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a b s t r a c t
In this study, BiOI photocatalysts were prepared by a solvothermal method using different sol-
vents (glacial acetic acid, ethylene glycol, and glycerol), and Bi2O3/BiOI composite photocatalysts 
were obtained after high-temperature treatment using ethylene glycol and glycerol as a solvent. 
The prepared photocatalysts were characterized by X-ray diffraction, scanning electron microscopy, 
high-resolution transmission electron microscopy, diffuse reflectance spectroscopy, and Brunauer–
Emmett–Teller. The photocatalytic activities of the samples were evaluated by the degradation of 
rhodamine B (RhB) under visible light irradiation. The results reveal that BiOI-based photocatalyst 
prepared using glycerol as a solvent displays the highest photocatalytic activity.
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1. Introduction

Extensive application of organic dyes has caused seri-
ous water pollution. These organic dyes are highly toxic, 
carcinogenic and teratogenic, therefore the organic dyes are 
harmful to human health. Moreover, organic dyes have high 
chemical stability and complex composition, and it is very 
difficult to treat these organic dyes [1–4]. As a reliable tech-
nology-driven by sunlight, photocatalysis has the advan-
tages of strong oxidation ability, high degree of degrada-
tion, green and safe. Photocatalytic technology can degrade 
organic dyes into CO2 and H2O and has promising appli-
cation prospect in organic dye wastewater treatment [5–7]. 
Among the photocatalyst developed, BiOI is a prospective 
photocatalyst with a prominently visible light response. 
BiOI has a narrow bandgap (1.8 eV), strong absorption in 
the visible light region, and a layered structure formed by 
I atom and [Bi2O2]2+. The layered structure is beneficial to 

the separation of photogenerated electron-hole pairs [8–10]. 
However, the photoinduced electron-hole pair of BiOI has 
a fast recombination rate and a slow charge transfer rate, 
which significantly hinders the practical application of BiOI 
[11–14]. Lu et al. [15] found that the solvent viscosity has an 
evident effect on the growth of the product, and the micro-
sphere-like BiOI can be prepared using a high viscosity 
solvent. Generally, the sequence of photocatalytic activity 
of BiOI is hollow BiOI > spherical BiOI > flake BiOI, hollow 
and spherical BiOI photocatalysts have high specific sur-
face area and special mesoporous structure [16,17]. Xiao et 
al prepared BiOI/Bi4O5I composites, remarkably improving 
the separation rate of photogenerated electron-hole pairs by 
combustion method [18].

Inspired by the above results, in this work, the morphology 
of BiOI was controlled by different solvents, and BiOI/Bi2O3 
composite photocatalysts were fabricated by high-tempera-
ture calcination, and high separation rate of photogenerated 
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electron-hole pair was achieved. Photocatalytic degradation 
of rhodamine B (RhB) over BiOI-based photocatalysts under 
visible light irradiation was investigated. The results show 
that the BiOI/Bi2O3 composite photocatalyst prepared using 
glycerol as a solvent has the highest photocatalytic activity.

2. Experimental

2.1. Preparation of the samples

5 g Bi (NO3)3·5H2O was dissolved in 40 ml of glacial 
acetic acid (HAc), ethylene glycol (EG) and glycerol (GL), 
respectively, and then was sonicated for 30 min. 20 ml KI 
aqueous solution (0.5155 mmol/L) was added into the Bi3+-
HAc, Bi3+-EG and Bi3+-GL solution under vigorous stirring, 
respectively, then was continually stirred for 30 min. The 
mixture was transferred to a 100 mL Teflon-lined stainless 
autoclave and maintained at 453 K for 24 h. After the auto-
clave was naturally cooled to room temperature, the solid 
formed was collected by filtration, rinsed with deionized 
water and absolute ethanol several times. Finally, the sam-
ples were dispersed into absolute ethanol and then dried in 
an oven at 333 K for 6 h. To remove the residual organics, the 
samples were baked at 673 K for 2 h.

2.2. Characterization of the samples

Powder X-ray diffraction (XRD) patterns of the sample 
were analyzed on a DX-2600 X-ray diffractometer using 
Cu-Ka radiation (0.15406 nm) with a scanning range of 
10°–70° and a scanning speed of 0.03° s–1, the analysis was 
operated at 35 kV and 25 mA. UV-Vis diffuse reflectance 
spectroscopy (DRS) of the samples was recorded on a 
UH-4150 UV-Vis spectrophotometer using barium sulfate as 
a reference. Surface photovoltage spectroscopy (SPS) of the 
samples was measured on a surface photovoltage spectrom-
eter (MODEL SR540) in the range of 300–600 nm. Scanning 
electron microscopy (SEM) images of the samples were 
observed on a VEGA 3 SBU SEM with an accelerating voltage 
of 15 kV. The high-resolution transmission electron micros-
copy (HRTEM) information of the samples was obtained on 
a JEOL-2100 microscope at an acceleration voltage of 200 kV. 
The specific surface area of the sample was measured on an 
SSA-4200 automatic surface analyzer using the Brunauer–
Emmett–Teller (BET) method. The electron spin-resonance 
(ESR) experiments were performed on a Bruker E 500 using 
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as capture.

2.3. Photocatalytic tests

In this demonstration, RhB was used as a model dye. 
Photocatalytic activities of the samples were evaluated by the 
degradation of RhB under visible light irradiation. The pho-
tocatalytic experiments were performed in a photochemical 
reactor (CEL-LB70-3, Beijing Zhongjiao Jinyuan Technology 
Co., Ltd., China). The visible light was provided by a 500 W 
Xe lamp with a 420 nm cutoff filter. 40 mg of the sample and 
40 mL RhB aqueous solution (10 mg/L) were added into a 
50 mL quartz reactor with a recycling water glass jacket 
to keep the reaction temperature at 298 K, and then was 
stirred in dark for 30 min to establish adsorption-desorption 

equilibrium, then the suspension system was irradiated by 
visible light (the distance between lamp and quartz reactor 
is 15 cm). At regular intervals, 5 ml of the suspension was 
sampled for analysis. The residual concentration of RhB was 
measured at 554 nm on a UV-visible spectrophotometer.

3. Results and discussion

3.1. Characterization of the samples

Fig. 1 shows the XRD patterns of all the samples and 
Bi2O3. The typical characteristic peaks of BiOI-HAc at 19.6°, 
29.65°, 31.66°, 39.36°, 45.38°, and 55.2° correspond to the 
(002), (102), (110), (004), (200) and (212) planes of BiOI, 
respectively, and these peaks can be indexed to the tetrag-
onal BiOI (JCPDS File No.10-0445) [19,20]. The (002) and 
(004) planes were not observed in BiOI-EG and BiOI-Gl. 
Compared with the (102) plane of BiOI-HA, the full width 
at half maximum (FWHM) of BiOI-EG and BiOI-GL grad-
ually increases, indicating that the crystal size becomes 
small. The above results show that the solvent viscosity 
significantly affects the crystal size and the growth direc-
tion of the crystal plane. Furthermore, for BiOI-EG and 
BiOI-GL, no peaks of Bi2O3 were detected due to the low 
content of Bi2O3.

SEM images of BiOI-based photocatalysts prepared with 
the assistance of different solvents are shown in Fig. 2. 
BiOI-HAc is a sheet-like shape, which can be attributed to 
the layered structure of BiOI. For BiOI-EG, the morphol-
ogy is irregular sheet and sheet assembled-sphere, while 
for BiOI-GL, the shape is irregular lump and sheet assem-
bled-sphere in part. The results display that BiOI-based 
photocatalysts prepared using different solvents exhibit 
different morphology. When glacial acetic acid was used 
as a solvent, since glacial acetic acid has low viscosity, the 
ions can easily diffuse, thus BiOI tends to grow into a sheet. 
However, when ethylene glycol and glycerol were employed 
as solvent, in light of relatively high viscosity, the ions can-
not easily diffuse; consequently, sheet-like BiOI assembles 
into an irregular sphere by Ostwald ripening [15].
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Fig. 1. XRD profiles of the samples.
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HRTEM images of BiOI-based photocatalysts prepared 
by the different solvents are demonstrated in Fig. 3. As  
shown in Fig. 3, the lattice spacing of 0.294, 0.363, and 
0.240 nm was observed, which can be assigned to the (102), 
(101) and (112) crystal planes of BiOI (JCPDS No. 10-0445) 
[4,21]. The lattice spacing of 0.345 nm and 0.312 nm corre-
sponds to the (002) and (012) planes of Bi2O3 (JCPDS No. 
41-1449), respectively [22], indicating that the sample pre-
pared using ethylene glycol and glycerol as solvent contain 
Bi2O3. Bi2O3 is formed by the reaction of metallic bismuth 
with oxygen at high temperature, metallic bismuth orig-
inates from the reduction of Bi3+ by ethylene glycol and 
glycerol during the process of solvothermal treatment [23].

The specific surface area of the sample preparation was 
tested by the BET method. As shown in Table 1, the solvent 
affects the specific surface area of the BiOI-based catalyst, 
suggesting that the specific surface area of the photocatalysts 
can be effectively altered by the solvent. In this case, BiOI 
prepared using glycerol as a solvent has the highest specific 
surface area; high specific surface area can provide more 
active sites and adsorb more pollutants, which is conducive 
to the photocatalytic performance.

Optical properties of BiOI-based photocatalysts pre-
pared by different solvents were studied by UV-Vis absorp-
tion spectroscopy (DRS). As shown in Fig. 4a. Compared 
with BiOI-HAc, BiOI-EG and BiOI-GL photocatalysts 
appear blue-shift, which demonstrates that these two BiOI-
based samples have wider bandgap than BiOI-HAc due 

to the presence of Bi2O3 in the samples [24]. The bandgap 
energy can be calculated by the following formula [25–27]: 
αhv = A(hv-Eg)n/2, where α, h, ν, A and Eg are the absorp-
tion coefficient, the Planck constant, the optical frequency, 
the proportionality constant and the bandgap, respectively. 
The value of n in this formula is determined by the semicon-
ductor type of the sample. The bandgap of these samples can 
be obtained by plotting a curve of (αhν)1/2 vs. hν. As shown 
in Fig. 4b, the band gaps of BiOI-HAc, BiOI-EG, BiOI-GL are 
1.50, 1.70, and 1.70 eV, respectively. The band edge potentials 
of conduction band (CB) and valence band (VB) of the cat-
alysts were calculated by a simple formula. The formula is 
EVB = X–Ee + 0.5Eg, ECB = EVB–Eg, where EVB and ECB represent 
VB edge potential and CB edge potential. X is the electro-
negativity of the semiconductor (the geometric mean of the 
electronegativity of the constituent atom), Ee is the energy 
of the free-electron on the hydrogen order of magnitude 
(~4.5 eV), Eg is the bandgap [28,29]. The X values for BiOI 
and Bi2O3 are 5.94 and 6.23 eV, respectively [30]. The EVB and 
ECB of BiOI are calculated to be 2.29 and 0.59 eV, respectively. 
The EVB and ECB of Bi2O3 are 2.75 and 0.71 eV, respectively.

The surface photovoltaic characteristics of the samples 
were investigated by SPS. As shown in Fig. 5, BiOI-GL has 
the strongest SPS response from 300–500 nm. However, from 
500–600 nm, BiOI-HAc holds the strongest SPS response. 
According to the principle of SPS, strong SPS response 
originates from a high separation rate of photogenerated 
carriers. Therefore, from 300–500 nm, the separation rate of 
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Fig. 2. SEM of the samples (a) BiOI-HAc, (b) BiOI-EG, and (c) BiOI-GL.
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photogenerated carriers of BiOI-GL is the highest. High pho-
tocatalytic performance can be benefited from a high separa-
tion rate of photogenerated carriers [28,31,32], which accords 
well with the results of the photocatalytic test.

To reveal the active free radicals produced in the pho-
tocatalytic system under visible light irradiation, trapping 
experiments were performed. The scavengers used in this 
experiment are benzoquinone (BQ for •O2

–), isopropanol 
(IPA, for •OH) and ammonium oxalate (AO, for h+) [28–31]. 
As shown in Fig. 6a, the effect of IPA on the degradation effi-
ciency of RhB is negligible, which indicates that •OH is not 
the main active free radicals during the photocatalytic deg-
radation of RhB or no •OH was formed. However, after the 
addition of BQ and AO, the degradation efficiency of RhB is 
75% and 70%, respectively. The photocatalytic degradation 
efficiency of RhB is significantly inhibited, indicating that •O2

– 
and h+ are major active free radicals. To further ascertain the 

presence of active free radicals, the ESR experiment was per-
formed. DMPO was added to the BiOI-GL photocatalytic sys-
tem. Seen Fig. 6b, strong signals of DMPO-•O2

– were detected, 
further indicating that •O2

– is the main active free radicals, 
which accords well with the results of trapping experiments. 
However, no signals of DMPO-•OH were detected, firmly 
proving that no •OH radicals were produced in the photocat-
alytic process [31,32].

To further determine the presence of •O2
– in the cata-

lytic system and to elaborate the separation rate of photo-
generated electron-hole pairs, nitrotetrazolium blue (NBT) 
experiments were carried out. NBT can react with the •O2

–, 
resulting in low NBT concentration. NBT was added to the 
different photocatalytic systems, the absorption spectrum 
of NBT was measured under visible light irradiation for 
1 h. The spectral change of NBT is shown in Fig. 6c. The 
low absorption peak of NBT in the photocatalytic system 
corresponds to a high separation rate of photogenerated 
electron-hole pairs. The absorption peaks of NBT over all 
the samples remarkably decreases, indicating that •O2

– 
exist in the photocatalytic reaction system. The absorption 
peak of NBT over BiOI-GL is the lowest, indicating that 
the photo-generated electron-hole pairs of BiOI-GL has 
the highest separation rate, which fits well with the results  
of SPS [29,30].

The separation and transfer of photogenerated carri-
ers play a key role in influencing the catalytic performance 

Fig. 3. HRTEM of the samples (a) BiOI-HAc, (b) BiOI-EG, and (c) BiOI-GL.

Table 1
Texture properties of the samples

Samples SBET (m2/g) Pore volume (cc/g) Pore diameter (nm)

BiOI-HAc 5.0 0.0021 1.68
BiOI-EG 11.4 0.0059 2.08
BiOI-GL 18.7 0.0095 2.04
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of photocatalysts [31]. Therefore, it is necessary to under-
stand the behavior of photogenerated carriers in the Bi2O3-
BiOI composite. Fig. 7 briefly discusses the separation and 
transfer of photogenerated carriers of Bi2O3-BiOI compos-
ite. Under visible light irradiation, BiOI and Bi2O3 can be 
excited. The electrons from VB of BiOI can be excited to 
a higher edge potential (–0.56 eV) [32]. The potential for 
O2/•O2

– is –0.33 eV, thus the electrons from CB of BiOI can 
react with O2 adsorbed on the catalyst surface to yield •O2

–. 
The photogenerated electrons from CB of Bi2O3 combine 
with the holes from VB of BiOI [30–34]. The VB potential of 
Bi2O3 (2.75 eV) is lower than that of H2O/•OH (2.77 eV), so 
the hole of Bi2O3 cannot oxidize water to produce hydroxyl 
radicals, thus no DMPO-•OH signals were detected in ESR 
experiment. According to Fig. 7, the separation and trans-
fer of photogenerated carriers follow a Z-scheme. Following 
Z-scheme, the photo-generated electrons and holes can be 
well separated, effectively inhibiting the recombination of 
photogenerated electron-hole pairs, thus improving the 
catalytic performance of the photocatalysts [32–34].

3.2. Photocatalytic performance

The photocatalytic activity of the prepared samples was 
evaluated by the degradation of RhB under visible light 
irradiation. Before the photocatalytic reaction, the suspen-
sion was stirred in the dark for 30 min to achieve adsorption–
desorption equilibrium. BiOI-EG and BiOI-GL have a high 
specific surface area and can absorb more pollutants on the 
surface of the samples, which is beneficial to the photocat-
alytic reaction. Fig. 8 shows the photocatalytic degradation 
of RhB over four different photocatalysts under visible light 
irradiation. It can be seen that BiOI-GL has the highest pho-
tocatalytic performance, and the degradation efficiency of 
RhB over BiOI-GL is 99.3% after 25 min visible light illumi-
nation, and the degradation efficiency of RhB over BiOI-EG, 
BiOI-HAc, and Bi2O3 is 97.1%, 28.5% and 38.2% after 25 min, 
respectively. The results are consistent with the results of 
SPS, further indicating that the separation efficiency of pho-
togenerated electron-hole is one of the main factors affect-
ing the photocatalytic performance of photocatalyst. The 
relationship between concentration of RhB and irradiation 
time can be expressed as pseudo-first-order kinetics: ln(C0/
Ct) = kt [12], where k is a pseudo-first-order rate constant, C0 
and Ct is the RhB concentration at 0 and t min, respectively. 
The apparent rate constant of RhB on the sample was shown 
in Fig. 8b. The apparent rate constant of RhB over BiOI-
HAc, BiOI-EG, BiOI-GL, and Bi2O3 is 0.01, 0.115, 0.161, and 
0.015 min–1, respectively. The photocatalytic performance of 
BiOI-GL is 16 times that of BiOI-HAc. The photocatalytic 
performance of BiOI/Bi2O3 composite photocatalysts can be 
significantly improved by using glycerol as a solvent.

4. Conclusions

In summary, BiOI-based photocatalysts were success-
fully prepared by a solvothermal method using different 
solvents. The effects of different solvents on the preparation 
and photocatalytic performance of BiOI were analyzed. The 
experimental results show that the preparation of BiOI using 
glycerol as a solvent can control the morphology of BiOI, 
which can significantly improve the separation efficiency 
of photoinduced carriers. According to the photocatalytic 
performance test under visible light irradiation, BiOI-GL 
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has the highest photocatalytic activity, which accords well 
with the SPS results. The heterojunctions between Bi2O3 
and BiOI accelerates the separation of photogenerated car-
riers, forming a high level of active free radicals and thereby 
improving the photocatalytic performance. This study can 
be used to prepare other photocatalysts, providing a feasi-
ble method and good solvent selection for the preparation of 
high-efficiency photocatalysts.
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