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Abstract: A novel BiOI/TiO2 nano-heterojunction was prepared using hydrothermal and sol-gel
methods. The composite material was characterized by X-ray diffraction, ultraviolet-visible diffuse
reflection spectroscopy, scanning electron microscopy, and transmission electron microscopy. The
crystallinity and response to light of BiOI/TiO2 were controlled by preparation conditions such as
the optimal solvent condition and heat treatment temperature. The photocatalytic activity of the
BiOI/TiO2 catalyst was examined using benzene as a test molecule. The benzene degradation rate of
the composite catalyst under visible light was enhanced compared to pure TiO2, thus reaching 40% of
the original benzene concentration, which increased further to >60% after surface acidification. The
fluorescence spectra, light current, and electron paramagnetic resonance confirmed that the enhanced
activity was attributed to carrier separation by the heterojunction. The acid sites and active chlorine
of hydrochloric acidification offer a novel mechanism for photocatalytic reactions.

Keywords: BiOI; heterojunction; TiO2; visible light catalysis

1. Introduction

Recently, pollution-free photocatalytic oxidation has attracted considerable attention
and recognition to resolve the limitations of environmental pollution [1–3] and energy
shortage [4,5]. Gas phase degradation has always been an important application of photo-
catalysis, which is one of the fastest and most mature applications. Currently, industrial
emissions, air pollution due to interior decorations, and vehicle exhaust deteriorate air qual-
ity and threaten human health. At normal temperatures and pressures, photocatalysis can
decompose volatile organic compounds [6], degrade organic pollutants [7,8], and eliminate
SO2 [9] and NO [10,11]. Many experiments have confirmed that photocatalytic reactions,
represented by TiO2, can achieve the oxidative decomposition of alkane, alkene, alcohol,
ketone, aldehyde, halogenated hydrocarbon, and organic compounds with a heteroatom,
which barely causes secondary pollution [12–14]. However, the low ratio of light utiliza-
tion is still the greatest drawback, hindering the industrial application of photocatalytic
materials. Hence, the development of visible-light responsive photocatalysts has been an
important research topic [15].

Studies reported that the heterojunction of semiconductors is a practical approach for
enhancing photocatalytic performance and light response. This approach can effectively
promote two suitable semiconductors. In the literature, BiVO4/TiO2 [16], CdS/TiO2 [17],
ZnO/TiO2 [18], WO3/TiO2 [19,20], and CdS@ZnIn2S4 [21] can extend the photo-response
range of TiO2 to visible light and induce catalytic activity. BiOX (X = Cl, Br, and I) is
a new semiconductor material with unique electronic structures and favorable optical
and catalytic performance. The forbidden band of BiOI is only 1.9 eV, which is far less
than the 3.4 eV of BiOCl and the 2.4 eV of BiOBr. Therefore, it has more potential for
enhancing light adsorption performance. Furthermore, surface acidification by HCl may
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be another approach for enhancing photocatalytic performance and light response of TiO2
series materials [22]. However, there are no reports regarding the surface acidification
of BiOI/TiO2.

Benzene is a highly carcinogenic and poisonous compound; its ring structure is
relatively stable and difficult to decompose or mineralize [23]. As the most frequently
researched photocatalytic material, TiO2 produces a high rate of benzene degradation under
UV light. However, TiO2 has broad forbidden bands that cannot be activated by visible
light. Furthermore, its high electron-hole recombination rate reduces photocatalytic activity.
Hence, expanding the light absorption range and eliminating benzene under visible-light
irradiation has been an important challenge in photocatalysis in the gas phase. Furthermore,
degradation or mineralization is often used to indicate photocatalytic activity [24,25].

In this study, a solvothermal method was used to prepare BiOI. A sol-gel method was
used to form a heterojunction with TiO2 to separate photo-carriers and extend the band
edge of light absorption. Through the visible light catalysis of benzene in the gas phase, this
study examined the influence of hydrothermal conditions and heat treatment temperature
on BiOI and composite materials. Furthermore, the surface acidification of BiOI/TiO2 by
HCl was also studied. Our paper discusses the optimizing effect of surface acidification
and mechanism to provide novel ideas for practical applications.

2. Experimental
2.1. Sample Preparation

BiOI was prepared using a solvothermal method [26]. Bi(NO3)3•5H2O (2 mmol, 98%,
Alfa Aesar) was mixed with KI (2 mmol, 99%, Alfa Aesar) and then 60 mL of deionized
water was added and stirred for 10 min. pH and solvent changes have an important
influence on BiOI preparation. KOH (AR, Macklin) was then used to adjust the pH to 2, 7,
and 12. Subsequently, the liquid mixture was thoroughly stirred for 1 h, then transferred
to a 100 mL autoclave at 160 ◦C and maintained for 24 h. Sediments were taken, filtered,
washed with water and alcohol, and dried at 50 ◦C. BiOI obtained at pHs of 2, 7, and 12
were named BIp2, BIp7, and BIp12, respectively. Moreover, when glycol (>98%, Macklin)
was used as a solvent with the other steps remaining the same, the sample was called BIoh.

BiOI was impregnated with a TiO2 colloid prepared using Huang’s method [27]. After
ultrasonic dispersion for 10 min and sustained stirring for 24 h, the mixed colloid was
heated for solvent removal. BiOI is unstable at high temperatures [28] and can decompose
to BiO during the thermal treatment and crystallization of TiO2. The resulting xerogel
was calcined at 250, 350, 450, 550, and 650 ◦C, for 3 h to obtain the BiOI/TiO2 (BIT) nano-
composite catalysts.

The acidification of BIT by HCl (BITH) for enhancing photocatalytic performance and
light response was further studied. Surface acidification of BIT was prepared using an
impregnation method: 1 g BIT powder was immersed in 1 mL concentrated hydrochloric
acid, sealed, and kept in the dark for 24 h. Subsequently, it was exposed to allow it to
volatilize for 12 h, washed with water, and then dried at 50 ◦C. The obtained material was
denoted as BITH. Bare TiO2 was prepared using the same procedure for comparison. All
chemicals used in this study were reagent grade or higher.

2.2. Characterization

X-ray diffraction (XRD) (Bruker D8 Advance) patterns were obtained using CuKα
radiation. X-ray photoelectron spectroscopy (Thermo ESCALAB 250) was conducted using
monochromatic Al Kα radiation (E = 1486.2 eV) at a pressure of 3.0 × 10−10 mbar. The
morphology was examined by scanning electron microscopy (SEM, JSM6700F) and TEM
(JEOLJEM 2010F). A Varian Cary 500 UV–Vis spectrophotometer was used to record the UV–
Vis diffuse reflectance spectra. The flat band potentials (Vfb) of TiO2 and BiOI samples were
determined from Mott–Schottky plots using the electrochemical method [29] performed
in conventional three-electrode cells (counter electrode, Pt; reference electrode, AgCl; and
electrolyte, 0.2 M Na2SO4 solution) using an Epsilon electrochemical workstation. The
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photocurrent of samples could be tested using the same apparatus. A Bruker model A300
spectrometer was used to measure the EPR spectrum and determine photo-radicals.

2.3. Tests of Photocatalytic Activity

The impact of different BIT on photocatalytic activity was assessed by measuring
the benzene degradation in the gas phase using a ϕ4 mm × 10 cm quartz tube irradiated
with a Xe visible-light lamp (300 mW/cm2, AULTT CEL-HXUV300). Furthermore, an IR
reflector and a UV filter were added to limit the range of visible light (400–800 nm). All
catalysts were sieved to obtain particles, 40–60 mesh in size. A bubbler containing benzene
(~100 ppm, 99%, Alfa Aesar) was immersed in an ice-water bath and bubbled with air. The
resulting stream from the bubbler was fed to 0.4 g of catalyst at a flow rate of 20 mL/min.
The temperature of reactions was controlled at 30 ◦C using an air-cooling system. Both
benzene concentration and CO2 yield were determined by gas chromatography (HP4890,
Agilent) using a flame ionization detector and thermal conductivity detector, respectively.
The adsorption–desorption equilibrium of benzene gas on the sample was obtained after
2 h in the dark before the activity measurement.

3. Results and Discussion
3.1. pH and Solvent Influence Photocatalytic Activity of BiOI

To explore the crystal phase composition difference, all samples (BIp2, BIp7, BIp12,
and BIoh) were tested using XRD. Figure 1a shows XRD patterns of BiOI prepared using
the solvothermal method. The characteristic peaks of each crystal face were clear and
matched the standard pattern [30]. The degree of crystallinity of BiOI slightly decreased
with an increase in the pH of the aqueous solution. The ratios in crystal faces 002, 013,
004, and 005 decreased to a certain extent. Glycol was used as a solvent, and the materials
showed the lowest degree of crystallinity. Only five crystal planes, 001, 012, 110, 014, and
122, were observed in the XRD pattern, demonstrating that they form the primary part of
the BiOI crystal.
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The optical absorption properties of all samples (BIp2, BIp7, BIp12, and BIoh) were
tested via UV–Vis diffuse reflection spectrum. As per the UV–Vis diffuse reflection spec-
trum, BiOI had a wide range of light absorption. The light absorption capacity gradually
increased with an increase in pH. However, the absorption edge was ~660 nm, and the
forbidden band was estimated to be ~1.95 eV. The absorption band edge of BIoh demon-
strated a slight blue shift, but its light absorption capacity, between 350 and 550 nm, was
greater than that of BiOI prepared in the aqueous solution.

The microstructure of all samples (BIp2, BIp7, BIp12, and BIoh) was determined using
SEM. As shown in Figure 1c, in strong acid, the materials exhibited lamellar structures
with a maximum diameter of ~4 µm and a minimum of <1 µm. At pH = 7, the BiOI lamina
was significantly smaller with a maximum diameter of <2 µm. At pH = 12, its thickness
and diameter decreased to nanometer scales. A microballoon structure with a diameter
of ~5 µm was obtained when glycol was used as a solvent for preparation. The cracked
microballoon exhibited uneven surfaces that appeared to comprise nanometer lamina. Such
microcosmic structures might be an important reason for the enhanced light absorption
capacity of BIoh.

3.2. Characterization Analysis of BIT Prepared in Different Solvents

The composite materials of BiOI and TiO2 were spheroidal particles, 10 nm in di-
ameter, as shown in Figure 2a,b. The high-resolution transmission electron microscopy
(TEM) images revealed 0.278 and 0.352 nm lattice fringes, corresponding to BiOI and TiO2,
respectively. Crystallites were interconnected and evenly dispersed, thus highlighting the
nano-heterojunction of BiOI/TiO2. The rutile and anatase peaks of TiO2, in addition to the
four characteristic peaks of BiOI, including crystal faces 001, 012, 110, and 014, were ob-
served in the XRD pattern of BIT (Figure 2c,d). The introduction of BiOI caused the overall
crystallinity of BIT to decrease slightly. However, the introduction of BiOI significantly
increased the light absorption range from 400 nm to ~600 nm, thus reaching the visible light
region. Accordingly, BIT displayed superior visible-light catalysis, the benzene degradation
rate was >40%, and the amount of CO2 formed was ~160 ppm, which was four times and
two times greater, respectively, than those produced by TiO2. The photocatalytic activity of
BIT was influenced by BiOI preparation conditions and was directly proportional to pH.
Nevertheless, glycol showed better rates of benzene degradation than the aqueous solution.

3.3. Heat Treatment Impact on BIT and BiOI

Different heat treatment temperatures may influence the catalysts’ BIT and BiOI
structures. Figure 3a,b show the impact of the heat treatment temperature on BIT and BiOI.
The results suggested that untreated samples and samples agglomerated at 250 ◦C and
350 ◦C had identical crystalline phases, which were BiOI. High temperatures increased
the degree of crystallinity. When samples were heated to 450 ◦C, peak patterns began to
change and sharpen, which were confirmed to be Bi5O7I. This indicated that chemical
changes occurred in samples. BiOI converted to Bi2O3 when the temperature increased to
650 ◦C. Hence, BIT was the semiconductor heterojunction of BiOI and TiO2 when the heat
treatment temperature was <350 ◦C. When the temperature increased to 450 ◦C, Bi5O7I,
Bi2O3, and TiO2 were reported, along with BIT. The samples were completely converted to
Bi2O3 and TiO2 when the temperature was >650 ◦C.

Heat treatment’s effect on the influence of BIT photocatalytic activity was further
studied. UV–Vis DRS demonstrated that the visible-light absorption performance of pure
BiOI was considerably greater than that of decomposed products (Figure 3c). The impacts of
different heat treatment temperatures on BIT activity were tested under the same conditions;
the results are shown in Figure 3d. The benzene degradation rate of BIT increased and then
decreased with an increase in calcination temperature. The activity was optimal at 350 ◦C,
which was slightly higher than that at 450 ◦C. At 450 ◦C, the ratio of Ti ore to rutile was ~4:1;
therefore, it was the optimal calcination temperature. However, BiOI started to decompose
at this temperature. The visible light response of Bi5O7I and Bi2O3 greatly declined. In
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comparison, for BIT calcined at 350 ◦C, although the crystal form ratio of TiO2 did not reach
the optimal level, BiOI guaranteed the efficiency of a visible-light absorption and charge
carrier activation. Hence, BIT calcined at 350 ◦C had a favorable catalytic performance.

Separations 2022, 9, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 2. (a) TEM images and (b) HRTEM images of BIT; (c) XRD patterns and (d) UV–Vis DRS 
spectra of BIT, BiOI, and TiO2; (e) degradation of benzene; and (f) CO2 produced over BIT and TiO2. 

3.3. Heat Treatment Impact on BIT and BiOI 
Different heat treatment temperatures may influence the catalysts’ BIT and BiOI 

structures. Figures 3a,b show the impact of the heat treatment temperature on BIT and 
BiOI. The results suggested that untreated samples and samples agglomerated at 250 °C 
and 350 °C had identical crystalline phases, which were BiOI. High temperatures 
increased the degree of crystallinity. When samples were heated to 450 °C, peak patterns 
began to change and sharpen, which were confirmed to be Bi5O7I. This indicated that 
chemical changes occurred in samples. BiOI converted to Bi2O3 when the temperature 

Figure 2. (a) TEM images and (b) HRTEM images of BIT; (c) XRD patterns and (d) UV–Vis DRS
spectra of BIT, BiOI, and TiO2; (e) degradation of benzene; and (f) CO2 produced over BIT and TiO2.



Separations 2022, 9, 315 6 of 10

Separations 2022, 9, x FOR PEER REVIEW 6 of 11 
 

 

increased to 650 °C. Hence, BIT was the semiconductor heterojunction of BiOI and TiO2 
when the heat treatment temperature was <350 °C. When the temperature increased to 
450 °C, Bi5O7I, Bi2O3, and TiO2 were reported, along with BIT. The samples were 
completely converted to Bi2O3 and TiO2 when the temperature was >650 °C. 

Heat treatment’s effect on the influence of BIT photocatalytic activity was further 
studied. UV–Vis DRS demonstrated that the visible-light absorption performance of pure 
BiOI was considerably greater than that of decomposed products (Figure 3c). The impacts 
of different heat treatment temperatures on BIT activity were tested under the same 
conditions; the results are shown in Figure 3d. The benzene degradation rate of BIT 
increased and then decreased with an increase in calcination temperature. The activity 
was optimal at 350 °C, which was slightly higher than that at 450 °C. At 450 °C, the ratio 
of Ti ore to rutile was ~4:1; therefore, it was the optimal calcination temperature. However, 
BiOI started to decompose at this temperature. The visible light response of Bi5O7I and 
Bi2O3 greatly declined. In comparison, for BIT calcined at 350 °C, although the crystal form 
ratio of TiO2 did not reach the optimal level, BiOI guaranteed the efficiency of a visible-
light absorption and charge carrier activation. Hence, BIT calcined at 350 °C had a 
favorable catalytic performance. 

 
Figure 3. XRD patterns of (a) BIT and (b) BiOI; (c) UV–vis DRS patterns of BiOI; and (d) degradation 
of benzene over BIT calcined at different temperatures. 

3.4. Surface Acidification Impact on the Photocatalytic Activity of BIT 
As shown in Figure 4a,b, the promoting effect of acidification modification on BIT’s 

ability to degrade benzene in visible light was examined. The results demonstrated that 

Figure 3. XRD patterns of (a) BIT and (b) BiOI; (c) UV–vis DRS patterns of BiOI; and (d) degradation
of benzene over BIT calcined at different temperatures.

3.4. Surface Acidification Impact on the Photocatalytic Activity of BIT

As shown in Figure 4a,b, the promoting effect of acidification modification on BIT’s
ability to degrade benzene in visible light was examined. The results demonstrated that af-
ter 10 h of illumination, BITH maintained the highest degradation rate and CO2 production
amount, which were 62% and 210 ppm, respectively. Compared to BIT, they were enhanced
six times and four times that of TiO2, respectively.

Acidification modification increased the number of acid sites on the catalyst surface
and the capacity of absorbing active substances such as oxygen, water, and hydroxide
radicals; thus, it has been extensively applied [31]. However, HCl dipping had a larger
effect than just introducing acid sites. Cl played an important role. According to Yuan [32],
Ollis [33], and Wang [22], under light conditions, Ti-based materials processed by HCl
could generate Cl radicals, which achieved the oxygenolysis of organic matter molecules
along with hydroxyl radicals. Figure 4c shows the photo signals generated by BITH, BIT,
and TiO2 in visible light. TiO2 is a traditional UV light catalytic material, which involves a
relatively inferior response to visible light. However, the photo-signal intensities of BITH
and BIT were equivalent and much higher than TiO2. However, BIT was attenuated in the
test, whereas BITH could maintain a relatively high photocurrent intensity. Many electrons
excited to conduction bands returned to valence bands (and combined with holes) and
emitted energy in the form of fluorescence. Figure 4d shows the fluorescence intensity of
three materials. Stronger signals indicate that photon-generated carriers possibly combined.
Compared to TiO2, BIT can more effectively transmit photon-generated carriers, thereby
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separating electrons from holes and decreasing fluorescence intensity. Moreover, BITH was
advantageous for charge carriers to transfer to the catalyst surface because of the larger
number of acid sites and active chloride on the surface, which increased the rate of charge
carrier separation. The abovementioned results conformed to its visible-light performance.
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Potential produced radicals were studied further. Figure 5 shows the electron param-
agnetic resonance (EPR) spectrograms of BITH and BIT under light conditions. In Figure 5a,
the weak sextet was attributed to DMPO–O2

−, which indicated that the photocatalysis
system could generate superoxide radicals. In Figure 5b, the intensity ratio of the ap-
parent quartet, 1:2:2:1, was assigned to DMPO–OH [34]. The hydroxyl radical signals of
BITH and BIT were prominent, which indicated that hydroxyl radicals were the primary
active species for this type of photocatalyst. However, as shown in Figure 5c, with an
increase in illumination time, the typical quartet gradually weakened and disappeared in
the hydroxide radical testing system of BITH. A septet appeared with an intensity ratio
of 2:3:2:3:2:3:2, whereas BIT did not produce such a signal. This result was attributed to
DMPO and chlorine radicals generated by chlorine under illumination. This signal was
attributable to DMPOX [35]. Hence, BITH could generate novel chlorine radicals during
photocatalysis and enhance benzene decomposition.
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3.5. Photocatalytic Mechanism of BITH

As the typical p-type semiconductor, the Fermi level of BiOI was in the lower middle
part of the forbidden bands and close to the valence bands, whereas n-TiO2 was close to the
conduction band. After forming the heterojunction, the Fermi levels of two semiconductors
reached the same electric potential. Changes occurred in the relative positions of conduction
bands. BiOI was higher than TiO2 and formed potential gradients, thus making electron
transmission possible [36]. As shown in Figure 6, BiOI was activated when illuminated
with visible light, and electrons in the valence bands migrated to the conduction bands.
The electrons in BiOI valence bands then migrated to the TiO2 conduction bands via
the heterojunction, thus leading to the separation of charge carriers. The photoelectrons
diffused to the catalyst surface and combined with oxygen molecules to generate superoxide
radicals. However, the holes of BiOI valence bands migrated to the catalyst surface and
converted the hydroxide ions or water molecules to hydroxyl radicals. With photoexcitation,
chloride produced by hydrochloric acidification could generate Cl or O radicals, which
promoted the broken bond oxidation of organic matter molecules; hence, BITH showed
superior photocatalysis.
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Figure 6. Mechanism of photoexcitation on the BITH heterojunction.
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4. Conclusions

A BIT nanometer heterojunction with superior performance in visible light was pre-
pared using glycol as a solvent followed by thermal treatment at 350 ◦C. The photocatalytic
performance of BIT was further enhanced using a surface acid treatment. The benzene
degradation rate was 1.5 and 6 times higher than those of BIT and pure TiO2, respectively.
These results show that a combination of BiOI and TiO2 can increase the separation efficiency
of photon-generated carriers, expand the light absorption range, and enhance photocatalytic
performance. Surface acidification modification enhanced the photocatalytic activity of
BiOI/TiO2, which was ascribed to introduced acid sites and active chlorine to BIT. Our
results indicated that heterojunction is a practical approach for enhancing photocatalytic per-
formance and light response. Furthermore, surface acidification of BiOI/TiO2 significantly
enhanced photocatalytic activity, thereby providing novel ideas for relevant research.
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