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BipO3 is a photocatalyst with excellent performance; however, its applications are limited due to its wide
bandgap. In this paper, by adding BiOI and the metal-organic framework UiO-66, a Bi,O3@BiOI@UiO-66
composite material is obtained with high adsorption capacity, in which the bandgap of BiyO3 is reduced, the
recombination of photogenerated electrons and holes is prevented, the photocatalytic efficiency and stability are
improved. In visible light degradation experiments, Bi;O3@BiOI@UiO-66 has obvious degradation effects on

Rhodamine B and tetracycline, which are 22.2 and 1.04 times that of pure BiyOs, respectively. BioOs@-
BiOI@UiO-66 demonstrats its potential as photocatalytic degradation material.

1. Introduction

With the development of social industrialisation, persistent organic
pollutions (POPs) are increasingly contaminating water resources [1,2].
In this context, photocatalytic technologies have been receiving
considerable attention because they can efficiently degrade POPs to
harmless molecules such as HyO and CO- on the basis of the redox ability
of the photocatalyst upon light irradiation [3]. BizOs is a promising
candidate in this regard due to its high electrochemical stability and
high redox reversibility [4,5]. However, the wide application of pure
BiyOs is still constrained due to its wide bandgap. BiOX (X = Cl, Br and I)
semiconductors having a layered inner structure can accelerate the
separation efficiency of photogenerated carriers for high photocatalytic
activity because of the built-in electric field; therefore, they have
emerged as new efficient and environmental-friendly photocatalytic
materials [6]. In particular, BiOI has a narrow bandgap (1.63-2.20 eV)
[7] that provides it with excellent photocatalytic performance under
visible light irradiation. In fact, the combination of BiOI with BisO3 can
effectively reduce the bandgap of the latter, facilitating the generation of
electrons under visible light [8-13]. However, photogenerated electrons
and holes can be easily recombined, resulting in a decrease in photo-
catalytic efficiency [14,15].

The combination of semiconductor materials and metal-organic
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framework (MOF) materials has proved effective to solve this problem
[16]. MOFs are a class of crystalline porous materials with periodic
network structures formed by the self-assembly of inorganic metal
centres (metal ions or metal clusters) and bridged organic ligands,
affording a specific surface area that increases the contact area and
improves the photocatalytic efficiency [17]. As an example of MOF,
thermally and chemically stable UiO-66 has been applied in various
fields including liquid separation, adsorption and catalysis [18,19]. The
addition of UiO-66 to composite materials improves the transfer
pathway of photogenerated electron and holes, thereby reducing the
recombination of electrons and valence band holes. Therefore, the cat-
alytic efficiency is improved in composites containing porous UiO-66
[20-26].

Following this line of thought, we were interested in evaluating the
effect of the addition of UiO-66 on the photocatalytic activity of the
BiO3@BiOI systems. In this paper, BioO3@BiOI binary composite ma-
terials and BiyOs3@BiOI@UiO-66 ternary composite materials were
synthesised by an improved solvothermal method. The optimal sub-
strate ratio in the composites was determined, and the porous structure
of the MOF material was found to improve the photocatalytic efficiency
of the binary system, providing a method for the degradation of organic
dyes.

Received 11 October 2020; Received in revised form 11 January 2021; Accepted 14 January 2021

Available online 23 January 2021
0009-2614/© 2021 Elsevier B.V. All rights reserved.


mailto:471596844@qq.com
mailto:zhuyu@tzu.edu.cn
www.sciencedirect.com/science/journal/00092614
https://www.elsevier.com/locate/cplett
https://doi.org/10.1016/j.cplett.2021.138354
https://doi.org/10.1016/j.cplett.2021.138354
https://doi.org/10.1016/j.cplett.2021.138354
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2021.138354&domain=pdf

J. Tang et al.
2. Experimental
2.1. Synthesis of Bi;O3

As reported in a previous work [27], BioO3 was synthesised using
Bi»05COs3 as a precursor. First, 11.64 g of Bi(NO3)3-5H20 was dissolved
in 60 mL of HNO3 aqueous solution (1 mol/L). To this mixture, 240 mL
of NapCOj3 aqueous solution (0.6 mol/L) was slowly added with constant
stirring, resulting in the formation of a large amount of a white pre-
cipitate. The suspension was further stirred for 15 min and left to stand
at 60 °C for 12 h. Finally, the precipitate was collected, washed several
times with deionised water and dried at 60 °C for 6 h to form the
Bi05CO3 precursor. BioO3 was obtained by annealing the as-prepared
Bi;0,CO3 at 350 °C for 30 min.

2.2. Synthesis of UiO-66

Following a reported procedure [28], 0.233 g of ZrCl4 and 0.166 g of
HoBDC were dissolved in 50 mL of DMF with stirring for 30 min and then
reacted at 120 °C for 24 h in a hydrothermal reaction vessel. The
resulting product was washed and dried at 80 °C for 12 h.

2.3. Synthesis of Bi;O3@BiOI

Different ratios of BioO3 and 1 mmol of Bi(NO3)3-5H,0 were added
to a solution containing 1 g of KI in ethylene glycol, mixed thoroughly,
placed in a hydrothermal reaction kettle and reacted at 110 °C for 24 h.
After cooling to room temperature, the mixture was washed with water
and ethanol, then dried at 80 °C.

2.4. Synthesis of Biz0;@BiOI@UiO-66

Ui0-66, Bi,O3 and 1 mmol of Bi(NO3)3-5H,0 were added to a solu-
tion containing 1 g of KI in ethylene glycol (2.5 mL), mixed thoroughly
and placed in a hydrothermal reaction kettle. The reaction was con-
ducted at 110 °C for 24 h. Then, the mixture was cooled to room tem-
perature, washed with water and ethanol and dried at 80 °C.

2.5. Characterisation

X-ray diffraction (XRD) data were collected on a Shimadzu XRD-
6000 instrument. Scanning electron microscopy (SEM) was performed
on a Japan Electronics JSM-6480 microscope to observe the morphology
of the photocatalysts. Fourier transform infrared (FTIR) spectra were
obtained using an Agilent spectrometer in a frequency range of
4500-450 cm L. The absorption spectra were recorded on a Hitachi
U4100 UV spectrometer. Ny physisorption measurement was performed
at 77 K on a BELSORP-mini II instrument; each sample was degassed in
vacuo at 200 °C for 3 h. The specific surface area was determined ac-
cording to the Brunauer-Emmett-Teller (BET) equation. Fluorescent
spectra were obtained on a FS5 spectrofluorometer. The transient photo-
current measurements were performed using an Electrochemical
Workstation (Chenhua 660E, China), equipped with three-electrodes
involving ITO electrode covered with samples, Pt and Ag/AgCl elec-
trodes. For the single working electrode, 5 mg of the sample was
dispersed in 10 pL nafion and then added 0.1 mL anhydrous ethanol to
make a homogeneous solution. Then, 40 pL of above solution was
dropped on ITO conducting glass. The 0.5 M NaySO4 aqueous solution
was used as the electrolyte and exposed by Xe lamp (300 W, A > 420
nm). The impedance test is performed in the frequency range of 0.1
Hz-10 kHz, an amplitude of 0.005 V, a Quiet time of 2 s, and an initial
potential of 0.071 V.

2.6. Photocatalytic activity test

The photocatalytic degradation of Rhodamine B (RhB) and
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tetracycline (TC) by the prepared samples (Bi;O3@BiOI and Bi>Os@-
BiOI@UiO-66) was studied under visible light irradiation. A 250 W Xe
lamp (A > 420 nm) with an ultraviolet cut-off filter was used as the
visible light source. The photocatalyst (20 mg) was dispersed in a 100
mL aqueous solution of RhB (10 mg/L) and stirred in the dark for 30 min
to form an adsorption-desorption system. After centrifuging the sus-
pension to remove the catalyst from the aqueous solution, the absor-
bance of RhB or TC was analysed by a 759 UV-vis spectrophotometer.
Benzoquinone (BQ), sodium oxalate (NayCy04) and isopropanol (IPA)
were used as a superoxide anion (-O3) scavenger, a hole (h) scavenger
and a hydroxyl radical scavenger (-OH) respectively.

3. Results and discussion
3.1. Morphology and structure

The crystal structure and phase composition of the samples were
determined by powder XRD (Fig. 1). The major characteristic peaks of
the BiyO3 sample at around 20 = 28.01°, 33.25° and 46.37° could be
readily indexed to monoclinic a-Bi;O3 according to the standard card
JCPDS NO. 71-2274 and were ascribed to the (—121), (—202) and
(041) lattice planes, respectively [29]. The four major peaks of BiOI at
20 = 29.7°, 31.7° and 55.2° were assigned to the (102), (110) and
(212) planes, illustrating that the synthesised BiOI has a tetragonal
phase (JCPDS NO. 10-0445) [30]. The patterns of the BisO3@BiOl
composites show all the peaks of BiOI but not those of Bi;Os. This may
be due to the overlapping of the BiOI peaks at 46.37° and 55.2° with the
BiyO3 peaks having weak intensity of diffraction. The characteristic
peaks of UiO-66 located at 20 = 7-9° are in line with previous reports,
suggesting that UiO-66 crystals were successfully synthesized [17,31].
In the Bi;O3@BiOI@Ui0-66 sample, the peaks at 7° and 9° are much
smaller than those of pure UiO-66, which may be because Bi,O3@BiOI
covers the crystal plane of UiO-66 during the formation of the
composite.

The morphology of the substrates Bi»O3, BiOI and UiO-66 (Fig. 2)
and the Bi,O3@BiOI and Bi,O3@BiOI@UiO-66 composites (Fig. 3) was
characterised using SEM. As can be seen in Fig. 2a, Bi;O3 displays a
hollow rod-like structure with a particle size of 20-30 um and an inner
pore diameter of 5 um. BiOl is a cluster of flower-shaped aggregates with
a diameter of about 2 pm (Fig. 2b). Fig. 2c shows the octahedral crystal
structure of UiO-66 with a diameter of 600 nm. As can be extracted from
the SEM images of the composites (Fig. 3), the top smaller rod-shaped
load material is BipO3, which is relatively evenly distributed on BiOI
(Fig. 3a—c). Fig. 3d shows that the regular holes of UiO-66 are loaded
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Fig. 1. X-ray diffraction spectra of Bi,O3@BiOl and Bi,O;@BiOI@UiO-66
prepared with different substrate ratios.
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Fig. 3. Scanning electron microscopy images of (a), (b), (c) the Bi,O3@BiOI binary composite at three different substrate ratios (1:1, 1:2, 2:1), and (d) the

Bi,03@BiOI@UiO-66 ternary composite.

with flower-like and rod-shaped substances, which confirms that BisO3
and BiOI were successfully loaded onto UiO-66.

Infrared spectroscopy verified the each peak of UiO-66 and com-
posite materials. (Fig. S1) The sharp peak observed at 530 cm ™! can be
assigned to the typical stretching modes of Bi-O [17,31]. The presence
of BiO3 was confirmed by the band at 423 em™ !, which is attributable to
the symmetrical stretching vibration of the Bi-O bond of BiyO3 species
[32,33]. The peak at 744 cm™! likely originates from the O-Zr-O vi-
bration of UiO-66, and small peaks located in the range 700-1200 cm ™!
stem from the vibration of aromatic rings. The presence of three strong
peaks at 1392, 1590 and 1670 cm ™! attributed to carboxyl groups of the
ligands is in accord with previous reports [34-36].

BET was used to characterise the specific surface area and pores of
Ui0-66 [30] and the composite materials [17]. The specific surface area
of Ui0-66 is about 794.69 m> g_l, whereas that of the Bi,O3@BiOI
@Ui0-66 composite is 51.14 m? g~! (Table S1 and Fig. 4). In addition,

the pore size of pure UiO-66 (2.232 nm) is smaller than that of the
composite (3.206 nm). However, the specific surface area of the com-
posite material is still much larger than that of Bi,O3 (8.149 m? g’l)
[37,38]. This result demonstrates that the addition of UiO-66 improves
the specific surface area of the final product compared with the Bi;O3
substrate.

The as-prepared Bi»O3, BiOI and composite materials were shown in
the UV-vis diffuse reflectance spectra (Fig. S2). According to the
Kubelka-Munk curve and the fitting of the spectrum, the forbidden
bandwidth of Bi;Os is 2.7 eV, whereas those of Bi,Os3@BiOI and
Bix03@BiOI@UiO-66 are 1.89 and 1.94 eV, respectively (Fig. S2b, S2c¢).
Due to this reduction of the bandgap in the composites, electrons are
more easily excited into photogenerated electrons in solution to
participate in the photocatalytic reaction, which improves the photo-
catalytic degradation efficiency of the material.

To further confirm the effective charge separation in the materials,
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Fig.4. N, adsorption and desorption isotherms.

the samples were measured by fluorescence spectroscopy with an exci-
tation wavelength of 530 nm. An emission peak is observed around 648
nm, which originates from the recombination of photogenerated elec-
trons and valence band holes (Fig. 5). The peak intensity of BiyOs is five
times that of Bi,O3@BiOI and Bi,O3@BiOI@UiO-66. The lower emission
intensity for the composites indicates that they are more conducive to
charge separation, thereby inhibiting the recombination of electro-
n-hole pairs [39].

3.2. Photocatalytic performance

We evaluated the catalytic degradation ability of pure Bi;O3 and the
Bi>O3@BiOl and Bi;O3@BiOl@UiO-66 samples using RhB and TC as
pollutants under visible light irradiation. The experiment was repeated
three times to get the variance and shown on the chart. (Fig. 6) The
following first-order kinetic formula was used to fit the experimental
data: In (Cy/C) = kt, where Cyp and C are the concentrations of pollutants
in the solution at times 0 and t, respectively, and k is the photocatalytic
rate constant.

First, the photocatalytic performance of the BiyO3@BiOI and
BizO3@BiOI@UiO-66 composites in the degradation of RhB was
assessed. In the dark, Bi;O3@BiOI@UiO-66 exhibited the best RhB
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Fig. 5. Emission fluorescence spectra of Bi;Os3 and the binary and ternary
composite materials.

Chemical Physics Letters 768 (2021) 138354

adsorption effect, whereas that of BioO3@BiOI was basically the same as
that of Bi;Os. Due to the large specific surface area of UiO-66, the
Bi,O3@BiOI@UiO-66 composite can absorb more RhB molecules than
the binary composite. The degradation rate of Bi;O3@BiOI@UiO-66
reached an astonishing 89.9% when exposed to visible light (Fig. 6a).
After first-order kinetics fitting, the k value of Bi,O3@BiOI@UIO-66 was
found to be the largest (k = 0.03437 min~1), and those of the other
materials followed the order Bi;O3 > 0.5BioO3@BiOI > 2Bi,O3@BiOI >
1Bi,03@BiOlI (Fig. 6b). Due to the narrow bandgap of BiOI, Bi;O3 not
only produces photogenerated electrons more easily upon visible light
irradiation but also improves their mobility [40]. The recombination of
photogenerated electrons and holes in BipOs@BiOlI is hindered by add-
ing UiO-66, and Bi,O3@BiOI@UiO-66 has high adsorptivity. This results
in multiple reaction centres on the surface of the material, thereby
improving the photocatalytic efficiency.

TC has also been selected as a pollutant to study the photocatalytic
activities of these materials. In dark, the adsorption capacity of
Bi,03@BiOI@UiO-66 increased to a certain extent via composited with
UiO-66 compared with BizO3, BiOI and Bi;O3@BiOI. The degradation
rate of TC by Bip03@BiOl@UiO-66 was 63.6% when exposed to visible
light, and the degradation rate of Bi,O3 turned out to be 60.1% (Fig. 6¢).
The k value of Bi;O3@BiOI@UiO-66 was still the largest (k = 0.00974
minfl), and those of the other samples followed the order BiO3 >
2Bi203@BiOI > 1B1203@Bi01 > 0.5Bi203@BiOI (Fig. 6(1) The hlgh
degradation rate of BioO3 may be due to the large adsorption of TC in the
dark.

Besides, the adsorption also acts as an important part for the
pollutant removing. UiO-66 has a specific surface area of 794.69 m2.g 1,
which can improve the adsorption performance of semiconductors. In
photocatalytic process, BioO3@BiOI@UiO-66 can enrich pollutants with
low concentration around or on UiO-66 due to the good adsorption ca-
pacity. Compared with BiyO3, BisO3@BiOl, BixO3@BiOI@UiO-66
exhibited the best adsorption effect on the two pollutants. Because of the
different sizes of pollutants, the adsorption to TC with 37% in dark is a
little larger than that to RhB which owns a larger size with 23%.

Photogenerated holes, -OH, -O3 are important active substances for
photodegradation. The degradation of organic matter is dominated by
free radical redox reactions. In the degradation of RhB, the addition of
isopropanol has the greatest impact on photodegradation, which proves
that the degradation of RhB is dominated by -OH (Fig. 7a). Besides,
benzoquinone has the greatest impact on the photodegradation of TC,
indicating-O5 the primary factor in the photodegradation of TC (Fig. 7b).
Furthermore, EPR was measured here to distinguish the free radicals
with DMPO as the scavenger [41,42]. A characteristic quartet signal for
DMPO--O3 and -OH with an intensity ratio of approximately 1:1:1:1 is
observed in Figs. 8 and 9, confirming the generation of -O3 and -OH over
the Bi;O3@BiOI@UiO-66 catalyst under visible light irradiation.

The photocatalytic degradation of RhB by Bi;03@BiOI@UiO-66 was
compared in different pH (Fig. S3a, S3b) and solutions containing
different ions (Fig. S3c, S3d). It is basically unaffected in acidic solutions
and the photocatalytic performance of the sample on RhB also varies
slightly with good stability in solutions with different ions. The photo-
catalytic degradation of tetracycline by Bi,Os@BiOI@UiO-66 was also
compared in different pH (Fig. S4a, S4b) and solutions containing
different ions (Fig. S4c, S4d). It is found that the photocatalytic per-
formance of the sample has a certain downward trend in different pH
and different ions, but the photocatalytic efficiency can still be main-
tained. The degradation of the RhB has been carried out five runs to test
the stability (Fig. S5). The degradation ratio is decreasing from 88.9% to
83.9%, which is only about 5% loss in RhB degradation (Fig. S5). Be-
sides, Bip03@BiOI@Ui0O-66 was tested by XRD to confirm the stability
before and after photocatalysis. The peaks remain unchanged, which
shows that Bi;O3@BiOl@UiO-66 can still maintain the complete struc-
ture after photocatalysis with no changes in components (Fig. S6).

To study the carriers transfer process and separation process in
photocatalysts, the photoelectrochemical analyses were performed.
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Compared with BipOs3, BiOI and BiO3@BiOl, Bi,O3@BiOI@UiO-66
displays the strong photo current response, revealing the efficient photo-
induced charge transfer between BiyO3, BiOI and UiO-66 (Fig. 10). The
superior charge transfer and recombination inhibition in BiyOs@-
BiOI@UiO-66 is responsible for the intensive photocatalytic activity

[43]. To further confirm above results, EIS Nyquist plot for monomer
and composite materials has been used to study the course of charge
separation and transfer. Fig. 11 displays the Nyquist impedance plots of
monomer and composite materials. The resistance R value of each
sample is BiOI(16.23 Q) > Biz03(16.13 Q) > Bip03@BiOI(14.97 Q) >
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Fig. 11. Nyquist plots in the 0.5 M Na,SO4 solution, 0.01 Hz to 10 kHz fre-
quency range, Initial potential 0.071 V, 0.005 V amplitude, 2 sec quiet time 0.5
M Na,SO, for the electrodes.

BixO3@BiOI@Ui0-66(13.42 Q), while the capacitance C is BiOI(0.94 C)
> Bi03@BiOI(0.90 C) > Biy03(0.89 C) > Bix03@BiOI@Ui0-66(0.93
C).(Fig. S7) What’s more, the |Z| value of different samples does not
change greatly with the increase of frequency, which proves the stability
of the samples to the circuit signal. Compared with BiyOs, the phase
angle changes are concentrated in the low frequency region, which
proves that the material’s response to the circuit is mainly in the low
frequency region and the capacitive reactance arc is smaller than BiyOs.
This reflects that Bio,O3@BiOI@UiO-66 is more polarized larger, higher
current discharge capability is better. It is found that Bi,O3@BiOI@UiO-
66 displays a low arc radius in comparison to other samples, suggesting
that Bi;O3@BiOI@UiO-66 owns strong migration and separation of
photo-generated charge carrier.

From the photocatalytic experiments, it can be extracted that the
interaction between BiOI, Bi;O3 and UiO-66 is responsible for the effi-
cient generation and separation of carriers under visible light excitation
(Fig. 12). For a semiconductor, at the point of zero charges, the band
positions can be calculated by the following empirical formula:

Evg =X —Ee+0.5Eg

Ecp = Evg — E,

—— Bi,0,
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Fig. 10. Photocurrent response graph of monomer, binary composite and
ternary composite (electrolyte composition: 0.5 M NaySO,, electrode area: 1
cm?, optical power: 300 W).
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Fig. 12. Energy band structure and charge separation map of materials, and
possible ways of photodegradation of pollutants.



J. Tang et al.

where Eyp and Ecg are the valence band (VB) and conduction band edge
potentials, respectively, and X is the electronegativity of the semi-
conductor, which is the geometric mean of the electronegativity of the
constituent atoms [44]. BiOI, with a narrow bandgap energy of 1.86 eV,
could be easily excited by visible light (A > 400 nm, energy less than
3.10 eV), inducing the generation of electrons and holes. After
Bi;O3@BiOI@UiO-66 is irradiated with visible light, because BiOI has
the lowest conduction band, electrons are excited on BiOI to form photo-
induced carriers, which are then transferred from BiOI to Bi;O3 and UiO-
66 and released [45].

4. Conclusion

In this paper, a solvent method was used to synthesise Bi;O3@BiOI
and BiO3@BiOI@UiO-66 composites with different substrate ratios as
photocatalysts to degrade RhB and TC under visible light irradiation.
The degradation rate of Bip,O3@BiOI@UiO-66 for RhB and TC is six and
three times that of the Bi;O3@BiOI system, respectively. The results
show that addition of UiO-66 increases significantly the adsorption ca-
pacity of the sample, accelerates the charge separation and reduces the
electron-hole recombination during the photocatalytic process. In
addition, BiO3@BiOI@UiO-66 shows good stability. Therefore, the
high efficiency and stability of the Bi;O3@BiOI@UiO-66 composite
renders it a good candidate material for photocatalytic applications.
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