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One of the most eﬀective strategies to improve the photoconversion eﬃciency in the photoelectrochemical cell is by using an
assembly of heterostructures. To do so, a simple and inexpensive method, that is successive ionic layer adsorption and reaction
(SILAR), is used to deposit the narrow band gap energy semiconductor Bi2S3 on ZnO nanorod arrays (NRAs) at diﬀerent
SILAR cycles. The obtained binary heterostructure thin ﬁlms were characterized by using X-ray diﬀraction (XRD), UV-Vis
Spectroscopy, ﬁeld emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis (EDX), Raman
spectroscopy, high-resolution transmission electron microscopy (HRTEM), and linear sweep voltammogram (LSV) to prove the
crystal structure, optical properties, band gap energy, morphological structure, composition of elements, and electrical
properties. The XRD revealed that ZnO NRAs possessed a single wurtzite crystal structure while Bi2S3 possessed an
orthorhombic crystal structure. The as-fabricated Bi2S3/ZnO heterostructure exhibited enhanced visible light absorption and
charge separation eﬃciency of photoinduced electron-hole pairs. The band gap energy of binary heterostructure Bi2S3/ZnO
NRAs is 3.11, 3.00, 2.33, 1.96, and 1.89 eV at 3, 5, 7, 9, and 11 SILAR cycles, respectively, conﬁrming the substantial
improvement of ZnO NRA optical properties. The highest photocurrent density has been achieved by 1.92 mA/cm2 of
Bi2S3/ZnO NRAs fabricated at 7 cycles, exhibiting sixfold enhancement compared to that of intrinsic ZnO NRAs
(0.336 mA/cm2). This impressive enhancement was ascribed to the signiﬁcant improvement in morphological structure,
crystallinity, and optical properties of heterostructure photoanodes. Signiﬁcant improvement was achieved in the
photoelectrochemical cell (PEC) performance attributed to the fast separation, low recombination rate, and low impedance of
the photoinduced electron-hole pairs as shown throughout the electrochemical impedance spectra.

1. Introduction
The consistent consumption of accessible energy sources
as well as the concern of exhaustion of current sources
within rising environmental crisis has drawn many
researchers to combat these issues by using an eﬀective
clean approach for water splitting to generate clean solar

fuel and convert solar energy to chemical energy. To
achieve this aim, metal oxide semiconductors are utilized
as a photoanode in the photoelectrochemical cells. Among
oxide-based semiconductors, ZnO is the most encouraging
candidate due to its high earth plenty, nontoxicity, and
unique physical and chemical properties for many photovoltaic applications [1]. Owing to the large band gap
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energy of ZnO (3.37 eV), the electron-hole (e-- h+) pairs
are formed when it is irradiated by ultraviolet (UV) light
which represents merely (4%) of the entire solar light
spectrum. However, in terms of existing energy, visible
light and infrared light represent most of the solar spectrum
with 43% and 52%, respectively, compared to UV. Therefore,
modiﬁcation of the ZnO nanostructure is a crucial step to
utilize the abundant visible spectrum. Numerous eﬀorts
have been done to overwhelm the restriction of ZnO NR
arrays, such as doping [2], reducing the size of crystal,
and photosensitization of the surface of ZnO NR arrays
using narrow band gap energy materials [3]. Although
the doping approach is eﬀective, it has several drawbacks,
such as the following: (i) impurity can be introduced
strongly which aﬀect the e-- h+ pairs and might act as a
recombination centre [4]; (ii) doping can also suppress
the resistance of ZnO against corrosion, particularly when
the dopants are transition metal ions [5]. On the other
hand, the coating of organic dyes on ZnO is considered
productive for photosensitization of ZnO, but the poor
stability of dye which can expose to the oxidative degradation
is still one of the main disadvantages of this technique [6].
Recently, many researches have reported that combination
of ZnO NRs with narrow band gap semiconductors
(NBGM), such as metal chalcogenide, might be a vital technique to enhance the performance of ZnO NRAs as working
electrodes in photoelectrochemical cells (PECs) and speeds
the separation of charge carriers, and consequently, high
photoconversion eﬃciency has been achieved. Enormous
researches have reported sensitization of ZnO nanostructure
using inorganic chalcogenide semiconducting nanoparticles
such as CdS [7], PbS [8], Ag2S [9], Cu2S [10], Cu2O [11],
CdSe [12], and Bi2S3 [13] by using diﬀerent methods which
show a diverse of potential applications and a noteworthy
improvement in their performance compared with the
intrinsic construction. Among the aforementioned narrow
band gap energy materials, bismuth sulphide (Bi2S3) has been
selected for the current study since it has narrow band
gap energy (~1.3-1.7 eV) with high absorbance coeﬃcient
(104 cm-1) [3]. Hence, Bi2S3 is capable to yield visible
light to infrared from the solar spectrum which is reﬂecting
on the photoconversion eﬃciency of PECs. These excellent
features make Bi2S3 an outstanding photoconductive semiconductor and a signiﬁcant candidate for fabrication of
photoelectrochemical cells [14], hydrogen sensing and biomolecule detection [15], sensors [16, 17], IR spectroscopy
[18], and photodiode arrays [19]. Although Bi2S3 is an
excellent visible active semiconductor, its electron-hole
recombination is much faster due to its low band gap energy
[20]. Hence, heterostructured semiconductor materials with
two diﬀerent energy level system play a vital role in accomplishing the eﬀective (e-- h+) separation. The integration of
Bi2S3 with ZnO can reduce the rate of recombination and
enhance the visible light absorption and photoconversion
eﬃciency throughout stepwise heterostructure [21]. The
position of conduction band (CB) of Bi2S3 is higher than
ZnO, so the photogenerated electron can be easily transported from Bi2S3 to ZnO. While valence band (VB) of
Bi2S3 is higher than that of ZnO, so photogenerated hole
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can be transferred from ZnO to Bi2S3 smoothly. Moreover,
the suitable band-aligned edge of ZnO with that of Bi2S3
(type-II heterostructure) encourages better carrier separation
and charge transportation [21]. Many techniques have been
used to fabricate the heterostructure photoanode in PECs,
such as chemical bath deposition [22], solvothermal method
[23], hydrothermal method [18, 20, 24, 25], successive ionic
layer adsorption and reaction (SILAR) [26], and electrodeposition [27]. Among the abovementioned approaches, the
hydrothermal method and successive ionic-layer adsorption
and reaction method (SILAR) have attracted great consideration in recent years due to its simplicity during operation
and capability for huge-scale manufacture. Therefore, the
hydrothermal method has been selected for growing highly
oriented nanorods of ZnO while the SILAR method has been
used for fabrication of Bi2S3/ZnO NRs array heterostructure.
Herein, this study is aimed at integrating Bi2S3 with narrow
band gap energy with highly aligned orientated ZnO
NRAs to enhance to photoconversion eﬃciency of ZnO
NRAs as a photoanode in the photoelectrochemical cells.
Various characterization techniques such as X-ray diﬀraction
(XRD), UV-Vis Spectroscopy, ﬁeld emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis
(EDX), Raman spectroscopy, high-resolution transmission
electron microscopy (HRTEM), and linear sweep voltammogram (LSV) have been employed for characterizing the
structure, morphology, and optical and electrical properties
of the binary heterostructure.

2. Materials and Methods
2.1. Synthesis of ZnO Nanorod Arrays. Highly orientated
perpendicularly ZnO nanorods were grown on conductive
indium tin oxide (ITO) substrate using a simple hydrothermal method. In brief, the coated ZnO seed layers on ITO substrates, which were prepared by sol-gel spin coating, were
dipped upside down facing the wall of sealable glass vials
containing approximately 20 ml of the prepared growth
aqueous solution. The hydrothermal growth solution consists of equimolar of zinc nitrate Zn(NO3)2 and hexamethylenetetramine (HMTA, C6H12N4) at the concentration
0.04 M, and the pH value was 6.5. The vials were loaded into
preheated silicon oil bath at 110°C for 4 hours as described in
the earlier work [9].
2.2. Preparation of Bi2S3/ZnO Nanorod Arrays. In this
technique, the precoated hydrothermally grown ZnO NRAs
on ITO glass substrate are subjected to SILAR adsorption
steps. In the ﬁrst step, the coated ZnO thin ﬁlm was
immersed in the cationic solution, which contains 3 mM of
bismuth nitrate Bi(NO3)3·5H2O (Sigma-Aldrich, 99%) for
60 sec. In the second step, coated ZnO NRs from the initial
step were dipped in deionized water (DIW) for 60 sec to
remove unadsorbed (loosely bond). In the third step, the
resultant was dipped in the anionic solution consisting of
30 mM of Na2S (FLAKE) for 60 sec followed by DIW rinsing
for 60 sec [26]. These four steps produced one cycle and were
repeated 3 to 11 cycles to study the eﬀect of SILAR cycles on
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3. Results and Discussion
The XRD pattern of ZnO NRAs/ITO and Bi2S3/ZnO
NRAs/ITO heterostructure thin ﬁlms prepared by the
SILAR method as a function of SILAR cycles is presented
in Figure 1. The XRD patterns of ZnO NRAs are well
matched with the standard ZnO JCPDS: (00-003-0888).
It was also noted that ZnO was in hexagonal structure
and was strongly oriented along (002) which indicated
the perpendicular growth of ZnO NRAs on ITO substrate.
The diﬀraction peaks located at 2θ of 31.77°, 34.65°, 36.25°,
56.60°, and 62.86° are attributed to (100), (002), (102), (110),
and (103). The additional peaks present in Bi2S3/ZnO NRAs/
ITO ﬁlm were shown to belong to Bi2S3 which was matched
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Figure 1: X-ray diﬀraction of ZnO NRs (a); Bi2S3/ZnO NRs/ITO
at diﬀerent SILAR cycles of (b) 3 cycles, (c) 5 cycles, (d) 7 cycles,
(e) 9 cycles, and (f) 11 cycles.

ZnO
101

Bi2S3
235

Bi2S3
151

Raman intensity (a.u.)

2.3. Characterization of Bi2S3/ZnO Nanorod Arrays. FE-SEM
measurements and energy dispersive X-ray (EDX) analysis of
bare ZnO NRAs and Bi2S3/ZnO NRAs were carried out using
JEOL JSM-7600F for morphological structure and elemental
analysis. The structure, nature of crystalline phase, lattice
fringe, and chemical composition were investigated by
high-resolution transmission electron microscopy (HRTEM)
with selected-area electron diﬀraction (SAED) and electron
energy-loss spectroscopy (EELS) modes in the Tecnai TF20
x-twin FEI system, while X-ray diﬀraction (XRD) was used
to characterize the crystal structure of the obtained thin ﬁlms
using a Philips PM1730 diﬀractometer (Panalytical X’Pert
Pro MPD diﬀractometer) using Cu-Kα (λ = 1 54 Å) radiation
at 40 kV and 40 mA at the range of 20°<θ<80° with Panalytical
X’Pert HighScore software. The scanning range was maintained within 20°-80° with a scanning speed of 5° min-1.
Raman spectroscopic analysis was conducted using Wissenschaftliche Instrument and Technology (WITec) Raman
spectrometer, Alpha 300R (WITec GmbH, Ulm, Germany).
The Raman frequency was acquired with laser excitation
wavelength of 532 nm and an integration time of 5 sec.
Absorbance spectra of prepared thin ﬁlms were recorded
using (UV-2600, Shimadzu) spectrophotometer in the
range of wavelength between 300 and 800 nm. The PEC
performance analysis was conducted in a three-electrode
electrochemical cell conﬁguration consisting of bare ZnO
NRAs/ITO and Bi2S3/ZnO NRAs/ITO as the semiconductor working electrode and Pt wire as the counter electrode
while Ag/AgCl electrode as the reference electrode. The
measurement was carried out using linear sweep voltammetry (Autolab PGSTAT204/FRA32M module) to control
the potential and recorded the corresponding photocurrent
density at the scan rate of 20 mVs-1 in a mixture of equimolar concentration of 0.1 M Na2S and Na2SO3 electrolyte
(pH = 13). The semiconductor electrodes were illuminated
with chopped light using halogen lamp at an intensity of
100 mWcm-2 in the visible region (400-800 nm) which was
measured using ﬁbre optic spectrometer (Avaspec-2048).
The electrochemical impedance spectroscopy (EIS) measurements were measured under the illumination condition
in the frequency range from 0.01 Hz to 1 MHz.
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Figure 2: Raman spectrum of Bi2S3/ZnO NRs/ITO heterostructure
at 7 SILAR cycles versus wavenumber.

with JCPDS card (03-065-3884); the structure was noted to
be orthorhombic [13]. Planes were observed along with
(022), (031), (023), (004), (024), (132), (034), (051), (200),
(053), (152), (026), (063), (072), and (172). Apart from these
peaks, only indium tin oxide peaks were distinguished in all
the samples coated on ITO substrate. Additionally, there
was no remarkable shift in the diﬀraction peaks, other crystalline impurities were not observed, and the deposition of
Bi2S3 occurred at diﬀerent SILAR cycles. As this ﬁnding
proves that the SILAR reaction is an eﬃcient approach to
form good crystallization heterostructure thin ﬁlms, the peak
intensity of Bi2S3 such as (022), (004), (024), (026), and (072)
increased with increasing the SILAR cycle number which
indicates that more Bi2S3 was deposited. Due to larger
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Figure 3: (a) UV-Vis spectra; (b) band gap energy curves of (A) ZnO NRs/ITO and Bi2S3/ZnO NRAs/ITO prepared at diﬀerent SILAR cycles
(B) 3 cycles, (C) 5 cycles, (D) 7 cycles, (E) 9 cycles, and (F) 11 cycles, and the inset plot shows SILAR cycle number vs. change in optical band
gap energy.

amount of Bi2S3, the intensity of ZnO peaks, such as (102)
and (103), decreased accordingly.
Raman spectroscopy is considered one of the most
powerful tools for the structural characterization of nanomaterials. Figure 2 shows the Raman spectrum of optimal
Bi2S3/ZnO NRAs photoanode (i.e., at 7 cycles) deposited by
the SILAR method. The Raman spectrum heterostructure
displays two vibrations at approximately 437.5 cm-1 and
101 cm-1 corresponding to E2-high phonon modes and
E2-low phonons of ZnO NRAs, respectively [28]. Additionally, two distinct Raman peaks at 151 cm-1 and 235 cm-1
attributed to Bi2S3 which are in a good agreement with two
Raman bands reported earlier [29, 30].
The optical absorption spectra of grown ZnO NRs
and Bi2S3/ZnO NRAs were recorded at diﬀerent SILAR
cycles as shown in Figure 3(a). It can be seen that bare
ZnO NRs show low absorbance edge at around 385 nm
with a band gap energy value of 3.22 eV, while the
absorption spectrum of Bi2S3/ZnO shifted from blue to
red and shows a combination of absorbance of ZnO
and Bi2S3 thin ﬁlm. As the cycles of Bi2S3 over ZnO
NRs increased, the absorbance edge shifted to longer
wavelength indicating a signiﬁcant improvement in ZnO
ability of harvesting the visible light spectrum.
The band gap energy was determined by using Tauc’s
relationship between the photon energy (hv) and the
absorption coeﬃcient (α) using the following equation [31]:
n

αhv = A hv − Eg ,

1

where α is the absorption coeﬃcient, hv is the energy of
incident photon, A is constant, and Eg is the optical band

gap energy (eV) while n depends on the type of transition (n = 1/2 and 2 for allowable direct and indirect
transmission, respectively).
The semiconducting behaviour with direct band gap
energy was conﬁrmed via the linear variation of (αhv)2
against the photon energy at an absorption edge as demonstrated in Figure 3(b). The band gap energy values were
calculated from extrapolating the straight-line portion of
the plot (αhv)2 versus (hv). The thickness of ZnO NRAs
and Bi2S3/ZnO NRAs thin ﬁlms was estimated using surface
proﬁler (AMBIOS XP-200) and found to be 850.46 nm,
912.13 nm, 920.80 nm, 934.30 nm, 939.18 nm, and 944.06 nm
for ZnO NRAs, Bi2S3/ZnO at 3, 5, 7, 9, and 11 SILAR cycles.
The calculated band gap energy is 3.22, 3.11, 3.00, 2.33, 1.96,
and 1.89 eV for plain ZnO NRAs, Bi2S3/ZnO at 3, 5, 7, 9, and
11 SILAR cycles, respectively. It is found that there is an
optical absorption shifted to lower energy of Bi2S3/ZnO
NRAs observed compared to that of bare ZnO NRAs conﬁrming the enhancement of visible light harvesting for the
obtained heterostructure.
The surface morphology of the obtained thin ﬁlms was
examined by using a ﬁeld emission scanning electron microscopy (FE-SEM). Figure 4 shows the top view surface morphology of bare ZnO NRAs and Bi2S3/ZnO NRAs/ITO at
two diﬀerent magniﬁcations. These micrographs show the
hexagonal crystal of 30.07 nm of ZnO NRAs. Figure 4(b)
depicts the decoration of small nanostructure of Bi2S3 on
the whole surface of ZnO NRAs with comprehensive area
coverage. The higher magniﬁcation shows how Bi2S3 nanoparticles distributed uniformly and coated homogeneously
on ZnO NRAs without changing the structure of nanorods.
The high magniﬁcation images (Figures 4(b)–4(d)) of
Bi2S3/ZnO NRs at 3, 7, and 11 layers reveal that the surface
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Figure 4: FE-SEM images of bare ZnO NRAs (a) at lower and higher magniﬁcation and ZnO nanorods decorated with Bi2S3 nanoparticles at
lower and higher magniﬁcation, for (b) 3 cycles, (c) 7 cycles, and (d) 11 cycles. Cross-sectionals of the samples (a, c) are shown in the insets of
the ﬁgures.

of ZnO NRs became rougher and was fully covered by Bi2S3
when the SILAR cycle was boosted from 3 to 7 cycles as
shown in the cross-section inset (Figures 4(a) and 4(c)).
When the SILAR cycles were increased to 11 cycles, there
was an indicator of agglomeration as a result of increasing
the amount of Bi2S3, which may have aﬀected the space
between ZnO NRs. Additionally, the EDX results show that
the atomic percentage of Bi and S increased signiﬁcantly
when the SILAR cycles boosted from 3 to 7 cycles as illustrated in Figures 5(a) and 5(b). The ratio of Bi to S element
is about 2 : 3 which thereby conﬁrmed the deposition of
stoichiometry Bi2S3. Thus, the results indicate that ZnO
NRAs were successfully modiﬁed with Bi2S3 throughout the

SILAR technique, without other element peaks detected
which proved the excellent quality of the obtained sample.
Figure 5(c) presents the corresponding element mapping
(EELS) of the optimum sample (7 cycles) which can be found
in the element of Zn, O, Bi, and S.
The detailed nanostructure was then analyzed using TEM
and selected-area electron diﬀraction (SAED) as shown in
Figure 6(a). TEM images of Bi2S3/ZnO NRs (7 cycles) were
displayed in Figure 6(b) which conﬁrms the homogeneous
distribution of Bi2S3 nanoparticles, which can eﬀectively
sensitize ZnO NRs for photoresponse. Figure 6(c) displays
the HR-TEM image of Bi2S3/ZnO NRs (7 cycles). The plane
fringes with crystalline plane spacing of 0.26 and 0.31 of
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Figure 5: Energy dispersive X-ray (EDX) spectra of Bi2S3/ZnO NRAs/ITO heterostructure at (a) 3 cycles and (b) 7 cycles. (c) Elemental
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corresponding ﬁlms.
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Figure 6: (a) The SAED pattern; (b) TEM image; (c) HRTEM image for the optimal sample Bi2S3/ZnO NRs (7 SILAR cycles).
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wurtzite ZnO NRAs (002) and orthorhombic Bi2S3 (023),
respectively. The results agreed well with XRD patterns
which have been discussed previously (Figure 1).
3.1. Photoelectrochemical Performance. To study the photoelectrochemical performance of the Bi2S3/ZnO NRAs/ITO
heterostructures at diﬀerent SILAR cycles, it is important to
ﬁnd out the band edge potential of both Bi2S3 and ZnO as
band edge potentials play a signiﬁcant role in determining
the migration routes of photoinduced electrons and holes.
Additionally, the photoconversion eﬃciency depends on
optical absorption, morphological structure, separation eﬃciency, transportation speed, and recombination rate of
photogenerated charge carriers [24]. Figure 7 demonstrates
the schematic diagram of band alignment of Bi2S3/ZnO
NRA heterostructure. From this diagram, it may be observed
that the Fermi level of Bi2S3 and ZnO is aligned, and the
conduction band and valence band of Bi2S3 are higher than
the conduction band and valence band of ZnO. The high
valence band of Bi2S3 facilitated the transformation of the
photogenerated electron when Bi2S3/ZnO NRAs/ITO heterostructured working electrode was irradiated. The immigration of the photogenerated electron from the conduction
band of Bi2S3 to the conduction band of ZnO NRAs signiﬁed that more photogenerated electrons clustered at the
active site area, consequently increasing the photocurrent
density remarkably.
Figure 8 demonstrates the linear sweep voltammograms
(LSVs) of bare ZnO NRAs and Bi2S3/ZnO NRAs/ITO at different SILAR cycles. It could be noticed that the photocurrent
density improved signiﬁcantly after coating Bi2S3 on ZnO
NRAs due to the obtained enhancement in the charge separation and charge carrier transportation and the lowering of the
recombination rate. It is noticed that the photocurrent
density is higher in the heterostructured photoanode compared to the bare semiconductor, owing to the eﬀective
charge separation and the mobility of electrons. Apart from
the impact of SILAR cycles on the PEC performance, the
results revealed that the photocurrent density increased
remarkably when the SILAR cycles increased from 3 to 7
cycles as a result of increasing the amount of Bi2S3 deposit
on ZnO NRs uniformly before showing reduction for further
cycles. The lesser photocurrent due to the increment of
photogenerated electron resistance and delayed penetration
of multisulphide electrolyte in the thin ﬁlm was a result of
agglomeration of small size of Bi2S3 on ZnO NRs which
reduced the spaces between the nanorods [32]. Moreover,
the increasing of the SILAR cycles formed cluster of Bi2S3
which might block the light from penetrating through to
the irradiated ZnO NRAs. This reduction indicates that
recombination process occurred, and the photogenerated
holes reached the surface instead of arresting electrons from
electrolyte accumulating at ITO surface and recombining
with electrons from the conduction band [26].
The signiﬁcant enhancement in PEC performance for
Bi2S3/ZnO NRAs/ITO heterostructure may also be explained
based on the electrochemical impedance spectra (EIS),
which evaluate the mechanism of interfacial charge transfer process, implying the inﬂuence of charge separation
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..
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.

OH
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e− e− e− CB
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2.33
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h+ h+ h+ h+ VB

H 2O

Figure 7: Schematic band alignment of structure Bi2S3/ZnO NRA
binary nanostructure under illumination.

and recombination rate. Besides, it is also an important
evidence on the correlation between photoconversion eﬃciency and charge transfer. EIS was also conducted under visible light illumination. Figure 9 demonstrates the EIS Nyquist
plot of bare ZnO NRAs/ITO and Bi2S3/ZnO NRAs/ITO at 7
cycles. The arc portion assigned to the charge transform as
well as the recombination rate between the photoanode and
the electrolyte is also illustrated in this plot. The intercept
on the real axis of the Nyquist plot corresponds to the charge
transfer resistance (Rct ) at the interface [33]. The small Rct of
the heterostructure (699 Ω) compared to bare ZnO NRAs
(11990 Ω) indicates the prolonged lifetime of the photogenerated electron after coating Bi2S3/ZnO NRs and faster
interfacial charge transfer as well as a low recombination rate.
It is concluded that Bi2S3 with narrow band gap energy acts
as a highway to facilitate charge carrier transportation. The
system with low charge transformation resistance leads to
the signiﬁcant improvement in PEC performance.
The photoconversion eﬃciency (η%) of photoenergy
to chemical energy is estimated using the following
equation [34]:
η=

J ph

1 23−V app

Pin

× 100%,

2

where J ph (J ph = J light − J dark ) refers to the obtained photocurrent density in (mA/cm2); V app (V) refers to the voltage
applied to photoanode versus Ag/AgCl. The water electrolysis’s standard reversible redox potential (as compared to the
normal hydrogen electrode (NHF)) could be represented as
1.23 V. Meanwhile, Pin refers to the power intensity of illumination source (mWcm-2). The highest value of the photoconversion eﬃciency achieved was 1.67% for Bi2S3/ZnO NRAs,
fabricated at 7 SILAR cycles compared to bare ZnO NRAs/
ITO (0.25%), as illustrated in Figure 10. Thus, Bi2S3/ZnO
NRA (7cycles) electrode provides approximately 7 times
greater photoconversion eﬃciency compared to ZnO NRA
electrode. This is due to the uniform deposition of Bi2S3
nanoparticles (7cycles) onto ZnO NRAs that contributed
in eﬃcient absorption of visible light. The value of photoconversion eﬃciency improved impressively (67 times)

8

Journal of Nanomaterials
3
Current density (mA/cm2)

Current density (mA/cm2)

3

2
Jph = 0.336 mA/cm2
1

2

1

0

0
−0.5

Jph = 1.640 mA/cm2

0.0
0.5
V vs Ag/AgCl (V)

1.0

−0.5

(a)

(b)

Current density (mA/cm2)

Current density (mA/cm2)

Jph = 1.738 mA/cm2

1

0
−0.5

0.0
0.5
V vs Ag/AgCl (V)

Jph = 1.92 mA/cm2
2

1

0
−0.5

1.0

(c)

Current density (mA/cm2)

Current density (mA/cm2)

1.0

3

Jph = 1.08 mA/cm2

1

0
−0.5

0.0
0.5
V vs Ag/AgCl (V)
(d)

3

2

1.0

3

3

2

0.0
0.5
V vs Ag/AgCl (V)

2
Jph = 0.8915 mA/cm2
1

0
0.0
0.5
V vs Ag/AgCl (V)

1.0

(e)

−0.5

0.0
0.5
V vs Ag/AgCl (V)

1.0

(f)

Figure 8: Linear sweep voltammograms obtained at the scan rate of 20 mV s-1 at applied potentials from -0.5 V to +1.0 V under illumination
intensity of 100 mWcm-2 in 0.1 M Na2S and Na2SO3 electrolyte for (a) bare ZnO NRAs/ITO; Bi2S3/ZnO NRAs/ITO at diﬀerent SILAR cycle
numbers: (b) 3 cycles; (c) 5 cycles; (d) 7 cycles; (e) 9 cycles; (f) 11 cycles.

compared to previous report [26]. It can be concluded that
Bi2S3 prepared at 7 SILAR cycles may be introduced as an
excellent photosensitizer for ZnO NRAs.

4. Conclusion
Systemic investigation has been directed towards the optimization of the surface of ZnO NRAs with Bi2S3 by the
SILAR technique. The variation in SILAR cycles for Bi2S3
and its eﬀect on the optical and morphological structure

and photoconversion eﬃciency was investigated extensively.
The orthorhombic phase of Bi2S3 over the wurtzite structure
of ZnO was proven throughout XRD results. The optical
properties of ZnO NRAs improved signiﬁcantly after sensitizing by Bi2S3, and the band gap energy decreased by
increasing the coating cycles. The enhancement in the photoconversion eﬃciency was observed for Bi2S3/ZnO NRAs/ITO
at 7 cycles (1.67%) to that of bare ZnO NRs/ITO (0.25%), due
to the reduction of the electrical impedance of Bi2S3/ZnO
NRAs as proven by EIS measurements. This fundamental
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Figure 9: EIS Nyquist plot of (a) bare ZnO NRAs/ITO; (b) Bi2S3/ZnO NRAs/ITO at 7 SILAR cycles at open bias condition under visible
light illumination.
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Figure 10: Photoconversion eﬃciency as a function of applied
voltage versus Ag/AgCl of (a) bare ZnO NRAs/ITO; (b) Bi2S3/ZnO
NRAs prepared at 7 SILAR cycles under illumination intensity of
100 mWcm-2 in 0.1 M Na2SO3 and 0.1 M Na2S electrolyte mixture.

result conﬁrms the eﬀectiveness of utilizing coated ZnO
nanorods towards the improvement of photoelectrochemical
cell performance. Besides, it opens the new and simpliﬁed
technique towards utilizing the abundant visible spectrum
and the development of the PEC material at low cost.
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