
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
1/

29
/2

02
5 

10
:3

0:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
High-efficiency e
School of Chemical and Environmental Eng

Wuhan, 430023, P. R. China. E-mail: renzh

† Electronic supplementary informa
10.1039/c6ra24754g

Cite this: RSC Adv., 2017, 7, 1553

Received 5th October 2016
Accepted 3rd December 2016

DOI: 10.1039/c6ra24754g

www.rsc.org/advances

This journal is © The Royal Society of C
lectrochemical hydrogen
evolution based on the intermetallic Pt2Si
compound prepared by magnetron-sputtering†
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and Zhandong Ren*

The development of highly active and stable electrocatalysts for the hydrogen evolution reaction (HER) is

central to the area of renewable energy. Si nanocomposites exhibited high efficiency in a light-induced

hydrogen evolution reaction. However, there are few reports on the experimental application of the

electrochemical HER. Herein, we report a simple synthesis of an intermetallic Pt2Si electrode using

magnetron sputtering (MS) synthesis. The physical and electrochemical characterization of the materials

was achieved by scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray

fluorescence (XRF), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Herein, the

electrochemical catalytic activity towards the HER of an intermetallic Pt2Si MS (IM-Pt2Si-MS) electrode is

demonstrated for the first time. Cyclic voltammetry (CV) curves reveal that the H underpotential

deposition (H-UPD) peaks of the IM-Pt2Si-MS electrode shift to higher potentials than those of a Pt

electrode, which indicates that hydrogen is more easily adsorbed on the Pt2Si surface. Thus, the

IM-Pt2Si-MS electrode exhibited a higher HER activity than that of a Pt electrode in 0.5 M H2SO4 solution

through linear sweep voltammetry (LSV). This is attributed to the electronic structure modification of Pt

and the synergistic effect of the Pt–Si binary alloy in the IM-Pt2Si-MS electrode. In addition, the Tafel

slope of 30.5 mV dec�1 indicates that the mechanism for the Pt2Si-catalyzed HER is Volmer–Tafel, for

which the combined desorption of hydrogen is the rate-limiting step.
Introduction

With the increasing demands for clean and renewable energy to
solve the problems related to the emission of greenhouse gases
and environmental pollution, hydrogen has attracted much
attention as an ideal energy carrier.1–5 Hydrogen has some
advantages, such as high energy density, high energy per unit
mass, cleanliness, and environmental safety, in comparison to
other fuels.6,7 On the other hand, hydrogen is being considered
as an energy carrier in the fuel cell technology. Despite its great
application prospects, the cost-effective and sustainable
production of hydrogen has proven to be a great challenge. To
date, extensive efforts have been devoted to exploring the
advanced techniques for hydrogen production.7–12

The hydrogen evolution reaction (HER) is an electrochemical
procedure for hydrogen production, which is considered to be
one of the most promising processes and has been extensively
investigated.9,13,14 A good catalyst for the HER is required to be
able to reduce the overpotential and consequently increase the
ineering, Wuhan Polytechnic University,

andong@163.com

tion (ESI) available. See DOI:

hemistry 2017
intrinsic kinetic rate. A volcano curve relates the intrinsic
kinetic rate (the exchange current density, j0) to the adsorption
free energy of the reaction intermediate.8,15–19 Pt is near to the
top of the volcano curve and, therefore, has a slightly negative
hydrogen absorption energy. Pt has a high catalytic activity for
the HER, but concerns related to its higher cost and rarity are
signicant hurdles with respect to its practical application.
Therefore, intensive efforts have been devoted to the investi-
gation of non-noble-metal alternatives, such as metal
suldes,16,19–31 metal carbides,3,32–36 metal phosphides,37–39 metal
alloys,40,41 and metal oxides. On the other hand, Pt is generally
inefficient, or not fast enough, for water dissociation.15 Hence,
an optimal route to design a high-performance catalyst for the
HER is to combine fast water dissociation with the desorption
of OH� and the efficient recombination of Had.42–44 Metal
hydroxides are effective catalysts for H2O molecule adsorption
and dissociation, although they are poor at converting the
resulting Had to hydrogen molecules. It has been reported that
some metal hydroxides have improved the rate of the HER due
to their excellent abilities in cleaving the HO–H bond.2,10,43,45–50

In addition to metal hydroxides, a Si nanocomposite has
exhibited a high light-harvesting efficiency and hydrogen
evolution performance under both UV-vis and visible light
irradiation.51–53 On the surface of the silicon semiconductor,
RSC Adv., 2017, 7, 1553–1560 | 1553
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Fig. 1 Morphologies of IM-Pt2Si-MS electrode with the SEM images:
fresh electrode (a); after 1000 cycles CV in 0.5 mol L�1 H2SO4 (c); after
1000 cycles CV in 1.0 mol L�1 KOH (d). Morphologies of IM-Pt2Si-MS
electrode with AFM images (b).

Fig. 2 X-ray diffraction curves for IM-Pt2Si-MS electrode.
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water molecules can spontaneously dissociate at the Si–H and
Si–OH bonds.11,54 Moreover, Si can modify the electronic prop-
erties of Pt, via a synergistic strain and ligand electronic inter-
action. So Pt, in combination with Si, could be regarded as an
ideal catalyst for the electrochemical generation of hydrogen
from aqueous solutions. But, based on our knowledge, there are
few reports on the experimental application of Si semi-
conductors for the electrochemical HER, except for those by
Ensa,55 Vijh,56 and Zhu.57 Vijh's study showed that Si can
improve the HER activities of Fe, V, and Co in an acid system,
but these are still far lower than that of Pt. Ensa prepared a Pt/
nanoporous silicon catalyst, where the nanoporous silicon was
the support. This exhibited good electrocatalytic activity for
the HER when compared with commercial Pt/C. Recently,
Zhu showed that the hydrogen evolution activity of a Rh–Si
composite is better than that of Rh nanoparticles, even
exceeding that of commercial Pt/C at high overpotentials. The
results reveal that hydrogen adsorbs on Rh and desorbs from Si,
which has a lower adsorption energy.

Intermetallic compounds have stoichiometric compositions
and ordered lattice structures. The well-dened surface struc-
tures of intermetallic compounds are desirable with respect to
electrocatalysis, due to their remarkable stability and compati-
bility. Some intermetallic compounds have been applied for
electrocatalysis, such as AuCu and PtPb, which showed striking
effects in the oxygen reduction reaction (ORR) and the oxidation
of small organic molecules. In this paper, intermetallic Pt2Si
was prepared by magnetron-sputtering at room temperature.
The structure of the intermetallic Pt2Si MS (IM-Pt2Si-MS) elec-
trode was characterized by scanning electronmicroscopy (SEM),
atomic force microscopy (AFM), X-ray uorescence (XRF), X-ray
diffraction (XRD), X-ray photoelectron spectrometry (XPS), and
electrochemical methods. Then, the electrochemical catalytic
activity toward the HER of the IM-Pt2Si-MS electrode was
demonstrated for the rst time.

Results and discussion

The morphologies and structures of the as-prepared IM-Pt2Si-
MS electrode were characterized, as shown in Fig. 1. As dis-
played in Fig. 1a, we can see that the morphology of the IM-
Pt2Si-MS electrode is approximately spherical with diameters
of about 20 nm. In order to carefully observe the grain size
and surface roughness, the IM-Pt2Si-MS electrode was further
characterized by AFM. As shown in Fig. 1b, the electrode
takes on a at morphology containing uniformly spherical
nanoparticles with sizes of 10–20 nm, which is consistent with
the observed results from the SEM image. X-ray uorescence
(XRF) was also applied to conrm the Pt : Si molar ratio in the
IM-Pt2Si-MS electrode, and the result turned out to be
63.4% : 36.6%, close to the nominal ratio of 2 : 1 in the inter-
metallic Pt2Si phase (see Table S1†).

The crystal structure of the IM-Pt2Si-MS electrode was char-
acterized by XRD (Fig. 2). The characteristic diffraction peaks of
the (110), (112), (202), (220), and (222) crystal facets are observed
clearly, indicating that the IM-Pt2Si-MS electrode possesses
a high-quality body-centered tetragonal (bct) crystal structure,
1554 | RSC Adv., 2017, 7, 1553–1560
comparing with JCPDS no. 17-0683. Moreover, the major peaks
located at 2q values of 32.1� and 44.7� are indexed as the (110)
and (112) planes. Their intensity ratio is about 1.71, which is
much higher than the data for JCPDS-17-0683 (0.90), conrming
that the IM-Pt2Si-MS electrode has a (110)-dominated crystalline
structure. The peak position (qmax) and peak width (B2q) were
obtained by curve tting and were used for the calculation of the
particle size (d), according to the Scherrer formula (d ¼ 0.94l/
B2q cos qmax), where l is 1.5406 Å. The average size of the IM-
Pt2Si-MS electrode prepared in the present work was thus
calculated to be about 21.86 nm, based on the peak width of the
well-shaped (202) reection.

To the best of our knowledge, the electrochemistry of inter-
metallic Pt2Si has been seldom reported in the literature.58

Herein, we demonstrate the CV of the IM-Pt2Si-MS electrode in
0.5 mol L�1 H2SO4 with a scan rate of 100 mV s�1. As shown in
Fig. 3, the CV curves of both IM-Pt2Si-MS, Pt-MS, and Pt-disk
electrodes clearly demonstrate the occurrence of two typical
processes, i.e., Hads adsorption–desorption and OHads oxida-
tion–reduction on the surface of Pt. However, it is clear that the
peak-potentials of the oxidation and the reduction are different
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra24754g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
1/

29
/2

02
5 

10
:3

0:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
from each other. Firstly, in the high-potential region, the initial
oxidation potential of the IM-Pt2Si-MS electrode is 0.72 V (for CV
details see Fig. S1†), which is 0.12–0.13 V lower than that of the
Pt-MS electrode (0.84 V) and the Pt-disk electrode (0.85 V). These
observations indicate that the surface of the IM-Pt2Si-MS elec-
trode is more likely to support electrochemical oxidation. This
is understood by considering the existence of Si on the electrode
surface, as Si is more active than Pt in terms of oxidation. This
judgment is also supported by the negative shi in the
reduction-peak potential of the IM-Pt2Si-MS electrode (0.778 V),
in comparison to that of the Pt-MS (0.829 V) and Pt-disk (0.819
V) electrodes. As has been said, this is a clear indication that the
oxygen affinity of Pt2Si is stronger than that of Pt.

In the low-potential region, there are two hydrogen
underpotential deposition (H-UPD) peaks on the surfaces of
the three Pt-based electrodes. Careful inspection reveals that
the H-UPD peaks of the IM-Pt2Si-MS electrode have shied to
a higher potential compared with those of the Pt-disk and Pt-
MS electrodes. The two H-UPD peak-potentials of the IM-
Pt2Si-MS electrode are 0.247 V and 0.121 V, which are higher
than those of the Pt-MS electrode (about 49 and 26 mV) and
the Pt-disk electrode (about 46 and 24 mV). The higher
potential of the H-UPD peaks indicate that hydrogen is easily
adsorbed on the Pt2Si surface. Therefore, the IM-Pt2Si-MS
electrode should have excellent hydrogen evolution reaction
activity, which will be discussed in detail later in the article.
Moreover, based on the capacitance of hydrogen adsorption,
the electrochemically active surface areas (ESA) of the cata-
lysts were determined. The area of H-adsorption can be used
to estimate the ESA of the Pt catalysts, according to the
following equation:
Fig. 3 Cyclic voltammograms in 0.5 mol L�1 H2SO4 solution at
a sweep rate of 100 mV s�1 for IM-Pt2Si-MS (a), Pt-MS (b) and Pt-disk
(c) electrodes with respect to the geometric surface area (GSA).

This journal is © The Royal Society of Chemistry 2017
ESA ¼ QH

2:1� 10�4
cm2 (1)

where, QH represents the charge exchanged during the
adsorption of hydrogen on a catalyst's surface and 2.1 � 10�4 C
cm�2 is taken as the charge required to oxidize a monolayer of
hydrogen on a smooth polycrystalline Pt electrode. According to
formula (1), the ESA of the IM-Pt2Si-MS electrode is 1.62 cm2,
which is larger than that of the Pt-MS electrode (1.20 cm2).

LSVmeasurements were performed to investigate the activity
of the HER using a three-electrode system in 0.5 M H2SO4, with
a scan rate of 5 mV s�1. This is a systematic and effective
method to investigate the electrochemical activity of electro-
catalysts. In the linear potential sweep curves, their cathodic
currents all appeared from 0.03 V, followed by hydrogen
absorption and evolution currents. As expected and clearly
represented in Fig. 4, the HER activity of the IM-Pt2Si-MS elec-
trode is higher than that of the Pt2Si-MS and Pt-disk electrodes.
For instance, to obtain a current density of 40 mA cm�2 (GSA) in
0.5 M H2SO4, overpotentials of 78 mV, 120 mV, and 174 mV are
required for the IM-Pt2Si-MS, Pt-disk, and Pt-MS electrodes (see
Fig. 4a). Moreover, the overpotential at 40 mA cm�2 (ESA) is
106 mV for the IM-Pt2Si-MS electrode, while the overpotential
for Pt electrodes (Pt-MS and Pt-disk) is 186 mV (see Fig. 4b).
Additionally, the IM-Pt2Si-MS electrode exhibited a high current
density of 36.1 mA cm�2 (ESA) at �0.1 V, which is much higher
than that for Pt electrodes (Pt-MS and Pt-disk) (14.6 mA cm�2).
Finally, the apparent activity for the HER of the Pt disk electrode
is higher than that of the Pt-MS electrode, because the Pt-disk
Fig. 4 Linear sweep voltammetry curves of IM-Pt2Si-MS, Pt-MS, and
Pt-disk electrodes in 0.5 mol L�1 H2SO4 solution at a sweep rate of
5 mV s�1 with respect to geometric surface area (GSA) (a) and elec-
trochemically active surface area (ESA) (b).

RSC Adv., 2017, 7, 1553–1560 | 1555
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Fig. 5 XPS analysis of the IM-Pt2Si-MS electrode for wide-range
spectrum (a) and high-resolution spectrum (b).

Fig. 6 CO stripping curves of IM-Pt2Si-MS and Pt-MS electrodes in
0.5 mol L�1 H2SO4 solution at a sweep rate of 20 mV s�1.
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has a larger electrochemical area than the Pt-MS electrode. If
the electrochemical area is normalized, as shown in Fig. 4b, the
electrochemical activity of the Pt-MS and Pt-disk is similar. The
HER activities of the three electrocatalysts in 1.0 M KOH solu-
tion have also been investigated (see Fig. S2†), in which the best
is still IM-Pt2Si-MS.

The superior HER activity of the IM-Pt2Si-MS electrode could
be attributed to two aspects. First of all, Si atoms can signi-
cantly modify the electronic structure of Pt by the so-called
ligand effects.15 Based on the volcano curve of the HER, the
extremely strong bonding of hydrogen to Pt atoms greatly limits
the HER activity. DFT calculations can also offer a closer view
of how the inherent electronic structure, especially the metal
d-orbital levels, affect the strength of H adsorption on the
surface of a given electrode.17,18,59 According to the DOS of Pt2Si,
the d-band center has downshied with respect to the Fermi
levels,60 which implies that the adsorption of Hads on the Pt2Si
surface would be weakened. To further unambiguously observe
the electronic effect of Si, X-ray photoelectron spectroscopy
(XPS) was employed to examine the electronic properties of the
IM-Pt2Si-MS electrode. Fig. 5a shows the wide-range XPS spec-
trum of the IM-Pt2Si-MS electrode. Over the whole range of
binding energies, there are six clear peaks: Pt 4f, Pt 4d, Pt 4p, Si
2p, C 1s, and O 1s. The oxygen may originate from the oxygen-
containing species, which are related to the adsorbed oxygen on
the Pt surface and the Si–O–Si caused by the surface oxidation in
air. Further analysis of the high-resolution Pt 4f spectrum is
shown in Fig. 5b. Here, the IM-Pt2Si-MS electrode shows a spin–
orbit coupled doublet (Pt 4f7/2 (71.7 eV), 4f5/2 (75.0 eV)), which is
deconvoluted into Pt0 components. By comparison with the
peak position of Pt (4f7/2 (71.0 eV), 4f5/2 (74.4 eV)), both the
signals of the IM-Pt2Si-MS electrode shi to a higher binding
energy by 0.65 eV. This should be ascribed to the interaction of
Pt with Si in an intermetallic phase. The electron is transferred
from Pt to Si, so the inner-layer electron binding energy of Pt
can be increased. The high-resolution Si 2p spectrum is shown
in Fig. S3,†in which the two clear peaks (100.1 eV, 102.9 eV) are
attributed to the Si–O component. In addition, the surface
composition of the IM-Pt2Si-MS electrode is given in Table S2.†
The molar ratio of Si and Pt is 62.19 : 37.81, which is signi-
cantly higher than the bulk composition (36.64 : 63.36). This
shows that there is enrichment of silicon on the surface of the
IM-Pt2Si-MS electrode.

Secondly, the synergistic effect of Si could play an important
role. It is generally known that the adsorbed hydrogen inter-
mediates are facilely converted into molecular hydrogen on the
Pt surface. However, Pt is not sufficiently active in water disso-
ciation and cannot effectively interrupt HO–H bonds. But Si can
effectively break HO–H bonds, which has been proven by the CV
graph of the IM-Pt2Si-MS electrode in Fig. 3. Moreover, the open
circuit potential can represent the oxidation state of the elec-
trode surface. Fig. S4† indicates that the open circuit potential
of the Pt2Si surface is 0.75 V, which is higher than that of Pt
(0.70 V) in 0.5 M H2SO4 solution. This therefore shows that the
more oxygen species automatically formed on the IM-Pt2Si-MS
electrode surface, the higher the open circuit potential
created. In addition, the formation of oxygen species on the
1556 | RSC Adv., 2017, 7, 1553–1560
electrode surface is favorable to CO oxidation stripping. We nd
that CO oxidation on Pt2Si does proceed more favorably than on
Pt. As depicted in Fig. 6, the peak potential of CO stripping
shis negatively by 100 mV on Pt2Si, in comparison to Pt. This
also proves that more oxygen species have been formed on the
Pt2Si surface. On the above three bases, this indicates that H2O
decomposition on the IM-Pt2Si-MS electrode surface is easier
than on the Pt-MS electrode. Thus, the IM-Pt2Si-MS electrode
could exhibit signicant synergistic effects in the HER process,
where Si atoms initiate water dissociation and Pt atoms are
responsible for the adsorption of absorbed hydrogen
intermediates.
This journal is © The Royal Society of Chemistry 2017
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To study the kinetics of the HER process, Tafel analysis was
carried out on the polarization curves of the IM-Pt2Si-MS and Pt-
MS electrodes in 0.5 mol L�1 H2SO4. The Tafel slope of the IM-
Pt2Si-MS electrode is only 30.5 mV dec�1, which is lower than
that of the Pt-MS electrode (32.2 mV dec�1 (h < 0.025 V); 46.3 mV
dec�1 (0.025 V < h < 0.05 V)). The small Tafel slope shows that
the IM-Pt2Si-MS electrode has a faster increase in the HER rate
with increasing overpotential. In addition, the exchange current
density (j0) of the above electrocatalysts is further calculated by
extrapolating the Tafel plots, which is the most inherent
measure of HER activity. As expected, the j0 (0.33 mA cm�2) for
the IM-Pt2Si-MS electrode is higher than that of the Pt-MS
electrode (0.14 mA cm�2).

Using the Tafel plots shown in Fig. 7, it is possible to
determine the reaction mechanism and the rate-determining
step (rds). In acidic solutions, the mechanism of the HER
mainly involves three reactions (eqn (2)–(4)).25,34 The common
rst step is the Volmer step (2), where water dissociates and
forms an absorbed hydrogen (Had). This is followed by either
the Tafel step (3) or the Heyrovsky step (4) to give H2. Assuming
a small surface coverage of hydrogen, a fast discharge reaction
(2) followed by a rate-determining combination reaction (3)
results in a theoretical Tafel slope of 29 mV dec�1 (2.303RT/2F)
at 25 �C. If the electrochemical desorption step (4) is the rate-
determining step, the Tafel slope is 38 mV dec�1 (2.303RT/
1.5F) at 25 �C. If reaction (2) is rate-determining or the surface
coverage is close to one, the Tafel slope should be 116mV dec�1.

The discharge reaction (Volmer step) is:

H3O
+ + e� / Had + H2O

b ¼ 2.303RT/aF ¼ 116 mV dec�1 a ¼ 0.5 (2)

The combination reaction (Tafel step) is:

Had + Had / H2

b ¼ 2.303RT/2F ¼ 29 mV dec�1 (3)
Fig. 7 Tafel plot curves of IM-Pt2Si-MS and Pt-MS electrodes in
0.5 mol L�1 H2SO4 solution.

This journal is © The Royal Society of Chemistry 2017
The ion + atom reaction (Heyrovsky step) is:

H3O
+ + Had + e� / H2 + H2O

b ¼ 2.303RT/[(1 + a)F] ¼ 38 mV dec�1 a ¼ 0.5 (4)

Thus, based on the electrochemical results in the present
work, it can be concluded that the reaction mechanism for Pt2Si
is in good agreement with the Volmer–Tafel pathway, and the
Tafel step is the rds. Hydrogen is rst adsorbed on the electrode
surface via the Volmer step and is then absorbed into the lattice.
Of course, the adsorbed hydrogen can form gaseous hydrogen,
according to the Tafel reactions.

To study the charge-transfer mechanism of the HER on the
catalysts, we conducted electrochemical impedance spectros-
copy (EIS) measurements. Fig. 8 shows the Nyquist diagrams of
catalysts recorded at an overpotential of 50 mV vs. RHE, which
possess two well-dened semicircles. The equivalent circuit
corresponding to the EIS data of the IM-Pt2Si-MS electrode is
tted with a two-time-constant model (the equivalent circuit,
Rs(RfCf)(RctCdl), is shown in Fig. S5†). The values of the elec-
trolyte solution resistance (Rs), the membrane resistance (Rf),
the charge-transfer resistance (Rct), and the constant phase
element CPE (Cf and Cdl) are listed in Table S3.† The low-
frequency semicircle is ascribed to the charge transfer
process, while the high-frequency semicircle could be associ-
ated with the mass transfer processes of the adsorbed species at
the cathode. The charge-transfer resistance (Rct) data is ob-
tained in the low-frequency zone, which is related to the elec-
trocatalytic kinetics. The Rct of Pt2Si is 1.454 U, which is much
lower than for Pt (3.215 U), suggesting fast charge transport
during the HER process. The double-layer capacitance (Cdl)
gives the faradaic impedance in the HER process. With respect
to Pt (45.4 mF cm�2), the increased Cdl value of Pt2Si (54.8 mF
cm�2) is consistent with its large ESA values, indicating efficient
detachment of evolved hydrogen bubbles from the IM-Pt2Si-MS
electrode surface. Lastly, it is worth noting that the low series
resistance (Rs) value of 0.9 U suggests a small ohmic loss in the
electrolyte.
Fig. 8 Complex plane plots of impedance of IM-Pt2Si-MS and Pt-MS
electrodes in 0.5 mol L�1 H2SO4 solution at an overpotential of 50 mV
vs. RHE.
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Fig. 9 The long-term HER stability test in 0.5 mol L�1 H2SO4 for IM-
Pt2Si-MS electrode at a sweep rate of 50 mV s�1.
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Finally, we tested the long-term stability of the IM-Pt2Si-MS
electrode. This is an important aspect of evaluating the
performance of an electrocatalyst. To investigate the stability of
the catalysts, accelerated CV tests were conducted in the
potential range �0.2 to 0.2 V, with a scan rate of 50 mV s�1 in
0.5 M H2SO4. As shown in Fig. 9, it is obvious that the polari-
zation curve of the IM-Pt2Si-MS electrode aer 1000 cycles is
similar to the polarization curve of the initial Pt2Si MS elec-
trode. This suggests that the IM-Pt2Si-MS electrode is durable
for hydrogen evolution under the experimental conditions used.
The stability of the IM-Pt2Si-MS electrode can also be proven by
the data from Tables S1, S2, Fig. 1c, d and S6,† which show that
the morphology, composition, and electrochemical area are not
changed aer 1000 cycles of CV.

Conclusions

In the present work, an intermetallic Pt2Si electrode has been
synthesized through a simple magnetron sputtering synthesis,
and the electrochemical behavior and the catalytic activity of the
IM-Pt2Si-MS electrode toward the HER is also demonstrated for
the rst time. The surface Si component on the IM-Pt2Si-MS
electrode has not only contributed to breaking the HO–H
bonds, but has also promoted the surface reactivity of the Pt
component. In comparison to a Pt electrode, the intermetallic
Pt2Si electrode exhibits a higher catalytic activity toward the
HER. The Tafel slope indicates that the mechanism for the
Pt2Si-catalyzed HER is Volmer–Tafel, for which the combined
desorption of hydrogen is the rate-limiting step. On the basis of
XPS of the surface electronic structure, we think that the
incorporation of Si into the Pt lattice, forming intermetallic
Pt2Si, seems to be an effective approach for further enhancing
the activity of Pt for the HER.

Experimental
Materials

The titanium plate substrate (Ti,$99.99%), platinum target (Pt,
$99.99%), and silicon target (Si, $99.99%) were purchased
from SKY Technology Development Co., Ltd, Shenyang, China.
Acetone (CH3COCH3, AR), sodium carbonate (Na2CO3, AR), and
1558 | RSC Adv., 2017, 7, 1553–1560
sulfuric acid (H2SO4, AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. All reagents were
analytical grade and were used without further purication. All
gases (argon and hydrogen) (99.999%) were purchased from
Ming-Hui company.

Electrode preparation

A titanium plate of grade TA1 was utilized as the electrode
substrate; this was sandblasted, and degreased in acetone and
sodium carbonate with ultrasonication. The Pt2Si electrode was
prepared by magnetron-sputtering (MS) synthesis. Before co-
sputtering, Pt and Si were sputtered individually onto a Si
wafer with different sputtering powers, so as to obtain the
power–mass relationship between Pt and Si (see Fig. S7†). Then,
Pt and Si were co-sputtered with individually controlled powers
to obtain a Pt2Si electrode, labeled as IM-Pt2Si-MS. The loading
mass of the Pt2Si is 0.1 mg cm�2. The Pt electrode without Si,
prepared by magnetron sputtering, was recorded as Pt-MS.

Material characterization

X-ray diffraction (XRD) was used to analyze the structure of the
electrode coating. The inspection was carried out at room
temperature on a MAXima_X XRD-7000 X-ray diffractometer
(Shimadzu, Japan), using Cu Ka radiation (l ¼ 0.15405 nm),
operating at 40 kV and 30 mA. Analysis of the composition of
the electrode was carried out by X-ray uorescence (XRF: EDX-
7000, Shimadzu, Japan). The surface morphology of the Pt2Si
MS electrode was characterized by scanning electron micros-
copy (SEM: S-3000N, Hitachi Co., Japan) and atomic force
microscopy (AFM: MultiMode8, Bruker, Germany). X-ray
photoelectron spectrometry (XPS: ESCLAB 250Xi, Thermo
Scientic, America) with monochromatized Al Ka radiation was
used to analyze the electronic properties and elemental
composition of the samples. The tting of the data was ob-
tained with XPS Peak41 soware.

Electrochemical measurements

The electrochemical experiments were carried out with a CHI
660 D electrochemical analyzer at 30 �C. All the electrochemical
measurements were carried out in a typical three-electrode
electrochemical glass cell. A carbon paper was used as the
counter electrode, a reversible hydrogen electrode (RHE) as the
reference, and an IM-Pt2Si-MS electrode (Pt-MS or Pt-disk) as
the working electrode. For electrochemical tests, the surface of
the specimen was covered with epoxy resin, except for the
working area (1 cm2) on one side. All potentials in this study
were reported with respect to the reversible hydrogen electrode
(RHE). Cyclic voltammetry (CV) measurements were performed
from 0.03 to 1.3 V in 0.5 mol L�1 H2SO4 solution at a scan rate
of 50 mV s�1. Linear sweep voltammetry (LSV) was used as
a systematic and effective method to investigate the electro-
chemical activity of the electrocatalysts. Aer obtaining a stable
cycle between 0.03 and 1.3 V, the HER polarization curves were
obtained by sweeping the potential from �0.2 to 0.2 V (vs. RHE)
at a scan rate of 5 mV s�1 in Ar-saturated 0.5 mol L�1 H2SO4. The
durability tests were carried out by repeating the potential scan
This journal is © The Royal Society of Chemistry 2017
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from �0.2 to 0.2 V (vs. RHE) with 1000 cycles in Ar-saturated
0.5 mol L�1 H2SO4 solution, according to previous
reports.4,20,61 Electrochemical impedance spectroscopy was per-
formed with the working electrode biased at a constant value of
�0.05 V vs. RHE, with the frequency ranging from 100 kHz to
0.1 Hz with an amplitude of 10 mV. For CO-stripping
measurements, a cell voltage of 0.1 V was held for 30 min
while the working electrode was successively ushed with 50mL
cm�3 CO for the rst 10 min, then with 200 mL cm�3 Ar for
20 min. Finally, the CV measurements of CO-stripping were
performed from 0.03 to 1.3 V at a scan rate of 20 mV s�1.
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