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R
ecently, great interest has arisen
toward the development of 1D and
2D materials for electronic applica-

tions. MoS2 has been shown to outperform
graphene and the other currently used
silicon-based materials for electronics and
energy harvesting.1�6 The photoexcitation
dynamics for the monolayer and few-layer
structures were found to be remarkably dif-
ferent from those of thick crystals due to
faster intraband relaxation rate and defect
assisted scattering.5 Thin-layered MoS2 de-
monstrates enhanced electron transfer and
interesting layer-dependent optical proper-
ties that could be especially useful for photo-
luminescence and electronic applications.5,6

MoS2 has also beenused in replacing ubiqui-
tous Pt electrocatalysts for the hydrogen
evolution reaction (HER), where the reaction
mechanism is believed to mimic the bio-
logical photosynthesis system involving the
active site/cofactor nitrogenase and hydro-
genase.7 Recent computational and experi-
mental results have confirmed the catalytic
behavior of MoS2 by elucidating the hydro-
gen evolution mechanism where hydrogen
evolution occurs at the sulfur edges of MoS2

planes while their basal planes remain
catalytically inert.7 There have been many
attempts to improve the catalytic activity
of MoS2 films by synthesizing materials in
specific orientations to increase the number
of edge planes.8�11

Yet current synthesis methods for MoS2
involve high temperature, high pressure,
low oxygen, and other extreme conditions.
They also result in the production of impure
MoS2often intermixedwith substoichiometric
molybdenum oxide phases. Composites of
MoS2 have been made with carbon materials
such as carbon nanotubes, graphene oxide
and graphene in effort to expose the
MoS2 edge sites. This hybrid configuration
showed superior electrocatalytic activity in
the HER relative to other MoS2 single crystal
catalysts.12�14 Efforts were made to manip-
ulate the crystallinity and morphology of
more active MoS2 by adopting thermal de-
composition of (NH4)2MoS4 with different
ionic liquids as solvent.12,15 MoS2 deposited
overmetal surfaces exhibit partial Fermi level
pinning, thus altering the chemical reactivity
of the MoS2. This configuration apparently
enhances the binding of hydrogen by as
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ABSTRACT An elegant method for the electrodeposition of MoS2
thin films using room temperature ionic liquids (RTIL) as an

electrolyte was developed. Simple molecular precursors of Mo and

S were added in different concentrations to tune the composition

and deposition process. The electrodeposition of MoS2 was con-

firmed with both Raman spectroscopy and XPS. Analysis showed that

the electrodeposited MoS2 films form a flower shape morphology

with edge active sites that promote the hydrogen evolution reaction

(HER). Furthermore, this technique enables selective tuning of the film thickness and demonstrates high photoluminescence activity with a decrease in the

number of layers.
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much as ∼0.4 eV as a result of stronger H�S coupling
enabled by charge transfer from the substrate to the
MoS2.

16 However, all these methods use presynthe-
sized MoS2 and involve harsh chemical pretreatments
(H2S gas) with required energy-intensive steps to
produce high quality phase pure MoS2 thin films.
Other alternative techniques need to be explored
to synthesize high quality MoS2 thin films in more
scalable and benign manners. An electrodeposition
technique would be appropriate; nevertheless, there
have been very few attempts toward the develop-
ment of such procedures. Current aqueous- and non-
aqueous-based cathodic electrodeposition processes
use sodium tertathiomolybdate but result in either
amorphous MoSx or amorphous MoS3 films with oxide
contamination.17�21 Postdeposition heat treatment or
sulfurization is typically required to achieve the appro-
priate stoichiometry of Mo and S. Recently, Merki et al.
developed an aqueous-based electropolymerization
process to synthesize molybdenum sulfide for applica-
tions such as hydrogen evolution catalysis. However,
the electrodeposited films were mainly amorphous
and phase impure with a combination of MoS2 and
MoS3.

22,23

In this study, we report for the first time a
nonaqueous-based electrodeposition method to
produce films of stoichiometric MoS2 using room
temperature ionic liquids (RTILs) as an electrolyte with
simple Mo and S precursors. RTILs offer a unique
electrolyte for the electrochemical reduction of reac-
tive metals such as Si, Ge, and Sn due to their wide
electrochemical window, negligible vapor pressure,
and high ionic conductivity.24,25 Earlier, we had shown
that it is possible to electrodeposit stoichiometric
GeS2 at room temperature using a RTIL.26 Here, we
used PP13-TFSI (N-methyl-N-propylpiperidinium (PP13)
cation and bis(trifluoromethanesulfonyl)imide (TFSI)
anion) as the RTIL27 electrolyte for the electrochemical
deposition of MoS2 utilizing molybdenum glycolate
and 1,4-butanedithiol as the Mo and S precursors,
respectively (see Experimental Methods).

RESULTS AND DISCUSSION

Figure 1A shows the potentiodynamic deposition of
MoS2 films on a glassy carbon (GC) electrode at various
temperatures. Two irreversible diffusion-controlled
reduction peaks are observed at �0.75 and �1.65 V,
corresponding to the reduction of Mo(VI) to Mo(V)
and reduction of Mo(V) to Mo(IV), respectively. When
the potential is scanned to more negative potentials
than �1.65 V, the reduction of MoSx complex takes
place. This reduction requires a high overpotential. The
deposition process changes with temperature and
potential as suggested by the change in voltammetric
response. Molybdenum glycolate has a tendency to
absorb moisture in the presence of water and pro-
mote the oxidation of Mo. However, by increasing the

temperature to 100 �C, the redox peaks associatedwith
molybdenum ions disappear. Reduction at potentials
negative of�2V leads to thedirect depositionofMoS2.

26

The electrodeposited films at various temperatures were
further characterized by Raman spectroscopy (Figure 1B)
to access crystallinity. The films electrodeposited at room
temperature showed no distinct peaks and suggest
that the films are amorphous on the GC electrode. With
an increase in temperature, the Raman spectrum
changes significantly. At 100 �C distinct Raman peaks
start to appear at 385 and 404 cm�1, corresponding to
the E12g and A1g vibrational modes of crystalline MoS2,
respectively.28 E12g indicates planar vibration and A1g is
associated with the vibration of sulfides in the out-of-
plane direction. The Raman shift in the peaks compared
to bulk MoS2 samples may be due the existence of only
a few layer thickness film ofMoS2. This phenomenon has
been reported for exfoliated layers MoS2.

4,29,30

MoS2 formation was further examined and quanti-
fied by XPS analysis. The electrodeposited MoSx films
displayed the Mo 3d5/2 peak at 232.5 eV (Figure 1C),
which suggests a shift of 4 eV from the expected
228.55 eV due to charging effects on the top 10 nm
layer of the deposited thin film using a 1:1 Mo:S
precursor ratio. Sputtering analysis of the films yielded
a peak at 228 eV corresponding to the expected
228.5 eV for Mo(IV). S 2p XPS analysis showed a peak
for 2p3/2 at 162.5 eV (Figure 1D), which confirms the
formation ofMoS2.

31,32 Quantitative elemental analysis
from high resolution XPS peak integration shows
32.94% Mo and 67.06% S, which confirmed deposition

Figure 1. (A) Potentiodynamic deposition of MoS2 film over
polished GC electrodes at different temperatures (a, room
temperature (rt); b, 50 �C; and c, 100 �C) with 100 μL of
1,4-butanedithiol and 100 μL of molybdenum glycolate in
1 mL of PP13TFSI ionic liquid. Cycled between 0 to�2.7 V vs
Pt (QRE) at scan rate of 100 mV/s. (B) Raman spectrum of
electrodepositedMoS2 at different temperatures. a, rt; b, 50;
c, 100 �C; and d, commercial bulk MoS2 for comparison. (C)
Mo3dXPS analysis of electrodepositedMoSxfilms at 100 �C.
(D) S 2p XPS analysis of MoS2.
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of MoS2. To understand the mechanism of MoS2 for-
mation, depositions were performed as a function of
temperature from rt to 100 �C. Figure 2 shows the SEM
analysis of MoSx depositions at various temperatures.
Room-temperature deposition leads to the forma-
tion of nanoparticles of amorphous MoSx, which is
supported by Raman (Figure 1Ba) analysis showing no
distinct peaks. EDS analysis confirms these particles
constituteMoand S (Figure S1, Supporting Information).
With an increase in temperature, the nanoparticles of
MoSx agglomerate and fuse together to form big clus-
ters of MoSx (Figure 2B). Furthermore, with an increase
in temperature at 75 and 100 �C (Figure 2 C,D), these
fused particles form thin and smooth porous films of
MoSx. The presence of a uniform layer suggests that a
layered deposition via sulfur complexation is analogous
to the growth of larger particles via Oswald ripening,
wherein smaller crystalline particles coalesce and
form larger particles in a solvent mediatedmedium.26,33

These porous smooth films were characterized as MoS2
through Raman, XPS, and SEM-EDS analysis.
Different concentrations of S precursor were added

to Mo precursor in 1:1, 1:2, and 1:3 ratios, and deposi-
tions were performed at 100 �C potentiodynamically
from 0 to �2.7 V vs Pt (QRE). Raman analysis of
electrodeposited samples confirms that the increase
in concentration produces extra sulfur peak around
310 cm�1, and this peak grows with an increase in
concentration (Figure S2, Supporting Information).
Only 1:1 ratio of S and Mo precursors forms stoichio-
metric MoS2 without any impurities. To understand
the MoS2 formation at 100 �C, chronoamperometric
depositions were performed at various reduction
potentials (�1.5, �2, and �2.7 V vs Pt). Deposition at
�2.7 V shows the irregularity in the i�t curve confirm-
ing the growth of MoS2 (Figure S3, Supporting
Information). This irregular current response may be
due to the complex nature of the process involving
heterogeneous nucleation of MoS2 from the ionic

liquid mediated complex and also influenced by a
resistive contact with the GC substrate.26,34 However,
use of metal surfaces for the deposition can show
different behavior. Metals exhibit partial Fermi level
pinning withMoS2 and results in a strong interaction.

16

The growth of MoS2 takes place after the potential
�2 V vs Pt confirmedby the Raman spectrum (Figure S4,
Supporting Information). The peaks at 380 and 405 cm�1

growwith an increase in potential and�2.7 V vs Pt sharp
peaks were obtained, confirming the formation of crys-
talline MoS2. Figure 3 shows the MoS2 film deposited on
GC at�2.7 V vs Pt (QRE) at 100 �C. The SEM images show
that the film is quite uniform with a distinct flower-like
morphology (Figure 3A), and the enlarged image shows
that the surface contains small spherical flower-like
particles (Figure 3B,C). The agglomeration of MoSx par-
ticles continued into a layered flower-like morphology
of up to 2 μm, which are confirmed to be MoSx by EDS
analysis (Figure 3 D�F). This agrees well with the forma-
tion and growth mechanism of metal chalcogenides
with the complexation of ionic liquid precursors. Pre-
sumably, the loss of moisture in the Mo precursor by
heating at 100 �C helps the reaction of S precursors. This
is further supported by CVs at 100 �C, which show the
loss of oxidation peaks as compared to the rt and 50 �C
depositions that show predominant peaks at�1.25 and
0.65 V. The flower-likemorphology promotesmore edge
sites compared to a uniform film. These edge sites are

Figure 2. SEM images of potentiodynamically electrode-
posited MoS2 at various temperatures. (A) rt, (B) 50, (C) 75,
and (D) 100 �C.

Figure 3. (A) SEM-EDS analysis of chronoamperometrically
at �2.7 V vs Pt electrodeposited MoS2 over glassy carbon
electrodes showing the formation of flower morphology.
(B,C) Enlarged and closer view of MoS2 flower morphology.
(D) Elemental analysis of MoS2 showing the presence of
Mo and S in the secondary electron (SE) image. (E) Elemental
analysis of showing the presence of Mo. (F) Elemental
analysis showing the presence of S.
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essential for thehydrogenevolution reaction as itmimics
electronically and structurally biologically formed nitro-
genase enzyme. Usually this MoS2 flower morphology
has been found to form at high temperature (1000 �C)
during sulfurization of MoO2.

35 Our synthesis method
has shown that these active sites can be obtained by
an electrodeposition process. This kind of flower-like
morphology has also been reported by chemical vapor
deposition growth of metal chalcogenides through
boundary layer diffusionmediatedprocess suchasGeS.36

To evaluate the catalytic activity of electrodeposited
MoS2 over GC, the HER was examined in 0.5 M H2SO4.
Linear sweep voltammetry (LSV) was used to determine
the kinetic activity of the deposited films. Figure 4A
shows the results of LSVs compared to those conducted
on bare GC to find the reduction overpotential for
hydrogen evolution. From the polarization measure-
ments, maximum current density of 22 mA/cm2 was
obtained at �0.6 V vs RHE. These MoS2 films display
an onset potential for hydrogen evolution with high
catalytic current densities of 0.18 and 0.34 mA/cm2 at
η = 100 and 200mV, respectively (Figure 4B). This onset
potential for HER is similar to the MoS2 reported in the
literature.9,22,37 The polarization curves remain stable
even after 25 scans confirming the electrodeposited
MoS2 are stable as HER catalysts (Figure S5, Supporting
Information). A Tafel analysis was conducted on the
polarization curves to determine the catalytic activity of
the electrochemical reduction process. The overpoten-
tial η (V) observed during an experiment is given by
η = a þ b ln j where a (V) is the Tafel constant,

b (V dec�1) is the Tafel slope and j (mA cm�2) is the
current density. The Tafel slope is an inherent property
of the catalyst determined by the rate limiting step of
the HER reaction (Figure S6, Supporting Information).
The linear portions of theTafel curvewerefit to the Tafel
equation at the point of hydrogen evolution. The Tafel
response was then determined to be 106 mV/decade
corresponding to the slope of the linear response
region. The low overpotential region shows a different
Tafel slope, which is possibly due to the potential
dependent surface coverage of hydrogen and reflects
a change in the activation barrier. Presumably, the
flowermorphology increases the number of catalytically
active edge sites for enhanced hydrogen evolution.
H2 evolution by MoS2 with the flower-like morphology
appears to proceed via a different mechanism than
that observed at single crystal or nanoparticulate
MoS2. This Tafel slope is different from those of MoS2
crystals (55�60 mV per decade) or MoS2 nanoparticles

Figure 4. (A) Hydrogen evolution reaction (HER) in 0.5 M
H2SO4 at the scan rate of 2 mV/s at GC (a) and at MoS2
electrodeposited over GC (b). (B) Onset potential of GC (a)
and MoS2 over GC electrode (b).

Figure 5. (A) Fluorescence scanning confocal optical micro-
scopy image of electrodeposited MoS2 at 100 �C on GC
electrodes. (B) Accumulated spectra collected in the region
of fluorescence imaging. (C) Bulk fluorescence spectrum
collected over the large area exposed sample in a right
angle mode for electrodeposited MoS2 for 600 s (a) and
300 s (b) at �2.7 V vs Pt (QRE).
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(120 mV per decade). This difference in the Tafel slope
reported for MoS2 from 40 to 120 mV/decade is a result
of the variation of the synthesis conditions.16,37 Some
theoretical studies have been performed to understand
the mechanism of HER in MoS2.

38 This study suggests
that the values obtained in this work are in close
agreement with the theoretical slope of 120mV/decade
in which adsorption of protons at MoS2 is the rate-
limiting step.39,40

Ultrathin layers of MoS2 are also known to exhibit
photoluminescence properties. In order to interrogate
the photoluminescence behavior of the electrode-
posited MoS2 films, we employed a scanning confocal
microscope coupled with a spectrometer (see Experi-
mental Methods). The electrodeposited MoS2 over GC
sample showed fluorescence behavior when excited at
488 nm, (Figure 5A) suggesting that the electrode-
posited films are of few layer thickness. The edge sites
in the electrodeposited samples showed higher fluo-
rescence intensity. The averaged spectrum obtained
from the image shows distinct peaks at 615 and
675 nm (Figure 5B) further confirming the photolumi-
nescence aspect of MoS2 in electrodeposited films.
Furthermore, the thickness of the films were varied
by the electrodeposition time at a constant potential
(�2.7 V vs Pt (QRE)) for 300 and 600 s. Figure 5C shows
that the bulk photoluminescence increases in the
intensity at 615 and 675 nm for thinner films deposited

for 300 s compared to those for 600 s. Collectively, the
fluorescence and Raman spectra indicate that an ultra-
thin single layer was deposited. In particular, the
Raman peak at 385 cm�1 corresponds to the E12g
vibrational mode, while the peak 403 cm�1 corre-
sponds directly with the A1g mode. As reported else-
where, the E12g mode softens and A1g mode broadens
with an increase in the number of layers.4,29,30 This
characteristic shift of the A1g mode suggests the
deposition of an ultrathin layer that displays fluores-
cent properties.

CONCLUSIONS

In summary, a facile electrochemical method for the
deposition of MoS2 films using ionic liquids has been
demonstrated. This synthesis technique is especially
useful for low cost, environmentally friendly synthesis
of molybdenum chalcogenides and mixed metal chal-
cogenides. Creation of flower-likemorphology leads to
formation of active edge sites. The hydrogen evolution
reaction with the electrodeposited MoS2 films yielded
106 mV/decade Tafel slope suggesting that the rate
determining step is adsorption of protons on the cata-
lyst surface. Electrodeposited few-layer MoS2 showed
characteristic fluorescent properties demonstrating that
these materials have the optoelectronic properties of
ultrathin film MoS2 desired for applications such as
photodetectors and light emitting devices.

EXPERIMENTAL METHODS
The PP13-TFSI room temperature ionic liquid (RTIL) was synthe-

sized via a published procedure.26,27 Molybdenum glycolate was
used as the Mo precursor; it is prepared by refluxing 1.5 g MoO3

(Sigma-Aldrich, 99.95% Reagent Plus) with 250 mL of ethylene
glycol (Fisher Scientific, laboratory grade) at 194 �C for 1 h under
N2 atm. Brown color viscous final product was extracted after the
reaction.41,42

The MoS2 films were deposited from a molybdenum source
and a sulfur source mixed in 1:1 volume ratio. A home-built
electrochemical cell was used to deposit the MoS2 film on glassy
carbon (GC) substrates (Alfa Aesar, 1 mm thick, Type 2). GC
substrates were used as theworking electrode. The GC substrates
were polished with 0.05 μm alumina slurry on microcloth
(Buehler) and sonicated in 18.2 MΩ cm water prior to the
deposition. Pt was used as a counter electrode and a quasirefer-
ence electrode (QRE). Potentiodynamic depositions were per-
formed at the scan rate of 100 mV/s for different temperatures
(rt, 50, 75, and 100 �C). The chronoamperometric deposition was
conducted under varying potentials (�2.7, �2.5, �2, �1.5, and
�1 V) at a constant temperature of 100 �C. The cell was placed in
a sand-bath on a hot plate (Thermolyne Nuova II stir plate).
Additional experiments were carried out at a constant potential
of �2.7 V by varying the temperature (25, 50, 60, 70, 80, 90 �C)
using chronoamperometric deposition. The synthesized MoSx
films were washed with acetone and stored in a desiccator. All
electrochemical experiments were performed with a CH Instru-
ments Electrochemical Workstation CHI 440. Electrochemical
studies of the hydrogenevolution reaction (HER) were conducted
using a three cell assembly in 0.5 M H2SO4 electrolyte.22 MoS2
films deposited over GC were used as the working electrode.
All the depositions were performedwith GC (1� 1 cm) piece. GC
piece was mounted on a GC (PINE Instruments AFE2M050GC)

rotating disc electrode surface with double sided carbon tape
(Ted Pella). The active area of the electrodes was 0.36 cm2. Pt
was used as a counter electrode, and Ag/AgCl (KCl saturated) as
the reference electrode. Potentials were referenced to reversible
hydrogenelectrode (RHE) by adding a value of (0.197þ 0.059 pH)
V. Both cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) techniques were conducted under scan rate of 100 and
2mV/s, respectively, on the three electrode setup at potentials of
0 to�0.8 V vs Ag/AgCl. Tafel analysis was carried out by plotting
V vs log I fromthe LSV curve todetermine the slopeof the logplot.
The Tafel slope was used to determine the kinetic activity of the
electrode.7 The slopes are evaluated in the low overpotential
region to avoid the contribution of ohmic resistance to the Tafel
slope.37

Raman spectroscopy was performed with a Renishaw In Via
microscope system utilizing a 514.5 nm Ar laser in backscatter-
ing configuration. The instrument was calibrated to the Stokes
Raman signal at 521 cm�1 using a bulk single crystal of Si with
the direction oriented normal to the laser. A 50� aperture was
used, resulting in an approximately 2 μm diameter sampling
cross section. The spectral samples were collected over 20 s
exposure time. The Raman peaks were used to determine the
two modes of deposition of MoS2. The 385 cm�1 peak would
correspond to the E12g vibrational mode, and the 404 cm�1

peak corresponds directly with the A1g mode. E12g indicates
planar vibration andA1g associatedwith the vibration of sulfides
in the out-of-plane direction. The Raman characterization was
carried out on each of the deposited GC substrates.
X-ray photoelectron spectroscopy (XPS) was used to analyze

the chemical environment of elements present in MoSx. XPS
was carried out with a Kratos AXIS Ultra DLD system calibrated
using the signals for Au 4f7/2 at 83.98 eV. Spectra were collected
at 0.05 eV steps with 1000 ms integration time at each step,
and the measurements were conducted under a vacuum of
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10�9 Torr. Sputtering experiments were conducted at 4 kV.
XPS samples were prepared by constant potential deposition at
�2.7 V at 100 �C.
Scanning electron microscopy (SEM) was performed with a

Quanta 650 operated at 30.00 kV. Electrodeposited MoSx films
over GC (1 cm� 1 cm)weremounted on theAl stubwith double
sided carbon tape (Ted Pella) for the SEM analysis. SEM was
used to determine the morphology of the deposited film on GC
substrates at varying potentials. EDS analysis was performed
to determine the relative ratios of Mo/S on the deposited thin
films.
Scanning confocal measurements were obtained using the

488 nm line of an argon Ion laser. The beam was focused using
a 50�Olympus objective, and the sample was rastered scanned
across the beam using a Physik Instrumente (PI) piezoelectric
stage, which was mounted onto a Nikon Diaphot 300 inverted
microscope. Thefluorescencewas collectedusing a Perkin-Elmer
APD, and spectra were collected using an Acton spectrometer
attached to a liquid-nitrogen-cooled charged coupled device
(LN-CCD) from Princeton Instruments.
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