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ABSTRACT

We report the enhancement of electrocatalytic activity in sulfonate (—SO3H) group functionalized two-dimensional molybdenum disulfide (2D-s-MoS;) nanosheets
for their use in hydrogen evolution reaction (HER). These as-developed nanosheets have been decorated with sustainable biomass-derived carbon quantum dots
(CQDs) via a sonochemical method, creating a s-MoS,-CQD composite material. This innovative composite demonstrates significantly improved electrocatalytic
performance for the hydrogen evolution reaction (HER) via water splitting. In particular, incorporating CQDs on 2D-s-MoS; overcomes many limitations, as observed
in pristine 2D-MoSy and 2D-s-MoSy, especially regarding low electrical conductivity and restricted electrocatalytic activity on the basal plane. Incorporating CQDs
enhances electron transfer efficiency, increases the availability of active sites, and enhances overall conductivity. As a result, the s-Mo0S»-CQD achieves remarkable
HER performance, featuring a lower overpotential of ~ 273 mV and a reduced Tafel slope of 67 mV/dec compared to s-MoS,. These enhancements signify faster
reaction kinetics, accelerated H* adsorption-desorption, and greater catalytic efficiency. Furthermore, using sustainably synthesized CQDs positions this approach as
a cost-effective, scalable, and environmentally friendly alternative to traditional noble-metal catalysts. This research highlights the potential of functionalized two-
dimensional materials, such as s-MoS,, implanted with zero-dimensional materials, such as CQDs, to advance sustainable hydrogen production technologies, thereby

contributing to the global shift towards clean energy solutions.

1. Introduction

The increasing global demand for energy increased the need for
sustainable alternatives to replace conventional power sources like fossil
fuels. These energy production sources contribute to environmental is-
sues, including global warming and climate change [1,2]. In recent
years, carbon emissions have increased significantly due to the high
demand for energy from fuels for vehicles and electricity for industries
[3,4]. Hydrogen is crucial for addressing the shortages of solar and wind
energy, as it serves as a versatile fuel, energy carrier, and catalyst for
producing compounds like methanol and ammonia [5,6]. Moreover, the
high energy yield (approximately 122 kJ) of hydrogen, environmental
friendliness, and non-toxic by-products generated during combustion
make hydrogen a viable renewable energy source [3,7]. The sustain-
ability of hydrogen generation is crucial for transitioning to a low-
carbon future and addressing the pressing challenges of climate
change [8]. Hydrogen has great potential as a clean energy carrier, but
its environmental benefits heavily rely on the methods used for its
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production. Traditional hydrogen production techniques, such as steam
methane reforming, depend significantly on fossil fuels and release
substantial amounts of carbon dioxide which undermines the goal of
decarbonization [9,10]. Therefore, it is imperative to develop sustain-
able hydrogen production technologies, such as water electrolysis
powered by renewable energy sources like solar, wind, and hydropower,
that can produce zero emissions. These technologies also help to connect
renewable energy supply and demand by acting as fuel and an energy
storage medium [11-13]. Water electrolysis is a clean, effective, and
sustainable method for replacing fossil fuels. This process uses water as
the only starting molecule and produces water as a by-product in the
hydrogen economy cycle, where burning hydrogen (Hy) releases energy
while simultaneously generating water [14]. Noble metals such as
Platinum (Pt) show exceptional electrocatalytic activities for Hydrogen
generation due to high hydrogen bonding energy (HBE) and low
hydrogen desorption energy (HDE) which makes it an excellent choice
for the hydrogen evolution reaction (HER) [14], however due to the
high cost and less availability, finding alternatives with the same order
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of properties (cost-effective, stable, low-overpotential) are required for
large scale hydrogen generation. Transition metal dichalcogenides
(TMDs), especially molybdenum disulfide (MoS,), have gained signifi-
cant attention as promising catalysts for hydrogen evolution reactions
[15-171; specifically, 2D-MoS, possesses several highly desirable prop-
erties, including a high surface area and exceptional stability in acidic
conditions [18,19]. However, the catalytic performance of pristine MoS;
has some limitations, such as low electrical conductivity and low cata-
lytically active basal planes for HER [20-23]. These restricted avail-
abilities of active sites reduce the overall catalytic efficiency of the
material. Intense research for enhancing the electrocatalytic activities of
MoS; basal planes includes ion irradiation [24], phase transformation in
1T-MoS, (metallic state) [25-27], introducing defects [28,28,29],
vertically grown structure [30,31], functionalization of MoSy
[18,32-34] etc. In our previous work, we have reported the benefits of
functionalizing MoS; nanosheets by sulfonic group (SOsH ") [33]. The
incorporation of the SOsH™ group into MoS, (s-MoS;) enhances its
electrocatalytic activity, demonstrating improved performance
compared to pristine MoS,. However, despite this enhancement, the
presence of the SO3H™ group reduces electrical conductivity, thereby
increasing electrical resistivity. Specifically, in s-MoS, the intercalation
of SOsH™ groups between the MoS; layers disrupts the basal plane, in-
troduces defects, and hinders electron transfer, limiting further im-
provements in electrocatalytic properties. To address this challenge,
integrating conducting nanoparticles, such as carbon quantum dots
(CQDs), presents a promising strategy to enhance both the electro-
catalytic activity and electronic conductivity of s-MoS,. Previous studies
have shown that CQD-integrated MoS;, exhibits lower charge transfer
resistance compared to pristine MoSy, leading to accelerated charge
transfer kinetics. This improvement plays a crucial role in various
electrochemical applications of s-MoSg, where enhanced conductivity
facilitates rapid electron movement during redox reactions, ultimately
boosting overall electrochemical performance [35].

Carbon quantum dots (CQDs) are tiny structures that have applica-
tions in various fields, including biomedicine, optoelectronics, catalysis,
energy storage, and sensors [36-39]. CQDs are synthesized from a va-
riety of precursors which include synthetic materials like small mole-
cules, polymers, and biomass. The biomass-derived CQDs are of great
interest because they are cost-effective (due to minimal processing and
usage of renewable precursors), sustainable, flexible in different pH
environments, and naturally functionalised, which eliminates the
requirement of post-functionalisation [37,39,40]. The presence of
intrinsic functionalities such as hydroxyl, carboxyl and amino are highly
beneficial for improving the surface wettability and improving the HER
activity. Further, the functional groups on the surface of CQDs enable
them to readily combine with other compounds like MoS; and boost
their catalytic activity [41,42]. Studies indicate that integrating CQDs
with MoS; could enhance electron transfer from the conjugated carbon
core to the MoS; layers, thereby improving the in-plane electrical con-
ductivity. Additionally, CQD integration increases the concentration of
S3 and S? species, which facilitates hydrogen adsorption on the MoS
surface, further enhancing its catalytic performance [41,43]. Combined
with the higher surface area of CQDs, the HER activity of the composite
could be boosted.

This research presents to significantly enhance the catalytic perfor-
mance of sulfonated MoS; (s-MoS5) nanosheets for hydrogen evolution
by incorporating carbon quantum dots (CQDs) through a sustainable
sonochemical approach. Sulfonation improves electron transfer, while
CQD integration enhances conductivity and increases active catalytic
sites, addressing the limited electrochemical catalytic activity of pristine
MoS; basal planes. The resulting s-MoS,-CQD composite demonstrates
outstanding HER performance, exhibiting a lower overpotential and
Tafel slope, indicative of accelerated reaction kinetics and reduced
charge transfer resistance. By utilizing CQDs sustainably synthesized
from biomass, this work offers a cost-effective and scalable alternative to
noble-metal catalysts, contributing to sustainable hydrogen production
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and advancing clean energy solutions. MoS; nanosheets were synthe-
sized via a one-pot hydrothermal method, followed by CQD implanta-
tion using a sonochemical process. Structural and compositional
analyses were conducted using X-ray diffraction (XRD), transmission
electron microscopy (TEM), Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and Raman spectros-
copy. Electrochemical studies further confirmed the enhanced catalytic
kinetics for hydrogen generation.

2. Results and Discussion

The synthesis and characterizations of s-MoS,-CQD and its electrode
preparation is demonstrated in the Experimental section S1, Fig. S1 and
Fig. S2 (supporting information). Fig. 1a shows the XPS spectrum of two
characteristic peaks at binding energies of approximately 229.68 eV
(3ds/2) and 232.78 eV (3ds/2) corresponding to Mo 3d thereby con-
firming the Mo** oxidation state of molybdenum [44]. Additionally, a
small peak for the S 2s is visible around 226.88 eV. Fig. 1b presents the
sulfur 2p peaks of s-MoS; at 161.28 eV and 162.28 eV, corresponding to
S 2p3/5 and S 2py /9, respectively, confirming the elemental composition
of MoS; [33,44]. A similar peak profile is observed in the XPS spectrum
of s-MoS>-CQD (as shown in Fig. 1b), indicating that the oxidation state
of Mo remains unchanged even after CQD implantation onto s-MoSy
nanosheets. However, a peak shift of approximately 0.9 eV towards
lower binding energy is detected, likely due to localized defects intro-
duced during CQD implantation during the sonochemical process [45].
The XPS spectra (Fig. 1c-d) at a binding energy of approximately 168.5
eV confirm the successful functionalization of sulfonic groups on the
MoS; surface, verifying the formation of s-MoS,. This functionalization
enhances electronic properties by promoting surface charge transfer
across the s-MoS, nanosheets. [33] Such functionalizations can further
be correlated to the increased intensity of the S* peak, which suggests
improved H' adsorption [43]. The XPS spectrum of C 1s of s-MoS,- CQD
is also analysed in Fig. S3 (Section S2) of the supporting information
identifying three distinct peaks observed at 284.18 eV, 285.58 eV and
287.69 eV corresponding to —-C-C/C=C, -C-O, and -C=0O bonds,
respectively. These peaks are prominent in CQD, indicating no chemical
bonding with 2D-MoS,[46].

Fig. 2 illustrates the HR-TEM and selected area electron diffraction
(SAED) images, demonstrating the structural characteristics of s-MoSy
and s-Mo0S»-CQDs. The fringes in HR-TEM images, Fig. 2a and 2b, show
the few layers with an interlayer spacing of 0.63 nm representing the
(002) plane of s-MoS; nanosheets. The TEM image and SAED pattern of
s-MoS;, are given in the of the manuscript Fig. S4, (Section S2, sup-
porting information). Fig. 2c illustrates CQDs securely embedded on the
s-MoS; surface, with the (010) plane highlighting the interaction be-
tween CQDs and s-MoS. Fig. 2d depicts three diffraction rings appear in
the SAED pattern showing (010), (013), and (110) planes corresponding
to d spacings of 2.77, 2.28, and 1.58, respectively, confirming undis-
rupted crystallinity of s-MoS; after the CQD implantation.

Fig. 3a shows the XRD data with peak positions are 14°, 33.24°,
39.50°, 48.86°, 58.88° and 69.50° corresponding to planes (002), (010),
(013), (105), (110), and (021), respectively. The XRD data presents
hexagonal phase of 2D-MoS, nanosheets, in after matching the peak
positions with the JCPDS card no. 98-001-8125 [47]. Fig. 3b shows
comparative Raman spectra of s-MoS; and s-MoS,-CQD demonstrating
the in-plane (Eag) and out-plane (A;g) vibrations are at 376 em~! and
406 cm™!, respectively, verifying the formation of multilayed two-
dimensional, s-MoS, nanosheets. For s-MoS,-CQD, the characteristic
Ey; & Ajg peak positions were found at 376 cm! and 400 ecm™Y,
respectively[48]. However, characteristic G-band (1380 em ™) and D-
band (1584 cm™!) of carbon in the Raman spectrum of s-MoS,-CQD
(Fig. 3b) specifically suggested the successful implantation of CQDs in s-
MoS; nanosheets [49]. The G-band represents the association of the
CQD with graphitization in sp? hybridization, whereas the D-band is due
to the defects or functionalization in sp® hybridization [50].
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Fig. 1. XPS spectrum of (a) Mo 3d, (b) S 2p for s-MoS,; and (c) Mo 3d, (d) S 2p for s-MoS,-CQD respectively.

Fig. 2. HRTEM images of (a) s-MoS,, (b) s-Mo0S»-CQD interlayer spacing, (c) CQD implanted on s-MoS, nanosheets and (d) SAED pattern of s-Mo0S»-CQD nanosheets.
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Fig. 3. (a) XRD pattern of s-MoS,. Comparative (b) Raman spectra, (c) FTIR spectrum and (d) PL spectra of s-MoS; and s-MoS,-CQD.

Additionally, the homogeneous implantation of CQD in MoS, nano-
sheets was further confirmed by acquiring the Raman mapping, as
shown in Fig. S5 (Section S2, supporting information), which shows
intact G and D bands at their respective wavenumbers.

FTIR spectroscopy was used to evaluate the functional group and the
formation in s-MoSy and s-MoS,-CQD, as shown in Fig. 3c. The trans-
mittance band at 590 cm ™! is attributed to MoS, [51], and 1690 cm~tis
typically associated with carbon, which arises from the stretching of
C=C bonds, which in turn indicates the presence of carbon in the
composite material (s-Mo0S>-CQD) [52]. The strong peak extending in

the range of 1000-1350 cm ™! contains the contribution from C-O, C-N
and S=O stretching mode.[33,39,52] The band around 663 cm !
possibly arises due to the stretching vibration of —SH [53]. Due to the
presence of minor impurities in the samples, some additional peaks
(around 760 ¢cm ™! and 1622 c¢cm ') were also observed. Further, PL
spectroscopy was performed to compare the optical properties of s-MoSy
and s-MoS,-CQD. In Fig. 3d, the B-exciton (603 nm) and A-exciton (648
nm) can be identified for MoS, [54] where the significant blue shift in
the PL peak positions (542 nm and 576 nm respectively) was also
noticeable for s-MoS>-CQD which might be the result of increased

Fig. 4. SEM images of (a), (b) s-MoS, and (c), (d) s-Mo0S,-CQD nanocomposite.
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bandgap after the interaction of s-MoS, and CQD, compared to pristine
s-MoS;. The implantation of CQDs onto s-MoS; leads to a substantial
increase in the effective band gap of the composite material that can
further be tuned by altering the composite concentration in solution
[55,56]. This enhancement is a direct result of the unique electronic
interactions at the interface between CQDs and s-MoS,, which effec-
tively altering the radiative recombination dynamics and promote effi-
cient charge seperation. Consequently, the effective band gap of the s-
MoS2-CQD system is markedly increased, optimizing its performance
across UV to NIR wavelengths. The incorporation of CQDs into s-MoS;
improves the system’s electronic properties, enhancing charge separa-
tion and transport efficiency [57].

The surface morphology of the as-synthesized s-MoS; is displayed in
Fig. 4a & b. It was observed from the SEM micrographs that the nano-
sheets were comprised of large surface areas stacked on each other,
depicting sharp edges and organized in a flower-like pattern. Fig. 4c &
d shows the surface of CQD-implanted s-MoS,; morphology seems to
change as the CQDs were implanted on MoS; nanosheets by the sono-
chemical method, with the nanosheets becoming less densely packed
and more disordered. Although the high-frequency sonication process
does not entirely break the layered structure of MoS,, it creates addi-
tional surfaces and disordered thick edges, which increase the surface
area, resulting in high electrocatalytic activity for hydrogen evolution.
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All the electrochemical investigations were carried out for both s-
MoS; and s-MoS,-CQD to evaluate their effectiveness in the photo-
catalytic HER reactions. Fig. 5a shows an increase in the current density
of s-MoS,-CQD samples, found to be 216 mA/cm? as compared to s-MoS;
that exhibit a current density of 173 mA/cm?, in accordance with the
overpotentials observed to be 350 mV and 273 mV for s-MoS; and s-
MoS,-CQD, respectively. The Tafel slope reduced to 67 mV/decade in s-
MoS,-CQD, which was found to be 76 mV/decade, slightly higher in s-
MoS;, as is shown in Fig. 5b. Fig. 5¢ & 5d plots the CV curves at different
scan rates for both s-MoS; and s-MoS2-CQD samples. It is evident from
the CV curves that when CQDs were anchored onto the layers of s-MoS,,
the electrochemical surface area increased.

Fig. 5e depicts a typical EIS plot, giving R, values of 1.45 Q and 2.20
Q for s-MoS>-CQD and s-MoS,, respectively, satisfying the increase in
current density shown in Fig. 5a. The lowering of R, indicates efficient
electron transfer. Fig. 5f gives the Cq plot, showing the double-layer
capacitance for both s-MoS; and s-MoS,-CQD. The fitting data shows
that the addition of CQDs nearly doubles the Cq) value, indicating that
the CQDs contribute to increasing the electrochemical surface area for
catalytic activities. The stability was evaluated through chro-
noamperometry, as is shown in Fig. S6 (supporting information), where
the prepared s-MoS,-CQD showed stability for a period of ~11 h. The
comparative electrochemical results for s-MoSy and s-MoS,-CQD is
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shown in Table 1.

Overall, as highly efficient electron donors, carbon quantum dots
(CQDs) induce surface charge redistribution on MoS,, establishing a
proton-favorable gradient that enhances adsorption. This process ac-
celerates proton migration from CQDs to sulfonated MoS; (s-MoSy),
significantly improving the hydrogen evolution reaction (HER) kinetics.
The extensive m-conjugation in CQDs critically facilitates electron in-
jection into s-MoS,, effectively suppressing S** sites while substantially
enriching catalytically active S3” and % species. Such electronic mod-
ulation creates sulfur vacancies in s-MoSp, which further promotes
hydrogen adsorption through exposed unsaturated sulfur sites.
Furthermore, the restructured electronic configuration increases the
density of states near the Fermi level, dramatically enhancing charge
transport efficiency during electrocatalysis. Coupled with their large
electrochemically active surface area and multifunctional groups, CQDs
impart superior conductivity to the composite system, effectively over-
coming MoS,'s intrinsic charge transport limitations. This work not only
demonstrates a high-performance HER catalyst but also establishes a
design framework for developing diverse 0D-2D hybrid architectures
with synergistic properties for advanced electrocatalytic applications.

3. Conclusion

This study reports enhancements in the catalytic efficiency of s-MoSy
by implanting biomass derived carbon quantum dots (CQDs) on MoSy
nanosheets functionalized with a sulfonic group (—SOsH). While pris-
tine MoS; exhibits good stability and surface area, its limited electrical
conductivity and activity on the basal plane restrict its catalytic per-
formance. Functionalizing MoS, with sulfonic groups (SO3H’) improves
electron transfer, and the addition of CQDs further enhances conduc-
tivity, electrochemical surface area, and active sites through a sono-
chemical method. The CQDs introduced an improvement in s-MoSy by
altering its morphology such that it has a higher surface area and by
improving the catalytic activity of sulfur-containing edge groups,
mediated functional moieties on the surface of CQDs. The electro-
chemical analysis thus demonstrated improved HER performance, with
the s-MoS,-CQD composite showing a lower overpotential of 273 mV
compared to s-MoS,. Furthermore, it exhibited a reduced Tafel slope of
67 mV/decade, indicating faster reaction kinetics. The CQD-implanted
composite also showed enhanced double-layer capacitance and
reduced charge transfer resistance (R.y), highlighting its potential as a
cost-effective and durable catalyst for sustainable hydrogen production.
Additionally, the study reveals the increased band gap of the MoS; by
implanting CQDs onto its surface, which makes a valuable addition to
the electronic property of s-MoS, nanosheets.
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