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ABSTRACT

Bi/Bi4O5Br2 composite photocatalysts with different loading were prepared by

ethylene glycol reduction method. The successful construction of the composite

was confirmed by X-ray diffraction, Fourier transform infrared, scanning elec-

tron microscope, photoluminescence, UV–Vis diffuse reflection spectroscopy,

and X-ray photoelectron spectroscopy. The prepared Bi/Bi4O5Br2 composite can

degrade the colored dye RhB and the colorless substance BPA under simulated

visible light. The catalytic activity of the composite is obviously improved

compared with that of the pure substance, and the photocatalytic performance

of 5% loading of composite sample is the best. Through the experiments of

photoluminescence spectrum and fluorescence decay curve, it is confirmed that

the photo-generated carrier separation efficiency of 5% loading of composite

sample is the highest. Radical trapping experiments show that h? plays a major

role. The improvement of photocatalytic activity of the composite is attributed to

the plasmon resonance effect of Bi, which promotes the transfer and separation

of semiconductor interface charge. The composite material has good cycle sta-

bility, which provides a research idea for the photocatalytic treatment of

wastewater.

1 Introduction

With the increase of industrialization and the human

population, a large number of drug compounds,

organic pollutants such as dye and heavy metal ions

was introduced into groundwater [1, 2]. Organic

dyes, as an important part of water pollution is

threatening the environment and human health, such

as CIP and BPA [3, 4]. Therefore, choose the appro-

priate methods to remove these pollutants is a very

key question. Photocatalytic technology because of its

good capability of oxidation and ecological friendli-

ness was widely used in degradation of the organic

pollutants [5, 6]. It was well known that the photo-

catalytic degradation using solar power, selective

oxidation and hydrogen evolution reaction, etc.
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Therefore, to improve the utilization of solar energy,

we need preparation has good response of the visible

light photocatalyst [7]. Semiconductor photocatalytic

technology as a reliable, green and efficient solar

energy conversion and environmental purification

method was more and more attention to [8].

Traditional TiO2 catalyst has low cost,

stable chemical properties and high oxidation ability

[9, 10]. However, the traditional practical application

of photocatalyst was quite limited, because the only

response to ultraviolet light, and the visible light

utilization rate was low, wide band gap and quantum

effect. Bismuth-based photocatalysts had a non-toxic,

strong oxidizing, narrow band gap, high stability,

and visible light response properties, its photocat-

alytic used widely [11, 12]. Marzouqi synthesized

BiOCl/g-C3N4 heterojunction by microwave-assisted

method for photocatalytic degradation of amine drug

nizatidine, showing good photocatalytic perfor-

mance, which was attributed to the heterojunction

interface promotes electron–hole pair separation [13].

Guan prepared superhydrophobic BiOBr/Ag copper

mesh composites, which exhibited high photocat-

alytic activity and stable oil/water separation effi-

ciency in the degradation of RhB and MB, which

could be attributed to the wide range of light

absorption range widening and reduction of the band

gap [14]. Deng synthesized BiOCl/Bi/Bi2O3/rGO

heterojunctions with oxygen vacancies by in situ

reduction, which could completely degrade 2-nitro-

phenol, which was attributed to the synergy of oxy-

gen vacancies, heterojunctions and metallic Bi effect

[15]. Zeng C/BiOI composite material was synthe-

sized, showed higher activity of photocatalytic

degradation of MO and stable performance of nitro-

gen fixation [16]. Half metal bismuth (Bi) since it had

the surface plasma resonance (SPR) and cocatalyst

purposes, aroused the interest of the researchers

widely [17, 18].

Among the bismuth-rich oxyhalide materials, Bi4-
O5Br2 had high chemical stability, large surface area,

unique electronic structure and high light absorption

ability [19]. However, Bi4O5Br2 materials have the

disadvantages of narrow visible light absorption

range (below 450 nm), low redox potential and high

charge carrier recombination rate [20–22]. To over-

come these shortcomings, many approaches had been

employed, including the introduction of active cen-

ters [23], the synthesis of hybrids [24], control of

crystal surfaces, and morphology engineering [25].

For example, the deposition of noble metals into

Bi4O5Br2 had been demonstrated to be an effective

and facile strategy to optimize the catalytic perfor-

mance of this material [26]. By adjusting the deposi-

tion content, the electronic structure, light absorption

capacity, number of active centers, and electron–hole

pair separation rate of the catalyst can be adjusted

[27]. Therefore, we tried to deposit semi-metal Bi on

Bi4O5Br2, using the SPR effect of Bi to promote the

separation of charge carriers and improve the pho-

tocatalytic performance of the catalyst monomer.

This article used ethylene glycol as the reducing

agent and the method of reduction in situ deposition

on the Bi4O5Br2 microspheres Bi elemental nanopar-

ticles. Bi/Bi4O5Br2 composites with different per-

centages were prepared by controlling the content of

Bi (NO3)3�5H2O. The Bi/Bi4O5Br2 composites were

analyzed by a series of characterizations such as

XRD, SEM, TEM, FT-IR and PL. And simulation for

degradation of RhB and BPA, visible light photocat-

alytic activity is higher than the pure Bi4O5Br2 com-

posite material after. The activity of ascension can be

attributed to due to the existence of the SPR effect,

metal Bi as electron traps to promote light stimulates

the carrier separation and interfacial charge transfer.

In addition, reaction of �O2
-, �OH and h? kinds of

active species and the possible photocatalytic mech-

anism was studied, further verify the theory.

2 Materials and method

2.1 Materials

All chemical reagents used in this experiment were of

analytical grade, RhB and NOR were purchased from

Aladdin, and other reagents were purchased from

Sinopharm Chemical Reagent Co. Ltd.

2.2 Catalyst preparation

Through the synthesis Bi4O5Br2 solvent hot method,

specific steps are as follows (Scheme 1): Firstly,

0.3638 g bismuth nitrate pentahydrate was dissolved

in 5 mL ethylene glycol and stirred for 15 min. In the

second step, 0.0595 g KBr was dissolved in 15 mL

ethanol and stirred for 30 min. Then, the second step

slowly add the solution to the first step in the solu-

tion. Stir for 1 h, and transfer to a 45 mL reaction

kettle. Then in 180 �C, reaction 16 h after natural

558 Page 2 of 14 J Mater Sci: Mater Electron (2023) 34:558



cooling, water and ethanol washing three times,

respectively under 60 �C get Bi4O5Br2 sample after

drying.

The preparation of photocatalyst Bi/Bi4O5Br2 as

follows (Scheme 1): 0.092 g bismuth nitrate pen-

tahydrate was dissolved in 40 mL ethylene glycol,

and after stirring for 30 min, a certain amount of

Bi4O5Br2 was added respectively. Stir in 1 h after

move to 45 mL in the reaction kettle, maintain 10 h

under 180 �C, after natural cooling, water and etha-

nol washing three times, respectively under 60 �C get

the samples of Bi/Bi4O5Br2 composite after drying.

With Bismuth nitrate pentahydrate as bismuth

source, when the loading is 0%, 2%, 5% and 10%, the

samples are recorded as Bi4O5Br2, BOB-2, BOB-5 and

BOB-10, respectively.

2.3 Characterization

X-ray powder diffraction was tested by an X-ray

diffractometer (X’Pert PRO MPD) with a working

voltage of 40 kV and a working current of 200 mA. In

order to analyze the crystal phase structure and

crystallinity of the material. The microscopic mor-

phologies of the catalysts were analyzed by scanning

electron microscopy (SEM, Gemini 300, 20 kV) and

transmission electron microscopy (TEM, FEI Talos

F200S, USA, 200 kV), using X-ray photoelectron

spectroscopy (XPS, ESCALAB 250XL) and energy

dispersive spectrometers (EDS, oxford x-max 80 T) to

study the elements and valences contained in the

catalyst. Infrared spectroscopy (FT-IR) was acquired

using a Fourier transform infrared spectrometer

(Perkin Elmer Spectrum RX I). At the same time,

using BaSO4 as the reference background, a spec-

trophotometer (UV2600, Japan) was used to obtain

the ultraviolet–visible diffuse reflectance spectrum

(UV–Vis DRS). The nitrogen adsorption–desorption

curves of the catalysts were determined by a specific

surface area analyzer (ASAP 2460). The fluorescence

spectra (PL) of the samples were obtained on an

F-4700 spectrophotometer with the excitation wave-

length set to 250 nm.

3 Results and discussion

3.1 Crystal structure analysis

The crystal phase structure and purity of the samples

were analyzed using X-ray powder diffraction in

Fig. 1. The results show that for Bi/Bi4O5Br2, all

diffraction peaks are highly matched with the

orthorhombic PDF card No. 37-0699. The character-

istic peaks of the synthesized samples are at

2h = 29.4, 31.68, 32.0 and 45.4�, corresponding to the

(113), (402), (020) and (422) crystal planes, respec-

tively. Bi4O5Br2 has characteristic diffraction peaks of

elemental Bi. When the loading is 2%, BOB-2, BOB-5

and BOB-10 have characteristic diffraction peaks of

elemental Bi. And we can see that when the loading is

larger, there are more characteristic diffraction peaks

of Bi, and the intensity of the peaks is also larger.

Through XRD analysis, it can be preliminarily seen

that the sample has no other diffraction peaks, and

the peak shape is sharp. This shows that the synthetic

Scheme 1 Schematic diagram

of the preparation method of

Bi4O5Br2 and Bi/Bi4O5Br2
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material is of high purity and good crystallinity.

There is a packet peak in the Fig. 1. The possible

reason is that the sample in the sample tank is not

uniformly dispersed, and the sample tank has a peak.

As shown in Fig. 2, the chemical bond properties

and functional groups of Bi4O5Br2 and Bi/ Bi4O5Br2
composites were analyzed by infrared spectroscopy.

It can be seen from the figure that there is infrared

absorption at the wave number 546 cm-1, which is

the Bi-O signal [24]. There is infrared absorption at

1062 cm-1, which belongs to Bi-Br signal [28]. Com-

pared with Bi4O5Br2, we can see that the infrared

absorption peak of the complex has a certain devia-

tion, which may be caused by the introduction of

elemental Bi.

3.2 Composition and chemical state
analysis

The element composition and chemical valence state

of BOB-5 composite material were analyzed by XPS

characterization. It can be seen from Fig. 3a that the

XPS measurement full spectrum shows that the syn-

thesized sample contains C (reference element), Bi, O,

and Br. Figure 3b-d further provide high-resolution

XPS spectra of Bi, Br, and O. In Fig. 3b, the appear-

ance of two strong peaks at 159.11 and 164.31 eV is

attributable to the Bi3? structure of Bi 4f7/2 and Bi

4f5/2. The small peaks at 156.83 and 162.12 eV

belong to the signal of elemental Bi. It can be seen in

Fig. 3c that two peaks appear at the binding energies

of 68.22 and 69.31 eV, indicating the existence of Br5?

structures in the BOB-5 composite sample. The O 1 s

energy spectrum can be divided into two peaks,

where the peak at 529.71 eV corresponds to the lattice

oxygen in the material, and the peak at 531.50 eV

corresponds to the surface hydroxyl groups and

water molecules adsorbed on the composite material.

3.3 Micro-topography analysis

As shown in Fig. 4, the microstructure of the catalyst

was analyzed by scanning electron microscopy. From

Fig. 4a, b, the morphology of Bi4O5Br2 is a wool ball

structure stacked by nanosheets, and the size is about

2–4 lm. From Fig. 4c, d, we can see that the BOB-5

composite prepared by the hydrothermal method

presents self-assembled flower-like microspheres

with an average size of about 5 lm. Compared with

pure Bi4O5Br2, the volume of the BOB-5 sample is

increased, which can be attributed to the introduction

of semi-metallic Bi. Compared with the pure sub-

stance, the morphology of the composite still main-

tains the microsphere structure. This can also show

that Bi doping has no obvious effect on the surface

morphology of Bi4O5Br2, and this scheme is feasible.

Further microstructural analysis was performed by

transmission electron microscopy (TEM) in Fig. 5a. It

can be observed from the TEM image that the edge of

the BOB-5 sample exhibits irregular geometric

shapes, and nanoparticles are attached to the surface.

The edge regions of individual nanosheets were

analyzed by high-resolution transmission electron

microscopy (HRTEM) in Fig. 5b. The results show

that BOB-5 exhibits continuous and clear lattice

fringes with an average spacing of 0.328 nm and

Fig. 1 XRD patterns of Bi4O5Br2, BOB-2, BOB-5 and BOB-10

Fig. 2 FT-IR of Bi4O5Br2, BOB-2, BOB-5 and BOB-10
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0.940 nm, which correspond to the metallic Bi (012)

and Bi4O5Br2 (10–1) crystal planes, respectively.

The HAADF-STEM image of the BOB-5 complex,

the corresponding element distribution image spec-

trum, and the EDS energy spectrum are shown in

Fig. 6. It can be concluded that BOB-5 contains three

elements, Bi, Br and O, and the element distribution

is relatively uniform. No other impurity elements

exist.

3.4 Photocatalytic performance
and stability analysis

In order to further study the photocatalytic activity of

Bi/Bi4O5Br2 complexes, the colored dye RhB and the

colorless substance BPA were selected as simulated

pollutants for photocatalytic degradation. As shown

in Fig. 7a, c, Bi4O5Br2, BOB-2, BOB-5 and BOB-10

were selected for RhB and BPA photocatalytic

degradation experiments. The UV–Vis absorption

spectrum (Fig. 7a) shows that both the pure sub-

stance and the composite material have good degra-

dation effect, and the degradation effect of the

composite material is higher than that of Bi4O5Br2.

Among them, BOB-5 has the best degradability.

Under the action of visible light, 50 mL of 10 mg/L

RhB can be degraded completely within 40 min,

while the degradation rate of pure Bi4O5Br2 is only

about 56%. For the colorless substance BPA (Fig. 7c),

the degradation effect of pure substance is not very

good. Under the action of visible light, the degrada-

tion rate of BPA (50 ml 10 mg/L) within 120 min is

only about 20%. The degradation effect of the com-

posite material is obviously improved. The degrada-

tion rate of BOB-5 can reach more than 90% in

120 min, and the degradation ability is the best. This

indicates that Bi/Bi4O5Br2 composites prepared with

Bi(NO3)3�5H2O as Bi source have good photocatalytic

Fig. 3 The full spectrum of the XPS sample of BOB-5 (a); the high-resolution XPS spectrum of Bi 4f (b), Br 3d (c) and O 1 s (d)
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performance. Figure 7b and Fig. 7d are the simulated

kinetic models for the degradation of RhB and BPA,

respectively. Regardless of which pollutant is

degraded, we can clearly find that the degradation

rate of the complex is faster than that of the pure

substance. Among them, BOB-5 has the fastest

Fig. 4 a-b Bi4O5Br2; c-d SEM images of BOB-5 samples

Fig. 5 TEM image (a) and HRTEM image (b) of BOB-5
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Fig. 6 HAADF-STEM image

of BOB-5 and the

corresponding element

distribution image spectrum

and EDS energy spectrum
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Fig. 7 a-b UV–Vis absorption spectra and pseudokinetic models of RhB degradation by Bi4O5Br2, BOB-2, BOB-5 and BOB-10; c-

d UV–Vis absorption spectra and pseudokinetic models of BPA degradation by Bi4O5Br2, BOB-2, BOB-5 and BOB-10

Fig. 8 Five cycle experiments of RhB degradation by BOB-5 under visible light (a); FT-IR spectra of BOB-5 after cycling experiments

(b)
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Fig. 9 Fluorescence spectra of Bi4O5Br2, BOB-2, BOB-5 and BOB-10(a); Fluorescence decay curves of Bi4O5Br2 and BOB-5(b)

Fig. 10 UV–Vis diffuse reflectance spectra of Bi4O5Br2 and BOB-5 samples (a); plot of (ahm).2 versus hm for Bi4O5Br2 and BOB-5 (b);

VB-XPS spectra of Bi4O5Br2 and BOB-5 (c)
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degradation rate. The rate constants for the degra-

dation of RhB and BPA by BOB-5 were 4.6 times and

13.1 times higher than those of the pure substances,

respectively.

The reusability of photocatalysts is of great

importance in industrial applications. Figure 8a is the

degradation efficiency results for five cycle experi-

ments. Catalyst stability and reusability can be veri-

fied. When RhB was degraded under the same

conditions, the catalytic performance activity loss rate

of BOB-5 sample was within 10% even after five

cycles, with no obvious activity loss. Figure 8b is a

comparison of the infrared spectra before and after

the cycle experiment, and the infrared spectrum

before and after the cycle experiment did not change

significantly. It can be seen that the composite

material BOB-5 has good stability and cyclability, and

has the prospect of further participation in industrial

applications.

3.5 Optical properties and energy band
analysis

Fluorescence spectroscopy can analyze the separation

rate of photogenerated charge carriers in catalysts.

The lower the emission peak, the lower the electron–

hole recombination efficiency. As shown in Fig. 9a,

BOB-2, BOB-5 and BOB-10 have similar peak shapes

and all show the maximum emission peak at 330 nm

compared with the pure substance Bi4O5Br2. The

peak intensities of a series of complexes are reduced

relative to Bi4O5Br2. The intensity of the peak is

proportional to the recombination rate of photogen-

erated carriers [29]. Therefore, the peak intensity of

BOB-5 is the lowest, the separation rate of photo-

generated carriers is the highest, and the photocat-

alytic performance is the best. Figure 9b is the

fluorescence decay curve of Bi4O5Br2 and BOB-5. The

long fluorescence lifetime is due to the rapid recom-

bination of electrons and holes, while the shorter

fluorescence lifetime indicates the rapid transfer of

photogenerated charges [30, 31]. The known average

fluorescence lifetime calculation formula is:

taverage ¼ ðA1t21 þ A2t22Þ
ðA1t1 þ A2t2Þ

where t1 and t2 represent the fluorescence lifetime,

and A1 and A2 represent the amplitude [32]. The

average fluorescence lifetime of Bi4O5Br2 is 0.41 ns,

and the average lifetime of BOB-5 is 0.37 ns. There-

fore, the short fluorescence lifetime of BOB-5 can

indicate the rapid transfer of photogenerated elec-

trons and the enhanced photocatalytic performance.

Fig. 11 N2 adsorption–desorption isotherm of Bi4O5Br2, BOB-5

and the corresponding pore size distribution curves(inset) Fig. 12 Free radical capture experiment of BOB-5

Table 1 Specific surface

areas, pore sizes, and pore

volumes of Bi4O5Br2 and

BOB-5

Sample Specific surface area/(m2/g) Pore volume/(cm3/g) Pore size/nm

Bi4O5Br2 29.18 0.13 18.62

BOB-5 33.08 0.17 21.49
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The UV–Vis diffuse reflectance spectra of Bi4O5Br2
and BOB-5 are shown in Fig. 10a, indicating that all

samples absorb in the visible region. The absorption

edges of Bi4O5Br2 and BOB-5 samples are at 440 nm

and 450 nm, respectively, and the absorption of the

composites is slightly red-shifted. This indicates that

the light absorption range of the composite is broad-

ened after Bi deposition on Bi4O5Br2, which may be

one of the reasons for the improved photocatalytic

performance. Figure 10b show that the forbidden

band widths of Bi4O5Br2 and BOB-5 samples are

2.56 eV and 2.43 eV, respectively. The narrowing of

the band gap of the composite is beneficial to

the separation of electron–hole pairs and enhances the

photocatalytic performance [33, 34]. Figure 10c shows

the VB-XPS spectra of Bi4O5Br2 and BOB-5. It can be

seen that the VB of the complex is reduced relative to

the pure substance. This shows that the complexes are

more likely to transfer electrons than pure substances.

3.6 Specific surface area and pore size
analysis

BET tests the specific surface area of Bi4O5Br2 and

BOB-5 samples. Figure 11 is the nitrogen adsorption–

desorption isotherm and pore size distribution (inset)

of Bi4O5Br2 and BOB-5. The results show that Bi4O5-

Br2 and BOB-5 are both type IV isotherms, which

belong to physical adsorption. The specific surface

areas of Bi4O5Br2 and BOB-5 are 29.18 and 33.08 m2/

g, respectively, as can be seen from Table 1. BOB-5

has a larger specific surface area than Bi4O5Br2 The

interpolated pore size distribution map also indicated

the existence of mesoporous structure in Bi4O5Br2
and BOB-5 samples. In general, the mesoporous

structure and higher specific surface area can

increase the surface active sites and provide an effi-

cient transport path for reactants and products,

thereby increasing the photocatalytic degradation

activity [35]. Therefore, the increase in the specific

surface area of BOB-5 may be one of the reasons for

its enhanced photocatalytic activity.

3.7 Analysis of photocatalytic mechanism

The reaction mechanism in the photocatalytic

degradation process was explored through radical

trapping experiments. In the photocatalytic degra-

dation of RhB by BOB-5, 0.372 g of EDTA, 0.02 g of

p-benzoquinone (BQ),48lmL of silver nitrate solution

(AgNO3) and 48 lmL of tert-butyl (TBA) were added

as h? (hole), OH- (hydroxyl radical), e-(electron)

and � O2
- (superoxide radical) scavenger, respec-

tively [36]. The experimental results are shown in

Fig. 12. However, the degradation curve fluctuated

greatly when BQ was added, which may be due to

the adsorption of BQ. The presence of TBA and

AgNO3 resulted in no significant change in the final

degradation rate of RhB. However, EDTA signifi-

cantly inhibited the degradation of RhB, suggesting

that h? plays a major role in the catalytic process.

Based on the above characterization and analysis,

we propose a possible photocatalytic mechanism in

Fig. 13. After the catalyst is excited by light, e-

transitions from VB to CB, and h? remains on VB.

The conduction band width of Bi4O5Br2 can be cal-

culated to be - 0.73 eV from the known characteri-

zation, and the Fermi level of metallic bismuth is

- 0.17 eV [33]. Due to the high and low potential

difference, photoexcited electrons can be transferred

from Bi4O5Br2 to metallic Bi. Semimetal Bi has the

SPR effect and has the ability to attract electrons.

Therefore, after the electrons are separated from the

holes in the valence band, they are transferred to the

semimetal Bi. This inhibits the recombination of

photogenerated carriers and improves the photocat-

alytic performance. Under the action of �O2
- and h?,

the pollutants open the ring, and finally decompose

into CO2 and H2O.

Fig. 13 Photocatalytic mechanism diagram of Bi/Bi4O5Br2
complexes
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4 Conclusion

In conclusion, Bi/Bi4O5Br2 composite photocatalysts

with different loadings were prepared by in situ

reduction method. The composites with a loading of

5% exhibited excellent photocatalytic performance

compared to the Bi4O5Br2. Compared with the pure

substance, the morphology of this complex remains

intact and the size is slightly larger. The enlarged

photoresponse range and the reduced recombination

rate of photogenerated carriers enhance the photo-

catalytic performance of the composites. The com-

posite photocatalyst has good cycle stability and has

industrial application prospects.
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