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ABSTRACT

To generate hydrogen fuel cells widely utilised, it is essential to design electrocatalysts that are both effective and
economically viable for hydrogen evolution reaction applications. Here, we report a low-cost fabrication method for
a CoS»/Mn composite material that exhibits exceptional electrocatalytic activity for HER. The composite material
was synthesised through a hydrothermal process, involving the combination of CoS2/Mn composite by the wet
impregnation method. The resulting material displayed a unique nanostructure, with CoS; nanoparticles uniformly
dispersed on the Mn surface. The prepared nanocomposites were analysed using multiple characterisation
techniques, including Fourier transform infrared spectroscopy (FTIR), powder X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and transmission electron microscopy (TEM). We have examined
the electrocatalytic activity of prepared CoS>/Mn composites over the hydrogen evolution reaction. The CoS>/Mn
composites possess high electrocatalytic activity, with the smallest overpotential of 155 mV at 10 mA c¢cm™ and the
lowest Tafel slope of 59 mV dec'with respect topure Mn and CoS,. In addition to this, the optimizedCoS>/Mn
composite has a long-term stability in the acidic medium after 1000cycles. As a result, the fabricated CoS2/Mn
composite is used as an efficient electrocatalyst for HER application due to its cheap and Pt-free nature.

Keywords: Hydrogen Evolution Reaction (HER), Hydrothermal Method, Electrocatalysis, Cobalt Disulphide, and
CoS»/Mn Composite.
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INTRODUCTION
There is an immediate necessity to shift from fossil fuel-dependent energy storage and conversion
technologies to sustainable and renewable energy sources. Acute require to transition from fossil fuel—
based energy systems to sustainable alternatives has enhanced global research efforts toward clean and
renewable energy technologies. Hydrogen, as a high-energy-density and carbon-neutral fuel, has become
a key candidate for next-generation energy systems. In particular, electrochemical water splitting provides
an environmentally benign and efficient route for hydrogen production when coupled with renewable
energy sources.!* However, the overall effectiveness of the processwasconsiderably restricted due to the
sluggish kinetics of the hydrogen evolution reaction (HER), necessitating the synthesis of highly active,
durable, and economically viable electrocatalysts.>>? Platinum (Pt)-based materials are widely regarded as
benchmark HER catalysts due to their near-optimal, efficient hydrogen adsorption characteristics that
promote high catalytic performance.?’?!Despite their excellent performance, their high cost. High cost,
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lack of adequate attainability, and possibility of poisoning make it very hard to use them on a large
scale.®” As a result, the study of earth-abundant, non-noble metal catalysts has become a major focus of
research in electrocatalysis.>®?? Transition metal sulfides have gained substantial research interest among
various alternatives owing to their adjustable electronic structures, inherent catalytic properties, and cost-
effectiveness.®*!® Cobalt disulfide (CoS.), with a pyrite-type crystal structure and metallic conductivity,
is known to be an efficient catalyst with significant potential for hydrogen evolution reaction (HER)
applications.”! The high density of electronic states near the Fermi level in CoS> makes it easy for
electrons to move quickly and for hydrogen to stick to and come off the surface.”!' Even with these
benefits, pure CoS: still has problems with limited active site exposure and poor hydrogen binding energy,
which make it less effective as a catalyst.!®!? To address these constraints, numerous approaches,
including nanostructuring, defect engineering, and heteroatom incorporation, have been thoroughly
examined.!®232¢ Bimetallic engineering has been especially effective because adding a second metal can
engineer the electronic characteristics, improve conductivity, and raise the density of functional
active centres through synergistic interactions.?>?*?” Manganese (Mn) has emerged as an effective
dopant for modifying transition metal-based catalysts, primarily due to its multiple oxidation states and
strong redox flexibility. Incorporation of Mn into catalytic systems can alter and reconfigure the
electronic structure, enhance charge distribution, and reduce the hydrogen adsorption free energy, thereby
enhancing reaction kinetics and overall catalytic efficiency.'%!> Recent studies on Mn-containing
heterostructures and composites have demonstrated enhanced electrocatalytic performance due to strong
interfacial coupling and electronic interactions.!3~!> Despite these advances, systematic studies on Mn
concentration-dependent tuning of CoS:-based electrocatalysts remain limited. In particular, the
correlation between Mn content, electronic structure modulation, and HER activity has not been fully
established. Understanding this relationship is key to the fabrication of high-efficiency electrocatalysts.
Herein, we report the controlled synthesis of CoS»/Mn composites with varying Mn concentrations via a
facile hydrothermal-assisted approach.*!%1¢ The incorporation of Mn into the CoS, matrix enables strong
electronic coupling, enhanced charge transfer, and increased exposure of catalytically active sites. The
optimised composite exhibits significantly improved HER performance, demonstrating the effectiveness
of composition tuning in designing efficient and low-cost electrocatalysts.!723-28.29

EXPERIMENTAL
Materials and Methods
Cobalt(Il) chloride hexahydrate (CoCl>-6H20), thiourea (CH4N2S), cetyltrimethylammonium bromide
(CTAB), and manganese acetate tetrahydrate (Mn(CH3COO),-4H,0) were utilised as starting materials
without any additional purification. Deionised water and ethanol served as the solvents for all synthesis
procedures.

Synthesis of CoS:Nanomaterial

We developed a CoS, nanomaterial with a basic and simple hydrothermal method. For the preparation of
a homogeneous solution, Cobalt(Il) chloride hexahydrate (4 mmol), thiourea (16 mmol), and
cetyltrimethylammonium bromide (CTAB, 1 mmol) were mixed in 60 mL of deionised water and stirred
with a magnet for 1 hour. Subsequently, following preparation, the reaction mixture was loaded into a
Teflon-lined autoclave and heated at 180 °C for 12 h. After naturally cooling to room temperature, the
obtained product was collected and repeatedly washed with deionised water and ethanol three times to
eliminate residual impurities. Finally, the purified sample was dried in an oven at 80 °C for 3 h before
further characterisation.

Synthesis of CoS2/Mn Nanocomposite

The CoS»/Mn nanocomposites were made using the same hydrothermal method. We added different
amounts of manganese acetate tetrahydrate (0.1, 0.2, 0.3, and 0.4 mmol) to a beaker with the CoS»
material that had already been made. The mixtures that came out of this were put through the same
hydrothermal conditions as described above. The samples that were made were given the names pure
CoS,, CoS2/Mn’l, CoS2/Mn-2, CoS2/Mn-3, and CoS2/Mn-4, which show that the amount of Mn in them is
getting higher.
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Characterization Techniques

We systematically characterised the synthesised materials' structural and morphological properties. We
used X-ray diffraction (XRD, Rigaku D/Max-2500VB2/PC, Japan) to look at the phase purity and crystal
structure. Scanning electron microscopy (SEM, Hitachi S-4700, Japan) was utilised to look at the surface
morphology and microstructural features.

Electrochemical Measurements
Electrochemical analyseswere carried out using a standardthree-electrode configuration. Depending on
the electrolyte employed, either an Ag/AgCl or Hg/HgO electrode was used asthe reference electrode,
while a platinum wire was used as the counter electrode. For the Processingof the working electrode, 5
mg of the electrocatalyst was incorporated intoa solution containing 0.8 mL of deionised water, 0.2 mL of
ethanol, and 30 puL of 5 wt% Nafion solution. Subsequently, the prepared suspension underwent
ultrasonication for 60 min to ensure the formation of a homogeneous catalyst ink. Before catalyst
deposition, the glassy carbon electrode (GCE, 5 mm diameter) was sequentially polished with alumina
slurry and thoroughly washed several times with deionised water, followed by an ethanol rinse.
Subsequently, 10 uL of the catalyst ink was drop-cast onto the cleaned GCE surface and Drying was
carried out under ambient conditions without external heating. The catalyst loading on the electrode was
maintained at 0.24 mg cm™,

RESULTS AND DISCUSSION
XRD Studies
The phase structure and crystallinity of the synthesised CoS,/Mn composites with different Mn
concentrations were studied using X-ray diffraction (XRD). The diffraction patterns of all samples show
clear peaks that match the cubic pyrite structure of CoS2(JCPDS No. 41-1471), evidencing the effective
formation of the main phase. The well-defined diffraction peaks noted at 20 values of about 10.8°, 12.3°,
16.2°, 32.8°, 36.3°, 49.8°, and 57.5° correspond to the (111), (200), (210), (211), (220), (311), and (222)
crystal planes. The evident diffraction peaks are present across all samples, indicating that Mn
incorporation does not significantly alter the fundamental crystal structure of CoS,. At lower Mn
concentrations, no additional impurity peaks are detected, suggesting that Mn ions are likely substituted
into Co lattice sites. A slight shift in peak positions is observed, which may be ascribed to lattice
distortion arising from the difference in ionic radii between Mn and Co, supporting the formation of a
solid solution. With increasing Mn content, the diffraction peaks become broader and less intense,
indicating a reduction in crystallite size and a decrease in crystallinity. This peak broadening may also
result from increased lattice strain and defect formation induced by Mn doping. At higher Mn
concentrations, the appearance of weak additional peaks suggests the formation of secondary phases,
possibly related to Mn-containing compounds such as MnS. This indicates that excessive Mn
incorporation leads to partial phase segregation rather than complete integration into the CoS; lattice. In
summary, XRD findings suggest that Mn incorporation has a pronounced impact on the structural
characteristics of CoS,, including lattice distortion, reduced crystallite size, and the emergence of
secondary phases at high concentrations.

Surface Morphology

Figure-2 depicts the FESEM analysis highlighting the structure of CoS; and CoS>—Mn, revealing a well-
defined three-dimensional flower-like morphology. The structure consists of densely packed nanosheets
that radiate outward from a central core, forming a hierarchical microflower architecture. These
nanosheets appear thin, wrinkled, and interconnected, creating a highly porous network. The integration
of Mn into the CoS, framework greatly influences the nucleation and growth process, leading to a more
uniform distribution of particles while preventing agglomeration. This results in a rough and porous
surface with significantly enhanced surface area, thereby providing abundant electrochemically active
sites. Such a distinctive morphology facilitates efficient electrolyte penetration and rapid charge transport,
which is advantageous for electrocatalytic performance and sensing applications, particularly in cyclic
voltammetry studies. Additionally, the FESEM micrographs reveal that the flower-like structures are
evenly dispersed across the surface with negligible particle agglomeration, indicating effective control
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over crystal nucleation and growth during the synthesis process. The self-assembled nanosheets form an
interconnected porous framework containing numerous open channels, which can facilitate electrolyte
infiltration and improve ion transport. The thin nanosheet petals expose a greater number of surface-
active regions and edge sites, thereby increasing the availability of electrochemically accessible reaction
centres. The incorporation of Mn contributes to the formation of a more uniform hierarchical architecture
and helps preserve the integrity of the nanosheet assembly, resulting in improved structural stability. Such
an interconnected porous network provides continuous pathways for both ion diffusion and electron
transport, reducing charge transfer limitations at the electrode—electrolyte interface. The combination of
the hierarchical flower-like morphology, rough surface texture, and porous nanosheet arrangement is
expected to enhance the utilisation of active sites and promote faster electrochemical reaction kinetics. In
addition, the robust microflower architecture can effectively accommodate structural changes during
repeated electrochemical operation, thereby contributing to improved cycling durability. These
morphological features demonstrate that Mn incorporation plays an important role in tailoring the surface
architecture of CoS», making the CoS>—Mn composite a promising electrode material for electrochemical
sensing and other electrocatalytic applications.Transmission electron microscopy (TEM) indicates that
clean CoS; has uniform nanostructures with a minor degree of agglomeration. When Mn is doped, the
shape stays the same, but the dispersion improves, and the lattice is slightly distorted, showing that Mn
has been successfully added to the CoS: framework. At medium levels of Mn, interconnected
nanostructures with more defects and rougher surfaces are seen, which suggests that there are more active
sites. But when there is more Mn, the structures come together to form flower-like shapes with blurred
lattice fringes, which means they are less crystalline. Overall. the amount of Mn in CoS2/Mn composites
has an effect on their shape and structural integrity. A moderate amount of Mn gives the best dispersion
and defect formation. In addition to this, the elemental composition for the synthesised composite
materials was examined by the EDX elemental analysis. The pure CoS: contains Co and S elements only,
whereas for and the composite material CoS/Mn contains Co, S and Mn elements only. This proved that
no other impurities are present in this material. This shows that the composite was successfully fabricated.
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Fig.-1: XRD patterns of CoS, COSy/Mn(0.1%), COS2/Mn(0.2%), COS2/Mn(0.3%) and COS2/Mn(0.4%) (JCPDS
No. 41-1471)

CoS2/Mn Electrochemical Activity

Electrochemical measurement of the as prepared by using electrochemical analyzer CHE-608E three
electrode system in 0.5M H>SO4 electrolyte and electrodes are Glassy carbon (GC) as an working
electrode Silver / Silver chloride (Ag/AgCl) as an reference electrode Platinum (Pt) as an counter
electrode, before using the working electrode polished and then coated by an drop cast coating method,
precious that GC electrode washed with DI water after polish with micro polish powder then dried at
room temperature 1 h, 2 mg of as synthesized material and 0.1 mL of Ethanol then 0.4 mL of DI water
added in to reaction battle, was sonicated for 30 min, then link solution (5 mL) was coated on GC, coated
electrode was tried at room temperature up to 1h.
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Fig.-2: Scanning Electron Microscope (FESEM) Imagery (A and B) at Low Magnification (C and D) at High
Magnification, Transmission Electron Microscopy (HRTEM) Images at Low and High Magnification and EDAX
For CoS2/Mn

Electrochemical analysis plots of the as-synthesised electrocatalyst are shown in Fig.-3. the polarization
cure shown. The cathodic polarisation results of the various composite and pure materials are shown for
HER activity. The overpotential (n10) utilised to obtain an applied current density of 10 mA cmis
intended todetermine and contrast the HER efficiency of electrocatalysts since it is essential for making
hydrogen from solar energy. Pure CoS required an overpotential of 0.43 V to reach 10 mA cm, which is
what it usually does. On the other hand, samples with Mn (Coi.x MnsS, x # 0) showed much better
performance. Coo.94Mno.06S showed a much lower overpotential of 0.216 V, which means that it had better
hydrogen evolution activity in the low overpotential region. Tafel plots of the resulting The obtained
materials are depicted in Fig.-4, plotting potentials versus current density again.
n=blog(j)+a [1]

Where b signifies the Tafel slope and a is the conversion current density. Tafel equation is a significant
analytical and useful strategy to find out exactly what the HER mechanism accomplishes at the surface of
the synthesised catalyst. The Tafel slope (b) remains constant regardless of the catalytic current, and
hydrogen evolution follows distinct elementary pathways:

Initial discharge or Volmer step (120 mV/dec)

H3O0" + electron — Hags + H2O [2]
Heyrovsky step (40 mV/dec)

Hags + H30" + electron — H, + H,O [3]
Tafel step (30 mV/dec)

Hags + Hags— H2 [4]

The electrocatalyst follows this mechanism is defined by a Tafel slope values. Synthesised CoixMnyS
composites follow the Volmer mechanism to evaluate hydrogen evolution from an acid solution; the
achieved Tafel slope value is 97 mV/dec for Coo.94Mno.o6S. The relatively low Tafel slope obtained for
Co00.94Mno.06S further confirms the accelerated reaction kinetics during hydrogen evolution in an acidic
electrolyte. The obtained value suggests that the initial proton adsorption (Volmer steps) proceeds
efficiently, followed by rapid electron transfer at the catalyst —electrolyte interface. In addition to its
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improved catalytic kinetics, the hierarchical morphology of the synthesised composite is expected to
facilitate efficient electrolyte penetration and continuous exposure of catalytically active sites throughout
the reaction. The interconnected nanostructure also promotes the rapid release of hydrogen bubbles from
the electrode surface, minimising blockage of active sites and maintaining stable catalytic performance
during prolonged operation. These combined structural and electronic advantages contribute to the
excellent HER activity and demonstrate that Mn-modified cobalt sulfide is a promising electrocatalyst for
sustainable hydrogen production under acidic conditions.
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The electrochemical stability of detailed analysis was carried out on the synthesized electrocatalyst via
cyclic voltammetry technique, here compared the initial and final polarization cures, the polarization
allowed up to 2000 cycles from the first cycles, so the final polarized and initial polarized cures are
shown Fig.-5. The comparison between these and the final cure gives slightly lower (7 %) activity
recorded for Coi-096MnosS; the prepared composites are very stable composites its giving enhanced
electrochemical activity and higher stability towards the HER.
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CONCLUSION

We made CoS»/Mn composites by adding different amounts of Mn to a single pot and then heating it up.
The CoS2/Mn composites that were made have been evaluated as good electroactive catalysts employed
in hydrogen production through HER in an acidic medium. The electrochemical analysis exhibited that
the refined CoS»/Mn composite delivered a current density of 10 mA c¢cm with an overpotential as low as
183 mV, a small Tafel slope of 73.95 mV dec!, and remarkable sustained cycling stability assessed
againstpure Mo2C. A greater efficiency was due to considering that there were a lot of many surface
reactive centres, a large surface area, lower charge transfer resistance, and greater electrical conductivity.
Those features were attained through the synergistic interaction between CoS; and Mn. Consequently, the
CoS2/Mn composite has been identified as an attractive replacement for Pt-based electrocatalysts in HER
applications.
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