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Mechanochemical Synthesis of Highly Disordered
Transition Metal Dichalcogenide Nano Catalysts
for Hydrogen Evolution Reaction

Suleyman Can and Cihan Kuru*

Although transition metal dichalcogenide (TMD) catalysts have
been widely studied, their large-scale production remains a chal-
lenge. In this study, a readily scalable and ubiquitous mechano-
chemical synthesis method, for the production of TMD nano
catalysts, is developed. For the first time, the direct mechano-
chemical synthesis of MoS, and MoSe, nano catalysts from easily
accessible elemental precursors (Mo, S and Se) is demonstrated.
About 2 g of MoS, and MoSe, nano powder could be produced
in a single batch with a yield of 94.3% and 90.9%, respectively.
The synthesized catalysts are in the form of nanosheets whose

1. Introduction

The excessive use of fossil fuels since the onset of the industrial
revolution has increased the CO, level in the atmosphere dramat-
ically, raising concerns about climate change and human
health."? To mitigate the adverse effects of the climate change,
European Union set a goal to become climate neutral by 2050,
which requires the complete abandonment of the fossil fuels.”
Among alternatives, green hydrogen is quite advantageous
owing to its zero carbon emission, high energy efficiency and ver-
satility to be used in residential buildings, industrial plants, and
transportation.® The primary concerns regarding the widespread
use of hydrogen stem from production and storage. Research has
focused on metal hydrides® for hydrogen storage whereas
electrolysis powered by renewable energy is the most plausible
method for green hydrogen production.>'" However, the pro-
cess of converting renewable energy to hydrogen is not efficient
mainly due to intrinsically low efficiencies of the solar cells and
wind turbines."? In addition to that, there are electrochemical
losses in the electrolysis cell that are related to electrode polari-
zation, ion transport and cell resistance."® As a result, the voltage
required for the electrolysis of water is higher than the theoretical
decomposition voltage of water. This is referred as overpotential
and it can be minimized using appropriate catalyst materials."¥
Pt is known as the best catalyst for hydrogen evolution reaction
(HER) with an overpotential close to zero.™™ Despite its excellent
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thickness range from 5 to 10 layers and have a highly disordered
structure that is coveted for catalysis applications. The MoS, and
MoSe, nanosheets exhibit an excellent catalytic activity in hydro-
gen evolution reaction with an overpotential of 275 and 211 mV
to deliver 100 mA cm~2 current density and a Tafel slope of 75
and 48 mV dec™', respectively. Nearly amorphous structure of
the nanosheets incorporating point defects and sulfur/selenium
vacancies is the main contributing factor to the high catalytic
activity. The proposed method can be implemented to the syn-
thesis of other nano TMDs, fueling future research activity.

catalytic activity, the large-scale implementation of Pt is hindered
by its high cost and limited reserves.'®'” Hence, it is essential to
develop low cost and durable catalysts that have a comparable
catalytic activity to Pt.

Recently, transition metal dichalcogenide (TMDs) have become
promising candidates to replace Pt-based catalysts in HER.'®2"
TMDs exhibit high catalytic activity due to the near-zero AGy- of
the edge sites.*'?? However, low electrical conductivity and the
catalytically inert nature of the basal plane of the TMDs limit their
HER performance.®?® Substantial research efforts have been
devoted to the fabrication of the nanostructured TMDs with rich
edge regions to improve the catalytic activity. TMD catalysts in the
form of nanoparticles,”?® nanowires,*>% and nanorods®®'*? have
been demonstrated as active catalysts in HER. In addition, studies
have been carried out to reduce the nanosheet size and produce
porous nanosheets to enrich the edge regions.***¥ Moreover, 1T
phase MoS, and MoSe, nanosheets prepared by lithium intercala-
tion and hydrothermal methods have been demonstrated to
exhibit metallic conductivity and possess active sites on their basal
plane, resulting in significantly higher catalytic activity compared
to their 2H phase counterparts.®”! Furthermore, the design of
TMD-graphene/carbon nanotube-based hybrid electrodes has
led to superior HER activity due to the increased surface area
and enhanced electrical conductivity.*®*” Another strategy to
enhance the HER activity of the TMDs is to activate the basal sur-
face through creating defects and sulfur/selenium vacancies.®8**!
Besides, it has been reported that amorphous MoS, films exhibit
very high activity due to the presence of a significant number of
active sites in their structure.*®*" These studies reveal that the
HER activity of the TMD catalysts can be significantly enhanced
through shape and size control, phase engineering, the design
of TMD-carbon-based hybrid electrodes, defect and vacancy mod-
ification and the formation of amorphous structures.
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TMDs can be prepared by bottom-up and top-down
approaches including chemical vapor deposition,”? hydrother-
mal synthesis,”* wet chemical synthesis,** ultrasonic delamina-
tion,"! lithium intercalation™® and electrochemical exfoliation.”!
Additionally, mechanochemical synthesis method may offer a
new approach to the TMDs synthesis. In the mechanochemical
synthesis, the precursors usually in dry state undergo a chemical
reaction through the exertion of forces induced by the repetitive
collisions of the milling balls.*® The mechanochemical synthesis
has several significant advantages over the other production
methods, namely allowing reactions to occur at room tempera-
ture, eliminating the need for organic solvents, simplicity of
process parameters and high production capacity due to its scal-
ability.® Previously, mechanochemical synthesis of metal dichal-
cogenide nanoparticles such as CdS, Ce,S; and ZnS has been
accomplished by the reaction of metal chloride (MCl,) salts with
CaS or Na,S.*” In addition, MoS, has been synthesized by a two-
step method comprised of wet chemical reaction of (NH,),MoO,
with Na,S to form amorphous MoS; and subsequent mechano-
chemical reduction to MoS,." Furthermore, ball milling has been
shown as an effective way to prepare exfoliated MoS, nano-
sheets.”>*¥ However, direct mechanochemical synthesis of TMDs
such as MoS, or MoSe, has not been reported.

In the present work, highly disordered MoS, and MoSe; nano-
sheets have been synthesized by the mechanochemical reactions
of elemental Mo, S and Se under Ar atmosphere. The synthesis
parameters of ball to powder ratio (BPR), milling time and the
molar ratio of the solid dispersant to the reactants were opti-
mized to attain maximum MoS, and MoSe, yield. The structural
and chemical properties of the MoS, and MoSe, were determined
by X-ray diffraction (XRD), Raman spectroscopy, photolumines-
cence (PL) spectroscopy, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy dispersive X-ray (EDX), Brunauer—
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis.
The catalytic performance of the MoS, and MoSe, in HER was
determined in acidic solution by electrochemical measurements.

2. Results and Discussion

The synthesis of the MoS, and MoSe, catalysts were carried out
by solid-state mechanochemical reactions of elemental Mo, S and
Mo, Se powders with a stoichiometric ratio of 1:2 (Scheme 1). The
synthesis parameters were optimized by studying the effect of
BPR, milling time and the amount of NaCl solid dispersant on
the product yield. Figure 1a shows the XRD patterns of the prod-
ucts obtained by the mechanochemical reaction of Mo and S
powders under the BPR of 10:1, 50:1 and 100:1. No XRD peaks
related to MoS, phases could be detected for the BPR of 10:1
and 50:1 while increasing the BPR to 100:1 resulted in appearance
of a new peak at 14.12° indicating the formation of MoS,.
Increasing the BRP facilitates the formation of MoS, by increasing
the frequency of the collisions between the balls and the reac-
tants and providing higher impact energy. However, the BPR ratio
was limited to 100:1 because larger BPR values pose a high risk of
contamination due to self-milling of the stainless steel balls. The
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Scheme 1. Schematic of the mechanochemical synthesis of the TMD nano
catalysts.

effect of milling time was investigated by conducting the mech-
anochemical synthesis of MoS, under a BPR of 100:1 for 24, 48
and 72 h. As the milling time is increased, the intensity of the
MoS, peak at around 14.12° grows substantially (Figure 1b).
Nevertheless, an intense Mo peak at 40.56° can be still detected
even after 72 h of milling, implying that there is still a large
amount of unreacted Mo left in the product. To further optimize
the process, NaCl powder was added into the reactor as a solid
dispersant. Solid dispersants prevent the cold welding and
agglomeration of the particles by imposing a physical barrier.*®
We found that NaCl solid dispersant also promotes the reaction of
Mo and S since equimolar amount of NaCl led to a dramatic
increase in the intensity of the MoS, peak while diminishing
the Mo peak (Figure 1c). Yet, MoS, yield drops when increasing
the NaCl molar ratio to 3:1 as excess volume of NaCl powder
slows down the reaction. Therefore, the optimum conditions
for the mechanochemical synthesis of MoS, are 100:1 BPR,
72 h milling time and 1:1 NaCl:(Mo+S) molar ratio. The same
experimental conditions were adopted for the synthesis of the
MoSe,. Figure 1d displays the XRD patterns of the MoS, and
MoSe, catalysts synthesized under the optimized conditions.
The diffraction peaks of the MoS, sample at 14.12°, 32.9° and
58.8° match with the (002), (100) and (110) reflections of hexag-
onal MoS, crystal structure (JCPDS # 01-075-1539). On the con-
trary, MoSe, sample exhibits peaks at 13.52°, 31.28°, 32.40°,
34.78°, 47.52°, 53.74°, 57.16° and 65.76°, which coincide with
the (002), (100), (101), (102), (105), (106), (008) and (200) planes
of hexagonal MoSe, phase (JCPDS # 01-087-2419). In addition, the
samples display a peak at around 26.06° arising from MoO,
(JCPDS # 01-086-0135) and two peaks at around 40.56° and
73.68° corresponding to Mo (JCPDS # 00-001-1207). The intensi-
ties of the Mo peaks are relatively small for both samples, indi-
cating that most Mo was converted to MoS,. The Rietveld
refinement was applied on the XRD data to determine the per-
centage of the each phase in the products (Figure S1, Supporting
Information). The calculated amount of the MoS, and MoSe,
phases are 94.3 and 90.9 % while the samples contain 0.8%
and 2% Mo and 4.9 and 7.1% MoO,, respectively.

BET and BJH analysis were performed to measure the specific
surface area and average pore width of the catalyst samples. N,
adsorption isotherms (Figure S2a and c, Supporting Information)
revealed a specific surface area of 9.76 and 31.01 m>g~"' for the
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Figure 1. The XRD patterns of the products obtained from the mechanochemical synthesis of Mo and S under varying a) BRP, b) milling time and c) NaCl
ratio. d) The XRD patterns of the MoS, and MoSe, catalysts under the optimized conditions.

MoS, and MoSe; nano catalysts, respectively. The larger specific area
of the MoSe, nano catalysts indicates a lesser degree of agglomer-
ation due to cold welding during the mechanochemical synthesis.
BJH adsorption differential pore volume plots indicate that both
samples predominantly have a mesoporous structure with an aver-
age pore width of 12.3 and 11.9 nm (Figure S2b and d, Supporting
Information). The relatively large pore size of the samples facilitates
the diffusion of electrolyte, improving the HER performance.

TEM measurements were conducted to investigate the mor-
phological properties and crystal structure of the synthesized
TMDs. Both MoS, and MoSe, are in the form of nanosheets
(Figure 2a and Figure 3a). Some individual nanosheets whose
lateral dimensions are on the order of a few tens of nanometers
as well as micrometer size agglomerates were observed under
the TEM microscope. The high-resolution TEM images show
the co-existence of crystalline (encircled in red) and highly disor-
dered regions in the nanosheets (Figure 2b and Figure 3b). The
measured interplanar distance marked in yellow in Figure 2b and
Figure 3b are 0.66 and 0. 70 nm, which correspond to (002) planes
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of the MoS, and MoSe, phases, respectively. The slightly larger
interlayer spacing of the nanosheets compared to the values
reported in the literature (0.62 nm and 0.67 nm)®**%! indicates
a layer expansion. The number of the lattice fringes of vertically
aligned nanosheets indicates that the nanosheets are 5 to 10
layers thick. The close up images of the crystalline regions pre-
sented in Figure 2c and Figure 3c exhibit an interplanar distance
of 0.25 and 0.26 nm, coinciding with the (102) planes of MoS, and
MoSe,, respectively.”®>”! In addition, the black voids in the lattice
fringes point out the presence of point defects in the crystalline
regions. The co-existence of the crystalline and amorphous
regions in the MoS, and MoSe, nanosheets was verified by
the selected-area electron diffraction (SAED) patterns, which con-
sist of concentric dot circles and diffusive rings (Figure 2d and
Figure 3d). The concentric dot circles correspond to the small
crystalline grains observed in the TEM images while the diffusive
rings indicate an amorphous structure.*®*® The SAED pattern of
the MoS, sample can be indexed to (004), (100), (103), (105), (110)
and (116) planes of 2 H-MoS, (JCPDS # 01-075-1539) whereas the
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Figure 2. a) Low and b) high-resolution TEM images of the MoS, nanosheets. c) Close-up image of a crystalline region oriented in (102) direction. d) SAED
pattern and e) HAADF image of a cluster of MoS, nanosheets. EDX mapping images of the f) S, g) Mo and h) O elements.

Figure 3. a) Low and b) high-resolution TEM images of the MoSe, nanosheets. c) Close-up image of a crystalline region oriented in (102) direction.
d) SAED pattern and e) HAADF image of a cluster of MoSe, nanosheets. EDX mapping images of the f) Mo, g) Se and h) O elements.

MoSe, sample exhibits 100, 103, 105, 107 and 108 reflections of
2 H-MoSe, (JCPDS # 01-087-2419), which are both consistent with
the XRD measurements. Moreover, EDX mapping results indicate
the presence of S, Mo and O (Figure 2e,f,g,h) elements in the MoS,

ChemNanoMat 2025, 00, €202500248 (4 of 11)

and Mo, Se and O (Figure 3e,f,g and h) elements in the MoSe,
samples.

XPS measurements were performed to analyze the surface
chemical composition and chemical bonds of the MoS, and
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MoSe, nano catalysts. Figure 4a,b show the XPS survey scans of
the MoS, and MoSe,, in which peaks originating from Mo, S, Se, C
and O elements could be detected. The absence of Fe peaks indi-
cates that no contamination occurred from the stainless steel
milling jar or the balls. The high-resolution XPS scan of Mo 3d
for the MoS, catalyst is displayed in Figure 4c, where the spec-
trum can be deconvoluted into two different doublets. The Mo™
3ds,, and Mo** 3ds,, doublet centered at 229.7 and 232.8 eV
arises from Mo—S bonds of the MoS, whereas the Mo™ 3ds»
(232.9 eV) and Mo™*® 3ds, (236.0 eV) doublet implies the forma-
tion of MoO; compound.’®®" Moreover, the peak at 227.0 eV cor-
responds to S 2s orbital.®” The Mo™ 3ds, (229.5 eV), Mo™ 3ds,,
(232.6 eV), Mo *® 3ds,, (232.8 eV) and Mo*® 3d5,, (235.9 eV) signals

CHEMNANOMAT

could also be detected for the MoSe; catalyst (Figure 4d), indicat-
ing the co-presence of the MoSe, and MoOs; phases. As the MoO3
phase could be only detectable by the XPS measurements, we
can conclude that the formation of the MoOs only occurs on
the surface of the catalysts most likely due to contact with air.
The fraction of the MoOs phase was calculated by peak integra-
tion, yielding a value of 66% and 30% for the MoS, and MoSe,
catalysts, respectively. This result shows that the MoS, surface is
more heavily oxidized compared to MoSe,. No peaks related to
Mo° 3 d could be detected, confirming that the great majority of
the Mo converted to MoS, and MoSe;. In the S 2p region of the
MoS, (Figure 4e), two peaks located at 162.6 and 163.8 eV can be
attributed to the S™2 2ps,, and S™2 2p,,» whereas the doublet
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Figure 4. Survey scan XPS spectra of the a) MoS, and b) MoSe, nanosheets. High- resolution Mo 3d XPS spectra of the c) MoS, and d) MoSe, nanosheets.
e) S 2p and f) Se 3d XPS spectra of the MoS, and MoSe, samples, respectively.
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appearing at higher binding energies results from the S—O
bonds.®? On the contrary, Se 3d spectrum of the MoSe,
(Figure 4f) exhibits peaks at 53.7 and 54.6 eV, corresponding
to Se ™2 3ds,, and Se~2 3d,,, doublets.®® The additional small peak
located at 56.9eV indicates the partial oxidation of the Se
atoms.® The S:Mo (1.48) and Se:Mo (1.75) atomic ratios have
been calculated from the peak areas of the Mo 3d, S 2p and
Se 3 d spectra. The S:Mo and Se:Mo ratios are lower than the stoi-
chiometric ratio of 2, suggesting the existence of sulfur and sele-
nium vacancies. The sulfur/selenium vacancies are prone to
oxidation in ambient air due to their high chemical reactivity.’®
The Mo—O0j3, S—0 and Se—0 bonds observed in the XPS data is
resulted from the interaction of oxygen with the sulfur/selenium
vacancies when the samples were exposed to ambient air.

Figure 5a shows the Raman spectra of the MoS, and MoSe,
nanosheets. The characteristic peaks of the MoS, and MoSe, lay
in the range of 100-500 cm~'.%%%”) Both samples didn't exhibit
vibrational modes in that region due to their highly disordered
structure. PL spectra of the MoS, and MoSe, nanosheets are
shown in Figure 5b, in which no emission peaks originating from
the MoS, or MoSe, could be detected. The peak at 650 nm is due
to the second order Rayleigh scattering of the source radiation
(325nm).*® The nearly amorphous state of the nanosheets
results in non-radiative recombination of the photo-generated
carriers leading to flat PL spectra.

The HER activity of the mechanochemically synthesized MoS,
and MoSe, nano catalysts were measured in a three-electrode
configuration. The catalysts were loaded on a graphite rod after
mixing with carbon black and Nafion, which ensured the electri-
cal conductivity and robustness of the electrode. The HER data
was fully iR compensated based on the series resistance (R,)
obtained from impedance measurements (Figure S3, Supporting
Information). The R; is the sum of the resistance of the cable con-
nectors, graphite rod, catalyst and electrolyte. The R; values of the
catalysts loaded electrodes are comparable to bare graphite rod,
indicating that the resistance contribution of the catalyst is neg-
ligible. Therefore, we can safely conclude that the data was not
overcompensated and exaggerated. Figure 6a compares the
polarization curves of the MoS,, MoSe,, Pt and carbon black.
Both MoS, and MoSe, exhibit excellent HER performance with

(@) ———MoSe,
——MosS,

%

WA AN A
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Figure 5. a) Raman and b) PL spectra of the MoS, and MoSe, nanosheets.
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high current densities (j) at low overpotentials (n). The 7 to attain
j of 10 and 100 mA cm~2 are 191 and 275 mV for the MoS, and
165 and 211 mV for the MoSe, catalysts, while Pt requires 23 and
75mV to reach the same j values. In contrast, carbon black
showed only a negligible HER activity over the measurement
range. The HER mechanism of a catalyst can be evaluated based
on the Tafel slope value obtained from the linear portion of a
log (j) vs. n plot. The expected Tafel slopes are 120, 40 and
30 mV dec™' when the rate-determining step is Volmer (adsorp-
tion), Heyrovsky (electrochemical desorption) or Tafel reaction
(chemical desorption), respectively.®® The yielded Tafel slope val-
ues for the MoS, (75 mV dec™') and MoSe, (48 mV dec™ ') implies
Volmer-Heyrovsky mechanism whereas HER on Pt (36 mV dec™)
follows the Volmer-Tafel reactions (Figure 6b, Figure S4,
Supporting Information). The reported Tafel slope of pristine
2 H-MoS, and 2 H-MoSe, are on the order of 120 mV dec™! indi-
cating a rate-determining step of hydrogen adsorption.”°’"
Ideally, AGy- should be close to zero for HER catalysts.”? The
adsorption of hydrogen ions on the basal plane of the pristine
2 H-MoS, and 2 H-MoSe, is hindered due to their large positive
AG,- values, resulting in sluggish HER kinetics.”®! The smaller
Tafel slope of the mechanochemically synthesized MoS, and
MoSe, suggests faster HER kinetics with a transition of the
rate-determining step to hydrogen desorption. The mechano-
chemically synthesized MoS, and MoSe, have a highly disordered
structure with point defects and sulfur/selenium vacancies.
Amorphous MoS, has been shown as an active HER catalyst
due to short Mo-Mo bonds, which results in a favorable AGy-
value.” On the contrary, different types of defects including sin-
gle sulfur/selenium vacancies have been proved to enhance the
HER activity of TMDs by modulating the localized electron distri-
bution of the surface atoms.’®”>7® The sulfur/selenium vacancies
increase the delocalized electron density nearby Mo atoms, pro-
moting the adsorption of hydrogen ions and in turn enhancing
the catalytic activity.””” Such delocalized electrons also improve
the electrical conductivity, further contributing to the enhanced
catalytic activity. Hence, we can speculate that the combinative
effects of the disordered structure, defects and sulfur/selenium
vacancies play a crucial role in the observed high activity of
the mechanochemically synthesized MoS, and MoSe,, resulting
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Figure 6. a) LSV curves and b) Tafel plots of the catalysts tested in HER. c) Nyquist plots and d) Aj-scan rate plots of the MoS, and MoSe, catalyst samples.
e) Overpotential and f) Tafel slope comparison bar charts of various TMD catalysts reported in literature including this work.

in an ideal AGy» value and facilitated hydrogen adsorption.
Exchange current density (j,) is another parameter to assess
the activity of a catalyst material. j, is defined as the current den-
sity at the thermodynamic equilibrium potential and can be
determined from the extrapolation of the linear portion of the
log (j) versus n plot to zero 1."® The obtained j, for the MoS,
and MoSe, are 20 uA cm~2 and 2.57 A cm~2, which are two-three
orders of magnitude lower than Pt (2.39 mA cm ™). Nonetheless,
the mechanochemically synthesized MoS, and MoSe, catalysts
stand in a good position when compared to other TMDs
(Figure 6e,f) reported in the literature,™"%7°=°1 owing to high
exchange current density, low overpotential and Tafel slope.

ChemNanoMat 2025, 00, €202500248 (7 of 11)

Nyquist plots were constructed to evaluate the charge transfer
kinetics of the MoS, and MoSe, catalysts. The Nyquist plots
are shown in Figure 6¢, in which both plots have a semicircle
shape that can be well fitted into a modified Randle’s model
to extract charge transfer resistance (R.). MoSe, (1.1 Q) has a
lower R, than MoS, (4.5 Q) at 250 mV 1, which reflects its more
efficient electron transfer ability at the electrolyte interface and
better electrical conductivity. This is also corroborated by the
lower R, contribution of the MoSe, (0.1 Q) on the graphite elec-
trode compared to MoS, (0.8 Q). Electrochemical surface area
(ECSA) is an important factor that affects the HER performance
of the catalysts. ECSA is proportional to C4®? and therefore Cy
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can be used to evaluate the ECSA of the catalysts. Cy is equal to
half of the slope of the Aj-scan rate plots, where Aj represents the
current density difference of the forward and backward CV scans
(Figure S5, Supporting Information) taken in non-faradaic region.
Both MoS, (12.87 mF cm~—2) and MoSe, (11.65 mF cm~2) exhibits
large Cy (Figure 6d), indicating the abundance of accessible
active sites, which is highly desirable for HER. Moderate oxidation
of MoS, in which oxygen atoms are incorporated in the lattice has
been reported to enhance the catalytic activity.*>** However,
higher degree of oxidation is detrimental to HER because of
the formation of MoOs; compound, which has a lower conductiv-
ity than MoS, or MoSe.. In our case, oxygen atoms are not incor-
porated into the MoS, or MoSe,, rather they form MoOs; species
on the surface of the catalysts as indicated by the XPS results. The
lower HER performance of the MoS, catalyst compared to MoSe,
can be explained by its higher degree of oxidation, which is con-
sistent with its larger Rg contribution.

We also studied the effect of using solid dispersant during the
mechanochemical synthesis on the HER performance of the TMD
catalysts. For this purpose, MoS, and MoSe, were synthesized
under the same milling conditions except for the use of NaCl
dispersant. Both catalysts show significantly lower HER perfor-
mance compared to ones synthesized with NaCl (Figure S6a
and b, Supporting Information). Moreover, they exhibit lower
Cq (Figure S6¢c and d, Supporting Information) and larger R,
(Figure S6e and f, Supporting Information) values as a result of
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their reduced ECSA and increased internal resistance due to
the agglomeration and cold welding. This data clearly demon-
strates the importance of the nano-size effect in catalysis.

The durability of the catalysts was assessed by recording the
change in the current density over a period of 18 h (Figure 7a,b).
The MoS, catalyst retained 71% of its initial current density after
18 h whereas the retention rate was 61% for the MoSe,. To further
investigate the stability of the samples, linear scan voltammetry
(LSV) scans taken before and after the chronoamperometry test
were compared (Figure 7c,d). Although there is a substantial
decrease in the current density after 18 h, the LSV curves almost
overlap, indicating the good stability of the MoS, and MoSe,
nano catalysts. The performance degradation during the chro-
noamperometry test might be due to the clingy H, bubbles that
reduce the effective surface area of the catalysts. SEM and EDX
measurements (Figure S7 and S8, Supporting Information) were
done in order to investigate the structural and compositional sta-
bility of the electrodes. After the stability tests, the electrode
microstructure transformed from a more compact film to a
porous structure, most likely due to the disruptive nature of
evolved H,. The EDX spectra of both MoS, and MoSe, electrodes
exhibit peaks corresponding to C, O, F, Mo, S and Se elements.
The C peak is resulted from the carbon black, Nafion and graphite
electrode and whereas F and O peaks arise mainly from Nafion.
The EDX spectra taken before and after the stability test shows
a significant decrease in the intensity of the F and O peaks.
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Figure 7. Chronoamperometric stability test results for the a) MoS, and b) MoSe, nano catalysts over a period of 18 h. LSV curves of the ¢) MoS, and

d) MoSe, samples taken before and after the 18 h stability tests.
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Additionally, there is a reduction in the total percentage of the
elements constituting the catalysts (Mo+S and Mo+Se), which
hints the partial detachment of the catalysts along with Nafion
from the electrode surface. Nevertheless, both electrodes per-
form well in LSV measurements taken after the chronoamperom-
etry test, which suggests that the observed morphology change
in both electrodes are resulted from the physical detachment
rather than chemical dissolution of the catalyst materials.
Moreover, the S:Mo and Se:Mo ratio decreased after the stability
test as an indication of the increased amount of sulfur and sele-
nium vacancies, which is favorable for HER.

3. Conclusion

In summary, one-step mechanochemical synthesis of the MoS,
and MoSe, nano catalysts has been successfully realized using
planetary ball milling. This is the first demonstration of the direct
mechanochemical synthesis of the MoS, and MoSe, nano pow-
ders. Mechanochemistry offers a facile, scalable and solvent-free
approach to produce TMD nano catalysts. The effect of the syn-
thesis parameters on the product yield was investigated. The syn-
thesis reaction of the TMDs only took place when the BPR was
increased to 100:1. The longer milling time led to higher product
yield and solid dispersant at 1:1 molar ratio enhanced the yield by
alleviating cold welding and agglomeration. Under the optimized
conditions, the MoS, and MoSe, had a yield of 94.3 and 90.0%,
respectively. The synthesized TMDs are in the form of nanosheets
whose lateral dimensions are a few tens of nanometers and thick-
nesses range from 5 to 10 layers. The nanosheets mainly consist
of a disordered structure in which small crystalline regions with
point defects are dispersed. The surface of the nanosheets is par-
tially oxidized and contains sulfur/selenium vacancies. The out-
standing HER performance of the TMD nano catalysts could be
attributed to the favorable contributions of the disordered struc-
ture, point defects and sulfur/selenium vacancies. This method
provides a facile approach for the synthesis of highly disordered
and catalytically active TMDs and can be readily scaled up to a
production level of tens-of-gram per batch.

4. Experimental Section

Mechanochemical Synthesis of the TMD Nanosheets

Mechanochemical synthesis of the MoS, and MoSe, nanosheets was
conducted in a laboratory scale planetary ball milling device (Fritsch,
Pulverisette 5/2) using elemental Mo (Nanografi, 3 um size, 99.95%
purity), S (Merck Millipore, 99+% purity) and Se (Acros Organics,
99+% purity) powders as the precursor materials and NaCl
(ISOLAB Chemicals, 99.5% purity) powder as a solid dispersant.
The synthesis was carried out in a stainless steel reaction vessel
(420) using 5 mm diameter stainless steel milling balls (420) with a
milling speed of 400 rpm, BPR of 10:1, 50:1 and 100:1 and milling time
of 24, 48 and 72 h. Prior to milling, the reaction vessel was purged
with high purity Ar gas for 10 mins in order to prevent oxidation.
The molar ratio of the reactants (Mo:S or Mo:Se) was kept at the stoi-
chiometric ratio of 1:2 whereas the molar ratio of solid dispersant
to the reactants (NaCl:Mo+S or NaCl:Mo+Se) was 0:1, 1:1 and 3:1.

ChemNanoMat 2025, 00, €202500248 (9 of 11)
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The milling process was interrupted for 10 mins after every 30 mins
of operation to prevent excess heating. The resulting powder was
washed with deionized water to remove NaCl and then collected
using a vacuum filtration set up (0.22 um pore size). Finally, the
obtained powder was dried in an oven at 80 °C overnight and stored
for characterization.

Characterization

XRD data were collected on Rigaku D-Max diffractometer equipped
with a Cu-Ka source (1.54056 A). Rietveld refinement was performed
using X'Pert HighScore Plus software. TEM and EDX mapping analysis
were conducted with FEI TALOS F200S electron microscope operat-
ing at 200 kV. Raman spectroscopy measurements were carried out
with a WITech alpha 300 R spectrometer using a 532 nm laser exci-
tation at 2 mW. XPS data were obtained using a SPECS FlexMod spec-
trometer with an Al-Ka X-ray source (1486.71 eV). The energy pass
was 50 eV and the energy step was 1 eV for the survey scans whereas
20 eV energy pass and 0.1 eV energy step was used for the high-
resolution scans. The binding energies were calibrated with respect
to C 1s at 248.4 eV. PL spectra were recorded from 350 to 900 nm with
a Dongwoo Optron spectrophotometer at room temperature using
an excitation wavelength and power of 325 nm and 200 mW, respec-
tively. BET and BJH analysis were carried out with MICROMERITICS
ASAP 2020. The samples were degassed at 150 °C for 12 h prior to
measurements. SEM images and EDX spectra were acquired with
FEI Quanta FEG 450 scanning electron microscope.

Electrochemical Measurements

Electrochemical measurements were conducted using a Gamry
Interface 1000 potentiostat in a three-electrode cell, in which the
working electrode was a graphite rod, counter electrode was a Pt wire
and reference electrode was a saturated calomel electrode (SCE, Als-
Japan, sat. KCl). 6 mg of catalyst (MoS, or MoSe,), 1.25 mg of carbon
black (SuperP), and 35 pL of Nafion solution (5 wt%) were added to
300 pL of deionized water/isopropanol mixture (50:50 vol%) and son-
icated in an ultrasonic bath for 30 mins to form a homogeneous
dispersion. 20 L of the resultant mixture was dropped onto the
graphite rod electrode using a micropipette and left to dry at room
temperature. The electrolyte (0.5m H,SO,) was constantly stirred at
700 rpm and purged with N, during the measurements. LSV data
were acquired with a scan rate of 5mVs~'. Potential values were
converted to reversible hydrogen electrode (RHE) scale using the fol-
lowing equation: Egue = Esce + E°sce + 0.0059 pH, where Esc; is the
potential value measured with respect to the SCE reference electrode
and E°cg is the standard potential of the SCE electrode at 25 °C
(0.241 V). Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at an overpotential of 0.25V by applying
an AC perturbation of 10 mV within the frequency range of 0.1 Hz
to 1 MHz. Chronoamperometry measurements were carried out at
10 mA cm~2 current density for 18 h to assess the stability of the cat-
alysts. To obtain double layer capacitance (Cy), cyclic voltammetry
(CV) scans were recorded in the potential range of 0.1-0.3 V versus
RHE at different scan rates (20, 40, 60, 80 and 100 mV s '). After each
measurement, the surface of the graphite rod electrode was manually
polished with alumina slurry and cleaned in an ultrasonic bath in
deionized water/isopropanol mixture.
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