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A mesoporous silica loaded with molybdenum phosphide nanoparticles (MoP@MSN) was synthesized using Pluronic F-127 as
a hard template. Using the method of XRD and HRTEM, the crystallinity, the phase structure, and the morphologies of the MoP@
MSN were investigated. -e results showed that the MoP@MSN were composed of nanoflakes with approximately 100 nm.
-rough the linear sweep voltammetry (LSV), the Tafel slopes of 100 and 341mV were yielded for MoP@MSN and pure MoP,
respectively, meaning that the composite of MSN can significantly improve the conductivity of the products. Meanwhile, the
mesoporous MoP@MSN presented excellent electrochemical activity and stability toward hydrogen evolution compared with
those of bulk MoP nanoparticles, showing a promising prospect in hydrogen production.

1. Introduction

Hydrogen, a clean energy, has been considered as the new
and sustainable energy source instead of the deficient fossil
fuels in the future [1–3]. Electrochemical water splitting has
been regarded as a potential way to produce H2, but this
method might use electrocatalysts and consume plentiful
power for the hydrogen evolution reaction (HER) [4, 5].-is
has induced intense researches to identify possible elec-
trocatalysts that are suitable for HER, which at the moment
is best catalyzed by noble metals, especially platinum [6, 7].
However, the high cost of the noble metals has hindered
their large-scale commercial application [8]. As a conse-
quence, the research of low-cost alternatives made from
affluent elements has become a main research focus for the
practical application of H2.

-e molybdenum-based compounds, a big family of
non-noble-metal electrocatalysts, have received great suc-
cess for generating hydrogen from water, including MoS
[9–18], Mo2C [19–21], NiMoNx [22], and Co0.6Mo1.4N2 [23].
Among them, molybdenum phosphide (MoP), an efficient
HER catalyst in acids, has caused numerous attentions.
Moreover, it has been confirmed that the turnover frequency
(TOF) of MoP is much higher than that of MoS2, meaning

better catalytic activity [24]. As we all know, an ideal catalyst
should own a large specific surface area (SSA) for the ex-
posure of more active sites and high electrical conductivity
for favorable electron transfer [25]. As an abundant and low-
cost semiconductor, silicon has been widely used in the field
of solar energy conversion, including solar cell and pho-
toelectrochemical water splitting devices [26, 27]. Compared
with the one-dimensional and two-dimensional structures,
the three-dimensional (3D) porous morphology of silicon
can provide a higher SSA and more catalytic sites, leading to
superior catalytic activities [28].

In this article, a handy method for the synthesis of the
composite of mesoporous silicon nanoparticle (MSN) and
molybdenum phosphide (MoP) is introduced, and the re-
markably enhanced hydrogen production capability of the
resultant MoP@MSN has been demonstrated. In addition,
we also explain the formation of MoP@MSN and the cat-
alytic activities for hydrogen evolution.

2. Materials and Methods

2.1. Fabrication of MoP. Typically, 0.662 g (NH4)6Mn7O24
and 0.775 g (NH4)2HPO4 were dissolved in 15mL H2O, with
stirring at 90°C for 12 h. After complete dissolution, with the
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evaporation at 120°C for 12 h, a white solid can be obtained.
-en, we calcine the white solid at 500°C for 5h to get a green
powder. In order to get the final target product, calcine the
green powder at 850°C for 2h in an atmosphere (H2/Ar� 20%)
to obtain a black powder S1.

2.2. FabricationofMSN. Typically, 1.22 g Pluronic F-127 and
2.6 g CTACwere added into 30mLH2O under stirring to get
a clarified solution. -en, 4mL TEOS was added into the
solution with stirring for 24 h, adding 30mLNH3·H2O to get
a white gel.-e white gel was collected by centrifugation and
washed with deionized water and ethanol and then dried at
60°C in an oven. Lastly, the product was calcined at 600°C for
3 h to obtain the final sample S2.

2.3. Fabrication of MoP@MSN. Typically, 0.662 g
(NH4)6Mn7O24 and 0.775 g (NH4)2HPO4 were dissolved in
15mL H2O by adding the as-synthesized MSN and then
stirring at 90°C for 12 h. After stirring, the clarified so-
lution was oven-dried at 120°C for 12 h, and a white solid
could be obtained. -en, calcine the white solid at 500°C
for 5 h and calcine the green powder at 850°C for 2 h in an
atmosphere (H2/Ar � 20%) to obtain a black powder.
Lastly, the black powder was set in 2M NaOH for 24 h to
get the target product S3.

2.4. Sample Characterization. X-ray diffraction (XRD) pat-
terns were collected on a Bruker D8 advanced X-ray diffrac-
tometer with Ni-filtered Cu Kα radiation (λ�1.5406 Å) at
a voltage of 40 kV and a current of 40mA. Transmission
electron microscopic (TEM) images were taken on JEM-2010
and JEOL JEM-2100F microscopes.

2.5. Preparation of Working Electrodes. Catalyst ink was
prepared by dispersing 1mg of catalyst in 900 µL of ethanol
solvent containing 100 µL of 5wt.% Nafion and sonicated
for 60min. -en, 5 µL of the catalyst ink was loaded onto
a glassy carbon electrode (GCE) of 3mm in diameter
(loading ca. 0.72mg·cm−2).

2.6. Electrochemical Measurements. All the electrochemical
measurements were conducted using a CHI1011 electro-
chemical workstation (CH Instruments, China) in a typical
three-electrode setup with an electrolyte solution of 0.5M
H2SO4, a Pt wire as the counterelectrode, and an Ag/AgCl-
saturated KCl as the reference electrode. Linear sweep
voltammetry (LSV) was conducted in 0.5MH2SO4 with a scan
rate of 5mV·s−1. Onset overpotentials were determined based
on the beginning of the linear regime in the Tafel plot.-e time
dependency of catalytic currents during electrolysis for the
catalyst was tested in 0.5M H2SO4 at η� 150mV after
equilibrium. Electrochemical impedance spectroscopy (EIS,
PARSTAT 2273, Princeton Applied Research, USA) measure-
ments were carried out in the frequency range of 100kHz–
0.1Hz. Potentials were referenced to a reversible hydrogen
electrode (RHE) by adding a value of (0.197+0.059pH)V [28].

3. Results and Discussion

3.1. Characterization of Samples. Powder X-ray diffraction
(XRD) was used to determine the crystallinity and phase
structure of the as-synthesized products. As shown in
Figure 1, the diffraction peaks of the as-synthesized sample
S1 match well with those of MoP, meaning that S1 is a pure
MoP (PDF#65-6487) of good crystallinity. -e diffraction
peaks of S3 express low intensity, indicating a relatively
low degree of crystallinity. Meanwhile, the diffraction
peaks of S3 basically match with those of the pure MoP,
and the discrepancy of peaks could be attributed to the
amorphous phase of the MSN.

Transmission electron microscope (TEM) was used to
investigate the morphologies of the samples. TEM images
expressed the morphology and size of S1 and S3, as shown in
Figures 2 and 3, respectively. Due to the high reaction
temperature, the small particles gathered into clusters.
Obviously, from Figure 2, we can easily find that the bulk
MoP is stacked together, and the measure of the bulk MoP is
about 600nm, consisting of the single nanosheets (∼200nm).
From the inset, the bulk MoP is composed of nanoflakes with
approximately 100nm. Compared with the bulkMoP, Figure 3
showed that the phosphorization of MoP@MSN results in
crystallineMoP on the sidewall of MSN. From Figure 3, we can
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Figure 1: XRD patterns of MoP and MoP@MSN.
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Figure 2: TEM of bulk MoP and HRTEM of bulk MoP (inset).
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also consider that the thin layer of MoP is constructed by thin
open shells with a typical thickness of ca. 125nm. �e high-
resolution TEM (HRTEM) image (Figure 3) shows clear lattice

fringes with an interplane distance of 0.280nm, which cor-
respond to the (100) plane of MoP, and the results were similar
with the recent study [29].
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Figure 3: (a) TEM of MoP@MSN and (b) HRTEM of MoP@MSN.
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Figure 4: (a) Polarization curves of GCE, pure MoP, and MoP@MSN; (b) the Tafel plots of MoP andMoP@MSN after iR correction; (c) the
stability test of the MoP@MSN catalyst.
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3.2.ElectrocatalyticMeasurements. -e electrocatalytic HER
activity of MoP@MSN was confirmed through linear sweep
voltammetry (LSV) in H2SO4 solution (0.5M) using a typical
three-electrode setup. For comparison, a bare GCE and bulk
MoP were used to experiment. As shown in Figure 4(a), the
bare GCE and the bulk MoP expressed poor HER perfor-
mance. -e MoP@MSN displayed much higher cathodic
current density for the HER, suggesting that the MoP@MSN is
active for HER catalysis.-e Tafel plots of theMoP andMoP@
MSN catalysts are displayed in Figure 4(b), which were fitted to
the Tafel equation (Z� b log j+ a, where j is the current density
and b is the Tafel slope), yielding the Tafel slopes of 100 and
341mV for MoP@MSN and pure MoP, respectively. -e Tafel
slope is regarded as an internal property of the catalyst, which is
a significant standard for the HER performance. A smaller
Tafel slope means a faster increase of the HER rate with in-
creasing potential. -erefore, the MoP@MSN catalyst exhibits
a better catalytic activity than the pureMoP catalyst, which can
be ascribed to the lower Tafel slope of the MoP@MSN. In the
process of electrocatalytic hydrogen evolution, the MSN offers
specific surface area and catalytically active sites. In addition,
the lower Tafel slope and the more positive onset potential for
MoP@MSNmight be possibly a result of theHER occurring on
a porous matrix with higher SSA [30, 31].

Stability is a key factor in evaluating catalyst perfor-
mance. -e stability of the catalyst in an acidic environment
was tested via 3000 cyclic voltammetric (CV) cycles between
0 and 0.5V versus the reversible hydrogen electrode (RHE)
at 5m·Vs−1. As shown in Figure 4(c), this electrode shows
only a little change after 3000 cycles, compared with the first
cycle of cathodic current density. -e excellent catalytic per-
formance of MoP@MSNmight be attributed to the synergistic
effects among the conductive carbon-modified and the porous
structures. On one hand, MoP is a good conductor of elec-
tricity, which leads to fast electron transport across each mi-
crostructure and enhances electron penetration through the
carbon layer. On the other hand, the porous structures of MSN
offer a higher SSA and thus more active sites, which not only
maximize the number of the exposed catalytic active sites but
also facilitate the diffusion of the electrolyte and the release of
generated gas bubbles [32].

4. Conclusions

In this work, we successfully synthesized a new kind of
mesoporous silica loaded with molybdenum phosphide
nanoparticles in a facile method, which showed a unique
mesoporous structure and excellent stability. -e MoP@
MSN is highly active for electrochemically generating hy-
drogen in acidic electrolytes. Such MoP@MSN offers an
attractive low-cost metal catalyst material for the HER. We
believe that our approach can be further extended to pro-
duce a series of carbon-coated and porous architectures
containing transition metal phosphides for applications.
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