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a b s t r a c t

Nonmetal elements strictly govern the electrochemical performance of molybdenum compounds. Yet,
the exact role played by nonmetals during electrocatalysis remains largely obscure. With intermetallic
MoSi2 comprising silicene subunits, we present an unprecedented hydrogen evolution reaction (HER)
behavior in aqueous alkaline solution. Under continuous operation, the HER activity of MoSi2 shows a
more than one order of magnitude improvement in current density from 1.1 to 21.5 mA cm�2 at 0.4 V
overpotential. Meanwhile, this activation behavior is highly reversible, such that voltage withdrawal
leads to catalyst inactivation but another operation causes reactivation. Thus, the system shows dynam-
ics strikingly analogous to the legendary Sisyphus’ labor, which drops and recovers in a stepwise manner
repeatedly, but never succeeds in reaching the top of the mountain. Isomorphic WSi2 behaves almost the
same as MoSi2, whereas other metal silicides with silicyne subunits, including CrSi2 and TaSi2, do not
exhibit any anomalous behavior. A thin amorphous shell of MoSi2 is observed after reaction, within which
the Si remains partially oxidized while the oxidation state of Mo is basically unchanged. First-principles
calculations further reveal that the adsorption of hydroxide ions on silicene subunit edges and the sub-
sequent Si vacancy formation in MoSi2 jointly lead to the anomalous HER kinetics of the adjacent Mo
active centers. This work demonstrates that the role of nonmetal varies dramatically with the electronic
and crystallographic structures of silicides and that silicene structural subunit may serve as a promoter
for boosting HER in alkaline media.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The pursuit of clean energy carriers is of great significance for
simultaneously addressing the global energy shortage and envi-
ronmental concerns [1]. Hydrogen is an alternative fuel for its
near-zero emissions and wide availability, thus developing scalable
techniques for hydrogen production attracts tremendous interest
[2]. Electrolytic water splitting powered by sustainable energy
sources as a promising solution is burgeoning over the past decade,
wherefore an efficient and low-cost catalyst for cathodic hydrogen
evolution reaction (HER) is highly demanded [3,4]. Molybdenum-
based catalysts that possess ‘‘Pt-like” proton adsorption and robust
Elsevier B.V. and Science China Pr
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conductivity, including MoS2, Mo2C, MoO2, MoP, Mo2N, MoB, and
so on, have recently emerged as one of the most intriguing noble
metal-free choices [5–11]. Hinging upon the selected nonmetals,
Mo can accommodate different stoichiometric ratios of nonmetals
with specific ion radius and electronegativity, forming various
compounds that exhibit rich surface chemistry and transport
behavior [12–15]. Different degrees of interatomic charge transfer
in the metal–nonmetal bonds strongly affect the valence states and
coordination of active Mo centers, which directly governs the HER
kinetics [3,4,16]. While many Mo-based binary compounds have
hitherto been chosen as candidates for catalyzing HER, few works
focusing on the fate and effects of nonmetals during catalysis are
demonstrated. Some nonmetals display amphoteric nature and
possibly react with acid or alkaline electrolytes, complicating
HER process [17–19]. The dissolution or oxidation of nonmetals
can greatly further alter the surface state of catalyst, leading to
an unusual proton adsorption and evolution on Mo [4,18,19]. Yet,
ess. All rights reserved.
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such uncertainties still need to be unraveled and, along-side HER
activity, the surface chemistry involved on Mo-based catalysts is
another vital issue.

Herein, we present for the first time an unprecedented anoma-
lous HER behavior on an intermetallic MoSi2 in alkaline media.
Intermetallic MoSi2 has a tetragonal C11b-type structure with
I4/mmm space group, where Mo and Si atoms with similar
electronegativity (vMo = 2.16 and vSi = 1.90) align along the
[0 0 1] crystallographic direction following the sequence of {Mo},
{Si0}, {Si}, {Mo0}, {Si}, {Si0} atomic layers (Fig. 1a). In particular,
the Si atoms are tetragonally bonded into an unusual silicene
structure that inserts into the metallic Mo layers (Fig. 1b and c).
Based on these unique features, MoSi2 exhibits a semimetallic nat-
ure with a narrow pseudogap and high covalent character of Mo–Si
bonds due to strong orbital overlap of Mo 4d and Si 3p [20]. When
MoSi2 functions as an alkaline HER catalyst, one order of
magnitude enhancement of catalytic activity can be achieved after
a continuous operation, yielding an increased current density from
1.1 to 21.5 mA cm�2 at an overpotential of 0.4 V. However, the
withdrawal of electrolytic voltage inactivates the MoSi2 suddenly.
This activation/inactivation behavior is cyclable in a repetitive way,
quite analogous to the legendary Sisyphus’ labor, which drops and
recovers in a stepwise manner repeatedly, but never succeeds in
attempts to reach the top of the mountain. Isomorphic WSi2
behaves almost the same as MoSi2, whereas other metal silicides
with silicyne subunits, including CrSi2 and TaSi2, do not exhibit
any anomalous behavior. Such phenomena can be explained
Fig. 1. (Color online) Crystal and electronic structures of MoSi2. (a) Crystal structure of M
(d) Electron density map on MoSi2 (1 1 0) surface. (e) Calculated total density of states (T
the spin-up and the spin-down states, respectively.
experimentally and theoretically as the synergy between hydrogen
evolution on Mo and silicene subunit oxidation.
2. Materials and methods

2.1. Chemicals

MoSi2 (99.9%), WSi2 (�325 mesh, 99.5%), CrSi2 (99.9%), TaSi2
(99.9%), and FeSi (99.9%) powders were purchased from Aladdin
Industrial Inc. (Shanghai, China), and stored in an argon-filled glove
box. Potassium hydroxide (KOH, 95%) was also purchased from
Aladdin Industrial Inc. All the chemicals were used without further
purification. Deionized water was used throughout the whole
experiment.
2.2. Characterization

Phase identification was performed by a Bruker AXS D8
Advance powder X-ray diffractometer (Bruker, Germany) using
Cu Ka radiation (k = 1.5418 Å), in a 2h angular range of 20�–80�
with a velocity of 0.02� in 4 s. Geometric morphology was divulged
by JEOL JSM-7100F scanning electron microscope (JEOL, Japan). To
determine the surface states of MoSi2 before and after HER, X-ray
photoelectron spectroscopy was performed on an ESCALAB 250
Xi spectrometer (VG Scientific Co., UK) with an Al Ka X-ray radia-
tion (1,486.6 eV) for excitation. A JEM-2100F field emission TEM
oSi2. Subunit structure of (b) metallic Mo layers and (c) tetragonal silicene in MoSi2.
DOS) plots of MoSi2. The positive and the negative parts of each DOS correspond to
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(JEOL, Japan) working at 200 kV was utilized to acquire TEM and
HRTEM images in a scanning TEM mode.

2.3. Electrochemical measurements

All HER measurements were performed on a CHI 760D electro-
chemical workstation (Chenhua, China), using a five-necked glass
cell containing rotating disk working electrode, saturated calomel
reference (SCE) electrode, and graphite rod counter electrode (Pine
Instrument Co., USA). The electrodes were prepared by drop-
casting the catalyst inks onto a polished glassy carbon electrode
(0.196 cm2). The electrode surface was finally loaded with HER cat-
alyst of 0.25 mgcat cmdisk

�2 and a mass ratio of 5:5:1 of catalyst to
carbon Vulcan XC72R to Nafion. The as-prepared electrodes were
tested in 1 mol L�1 KOH or 0.5 mol L�1 H2SO4 solution for all elec-
trochemical measurements. Cyclic voltammograms were recorded
with a scan rate of 10 mV s�1 under electrode rotation rates of
1,600 r min�1 for gas diffusion, and then replotted as overpotential
(g) versus log current (log j) to obtain Tafel plots. All the potentials
were calibrated to a reversible hydrogen electrode (RHE).

2.4. DFT computations

A periodic slab model of the MoSi2 (1 1 0)–p(2 � 3) surface con-
sisting of a 16 Å � 14 Å slab (5 atomic layers) and a 20 Å vacuum
layer was used to compute the electronic structure and electro-
chemical mechanism of HER at the atomic and molecular level.
The bottom two layers were frozen while the remaining atoms
were allowed to relax without constraint. All calculations were car-
ried out using density functional approximation as implemented in
the CP2K package [21]. The generalized-gradient approximation
(GGA), as parameterized by Perdew, Burke, and Ernzerhof [22,23]
was utilized to compute the exchange-correlation energy. Disper-
sion interactions were considered in calculations by using empiri-
cal correction scheme developed by Grimme (D3) [24]. The
elemental valence electrons were described using hybrid Gaussian
and plane-wave basis sets, and the cutoff energy of 500 Rydberg of
auxiliary plane-wave basis sets was adopted. We employed special
double-f valence plus polarization basis sets optimized to mini-
mize the basis set superposition errors. Core electrons were
described with the norm-conserving and separable Goedecker–Te
ter–Hutter pseudopotentials [25]. Brillouin zone integration was
performed in reciprocal space, with the k-space sampling at the
gamma point only. All free energies were computed with the con-
sideration of zero-point energy (ZPE) and enthalpy (S) at standard
conditions.
3. Results and discussion

3.1. Crystal and electronic structure of MoSi2

Polycrystalline MoSi2 powders were purchased from commer-
cial sources, and the crystallographic phase was confirmed by
powder X-ray diffraction (XRD) analysis, as shown in Fig. S1
(online). The XRD pattern reveals that the bulk powders are mainly
in the tetragonal MoSi2 form with a small quantity of impurity
Mo5Si3. Our DFT calculations indicate that the Mo sites of Mo5Si3
possess high proton adsorption energies (above 2 eV) and show
poor HER activities. Further quantitative phase analysis of XRD
data, through a reference intensity ratio method [26] indicates that
this sample contains �95% by weight of tetragonal MoSi2 phase
(Table S1 online). According to scanning electron microscopy
(SEM) images, these powders have an irregular particle shape with
a wide size distribution of 1–5 lm (Fig. S2 online). As shown in
Fig. 1d, the local electron densities between neighboring Mo/Si
atoms are much higher than those in extra-nuclear regions of Si
atoms. Quantitative data further show that one Mo atom gains
extra 0.04 electrons from Si. This indicates that the chemical bond
strength of Mo–Si increases by electron polarization from Si to Mo.
The calculated total density of states (TDOS) demonstrates that
MoSi2 intrinsically exhibits a semimetallic behavior with conduc-
tion electrons crossing the Fermi energy (Fig. 1e). Thus, it is evident
that there indeed exists an obvious covalent interaction in Mo–Si
bonds. In addition, the key roles of silicene subunits in MoSi2 in
the electronic and transport properties of Mo atoms are confirmed.
3.2. Electrochemical behavior

An electrochemical activation behavior was firstly recorded
through repeating cyclic voltammetry (CV) in 1 mol L�1 KOH solu-
tion. Anomalously, the cathodic current of MoSi2 catalyst increases
dramatically along cycling numbers, and this catalyst undergoes
�30 repeated cycles to achieve a stable and constant CV (Fig. 2a).
More than an order of magnitude enhancement of catalytic current
was observed after this activation, yielding an increased current
density from 1.1 to 21.5 mA cm�2 at an overpotential of 0.4 V. This
anomalous activation behavior differs significantly from those of
other Mo-based catalysts, which need only several CV scans to
reach an equilibrium state [11,27,28]. Also, Tafel slopes for differ-
ent cycle numbers were calculated in Fig. 2b. Clearly, MoSi2 cata-
lyst after activation exhibits a much higher activity with a Tafel
of 125 mV dec�1 than its initial state (204 mV dec�1). It signifies
that the rate-determining water dissociation process in alkaline
media is greatly facilitated by activation. Accordingly, more sophis-
ticated chemistry reactions should occur on the MoSi2 surface, not
limited to a two-electron proton reduction. This activation behav-
ior also displays reversibility and cyclability. When one withdraws
the cathodic voltage and restarts another cycling test, this MoSi2
catalyst is immediately inactivated and its activity returns to the
initial level (Fig. S3 online). Paralleling the first test, the catalytic
current also increases continually and arrives at a maximum, as
cycling proceeds, exhibiting a repeating pattern quite analogous
to the legendary Sisyphus’ labor. To better describe this reversible
activation behavior, we further conducted chronoamperometric
current-time (i-t) measurements under a fixed overpotential of
0.4 V, as shown in Fig. 2c. The first chronoamperometric curve
shows an increase of one order of magnitude over 2,000 s of con-
tinuous operation, in good agreement with CV tests. The shape of
subsequent curve closely matches the first one. Moreover, its cur-
rent density is slightly higher, indicating a moderate enhancement
in HER activity. We also obtained the i-t curves of MoSi2 at �0.6
and �0.7 V (Fig. S4 online), which exhibit much higher current
density than that for �0.4 V, and found the anomalous HER behav-
ior of MoSi2 under more negative cathodic potentials, where the
continuous operation greatly enhances the HER activity of MoSi2,
which yields increased current densities from 7.29 to
34.9 mA cm�2 and 25.2 to 61.6 mA cm�2 at an overpotential of
�0.6 and �0.7 V, respectively, and voltage withdrawal leads to cat-
alyst inactivation but another operation causes reactivation. We
employed ball-milling method to downsize MoSi2 particles and
then recorded their CV curves (Fig. S5 online). Obviously, the acti-
vation duration is similar to that of pristine MoSi2 and downsizing
does not accelerate the activation process. In addition, we obtained
the electrochemically active surface areas (ECSAs) of MoSi2 catalyst
during the activation process (Fig. S6 online). After the calculation,
we found that the ECSAs of MoSi2 under 0, 1,000, and 2,000 s acti-
vation are 5.7, 5.6, and 5.7 mF cm�2, respectively. Such a negligible
change of ECSAs clearly indicates that the number density of sur-
face active sites for MoSi2 does not increase after the activation.
Thus, these electrochemical results further confirm that the



Fig. 2. (Color online) Electrochemical behaviour of MoSi2. (a) CVs and (b) the
corresponding Tafel plots of MoSi2 in 1 mol L�1 KOH. (c) Chronoamperometric i-t
curves of MoSi2 at �0.4 V vs. RHE for different sequences in 1 mol L�1 KOH. Insets
show the corresponding enlarged view and histogram of current densities in (a) and
(c), respectively.
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anomalous HER behavior of MoSi2 in alkaline media is highly dif-
ferent from the common activation of other catalysts.

Next, we equipped a metal silicide library as model catalysts to
identify the role of silicene subunit in alkaline HER. For WSi2,
whose crystal lattice is isomorphic to MoSi2, a similar activation
behavior was also observed in an alkaline media. Figs. 3a and S7
(online) show the crystal structure of WSi2, consisting of alter-
nately stacked tungsten atom layers and silicene subunits. The
activity of commercially available WSi2 microparticles (Fig. S8
online) was enhanced several times after CV activation (Fig. 3d),
and reached an equilibrium. Tafel slopes during this anomalous
behavior were calculated in Fig. 3g. WSi2 catalyst yields a far smal-
ler Tafel slope of 168 mV dec�1 after activation, compared to its ini-
tial value (441 mV dec�1). As expected, a high reversibility for this
behavior was also observed (Fig. S9 online). MoSi2 exhibits a much
higher HER activity than that of WSi2 and this indicates that Mo
atom should outperform W atom as catalytically active site for
HER. These results for WSi2 again confirm the key role of silicene
subunit edges in alkaline HER catalysis.

For CrSi2 and TaSi2 with a hexagonal C40 structure, their non-
symmorphic P6222 space group contains nonprimitive translations
s = c/3 and 2c/3 which interchange individual CrSi2 or TaSi2 layers,
as shown in Fig. 3b and c. Each Cr/Ta and Si atom has six nearest
planar neighbors within each hexagonal CrSi2 or TaSi2 layer, and
four tetrahedral interplanar neighbors. Therefore, each Cr/Ta atom
has four Si interplanar neighbors while each Si shares a pair of Cr/
Ta and Si neighbors, forming a geometry with Cr/Ta atom arrays
embedded in three-dimensional silicyne-wired networks. Detailed
XRD and SEM data are shown in Figs. S10–13 (online). Further elec-
trochemical tests for CrSi2 and TaSi2 do not reveal any anomalous
activation behavior in alkaline media (Fig. 3e and f). Tafel slopes
remain at an almost constant value after continues cycling
(Fig. 3h and i). In addition, we evaluated the electrochemical
behavior of FeSi, which features a simple-cubic structure with
P213 space group. Fe and Si atom positions are represented as
[1 1 1]-type displacements from those of a reference rocksalt struc-
ture (Fig. S14 online), where nearest-neighbor bonds include like-
numbered Fe(n)–Si(n) pairs located either within central cell
(n = 1) or across cell-boundary edges (n = 2–4). Cubic FeSi also does
not exhibit an anomalous activation behavior (Fig. S15 online).
These results suggest that only those metal silicides containing sil-
icene subunits show anomalous HER catalysis.

3.3. Surface evolution

To probe the surface evolution of MoSi2, both the catalysts
before and after activation were analyzed by X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 4a, the Mo 3d spectra of
two samples both display one peak at �228 eV, attributed to Mo0

in the form of MoSi2 [24]. Two Mo oxide species, including MoO2

and MoO3, were also detected. Although the Mo 3d XPS signal
weakens after activation, the shape remains basically unchanged.
One shoulder peak at �100 eV in both Si 2p spectra (Fig. 4b) is
characteristic of Mo–Si bonds in MoSi2 [29], whereas a pronounced
peak attributed to silicon oxide at �102 or 103 eV was observed for
two MoSi2. After activation, the main Si 2p peak sharpens and
shifts to lower binding energy, while its shoulder weakens. This
indicates that the Mo–Si bond strength decreases, and the Si atoms
appear partially oxidized on the very surface of MoSi2. High-
resolution transmission electron microscopy (HRTEM) image of
MoSi2 after alkaline HER along the [1–10] zone axis is presented
in Fig. 4c. The image further demonstrates the presence of a thin
amorphous shell on the MoSi2 surface. Two fast Fourier transform
(FFT) patterns also confirm the surface amorphization (Fig. 4d and
e). The oxidation state of Si in pristine MoSi2 is indeed zero, and the
occurrence of partially oxidized Si and amorphous shell cannot be
attributed to the cathodic HER, which takes place under reduction
potentials.

Si element has an amphoteric nature, but similar activation
behavior does not happen in acid media (Fig. S16 online). There-
fore, it can occur due to the OH� ions from KOH aqueous elec-
trolyte and water dissociation during alkaline HER process. The
surface Si atoms would be partially oxidized by the adsorption of



Fig. 3. (Color online) Electrochemical behaviour of other silicides. (a–c) Crystal structure of WSi2, CrSi2, and TaSi2. (d–f) CVs and (g–i) the corresponding Tafel plots of WSi2,
CrSi2, and TaSi2 in 1 mol L�1 KOH. Insets show the corresponding enlarged views in (d–f).

Z. Zhuang et al. / Science Bulletin 64 (2019) 617–624 621
OH� ions, forming kinetically favored Si–OH bonds, and in general,
Si oxidation mainly involves Si–Si bond cleavage and Si reacting
with water to yield hydrogen and silicate (Fig. S17 online)
[30,31]. Such an oxidation process is clearly supported by the
inductively coupled plasma-optical emission spectrometry (ICP-
OES) detection of Si signal in an electrolyte after CV activation
(Table S2 online).

Once the electrode is immersed into KOH electrolyte, Si–OH
bonds would be formed on the MoSi2 surface. However, when
HER initiates, the surfaces of cathode and anode become negatively
and positively charged respectively, leading to the localization of
OH� ions of alkaline electrolyte on the anode, rather than cathode
[32,33]. Thus, the electric field determined by the electrical double
layer at the anode–electrolyte interface inevitably weakens the
strength of the Si–OH bond, and forces negatively charged OH�

to be detached from the MoSi2 surface. On the other hand, surface
Mo of the catalyst triggers the adsorption and dissociation of water
molecules, leading to continuous OH� production. Dissociated OH�

ions can readily bind to the neighboring Si, forming new Si–OH
bonds on MoSi2 (Fig. S18 online). These two competing effects,
which influence each other throughout the HER process, control
the HER activity of MoSi2 catalyst, and jointly cause the anomalous
electrochemical behavior.

3.4. Theoretical computations

To provide atomic-level understanding, we used density func-
tional theory (DFT) calculations to determine the detailed energy
profiles of HER pathways on the Mo atoms surrounded by Si edge
atoms in silicenes with different surface state, containing either
OH� terminations or edge vacancies (Figs. 5a, b, and S19 online).
Although we found that the surface of MoSi2 after alkaline HER
catalysis becomes an amorphous phase with long-range disorder
from the TEM images, both the crystalline and amorphous surfaces
of MoSi2 should have a similar atomic-scale structure with the
same short-range order and coordination environment. Therefore,
we chose the periodic model as a compromise. As revealed exper-
imentally, cathodic HER on MoSi2 proceeds according to Volmer–
Heyrovsky mechanism, which mainly involves proton adsorption
and reduction on the active center, followed by electrochemical
dihydrogen desorption [34]. Clearly, the reaction energy of proton
adsorption on Mo exhibits a strong dependence on the coverage of
adsorbed OH� on silicene subunit edges (Fig. 5b). When the num-
ber of adsorbed OH� is decreased from four to one, the reaction
energy of H2O* + H2O? OH* + H* + H2O is greatly decreased from
0.58 to 0.15 eV (where ‘‘*” indicates adsorbed species). The calcula-
tions demonstrate that a MoSi2 surface with fewer Si–OH bonds
shows a higher HER activity. As mentioned above, the initiation
of cathodic HER leads to the cleavage of Si–OH bonds, but the dis-
sociation of water molecules induces the formation of new Si–OH
bonds. These two competing effects fluctuate during HER catalysis
at different rates, denoted by v1 and v2, respectively. As depicted in
Figs. S18 and S20 (online), we start with an almost fully OH�-
covered catalyst surface and a poor catalytic efficiency, therefore,
v1 > v2. Then, the initially existing Si–OH bonds continually
decrease in number, and v2 becomes faster, forming more active



Fig. 4. (Color online) Surface evolution of MoSi2. (a) Mo 3d and (b) Si 2p XPS spectra of MoSi2 before and after CV activation in 1 mol L�1 KOH. (c) HRTEM image of MoSi2 after
activation along the [1–10] zone axis, with a low-contrast thin layer indicating the silicon oxide shell. (d) Fourier transform images of the amorphous shell and (e) MoSi2 core.
Scale bar is 5 nm.
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Mo centers and new Si–OH bonds. This fluctuation finally reaches
equilibrium (v1 = v2), in which the amounts of formed and broken
Si–OH bonds per unit time are the same, and the catalytic activity
of Mo reaches the maximum (Figs. 2 and S20 online). Once the
cathodic voltage is withdrawn, both v1 and v2 return to zero, and
the edges of silicene subunit become fully covered with OH� again.
Such a recurrence causes the inactivation of MoSi2, and satisfacto-
rily explains the anomalous activation with a high reversibility
(Fig. 2c).

Some edge Si vacancies ineluctably appear during silicene sub-
unit oxidation, and these formed nonmetal defects change the local
environment of Mo [35,36]. As shown in Fig. 5b, more Si vacancies
make Mo center more active for catalyzing two-electron reduction
of two protons to yield dihydrogen, as the overall reaction energies
are greatly lessened. The same conclusion can be further supported
by analyzing the projected density of states (PDOS) onto Mo 4d
states for MoSi2 surfaces with different densities of Si vacancy
(Fig. 5c). The PDOS across the Fermi level increases with increasing
vacancy density, and the positions of Mo 4d and Si 2p-band centers
also shift up while the energy difference between them decreases
from 1.21 to 1.00 eV (Table S3 online). These results indicate that
the formation of Si vacancies on silicene subunit edges weakens
the covalent character of Mo–Si bonds, and enhances the metallic-
ity and catalytic activity of Mo. Thus, the slight enhancement in
current density between the first and second chronoamperometric
curve can be well interpreted (Fig. 2c). In close comparison with
the stable CV curves of MoSi2 recorded in acid and alkaline media,
we found that MoSi2 catalyst exhibits a higher activity for alkaline
HER (Fig. S21 online). Although the Si–OH bonds on silicene sub-
unit edges restrain the proton adsorption and reduction on the
local Mo sites, the formation of new Si–OH bonds during HER catal-
ysis accelerates the kinetics of rate-limiting water dissociation, and
in turn contributes to the activity enhancement of Mo (Fig. S22
online). We can expect a better activity for alkaline HER through
coupling catalyst with silicene or other Si allotropes to more effi-
ciently dissociate the water molecules.

4. Conclusions

In summary, we present an anomalous HER behavior of MoSi2
catalyst comprising silicene subunits in alkaline media. One order
of magnitude enhancement of activity is achieved after a continu-
ous operation, yielding an increased current density from 1.1 to
21.5 mA cm�2 at an overpotential of 0.4 V. This activation behavior
also exhibits a high reversibility, in which voltage withdrawal
leads to catalyst inactivation but another operation causes reacti-
vation. Isomorphic WSi2 behaves almost the same as MoSi2,
whereas other metal silicides with silicyne subunits, including
CrSi2 and TaSi2, do not exhibit any anomalous behavior. A thin
amorphous shell of MoSi2 is observed after the reaction, within
which the Si remains partially oxidized and the oxidation state of
Mo is basically unchanged. We find that the coverage of adsorbed



Fig. 5. (Color online) Density functional theory calculations of hydrogen evolution on MoSi2. (a) Optimized geometry of pristine MoSi2 (1 1 0) surface with adsorbed H2O and
other MoSi2 (110) surfaces with adsorbed H2O and OH groups/Si vacancies. (b) Free energy versus the reaction coordinate of alkaline HER for different MoSi2 surfaces.
(c) Calculated projected density of states (PDOS) plots of Mo 4d and Si 2p orbitals for pristine MoSi2 and other MoSi2 surfaces with Si vacancies.
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hydroxide ions on the edges of silicene subunits in MoSi2 and the Si
vacancy formation both alter the HER kinetics of the local Mo
active sites. Such an anomalous behavior can be explained as the
synergy between the hydrogen evolution on Mo and partial oxida-
tion of silicene subunits. This work demonstrates that the role of
nonmetal varies dramatically with the electronic and crystallo-
graphic structures if silicides and that silicene structural unit
may serve as a promoter for boosting HER in alkaline media.
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