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Solar induced water splitting with semiconductor photoelectrodes has been recognized as a sustainable alter-
native for addressing the energy crisis and pollution by creating hydrogen as a clean fuel. Insufficient light
absorption and quick recombination of excitons are the most major bottlenecks in the emergence of
semiconductor-based photocatalysts. The major challenge to the commercialization of this technique is the
development of photoelectrodes that fulfill the PEC water-splitting requirements. In this study, As a photoanode
for PEC water splitting, BiSbS3 NRs were grown on TiO films using a simple chemical bath deposition method.
Such heterojunctions were chosen to amplify and expand the absorption of visible light, charge transport, charge
separation and electrical conduction. The results show that the TiO2/BiSbS3 heterojunction photoanode exhibits
relatively low charge transfer resistance, a highest current density of 5.0 mA.cm™2 and STH conversion efficiency
of 4.5% at 0.3 V vs RHE. The system’s long-term stability was also evaluated for a period of 10,000 s and
hydrogen evolution was carried out for 9000 s. Photoluminescence (PL) spectroscopy confirms that TiO5/BiSbS3
heterojunction exhibits stronger light absorption and efficient charge transfer compare to bare TiO, and BiSbSs.
Composite exhibits larger Brunauer — Emmett — Teller (BET) surface area compare to bare TiOz and BiSbS3

which have contributed in excellent PEC performance compare to bare materials.

Introduction

The energy crisis, increasing pollution, and high fuel consumption
have generated a paramount demand for clean, renewable, and sus-
tainable energy sources that do not have harmful effects on the envi-
ronment for future energy needs [1-5]. Photoelectrochemical (PEC)
water splitting has evolved as a possible technology in recent decades to
fulfill this demand because it converts sunlight into clean energy in the
form of Hy (hydrogen) [6-9]. In PEC devices, a semiconductor material
with the appropriate bandgap and band positions for the oxidation/
reduction potential of water is used as a photoelectrode to decompose
H»0 into Hy and O by irradiating sunlight and applying an external bias
[10-12]. Since the beginning of research on TiO,-based photocatalysts
by Fujishima and Honda in the early 1970s, photoanodes based on
various metal oxides such as TiO,, WO3, Fe;O3, ZnO, and BiVO4 have
been used [13-17]. Among the metal oxides mentioned above, TiO3 is
mainly studied because of its advantages such as non-toxicity, natural
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resources, long-term photostability, and economic efficiency [18-20].
But it has wide bandgap (3.2 eV), so it can only consume ultraviolet light
in the solar spectrum and has a limited solar-to-hydrogen (STH) effi-
ciency owing to the quick charge recombination [21,22]. In order to
strengthen the efficiency of TiOs-based photoanodes, different ap-
proaches have been introduced, such as boosting the charge transfer by
donor doping, minimising the surface charge recombination by catalyst
aid or heterojunction construction, and altering the morphology of the
nanoparticle [23-25]. In particular, p-n heterojunctions, in which two
semiconductors with matching band positions are integrated, have been
recognized as a promising technology for improving charge separation
and transport [26-28]. Sensitization of TiO, and the formation of het-
erostructures to form type-II band alignment hetero-junctions has
proven to be a successful strategy that leads to enhanced visible light
absorption and boosts charge separation by increasing exciton lifetimes
[29,30]. The staggered band gap alignment can promote an effective
spatial separation of the photoinduced electrons and holes in these type-
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II band alignment heterostructures, where the edges of the valence and
conduction bands are offset in both semiconductor moieties. As a result
of the charge carriers being separated in the two independent moities,
they have a longer lifetime and a lower rate of recombination [31].
Recently, metal chelcogenide based catalyst have gained much attention
due to their exceptional optical properties and unique chemical and
physical properties, among these group 15 binary chelcogineds of AyXs
and ternary chelcoginedes of ABX3 have been used widely (whereas A, B
= Bi, Sb, Asand X =S, Se, Te) [32-34]. The integration of foreign ions
into the crystal lattice of semiconductor nanocrystals can produce new
functional properties. This concept has been adopted in the design of
various energy materials for light harvesting, charge transport, and
energy storage application. Upon Sb dilution into to BiyS3 lattice,
exciting new material properties, including induction of localized sur-
face and a drastic change to the 1D crystal growth pattern. Recently,
BiSbSs, a p-type semiconductor, has been proved to be another catalyst
for hydrogen generation by solar water splitting. BiSbS3 has a narrow
band gap of 1.6 eV and a relatively large absorption coeffiecient, it is
commonly used to facilitate charge separation and broadens the ab-
sorption of the solar spectrum [35,36]. In case of band alignment, the
semiconductors after the combination of appropriate p-n hetero-
junctions can be spatially separated by different electrodes due to the
formation of an internal electric field in the space charge region by the
interface of photoproduced charge carriers (e -h™) [37,38].

When the charge carriers generated by sunlight illumination are
separated, electrons flow towards the counter electrode to increase the
probability of reducing H' ion to Hy (HER), and holes are supplied to
trigger the oxygen evolution reaction (OER) at electrode/electrolyte
surface [39,40]. Recently, In order to find out more, about the effect of
heterojunction formation several investigations have been undertaken
such as TiOy/BiyS3, TiO2/SbaS3, TiO2/CdS, and TiO5/CulnS; [41-44]. In
particular, Freitas et al. reported TiO2/BisSs photoanode exhibited a
current density of 0.3 mA.cm™2 at 0.3 V vs Vgcg (Ag/AgCl) and 0.44%
STH at —0.5 V vs Ag/AgCl [45]. Chandra et al. recently reported TiOy/
CuyS photoanode demonstrating 13 mA.cm 2 at 0.6 V vs SCE [46].
Wang X. et al. reviewed a comprehensive study on TiOy/In,S3 photo-
anode exhibited 1.8 mA.cm 2 at 1.0 V vs SCE [47]. Meena B. et al. re-
ported a TiO2/CdS nanomaterial-based photoanode showing a current
density of 1.18 mA.cm 2 at 1.23 V vs RHE [43].

As a result of the aforementioned studies, we constructed a TiOs/
BiSbS3 heterojunction and employ it as an efficient photoanode for solar
water splitting. TiO5/BiSbS3 photoelectrode was fabricated by a doctor
blade technique of TiO followed by chemical bath deposition of BiSbS3
on the conductive substrate as FTO. Fabricated photoanodes were
examined for crystallinity, bandgap, and photoresponsivity by optical,
physicochemical, and electrochemical studies. These results highlight
the importance of heterojunctions due to the proper band arrangement
of semiconductors. Hydrogen evolution was also carried out in alkaline
condition at 1.23 V vs RHE. The plausible reaction mechanism of pho-
tocatalyst is discussed in detail.

Experimental section
Fabrication of TiOz / BiSbS3 photoelectrode

The synthesis procedure of BiSbS3 and TiO» photoelectrodes are
given in supporting information (SI). BiSbS; was deposited on TiOy
photoelectrode by the CBD method. To deposit BiSbS3 thin film on TiO»
photoelectrode, a solution of bismuth chloride (0.1 M) in DMSO and
antimony chloride (0.1 M) in acetone was mixed in a beaker and soni-
cated for 5 min. Then thioacetamide (0.1 M) in acetone was mixed with
the above mixture. The resulting mixture was stirred for 4 h and became
a transparent solution. A fixed area of TiO, film was kept in the beaker
containing the transparent solution for 24 h. After the end of the
deposition period, a thin film was obtained. The thin film was removed
from the bath, dried, and it was annealed at a temprature of 300 °C for
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half an hour in the presence of argon gas. The TiO5 / BiSbS3 photoanodes
thin films turned colour from orange to a blackish brown. The schematic
diagram of the fabricated electrodes is shown in Schemel.

Results and discussion

The UV-Vis optical absorption spectra of the bare BiSbS3 and TiOy/
BiSbS; are performed in 350 to 900 nm wavelength range and repre-
sented in Fig. 1. In the supporting information (SI), the absorption
spectrum of TiOs is shown (SI) TiO has an absorption edge at 390 nm
(Fig. S1). The bare BiSbS3 showed a broad absorption spectrum at 690
nm. On the other hand, the absorption spectrum of TiO/BiSbS3 shows a
red shift in wavelength at 750 nm compared to TiO3 and pure BiSbS;3
which suggests that the integration of TiOy with BiSbS3 to form TiOy/
BiSbS3 composite could extend the absorbance edge in the visible
spectra.

To understand the charge carrier transfer mechanism between
BiSbS3 and TiO,/BiSbS3 the fluorescence spectra were recorded. TiOy/
BiSbS3 exhibits lower PL intensity at 825 nm which indicates the less
feasibility of charge carrier recombination which is presented in Fig. 1b.
In addition, the time-resolved photoluminescence (TRPL) were
measured and presented in Fig. 1c, where the BiSbS3 showed much
longer average TRPL lifetime than TiO,/BiSbS3 which further proved
the efficient charge transfer between TiO, and BiSbSs [6,48].

In order to determine the phase purity and crystal structure of the
prepared materials, X-ray Diffraction (XRD) analysis were conducted. A
muffle furnace at 500 °C for 30 min was used to restore the crystalline
nature of TiO; to its original form. TiO; in the anatase phase shows a
better photocatalytic response than the amorphous phase due to the
greater charge carrier transfer. XRD patterns of (a) TiO, (b) BiSbS3 and
(c) TiO2/BiSbSg are displayed in Fig. 2. The XRD spectrum of TiO5 shows
the crystallinity with diffraction peaks at 25.34°, 37.87°,48.12°, 54.01°,
55.07°, 62.72°, and 68.81° correspond to the (101), (103), (004),
(200), (105), (211) and (204) planes. The nanomaterial is of anatase
phase with a body-centered tetragonal crystal structure (JCPDS File No-
894921). Similarly, the characteristic diffraction peaks for BiSbSs (Fig. 2
(b)) shown at 11.12°, 15.68°, 22.35°, 24.94°, 28.93, 32.08°, 46.38°, and
49.05° are indexed as (101),(200), (202),(301),(112),(212),(020),
and (610) planes, respectively, as per ICDS File No-617029. TiOy/
BiSbS3 composite exhibits the expected diffraction peaks for both
anatase-TiO and BiSbS3 as shown in Fig. 2(c). It should be noted that
the composite has not shown peak shifting, which signifies the absence
of structural stress, and it is composed of only TiO5 and BiSbSs. It is
noticed that BiSbS3 can maintain its own crystal form in the TiO5/BiSbS3
composite. The peak intensities of TiO2/BiSbS3 at about 25.25° in-
creases, which can be attributed to the peak superposition of TiO, at
25.34° and BiSbS3 at 24.94 ° . Based on the XRD results, we can conclude
that the TiO,/BiSbS3 composite with TiO, and BiSbS3 phases is formed
[49,50].

In order to determine the chemical composition and surface elec-
tronic structure of TiO, and BiSbS3, additional XPS measurements were
carried out, as well. As shown in Fig. 3(a), the XPS survey scan revealed
the presence of Bi, Sb, S, Ti, and O elements in the composite. The
binding energy (BE) positions were normalized to the C 1 s peak at
284.6 eV as shown in Fig. S2. Fig. 3(b) depicts two separate peaks with a
spin-orbital splitting of 5.74 eV at binding energies of 458.36 eV and
464.1 eV, respectively, which correspond to the Ti 2P3/5 and Ti 2P; 5 in
TiO2/BiSbS3. These peaks are symmetrical and consistent with Ti*" in
TiO2 and complimented well with the earlier reported literature [51].
Fig. 3(c) shows the O 1 s spectrum of TiO2 at 529.6 eV, which corre-
sponds to lattice oxygen (Ti-O-Ti). The Bi 4F XPS spectra of BiSbS; is
shown in Fig. 3(d) with a binding energy of 157.5 and 163.5 eV, it is
further deconvoluted into Bi 4F;/» and Bi 4Fs/5. The deconvoluted Sb
3ds,/2 and Sb 3d3/s, peaks of BiSbSs (Fig. 3(e)) emerged at 530.3 and
541.7 eV BE, respectively. The presence of S 2P3,5 and S 2P;; is
demonstrated by the peak splitting of the S 2P characteristic peaks at
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FTO/TiO,/BiSbS,

Scheme 1. Fabrication of FTO/TiO5/BiSbS3 photoelectrode.
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Fig. 1. (a) UV-Visible absorption spectra of bare BiSbS; and TiO, /BiSbS; composite (b) fluorescence spectra and (c) emission decay.

160.3 and 162.2 eV in Fig. 3(f). Each peak in the TiO/BiSbS3 composite
broad XPS spectrum correlates to a BE, as well. These results suggest the
formation of a heterojunction. XPS spectra of bare TiO5 and BiSbS3 have
been given in Figs. S6 and S7.

The morphology and microstrctural formation of the as prepared
samples are analyzed by FESEM. Fig. 4a shows the uniformly formed
irregular TiO, nanoparticles of different sizes. Fig. 4b depicts the for-
mation of BiSbS3 nanorods. The images shown in Fig. 4c shows the
formation of the hybrid TiO, and BiSbSs. It can be observed from the
figure that the BiSbS; nanorods is evenly distributed over the TiO2
nanoparticle as shown in inset. Additionally Fig. 4c also suggests the
formation of agglomerated and attached BiSbS3 nanorods together with
the irregular and random TiO, nanoparticles. This heterostructure
works as a conducting layer indicating strong interaction between both
the nanomaterials. This will enhance the charge carrier transfer kinetics
and their recombination. The EDS spectra has been taken for the hybrid
material as shown in Fig. 4d to investigate the chemical composition.
Furthermore, the EDS pattern it is concluded that all the elements are

present in the material, confirming the existence of TiO,/BiSbS;3
hetreostructure. The elemental mapping of the hybrid sample is given in
Fig. 4(e-h). The map of the EDS characterization from the SEM image of
the sample clearly reflects the homogenous distribution of the Ti, O, Bi,
Sb, and S elements in the formed hybrid material.

Transmission electron microscope (TEM) experiments were con-
ducted to study the morphologies, crystallinity, dimensions, and to
obtain an insight into the scattering of TiO2 and BiSbS3 in the composite.
Fig. 5(a) displays the TEM image of BiSbS3 which shows the formation of
agglomerated nanorods highlighted by dotted lines. Nanorods have an
average length and diameter of 960 and 192 nm, whereas TiO, NPs have
an average length and diameter of 25-35 nm and 65-70 nm respectively.
The TEM image of TiO,/BiSbS3 composite is shown in Fig. 5(b) and it is
observed that the BiSbS3; NRs are uniformly distributed over TiOq
nanoparticles. In addition, lattice fringes of TiO; and BiSbS3 in com-
posite are in good agreement with XRD data as dipcited in Fig. 5(c-d).
This provides deep insight information to analyze the structure and
morphology of the compound.



B. Meena et al.

o (c) — Tio/BisSbs,

1
(011)1v iy
(004) (211)

(020)!

I/ cps

10 20 30 40 50 60 70
20 / Degree

Fig. 2. XRD patterns of samples (a) TiO, (b) BiSbS; and (c) TiO, / BiSbSs,
PEC studies

The PEC performance of photoanodes in an electrochemical cell was
measured using a three-electrode system. The TiO,, BiSbS3 and TiO2/
BiSbS3; materials were used as working electrodes (WE), a standard
calomel electrode (Ag/AgCl) as a reference electrode (RE), and platinum
wire as a counter electrode (CE). The performance was evaluated in a
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neutral electrolyte (NaxSO4, pH ~ 7) and aqueous alkaline electrolyte
(NagS + NaySOs, pH ~ 12.7) under chopped conditions.

Photoactivity of fabricated electrodes in the neutral electrolyte

Fig. 6(a) shows the linear sweep voltammetry curve of all three
fabricated electrodes, i.e., TiO, BiSbSs and TiO,/BiSbS3 in the neutral
condition. It is evident from the figure that the TiO5/BiSbS3 composite
photoelectrode shows a photocurrent of 1.30 mA.cm~2at 1.23 V vs RHE,
that is higher than TiO, and BiSbS3 photoelectrode showing photocur-
rent density of 0.05 mA.cm 2 and 0.2 mA.cm™2 The photocurrent
exhibited by the composite is 26 times higher than bare TiO, and 6.5
times higher than the pristine BiSbS3 electrode. BiSbS3 is a p-type
semiconductor exhibiting dominating cathodic current. In this case,
current densities are measured as anodic current and cathodic current to
support the obtained results. LSV for bare BiSbS3 photoelectrode is given
in supplementary information (Fig. S4). In the absence of light, TiOy
BiSbS3 and TiO,/BiSbSs electrodes show close to zero photocurrent but
under light irradiation, the composite electrode shows a significant
current, validating the efficiency of the composite material (TiOy/
BiSbSs) for photoactivity. TiO; is a wide bandgap material, it can only
absorb spectra in the UV region. In the case of composite material, there
is a high photocurrent and due to the formation of TiO, heterojunction
with BiSbSs charge separation phenomenon occurs [51]. On the other
hand, BiSbS3 is a narrow bandgap semiconductor, the recombination of
the photoinduced charge carriers is faster, and thus the photoresponse is
lower than desired [39]. The higher photocurrent response of TiOy/
BiSbSs is due to the greatly enhanced light absorption in the visible light
region which facilitates the photoinduced charge carrier separation and
transport. The composite photoanode also exhibits lower onset potential
as compared to other photoelectrodes, which represents the OER ki-
netics at the electrode/electrolyte interface. The STH conversion effi-
ciency in neutral condition has been calculated and shown in Fig. 6(b)
using Eq. (1) [53,54].

STH(n%) = J(1.23 — Vapp) /P 1)
a Ti 2P
( )—T|oleiSb53 (o) h (b) (c) 01s _
\ Ti2Pq/2
»
o » 7
o o
=t 3 3
BK?\ Ti
0 100 200 300 400 500 600 454 456 458 460 462 464 466 468 470 526 528 530 532 534
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Fig. 3. XPS spectra for (a) survey scan of TiO,/BiSbS3 (b) Ti 2P (c) O 1S (d) Bi 4F (e) Sb 3d and (f) S 2P.
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Fig. 4. SEM image of the (a) TiO, nanoparticles (b) BiSbS; nanorods (c) TiO5/BiSbS3 heterostructure (d) EDS spectra of the TiO,/BiSbS; heterostructure and
elemental mapping of the SEM image showing formation of (e) Ti (f) O (g) Bi (h) Sb and (i) S of TiO2/BiSbS3 heterostructure.

where, J, V, and Pjgn;, are photocurrent density at the applied bias,
applied potential versus RHE and the illumination intensity (100 mW
cm~2) respectively.

The composite electrode TiO5/BiSbS3 shows an STH conversion ef-
ficiency of 1.01% at 0.46 V which is greater than TiOy and BiSbSs
providing efficiency of 0.02% and 0.06% indicating that the TiO2/
BiSbS3 photoanode has a better carrier separation and transportation.

Photoactivity of fabricated electrodes in alkaline medium

Fig. 6(c) shows the LSV curve of the electrodes TiO,, BiSbS3 and
TiO2/BiSbSs in an alkaline medium. The composite material providing
the photocurrent density of 5.0 mA.cm ™2 is 25 times higher than bare
TiO4 and 6.5 times higher than BiSbSs giving a current density of 0.2
mA.cm 2 and 0.8 mA.cm 2 respectively. Here also, the current is almost
negligible in the dark, but excellent photocurrent is obtained under light
irradiation. The composite photoanode shows a negative shift in onset
potential as compared to bare TiOy and BiSbS3 due to the enhanced
generation and separation of charge carriers. STH conversion
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Fig. 5. HRTEM Image of (a) BiSbS3-NRs and (b) TiO5/BiSbS; NRs (c) lattice fringes of BiSbS; and (d) lattice fringes of TiO5/BiSbSs,

efficiencies of all three electrodes are calculated using equation (1) and
plotted in Fig. 6(d). It is calculated as 0.1%, 0.35%, and 4.5% at 0.45 V
vs RHE for TiO2, BiSbS3 and TiO2/BiSbS3 photoanodes respectively. The
hole scavenging property of the electrolyte is the reason for the
improved current and efficiency. Due to the hole scavenging property of
the electrolyte, the recombination of the generated charge carriers is
suppressed, and hydrogen can be produced efficiently at the Pt elec-
trode. Hole scavengers allow reactions such as S'Z/Szz' and 8032'/82032'
in the alkaline electrolytes [52].

To confirm the stability of the photoelectrode of TiO,, BiSbS3 and
TiOy/BiSbS3, chronoamperometry was performed in an alkaline me-
dium at 1.23 V vs RHE under the light illumination condition. The
photocurrent value is almost consistent with the acquired LSV value.
Fig. 7a displayed the TiO,/BiSbSs exhibited significant stability over
10000 s with almost no decay, whereas TiO5 and BiSbS3 exhibited lower
current densities. This indicates the stability of the composited material
in the alkaline medium due to the mechanism of feasible charge transfer,
proper band alignment, and hole scavengers capturing hole charge
carriers and suppressing recombination [45]. This phenomenon helps
the photoinduced electronic charge carriers to reach the counter elec-
trode at a fixed time interval without compromising the stability. TiO2/
BiSbS3 photostability was carried out for almost 10 h and its shows no
decay that can be seen in Fig S8.

Electrochemical impedance spectroscopy (EIS) measurments were
carried out at an open-circuit potential 1.23 V vs RHE in the applied
frequency window of 1 MHz to 10! Hz under continuous light irradia-
tion to further confirm the charge transfer rate and recombination on the
WE/electrolyte interface. As it can be seen in inset of Fig. 7b, a Randles
circuit was designed employing Nyquist plots, which aids in determining
the charge transfer resistance (Rcr). Table 1 of the supporting infor-
mation lists the fitted parameters. The R¢r values for TiO,, BiSbS3, and
TiO2/BiSbS3 photoanodes, respectively, are 9110, 854, and 276. The

composite has a lower R¢r than the other photoanodes, and the fact that
TiO2/BiSbSs has a low Rcr indicates that charge separation and trans-
portation are subtle. Fig. 7b reveals that the composite electrode has a
smaller semicircular area compare to bare TiO2 and BiSbSs, indicating
that the composite electrode has a better charge transfer capability [55].
Additionally, the phase angle shifts to low frequency and the resistance
lowers at different frequencies in the Bode plots of TiO,, BiSbS3 and
TiO4/BiSbS3 photoanodes, showing that proper band alignment of TiOy
and BiSbSs; combined can significantly promote a fast charge transfer
(Fig. S5) [58].

Mott-schottky experiments were carried out to identify the nature of
fabricated photoanodes TiO,, BiSbS3 and TiO5/BiSbS3.The negative
slope of BiSbS3 indicates that it is a p-type semiconductor and positive
slope of the TiO, indicates that it is an n-type semiconductor whereas
TiO9/BiSbS3 shows V-shape curves that indicates the formation of p-n
junction [56,59,60]. The Mott-Schottky plots for the electrodes are
shown in Fig. 8a-c. The hydrogen evolution activity of TiOy/BiSbS3
photoelectrode was performed as a function of time at 1.23 V vs RHE in
aqueous electrolyte of 0.1 M NayS + 0.1 M NaySO3 and result is dis-
played in the Fig. 8d. During the 2.5 h period, the hydrogen evolution of
the TiO,/BiSbS3; photoanode was 2.14, 4.33, 6.71, 7.16 and 9.81 pmol
respectively. The higher hydrogen evolution for TiO,/BiSbS3 could be
attributed to proper band alignment of TiO, and BiSbSs.

Plausible mechanism

The plausible charge transfer mechanism has been shown below in
Fig. 9. A space charge layer will form at the interface between the n-type
and p-type semiconductor layer in heterojunction systems. The forma-
tion of space charge layer takes place due to the movement of majority
charge carriers from p-type to n-type semiconductor. It leads to the
evolution of p-n junction and the generation of an electric field at the
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Fig. 7. (a) Stability plots and (b) Nyquist plots of TiO,, BiSbS; and TiO,/BiSbS; photoanodes.

junction of the semiconductors [57]. In type II heterojunction system
charge transfer process depends on conduction band (CB), valancy band
(VB) and fermi level positions. To calculate the conduction band posi-
tion of TiOy and BiSbSs, cyclic voltammetry (CV) measurement was
carried out and results are plotted in Fig. S9a and S9b. The optical
bandgap of TiO3 is 3.17 eV while calculated CB and VB positions are at
—0.46 V and 2.71 V vs RHE respectively. The bandgap for BiSbS3 is 1.8
eV with CB and VB positioning at —1.2 and 0.6 V vs RHE respectively.
Simultaneously construction of TiO2/BiSbS3 heterojunction is formed,
the Fermi energy levels will alter and reach a state of alignment move-
ment of majority charge carriers from each of the semiconductors. A

space charge layer, internal electric field and bending of energy bands
are being generated at the TiO5/BiSbS3 interface. Upon light illumina-
tion of TiO5/BiSbSs, the photoproduced electrons from the CB of BiSbS;3
are transferred to the CB of TiO, which facilitate the HER at counter
electrode moreover photoproduced holes are moved from the VB of TiO4
to the VB of BiSbS; which gives the OER at the electrode/electrolyte
surface [61]. The electric field generated at the interfacial sites between
TiOy and BiSbS3 facilitates the transporatation of charge carriers
resulting in the enhancement of the charge separation and suppression
of charge recombination. Efficient charge plays an important role in
achieving the photocurrent density of TiOy/BiSbS3 higher than that of
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Table 1
Comparison of other reported TiO, based heterojunction and there PEC water
splitting properties.

Sr. Electrode Current Electrolyte  Synthesis References
No. materials density Method (Publishing
(mAcm™2) Year)
1 TiO,/PbS 3 Polysulfide Silar Method [1], 2021
2 TiO,/CdS 2.03 0.3 M CBD [2], 2019
NaySO3 +
0.25 M
NayS
3 TiOy/ 0.039 0.1 M One pot [3], 2021
Sb.S3/rGo NaySO4 synthesis
4 TiOy/ 3.98 0.1 M Na,sS Hydrothermal [4], 2021
Bi,Ss3 + NaySO3
5 TiOy/ 1.76 0.1 M Na,S Hydrothermal [6], 2021
Bi»S3 + NaxSO3
6 TiOy/ 0.8 0.1 M Hydrothermal [6], 2021
BiySe3 NaySOy4
7 TiOs/ 0.18 0.25M Hydrothermal [5], 2016
In,S3/CdS NayS +
0.35m
Na,ySO3
8 TiOy/ 0.4 0.1 M NayS Hydrothermal [43], 2021
AgsSe + NaySO3
9 TiOy/CuS 0.015 0.1 M Solution [46], 2018
NaySO4 based process
10 TiOy/ 5.0 0.1 M CBD Our Work
BiSbS3 NaySO3 +
0.1 M Na,S

TiO4 and BiSbS3 photoanodes.
Conclusion

The CBD method was used to make TiO,/BiSbS3 nanocomposite,

Sustainable Energy Technologies and Assessments 49 (2022) 101775

which was then used as photoanodes for photoelectrochemical water
splitting. The prepared TiO2/BiSbS3 nanocomposite photoanode showed
improved visible light photoresponse and better PEC performance.
TiO2/BiSbS3 nanocomposite photoanode exhibited higher photocurrent
density of 1.3 mA.cm ™2 at 1.23 V vs RHE and high STH conversion ef-
ficiencies (1.01% at 0.46 V vs RHE) as respect to the TiOy and BiSbS3 in
neutral medium. The TiO,/BiSbS3 nanocomposite photoanode has a 5
times higher photocurrent density of 5 mA.cm ™2 at 1.23 V vs RHE and a
4.5% STH conversion efficiency in alkaline medium than TiO, due to the
influence of hole scavengers. The composite has low charge recombi-
nation, according to EIS. The easy transit of photogenerated electrons
from CB of BiSbS3 to CB of TiOs, that also reduces charge recombination,
is responsible for the improved PEC performance. PEC performance for
hydrogen production is possible with this new binary electrode. Pho-
toluminescence (PL) spectroscopy experiment confirms that TiOy/
BiSbS3 heterojunction exhibits stronger light absorption and efficient
charge transfer compare to bare TiO, and BiSbS3;. Composite produced
larger Brunauer — Emmett — Teller (BET) surface area compare to bare
TiO4 and BiSbS3 which have contributed in excellent PEC performance
compare to bare materials.
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