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Abstract. TiO,NTAs is one of the most frequently used photoanodes. However,
TiO2NTASs has a wide bandgap, so it is only active under UV light. Therefore, this
study modified TiO2NTAs photoanode film to increase its efficiency. A simple
method that successfully assists the Bi.Ss coating process on the surface of
TiO2NTAs film is the Successive lonic Layer Adsorption and Reaction (SILAR)
method. In this research, modified Bi,S; with TiO,NTAs was prepared using the
SILAR method with variations of the number of synthesis cycles at 1, 2, 4, and 6.
Based on the synthesis results, the number of deposition cycles greatly influences
the performance of TiO;NTAs films. The synthesized TiO:NTAs/Bi,S;3 results
were characterized using SEM, XRD, FTIR, UV-Vis DRS, and
photoelectrochemistry. The X-ray diffractogram showed that the composite
compound was obtained successfully. The SEM images showed that Bi,S3 was
deposited on the surface of the TiO,NTAs without blocking the nanotube holes.
The constructed DSSC-PEC system could produce hydrogen with an STH (solar-
to-hydrogen) efficiency of 0.02318% in an H-type reactor using anode irradiation
for 6 hrs.

Keywords: DSSC-PEC; SILAR method; TiO;NTAs/Bi.S; photoanode; ultrasound-
assisted; hydrogen evolution.

1 Introduction

Indonesia’s dependence on energy resources in the last decade has continued to
increase. On the other hand, the availability of fossil fuels is running low
worldwide. Therefore, many researchers have started to develop alternative
energy sources that can be used to replace fossil energy with renewable energy
[1]. One of the problems the world faces is the increasing use of fossil energy
while the availability of fossil fuels is dwindling. Hydrogen production from
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water by photoelectrochemistry (PEC) by utilizing sunlight and photocatalysis is
a promising option to substitute fossil fuels [2-4].

The choice of photoelectrode in PEC is very important. This is because there is a
need for a suitable semiconductor material that can convert photon energy into
H> from water [5]. Various metal oxide semiconductor materials that can be used
as photoelectrodes are ZnO, BaTiOs, TiOy, SrTiOs, and WOs [6]. In this research,
the semiconductor material used was TiO.. However, TiO; is a material with a
large band gap, around 3.2 eV, so it is only active in the UV region and can only
utilize a photon energy of about 5% of the sun’s energy [7]. Therefore, it is
necessary to modify the TiO, material to be used in a PEC system. Some
modifiers that may be considered are metals such as Ag, Ta, Nb, Bi, Zn, Li, and
Sb or their oxides. This modification aims to increase the response to visible light
by changing the band gap energy or by exploiting the phenomenon of plasmon
resonance, and moreover, it can also increase the electron transfer rate [8].

TiO; is a semiconductor that can be modified with Bi,Ss, which has a band gap
energy of 1.3 to 1.7 eV so that it can utilize visible light efficiently [9,10]. Bi,Ss3
has non-toxic, environmentally friendly, and good stability properties [2,11]. The
combination of TiO, and Bi,Ss is able to produce the appropriate band gap energy
and potential energy [1]. Modifying TiO, and Bi.S; can produce better
photocatalytic activity than TiO, and BiS; without modification [12,13].
TiO2/Bi»Ss modification using the SILAR method with sonication is able to
produce a higher current density than without sonication assistance [18].

In this research, a tandem DSSC-PEC system was developed to produce H; by
preparing a TiO2NTAs heterojunction semiconductor material precipitated with
Bi,Ss on a photoanode for hydrogen evolution. TiO>NTAs/Bi»Ss was synthesized
using the SILAR method, and the cathode in the PEC cells using Pt/TiO.NTAs.
For the DSSC zone, TiO.NTAs/N719, electrolyte solution I/l and Pt/FTO
(platinum/fluorine-doped tin oxide) were used. This research is expected to
increase the efficiency of H, production by using a tandem system.

2 Experimental Section

2.1 Materials

The titanium (Ti) films used originated from Baoji Jinsheng Metal Material Co.
and had a purity of 99.6% and a thickness of 0.3 mm). Other materials used were:
FTO (fluor tin oxide) (4 cm x 1.5 cm x 0.02 cm), stainless steel sheet (5 cm x 1.5
cm x 0.02 cm), ethanol (p.a 99.8%), acetone (p.a 99.8%), deionized water,
ethylene glycol (Merck, 99.5% solution) solution in 0.3 wt% NH4F and 2 %vol
water, Bi(NOs)35H,0O (Sigma Aldrich, 99.9% powder), Na,S9H,0 (Sigma
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Aldrich, 99.9% powder), I, (Merck, 99.5% powder), KI (Merck, 99.5% powder),
KCI (Merck, 99.5% powder), H2PtCls (Merck, 99.5% solution), acetylacetone
(Merck, 99.5% solution), Na;SO4 (Merck, 99.5% powder), Dyesol Chemical
N719 dye, Nafion membrane with type 117, and H,SO, (p.a 96%).

2.2 Material Characterization

SEM-EDX (scanning electron microscopy with energy-dispersive X-ray
spectroscopy) was carried out using an FEI Quanta 650 instrument in CMM with
a magnification of 80.000x to 100.000x. The Image-J software was used to
determine the particle size, while the EDS spectrum was used to analyze the
composition of the constituent elements of the samples in the SEM image results.

Determination of the crystal phase and crystallite size of the photoanode was
conducted using an XRD X-Pert 3 Pro PANalitycal instrument; the measurements
were made at 20 (°) = 10-90 with Cu Ka radiation. The Le Bail method in the
Rietica software was used to refine the obtained diffraction patterns. A Shimadzu
IR Prestige-21 instrument was used to characterize the existence of Ti-O-Ti and
Bi-S networks. A Shimadzu UV-Vis 2450 instrument was used to determine the
bandgap energy of the photoanode. The sample in the form of a film was placed
in the sample holder. The band gap energy was calculated from the absorption
spectrum data measured in a wavelength range of 200 to 800 nm. The
characterization result of UV-Vis DRS consisted of reflectance data, which was
analyzed using the Kubelka-Munk equation:

1-R)? K
F(R) =50 = § M

The band gap energy was calculated using linear regression on the x value (hv =
band gap energy) when y = 0, where F(R) is the Kubelka-Munk factor, (R) is the
measured reflectance value, K is the molar absorption coefficient, and S is the
scattering coefficient according to the Tauc Equation [14]. The LSV and MPA
methods were used to measure the current density at the electrode. A
photoelectrochemical test was carried out using three electrodes, i.e.,
TiO2NTAs/Bi2Ss, Ag/AgCI, and Pt, which were used as the working electrode,
the reference electrode in an electrolyte solution of 1 M KOH, and the counter
electrode, respectively. The glass tube used for the photoelectrochemical cell test
was designed with a height of 5 cm and a diameter of 2.5 cm and made of quartz
at Universitas Indonesia.
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2.3 Procedure

2.3.1 Sample Preparation

Before the anodization process, the Ti foil with L=5cm, W =15cm,and T =
0.02 cm first used 1,000 cc and 1,500 cc abrasive paper. The cleaned Ti foil was
sonicated at room temperature in acetone for 16 minutes, then dried in the open
air, sonicated using ethanol for 16 minutes, dried again in the open air, and
sonicated using deionized water for 16 minutes, and finally dried once more in
the open air. Then, at room temperature, the anodization process was carried out
using a two-electrode electrochemical cell. The Ti foil was connected to the anode
as the positive pole, while a stainless-steel foil with dimensions of L =5 cm, W
=1.5cm, and T =0.02 cm was connected to the cathode as the negative pole. The
distance separating the two electrodes was 1.5 cm. The anodization process was
carried out at a voltage of 40 V for 45 minutes, using 0.3% NH4F and 2% H>O in
ethylene glycol solution. The obtained TiO,TNAs film was rinsed using
deionized water. Calcination was carried out for 2 hours using a temperature of
450 °C with an increase in heating rate of 2 °C/minute [15].

The SILAR method was then used to deposit the Bi,S; material onto the
TiO2TNAS by using cationic and anionic precursor solution. Firstly, the cationic
precursor was prepared by dissolving 0.0485 g of Bi(NO3)3;.5H,0 in 100 mL
deionized (DI) water, and the concentrated nitric acid was added as needed (x5
drops). This was labeled as solution A as a Bi ions source. At the same time,
solution B was prepared by dissolving 0.024 g of Na,S.9H,0O 100 mL DI water
as the S~ source. Secondly, the TiO,NTAs film was immersed in solution A for
45 s and rinsed with DI water. Subsequently, they were immersed in solution B
for 45 s, rinsed with DI water, and dried in an oven at 80 °C for up to 45 minutes.
The TiO.NTASs/Bi,S; deposition was impregnated for 1, 2, 4, and 6 cycles and
recorded as TiO2NTASs/Bi.Ss (Un), with (Un) =1, 2, 4, and 6. An illustration of
the thin layer formation on TiO>NTAs using the SILAR method is shown in

ey hoh

Bi" DI s Py

TiO2NTAs

TiO2NTAS/Bi2S3

A (a) B (aq)
Figure 1 Illustration of Bi,Ss deposit on TiO,NTAs using the SILAR method.
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2.3.2 Preparation of the DSSC-PEC

1.

The DSSC fabrication comprised a sensitized TiO>NTAs film with N719 dye,
electrolyte 1/l3, and Pt/FTO as photoanode, electrolyte, and counter
electrode, respectively. Preparation of N719-sensitized TiO.NTAs was
conducted by immersing the TiO,NTAs for 24 hours in the dark with 0.3 mM
N719 dye solvent in ethanol. Then, the TiO.NTA film was rinsed with
ethanol and dried in the air [16]. Preparation of Pt/FTO as a counter electrode
was carried out by immersing FTO glass (1.5 x 4 cm) in ethanol for 15
minutes, slowly dripping with 20 mM HPtCls in ethanol solvent, and drying
in the air. After drying, the Pt/FTO was heated at 380 °C for 30 minutes [15].

The PEC was constructed by using TiO2NTAs/Bi,Ss, with Pt/TiO;NTASs as
the cathode. The Pt/TiO.NTAs film was synthesized by photoreduction. The
TiO2NTAs film was put into the H2PtClg solution (2 g/L) for 10 min, rinsed,
and dried, after which the film was put into a 20% methanol solution and
irradiated with a UV lamp (black light) with a power of 2 x 15 W for 30 min
[15]. The DSSC-PEC tandem was arranged by connecting cables; namely,
the DSSC photoanode was connected to the PEC cathode, while the DSSC
cathode was connected to the PEC anode, as shown in Figure 2. The PEC
compartment was tilled with 0.5 M H2SO4 electrolyte and operated as the
catalytic zone, where H, would be generated.
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Figure 2 The DSSC-PEC tandem system for H; evolution.
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2.3.3 Hydrogen Production and Measurement

An H-type reactor was used in the PEC process to produce H,. In this case, the
anode and cathode cells were separated by a Nafion membrane. The
Pt/TiO;NTAs as cathode electrode was placed on the left, while the
TiO:NTASs/Bi.S; as anode electrode was placed on the right, as shown in
Figure 3.
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Figure 3 Hydrogen production in the DSSC-PEC system.

Then, the PEC and DSSC tandem were combined, as previously mentioned. The
hydrogen gas formed was temporarily accommodated in a sample bag. The
hydrogen gas reservoir was taken after 6 hours process with a light anode-dark
cathode and a dark anode-dark cathode. The radiation source used was a tungsten
bulb (Philips 400 watt). The hydrogen gas was measured using a gas
chromatograph equipped with a TCD detector and a molecular-sieve-type packed
column (MS hydrogen 5A, 80-100 mesh) [15]. The hydrogen evolution was
calculated with the equation below [17]:
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_ [rH,146

A )

where rH, is the rate of formation hydrogen per area (mol/s/m?), AG is the Gibbs
energy (273 KJ/mol), and P A is the lamp power. The reaction at the anode and
the cathode from the DSSC-PEC system [28] is:

TiO:NTAS/BizSs + hv — e'ery + h* (3)
2h" + H,0 - 2H" +% O; 4)
Dyes —N719 (s) +hv — S* (h" +¢") 5)
TiO, + S*(h* + &) — TiOz (e-) + S* (h*) (6)
S*(h)+ 15 —> S +1s ©)
ly+ 26" — 3I° (8)
TiO: (e) + Ti (Pt) — Ti (Pt) (e) + TiO: 9)
2Ti (PY) (e) + 2H* > H (10)
3 Results and Discussion

3.1  Morphology of TiO2NTAS/Bi2Ss

The results of the SEM characterization of the TiO:NTAs film and the TiO.NTAs
/Bi»S3 with ultrasonic assistance are shown in Figure 4. Figures 4a and 4b show
SEM images of the TiO;NTAs film’s top surface. This image shows that the
formation of nanotubes on the TiO; film was successfully synthesized, and the
resulting tube height of the TiO:NTAs was 3.102 um. Figure 4c shows a SEM
image of the TiO.NTASs/BI-Ss.

The deposition of Bi»S3 on the TiO.NTAs’ surface did not change its morphology
significantly, so the TiO2NTAs remained unchanged. Bi,S; cannot change the
structure of TiO;NTAs. This might be due to the fact that the amount of Bi,S3
material used was too small [18]. However, when the TiO;NTAs/Bi,S; film was
composed, it turned black-brown. The presence of Bi,Ss distributed on the surface
of the TiO2NTAs can be seen from the SEM images 4d-4e. The figures show the
distribution of Bi, S, Ti, C, and O. Figure F shows a mapping image of the
TiONTAS/BI,Ss film.
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Figure 4 SEM characterization of (a-b) TiO,NTAs top surface (50.000-80.000
magpnification), (c) TiO2NTAs cross section, (d-e) TiO:NTAS/Bi.Ss, (f) mapping
image of TiIO;NTAS/Bi;Ss.

3.2 Structure Analysis

Figure 5 shows a diffractogram of the TiO;NTAs/Bi,Ss composite using the
ultrasonic beam method with a different number of deposition cycles. From the
XRD diffractogram, the Ti peak at 40.39° corresponds to the field (112). The
diffraction peaks of TiO,NTAs are located at 25.23°, 48.35°, 55.37°, 63.19°,
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70.98°, and 76.45°, which corresponds to the fields (101), (200), (211), (213),
(220), and (301), according to Inorganic Crystal Structure Database (ICSD No.
98-005-2522). From Figure 5, it can be said that the peak of the resulting Bi,Ss is
not too strong. It can be seen from the diffraction peaks located at 28.99°, 31.95°,
35.5°, 38.73°, 46.04°, and 54.34°, which correspond to fields (112), (202), (044),
(103), (105), and (020) according to Joint Committee on Powder Diffraction
Standard (JCPDS 01-074-9438). The figure shows that the resulting intensity did
not change when added to the immersion cycle. This is possible because the
amount of Bi,S3 was too small, resulting in an uneven distribution [19].

The elemental composition of TiO:NTAs/Bi.S; was analyzed using EDS, as
shown in Figure 5b. The EDS analysis showed the presence of Ti, Bi, O, S, and
C with atomic ratios of 42%, 24.1%, 23.2%, 4.2%, and 6.5%, respectively. In this
study, C was detected, which may have come from impurities from the ethylene
glycol electrolyte used during the anodization process [20].
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Figure 5 (a). The diffractogram and (b) EDS spectrum of the TiO,NTAS/Bi2Ss
produced with the SILAR method.
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3.3 Structure Function Group and Optical Performance Analysis

The results of FTIR characterization showed that this composite material
consisted of several functional groups, as shown in Figure 6. Several peaks
emerged at 3257 cm?, 1550 cm™, 1334 cm?, 697 cm?, 820 cm?, which
corresponded to O-H stretching, C=0 stretching, S-H stretching, Bi-S and Ti-O-
Ti.
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Figure 6 IR spectra of the TiO,NTAs/Bi,Ss film produced with the SILAR
method.

Meanwhile, to determine the photo-absorption properties of the TiO,NTAs with
TiO:NTAs/Bi.S; using a UV-Vis diffuse reflectance spectrum (DRS)
photometer, it is possible to analyze the material and its composite absorption
from 800 to 200, as illustrated in Figure 7. Based on the spectra in Figures 7a and
7b, different immersion cycles (1, 2, 4, and 6) for the TiO.NTAs/Bi,Ss, resulted
in different reflectance percentages. From these reflectance percentages, we
could determine the band gap energy value of the TiO,NTAs and its composite
using the Kubelka-Munk equation (11)-(13). Based on the DRS spectra in Figure
7a, there was no significant change in the reflectance values of the TiO.NTAs
and the TiO2NTAS/Bi,Ss with various cycles of the SILAR method and a long
UV-Vis from 200 to 400. There was no absorption spectrum in the UV region for
the TiO2NTAs/Bi,Ss with sonication cycles 4, and 6. The absorption spectra in
the UV region disappeared for the TiO.NTAs/Bi,S; with sonication cycles 1 and
2, and a small amount of absorption started reappearing. Otherwise, significantly
different spectra appeared for the TiO,NTAS/Bi»Ss using ultrasonication with 4
cycles compared to the other composite at different cycles (1, 2, and 6). The
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lowest reflectance of TiO.NTAS/Bi.Ss, with 4 cycles, surpassed the largest
absorption.

FR)=%= L0 (11)
S 2R
K = A(hv-Eg)m/2 (12)
A A
F(R)22=(5)2E-(3)2Eg (13)
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Figure 7 The TiO:NTASs/Bi,S; films produced with the SILAR method: (a)
diffuse reflectance spectra and (b) band gap energy.

Data processing of the DRS spectra with the Kubelka-Mink equation produced
the relationship between (F(R)hv))? and band gap energy (hv), as shown in
Figure 7b.
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Figure 8 The change of band gap energy upon SILAR cycle number.
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As shown in Figure 8, it can be said that the band gap energy decreased from 3.14
to 1.45, along with the increasing number of immersion cycles. It can be said that
the more SILAR cycles, the more Bi.Ss is deposited on the TiO; surface. This is
in line with what was reported in [21]. As can be seen in Figure 8, increasing the
number of immersion cycles decreases band gap energy. A significant decrease
in the band gap energy of the TiO2NTAs/Bi>Ssoccurred with 2 to 4 SILAR cycles.
This means that more deposition cycles of Bi,S3 caused more material deposition
on the TiO,NTAs. Finally, the band gap energy changed toward the deposited
material.

3.4  Photoelectrochemical Activity

Figure 9a shows the TiO.NTAs/B,S; material capable of generating photocurrent
under visible light. From the figure, it can be seen that the deposition cycle in the
SILAR method greatly influenced the photocurrent density results, but the current
only increased at certain cycles. This shows that the more Bi.S; precipitated on
the TiIO2NTAs film, the higher the current density value. However, more
deposition of Bi,Ss can also prevent electron transfer, reducing the current density
and photoelectric properties. This is also in accordance with the previous DRS
results, namely, the more cycles used, the smaller the band gap energy value; it
can be assumed that more Bi,S; deposited on the surface of TiIO;NTAs is able to
block the electron net to increase the recombination that occurs between electrons
and holes. This will result in a decrease in current density. Therefore, the
maximum current density was obtained in cycle 2.
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Figure 9 Photoelectrochemical analysis by (a) MPA and (b) LSV of the
TiO2NTAS/BI,Ss films prepared by the SILAR method.

Then, LSV analysis was carried out to determine the current response to the given
light, as shown in Figure 9b. In the figure, the range from -0.4 to -0.2 V showed
an increase in cycle currents 2 and 6. Current stability occurred in all cycles at
0.204 V Vs. Ag/AgCI, as indicated by the start of the resulting current at that
potential. Depositing more Bi,S; on the TiO.NTAs, surface increased the
photocurrent density. However, the photocurrent density of TiO:NTAS/Bi.S3
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decreased after 2 SILAR cycles. The photocurrent density decreased to 0.07
mA/cm?, This indicates that more deposition of Bi.Ss prefers the transfer of e-in
the film.

3.5 DSSC Efficiency Measurement

The DSSC efficiency was measured by using a 15-watt Philips lamp as the
radiation source, as presented in Figure 10. From the figure, 0.356 V was obtained
as the open circuit voltage (Voc), with 0.483 mA/cm? as the short circuit current
(Jsc). Then a line was drawn and 0.4462 was obtained as the fill factor (FF),
resulting in a DSSC efficiency of 1.377%. The results of the DSSC efficiency
produced were comparable to some of the literature that carried out the
manufacture of DSSC devices independently [22]. A summary of the curves in
Figure 10 is shown in Table 1.

0.50 4 Jsc

Jmax

Vmax
0.00 \Voc

T T T T
0.10 0.15 0.20 0.25 0.30 035 0.40
E (V vs Ag/AgCl)

Figure 10 DSSC efficiency measurements.

Tabel 1 Summary of parameters calculated for DSSC fabrication.

Voc Jsc Vmax Jmax Prmax Pin FF '%l]
0.356 0.483 0.2852 0.2686 0.0766 5.56 0.4462 1.3772

3.6 Tandem Cell of DSSC-PEC Performance

The DSSC-PEC tandem system for hydrogen generation was assembled by
connecting the DSSC system to the PEC, as shown in Figure 3. Hydrogen
production was carried out for 6 hours by irradiating a 400-watt metal halide lamp
in a closed room and irradiating conditions at the photoanode, as shown in Figure
3. During the gas testing process in this application, monitoring was carried out
every 1 hour, and each monitoring was also checked on the DSSC system. The
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results of these observations show that during the first hour, small gas bubbles
began to appear at the PEC cathode. Then, each additional hour, the resulting
bubbles were able to increase, but after 4 hours the bubbles did not show any
significant addition until the end of testing. The hydrogen gas was analyzed using
GC-TCD and then calculated using the equation below [17]:

_[rH,]AG
~ pPa (14)
Tabel 2 Summary from STH yield of this work and the literature.
No  Researcher Research description Results
The  optimum  hydrogen

1 Surahman
(2017) [15]
Samsudin

2 etal. (2018)
[23]

3 Bashiri et al.
(2020) [24]

4 Saputri
(2020) [25]

5 Istiqgomah
(2021) [26]

6 Yunita
(2022) [27]
In this

7
research

QDSSC-PEC tandem cell system with
TiO2NTAs electrodes sensitized with
Cds nanoparticles for hydrogen
production

DSSC-PEC tandem cell system with
TiO2/BiVO4 photoanode immersed in
0.1 M NazS0; as the electrolyte

PEC-DSSC tandem system used to
determine hydrogen production in
TiO2-CN materials using variations in
surface area (1, 1.5, and 2 cm?)

DSPEC-DSSC system for hydrogen
production using photoanode TiO2
nanotubes arrays (TNTAS) sensitized
S, N-graphene quantum dots (S, N-
GQDs)

TiO2NT/BiOBr dye-sensitized solar
cell tandem system (DSSC-PEC) for
hydrogen production.

Photoelectrochemical dye-sensitized
solar cell tandem system using
deposition in BiFeOs/TiO2NTAs

Tandem DSSC-PEC of Bi2S3
deposited on TiO2  Nanotubes
(TiO2NTAS)

formation rate for the water-
splitting process was 2.88.10
ml/s.m?, which is comparable

to a hydrogen production
efficiency of 4.78%
Maximum hydrogen

production of 692 pmol for 120
minutes

The resulting hydrogen
production decreased from
286.4 to 150.3 mmol cm?2, with
increasing photoanode area (1-
2 cm?)

Tandem DSPEC-DSSC cells
with DSPEC photoanodes in
the form of TNTAS/S, N-GQDs
produced 3.57 pumol of
hydrogen with a 0.35 % vyield
of H2

The DSSC-PEC tandem system
with 6 hours of irradiation
produced hydrogen with a solar
to hydrogen (STH) efficiency
of 0.0025%

The DSSC-PEC tandem system
produced 0.0033% hydrogen in
6 hours using an H-type reactor
filled with 0.5 M H2SO4
electrolyte.

The DSSC-PEC  tandem
system produced 0.02318% in
an H-type reactor using anode
irradiation for 6 h.
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The resulting hydrogen (rHz) was 4.39 x 10 mol/s, so the resulting STH yield
was 0.0201%. The formation of H; in this study can be better compared to the
study by Samsudin et al. (2018). Using TiO2/BiVO4 for 120 minutes, they were
able to produce H; as much as 692 umol with a light source of 500 watts.
Meanwhile, in dark conditions, the resulting hydrogen (rHz) was 1.42 x 107
mol/s, so the resulting STH yield was 0.000651%. It can be ascertained that more
H> is produced by using anode irradiation than by using a dark anode. This is
because irradiation at the anode increases the speed of electron excitation to
produce H2 than without light. This shows that irradiation at the cathode can help
the formation of Hz. A summary of the STH yield of this work and the literature
is shown in Table 2.

4 Conclusion

The efficiency of H, produced through the DSSC-PEC tandem system reached
0.02318%. With the help of Pt at the cathode, it could produce slightly more H,
than without Pt. These results prove that the tandem system with TiO;NTAs/Bi;S3
as a photoanode and TiO.NTASs/Pt as a dark cathode unambiguously produces
H..

Acknowledgment

The author would like to thank the support from DGHE — Directorate General of
Higher Education for funding this research (PDUPT research contract no. NKB-
174/UN2.RST/HKP.05.00/2021).

References

[1] Ahmad, A., Tezcan, F., Yerlikaya, G., Zia-ur-Rehman, Paksoy, H. &
Kardas, G., Three-dimensional Rosette-rod Tio./Bi.Ss Heterojunction for
Enhanced Photoelectrochemical Water Splitting, Journal of Alloys and
Compounds, 868, 159133, 2021.

[2] Shi, L., Zhou, W., Li, Z., Kushima, A. & Yang, Y., A Periodically Ordered
Nanoporous Perovskite Photoelectrode for Efficient Photoelectrochemical
Water Splitting, ACS nano, 12(6), pp. 6335-6342, 2018.

[3] ‘Yalavarthi, R., Henrotte, O., Minguzzi, A., Ghigna, P., Grave, D.A. &
Naldoni, A., In Situ Characterizations of Photoelectrochemical Cells for
Solar Fuels and Chemicals, MRS Energy & Sustainability, 7(1), pp. 1-27,
2020.

[4] Chen, D, Liu, Z. & Zhang, S., Enhanced PEC Performance of Hematite
Photoanode Coupled with Bimetallic Oxyhydroxide Nifeooh Through a



5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Synthesis and Characterization of Bi2Ss Deposited 45

Simple Electroless Method, Applied Catalysis B: Environmental, 265,
118580, 2020.

Menon, S.S., Bhalerao, G., Gupta, B., Baskar, K. & Singh, S.,
Development of Znl-x-ygaxcoyol-znz as a Non-oxide Semiconductor
Material with Visible Light Photoelectrochemical Activity, Vacuum, 154,
pp. 296-301, 2018.

Saraswat, S.K., Rodene, D.D. & Gupta, R.B. Recent Advancements in
Semiconductor Materials for Photoelectrochemical Water Splitting for
Hydrogen Production using Visible Light, Renewable and Sustainable
Energy Reviews, 89, pp. 228-248, 2018.

Song, Y.T., Lin, L.Y. & Hong, J.Y., Enhanced Visible-light Response and
Conductivity of the TiO2/Reduced Graphene Oxide/Sh,S; Heterojunction
for Photoelectrochemical Water Oxidation, Electrochimica Acta, 211, pp.
576-585, 2016.

Kalanur, S.S., Yoo, LH., Eom, K. & Seo, H., Enhancement of
Photoelectrochemical Water Splitting Response of WO3; by Means of Bi
Doping, Journal of Catalysis, 357, pp. 127-137, 2018.

Wang, M., Yang, L., Yuan, J., He, L., Song, Y., Zhang, H., Zhang, Z. &
Fang, S., Heterostructured Bi,Ss-NH2-MIL-125(Ti) Nanocomposite as a
Bifunctional Photocatalyst for Cr(Vi) Reduction and Rhodamine B
Degradation under Visible Light, RSC Advances, 8(22), pp. 12459-12470,
2018.

Vattikuti, S.P., Shim, J. & Byon, C., Synthesis, Characterization, and
Optical Properties of Visible Light-driven Bi,S; Nanorod Photocatalysts,
Journal of Materials Science: Materials in Electronics, 28, pp. 14282-
14292, 2017.

Yu, D.ANN.G,, Yao, W.A.N.G,, Yuan, D.E.N.G,, Mao, L.l., Zhang, Y. &
Zhang, Z.W., Enhanced Dielectric Properties of Polypropylene Based
Composite Using Bi,S; Nanorod Filler, Progress in Natural Science:
Materials International, 21(3), pp. 216-220, 2011.

He, H., Berglund, S.P., Xiao, P., Chemelewski, W.D., Zhang, Y. &
Mullins, C.B., Nanostructured Bi,Ss/WO3 Heterojunction FIms Exhibiting
Enhanced Photoelectrochemical Performance, Journal of Materials
Chemistry A, 1(41), pp. 12826-12834, 2013.

Mehta, M., Singh, A.P., Kumar, S., Krishnamurthy, S., Wickman, B. &
Basu, S., Synthesis of MoS,-TiO, Nanocomposite for Enhanced
Photocatalytic and Photoelectrochemical Performance under Visible
Light Irradiation, Vacuum, 155, pp. 675-681, (2018).

Makula, P., Pacia, M. & Macyk, W., How to Correctly Determine the Band
Gap Energy of Modified Semiconductor Photocatalysts based on Uv-vis
Spectra, The Journal of Physical Chemistry Letters, 9(23), pp. 6814-6817,
2018.



46

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Ervina Dwi Inggarwati, et al.

Surahman, H., Development of Photoelectrochemical Cells Using CdS
Nanoparticle Sensitized TiO, Nanotube Arrays Electrodes for Hydrogen
Production, In Disertasi, 2017.

Ramakrishnan, V.M., Muthukumarasamy, N., Balraju, P., Pitchaiya, S.,
Velauthapillai, D. & Pugazhendhi, A., Transformation of TiO;
Nanoparticles to Nanotubes by Simple Solvothermal Route and Its
Performance as Dye-sensitized Solar Cell (DSSC) Photoanode,
International Journal of Hydrogen Energy, 45(31), pp. 15441-15452, 2020.
Kilner, J.A., Skinner, S.J., Irvine, S.J.C. & Edwards, P.P., Functional
Materials for Sustainable Energy Applications, Elsevier, pp. 1-681, 2012.
Li, X,, Yang, M., Zhu, D., Li, L., Ma, Z., Ning, X., Ren, F., Huang, J., Gu,
Y. & Kim, B.H., Preparation of TiO./Bi,S; Composite Photo-anode
through Ultrasound-assisted Successive lonic Layer Adsorption and
Reaction Method for Improving the Photoelectric Performance, Journal of
Electronic Materials, 49(5), pp. 3242-3250. 2020.

Jin, P, Guan, Z.C., Wang, H.P., Wang, X., Liu, G.K. & Du, R.G,,
Bi,Ss/Rgo Co-modified TiO, Nanotube Photoanode for Enhanced
Photoelectrochemical Cathodic Protection of Stainless Steel, Journal of
Photochemistry and Photobiology A, Chemistry, 407, 113060, 2021.
Gréatzel, M., Solar Energy Conversion by Dye-sensitized Photovoltaic
Cells, Inorganic Chemistry, 44(20), pp. 6841-6851, 2005.

Liu, G., Xie, S., Zhang, Q., Tian, Z. & Wang, Y., Carbon Dioxide-
enhanced Photosynthesis of Methane and Hydrogen from Carbon Dioxide
and Water Over Pt-promoted Polyaniline-TiO, Nanocomposites. Chemical
Communications, 51(71), pp. 13654-13657, 2015.

Kane, S.N., Mishra, A. & Dutta, A.K., Preface: International Conference
on Recent Trends in Physics (ICRTP 2016), Journal of Physics: Conference
Series, 755(1), pp. 0-5, 2016.

Samsudin, M.F.R., Sufian, S., Mohamed, N.M., Bashiri, R., Wolfe, F. &
Ramli, R.M., Enhancement of Hydrogen Production Over Screen-printed
Tio2/Bivo4 Thin Films in the Photoelectrochemical Cells, Materials
Letters, 211, pp. 13-16 2018.

Bashiri, R., Mohamed, N.M., Sufian, S. & Kait, C.F., Improved
Photoelectrochemical Hydrogen Production Over Decorated Titania with
Copper and Nickel Oxides by Optimizing the Photoanode and Reaction
Characteristics. Materials Today Chemistry, 16, 2020.

Saputri, L., Study of the Use of TiO, Nanotube Arrays Photoanodes Ter
(Tuntas) Sensitized S,N-graphene Quantum Dots (S,N-Gqds) in DSPEC-
DSSC System for Hydrogen Production, In Thesis, 2020.

Istigomah, R., TiO,NT/BiOBr Tandem Dye Photoelectrochemical Solar
Cell (DSSC-PEC) System for Hydrogen Production, In Thesis, 2021.
Yunita, Y., Comparative Study of Bismuth Ferrite Deposition Method on
TiO, Nanotube and Performance oh Hydrogen Evolution in a



(28]

Synthesis and Characterization of Bi2Ss Deposited 47

Photoelectrochemical Dye-sensitized Solar Cell Tandem System, Makara
Journal of Scienc, 26(3), 5, 2022.

Ai, G, Mo, R., Chen, Q., Xu, H., Yang, S., Li, H. & Zhong, J., TiO2/Bi,S3
Core-shell Nanowire Arrays for Photoelectrochemical Hydrogen
Generation, RSC Advances, 5(18), pp. 13544-13549, 2015.



