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ARTICLE INFO ABSTRACT

Keywords: Fabrication of heterostructures to boost the light-driven hydrogen evolution is one of the efficient way to address
CeVO, the energy crisis across the globe. Cerium vanadate (CeV)/Cerium sulphide (CeS) heterostructure has been
CeaSs . synthesized using a simple hydrothermal method. Structural, spectroscopic, morphological, optical and photo-
Photochemical . electrochemical characterizations confirm the formation of heterostructure between CeV and CeS. Photochemical
Photoelectrochemical

hydrogen evolution was observed in all the three catalysts (CeV, CeS and CeV/CeS) both under visible and ul-
traviolet light sources. CeS, CeV and CeV/CeS found to evolve 3897, 6453 and 12,456 pmol of hydrogen in 4 h,
respectively under visible light. In addition photoelectrochemical hydrogen evolution experiment was conducted
in which, CeV/CeS heterostructure showed high photocurrent density at 0.25 V vs. RHE, which is almost 1.47
folds greater than that of CeV and 2.1 times that of CeS. The optical and electrochemical characteristics shows
that photocatalytic hydrogen evolution follows type-II heterostructure. A good stability of the CeV/CeS heter-
ostructure finds its suitability for practical applications for various photocatalytic experiments.

H, evolution

involve electrocatalytic, photochemical, and photoelectrochemical
techniques [8,9]. Hydrogen evolution is widely achieved using costly

1. Introduction

The evolution of hydrogen is critical in many fields due to its ability
to address serious global concerns and support sustainable development
[1,2]. Hydrogen is a clean energy carrier that, when used in fuel cells,
combustion engines, or as a feedstock for chemical processes, emits only
water vapour as a byproduct, making it critical for decreasing green-
house gas emissions and fighting climate change [3-5]. When energy
demand is high or renewable energy generation is low, we can convert
this stored hydrogen back into electricity or use it as a fuel, thereby
improving grid stability and reliability. Hydrogen fuel cells are a
possible solution for zero-emission transportation in cars, buses, trucks,
and even trains [6,7]. The evolution of hydrogen permits the generation
of clean energy for transportation, lowering air pollution and reliance on
fossil fuels. Research and development in hydrogen evolution mainly

* Corresponding authors.

metals like Pt, Pd, and Ru through electrochemical techniques. Light-
driven Hj evolution is a viable avenue for sustainable hydrogen syn-
thesis, with various advantages over electrochemical approaches,
particularly in terms of using renewable energy sources and reducing
environmental effects [10-12].

Photochemical/electrochemical hydrogen evolution reactions
depend mainly on the bandgap, structure, defects, light assimilation,
and flat band potentials of the catalyst [13-15]. Rare earth metal van-
adates have been used for various photocatalytic and other catalytic
applications [16-18]. CeVOy4 (CeV) is one such bimetallic oxide pro-
jecting its semiconductor characteristics with a bandgap of 2 to 2.6 eV.
CeV’s remarkable redox and optical capabilities as a catalyst are due to
the multiple electronic transitions of its constituent lanthanides and its
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CeV/CeS

Fig. 1. 1a) The X-ray diffraction patterns of CeV, CeS and CeV/CeS and 1b) Crystal structure of CeV, CeS and CeV/CeS.

partially filled 4f electronic structure [19,20]. The bandgap of CeV in-
dicates its ability to absorb light in both ultraviolet (UV) and visible
regions. It is reported that, the coexistence of oxidation states (Ce* and
Ce>" ions) on the surface of CeV nanostructures acts as the major cat-
alytic centre and is expected to exhibit superior photocatalytic activity
[21-23]. The reduction of Ce** to Ce3* is possible due to the difference
in the energy levels of V 3d and Ce 4f orbitals. The V°* species remain
stable in the redox cycle due to their higher 3d energy levels, which
work with the O 2p states of the VO3~ ions to form bandgap states. CeV
has been explored in various applications like sensors, photocatalysis,
batteries, and other energy storage devices [23-25]. Even though CeV
possesses these properties, its photocatalytic efficiency is found to be
low due to the fast recombination of photo-induced electrons and holes
and its low conductivity. Hence, it is preferred to combine it with other
carbonaceous materials or semiconductors that lead to the generation of
composites or heterostructures of various types depending on the edge
potentials, conductivity, and bandgap [26,27].

Cerium’s combination with sulphur metal, Ce,S3 (CeS), shows a wide
photoresponse range and rapid charge carrier dynamics because of the
less positive valence band filled by S 3p orbitals [28,29]. A bandgap of
~2.1 eV in the in the high negative conduction band of CeS has found
applications in photocatalytic degradation of pollutants, sensors, and
optoelectronic devices [30]. Though it has the ability to absorb light in a
wide range, its efficiency in photocatalysis is not as expected. The reason
could be the fast recombination of electrons and holes and photo-
corrosion during redox reactions [31]. Therefore, it is desirable to
combine it with other light-active materials to boost the photocatalytic
activities.

Combining the best properties of CeV and CeS that result in hetero-
structure could be an alternate way to resolve the issues associated with
individual materials. Several researchers showed that type-II hetero-
structures could accomplish active spatial separation under light irra-
diation effectively compared to other types of heterostructures.

The authors of the present work have executed the work consisting of
the formation of type-II heterostructure between CeV and CeS using
hydrothermal method. The synthetic procedure is found to be simple,
facile and economical in nature. The combined form of CeV and CeS
have not been explored irrespective of their upright semiconductor
characteristics. Synthesized catalysts (CeV, CeS and CeV/CeS) were used
for photocatalytic hydrogen evolution in the presence of a sacrificial

agent using both UV and visible light sources. In addition, FTO substrate
have been fabricated using these materials and the photo-
electrochemical hydrogen evolution has been examined using an elec-
trochemical workstation with a three-electrode system. In both cases,
CeV/CeS had better hydrogen evolution than the individual materials
because type-II heterostructures were formed. This work may help the
researchers explore more combinations of metal vanadates and metal
sulphides for effective light driven applications.

2. Experimental
2.1. Materials

Ce(NO3)3, NaySs3, NaVOs, NH4OH, CoHsOH and all sacrificial agents
were procured from Merck India Pvt.,, Ltd., Mumbai India. All the
chemicals are of analytical grade and used as such. Distilled water was
used to prepare reagents and other studies.

2.2. Synthesis of CeV, CeS and CeV/CeS

In two separate beakers, labelled A and B, 50 mL of a Ce(NO3)3 so-
lution with a concentration of 0.1 M was taken. Pour 50 mL of a 0.1 M
NayS3 solution into Beaker A, and then add a drop of a 1:1 ratio of NaVO3
and NH4OH to Beaker B. After mixing the two solutions, we subjected
them to ultrasonication for 30 min. After that, the entire reaction
mixture is transferred to a 200 mL Teflon-lined stainless steel hydro-
thermal bomb and heated at 130° for 6 h. The mixture was allowed to
cool, filtered, and washed several times with water and ethanol. The hot
air oven was set to 80 °C and dried the filtrate overnight. CeV and CeS
samples were prepared individually for comparison using the same
procedure, but without combining them.

2.3. Photochemical/electrochemical hydrogen evolution

The hydrogen evolution reaction was carried out using a 300 W Xe
lamp (7658 Im; 95 mW cm™2) as a visible light source and 250 W
mercury vapour lamp (10,845 lIm; 85 mW cm™~2) as a UV light source.
Exactly 25 mg of the synthesized catalysts, CeS, CeV and CeV/CeS were
taken in a clean quartz round-bottom flask containing 50 mL of water. A
sacrificial agent (20 mL) was added to the solution and purged with
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nitrogen gas. Light was illuminated and stirred the solution continu-
ously. The formed bubbles were collected and examined using a thermal
detector in gas chromatography.

The photoelectrochemical Hy evolution was conducted in three
electrode system consisting of Ag/AgCl (reference), Pt (counter) and
FTO coated with catalysts as working electrode. Light source used was
300 W Xe lamp. The container was purged with nitrogen prior to the
commencement of the reaction. The evolved Hy was generated hydrogen
was measured using a gas chromatograph.

2.4. Characterization

To get the structural properties of synthesized catalysts, XRD
equipment (Brukner D2phaser) with Cu-Ka radiation was used. SEM
images were recorded using JEOL JSM 840 A (5 kV acceleration
voltage). JEOL/JEM 2100 (200 kV acceleration voltage) was used to
record TEM pictures. The photoluminescence were carried out using RF-
6000 spectroflurometer. The Ny adsorption/desorption isotherm and
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SEM monographs of a-c) CeS, d-f) CeV, and g-i) CeV/CeS.

pores size distribution were analyzed using Quanta chrome Autosorb 1C
BET Surface Area & Pore Volume Analyzer. Photoelectrochemical
properties were examined using a CHI 660D electrochemical worksta-
tion consisting of Ag/AgCl (reference) and Pt wire (counter) electrodes.
Synthesized catalysts (15 mg) were sonicated in 0.5% Nafion solution
and used to fabricate working electrode. 20 pL of the suspension was
dropcasted, dried and evaluated electrochemical impedance in-
vestigations, photocurrent and Mott-Schottky plots.

3. Results and discussion

The XRD pattern of pure CeV, CeS, and CeV/CeS is shown in Fig. 1a.
The presence of prominent peaks correlates to the formation of tetrag-
onal CeV and is confirmed by JCPDS: 12-0757. No peaks are observed
for other contaminants like CeO5 or V,Os. In agreement with the results
reported in the literature [24]. The diffraction peaks at observed for CeV
at 20, 18.23, 24.27, 30.60, 32.56, 34.70, 39.78, 43.86, 48.31, 49.89,
62.10, and 68.67° are indexed to the crystallographic planes (101),
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Fig. 3. EDX of CeV/CeS.

(200), (211), (112), (220), (202), (301), (103), (312), (400), (204), and
(224). Lattice constants a = b = 7.383 A and ¢ = 6.485 A indicate that
the pattern is consistent with tetragonal type CeVO4. The XRD of CeS
consists of the lattice planes (211), (310), (321), (340), (420), (332),
(431), and (441), which correspond to 20 = 25.19, 32.51, 39.32, 47.09,
51.78, 58.21, and 61.79°. The diffraction peaks perfectly match the
cubic-structured y-CeS and are optimally referenced to JCPDS No.
50-0851 [29]. The XRD pattern of the CeV/CeS nanocomposite shows
that both CeV and CeS planes are present. The overlap of peaks at similar
positions makes distinguished peaks almost invisible. The presence of
several distinct peaks at 26 18.23° (CeV) and 47.1° (CeS) in the com-
posite indicates the formation of heterostructure. There are no peaks
indicating impurities, and the diffraction peaks show that the material is
crystallized. The crystallographic orientation and preferred direction of
growth of the synthesized materials were further studied using the
Material Studio software package. Fig. 1b shows the crystalline phases of
CeV, CeS and CeV/CeS. Tetragonal CeVO4 with 141/amd space group
shows the bonding of Ce>" in 8-coordinate geometry to 8 02~ atoms.
Four Ce—O bonds were found to be shorter (2.38 10\) than the other four
(2.49 A). The bond length of V—O is 1.77 A. 0% is bonded in a 3-coor-
dinate geometry with two equivalent Ce>" and one V> atom. Ce,S3
crystallizes in the tetragonal 142d space group. There are three inequi-
valent Ce>" sites. In the first Ce>" site, Ce>' is bonded in 8-coordinate
geometry to eight $>~ atoms. Ce—S bond length range is found to be
2.82-3.16 A. In the second Ce>" site, Ce®* is bonded to eight $?~ atoms
to form a mixture of distorted edge, face, and corner-sharing C.Sg hex-
agonal bipyramids. In this case, the bond length of Ce—S ranges from
2.84 to 3.02 A. In the third Ce* site, Ce>" is bonded to eight $2~. The
Ce—S bond length is found to be 2.86-3.08 A. There are three inequi-
valent S% sites. The first, second, and third S*~sites site bound in 6-co-
ordinate geometry to 6, 5 and 5 Ce>* atoms, respectively, to form a
mixture of distorted edge, face, and corner-sharing SCes square
pyramids.

Figure 2(a-i) shows SEM micrographs of the CeS, CeV, and CeV/CeS
materials. In Fig. 2(a-c), the layered structure of CeS is depicted as a
homogeneous sheet-like morphology, while in Fig. 2(d-f), the
morphology of CeV is shown as more like small particles in aggregated
structure. The CeV/CeS heterostructure (Fig. 2g-i) showed lobate-
shaped particles growing on CeS sheets and also appeared like

spherical particles embedded in the matrix, filling the sheet-like
morphology entirely. Fig. 3 presents the EDX of the CeV/CeS, demon-
strating the uniform and homogenous distribution of the elements. The
findings also show that Ce, V, O, and S are present, confirming that the
CeV/CeS is pure. The TEM images of CeS, CeV, and the CeV/CeS het-
erostructure further illustrate the morphology and provide further de-
tails. Fig. 4 (a&b) shows that the synthesized CeS had a sheet-like shape
with many irregularly stacked structures which is further confirmed by
TEM images at different magnification (Fig. S1). The discoidal shape of
CeV is shown in the TEM micrograph (Fig. 4c&d). However, as can be
seen in Figs. 4e&f, CeV/CeS heterostructure consists of evenly dispersed
exfoliated sheets containing CeV particles.

The surface electronic state and elemental composition of CeV/CeS
were studied in more detail by using XPS analysis, as shown in Fig. 5a.
According to the survey spectra, CeV/CeS is composed of four main el-
ements: Ce, V, O, and S. The high-resolution Ce 3d spectra (Fig. 5b)
revealed the spin-orbit coupling of Ce 3ds,» and Ce 3d3/,, with each
peak splitting into multiple peaks. While the peaks centered at 900.21,
902.62, 907.05, and 916.53 eV (marked as *) are attributed to Ce 3d3/5,
the peaks at 881.89, 885.21, 889.31, and 897.91 eV (marked as # are
associated with the binding energy of Ce 3ds/». Since the Ce 3ds,2 and
3ds,2 bonding energies were present, it follows that the sample possesses
Ce** and Ce>* valence states [19]. The peaks at 517.35 and 524.45 eV,
attributed to the spin-orbit coupling of 2p3,2 and 2p; /2, respectively, in
the core level V 2p spectrum (Fig. 5c¢), indicate the presence of V>*. The
peak at 530.87 eV and another peak at 532.63 eV in the O 1 s decon-
voluted spectrum (Fig. 5d) are attributed to the Ce-O-V bond and the
presence of absorbed hydroxyl groups on the surface, respectively.
Fig. 5e shows that the S 2p high-resolution spectra consist of two peaks
at 163.91 and 161.59 eV (possibly due to the Ce—S bond) that are
attributed to S 2p;,/2 and S 2p3 /9, respectively.

The photocatalytic performance CeV, CeS and CeV/CeS are signifi-
cantly influenced by its specific surface area and pore-size volume. The
N, adsorption/desorption isotherms for the synthesized materials are
displayed in Fig. S2a, with the corresponding pore-size distribution
curves shown in Fig. S2b. Notably, the BET surface area of CeS, CeV and
CeV/CeS are found to be 46, 62 and 104 m? g~ ! with corresponding pore
size of 2.28, 1.97 and 3.46 nm, respectively. The enhanced photo-
catalytic hydrogen evolution in CeV/CeS could be attributed to the
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Fig. 4. TEM monographs of a&b) CeS, c&d) CeV, and e&f) CeV/CeS.

presence of abundant micro-sized pores, indicating the development of a
distinctive surface structure.

3.1.1. Optical and photo/electrochemical characterizations

Synthesized materials were evaluated for their capacity to absorb
ultraviolet and visible light and the obtained UV-DRS spectra are given
in Fig. 6a. The absorption spectrum of CeV shows good capability both in
the UV and visible regions, with an absorption edge at around 540 nm.
The low-bandgap CeS showed superior light absorption ability, with the
absorption edge at ~600 nm. Upon combining CeV and CeS in the CeV/
CeS heterostructure, there was a blueshift and a redshift with respect to
CeS and CeV, respectively, and the absorption edge was at around 585
nm. This combined effect in CeV/CeS could be due to the formation of
heterostructures through interface and synergistic effects. The corre-
sponding bandgap of the materials was found using the Kubelkan-Munk
factor plot, as shown in Fig. 6b [32]. The bandgaps of CeV, CeS and CeV/
CeS were found to be 2.41, 2.02 and 2.26 eV, respectively. Though the

bandgap is increased in CeV/CeS with respect to CeS it is expected to
have superior photocatalytic efficiency due to the decreased recombi-
nation of charge carriers. The photoluminescence (PL) spectra of the
samples are depicted in Fig. 6¢. The spectra show that the intensity of the
peak is high in CeS, with a slight decrease in intensity observed in CeV. A
significant decrease in intensity is observed in CeV/CeS heterostructure
due to the quenching and trapping of charge carriers. The decreased
intensity in CeV/CeS leads to the separation of charge carriers and hence
expected to show efficient photocatalytic activities. The charge transfer
resistance of the materials was examined using electrochemical
impedance spectroscopy (EIS). The Nyquist plot in Fig. 6d indicates the
lower charge transfer resistance in CeV/CeS compared to pristine CeV
and CeS suggests interfacial electron transfer. To find out the flat band
potential of the materials, Mott-Schottky plots were examined, as shown
in Fig. 6e. The conduction band edge potentials (Ecp) of CeS, CeV and
CeV/CeS were found to be —0.28, —1.19, and — 0.77 V, respectively. By
using the Ecg and bandgap of the materials, the valence band edge po-
tential (Eyp) could be easily estimated by considering the Eg = Eyp-Ecp
formula. CeV/CeS conduction band potential is found in between the
pristine CeV and CeS indicating the interaction of CeV and CeS through
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the interface.

3.1.2. Photochemical hydrogen evolution

Photochemical hydrogen evolution tests were conducted

continuously for 4 h under different instances and the results are given
in Fig. 7a. There is no evolution of hydrogen in the absence of light,
catalysts, and sacrificial agents, which indicates the prominence of in-
dividuals. A sacrificial agent is one that oxidizes easily than water and
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Table 1
Hydrogen evolution under different conditions.

Sl. No. Material and condition H, evolution, pmol
1 CeV/CeS@visible 12,456

2 CeV@visible 6453

3 CeS@visible 3897

4 CeV/CeS@UV 4567

5 CeV@UV 3145

6 CeS@UV 2342

donates electrons for the reduction of holes. The results depicted in
Table 1 indicate that all the materials are capable of undergoing pho-
toredox reactions and evolving hydrogen. But obvious variation in their
ability to evolve Hy is observed due to variation in the structure, light
irradiation, bandgap and defects. CeS is the one that showed low ability
compared to other catalysts in the presence of both UV and visible light,
probably due to the swift recombination of electrons and holes. CeV
ability to evolve Hj is high compared to CeS which managed to evolve
3145 and 6453 pmol under UV and visible light, respectively. Due to the
formation of heterostructure, synergism, and effective separation of
photo-induced electrons and holes, an enhanced Hjy evolution is
observed in CeV/CeS. The H; evolution is favoured better under visible
light than UV light and suggests the ability to absorb more photons in the
visible region.

As observed, sacrificial agents play a prominent role in light-driven
H, evolution. Hence, it is much needed to select a suitable sacrificial
agent for Hy evolution to achieve maximum activity in the presence of
CeV/CeS. As observed in Fig. 7b, there is no activity in the presence of
only water towards Hy evolution, which suggests the need for a sacri-
ficial agent during the reaction. Ethanol, isopropyl alcohol (IPA),
ethylene glycol (EG), polyethylene glycol (PEG) and lactic acid (LA)

Table 2
Comparison of the present work with related reports.
Sl Material Sacrificial Light source H, Ref.
No. agent evolution
1 SmV/S- TEOA 400 W Xe light 22,618 [18]
C3Ny umol g~!
2 LavVOy/ 10 ml of The xenon lamp 0.95 [33]
CN FFA or (300 W, 250 mW  mmol g*
TEOA cm — 2)
stimulated
sunlight
3 CN/GdV Methanol 300 W Xe lamp 16,234 [34]
light intensity = umol g~!
85 mW/cm?, with
filter A > 400 nm
4 Cdv/ZnV Methanol 350 W Xenon 366.34 [35]
lamp, 420 nm, umol h™?
180 mW cm 2 g !
5 g-C3Ny/ 10% lactic 300 W Xe lamp, A 10.92 [36]
ZnIn,Sy acid > 420 nm mmol h™!
g1
6 ZnCo,S4/ TEOA 300 W, Xe lamo, 5580 [37]
TiO, 420 nm cut off pmol h™?
filter light g !
7 ZnInyS4/ - 420 nm, visible 2149 [38]
TiO, pmol g~!
h-t
8 CeV/CeS TEOA 300 W Xe lamp 2342 Present
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showed moderate activity towards Hy evolution. Glycerol and methanol
showed comparatively high activity. TEOA showed maximum activity
compared to all other sacrificial agents. The superior activity in the
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Fig. 8. Photoelectrochemical H, evolution.

TEOA and water systems could be attributed to the presence of multiple
hydroxyl groups that allow facile electron mobility minimized byprod-
ucts due to low-side reactions. Fast reaction kinetics and uniform dis-
tribution in the water system ensure effective H, evolution compared to
other sacrificial agents. The apparent quantum yield (AQYs) of CeV/CeS
was assessed using eq. (1) and found to be 5.16% (Fig. 7c), pointing to its
good stability in the visible region.
The No.of H, evolved

9 =
AQY(%) =2 The No.of incident photons x 100 M

The practical applicability of the catalysts depends on their reus-
ability. Hence, a stability study was performed for CeV/CeS under op-
timum conditions (Fig. 7d). The CeV/CeS showed good stability for the
first three runs. A decline in hydrogen evolution is observed at the fourth
cycle, probably due to the decreased concentration of the sacrificial
agent. A fresh sacrificial agent was added after the fourth cycle and
found to evolve almost the same amount of Hy as compared to the first
run. The results of CeV/CeS for photochemical hydrogen evolution is
good and found be superior over many reported methods as observed in
Table 2. Furthermore, the diffraction peaks of XRD pattern of the CeV/
CeS were hardly changed before and after the photocatalysis test
(Fig. S3a), which suggested that the CeV/CeS has a relatively stable
structure. SEM images (Fig. S3b) revealed that the morphology of the
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CeV/CeS has changed slightly from the first cycle to the fifth cycle while
the composite showed aggregation on the surface.

3.1.3. Photoelectrochemical H, evolution

In the present investigation, we also examined the potential of CeS,
CeV, and CeV/CeS films deposited over FTO for their light harnessing
and charge separation properties by conducting photoelectrochemical
experiments. Fig. 8 shows an evaluation of the current density-voltage
(J-V) plots acquired from an optimized CeS, CeV, and CeV/CeS com-
posite electrodes with respect to the applied potential under chopped
light irradiation. The results indicate that the heterostructure improved
photocurrent over the entire scanned potential range while maintaining
a good photocurrent onset potential of +0.9 V vs. RHE. The CeV/CeS
heterostructure has shown high photocurrent density at 0.25 V vs. RHE,
which is almost 1.47 folds greater than that of CeV and 2.1 times that of
CeS. It should be mentioned that the photocurrent density of —0.57 mA
cm~2 was achieved in the present work at an applied voltage of +0.6 V
vs. RHE, whereas CeV and CeS have shown —0.38 mA em 2 and -0.33
mA cm?2 at the same applied potential. The increase in photocurrent
density for CeV/CeS photocathodes indicates that the photocurrent
improvement was due to supplementary photophysical reactions, in
addition to the effective charge carrier separation and improved lifetime
of these charge carriers.

3.1.4. Mechanistic investigation

Optical and electrochemical characterizations were used to predict
the photocatalytic mechanism. Mott-Schottky results indicate positive
slopes for all three synthesized catalysts and hence they are all n-type
semiconductors. Theoretical flat band potentials for n-type semi-
conductors are considered +0.1 to the experimentally obtained Ecp. The
Ecp of CeV, CeS, and CeV/CeS shows its ability to evolve hydrogen
through water splitting since they possess negative potentials. The
experimental results show the ability of CeS and CeV to individually
evolve hydrogen since both of them are visible active materials. How-
ever, the faster recombination of photo-excited electrons and holes re-
sults in a lower efficiency. Upon combining the same amount of CeV and
CeS, it has led to the formation of a heterostructure as shown in Fig. 9.
The staggered band structure in CeV/CeS indicates that the charge
carriers flow opposite to each other minimizing the carrier recombina-
tion. The type-II heterojunction with epitaxial junctions between two
different semiconductors exhibits additional advantages such as ultra-
fast photoinduced charge separation. The electrons generated in the CB
of the heterostructure lie more positive than the potential of oxygen
reduction and hence it follows type-II mechanism. At, first, the CeV/CeS
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Fig. 9. Photocatalytic mechanism.
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heterostructure is illuminated with light consisting of the TEOA/water
system. A CeV undergoes excitation and liberates the electrons into the
conduction band. On the other hand, the oxidation of TEOA significantly
enhances electron liberation. The transfer of electrons from the con-
duction band of CeV to the conduction band of CeS occurs. The electrons
in CeS exclusively generate hydrogen by reducing H' ions. This bandgap
alignment and edge potential positions of CeV and CeS follow type-II
heterostructure through staggered band alignment. The holes in the
valence band of CeS show a tendency to move towards the valence band
of CeV and speed up the oxidation of the sacrificial agent. This tailored
type-II heterostructure, which separates the charge carriers, could be the
reason for the enhanced photocatalytic activity in CeV/CeS.

4. Conclusions

A simple hydrothermal method has been developed for the synthesis
of the CeV, CeS and CeV/CeS heterostructure. The synthesized materials
showed profound structural and morphological characterizations. The
layered CeS supported the growth of CeV through heterojunction. All
three catalysts showed their ability to absorb light in both UV and visible
regions. Enhanced light-driven activity was observed in CeV/CeS due to
the formation of heterostructures of type-II nature. The lower PL in-
tensity, enhanced surface area and lower charge transfer resistance show
that CeV/CeS has better activity because photo-excited electrons and
holes are efficiently separated. We found the hydrogen evolution in the
presence of visible light and CeV/CeS to be high and comparable with
many other previous reports. It is found that TEOA exhibited more ac-
tivity to evolve hydrogen in the presence of CeV/CeS than other sacri-
ficial agents under examination. Easy synthesis of CeV/CeS, its
photocatalytic nature with good stability are the key features of the
present work that motivate further research on metal vanadate-sulphide
combinations.
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