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ABSTRACT: The continuous consumption of fossil fuels and
accompanying environmental problems are driving the
exploration of low-cost and effective electrocatalysts to
produce clean hydrogen. A Ni2P nanosheets/Ni foam
composite, as a non-noble metal electrocatalyst, has been
prepared through a facile chemical conversion pathway using
surface oxidized Ni foam as precursor and low concentration
of trioctylphosphine (TOP) as a phosphorus source. Further
investigation shows the oxidized layer of Ni foam can orient
the formation of Ni2P nanosheets and facilitate the reaction
with TOP. The Ni2P/Ni, acting as a robust 3D self-supported
superaerophobic hydrogen-evolving cathode, shows superior catalytic performance, stability, and durability in aqueous media
over a wide pH value of 0−14, making it a versatile catalyst system for hydrogen generation. Such highly active, stable, abundant,
and low-cost materials hold enormously promising potential applications in the fields of catalysis, energy conversion, and storage.

KEYWORDS: electrocatalysts, hydrogen evolution, nanomaterials, self-supported, transition metal phosphide

1. INTRODUCTION

Realization of the hydrogen economy paradigm in the future
will require efficient and sustainable production of hydro-
gen.1−5 Electrocatalytic hydrogen evolution reaction (HER) is
considered to be one of promising strategies for hydrogen
generation from water splitting.6−9 A key challenge for
electrochemical HER is the exploration of low-cost and highly
efficient electrocatalysts with low overpotential and long-term
stability. Recently, some solid-state inorganic materials
including metal alloys,10 borides,11 carbides,11,12 nitrides,13−15

sulfides,16−22 selenides,23 and even metal free catalysts24 have
been found to electrochemically active for HER. In particular,
transition metal phosphide nanostructured materials with
structural and electronic analogies to the active site of
hydrogenase have been identified as active HER catalysts
because they could merge the activity of hydrogenase with the
stability of a heterogeneous catalyst.25,26 In our previous work,
we have reported the anion-exchange synthesis of FeP porous
nanosheets and demonstrated its high electrocatalytic activity
for HER.27 Schaak’s, Lewis’, and Hu’s groups have reported the
preparation of Ni2P as an efficient electrocatalyst for HER.25,28

Subsequently, a variety of transition metal phosphide nanoma-
terials has been investigated and characterized as potential HER
catalysts.29−38 Despite the advances of solid-state HER
catalysts, the development of high efficient and stable
electrocatalysts in aqueous media over a wide pH range is
highly desirable.33,39,40

In practical applications, the construction of ideal electrodes
by optimizing the structural, mechanical, and electrical contact

between the catalyst and electrode substrates is a key issue for
achieving an excellent catalytic activity and stability.41

Currently, the HER electrocatalysts are usually assembled on
two-dimensional (2D) planar substrates through a variety of
methods, such as electrodeposition, sputtering, dip-coating, and
spin-coating, to form HER cathodes.41,42 Compared to the
conventional 2D planar architecture, self-supported hydrogen-
evolving electrodes based on 3D porous materials might offer a
large electroactive surface and thus improve the activity.43,44

Taking advantage of comparatively large surface area, high
electron conductivity, and low cost, Ni foam is usually used as
an electrode material in applications such as electrocatal-
ysis.41,44−47 Recently, Zhang et al. have demonstrated the
preparation of Ni3S2 nanorods/Ni foam composite electrode
with high activity for electrocatalytic oxygen evolution.44

Despite these important advances, the construction of a solid-
state nickel-based catalyst grown directly on Ni foam as robust
HER cathodes, to the best of our knowledge, has not been
reported yet.
Over the past several years, a lot of strategies have been

developed for the synthesis of metal phosphides. Recently,
literature on thermal reaction of NaH2PO2 with an as-
synthesized precursor at a relatively low temperature (ca. 300
°C) is booming.28,29,31,35,36 Meanwhile, many strategies still
focus on the reactions of trioctylphosphine (TOP) as a

Received: October 10, 2014
Accepted: January 7, 2015
Published: January 7, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 2376 DOI: 10.1021/am5069547
ACS Appl. Mater. Interfaces 2015, 7, 2376−2384

www.acsami.org
http://dx.doi.org/10.1021/am5069547


phosphorus source and solvent with organometallic com-
plexes.25,37,38,48,49 However, both of the methods have their
inherent disadvantages. The highly concentrated TOP is toxic
and flammable at elevated temperature, and the products often
cannot achieve a unique morphology and structure without an
additive. On the other hand, when heating NaH2PO2 over 200
°C, the highly toxic and flammable PH3 will be generated in
large amounts,50,51 and thus a more complicated setup and
post-treatment procedure are required in most cases. Very
recently, vertical nanosheets materials on substrate have been
proved to provide a superaerophobic surface, resulting in
promoting the electrocatalytic performance.52 To obtain
vertical nanosheets materials with a superaerophobic surface,
the general use of NaH2PO2 as a phosphorus source often need
two steps, i.e., electrodeposition and thermal reaction, making
the process complicated. Therefore, the efficient synthesis of
metal phosphides through a simple way with specific
morphology and structure is still highly desirable.
Herein, we report the fabrication of a highly active and long-

lived HER cathode formed by growing Ni2P nanosheets
directly on Ni foam via a facile method (referred to as Ni2P/
Ni) by using low concentration of TOP. The resulting Ni2P/Ni,
as a robust 3D hydrogen-evolving cathode, shows a low onset
overpotential of 80 mV and a small Tafel slope of 68 mV dec−1,
and it could maintain its catalytic activity for over 65 h in acidic
media. Furthermore, this Ni2P/Ni electrode offers excellent
catalytic stability and performance under neutral and alkaline
condition, making it a versatile catalyst for HER.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Ni2P/Ni Composite. The Ni foams were

cut into circular shapes with a diameter of 2.5 cm. Prior to the
synthesis, the circular Ni foams were soaked in acetone and 1 M HCl
for 5 min in sequence to remove the organic molecules and the oxide
layer. After that, the Ni foams were washed with deionized water and
ethanol and then exposed to the air for at least 3 days to form an
oxidized surface. For a typical synthesis, two pieces of the Ni foams, 15
mL of 1-octadecene, and 1 mL of TOP were placed in a three-neck
flask equipped with a glass covered magnetic stirring bar and a
condenser with an air-flow adapter on top. The three-neck flask was
then degassed under vacuum at 100 °C for about 15 min, and then the
flask was heated to 320 °C and kept refluxing for 2 h. The reaction was
then allowed to cool down to room temperature. The black products
were picked out of the flask and washed several times with hexane and
ethanol, respectively, then the product was dried naturally.
2.2. Characterization. The scanning electron microscopy (SEM)

images, energy-dispersive X-ray spectroscopic analysis (EDS), and

elemental distribution mapping were taken with a Hitachi S-4800
scanning electron microscope equipped with the Thermo Scientific
energy-dispersion X-ray fluorescence analyzer. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were carried out with a JEOL JEM-
2100F microscope. Prior to the TEM and HRTEM measurements, a
piece of Ni2P/Ni foam was immersed in ethanol in a centrifugal tube
and was under ultrasonic continuously for more than 6 h. After that,
the black precipitate was isolated through centrifugation and dried in a
vacuum oven at 30 °C for 6 h. The X-ray diffraction (XRD) patterns
were recorded with a Panalytical X’Pert Pro diffraction system with a
Co Kα source (λ = 1.78897 Å), then the data were converted to that
corresponding to the Cu Kα source by Bragg’s law. To improve the
crystallization, the Ni2P exfoliation was calcinated at 500 °C for 2 h in
argon atmosphere. X-ray photoelectron spectroscopy (XPS) was
performed using a PerkinElmer PHI 1600 Versa Probe.

2.3. Electrochemical Measurements. All electrochemical
measurements were performed using an electrochemical workstation
(CHI 660D, CH Instruments, Austin, TX) in a three-electrode system.
The Ni2P/Ni can be used as working electrode directly. To get
accurate reaction area, a Teflon mold with a defined exposed area was
utilized. The edge of Ni2P/Ni was sealed with the epoxy resin before
setting in the mold. As shown in Figure 1, the diameter of the circular
exposed area was 2.1 cm. A piece of graphite paper was used to
connect the Ni2P/Ni foam with the external circuit through a metal
alligator clip. All the potentials referred to in this paper are against a
reverse hydrogen electrode (RHE).

Before the electrochemical measurement, the electrolyte was
degassed by bubbling argon for 30 min. When the electrolyte was
0.5 M H2SO4, a Pt sheet and a saturated calomel electrode (SCE) were
used as counter and reference electrodes, respectively. The reference
electrode was calibrated in H2 saturated electrolyte with respect to an
in situ RHE. Another Pt sheet was used as a working electrode. The
polarization curves were obtained by sweeping the potential from 0.02
to −0.43 V in 0.5 M H2SO4, with a sweep rate of 5 mV/s. The
polarization curves were replotted as overpotential (η) versus log
current density (log j/[j]) to get Tafel plots for quantification of the
HER activities of investigated catalysts. The cyclic voltammetry (CV)
plots were swept between 0 and −0.17 V in 0.5 M H2SO4 with the
scanning rate of 100 mV/s. The current density-time (I−t) curves
were measured at a constant potential of −0.15 V in 0.5 M H2SO4.
The electrochemical impedance spectroscopy (EIS) was carried out at
the overpotential of 120 mV in 0.5 M H2SO4 from 10000 to 0.01 Hz at
an amplitude of 5 mV.

To collect the H2 produced from the cathode in 0.5 M H2SO4, a
more negative potential of −0.23 V was used. The evoluted H2 was
collected by a water−gas displacing method, which was achieved by an
upside-down buret filling up with water. The end of the buret without
the cock was immersed under water with the cock shutting off. The
volume of hydrogen could be read out from the scale on the buret
directly.

Figure 1. Front (a) and back (b) optical images of a piece of Ni2P/Ni foam incorporated Teflon mold.
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When 0.5 M phosphate buffer solution (PBS) was used as
electrolyte, the SCE still served as the reference electrode. The
polarization curves were obtained by sweeping the potential from 0.10
to −0.45 V with the same scanning rate of 5 mV/s. The I−t curve was
measured at a constant potential of −0.22 V.
While the pH of the electrolyte was 14, 1 M KOH aqueous solution

was employed. The reference electrode was replaced by a Hg/HgO
electrode with the inner reference electrolyte of 1 M KOH. The
sweeping range of the polarization curves was 0.22 to −0.37 V with the
scanning rate of 5 mV/s. The I−t curve was measured at a potential of
−0.07 V.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure. The Ni2P/Ni composite
was prepared through a facile chemical conversion method at
elevated temperature using Ni foam with oxidized surface as the
starting material and low concentration of TOP (Supporting
Information, Table S1) as the phosphorus source (Figure 2).
Parts a−c of Figure 3 show SEM images of the as-obtained
Ni2P/Ni. The skeleton of the Ni foam was not changed, while
the color changed from silver-gray to black, suggesting that the

Figure 2. Optical images of bare Ni foam (a) and the converted products after treated with TOP at elevated temperature (b).

Figure 3. Low (a,b) and high (c) magnification SEM images, (d) EDS spectrum, (e) elemental distribution mapping of the Ni2P/Ni foam. The inset
of (a) is the optical image of Ni2P/Ni in the Teflon mold. (f) The HRTEM image of the Ni2P exfoliation. The inset of (f) is the corresponding
SAED pattern. (g) XRD pattern of the Ni2P exfoliation calcinated at 500 °C in argon for 2 h.
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surface of the Ni foam was converted into metal phosphides.
Upon closer observation of the high-magnification SEM image,
it was found that the foam is uniformly covered by numerous
nanosheets with a lateral size of 400−500 nm and a thickness of
∼20 nm (see Figure S2 in the Supporting Information). EDS
point-scan spectrum and EDS elemental mapping indicate that
Ni and P are the main elemental components and are uniformly
distributed on the whole skeleton (Figure 3d,e).
To further investigate the morphology and microstructure of

the nanosheets gown on the Ni foam, the as-obtained Ni2P/Ni
composite was sonicated continuously for 6 h to exfoliate some
nanosheets from the Ni foam. TEM images further verify their
sheet-like morphology (Supporting Information, Figure S3).
The HRTEM image clearly shows these nanosheets consist of
thin amorphous layers, loaded with tiny crystalline particles
with an average diameter of ∼5 nm (Figure 3f). Figure 3f also
shows lattice fringes of 1.92 Å, corresponding to the (210)
interplanar spacings of Ni2P. The only two bright rings
displayed in the selective area electron diffraction (SAED)
pattern (inset of Figure 3f), which can be indexed to (111) and
(210) facets of hexagonal Ni2P, also revealed the poor
crystallinity and polycrystalline nature of the as-prepared
Ni2P. EDS spectrum of the exfoliated Ni2P nanosheets shows
these nanosheets consist of P and Ni with an atom ratio of Ni:P
close to 2:1 (Supporting Information, Figure S4). Taking the
poor crystallinity of the as-prepared Ni2P (Figure 4) into

consideration, a typical XRD pattern (Figure 3g) was obtained
after calcinating the Ni2P exfoliation at 500 °C in argon for 2 h.
All of the diffraction peaks matches very well with hexagonal
Ni2P (JCPDS 03-0953). XPS is used to analyze the surface
composition of the composite electrode (Figure 5). The peak

position and the shape of the envelopes matched well with the
reported Ni2P rather than other nickel phosphides (Supporting
Information, Table S2).53−59 In the P 2p core level spectrum,
the peak at 129.5 eV has been reported for Pδ− on metal
phosphides, and the peak at 133.1 eV for surface metal
phosphate species, due to the superficial oxidation of Ni2P

59 Ni
2p2/3 core level spectrum involves two contributions as well.59

The peak centered at 853.1 eV is assigned to Niδ+ in the Ni2P
phase. Another peak at 857.0 eV corresponds to the Ni2+ ions
interacting possibly with phosphate ions as a consequence of a
superficial oxidation. The broad satellite peak (centered at
862.5 eV) at approximately 6 eV above the Ni2+ species is the
shakeup peak of divalent Ni2+ species.59 The peak correspond-
ing to the zerovalent nickel was not found, which implied the
surface of the as-prepared Ni2P/Ni is fully covered with Ni2P.
No exposure of the metal nickel skeleton contributes to the
super stability and durability of the as-prepared Ni2P/Ni
electrode in the electrocatalytic measurements. These results
indicate that Ni2P nanosheets are grown on the surface of Ni
foam through reacting with a low concentration of TOP at
elevated temperature, forming 3D self-supported Ni2P nano-
sheets/Ni foam composite.

3.2. Growth Mechanism. In a previous report, Schaak and
co-workers have shown an efficient conversion to Ni2P by
reacting H2-reduced Ni foil with TOP as solvent.49 However,
they did not obtain nanosheets structure, which might imply
the oxidized layer on the surface of Ni foam in our case was the
key to form Ni2P nanosheets. To verify the hypothesis, a fresh
HCl-treated Ni foam was taken to immediately react with TOP.
After reaction, the color of the Ni foam turned dark-gray rather
than black. Moreover, the resultant did not form nanosheets,
with the very low content of phosphorus (Ni:P = ∼42:1)
(Figure 6). The incomplete conversion in the low concen-
tration of TOP (Supporting Information, Table S1) in turn
implied the oxidized surface could facilitate the reaction with
TOP and orient the formation of the nanosheets. Because the
ultrathin oxidized layer was difficult to characterize (Supporting
Information, Figure S1), a long-time-stored Ni foam with
severely oxidized surface was employed to verify the
composition of the oxidized layer. A typical SEM image of
the severely oxidized Ni foam showed many tiny nanosheets
distributed irregularly on the surface of the Ni foam (Figure
7a). The XPS spectra of Ni 2p2/3 core level of a piece of
severely oxidized Ni foam are shown as Figure 7b. The peak
position and the shape of the envelopes matched well with the
reported nickel hydroxide,60 which might imply the oxidized
layer was composed of nickel hydroxide. According to above
discussion, the chemical transformation mechanism can be
speculated as following description. Prior to treating the Ni
foam with TOP, a thin nickel hydroxide layer, which was
difficult to observe by SEM, formed on the surface of the Ni
foam by reacting with oxygen and water vapor during exposure
in the air.61 The thin nickel hydroxide layer consisted of many
tiny nanosheets on Ni foam substrate, which could orient the
growth of the Ni2P. At elevated temperature, nickel hydroxide
could decompose to nickel oxide,62 which could react with
TOP as well to form Ni2P and facilitate the reaction.63 Without
the nickel hydroxide layer, converting the surface of Ni foam
would need a much higher concentration of TOP and could
not lead to the production of nanosheets.

3.3. Electrochemical Characterization. Because the Ni
foam retains its flexible skeleton, the Ni2P/Ni composite can
directly act as the working electrode. To get accurate area of the

Figure 4. XRD pattern of the as-prepared Ni2P/Ni foam before being
calcinated at 500 °C in argon. The peak labeled by “&” corresponds to
the (111) and (210) facets of Ni2P, respectively.

Figure 5. XPS spectra of P 2p core level (a) and Ni 2p2/3 core level
(b) of the as-prepared Ni2P/Ni.
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Figure 6. (a) SEM image and (b) EDS spectrum of a newly HCl-treated Ni foam reacted with TOP via the same reaction process. The molar ratio of
Ni:P is about 42:1. The inset of (b) is optical image of the resultant products.

Figure 7. SEM images (a) and XPS spectra of Ni 2p2/3 core level (b) of a surface severely oxidized Ni foam exposed to air for 10 days. The inset of
(a) is a corresponding high magnification SEM image.

Figure 8. Electrocatalytic activities of the as-prepared Ni2P/Ni electrode in 0.5 M H2SO4. (a) Polarization curves of Ni2P/Ni, Pt/C/Ni, and bare Ni
foam with a scan rate of 5 mV/s. (b) Tafel plots of Ni2P/Ni and Pt/C/Ni. (c) Polarization curves of the as-obtained Ni2P/Ni initially and after 1000
CV cycles. (d) Current density−time (I−t) curve of Ni2P/Ni at the overpotential of 175 mV. (e) Current efficiency for H2 evolution catalyzed by
Ni2P/Ni. (f) EIS spectrum of the as-obtained Ni2P/Ni electrode at η = 120 mV in 0.5 M H2SO4. The data in (a−c) were iR corrected.
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electrode, a Teflon mold with a specific exposed area was
employed. The HER electrocatalytic activity of the as-prepared
Ni2P/Ni composite electrode was first evaluated in acidic
media. Figure 8 shows the electrocatalytic activities of the as-
prepared Ni2P/Ni electrode in 0.5 M H2SO4. The performance
of commercial Pt/C (20 wt %, Johnson Matthey) loading on Ni
foam (referred to as Pt/C/Ni) and bare Ni foam were also
examined for comparison. The polarization curves of these
three electrodes are shown in Figure 8a. As expected, Pt/C/Ni
electrode exhibited high HER catalytic activity with negligible
overpotential. Although bare Ni foam showed poor HER

activity, the Ni2P/Ni electrode performed an onset over-
potential of about 80 mV, which was compared favorably to
many of the non-Pt HER catalysts in acidic media.28,64,65

Further negative potential caused a rapid rise of cathodic
current, suggesting Ni2P/Ni acted as a high-performance 3D
cathode for generating hydrogen from water. The measured
Tafel slope of the Pt/C/Ni was about 30 mV dec−1 (Figure
8b), which is consistent with the reported values.27 The Ni2P/
Ni electrode exhibited a small Tafel slope of about 68 mV dec−1

in the overpotential region of 50−120 mV. This Tafel slope

Figure 9. Optical images of (a) the Ni2P/Ni, (b) Ni foam, and (c) a newly HCl-soaked Ni foam treated with TOP during the electrocatalytic
measurements in 0.5 M H2SO4. The insets are the corresponding SEM images.

Figure 10. Electrocatalytic activities of the as-prepared Ni2P/Ni electrode in 1 M KOH (a,c,e) and in 0.5 M PBS (b,d,f). (a,b) Polarization curves.
(c,d) Tafel plots. (e,f) I−t curves. The data in (a−d) were iR corrected.
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reveals the HER might proceed via a Volmer−Heyrovsky
mechanism.66

Durability and stability are very critical aspects to evaluate
the performance of a catalyst in the practical applications.
Durability of the catalytic response was evaluated by cycling the
Ni2P/Ni electrode continuously for 1000 cycles. After 1000
cycles, the polarization curve of the Ni2P/Ni electrode nearly
overlaps with the initial one, indicating a superior durability
(Figure 8c). The stability of the Ni2P/Ni electrode was further
assessed in a longer-duration controlled potential electrolysis
experiment. As shown in Figure 8d, the time dependent current
density curve keeps steady at ∼15 mA cm−2 for the whole
electrolysis under a static applied potential of 175 mV,
suggesting the Ni2P/Ni electrode can maintain its catalytic
activity for over 65 h. The hydrogen evolved from the cathode
was collected by a water−gas displacing method. The volume−
time curve of the collected H2 was nearly the same as the one
which was calculated according to the cumulative charge
(Figure 8e), which meant the Faradaic efficiency of the catalyst
was nearly 100%. It is worth mentioning that no obvious
change in the morphology of the Ni2P nanosheets was observed
after the long-term stability test (Supporting Information,
Figure S6).
Such high activity, stability, and durability for the Ni2P/Ni

electrode can be rationalized to the following aspects: (1) The
loose arrangement of the Ni2P nanosheets and the net-like
skeleton of the Ni foam benefit the escape of the tiny bubbles.
As shown in Figure 9, it could be found that the bubbles
adsorbed on the Ni2P/Ni foam (Figure 9a) were much smaller
than those in the others, suggesting that the as-prepared Ni2P
nanosheets supported on Ni foam might own a super-
aerophobic surface, on which the adhesion of as-produced gas
bubbles could be decreased, offering a rapid removal of small
gas bubbles and constant working area.52 Otherwise the
bubbles will gather on the surface of the catalyst, decrease
the active area, and hinder the ionic transportation. (2) The
Ni2P growing directly on the Ni foam also makes great
contribution to the stability: (i) Growing directly leads to the
strong chemical combination between the catalyst and the
substrate, making the thin Ni2P nanosheets not aggregate and
not fall off easily due to bubbles escaping. (ii) The dense and
uniform Ni2P nanosheets could effectively resist the acidic
corrosion to the Ni foam. (iii) Direct growth of Ni2P on Ni
foam can afford rapid electron transport from the Ni2P to the
electrode, which is very significant to increasing its HER
activity. To glean this effect, an electrochemical impedance
spectroscopy (EIS) was applied at an overpotential of 120 mV
(Figure 8f). The Ni2P/Ni electrode exhibited a very low
impedance of ∼14 Ω, which is much smaller than that
collecting at the overpotential of 140 mV in 1 M H2SO4 by
drop-casting the Ni2P nanoparticles on the glassy carbon
electrode in a previous report.28 The reduced Faradaic
impedance afforded markedly faster HER kinetics with the
catalyst.66

Aiming to make the electrocatalytic H2 evolution into large-
scale applications, it is imperative to develop the electrocatalysts
with high performance and good stability in the wide pH range
of aqueous media. We further investigated the HER perform-
ance of the Ni2P/Ni composite electrode in alkaline media.
Figure 10a shows the polarization curve of the Ni2P/Ni
composite electrode in 1.0 M KOH (pH 14). Interestingly, the
onset overpotential is about 41 mV and the Tafel slope is
calculated to be 50 mV dec−1, which are even better than those

in acidic media (Figure 10a,c). Moreover, the Ni2P/Ni
electrode still exhibits excellent stability under such alkaline
conditions (Figure 10e). Next, we investigated the HER
performance of the Ni2P/Ni electrode under neutral condition.
In 0.5 M PBS (pH 7.03), it shows an onset HER overpotential
of 78 mV and a Tafel slope of 142 mV dec−1 with excellent
stability (Figure 10b,d,f). The poor Tafel slope may due to the
HER’s inherently slow kinetics in neutral media.33 These results
indicate that the as-prepared Ni2P/Ni electrode shows a robust
HER activity in aqueous reaction media over a wide pH range.

4. CONCLUSION

In summary, we developed a facile chemical conversion
pathway to prepare Ni2P nanosheets growing directly on the
surface oxidized Ni foam as a composite electrocatalyst for
HER. The whole fabrication process is simple, highly efficient,
and easy to scale up, and the oxidized layer of Ni foam has been
shown to orient the formation of Ni2P nanosheets and facilitate
the reaction with TOP. The as-obtained Ni2P/Ni composite
with the retention of flexible skeleton and 3D geometrical
structure of Ni foam can be used directly as a hydrogen-
evolution cathode. The Ni2P/Ni electrode displays a high
activity for HER with a low onset overpotential of 80 mV and a
small Tafel slope of 68 mV dec−1 in acidic media. In addition,
the Ni2P/Ni electrode is also active for HER in both neutral
and alkaline aqueous solutions. Furthermore, the as-obtained
electrode can maintain the high performance for over 65 h in
different pH aqueous solutions. Because the elements Ni and P
are low-cost and abundant on the earth, the high activity and
the long-lived stability make the Ni2P/Ni composite a
promising candidate for electrocatalysts for HER in large
scale applications. Such highly active, abundant, and low-cost
materials hold great promise for a variety of applications in the
fields of catalysis, energy conversion, and storage.67−70

Additionally, unexpected photochemical performance of metal
phosphides and phosphorus may open up interesting
possibilities to design and fabricate self-supported photo-
electrodes composed of transition metal phosphides and/or
their composites.53,71,72
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Jimeńez-Loṕez, A. A Novel Method for Preparing an Active Nickel
Phosphide Catalyst for HDS of Dibenzothiophene. J. Catal. 2009, 263,
4−15.
(60) Grosvenor, A. P.; Biesinger, M. C.; Smart, R. S. C.; McIntyre, N.
S. New Interpretations of XPS Spectra of Nickel Metal and Oxides.
Surf. Sci. 2006, 600, 1771−1779.
(61) Wehrens-Dijksma, M.; Notten, P. H. L. Electrochemical Quartz
Microbalance Characterization of Ni(OH)2-Based Thin Film Electro-
des. Electrochim. Acta 2006, 51, 3609−3621.
(62) Kashani Motlagh, M. M.; Youzbashi, A. A.; Hashemzadeh, F.;
Sabaghzadeh, L. Structural Properties of Nickel Hydroxide/Oxy-
hydroxide and Oxide Nanoparticles Obtained by Microwave-Assisted
Oxidation Technique. Power Technol. 2013, 237, 562−568.
(63) Muthuswamy, E.; Brock, S. L. Oxidation Does Not (Always)
Kill Reactivity of Transition Metals: Solution-Phase Conversion of
Nanoscale Transition Metal Oxides to Phosphides and Sulfide. J. Am.
Chem. Soc. 2010, 132, 15849−15851.
(64) Kibsgaard, J.; Jaramillo, T. F.; Besenbacher, F. Building an
Appropriate Active-Site Motif into a Hydrogen-Evolution Catalyst
with Thiomolybdate [Mo3S13]

2− Clusters. Nature Chem. 2014, 6, 248−
253.
(65) Chen, L.; Wang, M.; Han, K.; Zhang, P.; Gloaguen, F.; Sun, L. A
Super-Efficient Cobalt Catalyst for Electrochemical Hydrogen
Production from Neutral Water with 80 mV Overpotential. Energy
Environ. Sci. 2014, 7, 329−334.
(66) Li, Y.; Wang, H.; Xie, L.; Liang, Y.; Hong, G.; Dai, H. MoS2
Nanoparticles Grown on Graphene: An Advanced Catalyst for the
Hydrogen Evolution Reaction. J. Am. Chem. Soc. 2011, 133, 7296−
7299.
(67) Chang, J.; Feng, L.; Liu, C.; Xing, W.; Hu, X. An Effective Pd−
Ni2P/C Anode Catalyst for Direct Formic Acid Fuel Cells. Angew.
Chem., Int. Ed. 2014, 53, 122−126.
(68) Bag, S.; Gaudette, A. F.; Bussell, M. E.; Kanatzidis, M. G.
Spongy Chalcogels of Non-Platinum Metals Act as Effective
Hydrodesulfurization Catalysts. Nature Chem. 2009, 1, 217−224.
(69) Miao, S.; Hickey, S. G.; Rellinghaus, B.; Waurisch, C.;
Eychmüller, A. Synthesis and Characterization of Cadmium Phosphide
Quantum Dots Emitting in the Visible Red to Near-Infrared. J. Am.
Chem. Soc. 2010, 132, 5613−5615.
(70) Miao, S.; Hickey, S. G.; Waurisch, C.; Lesnyak, V.; Otto, T.;
Rellinghaus, B.; Eychmüller, A. Synthesis of Monodisperse Cadmium
Phosphide Nanoparticles Using ex Situ Produced Phosphine. ACS
Nano 2012, 6, 7059−7065.
(71) Wang, F.; Li, C.; Li, Y.; Yu, J. C. Hierarchical P/YPO4
Microsphere for Photocatalytic Hydrogen Production from Water
under Visible Light Irradiation. Appl. Catal., B 2012, 119−120, 267−
272.
(72) Wang, F.; Ng, W. K. H.; Yu, J. C.; Zhu, H.; Li, C.; Zhang, L.;
Liu, Z.; Li, Q. Red Phosphorus: An Elemental Photocatalyst for
Hydrogen Formation from Water. Appl. Catal., B 2012, 111−112,
409−414.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5069547
ACS Appl. Mater. Interfaces 2015, 7, 2376−2384

2384

http://dx.doi.org/10.1021/am5069547

