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Bi based catalysts have attracted continuous attention from the scientific community because of their
excellent photochemical properties and wide application in photocatalytic treatment of environmental
pollution. A series of Bi based catalysts with good crystallinity and high purity were prepared by
calcination and hydrothermal synthesis. In the application of degrading formaldehyde aqueous solution
in @ mercury lamp and xenon lamp atmosphere, it was found that BiVO,4 and Bi,WOg showed excellent

photochemical properties under ultraviolet and visible light. The tests of PL, UV-Vis and EIS confirmed
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their high activity. In the calculation based on density functional theory (DFT), through the analysis of the

energy band structure, density of states (DOS) and partial wave density of states (PDOS), it is found that
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1. Introduction

Bismuth as a non noble metal, and has a wide range of sour-
ces, low price and high electron transfer rate."* It has become
an effective alternative metal element for noble metal cata-
lysts.> Bi based catalysts have many advantages over other
metal catalysts.*® Firstly, when Bi participates in the forma-
tion of oxides, it often exists in the form of Bi*". Its valence
band is not composed of a single atomic orbital, but is formed
by the hybridization of the 2p orbital of the O atom and the 6s
orbital of the Bi atom.® The lone pair electron distortion on the
6s orbital of the Bi atom makes the O 2p and Bi 6s orbitals
overlap obviously,”® which is convenient for charge migra-
tion.® It also changes the original band structure of the
compound. At the same time, Bi series photocatalysts have
been widely studied because of the special structure of alter-
nating layers and more suitable band edges due to the surface
plasmon resonance (SPR)' effect, and can be used as cocata-
lysts to promote charge separation and improve the efficiency
of photocatalysts.'* For example, Li et al.*” mentioned that Bi
modification can improve the conversion efficiency of Co and
g-C3N, catalysts. Therefore, based on the particularity of Bi
based photocatalyst materials,” it is of certain value and
significance to study the catalytic activity of bismuth
compounds in photocatalysis.'**®
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the d orbital of V and W elements has a great influence on the position and size of the energy band of
the catalyst, which makes it have high activity and excellent electrochemical properties.

Different Bi based metal catalysts, such as Bi,O;, BiVO,,
Bi,WOs, BiOI, BiOBr and Bi,S;, were prepared by calcination
and hydrothermal synthesis,'® and their structure, morphology
and photoelectrochemical properties were analyzed.'” It was
applied to the study of photocatalytic degradation of formal-
dehyde aqueous solution; the mechanism of photocatalytic
degradation of formaldehyde aqueous solution' was analyzed
by studying the catalytic activities of different Bi based catalysts
in the range of visible light and ultraviolet light.*** At the same
time, based on the density functional theory (DFT),>** the
energy band, density of states (DOS) and partial wave density of
states (PDOS)* of the catalyst material are calculated on the
platform of Mede A. The catalytic activity of Bi based catalyst is
evaluated through theoretical calculation, and the results are
mutually verified* and analyzed with the experimental results.

2. Experimental section
2.1 Materials and reagents

Bismuth nitrate pentahydrate, nitric acid (65-68%, wt), sodium
hydroxide, anhydrous ethanol, citric acid, sodium tungstate,
ethylene glycol monomethyl ether, potassium iodide, potas-
sium bromide, thioacetamide, formaldehyde aqueous solution
(36-38%, wt), potassium bromate, p-benzoquinone, ammo-
nium oxalate, diphenylamine, acetopropione, glacial acetic
acid, ammonium acetate. The above drugs are analytical pure.

Preparation of Bi,Os: put 5.00 g Bi(NO3);-5H,0 crystal in
muffle furnace and calcine at 450 °C for 4 h to obtain pure Bi,O;
crystal.

Preparation of BiVO, solution A: dissolve 2 mmol of
Bi(NO3);-5H,0 crystal in 13% nitric acid solution; liquid B: put
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2 mmol NazVO,-12H,0 crystal into 10.00 mL deionized water
and stir. Add liquid a to liquid B, adjust the pH of the solution to
neutral with (NaOH/HNO;), stir for 30 min, add it to the
hydrothermal synthesis kettle lined with polytetrafluoro-
ethylene, and conduct hydrothermal synthesis at 120 °C for
12 h. First wash the synthesized solid with deionized water to
neutral, then wash it with water-free ethanol for 3 times, and dry
it in an oven at 100 °C for 8 h to obtain BiVO, crystal.”®

Preparation of Bi,WOg: place 5 mmol Bi (NOj3);-5H,0 crystal
and 2.00 g citric acid in 30.00 mL deionized water, stir for
a certain time, add 2.5 mmol Na,WO,-2H,0 crystal, stir for
a certain time, place it in a hydrothermal synthesis kettle, react
at 180 °C for 20 h, wash the obtained solid with deionized water
and anhydrous ethanol for 3 times respectively, and dry at 80 °C
for 12 h to obtain Bi,WOjq crystal.*®

Preparation of BiOI: mix ethylene glycol monomethyl ether
with water according to 1: 1 (volume ratio); solution A: add
2.5 mmol Bi (NO3);-5H,0 crystal into 25.00 mL mixed solu-
tion and stir; solution B: dissolve 2.5 mmol KI in 25.00 mL
mixed solution and stir; add liquid B drop by drop into liquid
a, stir it for a certain time, put it in a hydrothermal synthesis
kettle, synthesize it at 160 °C for 6 h, use deionized water
centrifugal lotion for 3 times, put it in an oven and dry it at
80 °C for 12 h to obtain BiOI crystal*’(replace KI with KBr or
thioacetamide to obtain BiOBr***° and Bi,S; (ref. 30) crystals
respectively).

2.2 Characterization of materials

The materials were characterized by scanning electron micros-
copy (SEM), Fourier infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET), X-ray
photoelectron spectroscopy (XPS), photoluminescence spec-
troscopy (PL), Raman spectroscopy, UV-Vis diffuse reflectance
spectroscopy and electrochemical analysis.
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2.3 Photocatalytic degradation of formaldehyde aqueous
solution

The photocatalytic degradation experiment is to prepare 0.5 mg
mL ™" aqueous formaldehyde solution as the reaction solution,
and the amount of catalyst is 2.5 g L™, which is radiated under
mercury lamp and xenon lamp respectively.*" In the process of
degradation, take out 0.50 mL of reaction solution sample
according to the predetermined time gradient. After that,
transfer it into the liquid sampling bottle and quantitatively
analyze the formaldehyde in the reaction solution by acetyla-
cetone ultraviolet spectrophotometer. The specific operations
are as follows: accurately transfer 0.24 mL of the filtered reac-
tion solution, add 1.00 mL of acetylacetone buffer (0.25%, wt) to
it, fix the volume to 10.00 mL with deionized water, heat it in
a water bath at 91 °C for 6 min, take it out, and measure the UV
absorbance of the reaction solution after it is cooled to room
temperature.

2.4 Theoretical model and calculation method

Based on the first principle plane wave ultra soft pseudopo-
tential method, the crystal supercell models of different Bi
based catalysts are established,** as shown in Fig. 1. The energy
band structure, DOS and PDOS?*® of different catalyst supercells
are compared, and various influencing factors are analyzed to
provide a theoretical basis for the activity evaluation of Bi based
catalysts.>*

Based on DFT, the optical properties are calculated on Mede
A platform. Considering the spin polarization effect, the pseu-
dopotential of conservative norm is selected for structural
optimization and electronic calculation.*® Taking BiVO, as an
example,*® in the process of energy band calculation, the opti-
mized K point is set to 3 x 3 x 3. The cut-off energy is 571.40 eV
and the electron energy is 1.0 x 10 ° eV, the maximum

Fig. 1 Supercell model diagram of Bi,Os (a), BiVO, (b), Bi,WOg (c), BiOI (d), Bi,Ss (e), BiOBr (f) crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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displacement is 0.001 A, the accuracy of interatomic interaction
force is 0.03 eV nm ™, and the accuracy of crystal internal stress
is 0.05 GPa.

3. Results and discussion

3.1 Material characterization

Fig. 2 shows the SEM of different Bi based catalysts. The specific
analysis is as follows: Bi,O; (a) is an irregular nano microsphere
with rock like morphology and rich porous structure, and the
diameter of micropores on the surface is about 50 nm; BivVO, (b)
catalyst is formed by the accumulation of irregular flake nano-
particles. The nanoparticles have a flake structure and uniform
particle size, about 300 nm; Bi,WOs (c) is flake particles with
uniform morphology. After spatial overlap, it forms a nano
flower structure with layer gap, which increases its specific
surface area; BiOI (d) is a nanospherical structure formed by
stacking rod-shaped particles with uniform morphology,*” and
the diameter of the nanosphere is 2-3 um; the diameter of
nanorod particles is about 20 nm and the length is about
300 nm; Bi,S; (e) presents a spherical nanostructure with
uniform diameter,*® and the particle size is about 20-50 nm;
BiOBr (f) is composed of relatively regular plate-like nano-
particles. By comparing the SEM of six catalysts, it is found that
their morphology is representative, which provides a theoretical
basis for better exploring the application of Bi based catalysts in
photocatalytic degradation of formaldehyde solution.

The functional groups of chemical bonds in various Bi based
catalyst crystals were analyzed by FT-IR (Fig. 3a). According to
Fig. 3, wide absorption peaks appeared near 3342 cm™ ' and
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1623 cm ™, corresponding to the stretching vibration of H-O-H
and O-H with strong hydrogen bond and the bending vibration
of H-O-H, which may be caused by the physical adsorption of
water in the air on the surface of nanocrystalline samples, The
absorption peak near 1385 cm ' is the C=0 characteristic
stretching vibration peak of CO, adsorbed in the air on the
sample surface. The strong absorption peak of Bi,O; near
447 ecm™ ! is the characteristic absorption peak of Bi,03;* the
absorption band of 540-850 cm ' in the FT-IR of BiVO, is
caused by the stretching and bending vibration of V-O in Bi-O
and vO,*~ tetrahedron; in Bi,WOg crystal, the absorption of
about 730 and 580 cm ™' corresponds to the stretching vibration
of Bi-O and W-O, and the wide absorption peak at 734 cm™*
corresponds to the stretching vibration of W-O and the
bridging stretching vibration of W-O-W; the characteristic
absorption peak of BiOI crystal appeared at 486 cm ' the
absorption peak of Bi,S; at 618 cm ' is the characteristic
absorption peak of Bi-S bond; the absorption peak of BiOBr at
642 cm™ " is the stretching vibration peak of Bi-O, and the peak
near 585 cm ' belongs to the characteristic peak of BiOBr
material, the stretching vibration peak of Bi-O bond.

The N, adsorption desorption isothermal curve of Bi based
catalyst is shown in Fig. 3b, and the pore size distribution is
shown in Fig. 3c. As shown in Fig. 3b, the isotherms of all
samples conform to type IV isotherms. At high relative pressure
(P/Py), Bi based catalyst has H1 ring structure and particles
gather uniformly. Among them, BiOI shows a high specific
surface area of 25.93 m? g~ '. The other Bi based catalysts have
little difference in Bi surface area; Table 1 shows the specific
surface area, pore volume and pore diameter of Bi based

Fig. 2 SEM of Bi,O3 (a-1,2), BiVO, (b-1,2), Bi,WOg (c-1,2), BiOI (d-1,2), Bi>S3 (e-1,2), BiOBr (f-1,2) crystals.
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(a) FT-IR spectra of Bi-based catalysts; (b) N, adsorption—desorption isotherms of Bi-based catalysts, (c) pore size distribution of Bi-based

Table 1 Specific surface area, pore volume and pore size distribution of Bi-based catalysts

Bi,O; BiVO, Bi,WO, BiOI Bi,S; BiOBr
Surface area (m? g~ ') 3.2949 5.4018 4.0925 25.9333 8.5987 11.48
Pore volume (cm® g~ ) 0.00963 0.01576 0.01493 0.12746 0.05179 0.03183
Pore size (nm) 16.0566 24.4777 25.5395 20.7095 11.8076 16.11

catalyst. It can be seen from Table 1 and Fig. 3C that the pore
volume of Bi based catalyst is, and the pore diameter is mainly
about 20 nm. It is a mesoporous material. BivO, and Bi,WOj
have large pore diameters, 24.48 and 25.94 nm; in the experi-
ment of photocatalytic degradation of formaldehyde, larger
specific surface area can increase the effective loading of active
ingredients, and the appropriate void volume and pore size
distribution can make the formaldehyde molecules enter the
pores of the catalyst more smoothly, provide more active sites
for the degradation of formaldehyde and speed up the degra-
dation rate.

As the macroscopic embodiment of the third-order
nonlinear optical effect of the crystal, Raman laser character-
istics occupy a certain position in the study of the crystal. As
shown in Fig. 4, some basic studies on the Raman character-
istics of Bi based catalysts were carried out. During the deter-
mination, the central excitation wavelength of Bi,O3z, BiVO,,
Bi,WOs, BiOI and Bi,S; was 532 nm and the central excitation
wavelength of BiOBr was 540 nm. The peak centers observed by
Bi,O; were 320 and 453 cm ' respectively; the peak centers
observed by BiVO, were 355 and 813 cm ™", respectively; the
peak centers observed by Bi,WO, were 300, 717 and 813 cm ™",
respectively; the peak centers observed by BiOI were 313 and
448 ecm ™, respectively; the peak centers observed by Bi,S; are
262, 408 and 927 cm ' respectively, and the peak centers
observed by BiOBr are 113 and 266 cm ' respectively. The
Raman peaks of the above catalysts accord with the Raman
characteristics of these substances. The Raman peaks of
1041 cm ™' (Bi,03), 1031 cm ™! (Bi,WOg) and 1088 cm ™ (Bi,S;)
may be the peak response signal caused by the anhydrous
ethanol reagent selected when processing the sample.

Fig. 5a shows the full XPS spectrum of Bi based catalyst. It
can be seen from the figure that the elements contained in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

catalyst include Bi, O, W, V, Br, I and S, and the response of
284.4 eV is the standard peak of C. For six different Bi based
catalysts, Bi 5d, Bi 5s, Bi 4f, Bi 4d and Bi 4p appear at 24.0, 160.4,
162.3, 464.0 and 679.0 eV respectively. The two symmetrical
peaks of Bi 4f7/5 and Bi 4d5/3 are located at 157.0, 162.3 eV and
440.0, 464.0 eV respectively, which belong to the surface of the
catalyst. For O, the binding energy of O 1s is 544.9 eV; the
standard peak binding energies of W 4f and W 4d were 32.3 eV
and 243.1 eV, respectively; the binding energy of V 2p standard
peak in catalyst BiVO, is 519.0 €V; in the catalyst BiOI, the
binding energies of 48.5, 185.5 and 619.2 eV correspond to 4d,
4s and 3d5/3 orbitals of I, respectively; the standard peak
binding energies of 3d, 3p and 3s contained in the catalyst
BiOBr were 68.5, 187.8 and 255.0 eV respectively; the binding
energy of catalyst Bi,S; at 229 eV corresponds to the S 2s orbital.
By analyzing the XPS full spectrum of Bi based catalyst, a series
of Bi based compounds were obtained by combining elements
such as W, V, Br, I and S with O and Bi, which also provided the
feasibility for the photocatalytic degradation experiment.

Fig. 5b shows the XRD diffraction pattern of Bi based cata-
lyst. The obtained pattern is compared with the standard card
by jade software (see Table 2 for the information of standard
card and characteristic peak). It is found that the obtained Bi
based catalyst shows good crystal form. Among them, Bi,O; is in
20 the diffraction peaks at 26.91°, 33.24° and 46.34° are sharp
for (121), (203) and (221),* respectively, indicating that the
Bi,0; crystal prepared by calcination has good crystallinity; the
most exposed faces of BiVO, crystal are (013) and (112), which
correspond to 26 it is 28.81° and 28.95°, and the diffraction peak
at is attributed to the expansion and bending vibration of V-O,*
indicating that the prepared BiVO, crystal has high crystallinity
and no impurity peak, indicating that the purity of the product
is high; similarly, for Bi,WOg crystal, the crystal planes (113)

RSC Adv, 2022, 12, 13052-13064 | 13055
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Fig. 4 Raman spectra of Bi-based catalysts.

and (200) exposed at the characteristic peaks of 28.31° and
32.93° belong to the stretching vibration of Bi-O and W-O, and
some weak diffraction peaks indicate the process of forming
Bi,WO, nanocrystals; due to temperature and other reasons, the
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crystal structure growth is incomplete and the crystallinity is
low; the main characteristic peaks of BiOI crystal are 29.74°,
31.74°,45.49° and 55.30°, and the crystal planes represented are
(012), (110), (220) and (122) respectively.”* The sharp peak type

13064 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 XRD standard cards and characteristic peak information of Bi-based catalysts

JCPDS 2-Theta (°)
Bi,O; 71-0465 25.75, 26.91, 27.39, 33.03, 33.24, 37.61, 46.34, 52.37, 54.797
BiVO, 83-1700 18.98, 18.67, 28.81, 28.95, 30.53, 35.21, 46.72, 53.28, 59.67
Bi,WO, 73-1126 28.31, 32.80, 32.93, 46.98, 47.16, 55.68, 56.00
BiOI 73-2062 9.68, 29.74, 31.74, 45.49, 51.49, 55.30
Bi,Ss 75-1306 15.74, 17.658, 22.47, 25.04, 28.732, 31.92, 33.05, 35.755, 40.09, 46.65, 52.92, 59.31
BiOBr 78-0348 10.91, 31.72, 33.13, 39.32, 46.24, 50.66, 53.38, 57.16

indicates that the synthesized BiOI has excellent crystallinity; in
the XRD diffraction pattern of Bi,S3, 26 the characteristic peak
at 28.73° is sharp, indicating that the bending vibration of Bi-S
bond has a great influence on the crystallinity of Bi,S; crystal;
BiOBr crystal has many characteristic peaks in 26 the charac-
teristic peaks at 10.91°, 31.72°, 33.12° and 46.24° are sharp and
clear, indicating that the BiOBr prepared by hydrothermal
method has high crystallinity."

3.2 Catalytic performance of catalyst

In the experiment of photocatalytic degradation of formalde-
hyde aqueous solution, the degradation effects of different Bi
based catalysts on formaldehyde aqueous solution with
mercury lamp and xenon lamp as light source were investi-
gated.”® The prepared Bi based catalyst was ground to powder
and evenly dispersed in 20.00 mL formaldehyde aqueous

solution (0.5 mg mL "), stir for 60 min under dark condition to
reach the equilibrium of adsorption and desorption. The
degradation experiment was carried out under the condition of
sufficient light source. 0.50 mL sample was taken out from the
reaction solution every 1 h, and the content of formaldehyde in
the solution was determined by UV spectrophotometer.

It can be seen from Fig. 6d that the UV absorbance value of
the reaction solution at 413 nm decreases with the extension of
time. As can be seen from Fig. 6a, in the dark reaction process,
the adsorption capacity of catalyst for formaldehyde in the
solution is very small, and the adsorption capacity of BiVO, is
the highest, reaching 3.61%. Six different catalysts showed good
degradation under the irradiation of mercury lamp. The
degradation rate can be obtained from formula (1-1) (where Vis
the degradation rate, A, is the absorbance of the non degraded
solution, and A is the absorbance of the degraded solution).
Among them, the degradation efficiency of Bi,O; and BiOBr
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Fig. 6 (a) Degradation of formaldehyde aqueous solution by bi-based catalyst in mercury lamp; (b) solution of formaldehyde by bi-based catalyst

in xenon lamp; (c) degradation rate of bi-based catalyst for formaldehyde solution under mercury lamp and xenon lamp for 6 h; (d) Bi,O3 catalyst
for degradation of formaldehyde aqueous solution by mercury lamp within 6 h; (e) free radical quenching experiment using Bi,Oz as catalyst and
mercury lamp as light source; (f) effect of different radical quenching groups on photocatalytic degradation efficiency of formaldehyde aqueous

solution.
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Table 3 Apparent kinetic characteristics of Bi-based catalyst for degradation of formaldehyde aqueous solution

dc/dt

Xenon lamp Mercury lamp
Time/h Bi,O; BiVO, Bi,WOg BiOI Bi,S; BiOBr Bi,O; BiVO, Bi,WO4 BiOI Bi,S; BiOBr
1 0.0090 0.0095 0.0120 0.0064 0.0002 0.0008 0.0296 0.0168 0.0236 0.0033 0.0120 0.0263
2 0.0088 0.0087 0.0119 0.0062 0.0002 0.0008 0.0195 0.0167 0.0188 0.0033 0.0116 0.0197
3 0.0088 0.0073 0.0116 0.0062 0.0002 0.0008 0.0121 0.0166 0.0145 0.0032 0.0112 0.0171
4 0.0083 0.0072 0.0100 0.0060 0.0002 0.0008 0.0057 0.0162 0.0111 0.0032 0.0102 0.0128
5 0.0074 0.0071 0.0098 0.0059 0.0002 0.0008 0.0011 0.0103 0.0088 0.0031 0.0097 0.0076
6 0.0074 0.0064 0.0089 0.0054 0.0002 0.0008 0.0004 0.0056 0.0056 0.0031 0.0089 0.0037

reaches 99.04% and 88.80% respectively, and the degradation
efficiency of BiVO, and Bi,WOg reaches 76.23% and 81.29%
respectively; Fig. 6b shows the degradation effect of different
catalysts on formaldehyde aqueous solution under xenon lamp.
It can be seen from Fig. 6¢ that under xenon lamp atmosphere,
the degradation rates of BiVO, and Bi,WOg to formaldehyde
within 6 h reach 47.29% and 30.59% respectively, but the
degradation effect of other Bi based catalysts under xenon lamp
is not ideal.

Ay— A
0

V= x 100% (1-1)

dc k

E:—ka*xmc k:—a*m

(2-2)

Eg=2.941eV]
1F 1 |

\
\—
/ N

BiVO, S_~

(=2

The apparent kinetic characteristics of photocatalytic degra-
dation of formaldehyde aqueous solution were analyzed
according to formula (2-2),** where a* is the ratio of catalyst
specific surface area to mass, m is catalyst mass/solution volume,
and k is obtained from normalized concentration data. From
Table 3, Fig. 8e, you can see that light in the experiments of
catalyst to formaldehyde degradation rate affected by the
molecular diffusion of formaldehyde, and the diffusion process
is associated with the specific surface area of catalyst, the rate at
which is suitable for the specific surface area of light catalysis
have played an important role in promoting, formaldehyde
concentration, the largest BiVO, constant and reaction kinetics
of the Bi,WOg has the highest, 0.023, 0.029 min .

Bi,O; is a semiconductor material with various forms and
shows good light response performance. However, due to the

® O
O H
@ cC
@ v
@

Fig. 7 Mechanism of photocatalytic degradation of formaldehyde aqueous solution (taking BiVO4 as an example).
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problem of rapid recombination of light induced electron and
hole pairs, Bi,O; has poor photocatalytic decomposition effi-
ciency of organic pollutants, and does not show better degra-
dation efficiency in the process of degradation of formaldehyde
aqueous solution by xenon lamp. BiVO, can have an absorption
band in the ultraviolet region and in the visible region (A > 420
nm). This is due to the partial deformation of Bi-O caused by
the lone pair electrons of Bi*" in 6s2 orbit. The absorption in the
visible region of BiVOj is the transition of electrons from the Bi
6s orbit or the hybrid orbit of Bi 6s and O 2p to the V 2p orbit.
The absorption in UV region mainly depends on the electronic
transition from O 2p orbital to V 2p orbital. Therefore, BiVO,
can show better catalytic efficiency in both UV and visible
regions; the same as BiVO, crystal, Bi,WOs crystal is easy to
transition electrons from the hybrid orbital of Bi 6s and O 2p to
the W 6s orbital under light conditions due to the existence of W
element.

Which shows excellent catalytic performance in the visible
and ultraviolet regions. For bismuth halide oxide, the absorp-
tion of BiOI can not cover the whole visible spectrum, and it has
an anisotropic layered structure, which is easy to be photo-
generated and carriers are easy to be combined, resulting in low
photocatalytic efficiency; similarly, as a semiconductor material
with narrow band gap, Bi,S; is limited to a certain extent in the
process of photocatalytic degradation of organic compounds;*
the energy band of BiOBr is mainly composed of hybrid orbitals
of Br 4p, O 2p and Bi 6s orbitals. At the same time, the existence
of Bi element will raise the low conduction band (CBM)

[ Bi,0,

Intensity(a.u.)
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position, increase the band gap, promote carrier transfer, and
show excellent catalytic performance under ultraviolet light.

In order to further explore the mechanism of photocatalytic
degradation of formaldehyde aqueous solution, we carried out
free radical quenching experiments, as shown in Fig. 6-E. When
Bi,0; was used as catalyst and mercury lamp was used as light
source, potassium bromate (KBrOjz) was used as electron
capture agent, p-benzoquinone (C¢H40,) was used as -O,
capture agent ammonium oxalate ((NH,),C,0,) was used as
hole trapping agent and diphenylamine (C;,H;;N) was used as
-OH"™ trapping agent. According to Fig. 6f, it can be found that
the degradation rate of formaldehyde decreased by 11.8%,
73.63%, 24.65% and 5.34% respectively after adding free radical
capture agent. The above results show that -O,” plays an
important role in the photocatalytic degradation of formalde-
hyde aqueous solution. Similarly, holes also play a certain role
in the degradation process. Based on this, We reasonably
speculated the mechanism of photocatalytic degradation of
formaldehyde aqueous solution,*® as shown in the Fig. 7.

The path and mechanism of photocatalytic degradation of
formaldehyde aqueous solution were reasonably speculated;*
when the light source irradiates the semiconductor surface,
electron transition will occur and electron hole pairs will be

generated. Electrons and holes can oxidize and reduce H,O and
0, to -OH and ‘O, the contact between HCHO molecule and
-OH will produce -CHO. At the same time, - CHO will produce
HCOOH and HCOj;™ respectively under the action of -OH and
0,

Among them, HCO;  ions will generate HCOOOH
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Fig. 8

(a, b) UV-Vis DRS spectra of Bi-based catalysts; (c) photoluminescence spectra (PL) of Bi-based catalysts; (d) EIS of Bi-based catalysts; (e)

apparent kinetic characteristics of Bi-based catalyst for degradation of formaldehyde aqueous solution (solid line is photocatalytic formaldehyde
under mercury lamp, short line is photocatalytic formaldehyde under xenon lamp).
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molecules after hydrogenation, this molecule interacts with
HCHO to produce HCOOH; in addition, HCHO molecules are
oxidized to HCOOH under the action of -O, . HCOO™ produced
by HCOOH molecule after losing H" generates H" and -CO,~
under the action of H', and H" and -CO,~ generate our final
products H,O and CO, under the action of OH™ and -O,"
respectively. Based on the results of free radical quenching
experiment, the mechanism of photocatalytic formaldehyde is
more inclined to the path of HCHO directly generating HCOOH
under the action of -O, ", and then H,O and CO, under the joint
action of H", OH™ and -0, .

3.3 Activity evaluation of catalyst

The photocatalytic performance is closely related to the ability
to absorb light. Therefore, the reflection and absorption char-
acteristics of the catalyst are tested by UV-Vis DRS,* and the
results are shown in Fig. 8-a and b. Different Bi based catalysts
have strong absorption in the visible and ultraviolet regions,
and all catalysts have steep absorption boundary phenomena in
the ultraviolet and visible spectra. BiVO, and Bi,WO; have long
absorption edges in the visible region. Because the transition of
the catalyst in the visible absorption is caused by the electronic
transition of the energy band energy level structure. It shows
that the above catalysts have relatively reasonable energy band
structure and strong light absorption capacity.

Fig. 8-c shows the PL spectra of different Bi based cata-
lysts.*>*® When the atoms on the light-emitting substrate in Bi

View Article Online
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based catalyst particles are excited and collided by excited light
particles with certain energy, the ionized free electrons will
produce excitation ionization after colliding with other atoms.
When the excited or ionized atoms return to the stable state, the
fluorescence absorption peak will appear. The intensity of the
fluorescence peak indicates the photogenerated electron hole
recombination rate. The lower the intensity, the lower the
recombination efficiency. When the excitation wavelength is
240 nm, it can be found that different catalysts have strong
fluorescence absorption peaks at 405 nm. Through the spec-
trum, it is found that BiOBr shows strong fluorescence
absorption, and the PL emission spectrum intensity of the other
Bi based catalysts has little difference. Among them, BiVO, has
weak fluorescence absorption and shows high photogenerated
charge separation efficiency.

The EIS of Bi based catalyst was determined under the
conditions of visible light and 0.7 V vs. Ag/AgCl. In Fig. 8-d, Z’
represents the real part of the measured impedance, Z' repre-
sents the negative number of the imaginary part of the
measured impedance, and the radius of the arc reflects the
charge transmission resistance between the semiconductor and
electrolyte interface. In general, the smaller the radius means
that the photogenerated electrons and holes are effectively
separated and the photogenerated electrons migrate rapidly.** It
is found that BiOBr has a larger arc radius, while BiVvO, has
a smaller arc radius and lower charge transfer resistance, that
is, it has higher electric core separation efficiency and faster
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Fig.9 Energy band structure of Bi,Os crystal (a-1), PDOS (a-2), DOS (a-3); energy band structure of BiVO,4 crystal (b-1), PDOS (b-2), DOS (b-3);
the band structure diagram of Bi, WOg crystal (c-1), PDOS (c-2), DOS (c-3); energy band structure diagram of BiOl crystal (d-1), PDOS (d-2), DOS
(d-3); the band structure diagram of Bi,Ss crystal (e-1), PDOS (e-2), DOS (e-3); energy band structure diagram of BiOBr crystal (f-1), PDOS (f-2),

DOS (f-3).
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photogenerated electron migration rate, and its photochemical
properties are enhanced.

In order to further reveal the effect of the optical properties of
Bi based catalyst on the activity of the catalyst, the energy band
structure of the photocatalyst was calculated by DFT. The results
are shown in Fig. 9a—f-1. The band gaps of Bi,O3, BiVO,, Bi;,WOs,
BiO], Bi,S; and BiOBr catalysts are 1.89, 2.941, 2.402, 1.455, 1.093
and 2.274 €V respectively.®® It can be found that the band gaps
calculated by theory are roughly consistent with the experimental
results. At the same time, most Bi based semiconductor photo-
catalysts not only have narrow band gap, but also have positive
valence band position. That is, photogenerated holes have strong
oxidation ability and are very suitable for photocatalytic reaction.
Among them, Bi,0;, BiVO,, Bi,WO4 and BiOBr have appropriate
energy band structures.*»** At the same time, the DOS and PDOS
of Bi based catalysts are calculated in Fig. 9a-f-2,3. The results

View Article Online
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show that the density of states of most Bi based catalysts are
similar, which is mainly provided by the hybridization of s orbital
and p orbital, the density of states at the top of the valence band
(—25 eV to 0 eV) is mainly contributed by the 6s orbitals of O and
Bi; the contribution of the DOS at the bottom of the conduction
band (2 eV to 20 eV) mainly comes from the 6p orbital of Bi and
the 2p orbital of O. However, for BiVO, and Bi,WOs crystals, in
addition to the DOS contributed by the s and p orbitals of Bi and
O, the d and f orbitals of Vand W also contribute a certain DOS to
the above two catalysts. The optical properties of BiVO, and
Bi,WOs crystals play a key role. Thus, it shows excellent photo-
catalytic activity in the visible light range.**

In order to further study the effect of hybrid orbitals of
different elements in Bi based catalyst on crystal optical prop-
erties,” the PDOS* of different elements were calculated in the
figure. In Fig. 10a-1 and a-2, Bi-PDOS and O-PDOS are shown
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Fig. 10 PDOS of different elements in Bi-based catalysts: Bi,Os: Bi-PDOS (a-1), O-PDOS (a-2); Bi,Ss: Bi-PDOS (b-1), S-PDOS (b-2); BiVO,: Bi-
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respectively. It can be seen that the s and p orbitals of Bi
element provide most of the DOS for Bi,O;. The s and p orbitals
of O element are mainly located at —17.0 eV and —2.0 eV,
belonging to the range of valence band top, that is, the partic-
ipation of O element has a certain impact on the position and
size of energy band of Bi,O3; the same as Bi,Oj is Bi,S; crystal.
The s and p orbitals of Bi element also increase most of the DOS
for the catalyst. However, unlike Bi,O3, the p orbitals of S
element provide a certain density of states for Bi,S; at 1.0-
6.0 eV, which affects the position of its low conduction band,
resulting in a significant reduction of its band gap to 1.093 eV,
which has a serious impact on the photochemical properties. In
the study of bismuth oxyhalide, as shown in Fig. 10-e, f-1 is Bi-
PDOS, Fig. 10-e, f-2 are I-PDOS and Br-PDOS respectively, and
Fig. 10-e and f-3 are O-PDOS. Comparing the contribution of s
and p orbitals of each element in the two catalysts to DOS, it can
be found that the s orbitals of Bi element contribute more DOS
to BiOBr at 6.0-12.0 eV, reaching 1.2 eV, which is 0.7 eV higher
than that of BiOI at the same time. The DOS value of the s
orbitals of the same Br element is higher than that of I element
at 8.0 eV, which is nearly 1.7 eV higher. The above situation
leads to the difference in the degradation of organic matter
between the two bismuth halides under ultraviolet light, and
BiOBr shows more excellent photochemical properties. BiVO,
and Bi,WOg are Bi based catalysts with excellent performance in
degrading organic matter under visible light. Fig. 10-d, e-1, 2
and 3 show Bi-PDOS, V-PDOS and O-PDOS of BiVO, catalyst and
Bi-PDOS, W-PDOS and O-PDOS of Bi,WOjq catalyst respectively.
It can be seen from the figure that the conduction band region
on the surface of BiVO, crystal is contributed by the s and p
orbitals of Bi, the s orbitals of O and the p and d orbitals of V.
the bottom region of the conduction band is mainly occupied by
the p orbitals of Bi and the d orbitals of V. the DOS contribution
of the valence band region mainly comes from the s and p
orbitals of Bi and the s and p orbitals of O. The s and p orbitals
of V do not contribute much to the DOS of the valence band
region. The above results show that, the introduction of V
element has a great influence on the valence band region of
BivVO, crystal, which makes it have a more suitable energy band
structure and optimizes its photochemical properties; the DOS
contribution of Bi,WOg crystal surface mainly comes from the s
and p orbitals of Bi, the s and p orbitals of O and the p and
d orbitals of W. the DOS in the conduction band bottom region
mainly comes from the s orbitals of Bi and the d orbitals of W.
At the same time, the DOS in the valence band top region is also
largely occupied by the d orbitals of W, which indicates that w
element dominates the energy band size and position of
Bi,WOjg crystal, making its band gap reach 2.402 eV. Therefore,
it shows more excellent electrochemical properties. However,
compared with BiVO, crystal, the hybridization of s and p
orbitals of W makes its electron distribution more dispersed,
which affects its photochemical properties to a certain extent.

4. Conclusions

Firstly, a series of Bi based catalysts were prepared by calcina-
tion and hydrothermal synthesis. XRD results showed that the
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prepared catalyst had sharp and clear characteristic peaks and
no impurity peaks, which showed that the prepared catalyst had
good crystallinity and high purity, which could be confirmed by
XPS and Raman results. Subsequently, the unique morphol-
ogies of different catalysts were characterized by SEM, and BET
also confirmed that the prepared catalysts had high specific
surface area.

In the experiment of photocatalytic degradation of formalde-
hyde aqueous solution, the degradation experiments were carried
out under xenon lamp and mercury lamp respectively. The results
showed that the experimental Bi based catalysts showed excellent
degradation efficiency under ultraviolet light. At 6 h, Bi,O3, BiOBr,
BiVO, and Bi,WOs catalysts showed extremely strong degradation
efficiency, reaching 99.04%, 88.80%, 76.23% and 81.29%
respectively; in the visible light range, BiVO, and Bi,WO¢ showed
strong degradation effect, and the degradation rates of formal-
dehyde reached 47.29% and 30.59% respectively within 6 hours;
at the same time, through the free radical quenching experiment,
it can be found that when CsH,0, is used as -O,  capture agent,
the degradation rate of formaldehyde decreases by 73.63%,
indicating that -O,~ plays an important role in the photocatalytic
degradation of formaldehyde aqueous solution. Subsequently, the
tests of PL, UV Vis and EIS showed that BiVO, and Bi,WOs cata-
lysts had excellent photochemical properties and showed strong
activity under UV and visible light.

The energy bands, DOS and PDOS of Bi based catalysts were
calculated based on DFT. Through the calculation of energy band
structure, it is found that Bi,O3;, BiVO,, Bi,WO, and BiOBr have
appropriate energy band structure, and their band gaps are 1.89,
2.941, 2.402 and 2.274 eV respectively, which can show excellent
photochemical properties in the ultraviolet region; in the calcu-
lation of DOS and PDOS, it is found that in the composition of
DOS in the conduction band region of BiVO, and Bi,WOs, the
d orbital of V and the d orbital of W occupy most positions,
indicating that the of V and W have a great influence on the
energy band position and size of the catalyst, making it have
a more appropriate energy band structure and band gap, and
show strong activity under ultraviolet and visible light. This result
is also mutually confirmed with our experimental results.
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