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We report the synthesis of MoS, nanosheet-supported Rh nanoclusters
via a facile yet efficient molten salt electrolysis method followed by
wet chemical reduction for electrocatalytic hydrogen evolution. In-
depth study reveals that the uniform Rh nanoclusters on MoS,;
nanosheets can shorten the electronic transport path, and effectively
promote the hydrogen evolution reaction kinetics.

With the continuous development of wind and solar power
generation, the use of green electricity to produce hydrogen has
become a research hotspot. Electrolysis of water splitting is
an effective method for high-purity hydrogen production.’”
However, this process consumes excessive energy due to the
slow hydrogen evolution reaction (HER) kinetics.*”” Therefore,
there is an urgent need to discover cathode catalysts with
low overpotential and high activity in generating hydrogen.
Platinum is currently recognized as the optimal choice for HER
catalysis under acidic conditions. However, the limited reserves
and high price hinder its widespread applications. Additionally,
acidic conditions are more favorable for the HER compared to
neutral and alkaline ones.®*° Unfortunately, most transition
metals are not stable under acidic conditions. Consequently,
much effort has been devoted to designing affordable and
stable cathode catalysts that can perform well under alkaline
or neutral conditions.
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Molten salt-mediated electrosynthesis of MoS,
nanosheet-supported Rh nanoclusters for highly
efficient electrocatalytic hydrogen evolutiont

*¢ Yang Zhao,*® Xianggian Zhou?® and

Molybdenum disulfide (MoS,) is promising as a HER
catalyst due to their advantages such as tunability, low cost,
and chemical stability."*™'* However, the catalytic performance
of pristine molybdenum disulfide is not satisfactory mainly
because of in-plane inertness and limited edge active sites."®
Therefore, various strategies have been developed to enhance its
catalytic activity. In particular, the decoration of MoS, nanosheets
with HER-active components holds great promise since this
approach could not only restrict the restacking between
nanosheets, but greatly increase the number of exposed active
sites. Rhodium (Rh) could serve as an ideal candidate of the active
components to modify MoS, nanosheets because of its HER
activity like that of Pt and much higher corrosion resistance under
harsh alkaline/acidic conditions than that of Pt. Currently, there
are still great challenges to fabricate the hybrids of Rh-modified
MoS, nanosheets for high-performance and low-cost HER cataly-
sis: the synthesis techniques for MoS, nanosheets, including the
hydrothermal method and chemical vapor deposition, frequently
exhibit low production yields, require long time, and are carried
out in closed reaction systems, and thus it is crucial to explore
high-throughput methods for producing MoS, nanosheets; in
addition, Rh is expensive and scarce in nature, and it is therefore
essential to significantly improve its utilization for greatly enhan-
cing the activity of MoS, nanosheets, while reducing its loading.

The molten salt electrolysis could be a highly promising
environment-friendly strategy to rapidly synthesize MosS,
nanosheets with high product yields."® The high-temperature
environment can further greatly accelerate the chemical reac-
tion rate and thereby enhance the synthesis efficiency. Rh in
the form of nanoclusters could significantly increase its disper-
sion and facilitate its interfacial charge transfer through the
Rh/MoS, interfaces;'” therefore, employing Rh nanoclusters to
decorate the MoS, nanosheets may effectively improve the
catalytic activity with extremely low precious metal content.
In this study, for the first time, we synthesized MoS, nanosheet-
supported Rh nanoclusters (MoS, NS@Rh NC) via the facile yet
efficient molten salt electrolysis method for application as an
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Fig. 1 Schematic illustration of the synthesis of MoS, NS@Rh NC.

electrocatalyst toward the HER. It is discovered that the uni-
form Rh nanoclusters on the MoS, nanosheets obtained using
3.5% Rh can effectively promote the HER. This catalyst exhibits
a small overpotential of 27 mV at 10 mA cm ™2, which is close to
that of commercial Pt/C (12 mV). In addition, it shows a small
Tafel slope of 47 mV dec™ ' with good stability.

The synthesis process of MoS, NS@Rh NC is schematically
shown in Fig. 1. LiCl, KCl, anhydrous (NH4)sM0,0,,, and anhy-
drous KSCN were directly introduced into the reactor. The elec-
trolysis was then carried out at a temperature of 873 K with a
current density of 1.55 A cm ™2 for only 1 h. The black precipitate
obtained was rinsed thoroughly with distilled water and anhy-
drous ethanol multiple times. An appropriate volume of RhCl;
solution (1 mg mL ") was subsequently added into the suspen-
sion and this reaction system was maintained at 363 K for 30 min.

The XRD pattern of MoS, NS@Rh NC (Fig. 2A) shows
characteristic peaks at 14.4°, 32.7°, 33.5°, 35.9°, 39.6°, 49.8°,
58.4°, and 60.4°, which correspond to (002), (100), (101), (102),
(103), (105), (110), and (112) planes of hexagonal MoS,
(ICCD#01-077-1716; space group, P63; ao = by = 3.1602 A; ¢, =
12.2940 A). There is no peak from Rh, which could be due to the

Rh 3d
A B Rh"
3 3
& <
é- MoS, NS@ Rh NC o
2 2
< £
h |——ICCD 01-077-1716|
| I l 1 I“lxll“ul ul . . . .
20 40 60 80 321 318 315 312 309 306 303
26 (degree) Binding Energy (eV)
C | mo3d D |s2
3 -
4 s
2 2
® ]
c <
240 236 232 228 224 174 171 168 165 162 159

Binding Energy (eV) Binding Energy (eV)

Fig. 2 The XRD image of MoS, NS@Rh NC (A) and XPS spectra of Rh 3d
(B), Mo 3d (C), and S 2p (D).

This journal is © The Royal Society of Chemistry 2025

MoS, nanosheets

MoS, NS@Rh NC

too low content of Rh in the sample MoS, NS@Rh NC. The
peaks for the high-resolution XPS spectrum of MoS, NS@Rh
NC were deconvoluted by referring to previous literature.'®
The Rh 3d can be deconvoluted into peaks at 308.2, 309.2,
and 313.2 eV, which are ascribed to Rh'*, Rh** 3ds,,, and Rh**
3day,, respectively.’® The high-resolution XPS spectrum of Mo
3d shows Mo*" signals located at 229.8 and 233.2 eV of Mo 3ds,
and Mo 3dj,,, accompanied by the relatively weak Mo®* signals
of 236.9 and 233.9 eV arising from the surface oxidation of
MoS, nanosheets.’”” The peak at 226.9 eV belongs to S 2s.
Fig. 2D shows three peaks at 162.6 €V 163.8 eV and 169.7 eV,
which can be assigned to S 2ps, and S 2py/, of S~ and the S
species in MoS,.>%*!

The scanning electron microscopy (SEM) image of MoS,
NS@Rh NC (Fig. 3A) shows a flower-like nanostructure
assembled from interconnected nano-flakes. The SEM-EDX
elemental mapping images of MoS, NS@Rh NC (Fig. 3B) clearly
indicate that the Mo (red color), S (green color), and Rh (blue
color) elements are distributed homogeneously in Rh-MoS,.
The transmission electron microscopy (TEM) image further
indicates that the MoS, NS@Rh NC exhibits a typical nanosheet
structure, which is beneficial for its contact with the electrolyte.
The high-magnification TEM image (Fig. 3D) reveals that Rh
nanoclusters are evenly distributed on the surface of the MoS,
nanosheets. The TEM images for the samples of 7.0% MoS,
NS@Rh NC and 2.8% MoS, NS@Rh NC are displayed in Fig. S2
(ESIY). It shows that the Rh nanocluster’s size and the intensity
of the dispersion of 7.0% MoS, NS@Rh NC are larger than that
of 2.8% MoS, NS@Rh NC. The high-resolution transmission
electron microscopy (HRTEM) image (Fig. 3E) shows clear
lattice fringes with a spacing of 0.61 nm, which corresponds
to the (002) plane of hexagonal MoS,. The crystalline fringes
can be observed with the lattice spacing of 0.23 nm (Fig. S4,
ESIt), which can be assigned to the (103) plane. Fig. S5 (ESIT)
shows the adsorption-desorption and pore size distribution
curves. The sample has a BET surface area of 173.23 m”> g~
with the average pore diameter of 9.69 nm, which offers rich
space for the adsorption of water molecules and desorption of
hydrogen molecules.

The standard three-electrode system was employed to eval-
uate the HER performance of the MoS, NS@Rh NC electrode.
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Fig. 3 SEM image of MoS, NS@Rh NC (A), energy-dispersive X-ray (EDX) results (B), and TEM (C and D) and HRTEM (E) images of MoS, NS@Rh NC.

The LSV curves (Fig. 4A) show that the 3.5 wt% MoS, NS@Rh NC
electrode has a small overpotential of 27 mV at 10 mA cm 2,
which is smaller than that of MoS, (308 mV), and close to the
catalyst of 20% Pt/C (12 mV). The Tafel slope is an important
evaluation index for the catalytic reaction kinetics. The Tafel
plots (Fig. 4B) show that the Tafel slope of 3.5 wt% MoS, NS@Rh
NC (47 mV dec™ ") is close to that of 20% Pt/C (36 mV dec™ '), and
much smaller than that of MoS, (142 mV dec ).

The Tafel slope values of the above samples indicate that the
introduction of Rh nanoclusters can effectively enhance the
HER kinetics of MoS,, because the uniform dispersion of Rh
can provide a more convenient channel for electron transfer. In
addition, the content of Rh has been tailored for investigating
the influence of Rh content on HER performance. As shown in
Fig. 4C, with the increase in the Rh content, the HER perfor-
mance of the catalyst is improved significantly. When the
content of Rh reaches 3.5%, the HER performance is close to
that when the content is 7.0%. Therefore, the content of 3.5%
Rh is the ideal content. The Tafel slope (Fig. 4D) further
indicates that the reaction kinetics of the 3.5% MoS, NS@Rh
NC electrode is very similar to that of 7.0% MoS, NS@Rh NC.
Electrochemical impedance spectroscopy (EIS) was further
employed to explore the HER kinetics. The EIS data (Fig. 4E)
show that the 3.5% MoS, NS@Rh NC electrode has the smallest
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electron transfer resistance, indicating the fastest HER on the
surface of 3.5% MoS, NS@Rh NC. Stability is another impor-
tant factor in evaluating catalysts. The chronopotentiometric
curve of the 3.5% MoS, NS@Rh NC electrode at 10 mA cm™>
(Fig. 4F) shows negligible change in the potential, indicating its
good stability. For further evaluation of morphology stability,
TEM (Fig. S6, ESIt) analysis was performed on the sample after
stability testing. It was found that the test pieces still main-
tained their original nanosheets with a dispersed nanocluster
structure after the stability testing, exhibiting good morphology
stability. The XRD (Fig. S7, ESIt) stability testing shows that the
3.5% MoS, NS@Rh NC retains the stable phase structure. In
addition, the XPS (Fig. S8, ESIt) after stability testing indicates
that the Rh>*, Mo®', and S° species almost disappear, which
indicates that the valences of the catalysts have changed during
the electroreduction process.

The superior HER performance of MoS, NS@Rh NC could
be ascribed to the following reasons: first, the 3D intercon-
nected nanosheet structure offers numerous exposed active
sites for adsorption of water molecules and desorption of
hydrogen molecules; second, the Rh nanoclusters uniformly
assembled on the surface of MoS, nanosheets shorten the
electron transport paths and enhances the intrinsic activity,
leading to enhanced reaction kinetics; third, the highly active

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 LSV curves (A) and Tafel plots (B) of different samples. LSV curves
(C) and Tafel plots (D) of MoS, NS@Rh NC with different Rh contents.
Nyquist plots (E) of MoS, NS@Rh NC with different Rh contents. The
chronopotentiometry (CP) image (F) of MoS, NS@Rh NC for 10 hours.

Rh nanoclusters anchored on the planes of the MoS,
nanosheets significantly enhance the in-plane HER activity.

In summary, MoS, nanosheet-supported Rh nanoclusters
were synthesized via a facile, yet efficient molten salt electro-
lysis method followed by wet chemical reduction, which can be
easily implemented for large-scale synthesis. The uniform Rh
nanoclusters on MoS, nanosheets can enhance the intrinsic
activity of the catalysts, as well shorten the electron transport
path, and effectively promote the HER kinetics. This study not
only creates a highly efficient and inexpensive HER catalyst for
water splitting but provides a novel strategy to synthesize
unique nanostructured materials for important applications
such as catalysis, energy storage, the environment, and
biomedicine.
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