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Molybdenum disulfide (MoS,) is a promising non-precious metal electrocatalyst for the hydrogen evolution
reaction (HER). Herein, we have described an anodization route for the fabrication of porous MoS,
electrodes. The active porous MoS; layer was directly formed on the surface of a Mo metal sheet when
it was subjected to anodization in a sulfide-containing electrolyte. The Mo sheet served as both

a supporter for MoS, electrocatalysts and a conductive substrate for electron transport. After optimizing
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the anodization parameters, the anodized MoS; electrode showed a high electrocatalytic activity with an

onset potential of —0.18 V (vs. RHE) for the HER, a Tafel slope of ~101 mV per decade and an
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1. Introduction

Hydrogen is considered to be an ideal energy carrier because of
its cleanliness and renewability. The electrochemical achieve-
ment of the hydrogen evolution reaction (HER), when using
precious metals, means that it is one of the most efficient
technologies used to produce hydrogen.* Due to the rarity and
high cost of precious metals, the development of non-precious
metal materials for the HER is therefore necessary.”® MoS,,
a typical non-precious electrocatalyst for the HER, has recently
attracted significant attention because of its low cost and
excellent catalytic activity.>” MoS, electrodes have been devel-
oped via the immobilization of MoS, nanoparticles or nano-
sheets onto various conductive substrates using methods such
as chemical vapor deposition,®** high-temperature sulfuriza-
tion,”*® solvothermal/hydrothermal synthesis,'** chemical
exfoliation,**** electrodeposition,*** and photocatalytic reac-
tions.>® However, these methods always require a high
temperature, extreme pressure, complex precursors or a long
reaction time. The development of an alternative route towards
MoS, electrodes is of significant importance.

Electrochemical anodization is a versatile method for the
deposition of functional materials onto the surface of metal
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overpotential of 0.23 V at a current density of 10 mA cm™2 for the HER. These results indicate that our
facile anodization strategy is an efficient route towards a high-activity MoS, electrode.

substrates. Due to the variability of the components, i.e. metal
substrate and electrolyte, electrochemical anodization can be
used to fabricate various functional oxides or non-oxides
facilely. For example, nanotubular or nanoporous structures
of TiO,,*** Fe,03,** WO3;,**** Ta,05,**** MoO, (ref. 10, 49 and
50) and CdS** have been reported and they were formed via
anodization of the corresponding metal in the optimized elec-
trolyte. Considering that the electrocatalyst needs to be fixed
onto a conductive substrate for the HER, electrochemical
anodization is a very suitable route towards MoS, electrodes.

Herein, we have reported the fast synthesis of porous MoS,
electrocatalysts on pure Mo metal via electrochemical anod-
ization at room temperature and ambient pressure. The Mo
metal served as both a molybdenum source and a conductive
substrate for MoS,. The resulting MoS, electrocatalysts were
immobilized on the surface of Mo metal sheets, which could be
used as electrodes for the HER directly. After optimizing the
anodization parameters, the anodized MoS, electrode exhibited
a high electrocatalytic activity for the HER.

2. Experimental section

2.1 Synthesis of MoS, electrodes via electrochemical
anodization

The porous MoS, electrode was prepared via one-step anod-
ization in a two-electrode electrochemical cell using platinum
foil as a cathode. The anode was a pure Mo sheet (Alfa Aesar),
which acted as the Mo source. Before anodization, the Mo sheet
was sonicated in acetone, isopropanol and deionized water in
sequence. The electrolyte was 0.2 M Na,S (Xilong Chemicals,
China) aqueous solution, which served as the sulfur source. The

This journal is © The Royal Society of Chemistry 2018
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thickness of the anodized MoS, layer was controlled by altering
the anodization parameters, such as voltage and reaction time.

2.2 Materials characterization

The morphology of the anodized MoS, layer was investigated
using a FEI Quanta FEG 250 environmental scanning electron
microscope (SEM) and a FEI JEM-1200EX transmission electron
microscope (TEM). The energy dispersive X-ray spectra (EDX) of
the MoS, electrode were obtained using a JSM-7500F field-
emission scanning electron microscope (JEOL, Japan) coupled
with an INCA Energy 250 energy spectrum analyzer. The
chemical composition of the MoS, layers was investigated using
a Thermo escalab 250XI X-ray Photoelectron Spectrometer
(XPS). The amorphous phase of the anodized MoS, layer was
confirmed by measurement of the X-ray diffraction patterns
(XRD, Bruker D8 FOCUS X-ray diffractometer).

2.3 Electrochemical measurements

The electrocatalytic activity of the anodized MoS, electrodes for
the HER was studied by measuring their polarization curves in
0.5 M N,-purged H,SO, solution using a three-electrode elec-
trochemical configuration. The Tafel curves were calculated
from the polarization curves. The anodized MoS, electrode with
a geometric area of 1 cm” was used as a working electrode. The
reference electrode was Ag/AgCl in 3.5 M KCI and the counter
electrode was a platinum wire. The polarization potentials were
obtained using a CHI660D electrochemical workstation
(Shanghai Chenhua Apparatus Co., China) with a scan rate of
5 mV s~ '. The polarization potential was calibrated against
a reversible hydrogen electrode (RHE) based on the following
equation: ¢ (vs. RHE) = ¢ (vs. Ag/AgCl) + 0.205 V. Electro-
chemical impedance spectroscopy (EIS) was carried out in 0.5 M
H,S0, solution at a potential of —0.2 V (vs. RHE). The frequency
range was from 100 kHz to 0.01 Hz.

3. Results and discussion

During electrochemical anodization, the Mo metal acted as
a Mo source and the sulfide ion in the electrolyte served as
a sulfur source for MoS,. When a positive voltage is applied to
a Mo metal in Na,S electrolyte, the Mo metal will be oxidized to
Mo"*, which subsequently reacts with S>~ to form MoS, on the
metal surface as follows:

Mo — Mo*" + 4e

Mo** + 287~ — MoS,

When the Mo sheet was anodized at 2.0 V for 10 min, the
metallic luster of the Mo sheet disappeared and a uniform black
MoS, layer was formed (Fig. 1a). The anodized MoS, layer
demonstrated a micro-/nano-structured surface that consisted
of some nanosized particles (80-107 nm) on microsized MoS,
blocks (1.7-2.3 um) (Fig. 1b). Energy dispersive X-ray spectros-
copy (EDX) revealed the existence of Mo and S elements in the
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Fig. 1 (a) Photographs of the Mo sheet before and after anodization.
After anodization, a uniform black MoS; layer was formed. (b) Top view
and (c) cross-sectional SEM image of the anodized MoS, layer. The
surface of the MoS, layer demonstrated a micro-/nano-structure and
the interior showed a porous structure. (d) A TEM image of the
anodized MoS; layer, indicating that there were some nanopores in the
interior of the MoS; layer.

particles and blocks from the overlapped characteristic peaks of
Mo and S at ~2.3 keV (Fig. S1f). The cross-sectional image
(Fig. 1c) indicates that the interior of the MoS, layer shows
a porous structure, which might result from the localized
dissolution of Mo metal into the electrolyte during anodization.
The thickness of the MoS, layer was determined to be about 1.2
um. The porous structure of the MoS, layer was further
confirmed from the TEM measurement, which indicated that
there were some nanopores in the anodized MoS, layer (Fig. 1d).

The valences of the molybdenum and sulfur elements in the
anodized layer were investigated using X-ray Photoelectron
Spectroscopy (XPS). The spectra of the molybdenum 3d orbitals
revealed a mixture of Mo oxidation states (Fig. 2a). After peak
fitting, the two peaks at 229.3 eV and 232.4 eV were assigned to
the 3ds,, and 3d;/, orbitals, respectively, for the +4 oxidation
state.’®* The peaks at 235.5 eV and 233.5 eV indicate the exis-
tence of the higher +6 oxidation states, probably due to the
formation of MoOj; during the process of anodization.*»** The
peak at 230.3 eV was ascribed to the original Mo metal.>® From
the spectrum of the sulfur 2p orbital (Fig. 2b), a single doublet
at 161.8 eV and 162.8 eV could be observed, which was ascribed
to the S 2ps/, and 2py,, orbitals of $>~, respectively.’®3*5 The
peaks at 163.5 eV and 164.7 eV indicated the existence of
bridging S, .5**” The small peak at 168.0 eV corresponds to the
binding energy of sulfur in a sulfate ion,***** which might
result from the oxidation of $>~ during anodization. The X-ray
diffraction patterns (XRD) showed that no resolved diffraction
peaks could be detected except for the peaks for the Mo metal

RSC Adv., 2018, 8, 1503015035 | 15031
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Fig. 2 XPS spectra of (a) Mo 3d and (b) S 2p orbitals in the anodized MoS; layer. The two peaks at 229.3 eV and 232.4 eV were assigned to the
3ds/» and 3ds), orbitals of Mo*™, respectively. The characteristic peaks at 161.8 eV and 162.8 eV were ascribed to the S 2ps,, and 2p;,, orbitals of

$2-, respectively.

and Al supporter, indicating an amorphous phase for the
anodized MoS, layer (Fig. 3). The very weak diffraction peaks at
10-30° may be indexed to MoO;.

The thickness of the anodized MoS, layer could be controlled
by altering the anodization parameters, such as voltage and
reaction time. As shown in Fig. 4a, when the anodization time
was fixed at 10 min, the thickness of the MoS, layer increased
from ~280 nm to ~2.0 pm along with the increase in voltage
from 1.5 to 3.0 V (Fig. S21). The visible color of the anodized
MosS, layer changed from light brown to black. Note that when
the anodization voltage was lower than 2.5 V, the MoS, layer was
fixed onto the Mo substrate tightly. However, when the voltage
reached 3.0 V, the MoS, layer became loose and easily detached
from the substrate. Furthermore, if the anodization voltage
remained at 2.5 V, the increase in the reaction time from 5 to
20 min led to an increase in the thickness of the MoS, layer from

+ Mo
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o (111D
e (110D
o (200)
* (200)
o (220)
¢ (21D

Intensity (a.u.)

20 (degree)

Fig. 3 XRD patterns of (a) the original Mo sheet and the anodized
MoS, electrode prepared via anodization at (b) 2.0 V and (c) 2.5 V for
10 min. No resolved diffraction peaks were detected, suggesting an
amorphous phase of MoS,.
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~1.2 pm to ~2.8 pm (Fig. 4b and S27). The visible color of the
anodized MoS, layer remained almost unchanged. Our results
indicate clearly that the thickness of the MoS, layer could be
controlled facilely during electrochemical anodization.

The electrocatalytic activity of the anodized MoS, electrodes
for the HER was investigated by measuring their polarization
curves in 0.5 M H,SO, solution. The electrocatalytic activity was
evaluated from the overpotential at a current density of 10 mA
em 2 (j = 10 mA cm ™ ?) for the HER. As shown in Fig. 5a, the
pure Mo sheet, prior to anodization, showed a very low elec-
trocatalytic activity for the HER. The overpotential at j = 10 mA
ecm 2 of the pure Mo sheet was 0.40 V. The low anodization
voltage of 1.5 V did not obviously improve the current density
because of the thin MoS, layer (~280 nm). However, when the
pure Mo sheet was anodized at 2.0 V for 10 min (the thickness of
the MosS, layer was ~1.2 pm), the overpotential at j = 10 mA
em™ > was significantly reduced to 0.31 V, which indicates that
the anodized MoS, layer could be used as an efficient electro-
catalyst for the HER. The further increase in the anodization
voltage improved the electrocatalytic activity of the MoS, elec-
trode because of the increase in the thickness of the MoS, layer.
As shown in Fig. 5a, when the Mo sheet was anodized at 2.5 V for
10 min, the MoS, electrode (thickness = 1.6 pm) exhibited an
onset potential of —0.21 V (vs. RHE) for the HER and a low
overpotential of 0.26 V at j = 10 mA cm™ 2. When the anodiza-
tion voltage was increased to 3.0 V, the MoS, layer easily
detached from the substrate. Although the thickness of the
MoS, layer increased to 2.0 um, the current density of the MoS,
electrode decreased obviously. These results might be ascribed
to the easy detachment of the MoS, layer during the HER.

In principle, the HER in acidic solution involves the
following three possible reactions:

H;0" + ¢!~ — H,y, + H,O (Volmer reaction)
H,gs + Hags — H> (Tafel reaction)

H,4s + H;0" + ¢!~ — H, + H,O (Heyrovsky reaction)

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The dependence of the thickness of the anodized MoS, layer on the (a) anodization voltage and (b) reaction time. The thickness of the
MoS; layer increased with increasing voltage and reaction time. Inset: the corresponding photographs of the anodized MoS; layer.

The combination of the Volmer-Tafel or Volmer-Heyrovsky
reaction can lead to the production of molecular H,.
Commonly, if the Volmer reaction is the rate-determining step
for the HER, the Tafel slope is ~120 mV. However, a rate-
determining step of the Heyrovsky or Tafel reaction produces
a Tafel slope of ~40 or ~30 mV, respectively.**>** Therefore,
based on the calculated value of the Tafel slope, we can deter-
mine the rate-determining step for the HER. From Fig. 5a, we
calculated the Tafel slopes of the MoS, electrodes prepared via
anodization at 1.5, 2.0 and 2.5 V for 10 min to be 93, 100 and
102 mV per decade, respectively (Fig. 5b), suggesting that they
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did not show a significant dependence on the anodization
voltage. The Tafel slopes of our anodized MoS, electrodes were
close to ~120 mV, which indicates that the Volmer reaction is
the rate-determining step in the HER.

The electrocatalytic activity of our anodized MoS, electrodes
for the HER could also be optimized by altering the anodization
time. As shown in Fig. 5c, when the anodization voltage was
fixed at 2.5 V, the increase in the anodization time enhanced the
current density in the HER. However, the corresponding Tafel
slope did not show a significant dependence on the anodization
time (Fig. 5d). When the anodization time was 15 min, the
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(a) Polarization curves of the original Mo sheet and the MoS; electrodes prepared via anodization of the Mo sheet in Na,S solution at 1.5,

2.0 and 2.5 V for 10 min. The current density for the HER increased with the anodization voltage. (b) The corresponding Tafel curves of the
anodized MoS; electrodes. The MoS; electrode prepared via anodization of the Mo sheet at 2.5 V for 10 min exhibited an onset overpotential of
—0.21V (vs. RHE) and a Tafel slope of 102 mV per decade. (c) Polarization curves of the original Mo sheet and the MoS, electrodes prepared via
anodization of the Mo sheet in Na,S solution at 2.5V for 5, 15, 20 and 25 min. (d) The corresponding Tafel curves. The increase in anodization
time enhanced the current density in the HER. However, the Tafel slope did not show a significant dependence on the anodization time.
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anodized MoS, electrode with a thickness of 2.0 um demon-
strated an onset potential of —0.18 V (vs. RHE) for the HER and
an overpotential of 0.23 V atj = 10 mA cm 2. The corresponding
Tafel slope was calculated to be 101 mV per decade (Fig. 5d).
The current density of this MoS, electrode for the HER at
a potential of —0.3 V (vs. RHE) remained almost constant after
10 min of the HER, which indicates good stability (Fig. S37).
Note that further increasing the anodization time to 20 or
25 min did not improve the electrocatalytic activity obviously.
The electrocatalytic activity of the MoS, electrodes prepared
with different anodization times should be related to their
charge transfer resistances in the HER. As shown in Fig. S4,} the
original Mo metal shows a very high charge transfer resistance
in the HER, which was reduced obviously by the anodization
reaction. When the anodization time increased from 5 to
15 min, the charge transfer resistance of the MoS, electrode
decreased greatly to a very low value (~5.2 Q) because of the
increased catalytic sites, which subsequently resulted in a high
electrocatalytic activity. Following the further increase in
anodization time, although the thickness of the MoS, layer
increased, the charge transfer resistance remained almost
unchanged because of the excess MoS, catalyst, which could not
make contact with the electrolyte (i.e. the catalytic sites are
enough for the HER). Therefore, the electrocatalytic activity did
not demonstrate an obvious improvement. The onset potential
of —0.18 V (vs. RHE) for the HER in our work was comparable to
that of pure MoS, electrodes prepared by other
methods,'16222428:31 yhich indicates that our anodization
strategy is an efficient route towards a high-activity MoS,
electrode.

4. Conclusions

In summary, we have demonstrated a facile electrochemical
anodization route to prepare high-activity porous MoS, elec-
trodes for the HER. This anodization strategy is extraordinarily
versatile, and can be used to deposit MoS, electrocatalysts onto
the surface of Mo metal directly at room temperature and
ambient pressure. The optimized MoS, electrodes exhibit an
onset potential of —0.18 V (vs. RHE) for the HER, a Tafel slope of
~101 mV per decade and an overpotential of 0.23 V at a current
density of 10 mA cm 2 for the HER, suggesting a high electro-
catalytic activity. Our results indicated that the anodization
strategy is an efficient route towards high-activity MoS, elec-
trodes, which may boost the application of MoS, electro-
catalysts for the electrochemical HER.
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