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Abstract The current work investigates the morphology, crystallinity and photoelectrochemical
(PEC) performance of bismuth sulfide/silver sulfide/zinc oxide nanorods (Bi,S3/Ag,S/ZnO NRAs)
photoelectrodes as prepared at different annealing temperature. ZnO NRAs was initially grown
hydrothermally, deposited in sequence with Ag,S and Bi,S;3 via successive ionic layer adsorption
and reaction (SILAR) method before undergoing the annealing treatment. The optimised photo-
electrode (Bi,S3/Ag,S/ZnO NRAs-400 °C) possesses an optical bandgap of 1.60 eV extending the
absorption edge of ZnO to visible light spectrum. The current-voltage characterization of Bi,S3/
Ag,S/Zn0O NRAs photoelectrodes revealed that the photocurrent density and photoconversion effi-
ciency were strongly dependent on the annealing temperature. The PEC study shows that the pho-
toelectrode annealed at 400 °C achieved impressive photocurrent density of 12.95 mA/cm? at
+0.5 V (vs Ag/AgCl/saturated KCl) under 100 mW/cm? illumination with superior photoconver-
sion efficiency of 12.63%. This improvement is due to the cascade-designed band structure align-
ment of Bi,S3/Ag>S/ZnO/ITO and to the brilliant role of Ag,S as an intermediate layer that
reduced random chance of electron-hole (e-h™) pairs recombination and improved the electrons
collection efficiency. This work is highly anticipated to give contribution on further utilisation of
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Bi,S3/Ag,S/ZnO NRAs as a promising semiconductor material in PEC related applications.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The photoelectrochemical cell is regarded as one of the most
favourable conversion protocols for effective conversion of
solar energy to chemical and then electrical energy. To ensure
the best performance of photoelectrochemical cells, more
attention should be paid to the synthesis of working electrode
material (Xue et al., 2019; Patil et al., 2020). In recent decades,
one dimensional (1D) semiconductor in the form of nanorods,
nanowires, nanobelts and nanotubes were used broadly in elec-
tronic and optoelectronic applications (Jiao et al., 2016). In
particular, 1D nanostructures are promising candidates for
photoelectrochemical applications because of their direct con-
duction paths for charge transport, and high surface area,
which make them appropriate for light harvesting.

Amongst the plentiful metal oxide semiconductors, zinc
oxide (ZnO) is a common n-type semiconductor which is
extensively used in many optoelectronic applications. ZnO is
considered nontoxic and possesses a direct band gap energy
(around 3.37 eV), as well as long-term stability
(Kolodziejczak-Radzimska and Jesionowski, 2014). It is also
a low- cost material and exhibits biocompatibility in nature
(Ozgur et al., 2010). In these regards, ZnO in the form of
nanorod (NRAs) has not only been used in photoelectrochem-
ical cells (PECs) but has also been applied in many other opto-
electronic and electrical applications such as H, generation
(Hoang et al., 2017), solar cells (Chala et al., 2018), and gas
sensors (Choi and Chang, 2018). However, the relatively wide
band gap energy of ZnO is a critical drawback that needs to be
considered before its maximum utilisation of the solar light
spectrum. Theoretically, enhanced charge separation via
reducing electron-hole recombination and expanding its visible
light absorption region are two important key elements that
needs to be addressed for high photoconversion efficiency of
PECs based on ZnO NRAs.

To achieve this aim, many strategies have been developed,
such as organic dyes doping (Cui et al., 2019) and incorpora-
tion of inorganic chalcogenide semiconducting material
(Yilmaz and Unal, 2015). Despite the low-cost fabrication
and considerable photoconversion efficiency of organic dye
sensitiser, the measured photocurrent was still low due to the
limitation of the number of photons that could be absorbed
by the dye (Memarian et al., 2011; Ying Wang et al., 2017).
It was reported that the loading of narrow band metal sulfide
chalcogenides such as Ag,S (Xue et al., 2019), CdS (Nikam
et al., 2016), CdSe (Nikam et al., 2018), Bi,S; (Al-Zahrani
et al., 2019), PbS (Yang, et al., 2017), Fe,O3 (Ye et al., 2018)
and Cu,S (Xu et al., 2015) could enhance the photoelectro-
chemical performance and conversion efficiency of ZnO
NRAs. Amongst the aforementioned metal sulfides, the nar-
row band gap energy metal chalcogenides such as Ag,S and
Bi,S; could be used as photosensitisers to effectively suppress
the recombination rate of the photogenerated electron-hole
pairs in ZnO NRAs (Cheng et al., 2016b; Holi et al., 2018).
Moreover, the high absorption coefficients of Bi,S; and Ag,S

make them excellent candidates for PEC application (Holi
et al., 2017; Kumar et al., 2016). For instance, Ag,S/ZnO
NRAs had shown an improved photoelectrochemical perfor-
mance as seen in our reported previous works (Holi et al.,
2018; Al-Zahrani et al., 2020) as compared to ZnO NRAs.
On the other hand, Bi,S; with a narrow band gap of ~1.3—
1.6 eV, can be also introduced into the ZnO NRAs for
enhanced light harvesting capability of the photoanode (Ying
Wang et al., 2017). Recently, it was found that the perfor-
mance of binary photoanodes could be further enhanced via
cascade ternary heterostructure form (Xue et al., 2019; Holi
et al., 2017; Chen et al., 2016a). For instance, Cheng et al.
(Cheng et al., 2016b) have incorporated Ag,S, Bi,S;, and
TiO, as a ternary photoelectrode for PEC application. They
reported that the ternary heterojunction displayed enhanced
photocurrent density (0.41 mA/cm?®) at a bias voltage of
—0.45 V versus Ag/AgCl under simulated light illumination
that was nearly 11 times higher than the bare TiO, NRAs.
Our group had also synthesized a ternary nanocomposite
structure Ag,S/CdS/ZnO NRAs/ITO thin film (Holi et al.,
2017) using an uncomplicated and cost-effective hydrothermal
method. The short circuit density obtained was 15 times
greater than the naked ZnO NRAs due to the improvement
in visible light properties of the synthesised photoanode.

This current work aims to fabricate cascade structure of
Bi,S3/Ag,S/ZnO NRAs/ITO for PEC application using facile
and economical methods. For this regard, hydrothermal
method was used to produce ZnO NRAs on the ITO glass fol-
lowed by successive ionic layer adsorption and reaction
(SILAR) mode for deposition of Ag,S and Bi,S; on the ZnO
NRASs/ITO. The prepared Bi,S;/Ag,S/ZnO NRAs/ITO were
treated at different annealing temperatures and subsequently
underwent several analyses purposely to understand the mor-
phology, crystallinity and light harvesting properties of the
photoanode materials. The photoconversion efficiency of the
optimum Bi,S3/Ag,S/ZnO NRAs/ITO was analysed and com-
pared with the individual materials. To the best of our knowl-
edge, the photoelectrochemical application wusing the
combination of Bi,S; and Ag,S ternary nanostructured
Bi,S3/Ag,S/ZnO NRAs/ITO has never been reported in litera-
ture which may add new knowledge for PEC based solar cell
application.

2. Experimental

2.1. Synthesis of ZnO nanorod arrays

Transparent conductive indium tin oxide (ITO) glass with a
dimension of 1.0 cm x 1.5 cm x 0.2 cm as the substrate was
ultrasonically washed employing sequential washes of acetone,
isopropanol, and deionized water (DI-H,0) (18.2 M Qcm)
each for 15 min. Initially, ZnO nanoparticles (ZnO NPs) seed
layer was synthesised using a spin coating technique using
0.1 M zinc acetate-2-hydrate (ZAD, Zn(CH3COO),-2H,0)
and 0.1 M diethanolamine (DEA, NH(CH,CH,OH),) in
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10 mL of an ethanol precursor solution that was mixed using
magnetic stirrer at 60 °C for 30 min. The resulting solution
was left for 24 h before use. The spin coating of 100 pL of col-
loidal solution on the ITO glass was performed with a rotation
speed of 3000 rpm for 40 s. The thin films then annealed at
350 °C with a heating rate of 2°/min for 1 h. Seeded ZnO
NPs/ITO was immersed in a growth solution composed of
0.04 M zinc nitrate (Zn (NO3),-6H20) and 0.04 M hexam-
ethylenetramine (HMTA, C¢H,N,4) at pH 6.5 top produce
ZnO NRAs via hydrothermal. The seed layer of the ZnO
NPs/ITO substrates were dipped upturned facing the wall into
tightly sealed glass vials typically contained around 20 mL of
the growth solution. The properly sealed vials containing the
ZnO NPs were put in a pre-heated bath of silicone oil at
110 °C for 4 h. The vials were then cooled down to room tem-
perature. ZnO NRAs/ITO samples were eventually taken out
of the vials and thoroughly rinsed with deionized water (DI-
H,0) and held in a dry place for further action (Holi et al.,
2016; Mohd Fudzi et al., 2018).

2.2. Synthesis of Bi»S3/Ag>S/ZnO NRAs/ITO

The preparation of the Ag,S/ZnO NRAs photoanode was
done via (SILAR) method. This procedure was adopted from
the study reported by Al-Zahrani et al. (Al-Zahrani et al.,
2019). Briefly, SILAR method was applied on the pre-coated
hydrothermal grown ZnO NRAs/ITO that involved four steps,
each were performed for one minute. The first step involved
immersion of the hydrothermally coated ZnO NRAs thin film
in the cationic solution containing 0.02 M silver nitrate
(AgNOs;, Sigma Aldrich, 99%) while at the second step, the
coated ZnO NRs from the previous step was dipped into DI-
H,O to eliminate any loosely bound (un-adsorbed) particles.
Thirdly, the substrate was immersed in 0.02 M Na,S and
finally, the thin film was rinsed with DI-H,O. This four-step
dipping process was defined as one SILAR cycle. The cycles
were repeated six times to obtain six SILAR cycles of Ag,S/
ZnO NRAs/ITO. The photoanode was then annealed in N,
air at 400 °C for one hour with a heating rate of 2° per min.
The SILAR method was also used to prepare the ternary pho-
toanode Bi»S3/AgrS/ZnO NRAs following the same proce-
dure. This time, 0.003 M of Bi (NO3); and 0.03 M of Na,S
were used as cationic precursor and anionic precursor solution,
respectively. By using the previously prepared Ag,S/ZnO/ITO
as a substrate, the time of immersion was fixed at 15 s and the
SILAR deposition steps was repeated for 7 SILAR cycles to
obtain ternary photoanode Bi,S3/Ag,S/ZnO NRAs/ITO.
Finally, the samples were annealed in a tubular furnace at five
different annealing temperatures (100 °C, 200 °C, 300 °C,
400 °C, and 500 °C) with a heating rate of 2°/min in N, gas
condition. The fabricated thin films were kept in dry container
for further characterization.

2.3. Photoelectrochemical measurements

The photoelectrochemical performance of ZnO NRAs/ITO,
Ag,S/ZnO NRAs/ITO and ternary photoanode Bi,S;/Ag,S/
ZnO NRASs/ITO as a function of the annealing temperature
was investigated using a standard tri-electrode system using a
potentiostat (Autolab PGSTAT204/FRA32 M module). The
linear sweep voltammetry measurements were conducted using

a polysulfide electrolyte that consists of 0.1 M Na,S and 0.1 M
Na,SO; (pH 13). The current density-voltage (J-V) scan was
performed from —0.5 to +1 V (vs. Ag/AgCl) with chopping
under simulated illumination using a halogen lamp at an inten-
sity equivalent to 100 mW/cm? in the visible region without
using a light filter. The intensity of light was measured using
an optical fiber spectrometer (Avaspec-2048). Fig. 1 shows
the schematic of the photoelectrochemical cell that was used
in the current study. The electrochemical impedance spec-
troscopy (EIS) measurements were measured under similar
illumination condition in the frequency range from 0.01 Hz
to 1 MHz.

2.4. Characterisation

Field emission scanning electron microscope (FE-SEM, JEOL
JSM-7600F) was used to analysis the morphology structure of
the nanocomposite thin films. The crystal structure was deter-
mined by X-ray diffractometer Philips PM 1730 diffractometer
(Panalytical X’Pert Pro MPD diffractometer) using a Cu-Ko
A =154 A) radiation of 40 kV and 40 mA under a scanning
speed of 5°/min in a range of 10° < 20 < 80° equipped with
Panalytical Xpert Highscore software. UV—Vis spectropho-
tometer (UV-2600, Shimadzu) in the wavelength range
between 300 and 800 nm was used to study the optical charac-
teristics of the synthesised samples for which plain ITO sub-
strate was used as a reference. While the high-resolution
transmission electron microscopy (HR-TEM) with selected
area electron diffraction (SAED) and electron energy-loss
spectroscopy (EELS) modes in Tecnai TF20 x-twin FEI system
were used to examine the nature of the crystalline phase, lattice
fringe, and chemical composition of the optimum ternary pho-
toanode, respectively. The XPS study was done using an X-ray
photoelectron spectroscopy (XPS) (ULVAC-PHI Quantera II)
equipped with Al K-Alpha Monochromatic Source
(1486.6 ¢V) and X-ray beam size of 100 um.

3. Results and discussion

Fig. 2 displays the representative top view FESEM images of
as-fabricated ZnO NRAs, Bi,S3/ZnO NRAs/ITO, Ag,S/ZnO
NRASs/ITO and BiyS3/Ag,S/ZnO NRAs/ITO photoanodes.
From this figure, it can be noticed that ZnO NRAs were
well-aligned in vertical orientation and with uniformly grown
structure on the ITO substrate. The diameter of the ZnO
NRAs was determined to be ~37 £ 2 nm with an aspect ratio
of about 20.45. The vertical grown ZnO NRAs were expected
to provide a large surface area for the deposition of Ag,S and
Bi,S; nanoparticles. It can be seen that the decoration of ZnO
NRAs with Bi,S; and Ag,S did not drastically change the mor-
phological structure of ZnO NRAs as they were homogenously
coated on the ZnO NRAs as shown in Fig. 2(c-h). However,
the surface of ZnO NRAs became rougher after the deposition
of both metal chalcogenides. These structures and morpholo-
gies of the fabricated thin films would substantially influence
the light penetration during the photoelectrochemical
performance.

Fig. 3 shows the FESEM images of Bi,S3/Ag,S/ZnO
NRASs/ITO the effect of post-heat treatment at different
annealing temperature. Based on the FESEM results, it was
found that the average particle sizes of Bi;S3;/Ag,S/ZnO



Enhanced photoelectrochemical performance of Bi»S3/Ag,S/ZnO

9169

Potentiostat

Electrolyte

{0.1 0f N2,S+0.1 Na,S0;}

Chopped
Light

16 cm

Counter
electrode
(Pt wire) Reference
electrode
(Ag/AgC)
Fig. 1

NRASs/ITO increased with increasing annealing temperature as
listed in Table 1. The increment of particle size in the film may
be attributed to the sintering of small nanoparticles during the
annealing process. The elevated heat at higher temperature
caused a massive expansion of small nanoparticles that clogged
the spaces between the ZnO nanorods (Lu et al., 2010).

Fig. 4 displays the XRD patterns of ITO conductive glass,
ZnO NRAs, and Bi,S3/Ag,S/ZnO NRAs/ITO thin films trea-
ted thermally between 100 °C and 500 °C. The XRD patterns
revealed that the hydrothermally synthesised ZnO NRAs were
well crystallised in hexagonal wurtzite phase (JCPDS No. 00-
003-0888) with a strong orientation along the (002) plane on
the ITO glass at 20 = 34.7° (Narayanan et al., 2016). The
other diffraction peaks of ZnO NRAs are (100), (101),
(102), (110), (103), and (112) planes, located at 26 of
31.77°, 36.25°, 47.56°, 56.60°, 62.86°, and 67.96°, respectively.
After Ag,S and Bi,S3 deposition on the ZnO NRAs, more
main peaks appeared as located at 22.4°, 28.65°, 32.92°,
33.98°, 53.79°, and 73.21° corresponding to the (022), (023),
(130), (113), (106), and (302) planes, respectively. The over-
lapping peaks over ZnO at 20 = 34.7°, 36.21°, 72.72° are
attributed to the orthorhombic structure of Bi,S; (JCPDS card
No. 03-065-3884). The other distinct peaks located at 36.56°,
37.2°, 37.8°, and 53.3° are attributed to (112), (013),

(1 03), (2 1 3), respectively, of the monoclinic structure
of Ag,S (JCPDS 00-014-0072). The diffraction peaks of
Bi,S; and Ag,S were relatively weak in comparison to those
of ZnO due to the growth of the (002) lattice plane along
the [001] direction of that ZnO nanorod over Bi,S; or Ag,S.

‘Working
electrode ‘

(Sample)

Setup for photoelectrochemical configuration cell.

In particular, some diffraction peaks such as (023), (052),
(126), (172) and (128) at 26° = 28. 65, 43.61, 56.8, 65.2,
73.1, respectively are seen to exhibit high intensity with
increasing temperature but then started declining after
400 °C. There were no traces of other impurities peaks
detected, verifying the purity of the ternary nanocomposite
structure. These observations are in agreement with FESEM
images presented earlier.

The absorption spectra of ZnO NRAs before and after
deposition of Ag,S and Bi,S; as well as the heat-treatment
are shown in Fig. 5A. The absorption edge of the bare ZnO
NRAs occurred at 385.09 nm, corresponding to its band gap
energy of 3.22 eV. On the other hand, the absorption of as-
deposited Bi>S3/Ag,S/ZnO NRAs/ITO were extended to
596.15 nm before the heat-treatment. Upon annealing, the
absorbance edge showed a red-shifted behaviour with absorp-
tion edges of 656.08 nm, 692.73 nm, 733.73 nm, 775 nm, and
794.87 nm for samples treated at 100 °C, 200 °C, 300 °C,
400 °C, and 500 °C, respectively. Following this, the band
gap energy was estimated using the Tauc’s plot which corre-
sponds to the relationship between the energy of the photon
(hv) and absorption coefficient (o) as shown in Eq. (1) (Tauc
et al., 1966):

(ahv) = A(hy — E,)" (1)

Where o is the absorption coefficient, /v is the energy of an
incident photon, A is constant, and E, is the optical band
gap energy (eV), while n depends on the type of transition (n
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Fig. 2 Plane view FESEM images with cross-sectional of: (a-b) bare ZnO NRAs; (c-d) Bi»S3/ZnO NRAs/ITO; (e-f) Ag,S/ZnO NRAs/

ITO: (g-h) Bi»S3/Ag>S/ZnO NRAs/ITO.

= g and 2 for permissible direct and indirect transition,
correspondingly).

Table 2 listed the optical band gap energy values at differ-
ent annealing temperatures. Interestingly, increasing the
annealing temperature led to a systemic reduction of the band
gap energy based on Fig. 5B. The E, of annealed samples at
100 °C, 200 °C, 300 °C, 400 °C, and 500 °C reduced to
1.89 eV, 1.79 eV, 1.69 eV, 1.60 eV, and 1.56 eV, respectively.
This reduction of band gap energy with increasing temperature

can be attributed to the continuous growth of the nanocrystal
while removing the grain boundaries which allows better pen-
etration of light to the photoanode (Holi et al., 2018).

The Bi,S3/Ag,S/ZnO NRAs/ITO annealed at different tem-
peratures were applied in the PEC cell to assess the perfor-
mance in the dark condition and under simulated solar
illumination (100 mW/cm?) based on the reversible hydrogen
electrode (RHE) equation. Fig. 6 shows the photocurrent den-
sity versus the applied potential characteristics of ZnO NRAs,
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Fig. 3 FESEM images of Bi,S3/Ag>S/ZnO NRASs/ITO electrode synthesized at different annealing temperatures: (a) as-deposited; (b)
100 °C; (c) 200 °C; (d) 400 °C; (e) 500 °C.

Bi,S3/ZnO NRASs/ITO, Ag,S/ZnO NRAs/ITO, and Bi,S3/ The current—voltage profile at the bias voltage of +0.5 V
Ag,S/ZnO NRASs/ITO with chopping under simulated light revealed that the photocurrent density of the as-deposited
illumination as plotted using Eq. (2). ZnO NRAs, Ag,S/ZnO NRAs/ITO, and BiyS;/Ag,S/ZnO

NRASs/ITO were 0.337 mAjem?, 2.73 mA/em?, and 7.33 mA/
cm?, respectively. The obtained data suggest that the separa-
= +0.199V (2)  tion of the photogenerated electrons is less effective in single
and binary photoanodes as compared to the ternary

E(RHE)ZEAg/AgC1+0.059pH+EAO (Ag/AgCl) EA° (Ag/AgCl)
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Table 1 The particle size of Bi,S3/Ag,S/ZnO/ITO based on A) f
FESEM results at different annealing temperatures.
Annealing temperature (°C) Particle size (nm)
As-deposited 104 ?
100 139.53 ]
200 156.49 -
300 239.43 &
400 245.58 §
500 280.13 2
[
=
@
=
<
v T v T v T v T v 1
300 400 500 600 700 800

Intensity (a.u.)

2Theta (°)

Fig. 4 XRD diffractogram of: (a) ZnO NRAs/ITO; Bi,S3;/Ag,S/
ZnO NRASs/ITO prepared at different annealing temperatures: (b)
as-deposited; (c) 100 °C; (d) 200 °C; (e) 300 °C; (f) 400 °C; (g)
500 °C.

heterostructure. Upon annealing, the PEC performance
improved remarkably as the photocurrent density increased
from 8.22 mA/ecm? at 100 °C until it reached the highest value
of 12.95 mA/cm? at 400 °C. It has been suggested that improv-
ing the film’s crystallinity with improved absorbance property
and minimizing the recombination centres could induce better
separation of the electron-hole, leading to an increase in the
photocurrent produced. Moreover, the post-heat treatment
can decrease the defects within the thin film as a result of
decreasing number of grain boundaries within the ternary
heterostructure (Patil et al., 2020). Consequently, the recombi-
nation centres in the annealed samples reduced efficiently lead-
ing to enhanced photocurrent produced (Lu et al., 2010).
However, the photocurrent dropped drastically to 7.47 mA/
cm’ when the annealing temperature was increased to
500 °C. This remarkable reduction in the photocurrent density
can be attributed to poor crystallinity of the photoanode at
this particular annealing temperature as proven via FESEM
image (Fig. 3e). Based on the LSV analysis, the Bi,S;/Ag,S/
ZnO NRASs/ITO annealed at 400 °C was chosen as the opti-
mum annealing temperature for the next characterisation.
Additional information on the optimum fabricated
nanocomposite thin film is obtained via high resolution trans-
mission electron microscopy (HR-TEM). Fig. 7(a) shows that
the surface of unmodified ZnO rod was significantly smooth.

Wavelength (nm)

(B)

a
(o]

e~
>
)
e’
=
-~
<

v v v g L]

1.0 3.0 35

Fig. 5 (A) UV-Vis spectra; (B) bandgap energy curves of: (a)

ZnO NRAS/ITO; (b) BiyS3/Ag,S/ZnO NRAs/ITO-as deposited;
(c) 100 °C; (d) 200 °C; (e) 300 °C; (f) 400 °C; (g) 500 °C.

Table 2 Optical band gap energy of ZnO NRAs, Ag,S/ZnO
NRAs/ITO and BirS3/Ag,S/ZnO NRAs/ITO at different
annealing temperature.

Photoanodes Eg (eV)
ZnO NRAs/ITO-as deposited 3.22
Ag,S/ZnO NRAs/ITO-as deposited 2.23
Bi,S3/Ag,S/ZnO NRASs/ITO as deposited 2.08
Bi,S3/Ag,S/ZnO NRAs/ITO-100 °C 1.89
Bi,S3/Ag,S/ZnO NRAs/ITO 200 °C 1.79
Bi»S3/Ag:S/ZnO NRAs/ITO 300 °C 1.69
Bi,S3/Ag,S/ZnO NRAs/ITO 400 °C 1.60
Bi,S3/Ag,S/ZnO NRAs/ITO 500 °C 1.56

On the other hand, successful deposition of Bi,S;/Ag,S on
the ZnO NRAs via SILAR technique can be seen as portrayed
by small nanoparticles of Ag,S and Bi,S;/Ag,S with average



Enhanced photoelectrochemical performance of Bi»S3/Ag,S/ZnO 9173

V vs RHE
0.5 1.0 1.5 2.0

T T
18] —phzn0=0337 marem®  (Q)

Jph Bi,S /Zn0=2.76 mA/em” ()
—Jph Ag,S/Zn0=2.73 mA/em’ (c)

Current Density (mA/cm’)
s
i

V vs Ag/AgCl (V)

Vvs RHE
0.5 1.0 1.5 2.0
20 T T
NE 184 .
3 16 Jph=7.33 mA/cm (d)
<
E 144
£ 124
£
o 10
a
£ 84
£
£
23
S 4
=]
24
c v v
-0.5 0.0 0.5 1.0

V vs Ag/AgCl (V)
V vs RHE V vs RHE
0.5 1.0 15 2.0 0.5 0 15 2.0
20 v v 20 v v
wiien ] —_—
w2 184 < 184
g © g ®
3 16 ] J ,=8.692 mA/em’
T 14 Jph=8.22 mA/em’ g 1]
E 124 g 124
= 104 g 104
5 84 o 84
[= =]
w64 w 64
= =
2 4 g 44
; 24 = 2
o ©] °
T T T T
0.5 0.0 0.5 1.0 0.5 0.0 05 1.0
V vs Ag/AgCl (V) ® Vs Ag/AgCl (V)
V vs RHE V vs RHE
05 o 15 20 0.5 1.0 15 2.0
20 T T 20 T T I
o~ NA -
“g 189 ,  ® g %7 J,=1295ma/em’ (h)
2 164 Jph=9.87 mA/cm S 16
E 144 g 14+
124 T 129
iy £ 10]
= 104 Z
= S gd
E 84 p 5
— 6 e 67
= = 44
o 4 o ?_.’
= E 2]
= 24 =
o O 0
05 0.0 0.5 1.0 0.5 0.0 0.5 1.0
V vs Ag/AgCl (V) V vs Ag/AeCl (V)
05 1o Y A RHE 2.0
<2 g '
= ]
L 164 @)
E 144 J,=747 mA/em’
A
124
&
=104
=
D 8
=]
- 6
=
g 4
5 2
O
0.5 0.0 0.5 1.0
V vs Ag/AgCl (V)

Fig. 6 Linear sweep voltammograms obtained at the scan rate of 20 mV s~! at applied potentials range from —0.5 V to +1.0 V under
illumination intensity of 100 mWem ™2 in 0.1 M Na,S and Na,SOj; electrolyte for: (a) pure ZnO NRAs/ITO; (b) Ag,S/ZnO NRAs/ITO; (c)
Bi,S3/ZnO NRAs/ITO/ and Bi,S;/Ag,S/ZnO NRAs/ITO at different annealing temperatures: (d) as-deposited; (e) 100 °C; (f) 200 °C; (g)

300 °C; (h) 400 °C; (i) 500 °C.

size of 10.88 nm and 20.88 nm, respectively attached on the
ZnO rod in Fig. 7(b,c). The surface of the ZnO NRAs also
seems coarser after the deposition of Bi,S; and Ag,S nanopar-
ticles. HR-TEM image and SAED pattern of Bi>S;/Ag,S/ZnO
NRASs/ITO annealed at 400 °C is shown in Fig. 7(d, ). From

Fig. 7(d), the existence of three sets of lattice fringes of ZnO
NRAs, Ag,S, and Bi,S; is noted using fast fourier transform
(FFT). Specifically, Fig. 7(e) shows the ternary heterostructure
exhibits polycrystalline nature where many diffraction spots of
Bi,S3/Ag,S/ZnO NRAs/ITO were identified with d-spacing of
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Fig. 7 HR-TEM image of the optimum Bi,S;/Ag,S/ZnO NRAs/ITO annealed at 400 °C.

0.260, 0.238, and 0.310 nm in relation to (002), (1 0 3), and
(023) planes of ZnO NRAs, Ag,S, and Bi,S;, respectively.
Therefore, these results further confirmed that the Ag,S and
Bi,S; nanoparticles were deposited successfully without affect-
ing the crystalline phase of the ZnO NRAs.

Chemical elemental mapping (EELS) as clarified with
EDS of the nanocomposite measurements was performed
on Bi,S;/Ag,S/ZnO NRASs/ITO under an optimal annealing
temperature of 400 °C. In, Zn, O, Bi, Ag, and S elements
were detected in the wide survey scan, as displayed in
Fig. 8 in which In refers to indium element from the ITO
glass. The atomic weight percentage (Wt%) based on EDX
result of Zn, O, Bi, Ag, and S were 52.53%, 25.19%,
9.73%, 6.40%, and 6.21%, respectively.

Quantitatively, the surface chemistry, binding energy and
oxidation states of Bi,S3;/Ag,S/ZnO NRAs/ITO annealed at
400 °C was examined using XPS analysis in Fig. 9. The distinct
peaks of Zn, O, Bi, S, Ag, and S elements were detected with-
out the presence of any other impurities. The binding energy at
284.60 eV belongs to the C 1s transition (Balachandran and
Swaminathan, 2013) and was made as a reference for the bind-
ing energy of other elements in the ternary heterostructure.
The high-resolution XPS peak for Zn 2p binding energy is
shown in Fig. 10(a). The Zn 2p binding energy peak was split
into Zn 2p3, and Zn 2p;,, peaks as a result of spin-orbital

coupling situated at 1022.37 eV and 1045.49 eV, respectively.
Furthermore, the spin-orbital separation with energy equals
to 23.12 eV, verified that Zn (II) oxidation state existed in
hexagonal wurtzite structure (Majumder et al., 2018; Al-
Gaashani et al., 2013). Fig. 10(b) represents the narrow survey
of XPS spectra with Ols binding energy. The Ols broad peak
was deconvoluted into three peaks located at 530.07 eV,
531.42, and 532.83 eV. The peak located at 530.07 eV was
assigned to the oxygen ions in the hexagonal wurtzite of
ZnO whereas the peak at 531.42 eV confirmed the existence
of O, in O-H bond (Nesheva et al., 2018). Meanwhile, the peak
located at 532.83 eV might be attributed to chemisorbed oxy-
gen as reported by Alshehri et al. (Alshehri et al., 2018). On the
other hand, the binding energies located at 158.00 eV and
163.30 eV as shown in Fig. 10(c) were due to Bi 4f;, and
Bid4fs),, respectively indicating the presence of Bi (III) in the
ternary structure. The mentioned peaks are in a good agree-
ment with other reported work (Helal et al., 2017). The two
binding energy peaks located between the Bi binding energy
were attributed to the S 2p spectrum separated into the
S2ps3» and S2p;, peaks as observed at 160.84 eV and
162.00 eV binding energy, respectively (Balachandran and
Swaminathan, 2013). This verifies significantly the existence
of S2p anions coordinated to Bi*" in the Bi,S;/Ag,S/ZnO
NRAs/ITO ternary heterostructure.
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Fig. 9 The XPS survey spectra of optimal Bi,S;/Ag,S/ZnO/ITO
sample.

Meanwhile, Fig. 10(d) shows that the Ag 3ds, and Ag 3ds)»
peaks were found at 368.09 and 374.07 eV, respectively, sug-
gesting that the oxidation state of silver was bivalent Ag>"
in the ternary thin film (Shi et al., 2019; Ruiz et al., 2019). Ulti-
mately, these outcomes further verify the synthesised photoan-
odes were comprised of ZnO, Ag,S and Bi,S;.

In order to better understand the dynamics of the electro-
chemical and PEC processes occurring in the photoelectrodes,
the EIS analysis of the photoelectrodes is performed. The EIS
measurements of photoelectrode are conducted using similar
polysulfide electrolyte. Fig. 11 shows the Nyquist plot for the
PEC performance of ZnO NRAs, Ag,S/ZnO NRAs, Bi,S;/

Ag,S/Zn0 electrodes before and after annealing at 400 °C.
The charge transfer resistance at semiconductor/electrolyte
(R¢y) is determined based on Nyquist plot. It can be clearly
observed that the diameter of semicircles of the annealed
Bi,S3/Ag,S/ZnO NRAs photoelectrode is smaller than that
of the plain ZnO, Ag,S/ZnO NRAs, Bi,S;/Ag,S/ZnO before
annealing. The R for as-prepared ZnO NRAs, Ag,S/Zn0O,
Bi»S5/Ag,S/Zn0O are 12232.55, 9672.80 and 6668.49 Q/cm?,
respectively whereas after annealing, the R of BiyS3/Ag,S/
ZnO is 3857.79 Q/cm?. This means the resistance of thermally
treated Bi,S3/Ag,S/Zn0O photoelectrode is smaller, which can
greatly and effectively improve the separation of photo-
generated electron—hole pairs.

The PEC characteristics of the fabricated ternary thin films
were further evaluated by calculating the photoconversion effi-
ciency (%) using Eq. (3) (Rattanawarinchai et al., 2018):

g = JPh(1.23-V,ypp) % 100% 3)
where J,;, Jpi = Jiighe — Jaari) denotes to the photocurrent den-
sity in (mA/cm?) whereas Vapp (V) denotes to the voltage
applied to photoanode vs. Ag/AgCl. Additionally, the stan-
dard reversible redox potential of the electrolysis of water
could be represented as 1.23 V [as compared to the normal
hydrogen electrode (NHE)]. Meanwhile, the P;, describes the
power intensity of the illumination source (mWem™2). The
photoconversion efficiencies for the prepared samples are
listed in Table 3. The n% values increases to 7.64% in the
presence of Bi,S; in the ternary heterostructure as compared
to ZnO NRAs (0.25%) and Ag,S/ZnO NRASs/ITO (2.33%)
before annealed. A further increase of 12.63% occurred when
Bi,S3/Ag,S/ZnO NRAs/ITO was annealed at 400 °C. The pho-
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tocurrent density values as obtained from this study, were
higher than the one reported using Bi,S3/Ag,S/TiO, (Cheng
et al., 2016b) which was only 0.407 mA/cm?. The enhanced
performance of Bi;S3/Ag,S/Zn0O as compared to Bi,S;/Ag,S/

Table 3 Photoconversion efficiency of ZnO NRAs, Ag,S/
ZnO NRASs/ITO and Bi,S3/Ag,S/ZnO NRAs/ITO at different
annealing temperatures.

Photoanodes Photoconversion
efficiency, n (%)
ZnO NRAs/ITO-as deposited 0.25%
Ag,S/ZnO NRAs/ITO-as deposited 1.65%
Bi,S3/Ag,S/ZnO NRAs/ITO -as deposited 7.64%
Bi,S3/Ag,S/ZnO NRAs/ITO —100 °C 8.44%
Bi,S3/Ag,S/ZnO NRAs/ITO —200 °C 8.50%
Bi,S3/Ag,S/ZnO NRAs/ITO —300 °C 10.22%
Bi,S3/Ag,S/ZnO NRAs/ITO —400 °C 12.63%
Bi,S3/Ag,S/ZnO NRAs/ITO —500 °C 5.64%

TiO, possibly due to high electron mobility of ZnO (Tyagi
et al., 2020).

Thus, BiS; and Ag,S co-sensitisation can effectively
enhance the PEC performance due to effective cascade band
gap alignment. The electrons in the valence bands of Bi,S;,
Ag,S, and ZnO are excited to (C.B.) of Bi»S3;, Ag,S, and
ZnO under illumination. Then, the photogenerated electrons
in the C.B. of Bi,S; with a more negative potential energy
(—0.82 V) transfer to the C.B of Ag,S (—0.43 V) and then to
the C.B. of ZnO (—0.32 V). At the same time, the photogener-
ated holes accumulated in ZnO with a more positive potential
energy (2.9 V) migrate to Ag,S (1.35 V) and then to Bi,S;3
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Fig. 12 Relative energy levels and ideal cascade band structure
in Bi;S3/Ag,S/ZnO NRASs/ITO heterostructure ternary system.

(0.82 V). The photoinduced electrons and holes accumulated at
ZnO’s C.B. and Bi,S3’s V.B. promoting effective separation of
photoinduced charge carriers as a result of a stepwise band
alignment of Bi;S3/Ag,S/ZnO NRAs/ITO heterostructure.
The heterojunction architecture allows more incoming light
and increases the separation of the charge. Additionally, intro-
ducing Ag,S as a medium layer between ZnO and Bi,S;
nanoparticles acted as a highway bath of photogenerated elec-
trons and holes facilitating efficient charge transfer process as
shown in Fig. 12 (Ye et al., 2019).

4. Conclusion

In summary, the hydrothermal ZnO NRAs were successfully
sensitised using Ag,S and Bi,S; as a ternary nanocomposite
heterostructure Bi,S;/Ag,S/ZnO NRAs/ITO for PEC applica-
tion. The effect of the annealing process was pronounced as
the performance of the ternary photoanode was two times
greater than without heat treatment. The Bi»S3/Ag,S/ZnO
NRASs/ITO nanocomposites annealed at 400 °C showed a sig-
nificant enhancement on photocurrent density with 12.95 mA/
em?, which was 38 times superior than plain ZnO NRAs
(0.337 mA/cm?) and almost 5 times greater than the binary
photoanode Ag,S/ZnO NRAs/ITO (2.73 mA/cm?). The ther-
mally treated Bi,S3/Ag,S/ZnO NRAs/ITO photoanode exhib-
ited improved crystallinity, which allowed better visible light
absorption for electron-hole excitation. The cascade band
gap alignment of the ternary system further facilitated the sep-
aration of the photogenerated charge carriers for enhancement
of PEC performance.
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