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ABSTRACT: The two-dimensional (2D) transition metal dichal-
cogenides (TMDs) have been widely used in various electro-
chemical applications, such as electrocatalysts, sensors, and energy
storage. They have been potentially demonstrated not only as
catalysts but also as supporting materials for boosting catalytic
performance and durability. However, the different types of TMD
nanosheets (transition metals and chalcogenide atoms) for
supporting nanoparticles have not yet been investigated for
electrocatalytic performance. Herein, we provide mechanistic
insights into the hydrogen evolution reaction (HER) of various
TMDs (i.e, MoS,, MoSe,, and WSe,) as catalyst supports for the
decoration of gold nanoparticles (AuNPs), which represent an
active catalyst. Among various TMD supports, it was found that
the MoS, supports with an optimal amount of AuNPs loading (MoS,/AuNPs) exhibited excellent catalytic activity (low
overpotential and Tafel slope), which is better than that of other TMD supports and the previously reported TMD-based support.
This is due to well-dispersed AuNPs with the charge transfer of Au-MoS, interaction (increasing n-type), leading to highly active
sites for HER performance. Moreover, the perfect laminar stacking of the MoS,/AuNPs electrode, providing high porosity and good
wettability, plays an important role in enhancing the ability of ionic electrolytes to infiltrate through the electrode area (up to ~50 F
g™'). The MoS,/AuNPs exhibit long-term stability with no disintegration of the electrode when performing the HER at ultrahigh
current density (>200 mA cm™?) for over 24 h. This work aims to deepen the understanding of TMD materials as catalyst supports,
and is advantageous for the development of catalyst-based applications.

1. INTRODUCTION Currently, one of the alternative energy sources demanding
Transition metal dichalcogenides (TMDs; MoS,, MoSe,, hi.gh energy  efficiency, s'ustainability, and envirc?nmentally
WSe,, etc.) is one of two-dimensional (2D) materials, which friendly energy sources 18 hydr'og.en energy. This can be
chemical formula is MX,; where M is transition metals (Mo, generated by electrolytic water splitting, so-called the hydrogen

. . 16-18 .
W, V, etc.) and X is chalcogen atoms (S, Se, etc.). The evolution reaction (HER). In general, platinum (Pt)-
based catalysts play the most important role in electrocatalysts

for HER due to the optimal hydrogen chemisorption energy
(volcano plots)."”*° In fact, Pt has been limited for industrial-
scale production due to high cost, scarcity, and fast
degeneration. The 2D TMD, being a non-noble metal, has
attracted great interest in replacing Pt-based catalysts due to
low cost, high chemical stability, and excellent electrocatalytic

structure of a monolayer TMD nanosheet consists of a three-
atom thickness in which a transition metal atom is sandwiched
between two chalcogen atoms via a covalent bond. The 2D
TMD nanosheet can be easily exfoliated via a weak van der
Waals force between individual layers, providing a number of
active sites. The TMDs have been attractive due to various
promising properties such as ultrahigh specific surface area,
mechanical strength, and flexibility."” The TMD-based

materials have been demonstrated as sustainable keys in a Received: June 27, 2024
wide range of applications such as electronic devices,’ energy Revised: ~ September 13, 2024
storage,”” membrane-based filtration,”” and catalysis,”” Accepted: September 18, 2024
Especially, the use of TMD nanosheets has been widely Published: September 27, 2024
applied as alternative electrocatalyst and catalyst support for
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enhanced catalytic performance.'*~"

© 2024 The Authors. Published b
Ameericl;n %ﬁemlilcallssce)cietz https://doi.org/10.1021/acs.inorgchem.4c02668

W ACS PUbl icatiOI’]S 18750 Inorg. Chem. 2024, 63, 18750—18762


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boontarika+Saeloo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanit+Saisopa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panwad+Chavalekvirat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawin+Iamprasertkun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kulpavee+Jitapunkul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weekit+Sirisaksoontorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weekit+Sirisaksoontorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Randall+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wisit+Hirunpinyopas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.4c02668&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?fig=&ref=pdf
https://pubs.acs.org/toc/inocaj/63/40?ref=pdf
https://pubs.acs.org/toc/inocaj/63/40?ref=pdf
https://pubs.acs.org/toc/inocaj/63/40?ref=pdf
https://pubs.acs.org/toc/inocaj/63/40?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Inorganic Chemistry

pubs.acs.org/IC

(b)

1 : 1 ratio
(Water : II’4)

qumd phase
exfoliation

TMDs powder
(MoS,, MoSe,, and WSe,)

()
15 '195

MoS,

6000 rpm (x2)

MoSe,

WSe,

Blllk dispersion dispersion dispersion
50
(d) N =200 MoS, peam = 119 £ 40 (e) N =200 MoSe; pean = 72 £ 23 (t) N =200 WSe, ygean) = 81 £ 29
80 -
40 7[\
30 oilb N
3 3
10
0 SNAESREN A IS : 0 SNANAN ; . v
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 50 100 150 200 250 300

Nanosheet length (nm)

Nanosheet length (nm)

Nanosheet length (nm)

Figure 1. Preparation of each TMD dispersion. (a) Schematic illustration of the preparation of TMD dispersion via bath sonication process. (b)
Schematic showing the collection of TMD dispersions using a centrifugation method. (c) Photographs of concentrated MoS,, MoSe,, and WSe,
dispersions at an identical concentration with their corresponding size histograms showing in (d—f) as measured by statistical TEM. Insets in (d—f)

show HR-TEM with their d-spacing.

activity, which can potentially be alternative HER cata-
lysts.”' = However, the catalytic performance of pristine
exfoliated TMDs is still far lower than that of the precious
noble metals. To achieve highly efficient catalytic reactions, the
structural modifications of exfoliated TMD materials have been
demonstrated, for example, chemical functionalization,***
metal deposition or doping (e.g., Pt, MoP,
Ru),'' 7' composite materials (e. g., CoSe, and
MoO,)**7%* phase transformation (semiconductive 2H to
conductive 1T MoS,),”” and so on. Therefore, the particular
modifications of exfoliated TMD materials are considered to
be an efficient route to boost the highly exposed catalytic sites
and thus contribute to excellent HER activity.

Among those methods, the catalytic TMD performances can
be simply modified by deposition of the metal catalyst. As a
result, the surface modifications of TMDs with metal
decoration can effectively not only improve electron transfer
but also increase the exposed active sites.""'® Several studies
have shown that nanoparticles decorated on the active surface
of 2D TMD nanosheets can significantly promote HER
activity. For example, there have been reported 2D TMDs
(e.g, MoS,, MoSe,, WSe,, etc.) as support for depositing
nanoparticles (ie, Pt, Pd, and Rh) for enhanced catalytic
activity."”'#*7*’ The results indicate that the increase in
catalytic HER performance results from the synergistic
catalytic effects between nanoparticles and TMD supports,
which is still unclear, particularly in electronic interaction
among metal deposition and TMD supports. In addition,
among various TMD materials, the suitable one as a catalyst
support has not been prior investigated. This could disclose the
mechanistic insights into a TMD-based catalyst for decorating
nanoparticles as well as the role of TMD supports for advanced
catalyst-based applications.

and
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In this work, we have prepared 2D transition metal
dichalcogenide (TMD) dispersions (i.e, MoS,, MoSe,, and
WSe,) by facile liquid-phase exfoliation using a low and safe
chemical process. The as-prepared TMD nanosheets were used
as a supporting material for decorating gold nanoparticles
(AuNPs) as electrocatalysts for HER activity. The TMD/
AuNPs electrodes were characterized using various physical
and electrochemical techniques, particularly X-ray photo-
electron spectroscopy, to observe the change in their electronic
structures. The addition of AuNPs on TMD supports was
finely tuned to obtain the optimal conditions. We found that
MoS, nanosheets behaved with great AuNPs support (MoS,/
AuNDPs), exhibiting excellent HER performance. This was due
to a number of highly exposed active sites of AuNPs on MoS,
supports with charge transfer from the AuNPs to the MoS,
materials. Furthermore, the charge storage contributions
leading to the electrochemically active surface area of as-
prepared TMD/AuNPs were also determined for both areal
and gravimetric capacitances to disclose the physical
mechanism of TMD supports. Also, the MoS,/AuNPs
electrode was performed at ultrahigh current density (>200
mA cm?) for a long period of time to determine the long-term
stability of the as-prepared electrode, which could demonstrate
real-world industrial applications.

2. EXPERIMENT

2.1. Materials. Molybdenum disulfide (99%, MoS,),
molybdenum diselenide (99%, MoSe,), tungsten diselenide
(99%, WSe,), isopropanol, gold nanoparticles (S nm diameter
with highly monodisperse, ~5.5 X 10" particles mL™},
stabilized in citrate buffer), and Nafion perfluorinated resin
solution (S wt % in a mixture of lower aliphatic alcohols and
water) were purchased from Sigma-Aldrich. Glassy carbon disk
electrodes (3 mm diameter) were purchased from PalmSens.
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Omnipore membrane filters (polyvinylidene fluoride, PVDF,
hydrophilic surface, 0.1 ym pore size) were purchased from
Merck Millipore Limited. Ultrapure deionized water (Milli Q
water) was used in all aqueous solution preparation.

2.2. Preparation of TMD Dispersions. The transition
metal dichalcogenide (TMD) dispersion was prepared by the
liquid-phase exfoliation (LPE) technique under a bath
sonication process. This technique has been widely used in
several electrochemical applications.” Shortly, 1 g of TMD
powder (i.e., MoS,, MoSe,, and WSe,) was sonicated in 100
mL of a mixed solvent (ultrapure water/isopropanol in 1:1
ratio) at a frequency of 37 kHz and a power of 300 W for 12 h
at 25 °C (Figure 1a). The obtained dispersion was centrifuged
twice at 6000 rpm for 30 min, collecting at the top 80% of
supernatant to avoid unexfoliated materials, as shown in Figure
1b. Then, the concentration of the exfoliated TMD dispersion
was increased by a mild rotary evaporation process at 40 °C.
This can facilitate the sample preparation on a glassy carbon
electrode.*’ To determine the TMD concentration, the
dispersions were filtered through PVDF filters. The PVDF
filter should be weighted with a S-decimal analytical balance to
minimize errors in measurement. The obtained TMD films on
the PVDF filter were dried in an oven overnight and
reweighted to obtain the actual TMD mass. This process
was repeated at least 3 times to obtain the average
concentration. All TMD dispersions were adjusted to be
identical concentrations (1.28 mg mL™') for electrode
preparation (see Figure 1c). The nanosheet distribution of
obtained TMD dispersions was determined using dynamic
light scattering (DLS). It was shown that the nanosheet
distribution of each TMD is well-distributed with a
corresponding nanosheet size of a few hundred nanometers
(see Figure S1). No uncommon hazards were noted during the
TMD preparation.

2.3. Characterization of TMD Dispersions and TMD/
AuNPs. 2.3.1. TMD, Gold Colloid, and TMD/AuNP
Dispersions. The size distribution and zeta potential of each
TMD dispersion were determined by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS with Zetasizer
software. A 633 nm He—Ne laser was used to measure the
lateral size of the TMD nanosheets in a square glass cuvette.
The zeta potential of each TMD dispersion was measured in a
disposable folded capillary. Moreover, transmission electron
microscopy (TEM; JEOL JEM-2010F) was carried out to
determine the direct TMD nanosheet sizes and the distribution
of AuNPs on the TMD support. The dispersions were diluted
in 2-propanol alcohol to minimize the effect of nanosheet
aggregation. The samples were prepared on a carbon copper
grid and dried in a vacuum oven.

2.3.2. Pristine TMD and TMD/AuNP Electrodes. A scanning
electron microscope (SEM; FEI Quanta 450 FEG) was
performed with an accelerating voltage of 15 kV under a
high vacuum to observe the electrode morphology. X-ray
diffraction (XRDj; Bruker D8 ADVANCE diffractometer) was
performed for the phase identification of each TMD/AuNPs
electrode. The XRD patterns were obtained using a Cu—Ka
radiation source at a wavelength of 1.5406 A in the range 20 of
5—70° with a step size of 0.02° s™'. The structure of each
TMD was also determined by Raman spectroscopy using the
HORIBA XploRA PLUS instrument. Raman spectra were
recorded in the range between 200 and 500 cm™" using a 532
nm laser (2.33 eV) and a laser power of 0.1% with a grating of

1800 1/mm. The optical images were taken with a 50X
objective lens.

2.3.3. Electrochemical Measurement. For electrode prep-
aration, 50 uL of each TMD dispersion (1.28 mg mL™") was
mixed with ~2 pL of Nafion solution. Then, the TMD solution
was added with gold colloid (AuNPs; S nm diameter, ~ 5.5 X
10" particles mL™") as a function of volume (10—500 uL).
The mixed solution was dropped on a polished glassy carbon
electrode (GCE: area = 0.071 cm?) and dried at 55 °C in an
oven, which was used as a working electrode. The TMD
loading on a GCE was controlled at 30 ug cm™ for all
electrodes, and the amount of AuNPs is in the range from 1.82
X 10° to 9.12 X 10" particles. Note that pristine AuNP
samples (10—500 uL) were prepared using SO uL of a mixture
of isopropanol and water (1:1 v/v) for comparison. The effect
of catalyst loading on a GCE (5—60 ug/cm?) is presented in
the Supporting Information.

The electrocatalytic performance of each sample was carried
out under a three-electrode system using a potentiostat
(PGSTAT302N, Methrohm Autolab, The Netherlands) at
room temperature. The reference and counter electrodes were
the standard double-junction silver/silver chloride (Ag/AgCl
in 3 M KCI) and platinum (Pt) electrodes, respectively. All
electrochemical measurements were conducted under aqueous
0.5 M H,SO,. The electrolyte was purged by nitrogen gas for
over 30 min prior to measurement. The linear sweep
voltammogram (LSV) technique was used to determine the
kinetic of the HER reaction with a scan rate of S mV s~ during
a potential range of 0 to —1 V (versus reversible hydrogen
electrode; RHE). Tafel plot and the overpotential at 10 mA
cm™> were used to estimate the mechanism and catalytic
activity. Charge transfer resistance (R) of each TMD/AuNPs
was obtained using electrochemical impedance spectroscopy
(EIS) with an applied potential of —0.3 V (vs RHE) at an
amplitude of 10 mV in a frequency range of 0.01—10° Hz. For
all measurements, the potentials were calibrated using the
reversible hydrogen electrode (RHE) using the following
equation: Egup) = E(agagey + 0207 + 0.0591pH. All
polarization curves were corrected by iR drop corrections
with 90% solution resistance.

Cyclic voltammetry (CV) was used to determine the double-
layer capacitance (Cy) of as-prepared TMD/AuNPs electro-
des. The CV profiles were recorded in a nonfaradaic potential
window between 0.55 and 0.75 V (vs RHE) with various scan
rates of 0.5-200 mV s™'. To determine double-layer
capacitance, the specific capacitance of each TMD/AuNPs
can be calculated using the integral of CV with the equation

C = /IdV/v
mAV

where m is the mass of the electrocatalyst on GCE (g), v is the
scan rate (V s7'), and AV is the potential range in the
discharge range (V). The electrocatalyst stability was examined
by LSV before and after CV for 5,000 cycles with a potential
range from 0.55 to 0.75 V (vs RHE) at a scan rate of 100 mV
s~ The stability was also tested at ultrahigh current density
using a time-dependent technique at applied potentials of
—0.25 and —0.75 V (vs RHE) for over 24 h.

3. RESULTS AND DISCUSSION
3.1. pristine TMD and TMD/AuNP Electrodes. The

lateral size of TMD nanosheets was directly measured using
statistical analysis as obtained from transmission electron
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Figure 2. AuNPs distribution on each TMD nanosheet. TEM images and their enlarged (a) MoS,/AuNPs, (b) MoSe,/AuNPs, and (c) WSe,/
AuNPs. Inset in parts (a—c) show the size distribution of AuNPs on TMD supports. (d—f) Corresponding SAED images.

microscopy (TEM) data (Figure S2a—c). The plots of size
distribution for each TMD with high-resolution TEM images
are shown in Figure 1d—f. It was found that the average lateral
size of MoS, is slightly larger than that of the others. However,
as the TMD dispersions consist of a variety of nanosheet sizes,
the size distribution of each TMD obtained is still in a similar
range (50—200 nm), which was in comparable nanosheet sizes
for this study.

Figure 2a—c shows the TEM images of MoS,/AuNPs,
MoSe,/AuNPs, and WSe,/AuNPs, respectively, exhibiting a
distribution of AuNPs on each TMD nanosheet with their
enlarged TEM images. The samples were prepared under the
optimal conditions between TMD support and the amount of
AuNPs loading as the excellent catalytic performance, which
corresponds to ~4.56 X 10" particles on a constant 2.13 ug of
TMD support (30 ug cm™ on a working electrode). The
amount of AuNPs on a GCE could be calculated when the
concentrations of TMD (1.28 mg mL™") and colloidal gold
(~5.5 X 10" particles mL™") were known (see Table S1 in the
Supporting Information). Due difference in structural
compositions of 2D TMDs contributes to characteristic
physical (lateral size and thickness) and electronic properties
(surface charge and conductivity), this plays a crucial role in
the AuNPs distribution on each TMD support. As a result, it
was found that the decoration of AuNPs on Mo§S, nanosheets
was greater than that of the others, owing to a high basal-to-
edge ratio for the MoS, support. The size distributions of
AuNPs on each TMD nanosheet (see Figure 2a—c: inset) were
measured to be in the range of 4—7 nm with the mean particle
size of 5.4 + 0.7 nm, indicating a well-uniformed particle size

on TMD supports. This analysis agrees well with the product
specification of colloidal gold (S nm diameter). Not only the
distribution of AuNPs on TMD supports was shown, but a
particular interaction between the AuNPs and TMD supports
was also raised (discussed in XPS analysis). In addition, the
interaction between AuNPs and TMD support can correlate to
surface charge properties, as measured by (-potentials. The
strong electrostatic repulsion between the highly negative
charge of AuNPs (—38.8 mV) and both MoSe, (—34.1 mV)
and WSe, (—33.7 mV) can occur, while it has a small impact
on MoS, (—23.3 mV). This can result in a difference in the
amount of AuNPs on TMD supports (discussed in XRF and
EDS analyses). Moreover, the selected area electron diffraction
(SAED) patterns were used to identify the compositions of the
TMD/AuNPs, as shown in Figure 2d—f. It was clearly seen
that the ring patterns correspond to the diffraction plane of
each TMD (002 plane) and AuNPs (JCPDS file: 04-0784).
3.2. Morphology and Structure of TMD/AuNP
Electrodes. SEM images of each TMD/AuNPs sample are
shown in Figure 3a—c to determine the surface morphology of
the electrodes. Note that TMD/AuNP samples were prepared
on fresh Si/SiO, substrates for SEM imaging (see optical
images in Figure S3). The samples were prepared at a
comparable amount of AuNPs (~4.56 X 10" particles) with a
constant mass of TMD support (2.13 pg), which was like an
electrode on a GCE (30 ug cm™). It has been demonstrated
that most TMD nanosheets were generally stacked horizontally
on each other like a laminar structure; see enlarged SEM
images in Figure 3a-—c, bottom.“*"** This pattern is more
pronounced for the MoS,/AuNPs due to a great perfect

https://doi.org/10.1021/acs.inorgchem.4c02668
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Figure 3. TMD/AuNPs electrodes. SEM images of (a) MoS,/AuNPs, (b) MoSe,/AuNPs, and (c) WSe,/AuNPs with their enlarged SEM images
(bottom). Note that all scale bars are 500 nm. (d) The PXRD pattern of all TMD/AuNPs showing the characteristic peaks of (002) for TMD and
(111) for AuNPs, comparing to corresponding reference patterns of MoS, (JCPDS. 00-037-1492), MoSe, (JCPDS. 01-077-1715), and WSe,
(JCPDS. 00-038-1388). (e) N, adsorption—desorption isotherms of MoS,/AuNPs and pristine MoS, with their corresponding pore-size
distributions. (f) Raman spectra of each TMD/AuNPs (solid line) compared to its pristine one (dash line). (g) Enlarged Raman spectra of the
MoS,/AuNPs. Note all TMD/AuNPs samples were prepared at a comparable amount of AuNPs of ~4.56 X 10" particles with a constant TMD

mass of 2.13 ug.

laminar structure of the stacked MoS, sheets, while the others
exhibit randomly stacked nanosheets during electrode
formation. In addition, the TMD/AuNPs samples were also
determined using energy dispersive spectroscopy (EDS)
showing elemental mapping of the TMD/AuNPs (Figure
S4). It was shown that the Au element (red spots) is well-
dispersed and homogeneously distributed throughout the
electrode surface.

To further investigate electrode compositions, each TMD/
AuNPs sample was prepared on a PVDF filter, as shown in
Figure S5. It is clearly seen that the electrode morphology on
PVDF is well-uniformed, suggesting its possible use in real
applications. Figure 3d shows the PXRD patterns of all TMD/
AuNPs exhibiting the characteristic (111) peak of AuNPs and
the (002) peak of each TMD support. All PXRD patterns were
corrected using the referencing PVDF peak of 20.17°.° Note
that all TMD/AuNPs were prepared at a comparable amount
of AuNPs with a constant TMD mass loading. Moreover, the
thickness of TMD/AuNP samples on PVDF filters was also
measured to estimate the electrode density (see Figure SS). It
was found that the densities of MoS,/AuNPs, MoSe,/AuNPs,
and WSe,/AuNPs were 1.81, 3.42, and 3.46 g cm™,
respectively. It was observed that the density of the MoS,/
AuNPs electrode is far lower than that of a bulk MoS, (5.06 g
cm™3),** demonstrating highly porous structures of the MoS,/
AuNPs electrode. The porous structure of the as-prepared
electrodes can be determined by the nitrogen adsorption—
desorption technique. Figure 3e compares the N, adsorption of
the MoS,/AuNPs and pristine MoS,. The average pore volume
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of the MoS,/AuNPs was calculated to be 0.0668 cm® g~',
which was far higher than that of the pristine one (0.0284 cm®
g™"). It was clearly seen that the adsorption step associated
with capillary condensation of the MoS,/AuNPs significantly
increased to higher pressure, exhibiting an increase in the
mesopore size.”* This is supported by the pore-size
distribution, as shown in Figure 3e: inset. The hysteresis
loop at higher pressure (P/P, = 0.9—0.992) observed only for
the MoS,/AuNPs may result from the interparticle texture
between AuNPs and the MoS, support. This agrees well with
previous literature studying the porous structure of the
carbon/MoS, heteronanosheets.”

Moreover, the structure of the TMD/AuNPs and pristine
TMD was analyzed by Raman spectroscopy, as shown in
Figure 3f. The main vibrational modes of MoS,/AuNPs and
pristine MoS, were assigned for the E',,-band (380 cm™") and
Ajg-band (405 cm™").° The MoSe,/AuNPs and pristine MoSe,
were assigned for A;-band (239 cm™).*° The Elzg—band (249
em™') and A-band (257 cm™') were assigned to the main
band for WSe,/AuNPs and pristine WSe,, respectively.”” The
results indicate that the TMD/AuNPs and their pristine
consist of similar vibration modes with the splitting values
between E',, and Ay, of the MoS, (~25 cm™") assigned to the
multilayer.”” However, the interaction between AuNPs and the
MoS, support can stiffen the vibration of the S—Mo—S
structure, causing a slightly blue shift of the E,, and A,, bands,
as shown in Figure 3g (further discussed in XPS analysis).””

To evaluate the amount of Au contents, the TMD/AuNPs
and pristine TMDs were also analyzed using X-ray fluorescence
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(XRF), as shown in Figure S6. Tables S2—S4 show the weight
percentage of elements for each TMD/AuNP compared with
the pristine one. The samples for XRF analysis were prepared
on a PVDF filter at a comparable amount of AuNPs with a
constant TMD loading, like an electrode preparation on a
GCE. The results show that the MoS,/AuNPs contain a large
proportion of the Au element ca. 29%, which is much higher
than that of MoSe,/AuNPs (~14% Au) and WSe,/AuNPs
(~4% Au). Moreover, we also determined the Au content of
the TMD/AuNPs by using EDS analysis (Table SS). The
samples were prepared on a Si/SiO, substrate. The amount of
Au contents for MoS,/AuNPs, MoSe,/AuNPs, and WSe,/
AuNPs were ~18, ~11, and ~4%, respectively, which agree
well with XRF analysis. This clearly indicates that high Au
content refers to a large amount of the AuNP decoration on
the MoS, support, which significantly impacts excellent
electrocatalytic HER performance.

To get more supportive data about the structural
compositions, which is key to revealing the interaction between
AuNPs and TMD support, X-ray photoelectron spectroscopy
(XPS) was utilized to analyze the pristine TMDs and TMD/
AuNPs, as shown in Figure 4. The XPS fitting was carried out
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Figure 4. XPS spectra of TMD/AuNPs samples. (a) XPS survey scan
of MoS,/AuNPs, MoSe,/AuNPs, and WSe,/AuNPs. (b) XPS spectra
of Au 4f for each TMD/AuNPs. XPS spectra of (c) the Mo 3d and
(d) S 2p peaks of the MoS,/AuNPs and pristine MoS,. All XPS
spectra were calibrated using C Is at a binding energy of 284.8 eV.

using CasaXPS with the Kratos library. All XPS spectra were
calibrated using C 1s at a binding energy of 284.8 eV. Figure 4a
shows the XPS survey of each TMD/AuNPs, showing their
corresponding TMD elements with Au. The XPS survey of
pristine TMDs is shown in Figure S7. Figure 4b shows XPS
spectra of Au® 4f for each TMD/AuNPs, exhibiting the signal
of Au’ 4f,, (~84.1 eV) and Au® 4f;, (~87.8 eV).”" As
shown within the associated XPS peak fitting results, the partial
oxidation of Au on the support was found to be Au(I) and

Au(III) which correspond to Au 4f;, oxide states of ~85.2 and
~86.3 eV, respectively.**~** Figure 4c shows the XPS spectra
of Mo 3d of the MoS,/AuNPs and pristine MoS,. The Mo 3d
spectra are assigned to Mo (+4) and Mo (+6) oxidation states.
The presence in the amount of octahedrally coordinated
molybdenum atoms (Mo®") results from the partial oxidation
reaction during the exfoliation process.‘*’é’43 Moreover, the XPS
spectra of Mo 3d and S 2p for the MoS,/AuNPs and a pristine
one were compared, as shown in Figure 4c,d, in which a
significant shift to a lower binding energy (~0.23 eV) is seen
after AuNP loading. The shift in binding energy is attributed to
a charge transfer from the AuNPs to the MoS, support,
suggesting a particular interaction at the Au-MoS, interface
state.””** This interaction was also observed for the MoSe,/
AuNPs (Figure S8). The charge transfer process can be
explained by the energy level diagram, in which the electron
from AuNPs can be transported to the conduction band of the
MoS, (MoSe,) material. This is because Au and MoS,
(MoSe,) have a low Schottky barrier, causing an effective
electron transport.sg’45 In the case of WSe,/AuNPs, the charge
transfer was not seen due to no shift in the binding energy
(Figure S9). This may result from the large Schottky barrier
between the WSe, and the Au metal, thus enabling an
ineffective electron transfer.*>*’

Based on the charge transfer mechanism, the stronger
interaction between Au metals and MoS, and MoSe, supports
can emerge under a chemisorption process,””** rather than a
normal physisorption process for a WSe, support (van der
Waals interaction).”” As a result, the charge transfer at the
interface results in the MoS,/AuNPs more n-type, which can
facilitate catalytic HER performance, as previously reported in
the literature.”®>° However, we have not observed a shift in the
binding energy of gold even when the charge transfer has
arisen. This is because the AuNPs surface in the manner used
in this study was surrounded by citrate anions, which can
compensate for the electron-deficient AuNPs."**” Note that
the XPS samples were carried out with the initial catalysts, in
which the electrochemical tests have not been performed yet.
To further investigate the charge transfer mechanism, the XPS
analysis of MoS,/AuNPs after catalytic activity was also
compared, in which the Au 4f binding energy position was
significantly shifted ca. + 0.6 eV. This corresponds to the
charge transfer from the Au metal to MoS, support.”*’ The
reason for this point will be discussed in the MoS,/AuNPs
after the catalytic stability test.

3.3. Electrochemical Performance. The electrocatalytic
activity of TMD/AuNPs samples is shown in Figure S for a
comparison of the HER performance. Figure Sa shows the
polarization curves of all TMD/AuNPs and solely AuNPs at
the amount of AuNPs of 4.56 X 10" particles, compared to
each pristine TMD, and Pt. It is clearly seen that the MoS,/
AuNPs exhibit excellent HER performance due to the onset
potential being close to Pt. The optimal amount of AuNPs
loading is ca. 4.56 X 10'! particles at a constant TMD support
of 2.13 ug (equivalent to 30 pg cm™2). It was found that the
overpotential at 10 mA cm™ of MoS,/AuNPs (—0.21 V) is
much lower than that of MoSe,/AuNPs (—0.53 V) and WSe,/
AuNPs (—0.46 V). This is due to well-dispersed AuNPs on
MoS, support (discussed in TEM images) with a great amount
of Au contents on MoS,/AuNPs (discussed in XRF and EDS
analyses) playing a crucial role in enhancing HER perform-
ance, indicating the MoS, nanosheets behave as an excellent
TMD support for decorating AuNPs. Moreover, the over-
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Figure S. Electrochemical performance. (a) Polarization curves of MoS,/AuNPs (green line), MoSe,/AuNPs (red line), WSe,/AuNPs (blue line),
and pristine TMDs (color dash line) at the amount of AuNPs of 4.56 X 10! particles, compared to pristine AuNPs (gold line), Pt, and bare GCE.
(b) The overpotentials (vs RHE) plots at 10 mA cm™ of all TMD/AuNPs as various amounts of AuNPs loading. (c) Tafel slopes of all TMD/
AuNPs electrodes. (d) Electrochemical impedance spectroscopy (EIS) of all TMDs at an equivalent amount of AuNPs with an applied potential of
—0.3 V vs RHE, with its corresponding dual-Randles in series equivalent circuit model.

Table 1. Comparison of the Catalytic Performance of the TMD/AuNPs and Other Au-containing TMD Catalysts for

Hydrogen Evolution Reaction

catalyst onset potential (vs RHE) overpotential (mV)@ 10 mA cm™ Tafel slope (mV dec™) ref
AuNP@MoS, ~—220 -323 110 39
Au-5/MoS, ~—170 —236 92 25
Au—MoS,-100 —120 ~—=210 163 S0
Au-MoS, —=220 ~=330 86 38
2H-MoS,@Ag/AuNPs ~—172 —263 53 S1
MoS,/AuNPs —88 -209 115 this work
MoSe,/AuNPs —-352 -539 175 this work
WSe,/AuNPs —-350 —460 134 this work

potentials at 10 mA cm™ of each TMD/AuNP:s as a function
of AuNPs loading (i.e., ~1.82 X 10'" to ~9.12 X 10" particles)
are shown in Figure 5b, and their corresponding polarization
curves are presented in Figure S10. As a result, the
overpotential decreased with an increase in the amount of
the AuNP loading for all TMD/AuNP electrodes. In the case
of the MoS,/AuNPs, the overpotential dramatically decreased
as a function of AuNPs loading, which is up to ~4.56 x 10"
particles of AuNDPs, indicating a high active surface area for the
HER. This is attributed to a high degree of AuNP distribution
on the MoS, support as well as the presence of a charge
transfer mechanism, giving rise to more n-type MoS,/AuNP
characteristics for enhanced HER activity. However, at
overloaded AuNPs of ~9.12 X 10" particles, the inverse of
overpotential is observed, and its performance is equivalent to
pure AuNPs (without TMD support). This is attributed to the
agglomeration of AuNPs on the TMD support, leading to a
decrease in the active surface area. This agrees well with our
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previous work studying size-dependent graphene as the AuNP
support.”

To investigate the kinetic activity of the TMD/AuNPs, Tafel
slopes are shown in Figure Sc. It can be clearly seen that the
Tafel slope of MoS,/AuNPs (115 mV dec™') is much lower
than that of MoSe,/AuNPs (175 mV dec™'), WSe,/AuNPs
(134 mV dec™), and pristine AuNPs (177 mV dec™) at a
comparable amount of AuNP loading (~4.56 X 10" particles).
This indicates that the HER kinetic activity of the MoS,/
AuNPs relates to the Volmer—Heyrovsky mechanism due to
the slope being less than 120 mV dec™’, suggesting rapid
electron transfer kinetics.>'”>> The Tafel analysis of all TMD/
AuNPs as a function of the amount of AuNP loading is
presented in Figure S11. In addition, electrochemical perform-
ances of the TMD/AuNPs and other Au-containing MoS,
electrocatalysts are compared in Table 1. It is clearly seen that
the onset potential of as-prepared MoS,/AuNPs (88 mV) is far
lower than that of previously reported Au-supported MoS,,
such as Galvanic deposition of AuNP on MoS, (AuNP@MoS,,

https://doi.org/10.1021/acs.inorgchem.4c02668
Inorg. Chem. 2024, 63, 18750—18762


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c02668/suppl_file/ic4c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c02668/suppl_file/ic4c02668_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02668?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
(a) 0.04 (b) 0,024 (c) 0.006
MoS,/AuNPs - MoSe,/AuNPs 7 WSe,/AuNPs
0.02 — / 0.01 0.003
; | % 5 -
%ooo A g ;E 0.00 - £0.000 /
- / ¥ ‘g mVis - - .—'/‘7 10mvis
i v -0.01 / prisvs
002 [~ o o003y as
'S 80 mVis 80 mV/is
¥ 100 mvis i Y100 mVis
120 Vs 120 mVis
004+ " R S— e 00064+
055 060 065 070 075 080 06 0.7 0.8 055 060 065 070 075 080
E vs RHE (V) E vs RHE (V) E vs RHE (V)
(d)*™ (e)*
{ —— MoS,/AuNPs 2
0.32 mF/cm
002 MoSe JAUNPS = MoS,/AuNPs
1 WSe,/AUNPs — 003{ = MoSe,/AuNPs
— | |3 = WSe,/AuNPs
g 5
E <
L £ El
< 000 =002 0.21 mFicm?2
E o
= 5 .
° -
-0.024 0014
. 0.14 mF/cm?
P el
-0.04 . . 0.00 r : . v
055 060 065 070 075 0 20 40 60 8 100 120
Evs RHE (V) scan rate (mV/s)

Figure 6. Cyclic voltammetry (CV) analysis of (a) MoS,/AuNPs, (b) MoSe,/AuNPs, and (c) WSe,/AuNPs at a nonfaradaic potential window
between 0.55 and 0.75 V (vs RHE). (d) CV curve comparison of each TMD/AuNPs and pristine AuNPs at a scan rate of 10 mV s™". (e) Linear
plots of the capacitive current density of AJ/2 versus the scan rates for TMD/AuNPs and pristine AuNPs. AJ is the difference in the anodic and
cathodic current densities (AJ = J,no4ic—Jcathodic)- The slopes of linear plots are the areal capacitance (area of glassy carbon electrode). Note that all
electrodes were prepared at a comparable amount of AuNPs loading of 4.56 X 10" particles for 2.13 pig of TMD as a support (equivalent to 30 pg

cm_z).

—220 mV),” pulsed laser deposition of Au on MoS, (Au-5/
MoS,, —170 mV),” in situ grown AuNPs on MoS, (Au—
MoS,-100, =120 mV),’® Au nanorods on MoS, (Au-MoS,,
—220 mV),*® as well as Ag/Au nanocomposites on MoS, (2H-
MoS,@Ag/AuNPs, —160 mV).”" Moreover, the overpotential
at 10 mA cm™? of electrocatalysts was also compared in Table
1, indicating that as-prepared MoS,/AuNPs possess a low
overpotential for HER performance (close to Pt one). In terms
of kinetic activity, the Tafel slope of MoS,/AuNPs (115 mV
dec™") exhibits good electrocatalytic activity which is in the
range of other Au-containing electrocatalysts as previously
reported (86—163 mV dec™!).”>*%**°%%! In addition, due to
the instability of WS, nanosheets in a mixture of isopropanol
and water (Figure S12 in the Supporting Information), thus
WS, dispersion was prepared using acetonitrile as a solvent for
comparison. The HER performances of WS,/AuNPs and
pristine WS, are presented in Figure S13. It was found that the
catalytic activity of WS,/AuNPs (155 mV/dec) is still far lower
than that of MoS,/AuNPs (115 mV/dec) at a comparable
amount of AuNPs loading.

In addition, electrochemical impedance spectroscopy (EIS)
analysis was used to determine the conductivities and
electrocatalytic kinetics of the as-prepared electrodes. Figure
5d shows the Nyquist plots of TMD/AuNPs and the sole
AuNPs electrodes at a comparable amount of AuNPs of 4.56 X
10" particles. All electrodes were applied with a constant
potential of —0.3 V (vs RHE). Based on typical EIS analysis,
solution resistance (R;) and charge transfer resistance (R,) can
be directly obtained from the Nyquist plots.”*” The R, the
bulk solution resistance, can be obtained from the intercept of
the initial point of the semicircle. Ry, the active material

resistance, can be calculated by the diameter of the semicircle.
In general, the R value relates to high electrochemical activity
and conductivity. As shown in Figure 5d, the R, of MoS,/
AuNPs (~0.84 kQ) is much lower than that of WSe,/AuNPs
(~3.30 kQ), MoSe,/AuNPs (~3.64 kQ), and pristine AuNPs
(~5.20 kQ), indicating high electrode conductivity and a fast
kinetic reaction for MoS, as an AuNP support. The inset in
Figure 5d shows a dual-Randles in a series equivalent circuit
model, which agrees well with the previous literature.’” It was
found that the first RC branch (i.e., RyCPE,) corresponds to
the electrode geometry or the diffusion barrier from the
hydrogen evolution, which is not relevant to the kinetic
reaction. The second RC branch (i.e, R,CPEy) can refer to
the kinetic activities for the HER, in which R, and Cy4
correspond to the reaction kinetics and the electrochemical
surface area (ECSA) of the electrodes, respectively.’*”*? The
corresponding R; and R, for TMD/AuNPs at different AuNPs
loadings are presented in Table S6. Among those electro-
catalytic results (i.e., the low overpotential, low Tafel slopes,
and low R values), it apparently indicates that the MoS,/
AuNPs exhibit excellent electrochemical performance for HER
activity. The EIS spectra of the TMD/AuNPs electrodes at
different amounts of AuNPs loading are also presented in
Figure S14.

To gain insight into the electrocatalytic performance of as-
prepared electrodes, TMD/AuNPs and pristine AuNPs
electrodes at a comparable amount of AuNPs loading (4.56
X 10" particles) were evaluated using cyclic voltammetry
(CV), as shown in Figure 6a—c. The CV was performed at a
nonfaradaic reaction during a potential window of 0.55—0.75 V
(vs RHE) as a function of scan rates (10—120 mV s™'). Figure
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6d shows a comparison of the CV of each electrode at 10 mV
s~L It is worth noting that the MoS,/AuNPs have a larger
current density than that of others. For quantitative analysis,
the areal capacitances of each TMD/AuNPs can be obtained
from the slope of the current density against scan rates. The
areal capacitances of MoS,/AuNPs, MoSe,/AuNPs, WSe,/
AuNPs, and pristine AuNPs correspond to 0.32, 0.21, 0.14, and
0.037 mF cm™* (Figure Ge). This indicates that the excellent
TMD support (i.e, MoS,/AuNPs) possesses a high double
layer capacitance (Cq) which is estimated at almost 1 order of
magnitude compared to solely AuNPs, demonstrating greater
electrochemically active surface area.

To obtain more supportive data, each TMD/AuNP was also
analyzed using the gravimetric capacitance (ie., specific
capacitance) as a function of scan rates (1—200 mV s™'), as
shown in Figure 7a. The total mass of the as-prepared
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Figure 7. Dependent scan rates. (a) Gravimetric capacitance of
TMD/AuNPs at various scan rates of 1—200 mV s~'. The total mass
of each electrode (~2.70 ug) can be estimated from a combination of
the TMD mass (~2.13 pug) and AuNPs loading (~0.574 ug) on a
GCE. (b) Total capacitance (Ciyy; assuming at very low scan rate)
consists of the outer capacitance (C,; assuming at very high scan rate)
and the inner capacitance (C; = Cyyy — C,)- Insets show photographs
of water contact angle of each TMD/AuNP electrode at 60 s after
dropping water droplet. (c, d) Stability tests. (c) Polarization curves
of the MoS,/AuNPs electrode before and after applied 5000 cycles of
the potentials window 0.1—0.3 V vs RHE with the scan rate of 100
mV s'. (d) Chronoamperometry of the MoS,/AuNPs applied at
—0.25 and —0.75 V (vs RHE) for 24 h. The measurement was
performed in a three-electrode system under 0.5 M H,SO,, which
uses a glassy carbon rotating disk electrode (RDE), carbon rod, and
Hg/Hg,Cl, as a working electrode, counter electrode, and reference
electrode, respectively. Inset in (d) shows the experimental setup.

electrodes (~2.70 ug) was calculated by the summation of the
mass of the TMD support (~2.13 ug) and AuNPs loading
(~0.574 pg) on a GCE. It is worth noting that the gravimetric
capacitance of MoS,/AuNPs is greater than that of other
electrodes at a comparable AuNPs loading (4.56 X 10"
particles), which is in accordance with areal capacitance in
Figure Ge. This indicates the high electrochemical surface area
for the MoS,/AuNPs electrode, implying a large number of

exposed active sites of AuNPs on the MoS, support for HER
activity.

In addition, we also used Trasatti's method to further
analyze the origin of different capacitive charge storage of each
TMD/AuNPs.>**> This method is used to consider the
capacitance arising from an external surface charge storage, so-
called the outer capacitance (C,y), and internal and deep
surface layer charge storage, so-called the inner surface
capacitance (C;). The outer capacitance (C,) is estimated
when the scan rate is close to infinity (v — o0; a very short
period of time that charges can be stored at the outer electrode
surface), while the total capacitance (C,,) is evaluated when
the scan rate is close to zero (v — 0; a sufficient time that
charges can be stored at outer and inner electrode surfaces,
meaning all active surface areas).”>**° Thus, the different
capacitance between C., and C, informs the inner
capacitance (C; = Cyq — C,). Further analysis of Trasatti’s
method is described in Figure S18.

According to Trasatti’s method giving differential capaci-
tances, Figure 7b shows the C; and the C, of TMD/AuNPs
electrodes. It is clearly seen that the total capacitance (Cy.,) of
MoS,/AuNPs (~50 F g') is far higher than that of MoSe,/
AuNPs (~14 F ¢7') and WSe,/AuNPs (~2 F g7'). The major
portion of the capacitance of the MoS,/AuNPs electrode arises
mostly from the C; which is estimated to be 99% of the Cyy,
indicating a high electrochemical surface area. This is
attributed to the high wettability of the MoS,/AuNPs surface
possessing a water contact angle (WCA) of ~89° (see insets in
Figure 7b), which is much lower than that of MoSe,/AuNPs
(~103°) and WSe,/AuNPs (~115°). Further WCA analysis is
presented in Figure S16. The high hydrophilic property of
MoS,/AuNPs results from the perfect laminar stacked MoS,
nanosheets with a low electrode density (see the SEM cross-
section in Figure SS), giving the highly porous electrode. This
can allow the flow of ionic electrolytes to infiltrate the deep
pore or deep surface area of the electrode, which plays an
important role in increasing ECSA for enhanced HER activity.

The long-term stability of the as-prepared electrocatalysts is
one of the important factors in the real-world HER process.
We performed the stability test using two techniques:
polarization curve after 5000 cycles and chronoamperometry
for over 24 h. The stability tests of the MoS,/AuNP electrode
were carried out after sweep potentials for 5000 cycles with the
potentials window of 0.1—0.3 V vs RHE at a scan rate of 100
mV s7! under an acidic electrolyte. It was found that the
polarization curve of the MoS,/AuNPs after cycles exhibited
no significant change when compared to the initial one,
demonstrating the high durability of the as-prepared catalyst
(Figure 7c). Furthermore, the stability of MoS,/AuNPs was
also determined using time-dependent stability, which was
performed at a constant overpotential of —0.25 and —0.75 V vs
RHE over 24 h (Figure 7d). The setup was performed under
nitrogen purging using a glassy carbon rotating disk electrode
(RDE) as the working electrode at a rotation of 2500 rpm. The
inset in Figure 7d shows the experiment with the formation of
hydrogen gas at the electrode. The results showed that the
current density can be maintained around —35 mA cm™?
confirming an effective HER performance of the MoS,/
AuNPs. To mimic the use of the catalyst in real-world
applications, the MoS,/AuNPs were also tested under
ultrahigh current density at 200 mA cm™ (Figure 7d). It is
clearly seen that the catalyst can still perform excellent
hydrogen production for over 24 h.
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Figure 8. MoS,/AuNPs after catalytic stability test. (a) TEM image of MoS,/AuNPs with the size distribution of AuNPs and (b) corresponding
SAED image. (c) PXRD pattern of MoS,/AuNPs before and after use. Comparing XPS spectra of (d) Mo 3d and (e) Au 4f. (f) Schematic showing
the charge transfer from gold to MoS, in the presence (initial catalyst) and absence (after use) of citrate anions as a stabilizer.

To determine the physical and electronic properties of
MoS,/AuNPs after the catalytic stability test, TEM, PXRD,
and XPS were performed as shown in Figure 8. It was found
that the AuNPs were well-uniformed and still deposited on the
support, and their variability in size was around 4—7 nm with a
mean particle size of 5.7 nm (Figure 8a). This indicated that
there was no significant change in the size distribution of
AuNPs after catalytic activities. The SAED and PXRD
techniques were carried out to investigate the change in the
crystal structure (Figure 8b,c). It was found that the diffraction
patterns of MoS, and AuNPs did not alter when compared
with the initial ones. Moreover, we also performed XPS
analysis to determine the change in chemical and electronic
states of the Mo and Au atoms. Figure 8d shows an increase in
the intensity of oxide peaks (Mo®") for the catalyst after use,
which may result from oxidation on the MoS, surface during
HER activities. The presence of the oxide form in the MoS,/
AuNPs structure can also facilitate the HER activity, as
previously reported in the literature.”” Interestingly, it is clearly
seen that the XPS spectra of Au for the catalyst after use was
shifted +0.6 eV when compared to the initial catalyst (Figure
8e), sole AuNPs, and Au foil possessing a binding energy of 84
eV.*>* This indicated the shift to the higher binding energy of
Au (after catalytic activity) which results from the charge
transfer from Au to the MoS, support causing electron-
deficient Au (Figure 8f).>**" In this case, the citrate anions
attached to the gold surface can be released somehow during
the HER activities. However, in the case of the initial catalyst,
the change in binding energy was not observed even when the
charge transfer from the Au metal to the MoS, support arose
(aforementioned in XPS analysis). This is due to the charge
stabilization from the negatively charged citrate anions
surrounding the AuNP surface.”>"’

4. CONCLUSIONS

In conclusion, we have determined the electrochemical and
physical performances of two-dimensional transition metal
dichalcogenide nanosheets (MoS,, MoSe,, and WSe,) as
AuNP supports (TMD/AuNPs). The MoS, nanosheets, as a
support for decorating AuNPs (MoS,/AuNPs), exhibit out-
standing electrocatalytic for HER activity, compared to the
MoSe,/AuNPs and WSe,/AuNPs, as well as previously
reported Au-containing TMD electrocatalysts. The MoS,/
AuNPs at the optimal proportion of the AuNP loading exhibit
excellent HER performance due to an abundance of exposed
active sites (well-dispersed AuNPs on MoS, support), highly
electrochemical surface area (greater areal and specific
capacitances), high wettability, as well as high electrode
conductivity (low R). The charge transfer from AuNPs to the
MoS, support can also increase the n-type semiconductor,
which can assist catalytic HER performance. Moreover, the
MoS,/AuNPs exhibit excellent long-term stabilities after 5000
cycles and ultrahigh current density (~200 mA cm™) for over
24 h. Therefore, our study demonstrated insights into the role
of TMD as a support for decorating nanoparticles, which could
have the potential to develop a future TMD-based catalyst for
real-world HER applications.
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