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Abstract: Sillenite-type photocatalytic material Bi12MnO20 with photo-absorptive ability in the spectrum range of 
200−2200 nm was prepared by wet ball milling followed by calcination. The crystal structure of Bi12MnO20 can be 
viewed as the metastable cubic γ-Bi2O3 with the incorporation of Mn4+ into tetrahedral sites. The entry of Mn4+ into 
γ-Bi2O3 crystal creates a sub-bandgap of 1.25 eV appearing in the energy band structure of Bi12MnO20. The Bi12MnO20 
photocatalyst can accelerate the transformation of O2 in solution into superoxide radicals (·O2

−), thereby improving 
charge separation and transfer during photocatalytic degradation. As a result, the degradation rate of over 95% to the 
malachite green (MG) with a concentration of 10 mg/L in the pH=8 solution by Bi12MnO20 is achieved under simulated 
sunlight. After four cycles of photo-degradation, the removal rate of MG by Bi12MnO20 remains at 74.9%. 
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1 Introduction 
 

Organic wastewater from the leather making, 
printing and dyeing industry becomes a prominent 
part of environmental pollution due to its non- 
hydrolyzable and difficult-to-removal problems [1]. 
Several methods, such as physical adsorption [2], 
chemical removal [3] and electrochemical  
oxidation [4] have been applied to eliminating 
organic pollution. However, negative effects 
followed by these methods are the formation of 
toxic secondary pollutants and excessive treatment 
cost [5]. Since the first use of TiO2 as photocatalysts 
to degrade polychlorinated biphenyls under UV 
radiation, photocatalysis has emerged as a green 
alternative for the degradation of hazardous water- 
soluble dyes and other toxic organic compounds. 
The solar energy absorbed on the surface of the 
photocatalyst results in the excitation of electrons 

from the valence band to the conduction band 
leaving behind the holes. These generated holes 
with high redox potential are responsible for the 
oxidation of organic molecules into harmless and 
low relative molecular mass products. Up to now, 
UV-photocatalytic systems have been studied 
extensively, and several photocatalysts with 
outstanding photocatalytic properties have been 
found, such as TiO2 [6] and ZnO [7]. However, TiO2 
and ZnO have disappointing photocatalytic activity 
in visible (Vis) light and near-infrared (NIR) light 
accounting for approximately 90% of the full solar 
spectrum due to their wide bandgaps (ETiO2>3.2 eV, 
EZnO>3.37 eV) [8,9]. Hence, it is of great practical 
significance to develop photocatalysts with full 
spectrum response. 

Semiconductors with narrow bandgap are 
extremely interesting candidates for the design of 
full-spectrum responsive photocatalysts, but the 
problem of fast recombination between photo- 
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induced holes and electrons follows. Superoxide 
anion radical(·O2

−) is a kind of important reactive 
oxygen ion formed by photo-induced electrons 
reducing oxygen molecules in solution. The 
formation of ·O2

− can not only suppress the 
recombination between hole and electron but also 
increase the number of oxidized species for 
attacking organic molecules, which can enhance the 
photocatalytic degradation efficiency. CUI et al [10] 
achieved the complete degradation of Rhodamine B 
(RhB) under visible light owing to producing ·O2

− as 
new oxidized species by the sufficient potential  
for photogenerated electrons in BiOCl/BiOBr 
heterojunction. However, due to its difficulty in 
preparation and poor chemical stability, its further 
application is hindered. 

Many modification attempts aimed at 
promoting the production of ·O2

−, such as 
semiconductor coupling and coating, have been 
used to improve the photocatalytic activity of 
narrow bandgap semiconductors, but the further 
application of the candidates is limited due to their 
difficulty in the preparation and poor chemical 
stability [11]. Among the developed photocatalysts, 
bismuth-based materials have become potential 
photocatalysts with visible and even near-infrared 
light response due to their inert electron effect of 
the two lone electrons occupied in the 6s orbital, 
such as BiOX (X=Cl, Br and I), Bi2S3, Bi2O3, 
BiWO3, and Bi12MO20 (M=Mn, Ti, Mo, Zn, Fe,  
etc.) [12]. Recently, sillenite-type photocatalytic 
materials Bi12MO20 are considered as the most 
promising photocatalysts with their unique crystal 
structure and remarkable visible-light absorption 
ability, such as Bi12TiO20, Bi12CoO20 and  
Bi12FeO20 [13−15]. A continuous valence band in 
Bi12MO20 formed by Bi 6s hybridizing with O 2p at 
the top of the valence band displays a higher 
valence band and narrower bandgap than that 
formed by the O 2p orbital [16,17]. At the same 
time, the carrier separation efficiency of sillenite 
photocatalysts can be improved by M-element 
species changing their physicochemical properties 
such as electronic structure, energy band structure, 
and electronegativity of Bi12MO20 materials [18]. 
As a transition metal element, Mn can generate 
photoelectrons in Vis-NIR light by its energy level 
jump with a variety of oxidation states, which can 
not only extend the absorption sidebands to the 
visible range but also adjust the potential of 

photo-induced electrons to form ·O2
− [16]. WU    

et al [17] reported that Bi12MnO20 can effectively 
decompose ARG and Cr(VI) under irradiation. 
However, the mechanism of its enhancing 
photocatalytic activity still needs further 
exploration. Given the advantages mentioned above, 
Bi12MnO20 photocatalyst with full spectral response 
will be prepared by wet ball milling followed by the 
thermal decomposition method in this work. At the 
same time, the photocatalytic activity and the 
mechanism for enhancing the degradation 
efficiency of organic pollutants on Bi12MnO20 
photocatalyst will be investigated using malachite 
green (MG) dyes as the model pollutant. In 
particular, the contribution of Mn ions for 
promoting the generation of superoxide radicals and 
broadening optical absorption will be addressed by 
the photoelectric properties of Bi12MnO20 and 
γ-Bi2O3. This study will offer a new way to design 
efficient photocatalysts with full spectrum response. 
 
2 Experimental 
 
2.1 Chemicals 

The bismuth oxalate precursor was self-made 
in the laboratory, and the relevant details have been 
published in previous work [19]. Manganese 
carbonate (MnCO3), bismuth oxide (Bi2O3), 
manganese dioxide (MnO2), malachite green  
(MG), RhB, tetracycline hydrochloride (TC-HCl), 
p-benzoquinone (BQ), ammonium oxalate (AO), 
isopropyl alcohol (IPA) and absolute ethanol were 
analytical grade. The ultrapure water used in the 
experiment was from the public water purification 
system. 
 
2.2 Materials synthesis 

The sillenite-type Bi12MnO20 photocatalysts 
were prepared by a facile and scalable wet ball 
milling followed by a calcination method [19,20]. 
The preparation process of the Bi12MnO20 sample is 
shown in Fig. 1. Typically, 19.41 mg bismuth 
oxalate precursor, 0.23 mg manganese carbonate, 
and 20 mL ethanol were put into a 250 mL ball mill 
tank. Then, the tank was placed in the ball milling 
equipment and operated at 400 r/min for 24 h. The 
precursor of Bi12MnO20 was obtained by drying the 
mixture with a tank at 80 °C for 10 h after ball 
milling. Finally, the resultant precursor was calcined 
in the air atmosphere at different temperatures (400,  



Jing ZHAN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3570−3582 3572 

 

 
Fig. 1 Preparation route of sillenite-type Bi12MnO20 
 
500, 600, 650, 700 °C) for 2 h to obtain a series of 
samples that are named as follows: BMO-400, 
BMO-500, BMO-600, BMO-650, and BMO-700. 
 
2.3 Materials characterization 

The TG-DSC curve was measured by a 
synchronous thermal analyzer (WATERS SDT 650) 
with the parameters varying from room temperature 
to 800 °C and a heat rate of 5 °C/min. The 
crystalline structure of materials was determined 
using a Rigaku-TTR III powder X-ray 
diffractometer (XRD) with Cu Kα radiation 
(λ=1.54184 Å, 40 kV, 250 mA), and scanned over  
a range of 10°−80° at a scan rate of 10 (°)/min.  
The morphology, elemental distribution, and 
microstructure of composites were surveyed on a 
high-resolution field emission scanning electron 
microscope (FESEM JEOL JSM−7900F) equipped 
with the EDS energy dispersive X-ray spectrometer 
and transmission electron microscopy (TEM; 
JEM−100CX II). The concentration of dissolved 
organic carbon was measured by a total organic 
carbon (TOC) analyzer (TOC-L, Shimadzu). The 
X-ray photoelectron spectrometer (XPS, Thermo 
ESCALAB 250XI) was used to determine the 
valence state of the relative element and valence 
band information of the sample. Photoluminescence 
(PL) spectra were obtained by the steady/state 
transient fluorescence spectrometer (FLSP920, 
Edinburgh Instruments) under the excitation of a 
hydrogen flash lamp with a wavelength of 406.2 nm. 
The UV-Vis-Nir diffuse reflection spectra (DRS) 
were obtained by a UV-Vis spectrophotometer 

(Shimadzu UV3600) with a wavelength range of 
200−2500 nm. The specific surface area and pore 
size of the sample were collected by an automatic 
specific surface area and pore size analyzer 
(QUADRASORB Evo), respectively. Electron spin 
resonance (ESR) spectra were conducted by an 
electron paramagnetic resonance spectrometer 
(Bruker A300) to determine the types of active 
groups in the degradation process. A laser particle 
size analyzer (Mastersizer2000) was used to 
analyze the particle size distribution of different 
specimens. The Fourier infrared spectroscopy was 
investigated using an instrument (Nicolet IS 10) 
with a range of 500−3000 nm. The Mott-Schottky 
(MS) curve, electrochemical impedance spectroscopy 
(EIS) and transient photocurrent were brought by an 
electrochemical workstation (CHI660C). 
 
2.4 Photocatalytic experiment 

All photocatalytic degradation experiments of 
the as-prepared samples were carried out in a 
photochemical reactor using a 500W xenon lamp as 
the sunlight-simulated radiation source. Firstly, 
0.2 g of the photocatalyst was dispersed in 100 mL 
simulated wastewater with 10 mg/L dyes. Then, the 
suspension was stirred vigorously in a dark 
environment for 30 min to achieve the adsorption− 
desorption balance between the catalyst and 
solution. Next, the xenon lamp was turned on to 
start the photocatalytic reaction. 10 mL of the 
suspension was taken out after 60 min and 
centrifuged at 8000 r/min for 6 min. 3 mL of 
supernatant after centrifugation was placed in a 
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cuvette and the absorbance was measured with 
UV-Vis absorbance spectroscopy at the maximum 
absorption wavelength of the organic substrate 
directly. The effects of solution pH, Bi12MnO20 
concentration, simulated wastewater concentration, 
and dye type on the degradation efficiency were 
investigated. 

The stability and reusability of the as-prepared 
sample were investigated by recycling experiments. 
The details of the experiment referred to a typical 
photocatalysis test. The sample after the 
degradation experiment was collected by 
centrifugal separation 3 times (8000 r/min, 10 min) 
and drying (60 °C, 12 h). The collected sample was 
used in the four repeated degradation experiments 
for evaluating the reusability of Bi12MnO20. 

The radical species trapping experiments were 
conducted to estimate the active species in the 
photocatalytic degradation process. Superoxide 
radicals (•O2

−), holes (h+), and hydroxyl (•OH) in the 
solution can be captured by p-benzoquinone (BQ), 
ammonium oxalate (AO), and isopropanol (IPA), 
respectively. In a typical experiment, 0.2 g of the 
as-synthesized photocatalysts were added to 
100 mL of organic solution, then 10 mL of 1 mol/L 
scavenger solution was added to the suspension. 
 
3 Results and discussion 
 
3.1 Morphology and structure 

Figure 2 shows the structure and morphology 
of the samples. As shown in Fig. 2(a), Bi12MnO20 
belongs to the rich-bismuth compound based on 
γ-Bi2O3 structure with Mn element located in the 
center of tetrahedral interstices. For the crystal 
structure of Bi12MnO20, the entry of Mn4+ (Mn: 
0.46 A,) leads to perturbation of the Bi — O 
polyhedral network connected to the MnO4 
tetrahedron in the lattice [19]. In addition, the 
radius of Mn ions is generally smaller than that   
of other transition metal ions (Ti: 0.605 Å, Mo: 
0.65 Å, Zn: 0.74 Å, Fe: 0.645 Å, Bi: 1.03 A), the 
deformation of Bi—O polyhedron network is more 
likely to occur in Bi12MnO20 than that in other 
sillenites [13−18]. Moreover, the position of the 
conduction and valence band will shift up or down 
respectively due to the change of the lone electron 
pairs state caused by the perturbation of the Bi—O 
polyhedron network [20]. As shown in Fig. S1 of 
supplementary information (SI), a continuous mass 

loss was observed as the temperature increased. The 
endothermic peaks at 146.1 °C (mass loss: 2%) and 
261.46 °C (mass loss: 26.1%) can be assigned to the 
removal of water of crystallization and the release 
of CO2 and H2O, respectively. When the 
temperature exceeded 300 °C, Bi12MnO20 was 
obtained by the interaction of bismuth and 
manganese oxide. As displayed in Fig. 2(b), the 
thermolysis product at 400 °C displays a mixture of 
Bi2O3 and Bi12MnO20. The main diffraction peaks 
for the products obtained above 500 °C located at 
24.65°, 27.62°, 30.31°, 32.81° and 52.22° 
correspond to the (220), (310), (222), (321) and 
(035) planes of Bi12MnO20 (JCPDS No.82-1024), 
respectively, and no other impurity peak appears, 
indicating that pure Bi12MnO20 is formed. 

Figures 2(c−g) and Fig. S2 of SI display that 
the size of coral-like BMO increases with the 
temperature from 400 to 700 °C. The element 
mapping images (Fig. 2(h)) reveal that Bi, Mn and 
O are uniformly dispersed in the coral structure, 
which is further confirmed by the TEM image 
(Fig. 2(i)). The lattice spacing of 0.273 and 
0.294 nm shown in the HRTEM images (Figs. 2(j) 
and (k)) corresponds to the (321) and (322) crystal 
planes of Bi12MnO20, respectively, indicating the 
formation of Bi12MnO20. N2 adsorption−desorption 
curves (Fig. S3 of SI) indicate that BMO-500 has 
the largest specific surface area (3.585 m2/g) and 
pore volume (0.02 cm3/g), which can not only 
provide more transport channels to increase the 
mass transfer rate of reactants and products but also 
increase active sites to accelerate the photocatalytic 
degradation [21]. 

The surface chemical valance state of 
Bi12MnO20 was analyzed by XPS as shown in Fig. 3. 
As shown in Fig. 3(a), the signature peaks for Bi 4f 
(~160 eV), Mn 2p (~681 eV) and O 1s (~530 eV) 
show the coexistent of Bi, Mn and O in the catalyst 
without impurity elements. The characteristic peaks 
of the binding energy at 158.6 and 163.9 eV in 
Fig. 3(b) correspond to the Bi 4f7/2 and Bi 4f5/2 
orbitals of Bi3+ in Bi12MnO20, respectively [22,23]. 
The O 1s peak at 530.3 eV can be assigned to   
the Bi—O—Bi bond bridges oxygen, and the 
characteristic peak at 529.3 eV can be attributed to 
the binding energy of oxygen in the Mn—O—Bi 
framework (Fig. 3(b)). The entry of Mn4+ into the 
bismuth oxide lattice can change the binding energy 
between oxygen and metal, leading to the electron 
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Fig. 2 Structural analysis and morphological characterization of samples: (a) Crystal structure of Bi12MnO20; (b) XRD 
patterns of BMO-T samples; (c−g) SEM images of BMO-T, respectively; (h−k) Mapping images, TEM and HRTEM 
images of BMO-500, respectively 
 
reduction potential on CB shifting to a more 
negative position [22]. Moreover, the Mn 2p1/2 and 
Mn 2p2/3 characteristic peaks at 653.6 and 642.0 eV  
correspond to the Mn4+ state in the Bi12MnO20 
phase (Fig. 3(d)). The 3d orbit of Mn4+ in 
tetrahedron is inclined to splitting into eg and t2g 
orbit. An intermediate band (IB) is formed due to 
the entry of eg orbit occupied by the electrons into 

the bandgap when the t2g with higher energy 
hybridizes with CB, improving photocatalytic 
activity with the lower-energy light [23,24]. 
 
3.2 Photo-response 

Figure 4 shows tauc plots for the bandgap, 
UV-vis-Nir and PL spectra of Bi12MnO20. As can be 
seen from Fig. 4(a), two bandgap values of 2.0 and  
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Fig. 3 Surface element and valence analysis: XPS survey (a), high-resolution spectra of Bi 4f (b), O 1s (c) and Mn 2p (d) 
for Bi12MnO20 

 

 
Fig. 4 Tauc plots for bandgap (a), UV–vis-Nir spectrum (b), and PL spectra (c) of Bi12MnO20  
 
1.25 eV correspond to the inherent bandgap and 
sub-bandgap of Bi12MnO20, respectively. The 
intrinsic band gap of Bi12MnO20 is similar to those 
of other sillenite materials(Bi12TiO20: 2.28 eV, 
Bi12CoO20:2.56 eV, Bi12FeO20: 2.1 eV), indicating 
that sillenite materials have high-energy light 
adsorption [13−15]. In addition, the existence of the 
sub-bandgap of Bi12MnO20 may be conducive to the 
separation of photo-generated charges in the 
photocatalytic process. As shown in Fig. 4(b), 
Bi12MnO20 can respond to the full solar-spectral of 

200−2200 nm. The absorption peak at 400 nm in 
the UV range is derived from the intrinsic band gap 
of 2.0 eV. The absorption peak at 800 nm in the 
DRS curve implies the existence of the 
sub-bandgap of 1.25 eV in Bi12MnO20, which can 
facilitate the production of •O2

−. Figure 4(c) 
demonstrates the PL spectra of the as-prepared 
Bi12MnO20 and γ-Bi2O3 with an excitation 
wavelength of 406.2 nm. It can be seen that the 
intense peak of Bi12MnO20 at 475 nm has a red-shift 
due to the hybridization of O 2p and Mn 3d orbital, 
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indicating the decrease of the photo-induced 
threshold for photocatalytic response compared 
with γ-Bi2O3 [25,26]. The weak emission peak of 
Bi12MnO20 at 740 nm attributes to the low 
recombination rate of photogenerated band edge 
free excitons and bound excitons on IB caused by 
the existence of a sub-band gap [26]. Meanwhile, 
the ionization of Bi—O—Mn framework caused by 
inhibiting the recombination of excitons can 
produce more active sites to produce •O2

− by 
absorbing O2 in the solution [27]. What’s more, 
Bi12MnO20 shows lower intensity than that of 
γ-Bi2O3 in the wavelength range of 450−800 nm, 
indicating the higher efficient separation rate of the 
carriers in Bi12MnO20. 
 
3.3 Photocatalytic activity evaluation 

The photocatalytic activity of Bi12MnO20 was 
evaluated by the variation of MG concentration 
(C/C0) under full solar-spectrum light, and the 
results are shown in Fig. S4, Fig. 5 and 6. Figure S4 
shows that the photocatalytic activity of Bi12MnO20 
prepared at 500−700 °C decreases with the increase 
of calcination temperature. The reduction of 

photocatalytic activity is due to the decrease     
of active sites on the surface of photocatalysts 
prepared at high temperatures. From Fig. 5 and 
Table S1, the degradation rate significantly declines 
from 90.1% to 12.1% and the reaction rate constant 
reduces from 0.00724 to 0.00004 min−1 with the pH 
value of solution varying from the initial value 
(pH=4.86) to 3.0. In a low pH solution, the 
photogenerated electrons preferentially reduce H+ 
(φ(H+/H2)=0 eV) rather than dissolved oxygen 
(φ(O2/•O2

−)=−0.33 eV), resulting in the absence of 
O2

− as a kind of main active radical for oxidative 
decomposition. 

Figure 6 represents the effect of different 
organic pollutants, initial concentration of pollutant 
and Bi12MnO20 concentration on photocatalytic 
degradation rate. As illustrated in Fig. 6(a), the 
photocatalytic degradation rates of MG, TC-HCl 
and RhB are 95.8%, 92.4% and 82.9%, respectively, 
indicating excellent photocatalytic activity of 
Bi12MnO20 to different organic pollutants at pH=8.0. 
As shown in Fig. S5, the TOC removal rate of 
simulated wastewater reaches 91.7% after 300 min 
with Bi12MnO20 under light irradiation, confirming 

 

 
Fig. 5 Effect of pH on photocatalytic degradation (a) and reaction rate (b) of BMO to MG 
 

 
Fig. 6 Effect of different dyes (a), initial concentration of pollutant (b), and Bi12MnO20 concentration (c) on 
photocatalytic degradation rate 
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the mineralization of MG by Bi12MnO20 
photocatalyst. The surface electronegativity of the 
organic pollutant in the alkaline solution is 
favorable to be adsorbed and oxidized by •O2

− with 
high potential. In addition, the degradation rate of 
Bi12MnO20 for MG solution can remain above 80% 
for different concentrations of pollutants in 5 h 
(Fig. 6(b)). When the degradation time is 10 h, the 
degradation rate is up to 96.2% for the solution with 
40 mg/L MG (Fig. S6), implying the possibility of 
degradation for the high-concentration organic 
pollutants. As illustrated in Fig. 6(c) and Table S2, 
the photocatalytic degradation rate of Bi12MnO20 
increases substantially with the photocatalysis 
concentration from 0.5 to 2 g/L. When the 
concentration of Bi12MnO20 is over 3 g/L, the 
photodegradation efficiency has no significant 
increase. The excessive concentration of opaque 
Bi12MnO20 photocatalyst prevents solar light from 
entering the solution, resulting in a decrease in 
photogenerated electrons. 

Figure 7 shows the photocatalytic degradation 
of MG by Bi12MnO20 photocatalyst under various 
light irradiation. As shown in Fig. 7, MG cannot be 
removed effectively under light irradiation without 
the addition of Bi12MnO20. In the presence of 
Bi12MnO20 photocatalyst, the degradation rates of 
MG in solution with and without light irradiation 
were 95.8% and 30.4%, respectively, implying 
photocatalytic degradation rather than physical 
adsorption. Moreover, Bi12MnO20 shows good 
photocatalytic activity for MG degradation   
under ultraviolet and visible light irradiation. In  
particular, the degradation rate of MG in solution by 
 

 
Fig. 7 Photocatalytic degradation of MG solution by 
various lights irradiation 

Bi12MnO20 was more than 60% under the irradiation 
of NIR light, indicating that Bi12MnO20 has 
excellent photo-response in the range of NIR light 
(see Fig. 4(b)). 

To further investigate the stability and 
recyclability of Bi12MnO20 photocatalyst, four 
cycles of photocatalysis degradation tests were 
conducted and the results are displayed in Fig. 8. As 
shown in Fig. 8(a), the degradation rate of 
Bi12MnO20 for MG remains 74.9% after four cycles 
of photocatalysis reaction, indicating high 
reusability of Bi12MnO20. In addition, there are no 
obvious composition and structure changes from 
the XRD patterns (Fig. 8(b)) and FTIR (Fig. S7) of 
Bi12MnO20 after the recycling experiments, 
demonstrating nice stability of the photocatalyst.  
 

 

Fig. 8 Reusability and stability analysis of Bi12MnO20:  
(a) Cycling degradation; (b) XRD patterns before and 
after degradation 
 
3.4 Photocatalytic mechanism 

To confirm the main active radicals in the 
degradation of the MG solution by Bi12MnO20 
photocatalysis, scavenger trapping experiments and 
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ESR tests were carried out. As shown in Fig. 9(a), 
the addition of BQ can significantly reduce the 
photocatalytic activity of Bi12MnO20, followed by 
AO, and the role of IPA is almost negligible, 
indicating that ˙O2

− is the primary active radical in 
this degradation process followed by h+, and nearly 
no ˙OH participates in the reaction. Figure 9(b) 
illustrates the reaction kinetic of Bi12MnO20 in 
different scavenger systems. The calculated k values 
for the BQ (0.0016 min−1) system and AO (0.0046 
min-1) are smaller than that of the IPA (0.0082 min−1) 
system with and no additives (0.0083 min−1) system, 
demonstrating the crucial role of •O2

− in the 
photocatalytic process (Table S3). Furthermore, the 
ESR trapping experiment was explored to further 
verify the above-mentioned active radicals 
generated in the light-responsive photocatalytic 
process. As shown in Fig. 9(c), no signal of 
DMPO-•O2

− is detected under the dark, while 
obvious signal peaks of sample Bi12MnO20 are 
found under irradiation, demonstrating the 
production of  •O2

− in the system under simulated 
sunlight. Moreover, Bi12MnO20 possesses a superior 

ability for the formation of •O2
− compared with 

γ-Bi2O3 due to the Mn doping [20,22]. There is no 
characteristic signal of DMPO-•OH in both dark 
and light conditions (Fig. 9(d)), indicating no •OH 
produced in the photocatalytic process. 

The XPS valence band spectrum was used to 
obtain the band structure of Bi12MnO20. As shown 
in Fig. 10(a), the XPS potential of the VBM of 
Bi12MnO20 is 1.20 eV which can be converted to 
1.31 eV (vs normal hydrogen electrode) according 
to the formula of ENHE=φ+EVB−XPS−4.44, where 
EVB-XPS is 1.20 eV obtained from the VB-XPS 
spectra, φ is 4.55 as the work function of the XPS 
analyzer, and ENHE is the normal hydrogen electrode 
potential. The CBM value of Bi12MnO20 is 
calculated as −0.69 eV according to the formula 
Eg=EVBM−ECBM. The position of the intermediate 
band bottom (IBM) was deduced to 0.56 eV 
referring to sub-bandgap value (1.25 eV) and the 
CBM potential (1.31 eV). 

Figure 10(b) shows Mott-Schottky (MS) plots 
of Bi12MnO20 and γ-Bi2O3. According to the MS 
equation, the plot has the potential as the horizontal  

 

 
Fig. 9 Exploration and analysis of free radical types: Active species trapping experiments over Bi12MnO20 (a, b), and 
ESR spectra of DMPO-•O2

− (c), and DMPO-•OH (d) for Bi12MnO20 
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Fig. 10 XPS valence band spectrum of Bi12MnO20 (a), MS plots (b), photocurrent (c) and EIS (d) of Bi12MnO20 and 
γ-Bi2O3 

 

coordinate and inverse square of the interface 
capacitance (C−2) as the longtitudinal coordinate. As 
displayed in Fig. 10(b), both MS curves exhibit a 
positive slope, suggesting that Bi12MnO20 and 
γ-Bi2O3 are the n-type semiconductors. Additionally, 
the hill has the capability of investigating sample 
charge density. The slope of the curve for 
Bi12MnO20 is smaller than that for γ-Bi2O3, 
implying the increase of charge density in 
Bi12MnO20 due to the incorporation of Mn4+ ion,  
improving charge transfer of Bi12MnO20 [27,28]. 
Moreover, the separation efficiency for the 
photoinduced carriers of the photocatalysts was 
assessed by photocurrent analysis and EIS, as 
shown in Figs. 10(c) and (d). The photogenerated 
current of Bi12MnO20 is higher than that of γ-Bi2O3 
(Fig. 10(c)), suggesting Bi12MnO20 with more 
effective separation of the photogenerated carriers 
during the photocatalytic reaction. Further, the 
radius of Nyquist circle for Bi12MnO20 is smaller 
than that of pure γ-Bi2O3 (Fig. 10(d)), indicating the 
charge-transfer efficiency of Bi12MnO20. 

Based on the above results, the photocatalytic 
mechanism of Bi12MnO20 was proposed and 
displayed in Fig. 11. As depicted in Fig. 11(a), the 
CBM potential (−0.69 eV) of Bi12MnO20 is more 
negative than the redox potential of O2/•O2

− 

(−0.33 eV), thus photogenerated e can reduce 
dissolved O2 in solution to produce •O2

−. Meanwhile, 
the sub-bandgap provides an intermediate transition 
level for e to CBM, which promotes the generation 
of •O2

−. The VBM potential (1.31 eV) of Bi12MnO20 
is less positive than the redox potential of OH−/•OH 
(1.90 eV) and H2O/•OH (2.27 eV), indicating that it 
is difficult for h+ to oxidize H2O or OH− into    
•OH [29−31]. The photo-oxidation process of 
Bi12MnO20 driven by full spectral light can be 
established as shown in Fig. 11(b). When solar light 
irradiates the Bi12MnO20, the electrons in IBM and 
VBM of Bi12MnO20 can be excited to CBM, leaving 
h+ in IBM and VBM. Photogenerated h+ can attack 
MG directly without the formation of •OH [32]. 
The e in CBM can react with the oxygen dissolved 
in solution to produce •O2

−, which can degrade the 
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Fig. 11 Band structure (a) and photocatalytic mechanism (b) of Bi12MnO20 
 
organic molecules [33]. Meanwhile, the sub- 
bandgap formed by Mn4+ doping in Bi12MnO20 
provides the intermediate level for e transfer from 
IB to CB, enhancing the generation of •O2

−, and 
improving the separation of carrier pairs [34]. This 
high carrier utilization efficiency endows 
Bi12MnO20 with excellent photodegradation activity 
to MG. The photodegradation reaction equations 
are listed as follows: 
 
Bi12MnO20+hv→h+ (VBM)+h+ (IBM)+e (CBM) (1)  
e (CBM)+O2→•O2

−                                      (2)  
MG+•O2

−→CO2+products                   (3)  
MG+h+ (VBM)→products                  (4)  
MG+h+ (IBM)→products                   (5) 
 
4 Conclusions 
 

(1) Coral-like sillenite-type Bi12MnO20 
photocatalyst with the pore volume of 0.02 cm3/g 
and the specific surface area of 3.585 m2/g was 
prepared by wet ball milling followed by 
calcination. The formation of sub-bandgap by the 
incorporation of Mn4+ into cubic γ-Bi2O3 lattice is 
beneficial to improving the Vis-NIR light response 
capability. 

(2) The existence of the sub-bandgap in 
Bi12MnO20 improves the generation of •O2

− and the 
separation of carrier pairs. 

(3) The degradation efficiency of MG by 
Bi12MnO20 reaches 95.8% with 5 h under simulated 
sunlight. After four cycles of photocatalysis 
degradation, the removal rate of MG by Bi12MnO20 

remains at 74.9%, indicating the high stability and 
reusability of Bi12MnO20. This work sheds light on 
the underpinnings of the photocatalytic properties 
of Bi12MnO20 with potential application in 
contaminants purification. 
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软铋矿 Bi12MnO20的制备及利用超氧自由基 
提升其去除有机污染物光催化活性 
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摘  要：通过湿法球磨联合煅烧方法制备软铋矿型光催化材料 Bi12MnO20，其光吸收能力覆盖 200～2200 nm 光谱

范围。Bi12MnO20 的晶体结构可以视为 Mn4+掺入到亚稳立方 γ-Bi2O3 的四面体中所得，并且 Bi12MnO20 的能带结构

中出现禁带宽度为 1.25 eV 的子带隙。这种能带结构的优化有利于 Bi12MnO20 光催化剂加速转化溶液中 O2 为超氧

自由基(·O2
−)，以改善光催化降解过程中的电荷分离和转移。结果表明，在模拟阳光照射下，Bi12MnO20 对 pH 8 溶

液中浓度为 10 mg/L 的孔雀石绿降解率达到 95%以上。经过 4 次光降解实验后，Bi12MnO20对孔雀石绿的降解率

保持在 74.9%。 

关键词：Bi12MnO20；光催化；降解；能带；超氧自由基 
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