in
Fig. 6b, revealing a Tafel slope of 50.3 mV dec�1 for FeP/Ni2P
HNSs, much lower than those of FexP (106.5 mV dec�1), Ni2P
(185.2 mV dec�1), and their physical mixture (127.4 mV dec�1).
This journal is © The Royal Society of Chemistry 2018
The Nyquist plots obtained from electrochemical impedance
spectroscopy (EIS) are shown in Fig. 6c, and they can be used to
expound the charge-transfer resistances at the catalyst/
electrolyte interface. The FeP/Ni2P HNS sample exhibits lower
charge-transfer resistance and superior kinetics in comparison
with FexP, Ni2P and their physical mixture. The number of cata-
lytically active sites on the surface of a material can be evaluated
using the ratio of the electrochemically active surface area (ECSA)
to the geometric surface area of the electrode.60,61 The double-
layer capacitance is linearly proportional to the ECSA,62 which
was evaluated using a cyclic voltammetry method in the non-
faradaic region (Fig. S15, see the ESI†). Fig. 6d reveals that the
FeP/Ni2P HNSs have a preponderant double layer capacitance of
26.7 mF cm�2, larger than those of FexP (17.7 mF cm�2) and Ni2P
(3.4 mF cm�2). The outstanding ECSA benets from the unique
J. Mater. Chem. A, 2018, 6, 14103–14111 | 14109
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hierarchical FeP/Ni2P hollow structure, which can enhance anion
exchange between the electrolyte and the catalytically active sites.
According to previous work based on a rotating ring disk elec-
trode,63,64 the faradaic efficiency of the OER process occurring on
the FeP/Ni2P HNSs is determined to be about 95.3% (Fig S16, see
the ESI†).

To estimate catalytic stability of the FeP/Ni2P HNSs for the
OER, LSV curves were recorded before and aer 3000 CV scans
of the sample. As shown in Fig. 6e, the two curves exhibit almost
ignorable differences. In addition, the long-term durability of
the catalyst was also evaluated by chronoamperometric
measurements performed at an overpotential of 245 mV, and
the catalyst was found to exhibit a highly stable current density,
with only a slight decay aer a continuous OER test of 20 h in an
alkaline environment (Fig. 6f). To further inspect the structural
stability and catalytic activity, the FeP/Ni2P HNS electrocatalyst
aer the OER test was characterized by XRD, SEM, Raman and
XPS. As shown in the XRD pattern (Fig S17, see the ESI†), the
peaks assigned to FeP are missing, while some new peaks
attributed to NiFe2O4 appear aer the OER test, indicating that
it plays a vital role in the OER performance. Furthermore, the
SEM images of the FeP/Ni2P HNSs obtained aer the OER test
indicate a good structural stability of the catalyst (Fig. S18, see
the ESI†). A Raman spectrum (Fig. S19, see the ESI†) is also
provided to further conrm the formation of NiFe oxo/
hydroxide, a real catalyst for the OER, on the surface of FeP/
Ni2P HNSs aer the OER test.65 The XPS spectra of the as-
prepared FeP/Ni2P HNSs aer the OER test are shown in
Fig. S20 (see the ESI†). The peak at 706.9 eV in the Fe 2p region
and the peak at 853.1 eV in the Ni 2p region disappear aer the
OER test (Fig. S20a and b, see the ESI†), suggesting the
conversion of themetal phosphide to its correspondingmetallic
oxide or hydroxide during the OER test in the alkaline envi-
ronment.66,67 The XPS spectrum of O 1s shown in Fig. S20c (see
the ESI†) reveals peaks at 530.2 eV, 531.6 eV and 533.1 eV, which
correspond to the oxygen chemical states of metal–O, O–H and
H–O–H, respectively. The XPS spectrum of P element shows that
the peak at 133.7 eV decreases signicantly while the peak at
129.5 eV belonging to the metal phosphide disappears aer the
OER test, as shown in Fig. S20d (see the ESI†). These results
indicate that Ni–Fe oxo/hydroxide active species are formed on
the surface of the catalyst, which may have a positive inuence
on the OER performance, remarkably improving the durability
of the as-prepared electrocatalyst in alkaline medium.62

4. Conclusion

In summary, a unique electrocatalyst of hierarchically struc-
tured FeP/Ni2P HNSs has been successfully synthesized through
a exible template-assisted method followed by a facile phos-
phorization treatment. It is worth noting that the SiO2 thin layer
plays an important role in the synthesis of the composite hier-
archical nanostructure, which ensures the production of hollow
FeP nanospindles as well as the vertical growth of the Ni2P
nanosheets on the surface of 3D FeP nanospindles. As expected,
benetting from the unique morphology, effective composite
nanostructure, and synergistic effect of the FeP phase and Ni2P,
14110 | J. Mater. Chem. A, 2018, 6, 14103–14111
the composite FeP/Ni2P HNS electrocatalyst exhibits a lower
overpotential for the OER in alkaline electrolyte. The synthetic
method demonstrated in this work would open up a new
pathway to design and fabricate new heterogeneous phases of
special micro/nanostructures for high catalytic performance in
water splitting applications.
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