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ABSTRACT: We present a scalable wet chemical synthesis for a
catalytically active nanostructured amorphous molybdenum sulfide
material. The catalyst film is one of the most active nonprecious metal
materials for electrochemical hydrogen evolution, drawing 10 mA/cm2 at
∼200 mV overpotential. To identify the active phase of the material, we
perform X-ray photoelectron spectroscopy after testing under a variety of
conditions. As deposited, the catalyst resembles amorphous MoS3, but
domains resembling MoS2 in composition and chemical state are created
under reaction conditions and may contribute to this material’s high
electrochemical activity. The activity scales with electrochemically active surface area, suggesting that the rough, nanostructured
catalyst morphology also contributes substantially to the film’s high activity. Electrochemical stability tests indicate that the
catalyst remains highly active throughout prolonged operation. The overpotential required to attain a current density of 10 mA/
cm2 increases by only 57 mV after 10 000 reductive potential cycles. Our enhanced understanding of this highly active
amorphous molybdenum sulfide hydrogen evolution catalyst may facilitate the development of economical electrochemical
hydrogen production systems.
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■ INTRODUCTION

Hydrogen, produced today mainly from natural gas or coal, is
an extremely important chemical utilized at the global scale for
major industrial processes, including petroleum refining and
ammonia synthesis.1,2 Hydrogen has also been proposed as a
future energy carrier that could be used to power electronic
devices, vehicles, and homes.3,4 Developing methods to
economically produce hydrogen from renewable energy
resources could lead to substantial reductions in fossil fuel
consumption and lower global CO2 emissions.
A great deal of attention has recently been devoted to

producing hydrogen from water through sustainable electro-
chemical processes such as photoelectrochemical water splitting
or electrolysis driven by an external renewable source of
electricity.4−7 The hydrogen evolution reaction (HER), 2H+ +
2e− → H2, is a fundamental component of water splitting.
Achieving high energetic efficiency for water splitting requires
the use of a catalyst to minimize the overpotential necessary to
drive the HER.5,8

The best known catalysts for the HER are precious metals,
such as platinum, ruthenium, and iridium, but the scarcity and
high cost of these materials prohibit their wide-scale deploy-
ment.5,9−11 Nickel alloy catalysts show high activity for the
HER in alkaline electrolytes, but often degrade in acidic
solutions.12−19 The development of a scalable, environmentally
friendly synthesis for an inexpensive, highly active, acid-stable
HER catalyst remains a major challenge.5,20−23

Molybdenum sulfide materials have shown high activity and
stability for the HER in acidic environments,24−31 but previous
procedures for synthesizing these catalysts have typically
involved ultrahigh-vacuum processing,32 high-temperature
treatment,27,28 sulfidization using H2S gas,27,32 or electro-
deposition,29 which could limit the range of potential
applications. Recent work has revealed scalable procedures for
synthesizing highly active amorphous molybdenum sulfide
catalysts.11,28,33,34 However, much remains to be learned about
the properties of amorphous molybdenum sulfide and the
origins of its catalytic activity.
Herein, we report a facile wet chemical synthesis for a

nanostructured amorphous molybdenum sulfide catalyst and
aim to understand the origin of its catalytic activity. The
synthesis technique is based on readily available precursors;
avoids the need for high-vacuum processing, high-temperature
treatment, or a separate sulfidization step; and enables
straightforward catalyst deposition onto a wide range of
substrates. Physical and chemical characterization suggests
that the resulting catalyst is similar to other recently reported
amorphous MoS3 materials in structure and composition, but
this material currently has the highest reported activity of any
molybdenum sulfide catalyst produced through a room
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temperature wet chemical process. To understand the origin of
this material’s activity, we investigated changes in the catalyst
morphology, composition, and activity during catalysis. These
results suggest that the high activity of this material likely arises
from both the inherently favorable surface properties of the
active molybdenum sulfide phase and the rough, nano-
structured catalyst film morphology. Having enhanced the
understanding of this material’s properties, we propose
strategies for further improving its performance.

■ EXPERIMENTAL SECTION
Catalyst Synthesis. The molybdenum sulfide catalyst was

prepared via a room temperature wet chemical synthesis. All
reagents were purchased and used as received.
A molybdenum precursor solution was prepared by adding

0.60 g of ammonium heptamolybdate (Mo7O24(NH4)6·4H2O,
Sigma-Aldrich) to 12 mL of 0.2 M sulfuric acid (H2SO4,
Aldrich) in Millipore water (18 MΩ cm). In a second
container, a sulfur precursor solution was prepared by adding
0.075 g of sodium sulfide (Na2S, Alfa Aesar) to 12 mL of
Millipore water. These two solutions were mixed, yielding a 24
mL solution of 0.02 M ammonium heptamolybdate, 0.04 M
sodium sulfide, and 0.1 M sulfuric acid in water. Upon mixing
the solutions, a suspension of nanoparticles was immediately
formed. The suspension was centrifuged at 12 000 rpm (relative
centrifugal force 17 400) for 30 min to collect the nanoparticles.
After discarding the supernatant, the solid centrifuge pellet was
rinsed once with 15 mL of isopropyl alcohol, and the rinsing
liquid was discarded. The pellet was then redispersed in an
additional 15 mL of isopropyl alcohol via sonication for 10 min
to give the final catalyst solution used for drop-casting.
The catalyst samples with typical mass loading used for the

scanning electron microscopy, X-ray photoelectron spectrosco-
py, Raman spectroscopy, and electrochemical testing were
prepared by drop-casting 10 μL of the redispersed suspension
onto 5-mm-diameter glassy carbon disks (Sigradur G, HTW
Hochtemperatur-Werkstoffe GmbH). The sample used for X-
ray diffraction analysis was prepared by drop-casting 2 mL of
the redispersed suspension onto a 50 × 75 mm glass
microscope slide. The sample used for transmission electron
microscopy was prepared by diluting the sonicated nanoparticle
suspension by 400× in isopropyl alcohol and drop-casting 2 μL
of this mixture onto a holey carbon support (Ted Pella
Catalogue no. 01824). A series of samples with mass loadings
ranging from 400% to 25% of the typical preparation were
synthesized by redispersing the solid pellet formed after
centrifugation in 3.75 mL of isopropyl alcohol and using a
1:1 dilution series in isopropyl alcohol to make five solutions
with 400%, 200%, 100%, 50%, and 25% of the typical catalyst
concentration. A 10 μL aliquot of each solution was then
deposited onto a 5 mm glassy carbon disk. All samples were
dried under low vacuum (∼25 Torr) for several hours prior to
characterization.
Physical and Chemical Characterization. Scanning

electron microscopy (SEM) was performed before and after
electrochemical characterization using an FEI Magellan XHR
microscope operated with a beam voltage of 5.0 kV and current
of 25 pA. Transmission electron microscopy (TEM) of the
catalyst was collected using an FEI Titan 80-300 microscope
operated at 300 kV.
X-ray diffraction (XRD) spectra were collected using a

PANalytical X’Pert Pro diffractometer with a Cu Kα X-ray
source operated at 40 kV and 45 mA. X-ray photoelectron

spectroscopy (XPS) was performed using a Phi VersaProbe
spectrometer with an Al Kα source, and binding energies were
calibrated to the adventitious C 1s peak at 284.6 eV. Raman
spectra were collected using a Cobolt Blues 473 nm blue diode
pumped solid state laser at ∼1 mW and an Andor charge-
coupled detector held at −50 °C with a thermoelectric cooling
plate.

Electrochemical Characterization. Electrochemical meas-
urements were performed in a three-electrode electrochemical
cell in a rotating disk electrode (RDE) configuration with a Bio-
Logic potentiostat (VMP3). All tests were performed in 80−
100 mL of 0.5 M sulfuric acid (H2SO4) electrolyte prepared in
Millipore water (18 MΩ cm) with a Hg/Hg2SO4 in saturated
K2SO4 reference electrode (Hach) and a graphite rod counter
electrode (Ted Pella). The molybdenum sulfide catalyst film on
a glassy carbon disk was used as the working electrode. The
reversible hydrogen electrode (RHE) was calibrated to between
−0.700 V and −0.706 V vs the Hg/Hg2SO4 reference electrode
as measured using platinum mesh working and counter
electrodes under a H2 gas purge. The potential scale was
calibrated to RHE after each experiment to prevent
contamination of the cell with platinum ions dissolved from
the electrodes during this calibration step.
Prior to further characterization, the catalyst was electro-

chemically activated by performing approximately three
potential cycles between 0.10 and −0.25 V vs RHE at 20
mV/s. After the initial stabilization of the activity, the
performance of the catalyst for the hydrogen evolution reaction
was measured using a linear sweep voltammogram beginning at
the open circuit potential of ∼0.30 V vs RHE and ending at
−0.30 V vs RHE with a scan rate of 5 mV/s. Throughout these
measurements, the electrolyte was purged with H2 gas, and the
working electrode was rotated at 1600 rpm in the RDE to
remove hydrogen gas bubbles formed at the catalyst surface.
To measure electrochemical capacitance, the potential was

swept from 0.15 to 0.35 V and back to 0.15 V three times at
each of six different scan rates (10, 20, 40, 80, 160, and 320
mV/s). The working electrode was held at each potential vertex
for 20 s before beginning the next sweep. These scans were
performed on the molybdenum sulfide catalyst while purging
with N2 gas and rotating at 1600 rpm in the RDE. The rate of
rotation was observed to have no effect on the measured
capacitive current. The same set of scans was also performed on
a flat standard MoS2 sample (preparation details provided in
the Supporting Information) in a compression cell with a N2
gas purge and no rotation.
Extended potential cycling was performed to investigate

changes in composition during catalysis and to evaluate the
catalyst’s durability. These tests were performed by taking linear
sweep voltammograms after repeatedly cycling the potential
between 0.10 and −0.25 V vs RHE at 50 mV/s. The first 20
potential cycles were performed at 0 rpm, and the next 5 cycles
were performed at 1600 rpm. This pattern was repeated three
additional times. Performing the majority of the cycles at 0 rpm
prevented the RDE apparatus from overheating due to
prolonged continuous rotation, and periodic rotation still
enabled removal of H2 bubbles. After every 100 potential cycles,
the potential was swept from 0.10 to −0.30 V vs RHE at 5
mV/s and 1600 rpm. The slow scans were used to minimize
contributions from capacitance current and obtain a more
accurate measure of the electrochemical activity. For electro-
chemical stability testing, this program was repeated 100 times
for 10 000 total potential cycles at 50 mV/s (approximately
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48 h). The samples prepared for X-ray photoelectron
spectroscopy measurements were cycled using this program
for 4 h. A continual H2 gas purge was used for the duration of
these tests. As appropriate, these samples were rinsed in
Millipore water to remove any residual sulfuric acid prior to
spectroscopic measurements.

■ RESULTS AND DISCUSSION
The morphology of the catalyst film was characterized using
scanning electron microscopy, as shown in Figure 1. The film

has a rough, nanostructured surface with feature sizes ranging
from 50 to 100 nm. This structure arises from the
agglomeration of the catalyst nanoparticles upon drop-casting
and is favorable for catalysis because it provides a high surface
area interface between the catalyst and the electrolyte, which is
conducive to high overall electrochemical activity. An image of
a portion of the catalyst film that delaminated from the
substrate shows that the film is ∼5−7 μm thick, assuming an
observation angle between 0° and 45° with respect to the film
surface. The amount of catalyst on the substrate is greater than
the typical loading for precious metal electrocatalysts, which are
often deposited as isolated nanoparticles rather than as a
porous film.5,35,36 However, due to the low material cost and
straightforward synthetic procedure of the molybdenum sulfide
catalyst, this film structure could potentially be practical for
wide-scale deployment.
The crystallinity of the film was investigated before

electrochemical characterization using TEM and XRD. TEM
of an isolated nanoparticle (Figure 2) shows that the diameter

of the catalyst particle is ∼60 nm, which corresponds to the size
of the features observed using SEM after the particles
agglomerate into the rough, nanostructured film morphology.
The absence of lattice or Moire ́ fringes observed in the bright
field TEM image suggests that the material is amorphous,
which was further confirmed by the lack of any XRD peaks that
would suggest a crystalline catalyst film (see Supporting
Information Figure S1). Raman spectroscopy revealed the
absence of the distinctive A1g and E2g

1 vibrational peaks expected
for crystalline MoS2 (see Supporting Information Figure S2),
which suggests that crystalline MoS2 is not present in significant
quantities in the as-deposited catalyst.37−39

X-ray photoelectron spectra collected before electrochemical
testing (Figure 3) show that the as-deposited (“no testing”)

material resembles molybdenum trisulfide (MoS3). The sulfur
2p region shows a peak at a binding energy of 163.0 eV, with a
broad full width at half-maximum (fwhm) of 2.2 eV and no
evidence of the expected spin−orbit splitting doublet
corresponding to the 2p1/2 and 2p3/2 lines, which suggests
that the sulfur atoms near the surface exist in multiple oxidation
states. These observations are consistent with previous reports
of MoS3 materials, which contain sulfur in a combination of
S2

2− and S2− groups.11,29,34,40,41 A small peak observed near 169
eV corresponds to the binding energy of sulfur in a sulfate

Figure 1. SEM images showing (a) the catalyst film surface
morphology and (b) a thickness cross section of a segment of the
catalyst film that delaminated from the substrate surface.

Figure 2. Transmission electron micrograph of an isolated particle
deposited from a diluted molybdenum sulfide catalyst suspension.

Figure 3. X-ray photoelectron spectra of the catalyst surface before
testing, after one reductive potential cycle, and after 4 h of continuous
reductive cycling. The data are scaled to normalize the Mo 3d peak
areas. Before electrochemical testing, the shape and binding energy of
the S 2p peak are indicative of amorphous MoS3. The Mo 3d peaks
show that the majority of the molybdenum occurs in chemical state
Mo(A)Sx. The peak positions and shapes begin to change after the
initial reductive potential cycle, corresponding to the catalyst activation
observed during electrochemical testing. These changes are accen-
tuated after extended electrochemical testing. In the tested samples,
the S 2p peak shape and binding energy more closely resemble MoS2,
and the majority of the molybdenum occurs in chemical state Mo(B)Sx,
with binding energies near the Mo 4+ peaks observed in MoS2.
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group42,43 and likely arises from residual SO4
2− from the

sulfuric acid used in the catalyst synthesis. The presence of
small nitrogen 1s and sodium 1s peaks indicates that there may
also be some residual Na+ and NH4

+ from the catalyst synthesis,
but these peaks disappear after the catalyst has been immersed
in water or sulfuric acid (see Supporting Information Figure
S3).
The molybdenum 3d region reveals a mixture of Mo

oxidation states. Peak fitting shows that ∼ 27% of the Mo signal
corresponds to a 6+ oxidation state. XPS spectra of an untested
catalyst sample aged in air show that this feature arises primarily
from oxidation to form a thin layer of Mo(6+)O3 (see
Supporting Information Figure S4). The remaining 73% of
the Mo signal arises from the molybdenum sulfide. This Mo
exists in a chemical state labeled here as Mo(A)Sx, which likely
corresponds to a lower oxidation state of either 4+ or 5+. The
amorphous structure of this material prohibits the definitive
determination of the formal oxidation state, as the observed
binding energies are likely influenced by a number of factors,
including the oxidation state, sulfur coordination, and local
bonding structure. To quantify the Mo and S components of
the molybdenum sulfide film, the peak areas pertaining to the
Mo 3d and the sulfide/persulfide S 2p lines were measured and
calibrated versus a reference scan of a natural MoS2 crystal,
which served as a standard (see Supporting Information Figure
S5). This analysis reveals that the composition near the catalyst
surface (∼3 nm probe depth) is 22% Mo and 78% S as-
synthesized (disregarding the S pertaining to sulfate as well as
all other elements). These values closely match the 25% Mo
and 75% S expected for molybdenum trisulfide. Thus, the
atomic composition and binding energies measured by XPS and
the amorphous structure observed by TEM and XRD suggest
that the as-deposited material is predominantly composed of
amorphous MoS3.

40,41,44−53

We investigated the electrochemical properties of the
molybdenum sulfide catalyst using a three-electrode electro-
chemical cell in a rotating disk electrode configuration. Catalyst
activation is observed upon the first reductive potential cycle
(Figure 4). Initially, the onset of reductive current is observed
near −200 mV vs RHE, but after completing the first potential
cycle, the onset of reductive current shifts to approximately
−150 mV vs RHE and remains stable in subsequent cycles. The
current observed on the first reductive cycle is likely a
combination of hydrogen evolution and electrochemical
reduction of the catalyst material to form the catalytically

active phase, the nature of which is discussed below. A similar
reductive activation was also observed in other recent studies of
amorphous molybdenum sulfide HER catalyst materials.29,34

A polarization curve demonstrating the HER activity of the
molybdenum sulfide catalyst on a glassy carbon electrode is
compared with a bare glassy carbon control in Figure 5a. The

catalyst shows high activity for the HER with ∼200 mV
overpotential necessary to achieve 10 mA/cm2 hydrogen
evolution current density, which is a useful metric for
comparing catalysts for solar hydrogen production.5,54 Meas-
urements performed on four duplicate samples show consistent
activity, with the overpotentials necessary to achieve 10 mA/
cm2 current density ranging from 198 to 204 mV (see
Supporting Information Figure S6).
The activity of the wet-chemical-synthesized amorphous

molybdenum sulfide catalyst is compared with several other
MoS2 and MoS3 materials in the Tafel plot shown in Figure
5b.27−29,32,34 This material shows the highest activity of any
reported molybdenum sulfide catalyst synthesized using a room
temperature wet chemical procedure. The activity is within ∼50
mV of the best reported molybdenum sulfide catalyst
synthesized using any technique.28 The average Tafel slope
for this catalyst is 60 mV/decade, with individual slopes ranging
from 53 to 65 mV/decade for the catalyst films shown in
Figures 5 and Supporting Information S6. Although the Tafel
slope alone is insufficient to determine the specific mechanism

Figure 4. Cyclic voltammograms indicate that the molybdenum sulfide
catalyst is activated during the cathodic sweep of the first cycle (solid
red line). Enhanced activity is observed on the anodic sweep of the
first cycle (dotted red line) and in subsequent cycles (blue lines).

Figure 5. Electrochemical activity of the molybdenum sulfide catalyst.
Polarization curves (a) show that the catalyst exhibits high activity for
the HER. A Tafel plot (b) shows the electrochemical activity of the
wet-chemical-synthesized amorphous molybdenum sulfide catalyst
along with digitized data of HER measurements of several other
materials for comparison, including MoS2 nanotriangles in pH 0.24
H2SO4 (orange trace),

24 MoO3/MoS2 core−shell nanowires in 0.5 M
H2SO4 (blue trace),27 electrodeposited amorphous MoS3 in pH 0
electrolyte (green trace),29 wet chemical synthesized amorphous
MoS3/multiwalled carbon nanotube composite in 1 M H2SO4 (purple
trace),34 and MoS2 on reduced graphene oxide in 0.5 M H2SO4 (red
trace).28
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of the HER,27,55,56 it does match several earlier reports for
molybdenum sulfide catalysts, which also exhibited slopes of
∼60 mV/decade.27,32

To understand the changes in the material during electro-
chemical testing and identify the active form of the catalyst, we
performed XPS after catalyst activation via the first reductive
potential cycle and after 4 h of continuous reductive cycling
(Figure 3). XPS spectra collected after electrochemical testing
reveal pronounced changes in the material, both in the
elemental ratio and in the chemical states of the Mo and S.
The S 2p peak corresponding to the catalyst material after the
initial activation cycle shifts from 163.0 to 162.4 eV and begins
to resemble a single spin−orbit splitting doublet. After 4 h of
reductive cycling, the S 2p region displays a distinct spin−orbit
splitting doublet with the S 2p3/2 peak at a binding energy of
162.2 eV, very close to the value observed in crystalline MoS2
(see Supporting Information Figure S5). The same can be said
for the S 2s line, which shifts from 227.4 eV before testing to
226.2 eV after testing, the binding energy observed in
crystalline MoS2. This trend suggests that the sulfur in the
sample is partially reduced during catalysis and the dominant
form of sulfur present after testing exists in a chemical
environment similar to MoS2.
Significant changes are also observed in the Mo 3d region

after electrochemical testing. First, the amount of Mo(6+)O3 has
decreased substantially to a negligible quantity that obviates the
need for fitted features in the deconvoluted spectra of the “after
testing” samples in Figure 3; thus, for the sake of clarity, those
particular features are omitted. This significant decrease in
Mo(6+)O3 was also observed in catalyst samples allowed to rest
in water or 0.5 M H2SO4 with no applied potential, so we
attribute this difference to the chemical dissolution of the native
surface oxide (see Supporting Information Figure S7). This
observation is consistent with the expectation that any MoO3
would dissolve in the electrolyte used during catalyst
testing.27,57 The second noticeable change is a significant shift
in the binding energies of the Mo peaks corresponding to the
molybdenum sulfide. Prior to testing, the majority of the
molybdenum exists as Mo(A)Sx. After the initial activation and
after 4 h of reductive cycling, the majority of the near-surface
molybdenum is found in a slightly more reduced state labeled
here as Mo(B)Sx, with 3d3/2 and 3d5/2 peaks near 232.6 and
229.5 eV, respectively. Approximately one-third of the Mo
remains as Mo(A)Sx in both cases. A small amount of Mo(6+)O3
may be hidden within the Mo(A)Sx peaks, causing them to
appear at a slightly higher binding energy than observed before
catalytic testing. The shift from Mo(A)Sx to Mo(B)Sx
corresponds to a change in chemical environment, and the
direction of this shift is consistent with a reduction of the
molybdenum, as expected based on the reductive potentials
applied during catalyst activation and HER catalysis. The Mo
3d3/2 and 3d5/2 binding energies in the Mo(B)Sx are close to the
values observed in crystalline MoS2 (see Supporting
Information Figure S5), which has a Mo oxidation state of
4+. The small remaining difference in the binding energies may
arise from the different sulfur coordination or local bonding
structure in this catalyst. All the changes in the molybdenum
spectra measured after catalysis show that the active form of the
catalyst resembles MoS2, although it is likely not a pure phase,
since the Mo still exists in multiple chemical states.
Finally, quantification of the Mo and sulfide/persulfide S

signals after catalysis reveals changes in the stoichiometry of the
near-surface region. After the initial reductive cycle, the

sample’s composition has changed from 22% Mo and 78% S
(consistent with molybdenum trisulfide) to a composition of
34% Mo and 66% S, closely matching the 33% Mo and 67% S
expected in MoS2. After four hours of reductive cycling, the
composition appears to have continued to change, albeit
slightly, to 39% Mo and 61% S. These values, which are also
within experimental error of MoS2, could suggest a subtle
depletion of sulfur during catalysis. All of these observations
regarding the quantification and chemical state of Mo and S
suggest that the MoS3 material resulting from the wet chemical
synthesis could be considered a “precatalyst.” This material
undergoes major changes during operation to create the active
phase, which more closely resembles MoS2, consistent with the
trends observed in previous reports of amorphous MoS3
materials.29,34 However, Raman spectra collected after catalysis
(see Supporting Information Figure S2) confirm that the
sample still does not contain crystalline MoS2 in a detectable
quantity. Therefore, the reduced phase created during catalysis
is likely an amorphous MoS2.
Because of the amorphous and nanostructured nature of this

catalyst, there is likely significant surface site heterogeneity in
this material. It is therefore difficult to accurately determine the
structure and relative concentration of various types of surface
sites, which makes the identification of the active sites of this
material particularly challenging. Previous work on many
different types of molybdenum sulfide materials shows that
this general class of catalyst can exhibit high activity for
hydrogen evolution, despite wide variations in atomic structure
and chemical composition.11,23,25,27−32,34,58 The catalyst ma-
terial presented in this work likely exhibits many types of
surface sites due to its amorphous, nanostructured nature, some
of which could resemble the active sites previously described in
the studies cited above. It is therefore possible that many
different types of surface sites participate in the reaction. The
results of this study provide initial indications that domains
resembling MoS2 are created during catalysis and may
contribute to this material’s high electrochemical activity, but
further characterization is necessary to confirm this hypothesis.
Synchrotron techniques such as X-ray absorption spectroscopy
could yield greater insights about the catalyst composition and
structure.11,49

The intrinsic per-site activity of a catalyst is an important
metric necessary to compare catalyst materials and to guide
catalyst development. To estimate this key figure of merit, we
used electrochemical capacitance surface area measurements to
determine the active surface area of the catalyst film.59,60 When
combined with a simplified model of the surface structure
(details provided in the Supporting Information), this
technique enables independent estimation of the density of
electrochemically active sites and the average activity of each
site, reported as a per-site turnover frequency (TOF). Although
the analysis shown here utilizes known properties for MoS2,
which may not perfectly reflect MoS3 or the reduced phase
created during electrochemical testing, it nevertheless provides
useful insights for future improvements to catalyst design.
To find the electrochemically active surface area, as shown in

Figure 6a, we measured the non-faradic capacitive current
associated with electrochemical double layer charging upon
repeated potential cycling. This double layer charging current,
ic, is proportional to both the scan rate, ν, and the
electrochemically active surface area of the electrode, Aechem:

61

ν∝ ×i Ac echem
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The capacitive currents for the molybdenum sulfide catalyst
and for a flat MoS2 standard (preparation details provided in
the Supporting Information) were measured as a function of
scan rate, as shown in Figure 6b. A potential range of 0.15−0.35
V vs RHE was selected for the capacitance measurements
because no obvious electrochemical features corresponding to
faradic current were observed in this region. Furthermore, the
dependence of the current on the scan rate in this region is
linear for both materials, which is consistent with capacitive
charging behavior. Current arising from a faradic process would
yield a square root dependence with respect to scan rate as a
result of mass transfer (reactant diffusion) limitations.62 The
ratio of the currents for the catalyst and the flat MoS2 standard
was taken as the relative roughness factor, RF:

= =
i

i
RF

(catalyst)
(flat standard)

catalyst active surface area
substrate geometric surface area

c

c

From this analysis, we measured a RF value of 90. This
calculation relies on the assumption that the intrinsic, surface-
area-normalized capacitance of the molybdenum sulfide catalyst
and the flat MoS2 standard are the same. Although the chemical
and physical characteristics of MoS2 differ from the amorphous
molybdenum sulfide catalyst, we chose to use a MoS2 flat
standard due to the difficulty of fabricating a perfectly flat, well-
defined analogue of the amorphous molybdenum sulfide
catalyst. The capacitance measured for the flat MoS2,
approximately 60 μF/cm2, is consistent with expectations for
a flat electrode.59,62 Because the surface-area-normalized

capacitance associated with double layer charging is expected
to be similar (i.e., within an order of magnitude) for many
metallic and semiconducting materials in the same aqueous
electrolyte,62 the resulting surface area estimate for our work
presented here is accurate to within an order of magnitude or
better.
The RF was used to estimate the density of electrochemically

accessible sites on the catalyst surface, ∼1017/cm2 of geometric
electrode area (calculation details are provided in the
Supporting Information). Using this surface site density, we
calculated a turnover frequency (TOF) of 0.3 H2/s per surface
site at 200 mV overpotential (∼10 mA/cm2 of current density,
calculated per geometric electrode area). Conservatively,
because of the order of magnitude inaccuracy of these
calculations, the TOF may fall between 0.03 H2/s and 3 H2/
s per surface site. This range is comparable to the TOFs
reported for other highly active molybdenum sulfide catalysts at
similar current densities.27,29 However, previous reports of well-
defined MoS2 nanoparticles indicate that the intrinsic TOF for
a crystalline MoS2 edge site is ∼3 orders of magnitude
higher.27,32 As discussed previously, there is likely significant
surface site heterogeneity in this amorphous molybdenum
sulfide material, which raises the possibility that only a fraction
of the surface sites may be active for hydrogen evolution.
Therefore, the true TOF of the most active sites could be
orders of magnitude greater than the average value of 0.3 H2/s.
In any event, the high surface area nanostructured

morphology of the catalyst film clearly plays an important
role in providing a significant number of active sites. To further
investigate the effect of electrochemically active surface area on
the observed activity, we synthesized samples with mass
loadings varying from 25% to 400% of the typical catalyst
preparation. As shown in Figure 7, we found that the activity of

these samples, as measured by the overpotential needed to
reach 1 mA/cm2 on a geometric area basis, varies linearly with
log(RF). This shows that increasing surface area translates to
improved activity in a predictable manner based on standard
models of electrochemical kinetics. Note, however, that the
slope of the regression line, 38 mV/decade, is slightly lower
than the expected value of 60 mV/decade based on the Tafel
analysis described earlier. This difference may result from
limitations from mass transport or charge transport for thicker,
higher surface area films. Ultimately, the linearity of the data
provides additional evidence that the high surface area
morphology of the catalyst film contributes significantly to its
high activity and may explain, in part, why this catalyst has

Figure 6. Electrochemical capacitance measurements for determi-
nation of the molybdenum sulfide catalyst surface area. Cyclic
voltammograms (a) were taken in a potential range where no faradic
processes were observed to measure the capacitive current from
double layer charging. The capacitive current measured at 0.30 V vs
RHE was plotted as a function of scan rate (b) for the wet-chemical-
synthesized amorphous molybdenum sulfide and the MoS2 flat
standard. The ratio of the capacitive currents for the molybdenum
sulfide catalyst and the flat standard was used to determine the relative
roughness factor.

Figure 7. Electrochemical activity of catalyst samples as a function of
roughness factor. The catalyst activity increases linearly with the log of
the roughness factor.
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activity superior to similar materials reported previously29,34

(additional discussion is presented in the Supporting
Information along with further electrochemical data in Figure
S8 and SEM images in Figure S9). This result suggests that
high catalytic current densities could be achieved from a much
lower catalyst loading by depositing the molybdenum sulfide
catalyst onto a high surface area support.27 Similarly, the
activity of this catalyst could be further improved by increasing
the roughness factor beyond 90.
The long-term stability of a catalyst is another important

metric to consider for commercial applications. The stability of
this catalyst film was assessed by repeated potential cycling for
more than 10 000 cycles to replicate diurnal cycling experienced
by a HER catalyst for solar water splitting. The lower bound of
the potential cycles, −0.25 V vs RHE, was chosen to reach a
current density in excess of 10 mA/cm2, which is a useful
metric for comparing catalysts for solar hydrogen production.
The results of the stability testing are displayed in Figure 8,

which shows that the overpotential required to attain 10 mA/
cm2 current density increases by only 57 mV after 10 000
potential cycles. Although not quite as stable as some other
molybdenum sulfide materials,27,28 the absolute overpotential
required to drive 10 mA/cm2 remains low.
Several factors may contribute to the slight loss in activity.

One hypothesis is that surface adsorbates, potentially from
impurities in the electrolyte, reference electrode, or within the
film itself, may poison the active sites of the catalyst over the
course of the stability testing. We tested this hypothesis by
pausing the stability testing after the 10 000th cycle to replace
the electrolyte solution, after which the catalyst immediately
recovered 30 mV of activity during subsequent measurements.
Delamination of the catalyst film from the substrate is another
likely cause of activity loss, an effect confirmed by scanning
electron microscope imaging performed after electrochemical
testing (see Supporting Information Figure S10). This loss of
catalyst loading could potentially be remedied by using a
conductive binder to secure the catalyst to the glassy carbon
substrate or by depositing this material upon a different
substrate altogether. Although further study is required to detail
the specific mechanisms of the catalyst degradation, our
preliminary efforts indicate that factors other than the inherent
properties of the catalyst material are responsible for the
observed decrease in activity. Overall, this highly active material
remains an excellent HER catalyst throughout the course of the
rigorous accelerated durability test.

■ CONCLUSIONS
We have developed a scalable wet chemical synthesis to
produce a highly active, stable, amorphous molybdenum sulfide
HER electrocatalyst. This synthetic technique requires no high-
temperature processing or secondary sulfidization step and
allows for direct catalyst deposition onto many types of
substrates. We performed extensive spectroscopic and electro-
chemical characterization to understand changes in this material
during catalysis and investigate the origin of the catalytic
activity of amorphous molybdenum sulfide catalysts, for which
there have been several recent literature reports. Domains
resembling MoS2 in both composition and chemical state are
created during catalysis and may contribute to the high HER
activity of this material. The high density of active sites that
results from the rough, nanostructured surface morphology also
contributes to the high geometric current densities. The
catalyst’s stability was also ascertained; it was found to retain its
activity throughout extended reductive potential cycling. The
catalyst activity and stability could be further improved by
designing a substrate structure to increase the total surface area
and prevent catalyst delamination during operation. This highly
active, stable HER catalyst is a promising candidate material
that could help to enable the widespread deployment of cost-
effective systems for electrochemical hydrogen production.
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