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Abstract: The development of efficient and novel p-n heterojunctions for photoelectrochemical (PEC)
water splitting is still a challenging problem. We have demonstrated the complementary nature
of (p-type) BiSbSs; as a sensitizer when coupled with (n-type) TiO, /CdS to improve the photocat-
alytic activity and solar to hydrogen conversion efficiency. The as-prepared p-n heterojunction
TiO, /CdS/BiSbS; exhibits good visible light harvesting capacity and high charge separation over
the binary heterojunction, which are confirmed by photoluminescence (PL) and electrical impedance
spectroscopy (EIS). The ternary heterojunction produces higher H, than the binary systems TiO, /CdS
and TiO, /BiSbS;. This ternary heterojunction system displayed the highest photocurrent density
of 5mA-cm~2 at 1.23 V vs. reversible hydrogen electrode (RHE) in neutral conditions, and STH of
3.8% at 0.52 V vs. RHE is observed. The improved photocatalytic response was due to the favor-
able energy band positions of CdS and BiSbS;. This study highlights the p-n junction made up of
TiO, /CdS/BiSbSs, which promises efficient charge formation, separation, and suppression of charge
recombination for improved PEC water splitting efficiency. Further, no appreciable loss of activity
was observed for the photoanode over 2500 s. Band alignment and interfaces mechanisms have been
studied as well.

Keywords: solar water splitting; photoanode; ternary hybrid; BiSbS3; nanospheres; p-n junction

1. Introduction

The negative impact of fossil fuels has driven the use of renewable fuels [1,2]. Hy-
drogen is considered as a promising energy source among all the potential candidates,
owing to its gravimetric energy density and clean combustion [3-5]. PEC water splitting
is a sustainable way for conversion of solar energy into chemical energy [6,7]. Various
semiconductor metal oxides based on photoanodes such as TiO,, WO3, BiVOy, Zn0O, SnO,,
CeO;, and Fe;O3 have been studied [8-14]. Among them, TiO; has been recognized as a
potential candidate due to its non-toxicity, availability, cost efficiency, and high thermal and
chemical stability. Despite these facts, its visible light activity is insignificant because of its
limited solar light absorption in UV-region and high recombination rate of photoinduced
charge carriers. TiO, has a bandgap of 3.2 eV. The very first report on TiO, photocatalysts
was done by Fujishima and Honda in 1972 [15]. To overcome these challenges, various
strategies have been introduced in recent studies such as cocatalyst loading, morphology
modification, metal ion doping, surface plasmon resonance, and heterojunction formation.
Among all these, heterojunction formation has gained much attention due to its nature of
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suppressing the charge carrier recombination, improving the charge separation, and boost-
ing the photocatalytic performance [16-19]. Heterojunction formation strategy has gained
attention because they can effectively reduce the rate of electron—hole recombination [20].

Recently, various studies have been reported on heterojunction formation with narrow
bandgap materials or metal chalcogenides materials such as BiyS3, CdS, InyS3, BisSes,
and CdSe [8,9,16,21,22]. Among them, CdS has been studied widely even after such
drawbacks such as instability in aqueous solution and toxicity, and its bandgap of 2.4 eV
can broaden the absorption range of the solar spectrum. Another advantage of CdS is
that the conduction band position of CdS is more negative than CB of TiO;, so feasible
electrons transfer can occur in CB, whereas holes transfer towards the opposite direction.
This boosts the hydrogen evolution and oxygen evolution reactions. Various studies have
been reported based on nanostructured photoelectrodes for solar water splitting using
CdS exhibiting high current densities and solar to hydrogen efficiencies. Even then, a still
narrow bandgap semiconductor is required to improve the photocatalytic performance and
stability in aqueous solution of fabricated electrodes because it exhibits photocorrosion in
an aqueous medium [23].

Although several ternary systems have been reported, such as TiO, /CdS/CdSe and
TiO, / AgySe/CdS, their performances have not been remarkable due to photocorrosion
issues, (Table 1) but have shown better photoactivity than binary and single semiconductor-
based photoelectrodes. In order to enhance the performance of the photoelectrode, BiSbSs
has been introduced as a narrow bandgap semiconductor. BiSbSs is a p-type semiconductor
with a bandgap of 1.85 eV and its conduction band and valence band position are feasi-
ble to hydrogen evolution reaction [24]. The constructed ternary system is expected to
enhance PEC performance due to proper band edge positions, better charge transfers, and
proper charge separation achieved by the type Il band structure. The development of a p—n
junction photoelectrode is recognized as a significant method for increasing electron-hole
lifespan, improving charge carriers separation, and reducing charge carrier recombination.
The transportation of holes and electrons in opposite directions causes an internal electric
field at the p-n junction. Under solar light irradiation with an external bias, the generated
internal electrical field at a p-n heterojunction can considerably improve effective charge
separation and transportation, resulting in high quantum efficiency. As a result, by coupling
anodic material photoelectrodes with a cathodic material to construct a nanostructured p-n
heterojunction electrode, the PEC water-splitting solar to hydrogen efficiency of anodic
material can be boosted. Mostly, such a coating will decrease photocorrosion as well as
control surface energetics and kinetics [25]. In previous studies, BiSbS; had a suitable band
edge position with TiO; to form a type Il band structure at the edge of semiconductors
with CdS band positions existing in between, which leads to efficient charge transporta-
tion and charge separation [26]. However, there is no report on the study based on a
TiO, /CdS/BiSbSs heterojunction photoanode.

Table 1. Comparison of fabricated photoanode TiO, /CdS/BiSbS; with previous studies.

Sr. No. Electrode Materials Current Density Electrolyte (Puﬁfii::;gce;sear)
1 TiO,/CdS/BisSs 2.16 mA-cm~2 Ofg.gg I\N/Iaf\fafé{ozso [27], 2013
2 TiO,/CdS/Co-Pi 0.35 mA-cm 2 0.1 M sodium phosphate [28], 2015
3 TiO, /CdS/CupZnSnSy 1.09 mA-cm—2 0.25 M NayS + 0.35 M NaSO3 [29], 2019
4 TiO,@BaTiO3/CdS 0.97 uA.cm~2 0.2 M NapSOy [30], 2022
5 TisCN@TiO, /CdS 1.2 pA.cm™2 0.2 M NapSOy [31], 2021
6 1D TiO,/CdS/ZnS 5.84 mA-cm~2 0.3 M NaySO3 + 0.25 M NayS [32], 2021
7 TiO, /CdS/CdSe 0.44 mA-cm~2 at 1.23 V vs. cathode 0.5 M NaSOy [33], 2021
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Table 1. Cont.

Sr. No. Electrode Materials Current Density Electrolyte (Pu{a{fifsehr;?gc?ear)
8 TiO, /SbyS5/rGO 0.039 mA-cm 2 0.1 M NaySOy, [34], 2021
9 TiO,/In,S3/CdS 0.18 mA-cm—2 0.25 M Na,S + 0.35 M Na,SO3 [35],2019
10 TiO, /CdS/BiSbS3 5.0 mA-cm—2 0.1 M NaySOy4 In this Work

In this study, we developed a p-n heterojunction TiO, /CdS/BiSbS; ternary hybrid for
efficient solar water splitting. TiO, was coated by the doctor blade method and anneal-
ing process at 500 °C for 30 min. Followed by deposition of CdS to fabricate an efficient
photoanode, five SILAR (successive ionic layer adsorption and reactions) cycles were com-
pleted using cadmium acetate as the Cd precursor and sodium sulphide as the S precursor.
Then, using the chemical bath deposition (CBD) method, BiSbS3 was coated over TiO, /CdS,
and this was followed by an annealing process under argon flow at 300 °C for 1 h. Bismuth
chloride, antimony chloride, and acetamide were used as the precursors for the Bi*3, Sb+3,
and S~2 ions, respectively. The fabricated ternary heterojunction exhibits enhanced PEC
performance compared to binary heterojunction and bare semiconductor photoelectrodes.
The highest current density displayed by ternary heterojunction is 5 mA-cm~2, at 1.23 V vs.
RHE, which is higher than binary heterojunctions in neutral electrolyte. The UV-visible
spectra reveals that the ternary system exhibits more enhanced light harvesting capability
than binary heterojunction. In addition, EIS and PL also reveal that charge separation
and transportation is feasible compared to binary heterojunction. Thus, the enhanced
PEC performance of the fabricated ternary heterojunction is attributed to the improved
absorption capability and feasible charge transfer and separation. Hydrogen evolution also
reveals that ternary heterojunction exhibits better photoactivity than binary heterojunction.

2. Results and Discussion
Optical Studies

To investigate the phenomenon of absorption with respect to fabricated electrodes from
the solar spectrum, UV-Vis spectroscopy was taken into consideration as shown in Figure 1,
where x and y-axis correspond to wavelength and (A) absorbance and a.u. is arbitrary
unit, respectively. The UV-visible spectra of bare TiO, and CdS have been provided in
the supporting information in Figure Sla,b. Bare TiO; exhibits a very low current density
because of its band edge at 384 nm in the UV region, whereas bare CdS displays the band
edge at 481 nm and bare BiSbS; exhibits a broad absorption spectrum at 670 nm. Compared
to bare electrodes, composite electrodes absorb more visible light and display a red shift
in wavelength. TiO, /CdS/BiSbS; exhibits a greater red shift in wavelength than binary
TiO,/CdS and TiO, /BiSbS; in the visible light region. Additionally, with the help of Tauc’s
equation, the optical bandgap of the samples were measured (bandgap calculation shown
in supporting information). As shown in Figure 1d, the bandgap energies of the films
made of TiO, /BiSbS3, TiO, /CdS, and TiO,/CdS/BiSbSs; are, respectively, 1.52, 2.40, and
1.81 eV. As calculated by a Tauc’s plot, as shown in Figure S2, TiO,, BiSbS3, and CdS
have direct bandgaps of 3.2, 1.85, and 2.58 eV, respectively. Furthermore, the following
equation can be used to measure the light harvesting efficiency (LHE) of the photoactive
materials: LHE = 1-10~4, where A is the absorbance at wavelength [36] and the results
that have been presented in Figure 1c TiO, /CdS/BiSbS3 notably exhibit a higher LHE than
the TiO, /CdS, which is matched with the absorption spectrum measurements. Based on
these observations, increasing light absorption makes it possible to absorb more photons
and therefore produce more excitons, which promotes higher current densities for PEC
water splitting.
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Figure 1. Fabricated electrodes (a,b), UV-Visible spectra (c¢) LHE efficiency, and (d) Tauc’s plots.

The lifetime of the photoinduced electron-hole pairs in the heterojunctions under
irradiation can be investigated by photoluminescence (PL) spectra as shown in Figure S3.
The greater the lifetime of the photogenerated electrons, the weaker the photolumines-
cence emission, implying that composites have better PEC activity. The visible region
shift is responsible for the high PL emission peaks seen in TiO,/BiSbS3 and TiO,/CdS,
compared to TiO, /CdS/BiSbSs;, which are about 580 nm. As seen by its attenuated PL
peaks, TiO, /CdS/BiSbS; has the weakest electron-hole recombination rate.

XRD patterns of the constructed photoelectrodes namely, TiO,, BiSbS3, TiO, /BiSbSs,
and TiO, /CdS/BiSbS; are shown in Figure 2 and it confirms their formation. XRD patterns
of bare TiO; and BiSbS; are given in Figure 2 and are well-matched with JCPDS #89-4921
and ICDS-617029, respectively. A bare CdS XRD pattern is given in Figure 5S4, which
is well- matched with JCPDS #65-2887. The XRD pattern of TiO, indicates the peaks
with d-spacing of 3.51, 2.43, 2.36, 1.89, 1.69, 1.66, 1.47, 1.36, and 1.33 A, corresponding
to TiO, planes (101), (103), (004), (200), (105), (211), (204), (116), and (220), respectively.
TiO, anatase exhibits a body-centered tetragonal structure that resembles JCPDS #89-4921.
Similarly, BiSbSs planes correspond to given crystallographic database ICDS -617029, which
confirms their purity. Similarly, the face-centered cubic structure of CdS was also confirmed
using (111), (220), and (311) planes, which correspond to 3.32, 2.06, and 1.75 A d-spacing
values, respectively (JCPDS-652887). In the case of TiO,/BiSbSs and TiO,/CdS XRD,
patterns match with JCDPS data. Ternary heterojunction TiO, /CdS/BiSbS; display all the
peaks, which confirms the successful formation of electrodes. In both TiO;/BiSbS3 and
TiO, /CdS/BiSbS; heterojunction nanocomposites, BiSbS; can maintain its own crystal
form. Peak intensities of TiO, /BiSbS3 and TiO, /CdS/BiSbS; increase at around 25.25°,
which can be understood by the peak superposition of TiO; at 25.34, BiSbS;3 at 24.94°,
and the CdS peak at 26.62°. The XRD patterns of TiO,/BiSbSs and TiO,/CdS/BiSbSs;
composites reveal well formation of TiO,, BiSbSs, and CdS phases [37,38].

To further conclude the successful formation of the ternary p-n heterojunction TiOy /
CdS/BiSbSs, X-ray photoelectron spectroscopy measurements were taken into the account.
The XPS analysis was recorded to find the existence of indivisible elements such as Ti, O,
Cd, S, Bi, and Sb elements in the ternary heterojunction. As shown in Figure S5, the binding
energy (BE) levels were calibrated to the C 1s peak at 284.6 eV. Figure 3a shows the multiple
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peaks in TiO, /CdS/BiSbS; with a spin-orbital difference of 5.74 eV at binding energies
of 458.36 eV and 464.1 eV, respectively. These peaks seem regular and comparable with
Ti** in TiO,, and they correspond to prior findings [39]. At 529.6 eV, the O 1s spectrum of
TiO,; matches lattice oxygen, as seen in Figure 3b (Ti-O-Ti). The 3d3,, and 3ds,, binding
energies of Cd?* species, are characterized by significant peaks at 412.0 and 405.3 eV in the
Cd-3d XPS spectra Figure 3¢, respectively [40]. The Bi-4f binding energy values revealed
the existence of Bi** in the XPS spectra in Figure 3d, which may be deconvoluted into
two peaks at 164.4 eV for Bi-4f5,, and 159.1 eV for Bi-4f;,,. In Figure 3e, S-2p has two
deconvoluted peaks of S 2p3/2 and S 2p1/2 at 160.3 and 162.2 eV, respectively [41]. Sb
exhibited deconvoluted Sb 3ds/, and Sb 3d3,, peaks at 530.3 and 541.7 eV BE, respectively,
in Figure 3f [42]. This evidence supports the development of a ternary heterojunction.
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Figure 2. XRD patterns of fabricated electrodes (Black color is related to TiO,, Red color corresponds
to BiSbS;3, whereas Magenta color is related to CdS).

The morphology and microstructural formation of the bare p-type BiSbS; and p-n
heterojunction TiO, /CdS/BiSbS; ternary hybrid were analyzed by using FESEM. Bare
TiO, SEM image and EDS (in Figure S12). It has a morphology of nanoparticles with a
length and width of 25-40 nm. BiSbS; exhibits nanospherical morphology with a diameter
of around 1.2 um as shown in Figure 4a. In the case of binary heterojunction (as shown
in Figure 4c), CdS was deposited over TiO, by the SILAR method that has dendrite-like
morphology. Core material TiO; has nanoparticle morphology as shown in Figure 4b.
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BiSbS3 nanospheres can be seen above CdS (in Figure 4b). Elemental mappings have been
given in Figure S6. Further EDS was performed to examine the existence of elements
wherein the following elements Ti, O, Cd, Bi, Sb, and S were detected in the ternary

heterojunction TiO, /CdS/BiSbS; as shown in Figure 4d.
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Figure 3. XPS spectra of (a) Ti 2p, (b) O 1s, (c) Cd 3d, (d) S 2p, (e) Bi 4f, and (f) Sb 3d.

To further confirm the morphology of prepared heterojunctions of TiO,/CdS and
TiO, /CdS/BiSbS;, HRTEM was recorded. HRTEM images of TiO,/CdS displayed that
the CdS layer is formed over TiO, nanoparticles as shown in Figure S7a. In the TiO,/CdS
heterojunction photoanode, all the lattice fringes are well-matched with XRD data as shown
in Figure S7b. The HRTEM image of the TiO, /CdS/BiSbS; photoanode reveals that TiO,
NPs, CdS, and BiSbS; nanospheres are present in the composite as shown in Figure 4e f.
The lattice fringes of the TiO,/CdS/BiSbS; photoanode in the composite are in good

agreement with the XRD data.
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Figure 4. SEM images of (a) BiSbSs, (b) TiO, /CdS/BiSbS;, (¢) TiO, /CdS (boxes are correspond to
CdS and circles are for TiO, nanoparticles), (d) EDAX image of TiOp /CdS/BiSbS3, (e) HRTEM image
of TiO, /CdS/BiSbS; photoanode, and (f) lattice fringes of fabricated TiO, /CdS/BiSbS3 photoanode.

Further, the photocatalytic activity was recorded for fabricated electrodes namely,
TiO, /BiSbSs, TiO, /CdS, and TiO, /CdS/BiSbS; under chopped solar irradiation. Different
number cycles of CdS on TiO, and different loading times for BiSbS; electrode photoactivity
is given in the supporting information (Figure S8). Fabricated electrodes were used as
working electrode whereas Ag/AgCl and Pt were used as reference electrode and counter
electrode, respectively. LSV (linear sweep voltammetry) for bare BiSbSs is given in Figure S8.
The photocatalytic performance of the electrodes were examined under a neutral aqueous
electrolyte (0.1 M NaySO4) with a pH of 6.8. The photocurrent response was recorded using
current-voltage curves. Under chopped solar light illumination, the fabricated photoanodes
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TiO, /BiSbSs, TiO;, /CdS, and TiO, /CdS/BiSbS; exhibited good current density values of
2.1,3.6,and 5 mA-cm 2, respectively at 1.23 V vs. RHE. The efficiency for TiO, /BiSbS3,
TiO,/CdS, and TiO, /CdS/BiSbS; composites is stated in terms of STH conversion, which
is determined at 1.8, 2.2, and 3.8% at 0.3, 0.29, and 0.52 V vs. RHE, respectively (Figure 5a,b).
The improved PEC activity of the ternary photoanode was renowned to the sensitization of
BiSbSs to create e~ /h* pairs and a facile charge transfer of electrons from CB of BiSbS3 to CB
of CdS to CB of TiO,, when hydrogen evolution takes place at counter electrode, whereas
hole transfer goes in opposite direction from VB of TiO;, to VB of CdS to VB of BiSbS;
and oxygen evolution reaction takes place on the electrode surface. This whole process
improves the charge separation and suppresses the charge recombination, thus resulting in
an enhancement of photocatalytic activity. BiSbS; and CdS play the role of sensitizer and
co-sensitizer to improve the absorption capacity of solar spectrums for fabricated electrodes
and boost the PEC performance of the electrodes.
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Figure 5. Photocatalytic properties of fabricates electrodes TiO,/BiSbS;, TiO,/CdS, and
TiO, /CdS/BiSbS; (a) LSV curves, (b) Solar to hydrogen efficiency plot, (c) EIS studies, (d) Photostability
response, (e) Mott-Schottky (M-S) plot and, (f) Temporal evolution of Hy gas (0.1 M NaySOy).

To examine the long-term stability of fabricated electrodes TiO, /BiSbS3, TiO, /CdS,
and TiO, /CdS/BiSbS3, chronoamperometry measurements were done. As displayed in
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Figure 5d, ternary heterojunction exhibited excellent stability for over 2500 s under contin-
uous solar light illumination at 1.23 V vs. RHE under a neutral aqueous electrolyte, and the
photocurrent values are in support with those obtained from LSV for TiO, /CdS/BiSbSs,
whereas, TiO,/BiSbS; and TiO,/CdS displayed instability due to photocorrosion and
sulfur dissolution in water. The n-type CdS is well known for its photocorrosive nature.
Due to the addition of narrow bandgap p-type material BiSbSs as a co-sensitizer in the PEC
process, the photostability can be enhanced and the photocorrosion of CdS is decreased.
After 2000 s, composite electrodes could undergo photocorrosion, which is why it shows
a sudden change in stability, whereas in the case TiO,/CdS, a continuous decrement in
the current could be observed due to corrosion, and the TiO, /BiSbS3 electrode was stable
after initial decrement. CdS and BiSbS3 show synergetic effects and suppress the charge
recombination. Proper band edge positions help timely consumption of photoinduced
charge carriers and improves the photostability under neutral electrolyte. These results
indicate that ternary heterostructures for hydrogen production have excellent photostability
and PEC efficiency.

The charge transfer kinetics at the photoelectrode/electrolyte interface was investi-
gated using EIS (Electrochemical Impedance Spectroscopy) measurements. The EIS exper-
iment was performed in an alkaline aqueous solution at an open-circuit potential under
solar light irradiation to understand the interfacial charge transfer resistance. TiO, /BiSbS3,
TiO, /CdS, and TiO, /CdS/BiSbS; photoanodes are estimated to be have Rt values of 952,
504, and 222 ohm, respectively. The composite has a smaller R than other photoanodes,
and a low Rct for TiO, /CdS/BiSbS; signifies efficient charge separation and transportation.
The p-type BiSbS; and n-type CdS extend the capacity of absorbing extra solar light and
enhances the facile charge transportation and transfer. Furthermore, according to the Bode
phase plots of TiO, /BiSbSs3, TiO, /CdS, and TiO, /CdS/BiSbS; photoanodes, proper band
edge positions of TiO,, CdS, and BiSbS3 can significantly promote a fast charge transfer.
This is in good agreement with phase angle shifting and decrement in charge transfers at
different frequencies as shown in Figure S10 [43].

Furthermore, the semiconducting properties of the electrodes were also analyzed
using Mott-Schottky (MS) plots in Figure 5e, which reveal that TiO, /CdS has an n-type
behavior of the electrodes with positive slop, whereas TiO, /BiSbSz and TiO, /CdS/BiSbSz
have inverted V-shape plots that confirm the p-n junction formation between n-type TiO,,
TiO, /CdS, and p-type BiSbS; [44]. Typically, a high charge carrier density is delivered
by the electrode with the minimum slope for the M-S plot. Impressively, compared to
the TiO, /CdS or TiO, /BiSbS; electrodes, the TiO, /CdS/BiSbS; photoelectrode displays a
lower slope with a high charge carrier concentration in Figure 5e. Additionally, all of the
electrodes’ flat band potentials (Vgp) range from 0.1 to —0.5 V. This evidence supports the
photogenerated carriers” quick transport or poor recombination as well as the elevated PEC
hydrogen generation. As shown in Figure S9, TiO;, CdS, and BiSbS3z M-S plots demonstrate
that TiO, and CdS are n-type semiconductors, whereas BiSbS3 is a p-type semiconductor.
In theory, the flatband band (Vgp) is assumed to be position of the conduction band for
n-type materials and the valance band for p-type materials [45]. TiO, has a CB value of
—0.41 eV vs. Ag/AgCl, CdS has a CB value of —0.61 eV vs. Ag/AgCl, and BiSbS;3 has a VB
value of +0.6 eV vs. Ag/AgCl after extrapolation of the M-S plots of independent materials.
The VB of TiO; and CdS, on the other hand, are 2.82 and 2.01 eV vs. Ag/AgCl, respectively,
and are nearly equal to the calculated values from cyclic voltammetry calculations. BiSbS;
has a CB of —1.2 eV versus Ag/AgCL

Under solar light irradiation, gas chromatography (GC) was used to measure the
evolution of Hj at various time intervals. The usual H; production as a function of time from
TiO, /BiSbSs;, TiO,/CdS and TiO, /CdS/BiSbS; photoanodes were examined in a three-
electrode system at 1.23 V vs. RHE in a neutral medium (NaySOy4) as shown in Figure 5f.
Due to improved band alignment and reduced charge recombination, the TiO, /CdS/BiSbSs3
photoanode provides superior H; evolution of 19.8 umol over 3 h TiO, /BiSbS; (12.6 umol)
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and TiO,/CdS (15.2 umol) electrodes. As a result, of all the fabricated electrodes, PEC
performance and Hj evolution performances are in good agreement.

3. Reaction Mechanism

Figure 6 depicts the reaction mechanism in which TiO,/CdS/BiSbS; exhibits im-
proved PEC performance. According to cyclic voltammetry (CV) and optical studies, the
conduction band (CB) and valence band (VB) of BiSbS3 are —3.49 eV and —5.34 eV vs. vac-
uum level, respectively, whereas TiO; CB and VB are —4.09 eV and —7.32 eV, respectively.
SILAR successfully fabricated CdS has band-edge positions between TiO, and BiSbSs;,
with determined CB and VB values of —3.94 and —6.52 eV, respectively, vs. vacuum level.
In addition, optical measurements and CV analysis are used to derive the CB and VB
positions to understand the charge transfer phenomena. CB values were calculated using
CV plots as shown in Figure S1la—c. As a result, CB was calculated from the reduction
or oxidation potential from CV, such as for bare TiO,, CdS, and BiSbS; and the bandgap
was calculated from UV-visible spectroscopy. When n-type TiO, /CdS and p-type BiSbS;3
came in contact to establish a p—n junction, band bending would have taken place at the
interface to acquire a similar Fermi level, producing an upward transition in TiO, /CdS
and a downward transition in BiSbSs. Therefore, when anodic TiO, /CdS was combined
with cathodic BiSbSs;, the band edge sites of the different components changed dramatically
as a result of band bending and Fermi level matching, resulting in a change in charge
transfer path. Afterwards, TiO,/CdS/BiSbS; p-n heterojunction emerged, and electrons at
the junction migrated toward the cathodic BiSbS; region, having left h* ions in the n-type
TiO, /CdS region [46]. Likewise, the h* ions at the TiO, /CdS/BiSbS; p-n heterojunction
interface inclined to transfer into the anodic TiO, /CdS, establishing a space charge barrier
at the TiO, /CdS/BiSbS; junction. This induced an electric field, which led photoinduced
electrons and holes to travel backwards. Photoinduced charge carriers in TiO, /CdS/BiSbSs
were vastly separated as a result, allowing for better charge separation [47]. As a result, the
band bending could significantly impact depending on the applied bias potential. During
the electrochemical reaction, the depletion layer’s capacitance (at the interface) will be at its
lowest, having allowed charge transfer to move more smoothly. During cathodic polariza-
tion, the capacitance at the interface rises, limiting charge transport. Overall, the evaluation
demonstrates that the construction of a p-n junction, which easily dispersed photoinduced
charges, is effective in the PEC aspects of the TiO, /CdS/BiSbS; photoelectrode. The en-
hanced PEC performance was attributed to the improved driving force for the interface
reactions promoted by BiSbSj3 as well as the low charge transfer resistances throughout
electrode/electrolyte interface [48]. Possible electrons transport from BiSbS; (CB) to CdS
(CB) to TiO; (CB), which are responsible for HER at CE, whereas holes move in the opposite
direction and give ORE at the electrode/electrolyte surface as shown in Figure 6.
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FTO/TiO,/CdS/BiSbS; photoanode Counter electrode Pt

Figure 6. Possible reaction mechanism for efficient charge transfer in TiO, /CdS/BiSbS; photoanode.

4. Materials and Methods
4.1. Chemicals

Cadmium acetate dihydrate (Cd(CH3COQ),-2H;0 (>98%,) Bismuth chloride (>98%),
thioacetamide (>99%), sodium sulfide (>99%), antimony chloride(>98%), and sodium
sulfate (>99%), Dimethyl sulfoxide (99.9%) (DMSO) were purchased from sigma Aldrich
(St. Louis, MO, USA). Dyesol TiO; paste was used. Fluorine-doped tin oxide (FTO)
conductive glass with the resistance 22 () /cm? was obtained from Sigma Aldrich (St. Louis,
MO, USA) and FTO substrate was pre-cleaned with methanol and acetone.

4.2. Characterization

The absorption spectra of the synthesized electrodes were recorded on a UV-Vis
spectrophotometer (Shimadzu UV-3600 Wolflabs, Colenso House, 1 Deans Lane, Pockling-
ton, York). A Horiba Flouromax-4 fluorescence spectrometer (2 Miyanohigashi, Kisshoin,
Minami-ku, Kyoto 601-8510, Japan) was used to measure the fluorescence spectra of elec-
trodes. Powder X-ray diffraction (XRD, Malvern Panalytical Ltd., Worcestershire, UK)
patterns of samples were measured on a PANalytical, Xpert PRO instrument. Surface
morphologies of the samples were analyzed using a field emission scanning electron micro-
scope (FESEM-Zeiss supra 40, Peabody, MA 01960, USA). The chemical stoichiometry of
the TiO, /CdS/BiSbS; fabricated electrode was characterized using an X-ray photoelectron
spectroscopy (XPS; AXIS Supra-Kratos analytical spectrophotometer, (Shimadzu Corp.,
Kyoto, Japan) with Mg Ka monochromatic excited radiation of 1253.6 eV. High-resolution
transmission electron microscope (HR-TEM, Berlin, Germany) images were recorded using
a TECNAI G-2 FEI instrument operating at 300 kV with samples deposited on copper
grids. PEC measurements were performed in an aqueous electrolyte of 0.1 M NaySOy4
using a three-electrode system with fabricated films used as a working electrode, and Pt
and Ag/AgCl as the counter and reference electrodes, respectively (Herisau, Switzerland).
Current versus potential (I-V) characteristics of photoanodes were recorded using a LOT-
Oriel-Autolab (Herisau Switzerland) with a 150 W Xenon arc lamp with 100 mW cm 2
intensity (1.5 Airmass filter). Chronoamperometric (I-t) studies, cyclic voltammetry, and
electrochemical impedance spectra
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(EIS) were measured on an Autolab PGSTAT 302N equipped with NOVA 2.1 software.
A Tracel310 GC equipped with a TCD was used to quantify hydrogen gas. ZsimWin
software was used to fit impedance data in a Cole-Cole circuit (Thames, UK).

4.3. TiO, Synthesis

The photoanode fabrication was as follows: the TiO, paste was coated onto a pre-
cleaned FTO plate using the doctor blading method, which was followed by annealing the
plate at 500 °C for 30 min. A layer of TiO, was formed on FTO. Further, TiO, films were
immersed in a 40 mM TiCly solution maintained at 70 °C for 30 min. The resulting films
were rinsed with deionized water and annealed at 500 °C for 30 min to provide a uniform
TiO; electrode [49].

4.4. CdS Coating over TiO, Photoanode

TiO, was vertically dipped in a cadmium precursor (0.1 M (Cd(CH3COO),-2H,0 in
CH;3OH) for 2 min, rinsed with methanol, and dried at 65 °C. This film was successively
immersed in a sulfur precursor solution (0.1 M NayS-9H,;0 in CH30H)) for 2 min, which
was followed by rinsing with methanol and drying in a hot air oven at 65 °C. This was one
SILAR cycle of CdS growth on the TiO; film. Five SILAR cycles were performed to obtain
the desirable TiO, /CdS composite [37]

4.5. BiSbSz Synthesis

BiSbS; films were deposited on FTO by the CBD method. To deposit BiSbS; thin film
onto FTO, a solution of bismuth chloride (0.1 M) and antimony chloride (0.1 M) were mixed
in a beaker and sonicated for 5 min. Then, thioacetaamide (0.1 M) was mixed into the above
mixture. The obtained mixture was stirred for 4 h, which then turned into a transparent
solution. The FTO of the fixed area was kept inside the beaker containing transparent
solution for 8 h. Thin films of different thicknesses were obtained after the deposition time
period. The films were taken out of the bath, dried, and preserved. The color of the film
was orange. Then, obtained films were kept in n argon atmosphere for 30 min at 300 °C.
Then, BiSbS; colors changed to a brownish color [22].

4.6. Fabrication of FTO/TiO,/CdS/BiSbS3 Photoelectrode

Bare TiO,, TiO, /BiSbSs, and TiO, /CdS photoelectrode fabrication have been given
in the supporting information. BiSbSz was coated over FTO/TiO,/CdS by simple a CBD
method for 24 h. In total, 0.1 M bismuth chloride, 0.1 M antimony chloride, and 0.1 M
thioacetamide were used as bismuth, antimony, and sulfur precursors, respectively. Firstly,
Bi*3, Sb*3, and S~2 were mixed in one beaker and kept under stirring for 24 h until a
transparent solution was obtained. Then, the TiO,/CdS photoelectrode was dipped in
this solution for 12 h and an orange color film was formed. To obtain the final product,
orange colored film was annealed at 300 °C for 1 h under an argon atmosphere to obtain
a crystalline film. The FTO/TiO,/CdS/BiSbS; photoanode color changed to a brownish
color from orange after annealing. A schematic representation of the ternary heterojunction
photoelectrode has been given in Scheme 1.

| . BiSbS; dcposition After annealing at 300° C
Doctorblade of TiO, | CdS depositionby SILAR by CBD in argon atmosphere
L |
) _— _— _—
Wi,
FTO/TIO, FTO/TiO,/CdS FTO/TiO,/CdS/BiShS; Final composite

Scheme 1. Schematic representation of ternary TiO, /CdS/BiSbS;3 heterojunction photoelectrode.
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5. Conclusions

In this study, we have fabricated ternary heterojunction TiO,/CdS/BiSbS; as an
efficient photoelectrode over a conductive substrate FTO using the doctor blade method fol-
lowed by SILAR and CBD methods. Ternary heterojunction exhibited higher photocurrent
density of 5 mA-cm~2 at 1.23V RHE and 3.8% STH efficiency at 0.52 V vs. RHE, whereas
binary photoelectrodes, TiO,/BiSbS3 and TiO,/CdS, displayed 2.1 and 3.6 mA-cm™~2 pho-
tocurrent densities and 1.8 and 2.2% STH efficiencies, respectively. Ternary electrode
showed good photostability over 2500 s and better PEC performance compared to both
the binary electrodes. PL and EIS studies have explained less charge recombination over
binary electrodes. FESEM demonstrated that TiO, has nanoparticles morphology and
CdS has dendrite morphology, whereas BiSbS; gives nanosphere morphology. HRTEM,
XPS, and XPS proved that fabrication of electrodes have been done without any impurity.
TiO, /CdS/BiSbS; photoanode produces more hydrogen than TiO, /BiSbS3 and TiO, /CdS.
CdS and BiSbSs exhibit synergetic effects that enhance solar harvesting efficiency and sup-
press the charge carrier recombination. The p—n junction constructed by TiO, /CdS/BiSbS;3
enabled improved charge separation and propagation, including the mitigation of the
electron—hole recombination, resulting in an improved PEC hydrogen production efficiency.
The presented results demonstrate that deploying a BiSbSs film to construct a p—n junction
at the TiO, /CdS heterojunction can significantly enhance PEC water splitting performance.
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(b) Survey scan of fabricated electrode TiO, /CdS/BiSbSs; Figure S6: Elemental mapping for (a) Ti,
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lattice fringes; Figure S8: LSV of BiSbSs in 0.1M Na,SO;; Figure S9: Mott-Schottky plots (a) TiO, and
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