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catalytic performance of spherical
BiOI/MnO2 composite and mechanism
investigation

Qingjie Zhou, Lizhu Zhang, * Pengjian Zuo, Yang Wang and Zhenjiang Yu

In this paper, a novel flower-like BiOI/MnO2 composite was synthesized by two simple steps. The crystal

structure, morphology, surface element analysis, and optical properties of as-prepared samples were

determined by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and UV-Vis diffuse reflectance spectrometry

(DRS). Photocatalytic activities of the prepared photocatalysts were evaluated by photocatalytic

degradation of RhB under simulated light irradiation. When 50 mg of a BiOI/MnO2 composite with

a mass ratio of 5/1 was used to degrade RhB aqueous solution (100 mL, 20 mg L�1), the degradation

efficiency could reach 99.18% within 60 min under simulated solar light irradiation. In addition, the

photocatalyst exhibited good stability. After four cycles, the degradation efficiency of the BiOI/MnO2 (5/

1) composite could reach 92.8% within 80 min. The probable photocatalytic mechanism of

photocatalysts was investigated by active species trapping experiments and photoluminescence (PL)

measurements. The results showed that the superior photocatalytic activity of the BiOI/MnO2 composite

is derived from the generation and transfer of photogenerated carriers between MnO2 and BiOI.
1. Introduction

In recent years, with increasing discharge of wastewater, the
composition of pollutants in wastewater is becoming more and
more complex. A large number of toxic and harmful organic
pollutants are discharged into the water environment which are
difficult to be thoroughly degraded. These pollutants include
synthetic dyes, drugs, personal care products and some toxic
intermediate products of chemical engineering which caused
serious harm to the ecological environment. At the same time,
the government and public have more stringent requirements
for water quality; the national sewage discharge standards are
gradually improving, and the upgrading work continues to
grow. Therefore, it is urgent to develop efficient and economical
wastewater treatment technology. Advanced oxidation tech-
nology has attracted the attention of environmental circles at
home and abroad due to its strong oxidation capacity and high
efficiency. Among them, a photocatalyst based on semi-
conductors has the desirable characteristics of mild reaction
conditions, simple operation and wide applications. It is
considered to be a promising wastewater treatment technology
for the treatment of refractory organic pollutants.

Among semiconductor catalysts, BiOI has attracted a large
number of investigations as an intriguing semiconductor pho-
tocatalyst due to the narrow band gap (1.85–1.96 eV) and strong
eering, Harbin Institute of Technology,
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response to visible light.1–4 In addition, nanostructured BiOI has
better photocatalytic activity than bulk BiOI because of its
higher quantum efficiency and specic surface area.5 At present,
there are many ways to synthesize BiOI. For example, J. M. et al.
synthesized different morphologies of bismuth oxide (BiOI) by
microwave irradiation and conventional coprecipitation.6 Jia Lu
et al. prepared a tetragonal BiOI photocatalyst by controlling the
amount of water in the hydrolysis process.7 Prakasit Intaphong
et al. synthesized BiOI nanosheets by a sonochemical method.8

Although the photocatalytic activity of BiOI is relatively good,
the photogenerated electrons and holes easily recombine due to
the small band gap, which hinders its application.9 Therefore,
the modication of BiOI is a promising research topic in the
eld. It is generally known that semiconductor combination,
which allows the construction of a heterojunction between two
different semiconductors with matching energy band gaps, is
an efficient way to separate photoinduced carriers and improve
the photocatalytic efficiency of a catalyst. Recently, many het-
erojunctions for BiOI, such as BiOI/TiO2,10 BiOI/BiOBr,11 and
BiOI/Ag@Ag,12 have been reported and have demonstrated their
enhanced photocatalytic activity. Therefore, constructing a het-
erojunction is a promising way to improve the photocatalytic
activity of BiOI.

In many oxide semiconductors, MnO2 has attracted signi-
cant attention as a photocatalyst, lithium battery and super-
capacitor due to its low toxicity, low cost, environmental
compatibility, abundant availability, narrow band gap, excellent
electrochemical performance and higher theoretical
RSC Adv., 2018, 8, 36161–36166 | 36161
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capacitance.13–17 In recent years, the application of MnO2 as
a photocatalyst has become more and more popular.17 For
example, Yu et al. prepared anMnO2/ZnO composite by ring at
600 �C.15 Liu et al. prepared a ower-like BiOI/MnO2 composite
by regulating pH. However, the degradation efficiency of 0.1 g of
the catalyst prepared by Liu et al. is only 94.4% in 40minutes for
RhB solution (100 mL, 10 mg L�1).18 In general, these prepara-
tion methods lack practical signicance due to the toxic,
complex procedures, expensive reagents or long time require-
ments. In addition, agglomeration occurs easily during the
synthesis process for low dimensional nanomaterials, leading
to decrease in surface area and photocatalytic active sites.19,20

Given this situation, three-dimensional layered hetero-
junction materials are considered due to their good catalytic
performance and large surface volume. In this paper, we
develop a facile method to fabricate a BiOI/MnO2 composite
with a 3D heterojunction by depositing BiOI nanoparticles onto
the lamellae of ower-like MnO2. The obtained BiOI/MnO2

composite shows observably enhanced photocatalytic perfor-
mance for the degradation of RhB in aqueous solution under
simulated solar light irradiation. When 50 mg of the BiOI/MnO2

(5/1) composite is used to degrade RhB aqueous solution (100
mL, 20 mg L�1), the degradation efficiency can reach 99.18%
within 60 min under simulated solar light irradiation.
Furthermore, the probable mechanism of degradation in the
presence of BiOI/MnO2 composites and the process of charge
separation and transfer at the surface or interface are also dis-
cussed in detail. In addition, the successful synthesis of the
BiOI/MnO2 composite provides an important reference for the
synthesis of BiOX (Cl, Br) with MnO2.

2. Experimental
2.1 Preparation of catalyst

2.1.1 Synthesis of pure MnO2. MnO2 samples were
prepared following a previously reported procedure.21 Typically,
the KMnO4 (316 mg) and MnSO4$H2O (113 mg) were added into
60 mL of deionized water. Then, the above solution was trans-
ferred to a Teon-lined autoclave (70 mL capacity) and main-
tained at 120 �C for 12 h. Finally, the black precipitate was dried
at 60 �C for 12 h aer adequate washing with ethanol and
distilled water.

2.1.2 Preparation of different mass ratios of BiOI/MnO2

composites and pure BiOI. BiOI/MnO2 composites with
different mass ratios (5/2, 5/1, 6/1) were synthesized by a simple
procedure.22 In brief, 0.1 g of as-prepared MnO2 nano-owers
was ultrasonically suspended in 30 mL of deionized water.
Meanwhile, certain amounts of Bi(NO3)3$5H2O (0.3446, 0.6892,
0.8271 g) were dissolved in 30 mL of glycol under ultrasound,
separately, and this solution was poured into the MnO2

suspension. Finally, corresponding amounts of KI (0.1179,
0.2357, 0.2830 g) were added dropwise to the above solution,
and the mixture was stirred for 5 h, centrifuged and dried. A
series of BiOI/MnO2 samples with different mass ratios were
obtained.

The procedure for the synthesis of pure BiOI was the same as
above.
36162 | RSC Adv., 2018, 8, 36161–36166
2.2 Characterization and photocatalytic performance

2.2.1 Characterization of materials. In this paper, the
crystallinity of the prepared materials was analysed by X-ray
diffraction analysis (XRD; Holland Panalytical Analytical
Instrument Co., Ltd.). Scanning electron microscopy (SEM) was
used to analyse the morphology and size of the prepared
materials. The lattice parameters and bursts of materials were
analysed by transmission electron microscopy (TEM). UV-Vis
light (UV-Vis) diffuse reectance spectra were recorded on
a UV-Vis spectrometer. It was necessary to roughly estimate the
width of the material by the corresponding transformation.
Photoluminescence spectroscopy (PL) was used to analyse the
recombination of photo-generated electrons and holes.

2.2.2 Photocatalytic activity. The photocatalytic activity of
the prepared materials was monitored toward the degradation
of an aqueous solution of rhodamine B (RhB) under visible light
generated from a Xe lamp (l > 420 nm, 300 W, PLS-SXE300,
Beijing Bereld Technology Co., Ltd.). In a typical case, 50 mg
of the samples was put in RhB (100 mL, 20 mg L�1) solution.
Prior to the photocatalytic reaction, the suspensions were
adequately stirred in the dark for 30 min to achieve equilibrium
of absorption–desorption between the prepared photocatalyst
and RhB. Aerward, the Xe lamp was turned on, and 4mL of the
liquid was taken with a 4 mL syringe at a certain time. Then, the
catalyst and the solution were separated with a 0.22 micron
nylon 66 lter membrane. Finally, UV-Vis spectrophotometry
was performed to determine the concentration of RhB by
measuring the absorbance at 550 nm. The degradation effi-
ciency of the catalyst was calculated by the following formula:

Degradation efficiency (%) ¼ (C0 � C)/C0 � 100%

C0 is the initial concentration of the RhB aqueous solution, and
C is the concentration of the aqueous solution at time t.

The stability of the catalyst was determined by the following
experiments: the photocatalyst of BiOI/MnO2 (5/1) aer photo-
catalysis was centrifuged for collection, washed with water and
ethanol three times to remove residual impurities, and then
dried at 60 �C for recycling.
3. Results and discussion
3.1 Structure and morphology characterization

The XRD patterns of MnO2, BiOI and BiOI/MnO2 composites are
presented in Fig. 1. The characteristic diffraction peaks of BiOI
at 29.6�, 31.7�, 45.4� and 55.2� are assigned to the (102), (110),
(200) and (212) crystal planes, respectively, as indexed by (JCPDS
10-0445).1 XRD analysis conrms the monoclinic lamellar
structure of birnessite-type MnO2 (JCPDS 42-1317) with mixed
crystalline and amorphous parts. Two broad peaks at 2q of
around 12.6� and 36.2� can be indexed to birnessite-type
MnO2.23 Broad peaks indicate a poorly crystallized compound.
Meanwhile, the intensities of the MnO2 peaks decrease with the
increase in the mass ratio of the BiOI/MnO2 composite, which
might be ascribed to the relatively low amount and weak
diffraction intensity of MnO2 in the BiOI/MnO2 composites.24
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of the as-prepared BiOI, MnO2 and different mass
ratios of BiOI/MnO2 composites.
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The morphology and structure of MnO2, BiOI and BiOI/
MnO2 composites were observed by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). The
SEM images of MnO2, BiOI and BiOI/MnO2 composites are
shown in Fig. 2. It can be observed that the morphology of pure
MnO2 was similar to that of pure BiOI. Both are typical ower-
Fig. 2 SEM images of photocatalysts: (a) pure MnO2, (b) BiOI/MnO2 (5/
2), (c) BiOI/MnO2 (5/1); (d) highmagnification images of the BiOI/MnO2

(5/1) composite, (e) BiOI/MnO2 (6/1), (f) pure BiOI; (g) TEM image of
BiOI/MnO2 (5/1) and (h) amplified TEM image of BiOI/MnO2 (5/1); (h)
magnified TEM image and (i) HRTEM image of BiOI/MnO2 (5/1)
composite.

This journal is © The Royal Society of Chemistry 2018
like structures at the micron scale stacked from nanosheets
with uniform morphology. Fig. 2(b)–(e) show the SEM results of
BiOI/MnO2 composites. The morphology of the BiOI/MnO2

nanocomposite exhibits a structure in which BiOI nanospheres
are supported on sheets of ower-like MnO2 with intimate
contact. With the increase in the mass ratio of the BiOI/MnO2

composite, the lamellas of MnO2 are almost covered by spher-
ical BiOI. This may lead to a situation where iodine yttrium
oxide occupies the active site of manganese dioxide, which in
turn affects the photocatalytic effect of the composite. Trans-
mission electron microscopy (TEM) was used to analyze the
morphology of the heterojunction. From the TEM images
(Fig. 2(h) and (i)), one can see the transparent nanosheets,
indicating that the ultra-thin MnO2 nanosheets are synthesized,
and some spheres can be directly observed. The HRTEM image
demonstrates three sets of lattice fringes with inter-planar
spacings of 0.351 nm, 0.301 nm and 0.915 nm, which corre-
spond to the (002) plane of MnO2 and (102) and (001) planes of
BiOI. Thus, it can be concluded that the BiOI/MnO2 composites
are successfully fabricated. The result of the EDS analysis
(Fig. 3) is in accordance with the elements of BiOI/MnO2 (5/1).
Table 1 shows the composition of 4 elements of the BiOI/
MnO2 (5/1) composite. It can be observed that the mass ratio of
the BiOI/MnO2 composite is about 5/1.

The XPS spectra of the BiOI/MnO2 (5/1) composite were ob-
tained to identify the elemental composition and valence state
of surface elements. In Fig. 4, the Mn 2p spectrum displays two
distinct peaks with corresponding binding energy values of
642.1 eV and 653.7 eV. These binding energy values are assigned
to the spin orbit double of Mn 2p3/2 and Mn 2p1/2, which is
Fig. 3 (a) SEM image of BiOI/MnO2 (5/1) heterojunction; (b) EDS
elemental spectrum of the as-prepared BiOI/MnO2 (5/1) hetero-
junction; (c) EDS mapping of all elements in the BiOI/MnO2 (5/1)
heterojunction; (d)–(g) maps of the distribution of each element: (d)
bismuth, (e) oxygen, (f) iodine, (g) manganese.

Table 1 Table of the composition of BiOI/MnO2 (5/1) composite

Element wt% Atomic percent(%)

O 10.13 48.88
Mn 9.24 12.97
I 35.07 21.32
Bi 45.57 16.83
Gross 100 100

RSC Adv., 2018, 8, 36161–36166 | 36163
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Fig. 4 (a) Survey XPS spectrum and high-resolution XPS spectra of
BiOI/MnO2 (5/1), (b) Bi 4f, (c) I 3d, (d) Mn 2p, (e) O.
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consistent with the results of MnO2.25 In the O 1s spectrum
(Fig. 4(e)), three different peaks centered at 529.9 eV, 530.4 eV,
and 531.8 eV are assigned to Mn–O–Mn bonds in MnO2,25 Bi–O
bonds26 in [Bi2O2]

2+ slabs of the BiOI structure, and Mn–O–H,25

respectively. In the XPS spectra of Bi 4f, the two strong peaks at
158.8 eV and 164.1 eV correspond to Bi 4f5/2 and Bi 4f7/2, which
is consistent with the valence state of Bi3+ in BiOI.1 As demon-
strated in Fig. 4(c), the two peaks in the I region of 619 eV and
630.5 eV are consistent with I 3d5/2 and I 3d3/2,1 respectively,
which correspond to the characteristics of I in BiOI.
3.2 Optical absorption properties

The photocatalytic performance is relevant to the energy band
structure of a semiconductor.27 The optical properties of BiOI,
MnO2 and BiOI/MnO2 composites are depicted in Fig. 5. Pure
BiOI displays strong photo-absorption from UV light to visible
light shorter than 660 nm, and its band-gap energy, revealed in
the inset, is approximately 1.8 eV. Bare MnO2 can absorb from
ultraviolet to visible light, and its band-gap energy is about
Fig. 5 (a) UV-Vis diffuse reflectance spectra of pure BiOI, MnO2 and
different mass ratios of BiOI/MnO2 samples; (b) graphical evaluation of
band gaps of as-prepared photocatalysts.

36164 | RSC Adv., 2018, 8, 36161–36166
0.25 eV.18 With the combination of BiOI and MnO2, the absor-
bance edges of BiOI/MnO2 present a red shi compared to that of
pure BiOI. Fig. 5(b) shows that the band gap of the composites is
narrower than that of pure BiOI. The results from DRS indicate
that the photocatalysts possess good photocatalysis activity.
3.3 Catalytic activity of BiOI/MnO2

To evaluate the performance of photocatalysis of the as-
prepared samples, the adsorption capacity of the catalysts was
determined by mixing with RhB aqueous solution in darkness
within 30 minutes. From Fig. 6(a), we could conclude that the
suspensions reached adsorption–desorption equilibrium
within 30minutes. The pure BiOI sample absorbed about 71.4%
of RhB in 30 min. When the mass ratio of BiOI to MnO2 was 5/1,
the highest adsorption performance of RhB was achieved. This
phenomenon may be related to their special BET and surface
areas (47.6 m2 g�1). Then, degradation of RhB was carried out
under simulated sunlight irradiation (300 W Xe lamp, l > 420
nm). Clearly, self-degradation of RhB can be ignored according
to Fig. 7(b). The degradation rate of RhB was only 12.6% over
MnO2, which was due to the narrow band gap of MnO2 resulting
in the high recombination of photo-generated electrons and
holes. On the other hand, the BiOI/MnO2 composites showed
excellent degradation activity. Two hours later, under simulated
sunlight, the degradation efficiencies of RhB were 92.3%, 100%,
and 100% for the 5/2, 5/1, and 6/1 BiOI/MnO2 composites,
respectively. Especially for the BiOI/MnO2 composite (5/1), the
removal rate was 99.18% in 60 minutes; it required only 80 min
to degrade completely. The catalytic performance of the physi-
cally mixed BiOI and MnO2 (marked as BiOI + MnO2 (5 + 1)) was
also observed. Aer two hours, the degradation efficiency of the
mixture to RhB aqueous solution was 73%. This conrmed the
Fig. 6 (a) Adsorption of RhB under dark conditions, (b) degradation
curves of RhB under visible light irradiation, (c) temporal UV-Vis
absorption spectra of RhB after being illuminated by simulated solar
light from �30 min to 80 min in the presence of BiOI/MnO2 (5/1), (d)
recycling photocatalytic test of BiOI/MnO2 (5/1) photocatalysts for
photodegradation of RhB four times under simulated solar light irra-
diation. Reaction conditions: 50mg samples, 100mL of 20mg L�1 RhB
aqueous solution, reaction time 80 min.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 PL emission spectra of pure BiOI, BiOI/MnO2 (5/1) composite,
and MnO2.
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interaction between BiOI and MnO2 to improve photocatalytic
performance. Detailed photocatalytic mechanisms are further
discussed in the photocatalytic mechanism section.

Furthermore, we also measured the long-term cyclic perfor-
mance of the BiOI/MnO2 (5/1) composite to detect the stability
of the material. Aer each cycle, the amount of catalyst was
weighed. It was found that the amount of the reduction of the
catalyst aer each cycle was less than 1%. The result of degra-
dation is shown in Fig. 6(d), demonstrating slight decrease
(<10%) in degradation of RhB under visible-light irradiation
aer four cycles; this indicated high stability of the material. As
is shown in Fig. 6(c), the main peak of RhB (l ¼ 550 nm)
completely disappeared only aer 80 min of irradiation. More-
over, the color of the supernatant changed from red to colorless,
observed by the naked eye, verifying the excellent photocatalytic
activity of MnO2/BiOI (5/1) under visible light irradiation. Such
a result is much better than that of bare BiOI and MnO2.
Fig. 8 Effects of different scavengers on the degradation of RhB over
BiOI/MnO2 (5/1) composite.
3.4 Possible photocatalytic mechanism

The photocatalytic reaction involves a series of processes, in
which the carrier recombination probability greatly affects the
photocatalytic activity. Photoluminescence (PL) is a common
method to study carrier separation, migration and recombina-
tion and has an important application to reveal the reaction
mechanism of photogenerated electron–hole pairs in semi-
conductor photocatalysts.28 When the semiconductor is excited
by light, the electrons in the valence band are transferred to the
conduction band. The electrons in the conduction band have
high energy. The electrons return to the valence band during
the annealing process. When the photo-electrons return to the
valence band and combine with the holes, the photons are
radiated, thus producing photoluminescence. Therefore, the
high intensity of a PL emission spectrum corresponds to
a relatively high carrier recombination probability. The low
intensity of a PL emission spectrum corresponds to a relatively
low carrier recombination probability. Fig. 7 shows the PL
emission spectra of BiOI, MnO2, and the BiOI/MnO2 (5/1)
This journal is © The Royal Society of Chemistry 2018
composite. The excitation source wavelength is 260 nm. As
shown in Fig. 7, the PL spectra indicate that the samples inte-
grated with BiOI can decrease the intensity of the peaks of
MnO2 due to the formation of a BiOI/MnO2 (5/1) hetero-
junction. The carriers can effectively transfer at the interface of
BiOI and MnO2, thus restraining the recombination rate of the
photogenerated carriers. In addition, the spectrum shows that
BiOI has lower carrier recombination efficiency than BiOI/MnO2

(5/1). But the degradation efficiency of BiOI is lower than that of
BiOI/MnO2 (5/1) composite. Combining the UV-Vis spectrum,
the possible reason is that BiOI absorbs less visible light,
resulting in fewer photogenerated electrons and holes.

To reveal the roles played by active species in the photo-
degradation of RhB by the BiOI/MnO2 composite, we use
ascorbic acid (VC),29 iso-propanol (IPA),30 and ammonium
oxalate (AO) as $O2�, $OH, and h+ scavengers, respectively. The
addition of IPA hardly inhibits RhB degradation. However, the
presence of ascorbic acid and ammonium oxalate reduces the
degradation efficiency of the catalysts in varying degrees (Fig. 8).

Three active species trapping experiments indicate that both h+

and $O2� play important roles in the degradation of RhB, and their
contribution to RhB degradation is h+ > $O2�. In addition, this
shows that $OH hardly contributes to the process of degradation.

Based on the above experimental results, the possible pho-
tocatalytic mechanism of the BiOI/MnO2 composite was
proposed. The band gap of BiOI is calculated to be 1.8 eV.
According to the literature, the band gap of manganese dioxide
is 0.25 eV.18 The conduction band and valence band edge values
of BiOI were calculated to be about 0.47 eV and 2.37 eV, whereas
the corresponding values of MnO2 were 1.33 and 1.58 eV.
Accordingly, the possible photocatalytic mechanism for the
high-efficiency BiOI/MnO2 composite is proposed in Fig. 9.
Interestingly, the band structures of BiOI and MnO2 showed
matching band positions, forming a heterojunction. The
formation of a heterojunction was considered as an effective
means of carrier separation, which could improve photo-
catalytic performance.31 As displayed in Fig. 9, the conduction
band (0.47 eV) of BiOI was more negative than the conduction
band (1.33 eV) of MnO2, which was thermodynamically bene-
cial for the transfer of photo-generated charge carriers.
RSC Adv., 2018, 8, 36161–36166 | 36165
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Fig. 9 The proposed possible mechanism for the improvement of
photocatalytic activity.
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Under visible light irradiation, the electrons (e�) of BiOI were
excited from the valence band to the conduction band, leaving
holes (h+) in the valence band. Then, the photo-induced elec-
trons could transfer from the conduction band of BiOI to that of
MnO2. Thus, the photo-induced electrons were enriched on
MnO2 and the holes were reserved on BiOI, which effectively
separated the photo-induced electrons and holes in space and
prolonged the lifetime of the carriers. Both the holes and elec-
trons were dominant active centers for visible-light catalysis.
4. Conclusion

In conclusion, we have reported a simple, highly efficient and
economical way to synthesize a BiOI/MnO2 composite. The
optimum BiOI/MnO2 composite (5/1) demonstrates a maximal
photocatalytic degradation efficiency of 99.18% under simu-
lated solar light irradiation for RhB aqueous solution (100 mL,
20 mg L�1) within 60 min. The excellent photocatalytic perfor-
mance is ascribed to the unique ower-like structure and
synergistic effect between BiOI andMnO2. Our results show that
the BiOI/MnO2 composite has broad application prospects in
the eld of photocatalytic degradation of organic pollutants due
to its low cost and high catalytic performance.
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