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ABSTRACT

Bismuth oxyiodide (BiOI) nanospheres were prepared using a facile solvothermal method.
Nickel was doped into the surface of the BiOI nanospheres using a photoassisted deposition
method. Various characterization techniques, such as X-ray diffraction (XRD), PL, UV–vis,
XRD, transmission electron microscope and BET surface area analyses, were used to charac-
terize the BiOI nanosphere and Ni-BiOI nanosphere samples. The photocatalytic perfor-
mance of the BiOI nanosphere and Ni-BiOI nanosphere samples was studied for the
reduction of Cr(VI) to Cr(III) under visible light irradiation. The results indicated that the
weight per cent of doped nickel plays an important role in controlling the band gap of bis-
muth oxyiodide and hindering the electron–hole recombination rate. The addition of nickel
decreased the band gap from 2.7 to 2.16 eV due to a decrease in the weight per cent of
nickel from zero to 0.8 wt%, respectively. In addition, the BET surface area of the BiOI
nanospheres decreased from 145 to 128 m2/g as the weight per cent of nickel increased
from zero to 0.8 wt%, respectively, due to blockage of BiOI nanosphere pores and doping
with nickel. The X-ray photoelectron spectroscopy results indicate that nickel was doped as
metallic nickel. The 0.6 wt% Ni-BiOI nanosphere photocatalyst reduced Cr(VI) to Cr(III)
within 30 min, and its photocatalytic activity reached 100%. In addition, this catalyst can be
used five times without loss of its photocatalytic activity.
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1. Introduction

Chromium exists in two oxidation states (i.e. chro-
mium(VI) and chromium(III)). Chromium(VI) is more
toxic, mobile and soluble than chromium(III) due to its
ability to adsorb onto inorganic surfaces more easily.
Due to the dangers of the presence of Cr ions in drink-
ing water, chromium(VI) is considered to be a high pri-
ority hazard according to the United States EPA. The
main sources of chromium(VI) are leather tanning,
chromium electroplating and paint industries. Many
efforts have attempted to convert chromium(VI) to
chromium(III), which is one hundred times less mobile

and less toxic. One of these approaches involves a
reduction process where alkalization or neutralization
of a chromium solution leads to the formation of Cr
(OH)3. In addition, further reduction leads to the for-
mation of chromium metal [1,2]. Furthermore, different
methods have been employed for the removal of chro-
mium(VI) including electrolytic [3], ion exchange [4],
freeze separation, reverse osmosis [5], solvent
extraction [6], adsorption on activated charcoal [1],
reduction followed by chemical precipitation [7] and
reduction [8,9] methods. Each of these techniques has
its own disadvantages including an inability to meet
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health and hazards regulations, high energy consump-
tion and highly toxic hazardous waste. The photocat-
alytic process can efficiently reduce chromium(VI) to
chromium(III), and titanium dioxide is the most well-
known photocatalyst due to its high stability, high
photocatalytic activity and low cost. However, the use
of titanium dioxide is hindered by two limitations.
Titanium dioxide exhibits a large band gap, which
leads to UV absorption. In addition, titanium dioxide
possesses a high electron–hole recombination rate.
Therefore, various methods have been used to shift the
absorption from the UV region to the visible region
and decrease the electron–hole recombination rate,
which can be accomplished by metal or non-metal
doping [10–22]. Bismuth oxyiodide is a p-type semi-
conductor with a narrow band gap. Therefore, this
material exhibits excellent visible light absorption,
which makes it a promising photocatalyst for the pho-
tocatalytic degradation of pollutants [23,24]. The disad-
vantages of bismuth oxyiodide for use as a commercial
photocatalyst include a low BET surface area and rapid
electron–hole recombination rate [23]. Many efforts
have been focused on preventing electron–hole recom-
bination [25–33]. BiOI/Bi2O3 composites have been
prepared by Li et al. [34] who reported that the BiOI/
Bi2O3 composites exhibit excellent photocatalytic activ-
ities for the degradation of 4-chlorophenol and phenol.
AgI/BiOI composite photocatalysts were prepared by
Cheng et al. [35] who reported that the addition of AgI
to BiOI can control the electron–hole recombination
rate. In addition, the composites exhibit excellent pho-
tocatalytic activities for the degradation of 4-chlorophe-
nol. To the best of our knowledge, no previous studies
have investigated the modification of bismuth oxyio-
dide via addition of nickel or the reduction of Cr(VI)
by bismuth oxyiodide or nickel-bismuth oxyiodide.
Therefore, the aim of this study was to prepare bis-
muth oxyiodide nanospheres with a high surface area
using a facile solvothermal method and then control
the electron–hole recombination rate by nickel doping.
In addition, the photocatalytic performance of the bis-
muth oxyiodide and nickel-bismuth oxyiodide nano-
spheres was evaluated for the photocatalytic reduction
of Cr(VI) under visible light irradiation.

2. Experimental

2.1. Preparation of photocatalysts

2.1.1. Preparation of BiOI nanospheres

Bismuth oxyiodide (BiOI) nanospheres were pre-
pared using a facile solvothermal method. Typically,
1.5 mmol of cetyltrimethyl ammonium hydroxide were
dispersed in 40 mL of ethylene glycol (EG) under

magnetic stirring for 30 min. The mixture was ultra-
sonically treated for 1 h. Next, 1.5 mmol of Bi
(NO3)3·5H2O and 1.5 mmol of KI were added to this
mixture followed by stirring for 30 min. Then, the
resulting suspension was transferred into a 50-mL
Teflon-lined stainless-steel autoclave and heated at
160˚C for 24 h. The final products were collected by
centrifugation and washed with deionized water and
absolute ethanol three times followed by drying at
80˚C for 8 h under vacuum.

2.1.2. Preparation of Ni-BiOI nanospheres

The different nickel metal contents (0.2, 0.4, 0.6
and 0.8 wt%) were doped into the surface of the bis-
muth oxyiodide nanospheres using a photoassisted
deposition method. Briefly, the bismuth oxyiodide
nanospheres were dispersed for 1 h in an aqueous
solution of nickel nitrate, and then, the resulting mix-
ture was irradiated with UV light (150 W) for 24 h.
After filtering and washing, the resulting material was
dried at 100˚C for 24 h followed by hydrogen reduc-
tion for 2 h at 120˚C.

2.2. Characterization techniques and apparatuses

The nanostructure morphology and sample dimen-
sions were measured using a JEOL-JEM-1230 trans-
mission electron microscope (TEM). The samples were
suspended in ethanol and ultrasonicated for 30 m. A
small amount of the sample was coated with carbon,
dried on a copper grid and loaded into the TEM. To
determine the surface area, the N2-adsorption mea-
surements were performed on treated samples (2 h
under vacuum at 100˚C) using a Nova 2000 series
Chromatech apparatus at 77 K. The crystalline phase
was determined by powder X-ray diffraction (XRD)
using a Bruker axis D8 with Cu Kα radiation
(λ = 1.540 Å) at room temperature. X-ray photoelectron
spectroscopy (XPS) measurements were performed on
a Thermo Scientific K-ALPHA spectrometer. The band
gap performance was determined by UV–vis diffuse
reflectance spectroscopy (UV–vis-DRS), and the spec-
tra were acquired using a UV–vis-NIR spectropho-
tometer (V-570, Jasco, Japan) in air at room
temperature to detect the absorption over a range
from 200 to 800 nm. The photoluminescence (PL)
emission spectra were obtained with a Shimadzu RF-
5301 fluorescence spectrophotometer.

2.3. Photocatalytic performance

The application of the synthesized nanoparticles
for the photoreduction of chromium(VI) was studied
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under UV irradiation. The experiments were per-
formed using a horizontal cylinder annular batch reac-
tor. The photocatalyst was irradiated using a xenon
lamp (300 W). In a typical experiment, the desired cat-
alyst amount was suspended in 500 mL of a 100 mg/L
K2Cr2O7 solution. The reaction was performed isother-
mally at 25˚C, and samples of the reaction mixture
were analysed at different time intervals for a total
reaction time of 1 h. The concentration of chromium
(VI) in the samples was estimated using a UV–vis
spectrophotometer (V-570, JASCO, Japan) at 540 nm
according the standard diphenylcarbazide method
[36].

The photoreduction efficiency of chromium(VI)
was measured by applying the following equation:

% Photoreduction efficiency ¼ ðCo � CtÞ=Co � 100

where Co is the initial concentration of chromium(VI)
in the solution at time zero and Ct is the concentration
of chromium(VI) in the solution at time t.

3. Results and discussion

3.1. Characterizations of BiOI and Ni-BiOI nanospheres

The XRD patterns of the BiOI and Ni-BiOI samples
are shown in Fig. 1. The results indicate that the BiOI
and Ni-BiOI samples were primarily composed of bis-
muth oxyiodide. As the content of doped nickel
increased, peak intensity decreased, and the peak
width broadened. In addition, no peak was observed
for nickel or nickel oxide in the patterns of the

nickel-doped bismuth oxyiodide samples due to the
nickel content being lower than the XRD detection
limit or the nickel being well dispersed on the bis-
muth oxyiodide surface.

The XPS spectra of Bi 4f (A), I 3d (B), O 1s (C) and
Ni 2p (D) for the 0.6 wt% Ni-BiOI sample are shown
in Fig. 2. The results indicate that the main Bi form is
Bi3+ based on the Bi 4f7/2 and Bi 4f5/2 peaks at bind-
ing energies of 158.6 and 163.9 eV, respectively
(Fig. 2(A)). The main I form is I− based on the I 3d5/2

and I 3d3/2 peaks located at binding energies of 619.2
and 630.5 eV, respectively (Fig. 2(B)). The main O
form is O2− based on the O 1s peak at binding energy
of 529.2 eV, as shown in Fig. 2(C). The Bi 4f, I 3d and
O 1s XPS spectra confirm that the structure of bismuth
oxyiodide is BiOI. This result is in agreement with the
XRD results. In addition, the main Ni form is metallic
nickel based on the Ni 2p3/2 and Ni 2p1/2 peaks at
binding energies of 852.6 and 870.0 eV, respectively
(Fig. 2(D)).

Fig. 3 shows the TEM images of BiOI and Ni-BiOI.
These images indicate that BiOI is a nanosphere and
nickel was doped as dots. The nickel dispersion on
the bismuth oxyiodide surface was controlled by the
doped nickel content. In addition, the doped nickel
dispersion increased as the nickel content increased
from 0 to 0.6 wt%, as shown in Fig. 3(A)–(D). A nickel
content above 0.6 wt% increased the doped nickel
aggregation, as shown in Fig. 3(E).

Table 1 shows the texture parameters of the BiOI
and Ni-BiOI samples. The BET surface areas were 145,
139, 135, 130 and 128 m2/g for BiOI, 0.2 wt% Ni-BiOI,
0.4 wt% Ni-BiOI, 0.6 wt% Ni-BiOI and 0.8 wt% Ni-
BiOI, respectively. The total pore volumes of the Ni-
BiOI samples were smaller than those of BiOI, which
may be due to blockage of the BiOI pores due to
metallic nickel doping.

Fig. 4 shows the UV–vis diffuse reflectance spectra
of the BiOI and Ni-BiOI samples. The results demon-
strate that the BiOI and Ni-BiOI samples absorb in the
visible region, and the addition of nickel to BiOI shifts
the absorption edges to longer wavelengths. In addi-
tion, the nickel content affects the absorption edge.
The edge shifted to a longer wavelength as the nickel
weight percentage content increased from 0 to 0.6.
However, a nickel content higher than 0.6 did not sig-
nificantly affect the absorption edge. Table 2 lists the
BiOI and Ni-BiOI band gap values, which were calcu-
lated based on the UV–vis spectra. The band gap
energy values were 2.70, 2.30, 2.25, 2.18 and 2.16 eV
for BiOI, 0.2 wt% Ni-BiOI, 0.4 wt% Ni-BiOI, 0.6 wt%
Ni-BiOI and 0.8 wt% Ni-BiOI, respectively. Therefore,
the BiOI band gap can be controlled by the doped
nickel content.
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Fig. 1. XRD patterns of the BiOI and Ni-BiOI nanosphere
samples.
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Fig. 5 shows the PL spectra of the BiOI and Ni-
BiOI samples. The results indicate that the BiOI PL
peak intensity decreased as the metallic nickel content
increased from 0.0 to 0.6. A metallic nickel content
higher than 0.6 did not significantly affect the PL peak
intensity. Therefore, the nickel content affects the elec-
tron–hole recombination rate.

3.2. Photocatalytic activities of the BiOI and Ni-BiOI
nanospheres samples

The effect of the Ni content on the photocatalytic
activity of the BiOI and Ni-BiOI nanosphere samples
for the reduction of Cr(VI) is shown in Fig. 6. The
photocatalytic conditions are 60 min reaction time;
0.4 g/L photocatalyst dose; 100 ppm chromium con-
centration. The photocatalytic reactions were carried
out under the following conditions: 75 ppm K2Cr2O7

solution, 500 ml of K2Cr2O7 and 0.4 g/l photocatalyst
dose. The results reveal that the BiOI photocatalyst

has a very low photocatalytic activity (48%), and dop-
ing BiOI with metallic nickel increased the photocat-
alytic activity. In addition, an increase in the doped
nickel content from 0 to 0.6 wt% increased the photo-
catalytic activity from 48 to 100%, respectively. The
photocatalytic activity remained unchanged when the
doped nickel content was higher than 0.6 wt%. To
confirm the photocatalytic reduction of Cr(VI) to Cr
(III) by the 0.6 wt% Ni-BiOI sample, the XPS spectra
of the Cr 2p level for the 0.6 wt% Ni-BiOI sample was
measured after the photocatalytic reaction (Fig. 7). The
results indicate that the 0.6 wt% Ni-BiOI photocatalyst
that reduced Cr(VI) to Cr(III) exhibited two peaks at
576.8 and 586.5 eV corresponding to Cr 2p3/2 and Cr
2p1/2, respectively.

Fig. 8 shows the effect of the 0.6 wt% Ni-BiOI pho-
tocatalyst dose on the photocatalytic activity of BiOI
for Cr(VI) photocatalytic reduction. The photocatalytic
conditions are 60 min reaction time; 0.6 wt% Ni-BiOI
used photocatalyst; 100 ppm chromium concentration.
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Fig. 2. XPS spectra of Bi 4f (A), I 3d (B), O 1s (C) and Ni 2p (D) for the 0.6 wt% Ni-BiOI sample.
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The results reveal that an increase in the photocatalyst
dose from 0.2 to 0.4 g/L increased the photocatalytic
activity from 70 to 100%. The reaction time required to
complete the Cr(VI) photocatalytic reduction decreased
from 60 to 50 to 30 min as the photocatalyst dose
increased from 0.4 to 0.6 to 0.8 g/L, respectively. This
result was due to an increase in the photocatalyst dose
which increased the number of active photocatalytic
sites available for photocatalytic reduction. In addition,
the reaction time required for complete Cr(VI)

(A) (B)

(C) (D)

(E)

Fig. 3. TEM images of the BiOI and Ni-BiOI nanosphere
samples, where the wt% of Ni was 0.0 (A), 0.2 (B), 0.4 (C),
0.6 (D) and 0.8 (E).

Table 1
BET surface area and total pore volume of the BiOI and
Ni-BiOI samples

Sample SBET (m2/g)
Total pore
volume (cm3/g)

BiOI 145.0 0.0700
0.2 wt% Ni-BiOI 139.0 0.0650
0.4 wt% Ni-BiOI 135.0 0.0600
0.6 wt% Ni-BiOI 130.0 0.0550
0.8 wt% Ni-BiOI 128.0 0.0500
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Fig. 4. UV–vis absorption spectra of the BiOI and Ni-BiOI
nanosphere samples.

Table 2
Band gap energy of the BiOI and Ni-BiOI nanospheres

Sample Band gap energy (eV)

BiOI 2.70
0.2 wt% Ni-BiOI 2.30
0.4 wt% Ni-BiOI 2.25
0.6 wt% Ni-BiOI 2.18
0.8 wt% Ni-BiOI 2.16
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Fig. 5. PL spectra of the BiOI and Ni-BiOI nanosphere
samples.
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photocatalytic reduction increased to 40 min when the
photocatalyst dose increased above 1.0 g/L. This trend
was due to photocatalyst doses higher than 1.0 g/L hin-
dering light penetration to the photocatalyst surface,
decreasing the photocatalytic activity and increasing
the reaction time.

Fig. 9 shows the effect of the initial Cr(VI) concen-
tration on the photocatalytic activity of the 0.6 wt%
Ni-BiOI photocatalyst for Cr(VI) photocatalytic reduc-
tion. The photocatalytic conditions are 60 min reaction
time; 0.6 wt% Ni-BiOI used photocatalyst; 0.8 g/L
photocatalyst dose. The results indicate that the photo-
catalytic activity of the 0.6 wt% Ni-BiOI photocatalyst
remained relatively constant as the initial Cr(VI) con-
centration increased from 25 to 50 ppm. However, the

photocatalytic activity decreased from 100 to 58%
when the initial Cr(VI) concentration was increased
from 50 to 175 ppm after 20 min, respectively.

Fig. 10 shows the results from the reuse of the
0.6 wt% Ni-BiOI photocatalyst for Cr(VI) photocat-
alytic reduction. The photocatalytic conditions has
30 min reaction time; 0.6 wt% Ni-BiOI used photocata-
lyst; 100 ppm chromium concentration; 0.8 g/L photo-
catalyst dose. The results indicate that the 0.6 wt%
Ni-BiOI photocatalyst exhibited a high photocatalytic
stability after being reused five times.
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4. Conclusions

Bismuth oxyiodide were prepared using a facile
solvothermal method, and nickel metal was doped
onto the bismuth oxyiodide nanospheres via a pho-
toassisted deposition method. The nickel-doped bis-
muth oxyiodide nanospheres exhibited a high
photocatalytic activity under visible light irradiation
and are a promising photocatalyst. Nickel doping of
the bismuth oxyiodide nanospheres resulted in a shift
in the bismuth oxyiodide absorption edges to a longer
wavelength. The XPS results indicate that the doped
nickel was present as metallic nickel. The 0.6 wt% Ni-
BiOI photocatalyst was the most active photocatalyst.
About 100% Cr(VI) photocatalytic reduction was
achieved using the 0.6 wt% Ni-BiOI photocatalyst
under the following conditions: a 0.8 g/L photocata-
lyst dose, 100 ppm Cr(VI) concentration and 30 min
reaction time. The 0.6 wt% Ni-BiOI nanosphere photo-
catalyst exhibited high photocatalytic stability after
being reused five times.
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