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ABSTRACT

The morphology of bismuth oxyiodide (BiOI) was regulated by co-precipitation method by
changing the solvent dosage and pH value. X-ray diffraction, scanning electron microscopy, surface
area and pore structure analyzer, high-resolution transmission electron microscopy, UV-Vis diffuse
reflection spectrum (UV-Vis DRS) were used to characterize the phase structure, morphology, spe-
cific surface area and pore structure, microstructure, optical properties and band structure of the
samples. In addition, the effects of morphology and amount of photocatalyst on the photocata-
lytic performance of BiOI were evaluated by degradation of Rhodamine B (RhB). The experimental
results demonstrated that the morphology of BiOI nanopowders (flower-like, microspherical and
layered) can be adjusted by changing the solvent dosage and pH value. The flower-like BiOI pre-
pared by this method maintains a single-phase tetragonal structure with a small crystallite size
and good crystallization. Flower-like structure BiOI exhibits excellent visible light absorption
ability and the narrowest bandgap. Microspherical BiOI displays the best photocatalytic activity
for RhB degradation. In addition, *“OH, *O,” and h* all played a certain role in the photocatalytic

degradation process. And the possible photocatalytic activity mechanism was also proposed.
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1. Introduction

Since the industrial revolution, with the growth of the
world’s population and the rapid development of social
economy, human beings are facing more and more serious
water environment pollution, which seriously threatens
the ecological environment and human health [1-4]. In
recent years, with the rapid development of modern indus-
try and agriculture, a variety of environmental problems
have arisen. In particular, dyestuff wastewater discharged
from textile, printing and dyeing industries has attracted
extensive attention due to its deep chroma and high
organic content. [5,6]. At present, people have developed
chemical oxidation, adsorption, flocculation precipitation,

* Corresponding author.

biodegradation, ozone oxidation, photocatalytic treatment
methods and so on [7-9].

Semiconductor photocatalysis is a kind of degradation
method with mild reaction conditions, low cost and high
efficiency [10-13]. The photogenerated charge carriers can
be transferred to the material surface and exhibit unique
redox properties [14,15]. Therefore, it is considered to be
a very effective technique for the treatment of pollutants
in water. Bismuth oxyiodide (BiOI) is a P-type narrow
bandgap (1.8 eV) V-IV-VII semiconductor with a lay-
ered structure consisting of halogen I atoms inserted into
[Bi,0,]* layer with the alternate combination of Van der
Waals forces along the Z-axis [16-20]. Nowadays, BiOI has
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been widely used as a semiconductor photocatalyst for the
treatment of pollutants due to its narrow bandgap, wide
visible light absorption band and high separation rate of
photogenerated carriers [21-23]. However, due to the small
photocurrent response and high recombination rate of
photogenerated electron-hole pairs, the practical appli-
cation of BiOI is limited [24]. Therefore, to overcome the
above defects, a series of strategies have been developed
to improve the activity of semiconductor photocatalysts,
including metal doping, defect modification, morphol-
ogy control, dye sensitization, precious metal deposition,
and heterostructure construction [25,26].

The photocatalytic properties of semiconductor pho-
tocatalysts are not only affected by physical properties
(band structure, crystal structure, morphology, particle
size and specific surface area) but also affected by exter-
nal factors, such as temperature, solution pH value, photo-
catalyst amount, pollutant concentration, light source and
illumination time [27-31]. Among them, the microstruc-
ture and grain size are the key factors affecting the pho-
tocatalytic performance of semiconductor photocatalysts
[32]. Unfortunately, as far as we know, there are few stud-
ies on the effect of morphology control and the amount of
photocatalyst on the photocatalytic performance of BiOIl
nanomaterials. Therefore, the main purpose of this study
is to study the morphology regulation and photocatalytic
performance of BiOI nanomaterials which prepared by the
co-precipitation method.

In this work, the co-precipitation method was used to
regulate the morphology of by changing the solvent dosage
and pH value. BiOI photocatalysts with three-dimensional
flower-like shape, microsphere and two-dimensional sheet
were prepared by changing the solvent dosage and pH
value. In addition, the influence of morphology and amount
of photocatalyst on the photocatalytic performance of aque-
ous solution under simulated sunlight was proposed, and
the active species were detected. The relationship between
the morphology, crystal structure, photoresponse abil-
ity and photocatalytic performance of BiOl was studied
in depth. At the same time, the possible enhanced visible
photocatalytic activity mechanism was also proposed.

2. Experimental
2.1. Synthesis of BiOI nanopowders

BiOI nanopowders with different morphologies were
fabricated by the co-precipitation method. The raw mate-
rials used in this experiment are analytical grade which
does not to be further purified. The typical synthesis pro-
cess of BiOI nanopowders is as follows: according to the
chemical formula BiOI and the molar ratio of Bi*:I" is 1:1,
weighed stoichiometric amounts of Bi(NO,),-5H,0 and
KI used as precursors, Bi(NO,),-5H,0 were dissolved in
50 mL solvent (as Table 1) by continuous stirring to obtain
a mixed metal salt solution, and then a certain amount of
KI was dissolved in 50 mL deionized water by constant
magnetic stirring to form a uniform solution. Subsequently,
KI solution was slowly dropped into Bi(NO,),'5H,0 solu-
tion, and the resulting mixture was ultrasonic treatment for
60 min. After the pH value of above-mixed solution was

Table 1
Preparation parameters of BiOI samples with different
morphologies

Sample  Solvent pH  Morphology
BiOI-1 Anhydrous ethanol, water 7 Flower
BiOI-2 Ethylene glycol, water 7 Microsphere
BiOI-3 Anhydrous ethanol, water 3 Sheet

adjusted to a certain value by dropping NaOH solution
with magnetic stirring for 60 min.

Then, the mixed solution was transferred to a drying
oven and treated at 80°C for 4 h. After the reaction, cooled to
room temperature naturally, the obtained precipitates were
washed alternately with deionized water and anhydrous
ethanol several times, respectively. Finally, the sediment was
dried under vacuum at 60°C for 8 h to obtain BiOI photo-
catalysts. Different morphologies of BiOI photocatalysts
were obtained with similar methods by changing the sol-
vent dosage and pH value, which were assigned as BiOI-1,
BiOI-2 and BiOI-3, respectively.

The photocatalytic activity was measured by simulat-
ing the degradation of Rhodamine B by sunlight. A xenon
lamp is used to simulate sunlight during photocatalytic
degradation. Photocatalytic degradation experiment used
Rhodamine B (RhB) 100 mL with an initial concentration
of 5 mg/L and photocatalyst 0.01 g. Before xenon lamp irra-
diation, in order to achieve the adsorption—desorption bal-
ance of RhB on the surface of BiOI nanomaterials, a dark
treatment operation is required, that is, the suspension is
stirred for 0.5 h under dark conditions. A small amount of
the solution was removed every 15 min to determine the
concentration of RhB. The absorbance of the solution was
measured using a visible spectrophotometer (A = 554 nm).
P-benzoquinone (1 mmol/L), isopropanol (5 mL) and meth-
anol (5 mL) were used as the traps of *O;, ‘OH and h,
respectively.

2.2. Characterization techniques

The phase structure of the as-prepared samples was ana-
lyzed by X-ray diffractometer (Rigaku, Japan, D/MAX-2400)
with monochromatized Cu-Ka source (A = 0.15406 nm).
The morphology and microstructure of the products were
observed by scanning electron microscopy (SEM, JEOL
JSM-6701 F) and high-resolution transmission electron
microscopy (HRTEM, JEM-2010). The specific surface area
and pore-size distribution were calculated from nitro-
gen adsorption-desorption isotherms using an apparatus
(Micromeritics ASAP 2020). The bandgap energy of the
catalysts was measured by an ultraviolet-visible (UV-Vis)
spectrophotometer (PERSEE TU-1901).

Mott-Schottky (M-S) curves of samples were mea-
sured by an electrochemical workstation in a typical three-
electrode system (CorrTest, CS350). The photocatalytic
degradation of RhB by xenon lamp irradiation at room tem-
perature was evaluated by VS-GCH-XE-300 photochem-
ical reaction apparatus, and the absorbance of the solution
was measured by Shimadzu UV-1208 spectrophotometer.



J.-W. Zhao et al. / Desalination and Water Treatment 281 (2023) 287-295 289

Table 2

Interplanar spacing, lattice constant, crystallite size and FWHM of BiOI samples

Sample 20 (°) d,, (A) FWHM (°) D (nm) a=b=c(nm)
BiOI-1 30.01 2.98 0.49 16.56 0.808
BiOI-2 29.27 3.05 0.87 9.35 0.810
BiOI-3 29.93 2.98 0.51 15.94 0.809
3. Results and discussion
3.1. Structural characterization
Fig. 1 displays the X-ray diffraction (XRD) patterns of BiOIl ’;'
photocatalysts with three different morphologies. It is ob- & —  BIOI-2
vious that all samples show similar characteristic peaks at 2 ] s
20 = 24.3° 29.7°, 31.7°, 37.1°, 39.4°, 45.5°, 51.5° and 55.3°, g Sl c = _a
which matched well with tetragonal BiOl (JCPDS 73-2062) @ = = ER) = = BIOLA3
and corresponding to (011), (012), (110), (013), (004), (020), = ~ R ~ ——
(114) and (122) crystal planes, respectively. The most in-
tense diffraction peak (012) indicates that BiOl selectively
grows along the (012) crystal planes. In addition, no excess ‘ | Lo ‘ PDF#73-2062
I L1 L Ll il N} L

diffraction peaks are observed within the detection limit of
XRD, which proves that pure BiOl with single phase was
successfully prepared. Furthermore, the diffraction peak of
microspherical BiOI widened at the full width at half maxi-
mum value (FWHM), indicating that the crystallinity of mi-
crospherical BiOl is inferior to layered and flower-like BiOI.
In Table 2, according to Scherrer’s formula: D = KA/Bcos6,
where K = 0.89, A = 0.15406 nm, D, B and O represents the
crystallite size, full width at half maximum (FWHM) and
diffraction angle [33]. The crystallite size of the product was
estimated based on the most intense diffraction peak (012),
and the XRD results of the samples are summarized in Fig. 1.
It can be seen that the crystallite size of microspher-
ical BiOI-2 is the smallest synthesis with ethylene glycol
and water as solvent at pH = 7, while the crystallite size of
flower-like BiOI-1 is the largest synthesis with anhydrous
ethanol and water as solvent at pH = 7. These results indi-
cate that the preparation parameters (solution type and pH
value) have a regulating effect on grain size, which may be
caused by uneven stress or strain during grain growth.

3.2. Morphological studies SEM analysis

Fig. 2 shows typical SEM images of BiOl samples with
three different morphologies prepared under different
experimental conditions. As shown in Fig. 2a, BiOI-1 sam-
ples exhibit three-dimensional flower-like structure formed
by overlapping of many nanosheets, and the average diam-
eter about 1 um. As shown in Fig. 2b, the morphology of
BiOI-2 samples is mainly three-dimensional loose porous
microsphere architecture with average diameter of about
500 nm, the high surface energy and large specific sur-
face area of the microspheres lead to light agglomeration,
which can improve the adsorption capacity of photocata-
lyst. Therefore, the three-dimensional flower-like struc-
ture plays a positive role in improving the photocatalytic
activity of BiOl nanomaterials. The SEM images of BiOI-3
samples possess two-dimensional sheet morphology with
smooth surface, clear edges and thickness about 50 nm as

10 20 30 40 50 60 70 80 90
2 theta (degree)

Fig. 1. XRD patterns of flower-like, microspherical and layered
BiOL

shown in Fig. 2c. From the above analysis, it can be seen
that the solution type and pH value have a significant
impact on the morphology of BiOI samples prepared by
the co-precipitation method, and the morphology could be
effectively regulated by adjusting preparation parameters
(solution type and pH value) of the reaction system.

The microstructure of flower-like BiOl was further
analyzed by HRTEM, as shown in Fig. 3a and b, the three-
dimensional flower-like structure composed of thin slices
could be clearly observed. Fig. 3c presents the locally
enlarged HRTEM image of BiOI-1 samples, where the neatly
aligned lattice fringes ¢ can be clearly observed. The mea-
sured crystal plane spacing is about 0.3016 nm, correspond-
ing to the (012) crystal plane of tetragonal BiOl, indicating
that BiOI preferentially grew along the (012) crystal plane,
which is consistent with XRD results. Fig. 3d displays the
selected area electron diffraction (SAED) diagram of flower-
like BiOI, which consists of a series of concentric rings with
different radius due to the polycrystalline structure of the
sample. These diffraction rings correspond to the crystal plane
(110), (012), (013) and (020) crystal plane of tetragonal BiOI
from inside to outside, respectively. The SAED and HRTEM
results further indicate that BiOI samples possess a tetrago-
nal structure, which is consistent with XRD analysis results.

The co-precipitation preparation process needs to be
carried out in specific reaction solvents, different solvents
have different viscosity and different ion diffusion rates,
thus affecting the growth of nanoparticles. BiOX is a lay-
ered structure formed by inserting X into the [Bi,O,]* layer.
The higher the solvent viscosity, the lower the ion diffu-
sion rate and the thinner the nanosheet. Appropriate sol-
vent can also induce the self-assembly of two-dimensional
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Fig. 2. SEM images of flower-like, microspherical and layered BiOl.

layered BiOX nanosheets into three-dimensional struc-
tures, increasing the specific surface area. In addition,
the increase of H* concentration in the solution will slow
down the rate of nucleation and growth for BiOI, and
also affect the thickness of BiOI nanosheets: When the pH
value decreases, the nanosheets will become thinner. The
morphology analysis results of three-dimensional flow-
er-like BiOI and two-dimensional layered BiOI showed
that pH value had a significant effect on the morphology
of the materials, and the morphology could be effectively
regulated by adjusting the solvent dosage and pH value.
Thin nanosheets facilitate the diffusion of electrons to
the material surface, thus facilitating the separation of
photogenerated charge carriers.

4. Optical performance analysis

UV-Vis absorption spectra of the flower-like shape,
microspherical architecture and layered BiOl samples were
tested to study the photoresponse ability and the bandgap,
respectively, as shown in Fig. 4a. All samples show obvi-
ous absorption bands in the range of 250-500 nm, which
indicates that BiOI nanopowders have better visible-range
absorption features and strong light response-ability in
the visible light region. The absorption edge of flower-like
BiOI-1 appears at 580 nm, compared with microspherical
BiOI-2 and layered structure BiOI-3. Fig. 4b shows the first
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derivative curves of the samples from the UV-Vis spectrum.
The bandgap of the photocatalyst can be obtained according
to E =1,240/A (E, and % represent the bandgap and absorp-
tion wavelength of the semiconductor respectively) [34]. The
bandgap of flower-like, microspherical and layered BiOI
are 2.07, 2.33 and 2.35 eV, respectively, and flower-like BiOI
exhibits the smallest bandgap.

5. Specific surface area and pore structure analysis

Fig. 5 shows the nitrogen adsorption-desorption iso-
therms and pore-size distribution (inset of Fig. 5) of BiOI
with different morphologies, the nitrogen adsorption—
desorption isotherms of flower-like, microspherical and
layered BiOI samples can be classified as type IV of H3
hysteresis loop with obvious mesoporous structure char-
acteristics [23]. The Brunauer—-Emmett-Teller (BET) specific
surface area for BiOI-1, BiOI-2 and BiOI-3 are 177, 190 and
157 m?/g, respectively. Compared with BiOI-1 and BiOI-3,
the specific surface area of microspherical BiOI-2 is sig-
nificantly higher than that of flower-like and layered BiOI
samples. In addition, the Barrett-Joyner-Halenda (BJH)
pore-size distribution plot for BiOI-1, BiOI-2 and BiOI-3
samples as shown inset of Fig. 5, indicating the pore diam-
eter mainly distributed in the typical mesoporous region
within the range of 2-10 nm. The specific surface area and
suitable mesoporous size can provide more active sites for
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5 nm

Fig. 3. (a—c) HRTEM and (d) SAED of flower-like BiOI.
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Fig. 4. (a) UV-Vis absorption spectrum and (b) first derivative curves of BiOI samples.

the photocatalyst, improve the separation and transport in the linear region of the Mott-Schottky curve is negative
efficiency of photogenerated carriers, and improve the deg-  indicates that BiOI is P-type semiconductor. The linear
radation ability of the semiconductor photocatalyst. part intersected with the horizontal axis, and the horizon-
tal axis intercept is the flat band potential E_; is 0.82 V vs
SCE. The valence band potential (E, ) for a P-type semicon-
ductors can be approximately equal to E,, According to the

Fig. 6 shows the Mott-Schottky curve for flower-like  formula: V(NHE) = V(SCE) + 0.059pH + 0.242 (pH = 7), the
BiOI-1 samples obtained at 3,000 and 5,000 Hz. The slope  potential of the standard calomel electrode (SCE) can be

6. Photoelectric chemical performance analysis
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Fig. 5. Nitrogen adsorption—-desorption isotherms and the pore-size distribution curve of BiOI samples (a) flower-like BiOI,

(b) microspherical BiOI and (c) layered BiOl.

converted to the potential of the standard hydrogen elec-
trode (NHE) [22]. Therefore, the corresponding E_, and E,
for BiOI are —0.46 and +1.47 V vs NHE, respectively.

7. Analysis of photocatalytic performance

The photocatalytic efficiency of BiOI photocatalysts was
evaluated by the degradation of RhB under 200 W xenon
lamp irradiation. Fig. 7a shows photocatalytic degradation
curves for BiOI photocatalysts. Before each irradiation reac-
tion, the above suspension was firstly dispersed by stirring
for 30 min in dark to establish an adsorption-desorption
equilibrium. Compared with BiOI-1 and BiOI-3, micro-
spherical BiOI-2 exhibited better adsorption performance

than flower-like and layered BiOI due to its larger specific
surface area. The photocatalytic degradation rate for micro-
spherical BiOI reached 92% at 90 min. In contrast, the pho-
tocatalytic degradation rate for BiOI-1 and BiOI-3 is 64.6%
and 28.2% within 90 min.

Fig. 7b displays the corresponding first-order kinetics
curve. It is obviously that the kinetics curves of all sam-
ples exhibit linear relationship, indicating that the pho-
tocatalytic degradation of RhB exhibit first-order kinetics
characteristics: In(C/C) =kt where C;and C, respectively
the initial and residual concentrations of dye at ¢ min after
the reaction, and kapp is the rate constant of first-order kinetic
reaction [35]. The rate constants of flower-like, microspher-
ical and layered BiOI photocatalysts are 0.00842, 0.02403
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and 0.00575 min™, respectively. And microspherical BiOIl
possess the highest rate constant, which is 1.5 and 8.0 times
flower-like and layered BiOl, respectively.

The synergistic interaction between crystallinity, mor-
phology and particle size of nanomaterials affects the
photocatalytic performance of BiOI materials. Among
three different morphologies of BiOI, microspherical BiOIl
show the best photocatalytic degradation efficiency,
because the smaller the particle size of semiconductor
material, the easier the photogenerated charge will migrate
to the surface of the material. In addition, the three-di-
mensional structure has large specific surface area, more
active sites and strong adsorption capacity, which can also
make the light reflect multiple times inside the catalyst
and improve the light absorption capacity. The three-di-
mensional flower-like BiOI has better photocatalytic activ-
ity than two-dimensional layered BiOI owing to its larger
specific surface area and excellent light response ability.
The synergistic effect among crystallinity, morphology and
particle size of nanomaterials affects the photocatalytic
performance of BiOI materials.
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The amount of photocatalyst was also an important
external factor affecting the degradation efficiency. The
photocatalytic degradation of flower-like BiOI was carried
out by the degradation of RhB under 200 W xenon lamp
irradiation with 0.01, 0.03 and 0.05 g, respectively. It can
be seen from Fig. 8 that the adsorption capacity of organic
pollutants increases with the increase of the amount of
photocatalyst. In addition, the photocatalytic degrada-
tion rate first increased rapidly with the increase of the
amount of photocatalyst. However, with the prolongation
of illumination time, the reaction rate gradually slowed
down. This is because the more catalysts at the begin-
ning, the more catalysts adsorbed on the dyed surface
and the faster the reaction rate. However, with the prog-
ress of photocatalytic reaction, when the amount of pho-
tocatalyst is too much, the samples will cover each other,
affecting the transmission and absorption of the incident
light, thus further affecting the photocatalytic efficiency.

In order to investigate the reaction mechanism and
determine the main active species in the process of

-30 0 30 60 90
Time (min)

Fig. 8. Photocatalytic degradation of RhB organic pollutants
by 0.01, 0.03 and 0.05 g flower-like BiOl.
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Fig. 7. (a) Photocatalytic degradation curve of BiOI and (b) corresponding first-order dynamics curve.
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photocatalytic degradation of RhB dye, benzoquinone
(BQ), Methanol and isopropanol (IPA) were added into
flower-like BiOl reaction system, which was used as scav-
engers of superoxide radicals (*O;), photo-holes (h*) and
hydroxyl radicals (*OH), respectively As shown in Fig. 9,
the photocatalytic degradation rate of RhB reduced signifi-
cantly after the addition of a trapping agent in the system,
which suggested that *OH, *O; and h* all played a certain
role in the photocatalytic degradation process.

8. Analysis of the photocatalytic mechanism

Combined with the above experimental results, the
possible photocatalytic degradation mechanism of flow-
er-like BiOI under simulated visible light irradiation is
illustrated in Fig. 10. The E, E; and E; of P-type BiOI
semiconductors are 1.93, -0.46 and 1.47 eV, respectively.
Under simulated visible light irradiation, photoelectrons
are excited simultaneously from VB to CB of BiOI semi-
conductors, while the holes remain in VB, respectively.
Since the E_; of BiOI is more negative than E  (-0.28 V vs
NHE), electrons in the conduction band can be captured
by dissolved oxygen in the water to generate *O;. While
the holes in the VB of BiOI can react with *OH or H,0 to
form hydroxyl radical *OH and °O;, which have strong oxi-
dation ability, and h* itself is also an oxidant, which can
oxidize RhB into CO,, H,O and so on at room temperature.

9. Conclusions

BiOI nanopowders with different morphologies (flow-
er-like, microspherical and layered) were successfully fab-
ricated by the co-precipitation method by changing the
solvent dosage and pH value. The samples prepared by this
method maintain a single-phase tetragonal structure with
a small crystallite size and good crystallization. flower-like
BiOI exhibit excellent visible light absorption ability, com-
pared with microspherical and layered BiOlI, the absorp-
tion edge of flower-like BiOI moved to the long-wave
direction, with the narrowest bandgap. Microspherical
BiOI displays the best photocatalytic activity for RhB

1.0 1
0.8 1
$0.6
Q0 .
o *
- W
0.4 = IPA .
0.2 4 —4— Methanol
—v— Black
0.0 T T T T T
-30 0 30 60 90

Time (min)

Fig. 9. Active species capture experiment of flower-like BiOI
photocatalyst.

Potential(eV vs. NHE)

Fig. 10. Possible mechanisms of photocatalytic degradation of
BiOL

degradation under xenon lamp irradiation, and the pho-
tocatalytic degradation rate is 92% after 90 min. The active
species capture experiments suggested that *“OH, *O; and
h*all played a certain role in the photocatalytic degradation
process.
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