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Photocatalytic degradation is considered to be a promising approach for treating water contamination

caused by industrialization. Hence, an eco-friendly photocatalyst with high efficiency is needed. Bismuth

oxychloride (BiOCl) and Zr-doped BiOCl (ZBCl) with enhanced visible light-induced photocatalytic

activities were prepared through a simple co-precipitation method at ambient conditions. The

synthesized materials were characterized using XRD, FT-IR, Raman, UV-Vis DRS, PL, TEM, HRTEM, and

BET analysis. Photocatalytic studies showed that ZBCl possesses higher photocatalytic activity for the

degradation of rhodamine B under visible light irradiation in comparison to BiOCl. Among the

synthesized materials, the 1% ZBCl exhibited the highest photocatalytic efficiency. The 1% ZBCl was able

to degrade 97.7% of RhB dye within 60 min. Additionally, the linear sweep voltammetry (LSV) and

electrochemical impedance spectroscopy (EIS) studies showed enhanced response under visible light

irradiation in comparison to dark conditions which is caused by a decrease in electron transfer

resistance and an increase in photocurrent. This research suggests that ZBCl can be used successfully as

a photocatalyst and as a photoelectrode material due to its enhanced photocatalytic and

photoelectrochemical response.

1. Introduction

Environmental contamination is a major challenge as a result
of industrialization.1–3 Contaminant degrading strategies
that are both effective and environmentally friendly are sorely
needed.4,5 Synthetic organic dyes such as rhodamine B
(RhB) are commonly utilized in a variety of industries, includ-
ing textiles, food, beauty products, and pharmaceutical
industries.6 RhB effluent is harmful and can cause severe
health issues such as inflammation of the respiratory tract,
eyes, and skin.7 In addition, the discharge of dyes from several
industries endangers the ecosystem by interfering with phyto-
plankton and mammals via the food chain, which has sparked
a lot of research interest in organic wastewater treatment.8

Numerous approaches for removing these hazardous dyes have

been documented.8 Dye pollutants have been removed using
adsorption, coagulation, ion exchange membrane filtration,
biological, and chemical treatment techniques.9 Several
approaches mentioned above end up in incomplete dye degra-
dation, resulting in subsequent hazardous intermediates.10

Researchers have paid close consideration to semiconductor
photocatalytic technology because of its vast application
potential in resolving energy demand and pollution.11–14 Under
solar irradiation, photocatalysts such as titanium dioxide (TiO2)
have been proven to be efficient by degrading organic water
pollutants.15,16 Moreover, TiO2 is also considered as a promis-
ing material for photoelectrochemical (PEC) applications
because of its great redox capability, highly resistance to
photo-corrosion, high durability, natural abundance, non-
toxic, and inexpensive.17–19 Nonetheless, applicability of TiO2

was hindered due to the low separation efficiency of photo-
generated electrons and holes and wide band gap. As a result, it
was proposed that high-efficiency photocatalysts be designed to
replace TiO2.

20

Due to its unique layered structure, bismuth oxychloride
(BiOCl) has received a considerable amount of attention. It is
non-toxic, chemically stable, and has high resistance against
photo-corrosion.21 Moreover, its layers of [Cl]� alternate with
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layers of [Bi2O2]
2+ in this compound stacked structure.22,23 The

photocatalytic efficiency of BiOCl is improved by the minimiza-
tion of charge recombination which is associated with the
electrostatic force between the [Cl]� and [Bi2O2]

2+ layers.23–25

BiOCl has an estimated band gap within the range of 3.02 to
3.50 eV.26,27 Despite the fact that BiOCl is a broad band
semiconductor, it can photosensitize and decompose organic
dyes when exposed to visible light.28,29 This can be obtained
through the transport of electrons from excited dye molecules
into the conduction band of a semiconductor after the light-
induced excitation of dye molecules.28,30 In addition, doping
this material with metal and non-metal elements, as well as
generating oxygen vacancies, are some of the methods used for
improving its photocatalytic performance.31–35 Among the
numerous strategies, doping BiOCl with transition metal ions
has been found to be effective in forming energy states in the
forbidden energy gap of BiOCl, minimizing the band gap
energy of the material, increasing the number of electron–hole
pairs produced, and thus, boosting photocatalytic efficiency
under light irradiation.36,37 For instance, Xu et al. prepared
flower like La-doped BiOCl and it showed higher photocatalytic
activity compared to BiOCl.38 Moreover, Wang et al. mentioned
that Co-doped BiOCl degraded 95% of Bisphenol A whilst BiOCl
degraded 20% in 120 min.39 Pare et al. degraded malachite
green with Mn–BiOCl under visible light irradiation, and
achieved a removal efficiency of 98% within 120 min.40

Based on these findings, it is believed that doping BiOCl
with zirconium (Zr) could be a promising strategy to improve
the photocatalytic performance under visible light irradiation.
To the best of the authors’ knowledge, the synthesis of Zr-
doped BiOCl has not been reported yet. In this study, BiOCl and
Zr-doped BiOCl was synthesized using a simple co-precipitation
method at ambient conditions. The phase, structures, morphol-
ogies, and optical characteristics of the fabricated materials
were studied in depth using several techniques, including
Powder X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, Transmission elec-
tron microscope (TEM), Brunauer Emmett–Teller (BET), UV-
visible diffuse reflectance spectroscopy (UV-Vis DRS), and
Photoluminescence spectroscopy (PL). The photocatalytic activ-
ity of the BiOCl and Zr-doped BiOCl was investigated by
degrading RhB dye in the presence of visible light. The photo-
electrochemical studies such as linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS) were carried
out in the dark and under visible light irradiation to further
investigate photoelectrochemical activity of the BiOCl and
Zr-doped BiOCl induced by visible light.

2. Experimental method
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3�5H2O, 97%) were
obtained from VWR, USA. Potassium chloride (KCl) and zirco-
nium nitrate (Zr(NO3)4) were obtained from BDH, UK. Ethylene
glycol ((CH2OH)2, 99.8%) and ethyl cellulose (48.0–49.5%(w/w)

ethoxyl basis) were purchased from Sigma Aldrich, Germany.
a-terpineol were obtained from Merck, Germany. Ethanol
(C2H5OH, 95%) was acquired from Daejung Chemicals
and Metals Co. Ltd, South Korea. Sodium sulfite anhydrous
(Na2SO3) were acquired from Fisher Scientific, USA. A fluorine-
doped tin oxide (FTO) glass electrode by 2 cm � 1 cm was used
as the working electrode. Throughout the experiment, double
distilled water was utilized, which was purified using Aquatron,
England.

2.2. Instrumentation

The crystal phase structure of the as-prepared materials was
carried out using a Rigaku MiniFlex (l = 1.5406 Å). The samples
were recorded at the 2y value between 20–801 at a scan rate of
21 min�1. FT-IR were performed using Shimadzu IRSpirit and
were scanned at wavenumber range between 400–4000 cm�1 to
analyze the vibrational modes present in the samples. Raman
microscope (DXR, Thermo Scientific) was used to determine
the chemical species with an excitation wavelength of 255 nm
(laser power of 2.5 mW). The morphology and particle size of
the materials were obtained via TEM (JEOL JEM 2100F). The N2

adsorption–desorption measurements were performed on ASAP
2020 torsimeter (Micrometrics). The samples were heated to
150 1C with a heating rate of 10 1C min�1 and then degassed at
150 1C for 200 min followed by nitrogen adsorption at �196 1C.
The specific surface area of the samples was calculated using
BET method. The UV-Vis DRS analysis of the powdered BiOCl
and Zr-doped BiOCl samples was examined using a Shimadzu
UV 2600 double beam spectrophotometer. PL was performed
using a Jasco FP-8500ST fluorescence spectrophotometer. The
UV-Vis DRS and PL were employed to measure the optical
properties of the samples. The photocatalytic processes of
the photocatalyst were conducted using a TOPTION V photo-
reactor equipped with a 300 W Xenon lamp. The photocatalytic
degradation of RhB was analyzed using Shimadzu UV-1900
UV-visible spectrophotometer (UV-Vis). The photoelectro-
chemical studies (EIS and LSV) measurements were recorded
using a potentiostat Autolab (MetroHm, Herisau, Switzerland)
under dark and visible light irradiation (Simon FL30 LED
Floodlight, Jiangsu, China).

2.3. Synthesis of BiOCl

Firstly, 0.80 mmol of Bi(NO3)3�5H2O was dissolved in 9.60 mL of
ethylene glycol. This solution was stirred at room temperature
for 20 min. Next, 0.80 mmol of KCl was suspended in 9.60 mL
of double distilled water. After 20 min, the KCl solution was
added to the above Bi solution and vigorously stirred for 1 h at
room temperature. After that, the white product was collected
via centrifugation. The product was then washed with water
and ethanol three times. After drying at 80 1C, the solid was
grounded using an agate mortar and pestle. The final product
of fine white powder was obtained.

2.4. Synthesis of Zr-doped BiOCl

In order to synthesize Zr-doped BiOCl, 0.80 mmol of Bi(NO3)3�
5H2O and a desired amount (0.5%, 1%, and 5%) of Zr(NO3)4
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was suspended in 9.60 mL of double distilled water and
magnetically stirred for 20 min. After that, 0.80 mmol of KCl
solution was added into the mixture and vigorously stirred for
1 h. The obtained product was collected via centrifugation. The
product was then washed with water and ethanol three times.
After drying at 80 1C, the solids were grounded into fine
powders using an agate mortar and pestle. The desired amount
of Zr-doped BiOCl prepared was 0.5%, 1%, and 5% and referred
to as 0.5% ZBCl, 1% ZBCl and 5% ZBCl.

2.5. Photocatalytic performance of BiOCl and Zr-doped BiOCl

To assess the photocatalytic performance under visible light
irradiation, RhB dye was chosen as the target pollutant and
300 W Xe lamp was used as the visible light source. Typically,
20 mg of photocatalyst was suspended in 50 mL of 10 ppm of
RhB aqueous solution. To ensure adsorption–desorption equi-
librium, the suspension was sonicated for 10 min and stirred in
the dark for 30 min before the photocatalytic reaction. After
that, the reaction was carried out under visible light irradiation
for 1 h. At each interval of 10 min, 3 mL of the suspension was
taken and centrifuged to separate the photocatalyst. Subse-
quently, the photocatalytic degradation efficiency of BiOCl and
Zr-doped BiOCl was measured using a UV-Vis spectrophot-
ometer and were scanned between the wavelengths of 200–
800 nm.

2.6. Photoelectrochemical studies of BiOCl and Zr-doped

BiOCl

For LSV and EIS studies, the working electrodes were prepared
with 25 mg of each sample that had been fully dispersed in
500 mL of ethanol and a-terpineol and sonicated for 10 min. The
sonicated mixture was followed by the addition of 25 mg of
ethyl cellulose as a binder. The mixture was heated at 80 1C and
magnetically stirred for 1 h to make a thick paste. The paste was
coated on FTO glass electrode using the doctor-blade method.
The LSV and EIS measurements were carried out using a
potentiostat with a simple three-electrode system, in which
BiOCl and ZBCl (coated on FTO glass), Pt sheet, and Ag/AgCl
were employed in the system as the working electrode, counter
electrode, and reference electrode, respectively. For each elec-
trode, the LSV and EIS experiments of BiOCl and ZBCl were
conducted under ambient conditions in the dark and under
visible light irradiation in 80 mL of 0.1 M Na2SO3 aqueous
solution. The LSV and EIS was measured at the potential range
of �0.8 to 1.2 V at a scan rate of 50 mV s�1 and a frequency
range of 100 kHz to 0.1 Hz, respectively.

3. Results and discussion
3.1. Powder XRD analysis

Powder XRD technique was used to determine the phase and
crystallinity of the synthesized materials. The XRD patterns of
synthesized BiOCl and 0.5%, 1%, and 5% ZBCl samples are
shown in Fig. 1. It was observed that the most intense peaks
positions were seen at about 2y = 25.911, 32.571, and 33.461

which corresponds to the (101), (110), and (102) planes of
tetragonal phase of BiOCl (JCPDS card no. 01-085-0861),
respectively.41 No other impurity peaks were found in the
diffraction pattern which indicates that the samples are pure.
Furthermore, the crystallite size of the samples was evaluated
from the XRD patterns. Crystallite size of the BiOCl, 0.5% ZBCl,
1% ZBCl, and 5% ZBCl was calculated using Debye–Scherrer
equation shown in eqn (1),

D ¼
Kl

b cos y
(1)

where D is crystallite size, b = FWHM (Full width at half
maximum), l = X-ray wavelength used, y = Bragg angle, and
K = 0.9.

It was found that the crystallite size decreases as the doping
increases. However, the doping has little effect on the lattice
parameters and the unit cell volume. This result is in agree-
ment with a study reported by Xie et al. where Sn-doping has
negligible effect on the lattice constants and unit cell volume.42

This indicates that the doping samples maintain the crystal
structure of the undoped samples. In the standard of BiOCl, the
peak ratio between the (110) and (102) plane was 0.63. Further-
more, the peak ratio of the as-prepared BiOCl, 0.5% ZBCl, 1%
ZBCl, and 5% ZBCl were 0.97, 0.86, 0.91, and 1.10, respectively.
Therefore, it can be deduced that the crystal growth along the
(110) direction is preferred.39 The calculated lattice parameters,
unit cell volume, and the mean crystallite size of the samples
are shown in Table 1.

3.2. FT-IR analysis

The FT-IR spectra of BiOCl, 0.5%, 1%, and 5% of Zr-doped
BiOCl are shown in Fig. 2(a). It can be deduced that the
absorption band around 526 cm�1 belongs to the Bi–O
bond.43 The weak absorption band at 1382 cm�1 is assigned
to Bi–Cl band. Lastly, the peak at 1622 cm�1 is due to the
bending vibrations of adsorbed OH species.41 As seen from
Fig. 2(a), no additional peaks were observed. Moreover, the

Fig. 1 The XRD patterns of BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl.
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Bi–O band of BiOCl has a sharp peak and as the Zr content
increases, the intensity of this peak also decreases. This
indicates that Zr dopant is introduced into the BiOCl
lattice.43 In comparison with Y-doped BiOBr synthesized using
ethylene glycol as a solvent, the author explained that the peak
at 1394 cm�1 belongs to the Bi–Br band which has similar value
with Bi–Cl band obtained.43,44 Tang et al. deduced that peak at
1375 cm�1 is assigned to Bi–I band in BiOI.45 Based on these
FT-IR results, it can be suggested that Zr is successfully incor-
porated into the BiOCl lattice which is in agreement with the
XRD results.

3.3. Raman spectroscopy

The chemical structures of the synthesized products were
analyzed using Raman spectroscopy. From the Raman spectra
(Fig. 2(b)), it was observed that three different vibrational peaks
are present. This is due to the mobility of halogen atoms on the
BiOCl surface that is reflected in the Bi–Cl bands, which are
found at three different wavenumbers. The peaks at 143 and
198 cm�1 were attributed to Bi–Cl with A1g and Eg stretching
mode, respectively. Furthermore, the bands at 393 cm�1 are
due to the vibrations of Bi–O.46,47 Although no additional peaks
were seen due to doping of Zr, the peak around 198 cm�1 of the
ZBCl samples shifts to the left. This might be due to the
reduction of crystallite size.48 These similar findings were
reported in literature.48–50 Kim et al. studied the Raman spectra
of BiOClxI1�x and three prominent peaks were observed at
144 cm�1, 200 cm�1, and 390 cm�1.51 In another study, Xia
et al. also found similar peaks for Fe–BiOCl around 143.7 cm�1

and 198.6 cm�1 which is assigned to the A1g and Eg of Bi–Cl
stretching mode.52 This finding further indicates the successful
formation of BiOCl and ZBCl and is in accord with the XRD and
FT-IR analysis.

3.4. UV-Vis DRS analysis

The optical properties of the BiOCl and ZBCl were measured by
means of UV-Vis DRS. The Kubelka–Munk function plots were
used to investigate the effect of doping as depicted in Fig. 3(a),
including the plot absorbance of all the as-synthesized materi-
als are shown in inset (a). The band gap energy of the prepared
samples was calculated using the Kubelka–Munk function as
shown in eqn (2):

FðRÞ ¼
ð1� RÞ2

2R
� hv

� �1=2

(2)

where R is the measured absolute reflectance of the samples.
The band gap energy was calculated from the corresponding
plots of [F(R)hv]1/2 versus hv, as the intercept of the extrapolated
linear part of the plot at [F(R)hv]1/2 = 0, assuming that the
absorption coefficient (a) is proportional to the Kubelka–Munk
function F(R). From the inset in Fig. 3(a), it was observed that
BiOCl exhibits the typical UV light response with absorption
edge around 343 nm and the estimated band gap is 3.40 eV.

The estimated band gap of the synthesized materials is
summarized in Table 2. It can be suggested that doping with
Zr has a minor effect on the narrowing of the band gap. This
similar outcome can be found in other studies. For example,
Yang et al. examined the band gap of BiOCl and Dy-doped
BiOCl to be 3.29 and 3.00 eV, respectively.48 Moreover, Wang
et al. investigated the band gap of BiOCl and Co-doped BiOCl to
be 3.17 and 3.09 eV.39 This shows that the addition of dopant
can have varying influence on the band gap energy of BiOCl.

3.5. PL analysis

In order to study the charge recombination efficiency of the
synthesized materials, PL was employed. Fig. 3(b) displays the
PL emission spectra of all the samples measured at an excita-
tion wavelength of 255 nm. Both BiOCl and all ZBCl materials

Table 1 Lattice parameters, unit cell volume, and mean crystallite size of

the as-synthesised BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl

Samples

Lattice parameters (Å)
Unit cell
volume (Å3)

Mean crystallite
size (nm)a c

BiOCl 3.885 7.371 111.26 34.60
0.5% ZBCl 3.885 7.351 110.97 28.57
1% ZBCl 3.886 7.362 111.16 25.09
5% ZBCl 3.887 7.373 111.41 23.10

Fig. 2 (a) FTIR and (b) Raman spectra of BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl.
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showed similar curves and no peak shifts were observed. More-
over, the PL intensity increases after the incorporation of the Zr
dopant in the BiOCl lattice. This might be due to the presence
of surface oxygen vacancies and defect.53,54 The higher the
content of oxygen vacancies, the greater the peak
intensity.53–56 This result suggested that oxygen vacancies could
be present in ZBCl and might be one of the factors that
enhances the photocatalytic activity.

3.6. TEM analysis

TEM is used to determine the morphology and particle size of
the as-prepared BiOCl and ZBCl samples. In Fig. 4, TEM images
of (a)–(b) BiOCl and (e)–(f) 1% ZBCl were observed to have
irregular nanoplates with size of 80–100 nm. It can also be seen
that there were no major changes in the morphology. Further-
more, the thickness of the BiOCl and 1% ZBCl nanoplates were
around 17 nm and 12 nm, respectively. Similar thickness was
also reported in a morphological study of the Co-doped
BiOCl.39 The high resolution transmission electron microscopy
(HRTEM) of BiOCl (Fig. 4(c)) and 1% ZBCl (Fig. 4(g)) shows
clear lattice fringes, indicating good crystallinity of the sam-
ples. Moreover, the focused area of the HRTEM images of BiOCl
(Fig. 4(d)) and 1% ZBCl (Fig. 4(h)) samples shows lattice
spacings marked by yellow arrow and lines. The clear lattice
fringes were calculated to have lattice spacings of 0.263 nm and
0.322 nm, respectively. The lattice spacing values correlates to
the theoretical interplanar spacings of (102) and (002) crystal
plane of tetragonal BiOCl.57 The calculated d-spacings of BiOCl

and Fe-doped BiOCl were in agreement with the tetragonal
system of BiOCl. It was found that adding Fe has little effect on
the crystal structure, morphology, and particle size.57 These
results are in accordance with the XRD analysis and suggests
that Zr doping has a minor effect on the crystal structure,
morphology and particle size.

Fig. 3 (a) Tauc plots constructed from Kubelka–Munk transformed diffuse reflectance and (b) PL spectra of BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl.

Inset in (a) shows the plot of �log reflectance (i.e. absorbance) of all the as-synthesized materials.

Table 2 The band gap energies of the as-synthesized materials estimated

from Kubelka–Munk function

Samples Band gap energy (eV)

BiOCl 3.40
0.5% ZBCl 3.35
1% ZBCl 3.31
5% ZBCl 3.34

Fig. 4 TEM images of (a)–(b) BiOCl and (e)–(f) 1% ZBCl. The HRTEM

images of (c) BiOCl and (g) 1% ZBCl can be shown with its focused area in

(d) and (h), respectively.
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3.7. BET analysis

The specific surface areas of the as-prepared samples were
investigated by BET analysis. The nitrogen adsorption and
desorption isotherms of BiOCl, 0.5%, 1%, and 5% ZBCl is
shown in Fig. 5. All of the samples display a type-IV isotherm
with a type H3 hysteresis loop, confirming the presence of meso-
pore.58,59 The specific surface area of BiOCl is 13.49 m2 g�1.
With the increase of Zr content, the value of the specific surface
area gradually increased from 13.49 to 28.89 m2 g�1. The BET
specific surface areas of the as-prepared samples are listed in
Table 3.

4. Evaluation of photocatalytic efficiency

Using RhB organic dye as the model pollutant, the photocata-
lytic performance of the fabricated materials was assessed
under visible light irradiation within 1 h. In Fig. 6, the results
of the photocatalytic degradation of RhB dye using the synthe-
sized materials where (a) the kinetic analysis of RhB photo-
catalytic degradation, and (b) the percentage photocatalytic
degradation rate for each sample are shown. Among the doped
samples, it can be deduced that 1% ZBCl was most efficient in
degrading RhB dye. The kinetic analysis was investigated for a
better comparability of the photocatalytic efficiency of the as-
prepared photocatalysts using the pseudo-first-order kinetics
model, �ln(C/C0) = kt where C0 and Ct are the concentrations of
RhB dye at time 0 and t (min), accordingly and k (min�1) is the
pseudo-first-order rate constant. Fig. 6(a) shows the rate con-
stant of the ZBCl samples were higher than BiOCl. The rate
constant of BiOCl is 0.0168 min�1 and the highest rate constant
among the ZBCl samples is for 1%, which is three times higher
than that of BiOCl. In addition, the photocatalytic efficiency
starts to slow down as the Zr content increases. This indicates
that the photocatalytic degradation was not favored by exces-
sive doping. Among the doped BiOCl samples, ZBCl with a
concentration of 1% shows the best photocatalytic efficiency.
Hence as shown in Fig. 6(b), BiOCl, 0.5%, 1%, and 5% ZBCl was
able to degrade 64.3%, 92.7%, 97.7% and 84.9% of the RhB dye,
respectively. BiOCl and 1% ZBCl were able to degrade 64.3%
and 97.7% of RhB dye within 60 min. This similar photocata-
lytic performance can be found in other studies. For instance,
Mokhtari et al. fabricated BiOCl and 1% W-doped BiOCl
possessed a band gap of 3.29 and 3.00 eV, correspondingly.
Moreover, BiOCl and W-doped BiOCl were able to degrade 8%
and 90% in 180 min.36

5. Evaluation of photoelectrochemical
efficiency

The enhanced visible light photoactivity of ZBCl was further
examined by measuring the photocurrent using LSV in the dark

Fig. 5 N2 adsorption and desorption isotherms of BiOCl, 0.5% ZBCl, 1%

ZBCl, and 5% ZBCl. Inset shows the zoom region of P/P0 between 0.84–1.02.

Table 3 Specific surface area of BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl

Samples BET specific surface area (m2 g�1)

BiOCl 13.49
0.5% ZBCl 20.87
1% ZBCl 25.36
5% ZBCl 28.89

Fig. 6 (a) �ln(C/C0), pseudo-first-order kinetics, and (b) degradation efficiency of the synthesized materials using RhB dye under visible light irradiation.
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and under visible light irradiation. Generally, the response
under visible light irradiation should have higher current than
in dark condition. Fig. 7(a) shows the current response under
dark condition, in which 1% ZBCl (1.47 mA) exhibits a greater
response of current than 0.5% ZBCl (1.12 mA), 5% ZBCl
(0.88 mA), and BiOCl (0.14 mA). Fig. 7(b) displays the photo-
current response recorded under visible light irradiation. It was
observed that 1% ZBCl exhibits a greater photocurrent response
of 1.60 mA than 0.5% ZBCl (1.25 mA), 5% ZBCl (1.05 mA), and
BiOCl (0.19 mA). When compared to BiOCl, the photocurrent of
ZBCl steadily increases, indicating that doping with Zr could
significantly increase photoconversion efficiency. The improve-
ment in photocurrent also demonstrates the increase in photo-
generated electron–hole pair separation and the rate at which
photoinduced carriers are transported.60 Based on the results,
it can be deduced that 1% ZBCl have the highest current
response both in the dark and under visible light irradiation.
Moreover, the current response performed under visible light
irradiation has better response than in dark. Hence, this
indicated that 1% ZBCl possessed better electron–hole separa-
tion and can be excited easily by visible light.

EIS was used to further investigate the photoactivity of the
prepared photoelectrodes in the dark and under visible light
irradiation. Typically, the light response should have lower
arc radius than dark response. The main factor of photocata-
lytic activity is the efficiency of interface charge separation
of the photogenerated electrons and holes. The EIS Nyquist

plots can be used to analyze the interface charge separation
effectiveness.60,61 In Fig. 7(c) and (d), the impedance arc radius
of ZBCl is smaller than BiOCl with increasing doping dosage. In
the case of in the (c) dark and (d) under visible light irradiation,
the 1% ZBCl had the smallest radius arc followed by 0.5% ZBCl,
5% ZBCl, and BiOCl. This finding is consistent with the
photocatalytic performance, where 1% ZBCl is the best. Smaller
arc radius indicates greater charge transfer efficiency. This
suggests that the 1% ZBCl photocatalysts have lower resistance
than that of BiOCl, 0.5% ZBCl, and 5% ZBCl, which can
accelerate the interfacial charge-transfer process.62 Hence, EIS
confirms that the 1% ZBCl is an effective material for
photoelectrodes.61

6. Conclusion

This study reported a one-step facile method to prepare a
visible light active Zr-doped BiOCl under ambient conditions.
The XRD result confirmed tetragonal phases were obtained for
BiOCl and 0.5%, 1%, and 5% ZBCl. The average crystallite sizes
were between 23–34 nm. The TEM analysis showed BiOCl and
ZBCl samples have irregular nanoplates with average thickness
between 80–100 nm. Among the ZBCl samples, 1% ZBCl has the
highest photocatalytic activity under visible light irradiation.
The 1% ZBCl was able to degrade 97.7% of RhB dye within
60 min. Furthermore, 1% ZBCl also showed enhanced responses

Fig. 7 (a) and (b) LSV and (c) and (d) Nyquist plot of BiOCl, 0.5% ZBCl, 1% ZBCl, and 5% ZBCl in the dark and under visible light irradiation.
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in photoelectrochemical activities. Therefore, this study suggests
that ZBCl can be potentially used as a visible light active photo-
catalyst and photoelectrode material.
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