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ABSTRACT: In this work, we studied a sulfur-rich molybdenum sulfide
(MoS;) hydrogen evolution reaction (HER) catalyst prepared by chemical
oxidation of thiodimolybdate (Mo,S;,>”). Using X-ray photoelectron
spectroscopy, X-ray diffraction, and other techniques, we found that the
material had an overall S:Mo ratio of 6:1 and is likely an amorphous
coordination polymer of molybdenum—sulfur (Mo;-like) clusters with the
additional sulfur existing as bridging or terminal disulfide moieties. Used
as a HER catalyst, MoS, has an HER overpotential of 130 mV at 10 mA/
cm?, compared to 178 mV for MoS, samples made from tetrathiomo-
lybdate (MoS,>"). Electrochemical surface area measurements show that
the improved performance of MoS4 over MoS, was not due to the sulfur-
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rich material having a higher surface area. Instead, we ascribe the performance of the sulfur-rich MoS, catalyst to the presence of
additional disulfide active sites compared to other amorphous MoS, catalysts. This study highlights the possibility of using
different thiomolybdate precursors to synthesize novel MoS, HER catalysts.

KEYWORDS: hydrogen evolution, electrocatalysis, molybdenum sulfide, energy conversion, solar water splitting

he hydrogen evolution reaction (HER), 2H" + 2~ — H,,

is an important reaction in the electrochemical
production of hydrogen as a chemical fuel.”” Beyond its
possible application to reducing some of the energy and
environmental issues facing the world, this reaction is also
important because of its apparent simplicity; it involves only
two protons in solution combining with two electrons to
produce hydrogen gas. Thus, understanding this reaction is a
starting point that will enable electrochemists to begin
developing a very fundamental understanding of active sites
and substrate adsorption in inner sphere heterogeneous
electrode reactions.’

Traditional catalysts used for the HER include expensive
noble metals or alloys of noble metals like Pt and Pd.” Initially,
crystalline molybdenum sulfide (MoS,) was investigated as an
electrocatalyst for the HER and found to be relatively effective
compared to other inexpensive non-noble metal-based
catalysts, achieving overpotentials of 300—400 mV for 10
mA/cm2>~7 Further work focused on nanostructuring and
increasing the density of active sites by exfoliating the MoS,
sheets and increasing the density of exposed active edge sites.
While crystalline molybdenum sulfide showed promise, Hu et
al. later demonstrated that amorphous MoS, catalysts were
even more active for the HER than the crystalline MoS,
catalysts.””'”> Furthermore, amorphous catalysts usually
required comparably milder conditions for their synthesis
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than did crystalline MoS, catalysts. They are typically prepared
by either the electrochemical deposition of thin films’ or by
wet chemical synthesis,"' without the need for high temper-
atures. The simple synthesis of these amorphous catalysts and
the ability to produce them in large quantities make them
promising HER catalysts.' "' >'*

An additional motivation for studying amorphous molybde-
num sulfide catalysts is the ability to modify properties like the
Mo/ ratio and structure due to the richness of molybdenum—
sulfur chemistry.'> Amorphous molybdenum sulfide (a-MoS,)
catalysts have been shown to be composed of inorganic
polymeric structures.'* It is expected that the monomeric units
in these polymers control the catalytic properties of these
materials. The relatively low temperatures needed to make
these materials is also significant, as it suggests control of
stoichiometry and structure while minimizing changes in the
morphology of the materials due to sintering.

In this paper, we report the use of sulfur-rich MoSy as an
HER catalyst. We show that this material, with a higher sulfur
content than the often studied MoS, catalyst, can be obtained
by changing the precursor from the commercially available

Received: June 14, 2018
Accepted: September 10, 2018
Published: September 10, 2018

DOI: 10.1021/acsaem.8b00973
ACS Appl. Energy Mater. 2018, 1, 4453—4458


www.acsaem.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.8b00973
http://dx.doi.org/10.1021/acsaem.8b00973

ACS Applied Energy Materials

tetrathiomolybdate (MoS,””) anion to the more exotic
thiodimolybdate (Mo,S;,>”) anion.

(NH,),Mo,S,, + I, = 2NH,I + 2MoS, (1)

Sulfur-rich molybdenum sulfide particles were prepared by
oxidizing Mo,S,,”~ with chemical oxidants like I, (or S,04>7,
as described in the Supporting Information) at room
temperature in dimethylformamide (DMF). This, we antici-
pate, will be a first step toward controlling the stoichiometry,
structure, and activity of MoS, HER catalysts while obtaining
important structure—activity correlations that could help in
developing a better understanding of the HER and the
electrocatalysts that perform it.

A transmission electron microscopy (TEM) image (Figure
1a) shows a representative as-synthesized MoS, particle. The
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Figure 1. (a) Transmission electron micrograph of a representative
MoS; particle. (b) Thermogravimetric analysis showing the mass loss
of MoS, samples as they are heated to 600 °C at a ramp rate of 10
°C/min in argon. MoS, (red curve) loses more of its initial mass
compared to MoS, (blue curve).

average particle size is fairly large, with most particles falling in
the 400—800 nm diameter range. In agreement with past
studies on molybdenum sulfides synthesized from molybdate
precursors at room temperature, selected area diffraction
patterns (SAED) showed only diffuse rings indicating an
absence of long-range order in this material (Figure S1).'°
Scanning electron microscopy images (Figure S2) suggest that
the particles seen in TEM images agglomerate into larger
structures.

Next, we measured the bulk molybdenum—to-sulfur ratio in
the material by thermogravimetric analysis (TGA, Figure 1b).
The sulfur content can be measured by this means because
amorphous MoS, samples are known to convert to crystalline
MoS, at high temperatures under inert atmosphere.'>'®
Gradual weight loss before 200 °C represents the loss of
residual solvent. The molybdenum sulfides decompose in
multiple stages from 200 to 460 °C.

MoS, ., = MoS, + xS )

From the above eq 2, a sample with a S/Mo ratio of 6 would
lose about 44% of its mass as the sulfur decomposes and the
material is converted to MoS, at high temperatures (details in
the Supporting Information). We found that the samples
prepared by oxidizing the Mo,S ,>~ with I, lost 44.4% of their
mass during the TGA, in agreement with a S/Mo ratio of 6. A
comparison of this sulfur-rich sample with the control MoS,
sample made by similarly oxidizing MoS,>~ shows the control
samples only lose 29% of their initial mass, in agreement with
an expected S/Mo ratio of 4. The TGA plot shows that the
samples made by using the thiodimolybdate precursor are
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relatively sulfur-rich in the bulk when compared to samples
made using the tetrathiomolybdate anion.

Sulfur-rich MoS4 samples were further studied using X-ray
photolelectron spectroscopy (XPS) as shown in Figure 2 (a
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Figure 2. XPS spectra for sulfur-rich MoS4 particles. The Mo 3d
region shows the presence of Mo' sulfides, MoO, defects, and the
overlapping S 2s region (a). The S 2p region shows the presence of
four peaks (two doublets associated with polysulfides) (b).

survey spectrum is shown in Figure S3). The molybdenum 3d
region shows a doublet at 229.6 and 232.7 eV assigned to Mo'"
sulfides. Additionally, we see peaks showing some molybde-
num oxide species on the surface of this material.'* These Mo
peaks overlap with the S 2s region; to observe the
molybdenum peaks without the overlapping sulfur region, we
also took measurements of the Mo 3p region (Figure S4). The
sulfur 2p region was deconvoluted and analyzed (Figure 2b);
four peaks (two doublets) can be seen in this region. The first
peaks at higher binding energy (at 163.4 and 164.6 eV)
correspond to bridging (S,*”) and apical (S*7) sulfur groups
while the second set of peaks (at 162.3 and 163.5 €V) belongs
to terminal (S,>”) and shared (S*7) groups.B’H’lg’19 The first
set of doublets at higher binding energies make up 58.5% of
the sulfur atoms while the second set of peaks make up the
remaining 41.5%. The presence of all these peaks is generally
associated with molybdenum polysulfides.'* The lack of a clear
peak attributable to elemental sulfur in this region (typically
seen at higher binding energies than the sulfides) indicates that
most of the sulfur in our material is bonded with molybdenum.
This is also consistent with the fact that our samples were
washed with CS, which is known to dissolve sulfur impurities.
We examined the Mo:S ratio of this sample to verify that the
surface ratio was consistent with the bulk stoichiometry
obtained by thermogravimetric analysis. Integration of the
peaks in the Mo 3d region and the S 2p peaks gives a Mo:S
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ratio of 1:5.9 in agreement with the bulk ratio determined by
TGA.

Next, we attempted to characterize the material’s structure
by XRD (Figure 3a) and found that the diffractogram lacked
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Figure 3. (a) X-ray diffraction and (b) Raman spectra for sulfur-rich
MoS; particles.

sharp peaks and was dominated by broad features which
indicate the material is amorphous, in agreement with both our
SAED results (Figure S1) and with past results.'® This is in
contrast to the sharp peaks observed in the diffractogram of the
Mo,S,,>” precursor (Figure SS). Studies have shown that
molybdenum sulfides synthesized at room temperature lack
10ng-ran§e crystalline order but have short-range atomic
order."""™ The features observed in the Raman measurements
(Figure 3b) at low laser power are similarly broad. The
absence of well-defined peaks, as mentioned earlier, is
indicative of the short-range atomic arrangement in this
material. The centers of these broad peaks are consistent with
Raman measurements of amorphous molybdenum sulfides
(MoS;) which are known to be inorganic coordination

polymers of Mo,S;; clusters."® Despite the broadness of
these peaks, certain features can be identified.'” We assign the
features between 280 and 400 cm™ to the Mo—S stretching
frequencies as previously reported, and the broad peak
between 500 and 550 cm™' is associated with the S—S
stretching frequencies typical of materials with polysul-
fides.'”'® The presence of these peaks in our samples suggests
that these sulfur-rich MoSg particles are similarly made up of
Mo;S,5-like clusters. As previously reported in the literature,
measurements at higher laser power converted the material
into a mixture of MoS, and MoQOj; over the course of a few
seconds (Figure $6).*

Maintaining a molybdenum oxidation state of +4 while
incorporating a relatively high amount of sulfur in a
nonelemental state indicates that the sulfur-rich MoS4 must
include more terminal or/and bridging S,*” sulfur species
compared to the MoS, samples.'” A similar analysis comparing
two amorphous ReS, samples with slightly different S/Re
ratios (ReS, and Re,S,) concluded that the sample with the
higher sulfur-to-rhenium ratio (Re,S;) had more disulfide
bonds existing as bridging sulfur moieties.”' Returning to the
molybdenum sulfide samples of the present study, on the basis
of the XPS results taken together with the XRD and Raman
spectroscopy results, we propose that this MoSg catalyst is also
an amorphous coordination polymer of molybdenum—sulfur
(Mos-type) clusters (Figure 4a) that incorporate the excess
sulfur as bridging or/and terminal sulfide moieties.'’
Reasonable structures can be proposed on the basis of the
studies of ReS, materials mentioned above. The excess sulfur
can be incorporated either as bridging disulfide moieties
(Figure 4b) or as terminal sulfide moieties (Figure 4c). Hibble
et al. have shown using a combination of in situ infrared
spectroscopy and extended X-ray absorption fine structure
(EXAFS) that (NH,),Mo,S;, samples annealed at low
temperatures go through a major structural change from Mo,
clusters to Mo;S;-like clusters while retaining additional sulfur
atoms as terminal sulfides which become shared sulfur moieties
in the coordination polymer. For this reason, we believe our
samples incorporate the additional sulfur atoms as shared
sulfide moieties.”” While the exact nature of the active sites in
MoS, catalysts is yet to be determined, it is accepted that sulfur
functionalities influence the HER activity of MoS, catalysts.”**
Using a combination of XPS and Raman spectroscopy, Ting et
al. have shown that the terminal and bridging sulfur moieties
are the true active sites for the HER."®

Next, we examined the activity of the sulfur-rich MoS,
samples as HER catalysts in an electrochemical cell with 0.5 M
H,SO, as the electrolyte. Dissolved oxygen was removed from

Figure 4. (a) MosS,; clusters are known components of amorphous MoS, catalysts. Proposed structures for Mo, clusters in sulfur-rich MoSq
catalysts with additional sulfur bonds as (b) bridging and (c) shared sulfide moieties.
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Figure S. (a) Linear sweep voltammetry (LSV) voltamograms of MoS; (red curve) and MoS, (blue curve) samples (mass loadings of and 1 mg/
cm?) and a benchmark Pt/C catalysts for the hydrogen evolution reaction (HER). (b) LSV curves showing the initial polarization curve and a
polarization curve after 2000 (scan rate: 50 mV/S) cyclic voltammetry (CV) cycles. (c) Scan-rate dependent current density at 0.5 V vs Ag/AgCl
for MoS,/VC samples (blue line) and MoS,/VC (red line) samples. The scan rate for parts a and b is 10 mV/s.

the electrolyte by purging with Ar for 40 min before
electrochemical testing and during tests. Experiments were
carried out by first running a cyclic voltammetry experiment
(20 cycles between 0.1 and —0.35 V vs RHE at a scan rate of
100 mV/s) on samples mixed with Vulcan carbon and
deposited on a glassy carbon electrode (Figure S7). The first
polarization curve shows cathodic peaks and a later onset of
the currents for the hydrogen evolution reaction. Subsequent
cycles showed earlier onsets of the catalytic currents for the
HER (10 mA/cm? of current at 210 mV for the first cycle vs at
~16S5 mV for subsequent cycles). The activation of MoS, HER
catalysts following reductive cycling has previously been seen
by other researchers. Benck and co-workers used XPS to study
the activation of these catalysts in acidic electrolytes and
observed a significant decrease in the intensity of peaks
previously attributed to surface molybdenum oxide (MoO,)
species."” Tran and co-workers also used Raman spectroscopy
and CV experiments in electrolytes at different pH values to
show that the catalytic peaks observed in the first cycle are due
to the 1-electron reduction of Mo(V)=0 defects present in
the catalyst."*

The ratio of MoS, to the VC (Figure S8) support was
optimized, and linear sweep voltammetry (LSV) voltamograms
of these optimized samples containing 80% active material and
20% VC support are shown in Figure Sa. Electrodes of MoSg
samples prepared by chemical oxidation with iodine at a mass
loading of 1 mg/ cm? were able to drive current densities of 10
mA/cm” (overpotential, 77,5) at 130 mV, compared to 178 mV
for our MoS, control samples with a similar mass loading.
These samples were also compared to a benchmark Pt catalyst,
which required an overpotential of only 44 mV. Stability tests
for MoS4 samples were conducted by running 2000 CV cycles
and running an LSV afterward; this LSV (Figure Sb) showed a
shift in the 7,y from 130 to 136 mV suggesting a slight
degradation of the catalyst. Experiments carried out in pH 7
phosphate buffer electrolytes showed these materials required
higher overpotentials (200 mV) to reach a current density of
10 mA/cm” in neutral electrolytes in agreement with previous
reports on amorphous molybdenum sulfides (Figure S9).” We
also investigated the influence of synthetic methods on the
activity of catalysts and found that similar overpotentials are
found for MoS; samples prepared by chemical oxidation with
persulfate (S,04>") ion (Figures S10 and S11).

We carried out long-term tests by measuring the currents
produced over a 2 h period at a constant potential of 109 mV
vs RHE (Figure S12). The currents dropped from an initial
value of S to ~4 mA/cm? Raman spectroscopy (Figure S13)
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carried out after long-term tests showed the structures are still
made up of Mojs-like clusters after long-term tests. Further
analysis of samples after long-term tests shows a slightly lower
S:Mo ratio of ~5:1 by XPS (Figure S14). Furthermore, we
found a change in the ratio of the doublets in the S 2p region.
While the initial sample had 58.5% of the sulfur atoms as
bridging sulfides, the tested sample showed these bridging
sulfides now made up only 33% of sulfur atoms. Similar results
have been observed for other a-MoS, catalysts, and this
indicates that bridging sulfides are converted to shared/
terminal sulfides in the activation of catalysts; then, during
HER catalysis, these terminal sulfides are gradually substituted
with water ligands.”* This gradual loss of terminal sulfur atoms
has been shown to be related to the degradation of a-MoS,
catalysts.'**

The overpotentials observed using the sulfur-rich MoSg
catalyst also compare favorably to MoS, and amorphous
MoS,-based materials reported in the literature.'”***° The 5—
7 pum thick MoS; thin films on FTO (F:SnO,) substrates
reported by Benck et al. achieved similar current densities at an
overpotential of 200 mV." Liu et al. similarly showed that 1
um thick MoS; films on FTO substrates required an
overpotential of 520 mV while Mo-supported MoS; films
required 247 mV.”” More pertinently, a 0.5 mg/cm? loading of
MoS; on multiwalled carbon nanotubes (MWCNTs) achieved
a current density of 10 mA/cm? at an overpotential of ~200
mV.** Similarly amorphous molybdenum sulfide deposited on
graphene liquid crystalline fiber achieved similar current
densities at an overpotential of 204 mV.**

To investigate if an enhanced surface area was responsible
for the improved performance of MoS, as a HER catalyst, we
carried out electrochemical surface area (ECSA) tests by
conducting CV experiments at different scan rates in potential
regions where there are no faradaic currents (Figures S15 and
16). The capacitive currents seen here are a function of scan
rate (Figure Sc) and represent the double layer capacitance of
the materials.'’ MoS, has a slightly higher slope at 12.4 mF/
cm” compared to a slope of 8.9 mF/cm” for the MoS, sample.
This indicates that the MoS, sample has a higher surface area,
and thus, an enhanced MoS4 sample surface area is very likely
not the reason for the improved performance of the sulfur-rich
(MoSg) catalyst.

As mentioned previously, the MoS¢ catalyst in this report
contains relatively more sulfur than other MoS, catalysts
reported in the literature. We anticipate that, like the
amorphous ReS, catalysts mentioned earlier, the primary
difference between MoS4 and other amorphous MoS, or MoS,
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catalysts is the presence of more disulfide bonds as either
bridging or shared sulfide moieties. Density functional theory
(DFT) calculations by Yeo et al. on one-dimensional MoS,
polymers indicate that bridging sulfur (S,*”) sites have
moderately positive Gibbs binding energies for hydrogen
adsorption, indicating that these catalysts can optimally adsorb
H atoms and desorb H, when used as electrodes for the
HER.” The ratios of the types of sulfur in MoS,/carbon black
(CB) composite catalysts also show similar trends where the
activities of catalysts with 6.5% of the total sulfur existing as
S,>” had lower overpotentials for the HER compared to
catalysts with only 2% of the sulfur existing as terminal
sulfides.”

A direct comparison between amorphous MoS, materials
with different S:Mo ratios (MoS; and MoS) can also be found
in the study by Afanasiev et al,”” which examined the
interactions of both MoS, species with hydrogen gas. MoS,4
was found to adsorb twice as much hydrogen as MoS;. The
authors attributed this to the possibility that the MoS4 samples
had twice as many of the active sites responsible for S—H,
interactions.”” While the adsorbed hydrogen ions (protons)
involved in the HER are very different from the H, gas used in
the studies by Afanasiev et al,, the authors show that H, is
dissociatively adsorbed and likely exists as H—S groups within
the solid. We speculate that the same H—S moieties (H
adsorbed on terminal sulfur moieties) are involved in the HER,
and that the sulfur-rich MoS catalysts have more active sites
than the MoS; catalysts.'®*”*" Further work on these catalysts
employing in situ EXAFS or in situ Raman spectroscopy will
help answer questions about the active sites, intermediates, and
mechanism of the HER on sulfur-rich electrocatalysts.

B CONCLUSIONS

We have reported a sulfur-rich amorphous MoS4 HER catalyst
for the first time. We used XRD and Raman spectroscopy to
show that this MoSy catalyst is an amorphous coordination
polymer of molybdenum—sulfur (Mo,S,;-like) clusters similar
to other amorphous MoS, catalysts (amorphous MoS, and
MoS;), but it likely incorporates the excess sulfur as bridging
and terminal sulfide moieties. We plan to confirm the exact
structure of the sulfur-rich MoS, catalyst using advanced
techniques like in situ and ex situ extended X-ray absorption
fine structure in a future work. When mixed with a Vulcan
carbon (VC) support at a mass loading of 1 mg/cm? the
catalyst is able to drive current densities of 10 mA/cm?” at an
overpotential of 130 mV. This performance is superior to that
of our control MoS, samples (180 mV) and MoS;-based
catalysts previously reported in the literature, where the
overpotentials range from 200 to 250 mV."***~*” We attribute
the improved performance of the sulfur-rich MoS4 to the
presence of additional disulfide active sites in this catalyst
compared to MoS, and MoS; electrocatalysts.
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