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ARTICLE INFO ABSTRACT

Keywords: Exploring an efficient and stable nanocatalyst for water splitting is a highly desirable, but still a challenging goal.
Metal chalcogenides Herein, we synthesized different metalchalcogenides (MSz: M = Co, Ni, Sn) embedded with TiO, that form
Hydrothermal nanocomposites by the facile hydrothermal method for water splitting. The crystallinity and phases of the
Il:l};(i::f;z:ltalytic prepared materials were confirmed by X-Ray diffractive spectra; the morphology of the particles was studied by
Photocatalysis Scanning Electron Microscopy; and their superior catalytic performance in electrochemical and photocatalytic

activity were examined using electrochemical characterization and photocatalytic experiments, respectively. In
electrochemical processes, compared with bare TiOz, 10 wt% CoSy/TiOs, SnSy/TiOz, and NiS,/TiO, nano-
composites exhibited high current densities with low Tafel slope values in hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). In addition, the amounts of hydrogen evolution in electrocatalysis and
photocatalysis reactions were examined. These results show that metalchalcogenide (MS3) embedded with TiO2
nanocomposites electrodes are highly promising candidates to be used as efficient electro and photocatalysts for
the water splitting process.

1. Introduction

To reduce greenhouses gases, the research community has been
focusing on renewable energy sources. Due to tackle the issue of surplus
electricity from renewable energy resources, hydrogen has emerged as a
potential candidate for both energy storage and energy transport. In the
clean energy mix, hydrogen has a considerable role to play also in
number of industries like steal to fertilizer production. High level of
energy density and non-polluting characteristics have made hydrogen
as one of the most alluring and promising new fuels in the futur-
e energy systems [1,2].

There are different hydrogen production methods, such as coal
gasification, steam methane reforming, electrolysis, electrochemical
method, and photocatalysis. [3]. Currently, a huge amount, roughly 90
%-95 % of hydrogen is produced from coal gasification and stream
reforming of natural gases [4]. However, during these processes,

* Corresponding authors.

https://doi.org/10.1016/j.fuel.2024.134101

hydrogen is produced with greenhouse gases (CO2, and CO) and referred
to as brown and grey hydrogen, respectively. The so-called ‘blue
hydrogen’ is produced through carbon capture and storage during the
production process [5,6]. Hydrogen produced without any carbon
emissions is referred to as green hydrogen [5,7]. In this process,
hydrogen is produced from splitting of water molecule resulting in only
hydrogen and oxygen gases as products. There are several green
hydrogen production methods categorized as electrolysis, PV-
electrolysis [8], electrochemical [9], photoelectrochemical [10] and
photocatalysis [11].

Among these, both electrochemical and photocatalytic water split-
ting methods are the easiest, cost effective, and high purity methods,
which produce hydrogen and oxygen without any greenhouse gas
emissions [12]. The photocatalysis method is an attractive and efficient
technique to produce the hydrogen in the presence of direct sunlight,
and it can occur in ambient conditions. In general, photocatalytic

Received 9 October 2024; Received in revised form 2 December 2024; Accepted 11 December 2024

Available online 14 December 2024

0016-2361/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2024.134101
https://doi.org/10.1016/j.fuel.2024.134101
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2024.134101&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Fuel 385 (2025) 134101

. «—— MS,/TiO, coated FTO glass

S. Shanmugaratnam et al.

Photocatalytic Electrocatalytic
hydrogen hydrogen
evolution setup evolution setup

Xenon lamp Power supply DC regulated Power supply

Fig. 1. Photocatalytic and electrocatalytic Hydrogen evolution experimental setup.
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Fig. 2. XRD patterns for Ti, Co, 10-CoTi, Sn, 10-SnTi, Ni, and 10-NiTi.

hydrogen evolution reaction takes place through three major steps
[13,14]. The first step absorption of light by catalyst to eject the electron
to conduction bgnd and. the formation of hole 1n.va1ence band; in t.he Fig. 3. SEM images for pure TiO, (a, b), 10-CoTi (c, d), 10-NiTi (e, f), and 10-
second step, exciton pair are separated would migrate to the reactive SnTi (g, h)
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Fig. 4. CV profile (a) 10-CoTi (b) 10-NiTi (c) 10-SnTi nanocomposites and (d) Ti for HER.

sites. Finally, in the third step, surface reactions take place, i.e. electrons
reduce the hydrogen ion from the water molecule and produce hydrogen
gas, whereas holes reduce the oxygen ions an produce oxygen gas
[15,16].

Electrochemical water splitting involves two half reactions,
hydrogen evolution (HER) and oxygen evolution (OER) reactions that
concludes overall water splitting reaction [9]. In essence, the electro-
chemical reaction is straightforward but is limited by slow moving ki-
netics on the oxygen evolution side and hydrogen evolution side.
Therefore, recently various advanced electrocatalysts have been inno-
vated to provide an adequate active site for hydrogen production and to
reduce the overpotential of HER and OER [17,18]. Platinum (Pt)-based
electrocatalysts are the most efficient catalysts, but the scarcity of Pt and
its high cost limit their commercial use [19-22]. Much research is
currently focused on developing non-precious metal-based catalysts for
these reactions, primarily transition metal oxides [23-27] or hydroxides
[28], and metal organic framework derived metal oxy hydroxides [29]
for OER and transition metal chalcogenides (TMC) [30,31], phosphines
[32] and MXenes (two-dimensional thin layer transition metal carbides
or nitrides) [23,33] for HER.

TMC materials have become interesting materials in electro-
chemical, photocatalytic hydrogen evolution, photodegradation and
energy storage (lithium ion batteries, supercapacitors) applications
[34].

In previous studies [35-37] different weight percentage of CoSy/
TiOs, SnSy/TiO45 and NiS,/TiO, materials were utilized in the powder
form for photocatalytic hydrogen evolution. These studies showed that
10 wt% of MSy/TiO, materials exhibited the optimal photocatalytic

activity. Moreover, in another study, these materials were tested for
photocatalytic hydrogen evolution in seawater [38]. Therefore, previous
research has demonstrated that these materials are potential candidates
for photocatalytic hydrogen production. To scale up and reuse the ma-
terials, this study develops electrodes with a coating of these materials
on a substrate and investigates their potential for both photocatalytic
and electrocatalytic hydrogen production. We focus on three different
transition metal chalcogenide-embedded titanium dioxide nano-
composite materials coated on FTO, namely MS,/TiO3 (M = Co, Sn and
Ni) nanocomposites.

2. Materials and method
2.1. Materials

Unless otherwise stated all the materials were utilized without
further purification. Titanium isopropoxide, 98+% (Sigma-Aldrich
Norway AS, Oslo, Norway) was employed as the precursor for TiO;
preparation, Cobalt (II) nitrate hexahydrate, 99 % pure (Sigma-Aldrich
Norway AS) was utilized as the cobalt precursor. SnCly-2H>0 (ACS re-
agent, >98 % (Sigma-Aldrich Norway AS)) was used as the tin precur-
sor, and NiCly anhydrous (Sigma-Aldrich Norway AS) was used as the
nickel precursor; NapS;03, NayS (Sigma-Aldrich Norway AS) and thio-
urea, ACS reagent, 99.0 % (Sigma-Aldrich Norway AS) were used as
sulfur sources. PHARMCO-AAPER Ethyl alcohol (200 Proof; Absolute,
anhydrous, Sigma-Aldrich Norway AS) was used as solvent, con. HCl
(used as a hydrolyser) and deionized water (resistivity >18 Wcm) was
used to prepare the solution mixtures.
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Fig. 5. CV profile (a) 10-CoTi (b) 10-NiTi (c) 10-SnTi nanocomposites and (d) Ti for OER.

Table 1
Comparison of specific capacitance value of MS,/TiO, nanocomposites and
pristine TiO, nanocrystalline materials.

Materials Specific capacitance (F/g) @ 10 mV/s
HER OER
10-CoTi 65.7 0.88
10-SnTi 21.4 14.3
10-NiTi 38.2 18.8
Ti 0.47 27.8
2.2. Methods

2.2.1. Synthesis of TiO2

TiO4 nanocrystalline material was synthesized by combined sol-gel
and hydrothermal method refer as previous study [35]. 0.3 mL of Con
HNO3 was poured in 32.5 mL of absolute ethanol and the mixture was
stirred well. 6.5 mL of titanium tetra isopropoxide (TTIP) were added in
to the above solution drop wise. Finally, 3 mL of water was added in to it.
The resulting gel was transferred into an autoclave and kept at 150 °C for
6 h. Finally, the product was washed with ethanol and annealed at
500 °C for 6 h.

Our previous studies [35-37] showed that 10 wt% of MS,/TiO4
materials were the optimal photocatalytic activity of the material, thus
we focused on synthesizing this particular weight percentage in this

study.

2.2.2. Synthesis of 10 wt% of CoS2/TiO2

Appropriate amount of Co(NOs); and NayS,03 were added in to a
100 mL aqueous solution containing deionized water and ethanol in 2:1
ratio under constant stirring (300 rpm) for 30 min. Finally, required
amount of TiO; (hydrothermally synthesized) was dispersed into above
solution and the resulting mixture was hydrothermally treated at 180 °C
to prepare 10 wt% of CoS; embedded TiO, material [35].

2.2.3. Synthesis of 10 wt% of SnSz/TiO2

The appropriate amount of SnCl,-2H,0 was taken into a 50 mL
beaker and acidified with 0.8 mL of concentrated hydrochloric acid (37
%) in 10 mL of deionized water. The solution mixture was then stirred at
300 rpm for 30 min followed by the addition of the appropriate amount
of TiO, (hydrothermally synthesized) to completely disperse by constant
stirring for 10 min. Then, an appropriate amount of thiourea was added
into the solution made up to 40 mL volume by adding deionized water.
Finally, the resulting solution was transferred in an autoclave and kept
at 145 °C for 12 h. The final product was collected by centrifugation and
washed with the mixture of deionized water and ethanol (v/v = 1:1)
several times. Finally, the product was air-dried [36].

2.2.4. Synthesis of 10 wt% of NiS,/TiO,
Appropriate amount of NiCl, was taken in a beaker containing 40 mL
of water. Appropriate amount of TiOz (hydrothermally synthesized) was
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Fig. 6. (a) EIS spectra, (b) LSV profile (c) Tafel slope of Ti, 10-CoTi, 10-NiTi and 10-SnTi nanocomposites for HER.

Table 2
Solution resistance values of Ti, 10-CoTi, 10-NiTi and 10-SnTi nanocomposites
electrodes for OER and HER.

Materials Resistance values (Q)-Rs

HER OER
10-CoTi 0.921 0.831
10-NiTi 0.845 0.743
10-SnTi 0.847 1.703
Ti 1.336 1.258

dispersed into the above solution by sonication for 10 min at 50 °C.
Then, Na,S was added into it and stirred well. The resultant mixture was
transferred into an autoclave and kept at 140 °C for 10 h. The product
was collected and centrifuged at 2500 rpm for 2 min and washed with
ethanol and air-dried.

The synthesized materials were referred as follows; TiOy = Ti, 10 wt
% CoS2/TiO2 = 10-CoTi, 10 wt% NiSy/TiO2 = 10-NiTi and 10 wt%
SnS,/TiO, = 10-SnTi.

2.3. Characterization

Synthesized nanocomposite materials were characterized using
different techniques, such as powder X-ray diffraction (patterns of the
catalysts were recorded using D8 ADVANCE ECO in a 1 kW copper X-ray
tube diffractometer with the scan range from 3 to 90 degrees (2theta)),
diffuse reflectance spectra (DRS Cary 100 Bio UV-Visible spectropho-
tometer, Santa Clara, CA, USA) by measuring the intensity in the
wavelength range of 800-200 nm, and scanning electron microscopy

(SEM, ZEISS SUPRA 55VP Field emission. KV range: 100 V til 30 kV).
2.4. Electrochemical measurements

The entire electrochemical measurements were carried out by using
biologic SP 150 workstation at room temperature in three electrode
system. 1 M KOH was used as the electrolyte for the electrochemical cell.
The working electrode was made up with the material, activated carbon,
and polyvinylidene fluoride (PVDF) binder with a weight percentage of
70 %, 20 % and 10 % respectively. The mentioned materials were
grounded as slurry by using n-methyl pyrollidone (NMP) as solvent.
Resulted slurry was coated on Ni foam and the electrochemical mea-
surements such as Cyclic Voltammetry (CV), Linear sweep voltammetry
(LSV), electrochemical impedance spectroscopy (EIS) and Chro-
noamperometry (CA) studies were performed. In OER process, Ag/AgCl
and platinum was used as reference and counter electrodes, respectively.
Similarly, Ag/AgCl and graphite rod was used as reference and counter
electrodes in the HER process, respectively.

2.5. Hydrogen evolution experiment

The photocatalytic experiments were conducted using pristine TiO»,
and MS,/TiO2 (M = Co, Sn and Ni) nanocomposites. First, the synthe-
sized nanocomposite was coated onto a 4x4 cm? FTO glass plate and
immersed in a solution containing 70 mL of deionized water and 10 mL
of methanol (as a hole scavenger). The setup was degassed for 60 min
with high-purity nitrogen prior to irradiation (as illustrated in Fig. 1). A
150 W Xenon lamp (Oriel light source, Xenon arc lamp, Scientific In-
struments) was used as the irradiation source. The amount of Hj
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Fig. 7. (a) EIS spectra, (b) LSV profile (c) Tafel slope of Ti, 10-CoTi, 10-NiTi and 10-SnTi nanocomposites for OER.

Table 3
The current density, overpotential, and Tafel slope values of 10-CoTi, 10-NiTi,
10-SnTi and Ti nanocomposites electrodes for OER and HER.

Material Current Density (mA/ Over potential Tafel slope (mV/dec)
cm?) (mV)
OER HER OER HER OER HER
10-CoTi 406.4 —202.3 280 185 183.85 218.14
mA/cm?  mA/cm? mV mv mV/dec mV/dec
10-NiTi 346.8 -233.4 315 189 189.01 234.04
mA/cm? mA/cm? mV mV mV/dec mV/dec
10-SnTi 337.3 —209.7 322 204 201.59 248.46
mA/cm?  mA/cm?® mV mv mV/dec mV/dec
Ti 271.1 —172.5 293 200 263.98 256.55
mA/cm?  mA/cm? mV mV mV/dec mV/dec
Table 4

ECSA values of 10-CoTi, 10-NiTi, 10-SnTi and Ti nanocomposites electrodes for
HER and OER.

Materials ECSA (ecm?)

HER OER
10-CoTi 131.45 511.625
10-NiTi 28.975 195.750
10-SnTi 42.425 175.100
Ti 22.550 201.625

produced was measured by using gas chromatography (Trace 1300,
Thermo scientific) equipped with a molecular sieve column and a
thermal conductivity detector (TCD), and the amount of hydrogen
produced was quantified by using a calibration curve prepared
previously.

Similarly, the amount of hydrogen generated during the

electrochemical reaction was calculated using the same method while
applying an external circuit voltage, with a 1 M KOH solution as
electrolyte.

3. Results and discussion

The XRD patterns confirmed the formation of the nanoparticles
(Fig. 2). The structural quality and phase orientation for synthesized
nanocomposite between the 20° to 70° diffraction angles confirmed the
presence of chalcogenide and TiO5 phases in the resultant materials.
Anatase phase formation along with the crystal plane orientations
evaluated by the diffraction angles 25.50°, 37.76°, 48.10°, 53.88°,
55.84° and 62.90° related to the planes of (101), (004), (200), (105),
(211) and (204), respectively authenticated from JCPDS number (JCPDS
21-1272) [39]. The CoSy phase formation with the two-theta degree
angles of 26.04°, 31.58°, 37.08°, 40.34°, 45.34° and 55.1° are due to
(111), (200), (210), (211), (220) and (311) diffraction planes of CoS,,
respectively correlated with the JCPDS Card No: 9007682. The peaks at
2 theta values of 14.76, 27.97, 32.00, 41.79, 49.92, 52.41, 54.79, and
60.55° for pristine SnSy are due to (001), (100), (101), (102), (110),
(111), (103), and (201) diffraction planes, respectively confirm the
formation of SnS; (JCPDS:00-023-0677). The peaks obtained at the 2
theta values of 27.29, 31.63, 33.00, 38.304, 45.37, 54.49, 56.41, 59.02
and 62.52° due to (111), (200), (210), (211), (220), (311), (222), (023)
and (321) diffraction planes, respectively for pure NiS,, which matches
with (JCPDS 11-0099).

Combinations of the peaks for MS, and TiO, were observed in the 10
wt% of MS,/TiO, nanocomposite materials, confirming the impregna-
tion of MS; in TiO3 nanocrystalline. The absence of any other peaks for
oxides or any other compounds in the XRD of all the tested samples
further confirms the purity of the obtained nanocomposite materials
[38].
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and 10-SnTi nanocomposites over extended solar irradiation.

Table 5
Comparison of amount of hydrogen evolution in photocatalysis where the ma-
terials used in a powder form as a suspension and coated film as an electrode.

Material Amount of H;, evolution in photocatalysis after 4 h light
illumination (mmol/g)
Suspension (previous study)  Electrode
(This work)
10-CoTi 2.55 [35] 1.12
10-NiTi 3.60 [37] 3.52

Fig. 3 shows the scanning electron microscope images of for pure
TiO3 (3(a, b)), 10-CoTi (3(c, d)), 10-NiTi (3(e, )), and 10-SnTi (3(g, h)).
An irregular 3D block-like structure covered with spongy like particles
was attained for TiO; nanocomposite and is shown in Fig. 3a and 3b. It
can be clearly seen that the aggregated particles have spongy like
structures. The mixed composite, 10-CoTi also exhibits the aggregation,
and it shows rod like structure covered with spongy like particles (Fig. 3¢
and 3d).

The images of 10-NiTi nanocomposites are shown in Fig. 3e and 3f.
These NiS,/TiO2 nanocomposites possess flake like structure that form a
flower with sponge-like material and, thus, possess aggregation. SEM

images of 10-SnTi nanocomposites, shown in Fig. 3g and 3 h. These
SnS,/TiO2 nanocomposites possess flower like structure decorated with
sponge-like material and, therefore, exhibit aggregation. Additionally,
the atomic ratios of Ni/Sn/Co:S:Ti:O were obtained using energy-
dispersive spectroscopy (EDS), as shown in Fig. S1. The surface area
measurements, referenced from previous studies [38], were obtained
using Brunauer-Emmett-Teller (BET) analysis. The calculated surface
area of Ti, 10-SnTi, 10-NiTi and 10-CoTi are 107.233, 100.934, 44.563
and 105.391 m?/g, respectively. These materials are classified as type IV
isotherm according to the IUPAC classification, with all materials
exhibiting mesoporous characteristics. The pore sizes of Ti, 10-SnTi, 10-
NiTi and 10-CoTi are 8.322 nm, 8.098 nm, 8.275 nm and 8.291 nm,
respectively, all within the range of 2-50 nm. The surface areas of these
nanocomposites are smaller than pristine TiO,, likely due to the
agglomeration of nanoparticles, which may reduce the surface area by
increasing the particle size. The observed loss in surface area and
decrease in pore diameter can be attributed to the incorporation of
transition metal chalcogenide species into the mesoporous structure.
The results shows that photocatalysts with mesoporous structure can
create impurity bands in the bandgap, acting as trapping centres for
photo-induced charge carriers and promoting the interfacial charge
transfer process [38,40].

The electrochemical HER and OER half reactions, of the synthesized
MS,/TiO5 nanocomposites coated in Ni form electrode were studied
under different electrochemical characterizations that include cyclic
voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS),
Linear sweep voltammetry (LSV) and Tafel slope in aqueous alkaline 1 M
KOH under three electrode system. CV graphs of 10-CoTi, 10-SnTi, 10-
NiTi and Ti materials for HER and OER as illustrated in Fig. 4.
andFig. 5. show the pseudocapacitive nature of those electrodes.

Oxidation and reduction behavior were analyzed with respect to scan
rates, 10, 30, 50, 80 and 100 mV/s. The potential windows maintained
for HER and OER were 1.0-1.50 V vs RHE and 0.2-0.6 V vs. RHE,
respectively. The specific capacitance of the nanocomposites are calcu-

lated using, C = % where IdV is the area under the CV curve; m is
the mass of the material coated in Ni foam; s is the scan rate; and
(V2 -V1), is the potential window.

The calculated specific capacitance values of OER and HER for the
materials are given in Table 1. 10-CoTi, 10-SnTi, and 10-NiTi nano-
composites electrodes clearly show higher specific capacitance behavior
in HER in nanocomposites than in pure Ti material (Table 1). As with
HER, similar CV behavior was observed with OER, but Ti shows to have
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Fig. 10. Proposed Schematic diagram of the band configuration and charge separation at the MS,/TiO5 heterojunction.

higher specific capacitance values than the nanocomposites during the
OER. These results clearly show that morphology of the nanocomposites
assists enhancing its active sites by improving surface properties [24] as
indicated elsewhere.

EIS spectra of the synthesized materials depicted in Fig. 6a, and 7a
reveals the conducting behavior of materials and their charge transfer
ability. Here, the frequency range was kept at 100 mHz to 100 kHz.
From these data, it can be proved that the charge transfer and internal
facilitation of the electrode resulted with better conductive ability of the
electrode. Solution resistances are calculated from the graph and tabu-
lated in Table. 2. It clearly shows that the composite electrodes have
much lower internal resistance during the electrochemical reaction
compared to the bare titania electrode, resulting in higher conductivity.

The water oxidation and reduction ability of these electrodes were
studied by using linear sweep voltammetry (LSV) at the alkaline con-
dition, and the potentials were set as 0-(-0.6) V and 1.0-2.0 V for HER
(Fig. 6b) and OER (Fig. 7b) reactions, respectively. Over potentials for
water oxidation and reduction reactions were (Table 3) compared to Ti
nanomaterial, lower potential values were achieved for 10-CoTi (185
and 280 mV) nanocomposite, 10-NiTi (189 and 315 mV), and 10-SnTi
(204 and 322 mV) nanocomposites for HER and OER, respectively.

The best current densities of —233.4 mA/cm? for HER by the 10-NiTi
and 406.4 mA/cm? for OER by the 10-CoTi electrode were attained at a
scan rate of 10 mV/s. The higher electrochemical activity of these
electrodes for oxidation and reduction may be attributed to the
morphology of the nanocomposites that results in enhanced surface
property, and thus, higher number of active sites. Conductivity of
combined electrode with lower over potential adhered with more cur-
rent density one of the main features for the selection of efficient elec-
trodes for HER, OER or overall water splitting applications.

Using the LSV data, the Tafel slopes (Fig. 6¢ and 7¢) were plotted for
every electrode and the values are shown in Table 3 which analyses the

reaction rate succeeded by the electrode during the water splitting re-
actions. It is one of main property to inherent the HER and OER. Tafel
slopes were plotted according to the equation.

1 = blogj+a

where, j is current density; a is the fitting parameter; b is the Tafel slope,
and 7 is over potential [24]. The Tafel values of the electrodes are found
to be 218.14, 234.04, 248.46, and 256.55 mV/dec, for 10-CoTi, 10-NiTi,
10-SnTi, and Ti for HER respectively, and 183.85, 189.01, 201.59 and
263.98 mV/dec for 10-CoTi, 10-NiTi, 10-SnTi and Ti for OER respec-
tively. A lower value of Tafel slope obtained by electrode of nano-
composites for HER and OER compared with Ti material indicates the
faster HER and OER rate, which may be due to the large number of
electrons involve in the electrochemical reactions [41,42]. The uniform
and rapid photocurrent response was observed in both Pure TiO5 and
MS,/TiO4 electrodes and the photo responsive phenomenon was
entirely reversible under simulated solar irradiation (Fig. S2). The
higher current density was observed with MSy/TiO5 compared to pure
TiO,, indicating that our design is feasible. The significant difference
between these photoelectrode likely due to effective light absorbance,
and electron transfer in the composite materials.

Electrochemical active surface area (ECSA) was calculated to inves-
tigate the electrochemical interfacial area of synthesized product in the
non-redox region, as illustrated in Figs. S3 and S4. Using following
equations [26],

Cal

ECSA = <. (€D)]

Where the Cy- Double layer capacitance, Cs- Specific capacitance of
substrate

Double layer capacitance values were determined across various
electrochemical regions. ECSA is proportional to Cq;. The Cq values were
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approximated by plotting current density Aj = (j“;jb), (ja and jp repre-
sents the current densities in CV) against different scan rates (10-100
mVs 1) at a fixed potential of 0.85 V vs. RHE for HER and, 1.27 V vs. RHE
for OER. The calculated ECSA values for the 10-CoTi, 10-NiTi, 10-SnTi
and Ti nanocomposites electrodes for HER and OER are shown in
Table 4. The higher ECSA was obtained for 10-CoTi material, which
leads to improved electrocatalytic activity. Therefore, excellent HER and
OER activity were achieved with this nanocomposite due to the bene-
ficial structural features [43].

The durability of 10-CoTi nanocomposite material was tested by
chronoamperometry analysis for 10 h. It demonstrated continuous
hydrogen evolution at 10 mA/cm? and remained constant throughout
the entire 10-hour test period, as shown in Fig. 8a. The results indicate
that it is a highly effective catalyst for HER in alkaline medium. Simi-
larly, Fig. 8b shows that the potential of 10-CoTi electrode remained
constant for 10 h during OER testing. The results revealed that the
catalyst is also effective for OER performance in alkaline media.

Additionally, when comparing the amount of hydrogen produced
during the electrochemical reaction (using H-cell photoelectrochemical
reactor), the MSy/TiO2 electrodes shows greater amount than pure
titania electrode (Fig. S5).

The amount of hydrogen evolution during the photocatalytic and
electrocatalytic process were analysed using the experimental method
described in Fig. 1. Hydrogen production was measured as 0.946
mmolem ™2, 0.886 mmolem 2, 0.808 mmolem 2, and 0.278 mmolem 2
for 10-NiTi, 10-CoTi, 10-SnTi and Ti nanomaterials, respectively in the
electrocatalytic process. For the photocatalytic process, 10-NiTi, and 10-
CoTi produced 7.69 pmolem™2 (3.52 mmolg™!) and 4.21 pmolem 2
(112 mmolg’l) of hydrogen, respectively using MS,/TiO2 coated in
FTO glasses under 4 h solar light illumination (Fig. 9). In contrast, 10-
SnTi and Ti nanomaterials show no hydrogen production in this process.

Table 5 shows a comparison of hydrogen evolution in photocatalytic
reaction for 10-CoTi, 10-NiTi and 10-SnTi composites, as reported in our
previous studies [35-37], along with the new results here when these
materials are used as coated electrodes. The amount of hydrogen pro-
duced using 10-CoTi catalyst was almost the same whether it was used in
the powder form or as electrodes. The same phenomenon was observed
for 10-NiTi; however, in the case of 10-SnTi, as mentioned, there was no
significant hydrogen production when this material was used as an
electrode.

The maximum amount of hydrogen evolution was obtained with 10-
NiTi nanocomposite material in both methods. It can be attributed to
both electron-hole separation and scavenging ability of these processes.
Additionally, the catalytic activity can be correlated with the bandgap of
these materials (Bandgap 10-CoTi-3.4 eV, 10-NiTi-1.7 eV, 10-SnTi-2.1
eV, Ti-3.2 eV referred previous studies [35,36,38]).

Although the 10-CoTi exhibits similar bandgap to Ti, better electron-
hole separation at the active site, facilitated by a heterojunction [44],
may result in improved performance for 10-CoTi. Optimal hydrogen
evolution was recorded with 10-NiTi. In the case of pure MS; (Band gap
<2.5 eV), it can be concluded that the rapid recombination of photo
generated excitons hinders the hydrogen formation. However, MS, act
as co-catalyst in the composite (MSy/TiO5), enhancing the hydrogen
production by effectively absorbing visible light and exciting more
electrons at the active site.

These results lead to a proposed mechanism as illustrated in the
schematic model, where it is projected that the conduction bands and
valence bands of the different counterparts are in a “staggered form”
(Fig. 10). Under light illumination, the excited electrons in MS, with a
lower conduction band (CB), could recombine with the holes in TiO-,
which has a higher valence band (VB) in the two contacted semi-
conductors. This interaction induces the loss of some photo-generated
electrons to some extent and resulting in higher efficiency.

Fuel 385 (2025) 134101

4. Conclusion

Through this study, we have clearly demonstrated that electrodes
made of transition metal chalcogenide-embedded titanium dioxide
(MS5/TiO2, M = Co, Ni, and Sn) nanocomposites are highly promising
candidates for electrocatalytic and photocatalytic hydrogen evolution
reactions. The nanocomposites were successfully synthesized using
facile hydrothermal method, and their electrochemical and photo-
catalytic performance were studies under different experimental
conditions.

e 10-NiTi showed an optimum current density of 233.4 mA/cm? in
OER, while 10-CoTi exhibited a current density of 406.4 mA/cm? in
the HER process.

e Lower overpotential values of 280 mV and 185 mV were obtained in

the OER and HER with the 10-CoTi nanomaterial compared with

other materials.

Low Tafel slope values of 183.85 and 218.14 mV/dec were measured

for the 10-CoTi nanomaterial.

Hydrogen production during the electrocatalytic process was 0.946

mmolcm’z, 0.886 mmolcm’z, 0.808 mmolcm’z, and 0.278

mmolem ™2, for 10-NiTi, 10-CoTi, 10-SnTi and Ti nanomaterials,

respectively.

In the photocatalytic process, 10-NiTi, and 10-CoTi produced 7.69

pmolcm’2 (3.52 mmolg’l) and 4.21 pmolcnf2 1.12 mmolg’l) of

hydrogen, respectively using MS,/TiO3 coated on FTO glasses under

4 h of solar light illumination.

e MS, materials act as co-catalyst, effectively absorbing photons, and
serving as reactive sites for efficient catalytic performance by
capturing electrons from the exciton pairs.

Our results indicate that when transition metal chalcogenide-
embedded titanium dioxide (MS;, M = Co, Ni, and Sn) nano-
composites are used as electrodes, amount of hydrogen evolution from
electrocatalysis is higher than that from the photocatalysis process. This
study illustrates that upscaling green hydrogen production through
electrocatalysis and photocatalysis processes will be feasible with MSy/
TiO2 nanocomposite electrodes.
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