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ABSTRACT: We present a novel plasma conversion process to
fabricate strained MoS2 films for the hydrogen evolution reaction
(HER). Materials characterization of the initially converted film
shows a rippled surface morphology that consequently contains
in-plane and out-of-plane tensile strain. Smoothening of the films
and relaxation of the strain are demonstrated by postsynthesis
thermal treatment. Only negligible sulfur vacancies are detected in
both the initially converted and thermally treated films.
Electrochemical characterization shows that our plasma-con-
verted, strained MoS2 films are as intrinsically HER active as those
produced by generating sulfur vacancies via postsynthesis plasma
treatment. The reduced number of processing steps and direct,
transfer-free growth enable a simple and scalable approach for
fabricating MoS2-based catalysts.
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■ INTRODUCTION

Layered transition metal dichalcogenides (TMDs) such as
molybdenum disulfide (MoS2) are an earth-abundant and low-
cost alternative to platinum catalysts for the hydrogen
evolution reaction (HER) in electrochemical water splitting.1,2

In the more common 2H phase of MoS2, the origin of activity
is diverse but can be classified by the type of structural defect.3

The most prominent and well-studied are one-dimensional
defects at the edges which have been theoretically4 and
experimentally5 shown to be HER active and have been
amplified by surface structuring to improve catalytic perform-
ance.6 More recently, the possibility of creating zero-dimen-
sional defects in the inert basal plane by generating sulfur
vacancies where the undercoordinated Mo atoms introduce
gap states that enhance hydrogen binding has been
demonstrated.7 Finally, it is also possible to have two-
dimensional defects by mechanical deformation, which
introduces tensile strain.7−9 To fully realize MoS2 catalysts in
large-scale HER applications, facile, controllable, and scalable
routes to generating these different types of defects are still
needed.
One of the possibilities for generating defects in MoS2 is

plasma engineering. Plasmas contain charged species such as
ions and electrons that can be accelerated by electric fields to
high energies (>10 eV) to bombard a film surface and create
cracks or holes to expose edges10 or kick off sulfur atoms and

produce vacancies.7 With the addition of reactive gases such as
oxygen, plasma treatment can also lead to the formation of new
chemical bonds.11 The plasma exposure is usually carried out
postsynthesis on MoS2 crystals initially obtained by exfoliation
or chemical vapor deposition (CVD). The approach does not
allow independent control over the different types of defects
and is often only effective for flat surfaces because of the
directionality of the charged species.12 In addition, among the
different structural changes that have been induced by a
plasma, strain has not yet been demonstrated.
Here, we present a plasma process for synthesizing MoS2

films while simultaneously generating defects in the form of
tensile strain. Various postsynthesis thermal and plasma
treatments were also applied to alter the film morphology
and ultimately reveal the origin of HER activity in the as-grown
films. Materials analysis showed that the as-grown MoS2 films
have a rough, nanostructured, rippled surface morphology and
exhibit in-plane and out-of-plane strain but do not contain
sulfur vacancies typical of postsynthesis plasma treatment.
Thermal treatment was found to relax the strain and, at high
temperatures of 1000 °C, produce smooth and highly
crystalline films. In comparison, postsynthesis plasma treat-
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ment increased the film roughness and generated sulfur
vacancies. Electrochemical characterization was performed,
and the intrinsic HER activities of all the films were obtained
by carrying out capacitance measurements to determine the
electrochemically active surface areas. We find that thermal
treatment reduces the intrinsic activity, consistent with the
presence of strain in the as-grown films, and postsynthesis
plasma treatment has a higher intrinsic activity than thermal
treatment because of sulfur vacancies but is comparable to the
as-grown films. Overall, our study demonstrates a simple and
scalable approach to engineering strain in MoS2 films to
enhance HER activity.

■ EXPERIMENTAL SECTION
Synthesis of MoS2 Films. MoS2 thin films were synthesized by a

process which we term plasma-enhanced chemical film conversion
(PECFC), similar to that previously reported for h-BN.13 Ammonium
tetrathiomolybdate (ATM, Sigma-Aldrich) was first dissolved in 10
mL of dimethylformamide (DMF, Fisher Scientific) at 0.1 M with 0.1
g of 10000 MW linear polyethylenimine (L-PEI, Sigma-Aldrich) and
sonicated at 60 °C for 1 h to completely dissolve the polymer. For
materials analysis, the precursor solution was spin-coated on p-doped
silicon (Si) substrates with 300 nm thick silicon dioxide (SiO2) at
3000 rpm for 30 s. For HER testing, the precursor solution was spin-
coated on both sides of a 1 cm × 1 cm Cu foil, cleaned by etching in 1
M H2SO4 to strip the oxide layer, at 3000 rpm for 30 s. After spin
coating, the precursor films were dried in a vacuum oven for 30 min.
To convert the precursor to MoS2, the film was treated by a plasma
generated in a homemade atmospheric-pressure reactor as a DBD in a
parallel plate geometry by using high-voltage AC for 1 h. The
background gas was a mixture of Ar and H2 at a ratio of 80:20 flowing
through the reactor at 100 sccm. The substrate was heated during
plasma exposure by a 1 in. diameter microheater (MHI, Inc.). In
addition to this initial plasma conversion step, films were also treated
postsynthesis thermally in background Ar by using the same substrate
heater for 30 min, thermally followed by exposure to the DBD in
background Ar for 1 h, and thermally followed by exposure to a
commercial low pressure parallel plate RF plasma (March Instruments
PX250 System) at 100 W for 5 min.
AFM Characterization. Atomic force microscopy (AFM) images

of the synthesized MoS2 films were obtained by using an Agilent 5500
scanning probe microscope. The MoS2 films were grown on a Si
substrate to ensure a smooth background for imaging.
XPS Characterization. X-ray photoelectron spectroscopy (XPS)

of the synthesized MoS2 films was performed by using a PHI
Versaprobe 5000 with an Al Kα source. The stoichiometric ratios of
Mo to S in the films were estimated from the areas of the peaks
corresponding to the Mo 3d and S 2p states. The peak positions were
calibrated based on the C 1s peak at 284.8 eV corresponding to C−C
bonding which was always present from adventitious carbon.
Raman Measurements. Raman measurements were conducted

at room temperature using a Horiba LabRAM HR Evolution Raman
microscope system. The laser excitation wavelength was 532 nm, and
the power was kept below 0.8 mW to avoid damage to the MoS2 films.
A 100× objective lens focused the laser beam to a spot with a
diameter of ∼1 μm, and the scattered signal was dispersed by a 1800
grooves/mm grating which provided an instrument resolution of ∼0.5
cm−1.
TEM Characterization. Transmission electron microscopy

(TEM) images of the synthesized MoS2 films were obtained by
using a FEI Tecnai F30 operated at 300 kV. TEM samples were
prepared by transferring the thin films from a Si substrate. The Si
substrate was first removed by etching in a 30 wt % KOH solution for
3 h, followed by scooping the floating, free-standing film onto a
carbon-coated Cu TEM grid.
Electrochemical Measurements. A conventional three-elec-

trode setup was employed to measure HER activity from the
synthesized MoS2 films. The MoS2 films were directly grown on both

sides of 1 cm × 1 cm Cu foils for a total projected surface area of 2
cm2 and served as the working electrode. A saturated calomel
electrode (SCE) and a Pt wire were used as the reference and counter
electrode, respectively. The electrolyte was 0.5 M H2SO4 (Fisher
Scientific). Prior to measurements, the electrolyte was sparged with Ar
for 30 min to remove dissolved oxygen. Linear sweep voltammetry
was performed with an Ametek VersaSTAT 4 potentiostat at a slow
scan rate of 2 mV/s. All electrochemical data were IRohm-corrected,
and the electrolyte ohmic resistance, Rohm, was estimated to be 2.9 Ω.
To assess the surface area of the MoS2 film, the double-layer
capacitance was measured by cyclic voltammetry (CV) at different
scan rates (20, 40, 80, and 160 mV/s). The anodic and cathodic
potential limits during CV were 0.05 V and −0.15 V (vs SHE),
respectively.

■ RESULTS AND DISCUSSION
Our strategy for synthesizing MoS2 films was similar to
previously reported for h-BN and is described in Figure 1a.

Briefly, a precursor solution was initially prepared composed of
the molecular building block for MoS2, ATM, and a
complexing anionic polymer, L-PEI (Figure 1a, left).
Previously, the polymer has been shown to aid in uniform
coating of the ATM precursor and decomposes completely at
400 °C without carbon residue.14 Subsequently, a precursor
thin film was obtained by spin coating with the thickness
controlled by the concentration of ATM in the solution
(Figure 1a, middle). Finally, the precursor film was converted
to a MoS2 thin film by a plasma process which we term
PECFC at 500 °C in a background of Ar and H2 gas (Figure
1a, right).
To alter the morphology and other properties of the MoS2

thin films grown by PECFC, we investigated several postsyn-
thesis processing steps. In Figure 1b, the different steps are
summarized, starting from the as-grown MoS2 film. Additional

Figure 1. (a) Process flow diagram for PECFC synthesis of MoS2
films consisting of the following steps: preparation of precursor
solution containing a mixture of ammonium tetrathiolmolybdate
(ATM) and linear polyethylenimine (L-PEI) in dimethylformamide
(DMF), spin-coating of precursor solution onto a desired substrate
followed by drying (not shown), and plasma treatment at atmospheric
pressure with substrate heating typically at 500 °C. (b) Process flow
diagram for various postsynthesis treatment steps of MoS2 film grown
by PECFC.
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details of the processing steps are provided in the Supporting
Information. The MoS2 films were thermally treated in an inert
gas at a high temperature of 1000 °C which was expected to
anneal the strain and sinter smaller grains in the film, leading to
larger grains and higher crystallinity. We also performed the
thermal treatment at a lower temperature of 200 °C to relax
the strain without allowing grain growth or change in the
morphology.15,16 The films were treated by a Ar plasma to
generate sulfur vacancy defect sites by high-energy bombard-
ment. We chose the MoS2 films thermally treated at 1000 °C
which should be the smoothest and highest crystalline quality
to serve as a well-defined starting material for the plasma
treatments. Two types of plasmas were utilized: a low-pressure
RF plasma and the same atmospheric-pressure DBD employed
for the initial synthesis step. The lower pressure and higher
powers available in the RF plasma produce higher energies and
fluxes of species at the film surface than the DBD which should
lead to more sulfur vacancies.
We initially characterized the MoS2 films grown by PECFC.

Figures 2a and 2b show optical images of the ATM precursor
film spin-coated onto 1 × 1 cm2 Si substrates before and after
conversion, respectively. Before conversion, the film is found to
uniformly and continuously cover the substrate and appear
purple. After conversion, the film remains uniform and
continuous, showing that the plasma treatment did not cause
significant sputtering or etching but appears blue, which is
indicative of conversion to MoS2. The homogeneity of the film
after conversion was further confirmed under an optical
microscope (Figure S1a). The thickness of this film was
measured to be ∼30 nm by AFM (Figure S1b). In general, the
film thickness depended on the concentration of the precursor

in the spin-coating solution and was limited to >20 nm to
avoid film discontinuities after spin coating, which based on an
interlayer distance of 0.67 nm corresponds to ∼30 layers.
Figure 2c shows XRD spectra of the ATM precursor film
before and after conversion. The disappearance of peaks
corresponding to the ATM precursor and the appearance of
peaks indexed to bulk hexagonal MoS2 (JCPDS 24-0513)
following plasma treatment confirms complete conversion. We
note that the penetration depth of XRD which is >10 μm was
larger than the film thickness. After plasma conversion, the
presence of small diffraction peaks corresponding to the (104)
and (112) crystal planes in addition to the intense diffraction
peak corresponding to the (002) crystal plane suggests that the
multilayers are not perfectly aligned.17 Layer alignment was
improved by an additional thermal treatment step at 1000 °C
as indicated by a narrower and higher intensity (002)
diffraction peak and disappearance of the (104) and (112)
diffraction peaks (Figure S2). Micro-Raman spectroscopy
provided further evidence for conversion of the ATM
precursor films to MoS2, with spectra showing new peaks at
∼381.5 and ∼406.9 nm, respectively, after plasma treatment
corresponding to the in-plane optical phonon mode with E1

2g
and A1g symmetry of crystalline MoS2 (Figure 2d).18 The
difference in these peak positions has been shown to increase
monotonically with the number of layers19 and was found to
correspond to a relatively thick film >6 layers, which is in good
agreement with AFM analysis. Interestingly, we did not
observe conversion without the presence of the plasma
(heating only) (see Figure 2d) as has been previously
reported.14,15 There are several differences that could explain
the lack of conversion. Liu et al. found that sapphire instead of

Figure 2. Optical images of ATM precursor film deposited and dried on SiO2/Si (a) before conversion and (b) after conversion by plasma
treatment at 500 °C. Scale bars are 3 mm. (c) X-ray diffraction (XRD) spectra of ATM precursor film before conversion (black) and after
conversion by plasma treatment at 500 °C (red). The (002), (104), and (112) diffraction peaks are identified by matching with bulk hexagonal
MoS2 (JCPDS 24-0513, purple). (d) Representative micro-Raman spectra of ATM precursor film before (black) and after conversion by plasma
(red) or thermal treatment (blue) at 500 °C. The E1

2g and A1g peaks corresponding to MoS2 are only present in the plasma-treated film.
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SiO2/Si and two thermal treatment steps, the first at lower
temperature similar to ours (500 °C) and the second at higher
temperature (1000 °C) and with the addition of sulfur vapor,
improved conversion.15 Yang et al. incorporated a polymer, L-
PEI, to reduce dewetting of the ATM precursor and avoid
sulfurization and performed the conversion in a single thermal

treatment step with a rapid thermal annealing system at a
slightly higher temperature than ours (700 °C).14 In both
studies, the thermolysis was performed at vacuum pressures
(∼1 Torr). On the basis of these differences, we suggest that
the polymer, L-PEI, impedes reactions that allow MoS2
nucleation and growth, necessitating higher temperatures

Figure 3. AFM images of (a) as-grown MoS2 film synthesized by PECFC at 500 °C, (b) MoS2 film after high-temperature thermal treatment at
1000 °C of as-grown MoS2 film, (c) after atmospheric-pressure plasma treatment of high-temperature, thermally treated MoS2 film, and (d) low-
pressure RF plasma treatment of high-temperature, thermally treated MoS2 film.

Figure 4. (a) Low-magnification and (b) high-magnification images of as-grown MoS2 film synthesized by PECFC at 500 °C. The SAED pattern of
the corresponding film is shown in the inset of (b). (c) Low-magnification and (d) high-magnification images after high-temperature thermal
treatment of as-grown MoS2 film. The SAED pattern of the corresponding film is shown in the inset of (d) with the (10−10) and (−1100) lattice
planes identified.
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and/or lower pressures. Our results show that the addition of a
plasma enables conversion at lower temperatures and higher
(atmospheric) pressure.
The surface morphology of the MoS2 films grown by

PECFC and following the various postsynthesis treatments was
characterized by AFM. Figure 3a shows that the initially
converted MoS2 thin film exhibits a relatively rough and
nanostructured surface, reflected by a RMS roughness of 1.7
nm. The morphology could be the result of bombardment by
plasma species during growth or the mechanism underlying the
MoS2 crystal growth whereby a mismatched lattice constant
with that of the substrate or thermal expansion/compression
from temperature gradients led to rippled nanostructures.20

After thermally treating at 1000 °C, the surface becomes
extremely smooth with a RMS roughness of 0.5 nm (Figure
3b), which is comparable to some of the smoothest films
reported.21,22 In comparison, thermally treating at 200 °C had
minimal effect on the nanostructure morphology, increasing
the RMS roughness from 1.7 to 1.9 nm (Figure S3a). Thermal
treatment at temperatures higher than 200 °C was found to
alter the surface morphology (Figure S3b,c). The postsynthesis
plasma treatments were found to more substantially increase
the surface roughness, with the RMS increasing in our high
temperature treated films from 0.5 to 3.5 nm for the RF plasma
(Figure 3c) and to 1.6 nm for the DBD (Figure 3d). The larger
increase for the RF plasma supports the presence of higher

energy species. Previous reports of postsynthesis plasma
treatment by a similar plasma have shown that the bombard-
ment of the species on the film leads to removal of material
and, in some cases, even the formation of cracks and holes.10

There could also be redeposition of material at the surface.
However, the surface temperature remains close to room
temperature in these nonthermal plasmas, and even if the
material redeposits, there should not be any diffusion of these
moieties and the film surface will become increasingly rough,
in agreement with AFM measurements.
The MoS2 films grown by PECFC and after high

temperature treatment, two of the more different morpholo-
gies, were further characterized at the atomic scale by TEM.
Figure 4a shows a low-magnification image of an ∼ 150 nm ×
300 nm section transferred from the initially converted thin
film. The high-resolution image and corresponding selected
area electron diffraction (SAED) in Figure 4b reveal that the
film is nanocrystalline, composed of a network of relatively
small crystal grains and amorphous regions. Figure 4c shows a
low-magnification TEM image of an ∼100 nm × 1 μm section
transferred from a film after high-temperature thermal
treatment. In comparison, the film was found to exhibit a
higher crystalline quality as evident from the high-resolution
image in Figure 4d and the corresponding SAED which
displays a single hexagonal orientation characterized by the
(−1100) and (10−10) lattice planes. The grain size was

Figure 5. XPS spectra of the (a) Mo 3d and (b) S 2p binding energy range of as-grown and postsynthesis treated MoS2 films (details of the films
are shown in Figure 1b). (c) Average atomic ratio of S:Mo in as-grown and postsynthesis treated MoS2 films. The error bars correspond to the
variance within one standard deviation in the measurements from ∼3 spots across each film. (d) Representative micro-Raman spectra of as-grown
and high-temperature thermally treated MoS2 films. The inset shows a close-up of the spectrum for the as-grown sample with the A1g and E

1
2g peaks

fitted by Gaussian line shapes. The red line is the original spectrum, the brown line is the fitted overall spectrum, and the pink lines are the
deconvolution of the E1

2g peak into two sub-bands.
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measured to be >30 nm, which compares favorably with some
of the highest quality films produced by CVD.23,24 A cross-
sectional TEM image reveals the layered structure over a
thickness of ∼25 nm (Figure S4). The improved morphology
and crystallinity of the converted MoS2 films after high
temperature thermal treatment agree well with AFM analysis.
The chemical composition of the MoS2 films grown by

PECFC and after different postsynthesis treatments was
assessed by XPS. Figures 5a and 5b show the Mo 3d and S
2p binding energy regions for a series of samples normalized by
the integrated area of the Mo 3d peaks. The locations of the
Mo peaks at ∼229.8 and ∼233.0 eV correspond to the Mo
3d5/2 and Mo 3d3/2 binding energies, respectively, and the
locations of the S peaks at ∼162.2 and ∼163.4 eV correspond
to the S 2p3/2 and S 2p1/2 binding energies, respectively. These
binding energies match well with MoS2, confirming that all the
films are essentially MoS2. The Mo 3d peak intensities were
observed to be almost unchanged from the initially grown film
for all the postsynthesis treatments, indicating that the ATM
precursor is fully converted to Mo4+ without any MoS3
intermediate, even after the initial plasma treatment step.
This is in agreement with other reported work that in the
presence of H2, ammonium tetrathiomolybdate will be
converted into MoS2 at 500 °C.25 On the other hand, the S
2p peak intensities appear to change after some of the
postsynthesis treatment steps. To more carefully quantify this
effect, the stoichiometric ratio of Mo to S was determined in
the different samples from the peak areas by integrating the
Mo 3d and S 2p peaks from 228.1 to 234.7 eV and 160.9 to
164.4 eV, respectively. Multiple XPS spectra were collected
from ∼3 spots across each film to calculate an average (Figures

S5−S9). Figure 5c shows that the S:Mo atomic ratio of the
initially converted film is 1.94:1, which is close to the ideal 2:1
ratio and indicates that there are a negligibly small amount of
sulfur vacancies. Thermal treatment at high and low temper-
atures does not appreciably change the ratio, with high
temperatures giving a value of 1.92 and low temperatures
giving a value of 1.93. However, plasma treatment significantly
changes the ratio with a RF plasma decreasing the ratio to 1.75
and a DBD decreasing the ratio to 1.81. The lower ratio is
directly related to the expected generation of sulfur vacancies,
and the increased generation by the RF plasma is consistent
with our picture of higher energy and flux of species to the film
surface as well as previous reports.7,10,11 Interestingly, the same
DBD is only found to generate sulfur vacancies postsynthesis
and not during the initial conversion step. We suggest that
during conversion the sulfur-rich ATM precursor
[(NH4)2MoS4] produces a vapor layer enriched in sulfur
moieties including hydrogen sulfide (H2S) which prevent
vacancies from forming similar to how sulfur vapor has been
added in prior experiments during film conversion.15,26

Another potential structural defect in the MoS2 films is
tensile strain which can be characterized by micro-Raman
spectroscopy.27,28 Figure 5d displays representative Raman
spectra from the initially converted MoS2 film (as-grown) and
from MoS2 after high-temperature treatment. The A1g and E1

2g
Raman peaks are observed to be much sharper after high-
temperature treatment, indicating the formation of high
crystalline quality MoS2. The inset of Figure 5d shows a
zoomed-in image of the spectrum for as-grown MoS2. The E

1
2g

peak shows an asymmetric line shape and can be decomposed
into two sub-bands, which suggests the presence of large in-

Figure 6. (a) Polarization curves of as-grown and postsynthesis treated MoS2 films (details of the films are shown in Figure 1b). (b) Durability test
of as-grown MoS2 film (20 s/cycle). (c) Tafel plots of as-grown and postsynthesis treated MoS2 films. (d) Electrochemical double-layer capacitance
measurements of as-grown and postsynthesis treated MoS2 films.
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plane tensile strain estimated to be >1% in the as-grown
sample.29 In addition, the A1g Raman peak is blue-shifted by
about 2 cm−1 after thermal treatment, suggesting that the as-
grown MoS2 also contains out-of-plane strain. The out-of-plane
strain may be related to the multilayer structure which was
found by XRD analysis to be more aligned following heating.
The in-plane and out-of-plane strain, i.e., strain in all three
dimensions, in the initially converted films can be correlated to
the rippled morphology observed by AFM. Similar ripple
structures were previously obtained by vapor deposition20 and
laser illumination,30 and comparable strains of 0.1−0.6% were
estimated.20 Further evidence in support of a link between the
ripples and strain is provided by the thermal treatment at
higher temperatures of 1000 °C which was found by AFM
analysis to eliminate the ripples and, concomitantly, by Raman
analysis, the strain. We note that while as-grown MoS2 films
subjected to thermal treatment at lower temperatures of 200
°C and plasma treatments were found by AFM analysis to
exhibit surface roughness, they were not characterized by the
same rippled surface and, thus, would not be expected to be
similarly strained.
The MoS2 thin films were grown by PECFC directly without

transfer on Cu substrates (Figure S10a,b) and subjected to the
same postsynthesis treatments to be studied as catalysts for
HER. The HER activity was evaluated by performing slow scan
(2 mV/s) voltammetry in an aqueous 0.5 M H2SO4 electrolyte
at room temperature to allow the system to be near steady
state. Further evidence of near steady state was provided by the
overlap between forward (going from anodic-to-cathodic
potentials) and reverse (going from cathodic-to-anodic
potentials) scans (Figure S11a). To ensure that dissolution
of the Pt counter electrode and redeposition on the working
electrode was not an issue,31 we compared the polarization
curve with a graphite counter electrode and found virtually no
difference (Figure S11b). Figure 6a shows a comparison of the
polarization curves where current density refers to the
measured current normalized by the total projected area of
the Cu substrate which was constant (2 cm2). As expected, a
bare Cu substrate showed low activity characterized by only a
small HER current density (<2 mA/cm2) over the entire
potential range tested. All PECFC-fabricated MoS2 films with
various applied treatments showed higher activity. The
strained, initially converted film was found to yield an
overpotential of 465 mV at a current density of 10 mA/cm2.
Following thermal treatment which relaxed the strain, the
overpotentials at the same current density increased to 620 mV
for high temperature and to 552 mV for low temperature,
reflecting a decrease in activity. Plasma treatment of the high-
temperature-treated films was found to increase activity, with
the RF plasma showing the lowest overall overpotential of 420
mV and the DBD showing an overpotential of 482 mV. The
durability of the initially converted film was assessed by
potential cycling. Figure 6b shows that there was only a slight
decrease in activity (<5% decrease in current density at 400
mV) after 1000 cycles.
To provide further insight into the electrocatalytic activity of

the MoS2 thin films, Tafel plots were constructed (Figure 6c).
In general, smaller Tafel slope values imply that the MoS2 is
more effective in catalyzing HER.32 The ordering of the Tafel
slopes was found to be exactly the same as the overpotentials
discussed above; i.e., high-temperature treatment showed the
largest slope (126.7 mV/dec), followed by low-temperature
treatment (99.0 mV/dec), atmospheric-pressure plasma treat-

ment of the high temperature treated film (91.3 mV/dec), and
the initially converted film (90.5 mV/dec). The RF plasma
treatment of the high-temperature-treated film exhibited the
lowest Tafel slope (86.6 mV/dec).
There could be several contributions to the HER activity

including the electrochemically active surface area and
defective nature of the MoS2 films. To understand the role
of active surface area, electrochemical capacitance measure-
ments were performed to determine the available electroactive
area of the catalyst film.23,33 Briefly, the double-layer charging
current, i, is linearly related to both the scan rate, ν, and the
electrochemically active surface area of the electrode. By
obtaining CVs at different scan rates (Figure S12) and plotting
the double-layer charging current at a given potential as a
function of scan rate, as shown in Figure 6d, the active surface
areas for the various MoS2 films were compared. Our results
show that the film after RF plasma treatment has the highest
area and the film after high-temperature treatment has the
smallest area, which is in excellent agreement with the
morphology observed by AFM and TEM (see Figures 3 and
4).
From the electrochemical measurements, the intrinsic HER

activity normalized to the number of sites, i.e., the turnover
frequency (TOF), can be estimated. Table 1 summarizes key

electrochemical parameters measured and the TOF estimated
for each of the MoS2 films studied. Briefly, we first estimated
the surface site density, Nsites, which refers to the number of
sites available on MoS2 for hydrogen adsorption, from the
double-layer capacitance following the procedure outlined in
previous reports.33,34 Additional details of our calculations are
provided in the Supporting Information. From the measured
current, I (corresponding to 0.5 V in the polarization curve)
and the surface site density, the TOF could be estimated via
the following equation:

IN
nFA N

TOF A

geo sites
=

(1)

where n refers to the number of electrons transferred and is 2
for HER, F is the Faraday constant, Ageo is the projected or
geometric area of the Cu electrode and equals 2 cm2, and NA is
the Avogadro constant. Our results show that the TOF is
equally highest for the initially converted film and after RF
plasma treatment (2.4) and is lowest after high-temperature
treatment (0.41). Treatment at low temperature had minimal
effect on the site density, in agreement with AFM analysis, but
decreased the TOF substantially. In comparison, atmospheric
and RF plasma treatments increased both the site density and

Table 1. Summary of Electrochemical Parameters of MoS2
Films for HER Application

sample

double-layer
capacitance
(mF/cm2)

Tafel
slope

(mV/dec)

current at
−0.5 V vs
SHE (mA)

site
density
(1015/
cm2)

TOF
(H2 s

−1/
surface
site)

as-
grown

1.25 91 37.4 24.3 2.4

high T 0.63 127 3.2 12.1 0.4
low T 1.07 99 9.4 20.8 0.7
atm
plasma

1.19 91 25.4 23.1 1.7

RF
plasma

1.91 87 56.4 37.1 2.4

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b00843
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00843/suppl_file/ae9b00843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00843/suppl_file/ae9b00843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00843/suppl_file/ae9b00843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00843/suppl_file/ae9b00843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00843/suppl_file/ae9b00843_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b00843


the TOF. To allow a clearer comparison between the different
films, we introduce a dimensionless ratio (ϕ):

TOF
TOFa b

a

b
ϕ =

[ ]
[ ]−

(2)

where “a” and “b” refer to two samples being compared in
Table 1. The importance of this parameter is that if ϕa−b > 1,
then site specific activity in sample “a” is higher than that in
“b”. For example, from Table 1, it can be observed that
ϕHigh‑T−As‑grown = 0.17 and ϕLow‑T−As‑grown = 0.29, indicating that
thermally treated films have sites with lower activity likely due
to the removal of strain in the initially converted film. On the
contrary, ϕRF‑plasma−High‑T = 6.0, reflecting that site specific
activity was significantly enhanced by RF plasma treatment
consistent with the introduction of sulfur vacancies. While
ϕRF‑plasma−As‑grown = 1.0, we note that these two films are very
different both in terms of how they are processed and their
chemical and physical properties. Given that S vacancies are
absent in the as-grown films (see Figure 5c) and the site
specific activity decreases after thermal treatment, we can
postulate that the high site specific activity for HER in these
films originates from strain present in the film, consistent with
our Raman analysis (see Figure 5d).

■ SUMMARY
In summary, we have developed a plasma conversion process
to fabricate MoS2 from solution-deposited precursor films and
performed several postsynthesis treatments to alter the
morphology and chemical composition. Materials analysis
shows that the initially converted film is strained but contains
negligible sulfur vacancies, and postsynthesis thermal treatment
relaxes the strain and postsynthesis plasma treatment generates
sulfur vacancies. These properties are linked to the HER
activity of the films with the postsynthesis thermal treatment
decreasing activity and postsynthesis plasma treatment
increasing activity. The difference between the initial plasma
conversion step and the postsynthesis plasma treatment is
believed to be related to the presence of strain versus sulfur
vacancies. In the future, both of these may need to be
controlled to tune activity, not only for HER but also for other
reactions and materials.
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