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cture enhanced visible light
photocatalytic activity of phosphorus-doped BiOI
hierarchical microspheres†

Fen-Qiang Ma, Jing-Wen Yao, Yan-Feng Zhang * and Yu Wei

In this article, phosphorus (P)-doped BiOI hierarchical microspheres were prepared via a facile hydrolytic

method at room temperature. The morphology and structure of the samples were characterized by

using X-ray powder diffraction, scanning electron microscopy, high-resolution transmission electron

microscopy, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, nitrogen

sorption diffraction, photoluminescence spectroscopy and UV-visible diffuse spectroscopy. Based on

these results, it was concluded that the P doping was beneficial to forming uniform hierarchical

microspheres, which consisted of numerous two-dimensional nanosheets with a thickness in the range

of 30–40 nm. It is believed that the phosphorus species had been doped into the lattice of BiOI and

formed Bi–O–P bonds. Based on this fascinating characterization, the photocatalytic activity of P-doped

BiOI was evidently improved, and the photocatalytic activity of the 4% P-BiOI sample for degradation of

RhB is almost 2.6 times as high as pure BiOI in the case of visible light irradiation. Furthermore, the P

doping could not only increase the width of the valence band but also raise the conduction band

minimum, which led to the more efficient separation capacity of photogenerated carriers, the higher

mobility of the resulting holes and the greater concentration of superoxide ions. In addition, the possible

photocatalytic mechanism of P-doped BiOI microspheres for degrading Rhodamine B dye was proposed.
1. Introduction

Environmental problems and water pollution currently attract
world-wide attention,1–3 and the urgent task is to seek highly
active photocatalysts due to their promising applications for
degradation of pollutants. Titanium dioxide (TiO2) has been
extensively studied and utilized to degrade organic pollutants
due to its chemical stability, nontoxicity and low cost.4–6

However, TiO2 has a wide band gap energy (3.2 and 3.0 eV for
anatase and rutile phases, respectively),7which results in the fact
that TiO2 is only responsive to the UV region of the solar spec-
trum. In order to make full use of the richness of solar light, the
development of efficient optical photocatalysts is imperative.

To date, many efficient photocatalysts have been explored
and shown exciting photocatalytic activity. Bismuth oxyhalide
(BiOX) has received persistent attention because of its ability to
remove contaminants from aquatic environments. The BiOX
(X ¼ Cl, Br, I) is an important V–VI–VII ternary compound in
a layered structure comprising of [Bi2O2]

2+ slabs interleaved
mental Chemistry Education, College of
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with double slabs of halogen atoms (Fig. 1). Especially, the BiOI
has the maximum absorption ability in visible-light region due
to its smallest band gap (1.7–1.9 eV).8–10 Moreover, the capability
of BiOI hierarchical architectures in the oxidative degradation
of various organic dyes has been investigated in detail.11–13

Numerous methods have been studied to synthesize BiOI
hierarchical microspheres, for example, Wang et al. synthesized
Fig. 1 Schematic illustrations of the crystal structure of BiOI.
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BiOI microspheres via a EG-assisted solvothermal route at
160 �C for 12 h.14 Qin et al. prepared BiOI microspheres using
a generalized ionic liquid-assisted solvothermal method.15

However, long synthesis time,16 high reaction temperature17,18

and expensive ionic liquids19 are common in synthetic
approaches. In addition, it was found that iodine, titanium or
ferric doping for BiOI is also effective method to synthesize BiOI
hierarchical microspheres,20–22 respectively. However, the pho-
tocatalytic activity of the above work needs to be further
improved. Thereby, it is imperative to prepare a more efficient
photocatalysts by using simple equipment, mostly used reagent
and a lower synthesis temperature.

Herein, the P-doped BiOI hierarchical microspheres were
prepared by a simple and facile method without making use of
expensive reagent and equipment at room temperature. As far
as we know, this is the rst to report the P doping for BiOI
microspheres. The effects of P doping on morphology and
chemical bonds of BiOI were investigated. In additions, the
photocatalytic performance of the P-doped BiOI powders was
measured under the visible light irradiation. Moreover, for all
we know, there was no one work established a link between the
photocatalytic activity and the band structure of BiOI. Conse-
quently, the effects of P doping on the photocatalytic mecha-
nism of BiOI was proposed.
2. Experimental
2.1. Preparation of BiOI samples

The chemicals used in this work were of analytical reagent grade
without further purication. In a typical synthesis, 3.40 g of
Bi(NO3)3$5H2O was dissolved in 7.00 mL of glacial acetic acid
withmagnetic stirring for 30 min at room temperature (solution
A). At the same time, 1.66 g of KI, 1.64 g of CH3COONa and
a certain amount of NaH2PO4 were dissolved in 10.00 mL
deionized water with ultrasonic irradiation for about 30 min
(solution B). And then, 7.00 mL of solution A was dropwise
added into solution B with magnetic stirring and nally the red
solution was gradually formed. Aer continuously stirring for
3 h at room temperature, the BiOI sample was collected and
washed with deionized water and ethanol absolute several times
to remove any ionic residuals, and then dried at 60 �C for 12 h.
The synthesis of pure BiOI was also performed with the same
processes, but without the addition of NaH2PO4 into the reac-
tion solution. The as-prepared samples were named as BiOI, 2%
P-BiOI, 4% P-BiOI, 6% P-BiOI and 8% P-BiOI corresponding to
the molar ratio of P to Bi in the synthesis processes.
2.2. Characterization

The as-prepared samples were characterized by X-ray powder
diffraction (XRD) using a Bruker D8 Advance diffractometer
with Cu Ka radiation (l ¼ 1.5406 Å) in the 2q range 10–80�,
operated at 40 kV and 40 mA. The morphology of the BiOI
samples was observed by S-4800 scanning electron microscope
(SEM, Hitachi, Japan) using an accelerating voltage of 10 kV.
High-resolution transmission electron microscopy (HRTEM)
image was taken using eld emission transmission electron
This journal is © The Royal Society of Chemistry 2017
microscopy (Tecnai G2 F30). X-ray photoelectron spectroscopy
(XPS) measurements were performed on a VG Scientic ESCA-
LAB Mark II spectroscopy to determine the binding state of the
Bi, O, I and P ions. The C (1s) level was used as an internal
reference at 284.6 eV. Fourier-transform infrared (FTIR) spectra
of the samples were recorded on FTIR-9800 spectrometer (made
in Japan). The surface area was obtained by the Brunauer–
Emmett–Teller (BET) method, and pore size distribution was
calculated from the adsorption branch of the isotherms by the
Barrett–Joyner–Halenda (BJH) model. The photoluminescence
(PL) spectra of the prepared samples were detected by Hitachi F-
4600 (made in Japan). The UV-vis DRS spectra were obtained via
the UV-vis spectrometer (Hitachi U-3010 spectrophotometer) by
diffuse reectance method with BaSO4 powder as the substrate.
The electrochemical measurements were carried out by using
a three-electrode system at room temperature (CHI 660E). The
electrolyte was 0.1 M Na2SO4 aqueous solution.

2.3. Photocatalytic activity measurements

The photocatalytic activity of the as-prepared samples was
evaluated by degradation of the Rhodamine B (RhB) aqueous
solution (20 mg L�1). A 300 W xenon lamp with a 420 nm cutoff
lter was used as the light source. A total of 0.08 g of photo-
catalyst was added into 100 mL RhB solution. The temperature
of the photocatalytic reaction was kept at 25 �C. Prior to irra-
diation, the suspension was stirred in the dark for 30 min to
ensure the establishment of an adsorption–desorption equi-
librium. During irradiation, 4 mL suspension was sampled at
given time intervals and centrifuged to remove the remaining
particles. The residual RhB solution was then analyzed by
measuring the maximum absorbance of RhB at 553 nm using
a 752N ultraviolet-visible spectrometer.

3. Results and discussion
3.1. XRD analysis

Fig. 2a shows the XRD patterns of BiOI and P-doped BiOI
samples. It is seen that all of the samples can be identied as
the tetragonal BiOI (JCPDS no. 10-0445)14,23 and well crystal-
lized. In addition, by comparing the (102) and (110) diffraction
peaks in the range of 2q ¼ 28–33� as shown in Fig. 2b, it can be
seen that the peaks of P-BiOI slightly shi in the case of the
presence of phosphorus. We also nd that the other peak
positions of P-BiOI move slightly toward to the lower 2q values.
Furthermore, Table 1 shows the lattice constants of BiOI and P-
doped BiOI samples, which are calculated by (102) XRD peak
position of the tetragonal phase.24 The analyses show that the
crystal lattice parameters of P-BiOI increase with enhancing the
doping amount of P gradually. The enlargement of lattices of P-
BiOI may be resulted from the P species doped into the lattice of
BiOI.

3.2. SEM and HRTEM analyses

Fig. 3 shows the SEM images and HRTEM image of 4% P-BiOI.
In Fig. S1,† it can be seen that the BiOI consists of irregular-
sphere-like structure with the diameter from several to several
RSC Adv., 2017, 7, 36288–36296 | 36289
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Fig. 2 (a) XRD patterns of BiOI and P-doped BiOI samples; (b)
diffraction peak positions of the (012) and (110) plane in the range of 2q
¼ 28–33�.

Table 1 Crystallographic parameters of P-doped BiOI determined by
(102) XRD peak position of the tetragonal phase

Sample a ¼ b (Å) c (Å) Volume of cell (Å3)

BiOI 3.9614 9.0483 141.9972
2% P-BiOI 3.9663 9.0700 142.6858
4% P-BiOI 3.9902 9.1328 145.4103
6% P-BiOI 3.9903 9.1414 145.5573
8% P-BiOI 3.9910 9.1646 146.0246

Fig. 3 (a–d) SEM images and HRTEM image of 4% P-BiOI.

36290 | RSC Adv., 2017, 7, 36288–36296
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ten microns. However, when the P species is added, the hier-
archical microsphere with the diameter of 5–7 mm has the
advantages of good dispersivity (Fig. 3 and S2†), and the as-
prepared P-BiOI samples are layered microspheres con-
structed by numerous 2D-nanosheets with thickness of 30–
40 nm (Fig. 3c). Compared with the SEM images of BiOI and 4%
P-BiOI, it can be observed that the addition of P species is the
key factor on the formation of the hierarchical microstructure.
The HRTEM image (Fig. 3d) shows that the lattice fringes
spacing of 0.301 nm match well with the (102) plane of the
tetragonal BiOI, which is in good agreement with the XRD
result.19 In order to investigate the distribution of the Bi, O, I
and P elements, the EDS mapping was carried on 4% P-BiOI
sample and shown in Fig. 4, the results indicate that the Bi,
Fe, I, O elements are well dispersed in the BiOI microspheres.

3.3. X-ray photoelectron spectroscopy analysis

XPS measurement (Fig. 5) was used to determine the chemical
states of elements on the 4% P-BiOI sample. As shown in Fig. 5a,
the sample contains Bi, I, O, C and P elements. The peak of C 1s
at 284.6 eV is ascribed to the adventitious carbon on the surface
of BiOI. In Fig. 5b, the two symmetric peaks at 158.5 eV and
163.8 eV are ascribed to the Bi 4f7/2 and Bi 4f5/2, respectively.
Which indicates that the Bi element in the sample is in the form
of the Bi3+.25 The peaks of I 3d (Fig. 5c) located at 618.5 eV and
630.0 eV are assigned to I 3d5/2 and I 3d3/2, respectively, which
are characteristic of I� in BiOI.26 The O 1s region of the sample
can be tted into three peaks, including Bi–O bonds (529.5 eV),
P–O bonds (531.4 eV) and O–H bonds (533.0 eV), respectively
(Fig. 5d).21,27,28 It can be deduced that P species may be absorbed
on the surface or doped into the lattice of BiOI. As shown in
Fig. 5e, the peak at 133.1 eV in the P 2p is attributed to
pentavalent-oxidation state (P5+).29 Furthermore, according to
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM image (a) and EDS mapping of 4% P-BiOI: Bi (b), O (c), I (d), P (e); EDS pattern (f) of 4% P-BiOI.

Fig. 5 XPS spectra of 4% P-BiOI: (a) survey scan, (b) Bi 4f, (c) I 3d, (d) O 1s, (e) P 2p.
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the distortion of lattice of P-doped BiOI (as the analyses of XRD
patterns in Fig. 2b), we can presume that the P species are
introduced into the lattice of BiOI, which maybe inuence the
photocatalytic activity of BiOI.
3.4. FT-IR analysis

The FT-IR spectra of as-prepared samples are shown in Fig. 6a.
In the FTIR spectrum of BiOI and P-BiOI, there is a strong
absorption peak at around 477 cm�1, and the absorption peak
can be attributed to the stretching vibration of Bi–O bond.13,30
This journal is © The Royal Society of Chemistry 2017
In addition, there are two feeble absorption peaks at around
3564 and 1609 cm�1, which can be ascribed to the stretching
and bending vibrations of –OH group, respectively. Compared
with the FTIR spectra of BiOI and P-doped BiOI samples that is
show in Fig. 6a, it can be found that there are two new
absorption peaks appearing at around 1000 cm�1 and 596 cm�1

in the FTIR spectrum of P-BiOI. The absorption peak at around
1000 cm�1 and 596 cm�1 may be aroused by the stretching
vibration,28,31,32 and the bending vibrations of PO4

3�,33–35

respectively. It could be deduced that P species in the P-BiOI
may be existed in the form of the pentavalent oxidation state
RSC Adv., 2017, 7, 36288–36296 | 36291
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Fig. 6 (a) FTIR spectra of the samples; (b and c) the possible crystal
structure of P-doped BiOI.
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(P5+). However, it needs to be noticed that the stretching
vibration of P]O cannot be observed which appears in the
range of 1300–1400 cm�1.36 The result indicates that the P
might exist not simply in the form of PO4

3�, but probably in the
Fig. 7 N2 adsorption–desorption isotherm of (a) BiOI and (b) 4% P-
BiOI.

36292 | RSC Adv., 2017, 7, 36288–36296
form of Bi–O–P bond. In addition, it should be emphasized that
the structure and mechanism of forming bonding of P-BiOI are
still blurry. Besides, the possible crystal structure of P-BiOI is
presented in Fig. 6b and c.
3.5. N2 adsorption isotherms and pore-size distribution

N2 adsorption–desorption isotherms and pore-size distribution
are measured to determine the SBET of the BiOI and 4% P-BiOI
sample, and the results are shown in Fig. 7. All isotherms are of
type IV isotherms with H3-type hysteresis loops,37–39 indicating
that all the BiOI samples are mesoporous materials. The BET
surface area of the 4% P-BiOI microspheres are measured to be
14.5 m2 g�1, which is slightly larger than the pure BiOI (12.1 m2

g�1). The corresponding pore-size distribution of the BiOI and
P-BiOI are shown in the inset of Fig. 7, and the pore sizes of the
samples are 3.4 nm and 3.3 nm, respectively. The results
conrm that P doping has less inuence on the specic surfaces
and the pore sizes of the BiOI sample.
3.6. Photocatalytic activity

The photocatalytic activities of the samples are determined by
degrading the RhB dye. As shown in Fig. 8a, the photocatalytic
activity of the P-BiOI sample is better than that of the pure BiOI,
and 4% P-BiOI can completely degrade the dye within 40 min
(Fig. 8b). To quantitatively understand the reaction rates of RhB
degradation, the photocatalytic kinetic study is investigated by
the pseudo-rst-order model with the following equation:

ln(C0/C) ¼ kt (1)

where C0 and C are the concentrations of RhB at time 0 (the time
to obtain adsorption–desorption equilibrium) and t, respec-
tively, and k is the pseudo-rst-order rate constant.40–42 As seen
from Fig. 8c, the rate constants k of blank, BiOI, 2% P-BiOI, 4%
P-BiOI, 6% P-BiOI and 8% P-BiOI are calculated to be 1.066 �
10�5, 0.03234, 0.05718, 0.08493, 0.07458 and 0.06841 min�1,
respectively. It was found that the photocatalytic activity of 4%
P-BiOI sample for degradation of RhB is almost 2.6 times as
high as BiOI (Fig. 8d). The photocatalytic degradation results
indicate that the P doping can effectively enhance the photo-
catalytic performance of BiOI. The used catalyst (4% P-BiOI)
aer photo-degradation of RhB was also characterized by XRD
and XPS. As shown in Fig. S3,† there is no signicant difference
observed in the XRD and XPS spectrum of 4% P-BiOI before and
aer the photoreaction. These results demonstrated that the
structure of 4% P-BiOI has not changed before and aer the
photocatalytic reaction.

To evaluate reusability and stability of the pure and P-doped
BiOI samples, the cycling experiments for degradation of RhB
by 4% P-BiOI and transient photocurrent measurement of the
BiOI and P-doped BiOI were carried out (Fig. 9). Aer four
consecutive runs, the photocatalytic efficiency of 4% P-BiOI
declined by 4.5% (Fig. 9a), which indicated a high stability
photocatalytic activity for degradation of RhB. As shown in
Fig. 9b, all photocatalysts exhibit stable photocurrent response
under visible light illumination. It should be noted that the
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Photocatalytic degradation of RhB, (b) UV-vis spectral changes of RhB over 4% P-BiOI, (c) pseudo-first-order kinetics fitting plots and
(d) apparent first-order rate constants for various photocatalysts.

Fig. 9 (a) The cycling experiments for degradation of RhB by 4% P-
BiOI; (b) transient photocurrent response of BiOI and P-doped
samples.

Fig. 10 PL emission spectra of BiOI and P-doped BiOI samples.
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highest current is obtained from 4% P-BiOI. Thus, the obviously
enhanced photocurrent response of 4% P-BiOI revealed the
positive effect of P doping on facilitating the generation and
separation efficiency of photoexcited charge carriers of BiOI.
3.7. PL spectra analysis

To investigate the separation capacity of the generated electrons
and holes in the BiOI semiconductors, the PL spectra for the
This journal is © The Royal Society of Chemistry 2017
pure BiOI and P-doped BiOI samples are measured (Fig. 10).
The BiOI and P-doped BiOI samples show a similar peak shape.
However, the intensity of the peak in the 4% P-BiOI sample is
lower than the peak in the other samples,43,44 indicating that the
4% P-BiOI sample has a more efficient separation capacity for
the photogenerated carriers, which is consist with the results of
the photocatalytic activities.
3.8. Optical properties

The UV-vis diffuse reectance spectra of the BiOI and P-BiOI
samples are shown in Fig. 11a. It can be seen that the absorp-
tion edge of the P-BiOI is similar to the pure BiOI in the visible
light region. The band gap of the as-prepared samples can be
measured with the following formula:

ahn ¼ A(hn � Eg)
2 (2)

where a represents absorption coefficient, h represents Planck
constant, n represents light frequency, A represents a constant,
RSC Adv., 2017, 7, 36288–36296 | 36293
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Fig. 11 (a) UV-vis diffuse reflectance spectra, (b) the band gap energies, (c) valence-band XPS spectra and (d) Mott–Schottky plots of the
samples; (e) phosphorus doping effects on the schematic of band structure evolution of BiOI.
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and Eg represents band gap.45 By extrapolating to the X axis
(Fig. 11b), the band gap energies of BiOI and P-BiOI both were
calculated to be 1.77 eV, which implies that phosphorus doping
does not affect the value of the band gap.

From the standpoint of the kinetics and thermodynamic
requirements of direct semiconductor photocatalytic reactions,
the two features are worth noting: valence band (VB) width and
conduction band (CB) minimum energy.46–48 On the one hand,
the elevated VB width is advantageous for the separation of the
charge carriers since the wider VB can lead to the higher
Fig. 12 (a and c) The effect of reactive groups on the photocatalytic de

36294 | RSC Adv., 2017, 7, 36288–36296
mobility of the holes, which results in better photooxidation of
the holes. On the other hand, the upper shi of CB should play
two essential roles in photocatalytic performance: the increase
in CB minimum not only makes the photogenerated electrons
more reactive with molecular oxygen to produce superoxide
ions, but also promotes photoelectron emission to the reactants
results in inhibition of electron–hole recombination. The point
of view is consistent with the conclusion of PL spectrum. In
order to research the inuence of P-doping on the VB width of
BiOI, the total densities of states of XPS valence band spectra of
gradation of RhB; (b and d) pseudo-first-order kinetics fitting plots.

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Schematic illustration of the band structure of BiOI and P-
doped BiOI microspheres: the elevated VB maximum and rising CB
minimum of P-BiOI effectively separates the photoinduced electron–
hole pairs.
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BiOI and P-BiOI is measured by XPS valence spectra, as shown
in Fig. 11c. The pure BiOI display a valence band with the edge
of the maximum energy at about 0.61 eV. In addition, in the
light of the optical absorption spectrum, the value of CB
minimum should be �1.16 eV. Simultaneously, for the P-BiOI,
the valence band maximum energy upper shis by 0.32 to
0.29 eV in comparison with that of pure BiOI. Combined with
the consequences of optical measurements, the CB minimum
of P-BiOI upper shis by 0.32 eV to�1.48 eV in comparison with
that of pure BiOI.

To further conrm the effect of phosphorus doping on the
band structure evolution of BiOI, the Mott–Schottky measure-
ments were set to a xed frequency of 5 kHz and the range of
�0.8 eV and 0.8 eV. As shown in Fig. 11d both of the samples are
n-type semiconductors.49 The at band potential (E) was
determined by the extrapolation of the Mott–Schottky plot, and
the E of BiOI and 4% P-BiOI are found to be�1.49 and�1.83 V
vs. Ag/AgCl electrode (�1.27 and �1.61 eV vs. the normal
hydrogen electrode, NHE),50,51 respectively. The E is approxi-
mately equal to the ECB for n-type semiconductors, which
means that the conduction band position of BiOI is 0.34 eV
lower than that of 4% P-BiOI. The results of band structure
calculated by Mott–Schottky t well with XPS valence band
spectra. Hence, phosphorus doping effects on the band struc-
ture evolution of BiOI as shown in Fig. 11e. Thereby, it can be
speculated that the improvement of valence band width and
conduction band minimum may be favourable to the
enhancement of photocatalytic activity.
3.9. Possible photocatalytic mechanism

The degradation of organic dyes may involve one or more of the
active groups such as cOH, h+ and cO2

�.18,45,52 To investigate the
function of these active groups, different scavengers are added
to the photocatalytic reaction system, respectively. The ethyl-
enediaminetetraacetic acid disodium (EDTA-2Na) is used as the
scavenger for h+, and the benzoquinone (BQ) is used as the
scavenger for cO2

� and the iso-propyl alcohol (IPA) is used as the
scavenger for cOH (Fig. 12). In the case of the presence of IPA,
the photocatalytic efficiency of BiOI and P-BiOI are relatively
slightly reduced, indicating that the cOH is not signicant in the
photocatalytic process. When the EDTA-2Na is added to the
reaction system, the photocatalytic activity of BiOI and P-BiOI
are decreased signicantly, suggesting that the h+ plays an
indispensable role. In order to further study the effect of P
Table 2 Pseudo-first-order rate constants for RhB photocatalytic
degradation with different photocatalysts active groups

BiOI 4% P-BiOI

k (min�1) R2 k (min�1) R2

Normal 0.03234(k0) 0.990 0.08493(k00) 0.999
+IPA 0.01423(k1) 0.999 0.01648(k01) 0.995
+BQ 0.01058(k2) 0.999 0.01054(k02) 0.995
+EDTA-2Na 0.00396(k3) 0.962 0.00280(k03) 0.993

This journal is © The Royal Society of Chemistry 2017
doping on photocatalytic mechanism, the rate constants k of
two samples by adding different scavengers are compared
(Table 2). The k03 is smaller than the k3, which means that h+

plays a more important role in the photocatalytic reaction of P-
BiOI than that of BiOI, the result is in agreement with the
literatures reported.53 Combined with XPS valence spectra data,
it is concluded that the P doping can result in the higher
mobility of holes generated which leads to the better photo-
oxidation of holes. In addition, the k02 is slightly smaller than
the k2, which implies that the P doping also increases the
concentration of cO2

�. As a result, the P-BiOI shows more
superior photocatalytic activity than the BiOI. The effects of P
doping on the photocatalytic mechanism of BiOI is shown in
Fig. 13.
4. Conclusions

In summary, we had successfully synthesized 3D hierarchical
microspheres via a facile hydrolytic method at room tempera-
ture. The P-BiOI microspheres were uniform in size with several
micrometers and constructed by numerous 2D-nanosheets with
thickness of 30–40 nm. It was found that P species were intro-
duced into the lattice of BiOI and formed the Bi–O–P bond. The
P doping not only affected the morphology and structure of
BiOI, but also changed the band structure of BiOI. Most of all we
found that the VB maximum and CB minimum of P-BiOI up-
shis by 0.32 eV leaded to more efficient separation capacity
of the photogenerated carrier, the higher mobility of the
resulting holes and the greater concentration of superoxide ions
to improve the photocatalytic activity than BiOI. The change of
band structure of P-BiOI was the main factor to improve the
visible light photocatalytic activity.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (11179029) and the Science Technology
Plan Project of Hebei Province (15211109D).
RSC Adv., 2017, 7, 36288–36296 | 36295

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06261c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
7:

52
:1

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 M. Kapilashrami, Y. Zhang, Y.-S. Liu, A. Hagfeldt and J. Guo,
Chem. Rev., 2014, 114, 9662–9707.

2 L. Kong, C. Wang, H. Zheng, X. Zhang and Y. Liu, J. Phys.
Chem. C, 2015, 119, 16623–16632.

3 N. Becknell, Y. Kang, C. Chen, J. Resasco, N. Kornienko,
J. Guo, N. M. Markovic, G. A. Somorjai, V. R. Stamenkovic
and P. Yang, J. Am. Chem. Soc., 2015, 137, 15817–15824.

4 K. S. Yang, Y. Dai and B. B. Huang, J. Phys. Chem. C, 2007,
111, 18985–18994.

5 C. Kang, L. Jing, T. Guo, H. Cui, J. Zhou and H. Fu, J. Phys.
Chem. C, 2009, 113, 1006–1013.

6 W.-Q. Fan, X.-Q. Yu, S.-Y. Song, H.-Y. Bai, C. Zhang, D. Yan,
C.-B. Liu, Q. Wang and W.-D. Shi, CrystEngComm, 2014, 16,
820–825.

7 H. Cheng, B. Huang and Y. Dai, Nanoscale, 2014, 6, 2009–
2026.

8 X. Zhang, L. Zhang, T. Xie and D. Wang, J. Phys. Chem. C,
2009, 113, 7371–7378.

9 J. Jiang, X. Zhang, P. Sun and L. Zhang, J. Phys. Chem. C,
2011, 115, 20555–20564.

10 Y. Zhang, Q. Pei, J. Liang, T. Feng, X. Zhou, H. Mao,
W. Zhang, Y. Hisaeda and X.-M. Song, Langmuir, 2015, 31,
10279–10284.

11 A. C. Mera, D. Contreras, N. Escalona and H. D. Mansilla, J.
Photochem. Photobiol., A, 2016, 318, 71–76.

12 R. Hao, X. Xiao, X. X. Zuo, J. M. Nan and W. D. Zhang, J.
Hazard. Mater., 2012, 209, 137–145.

13 H. L. Lin, C. C. Zhou, J. Cao and S. F. Chen, Chin. Sci. Bull.,
2014, 59, 3420–3426.

14 X. Wang, S. Yang, H. Li, W. Zhao, C. Sun andH. He, RSC Adv.,
2014, 4, 42530–42537.

15 X. Y. Qin, H. F. Cheng, W. J. Wang, B. B. Huang, X. Y. Zhang
and Y. Dai, Mater. Lett., 2013, 100, 285–288.

16 J.-C. Wang, H.-C. Yao, Z.-Y. Fan, L. Zhang, J.-S. Wang,
S.-Q. Zang and Z.-J. Li, ACS Appl. Mater. Interfaces, 2016, 8,
3765–3775.

17 C. Liao, Z. Ma, G. Dong and J. Qiu, Appl. Surf. Sci., 2014, 314,
481–489.

18 J. Liu, H. Li, N. Du, S. Song and W. Hou, RSC Adv., 2014, 4,
31393–31399.

19 J. Di, J. Xia, M. Ji, B. Wang, S. Yin, H. Xu, Z. Chen and H. Li,
Langmuir, 2016, 32, 2075–2084.

20 X. Zhang and L. Z. Zhang, J. Phys. Chem. C, 2010, 114, 18198–
18206.

21 J. L. Liang, J. Deng, M. Li, T. Y. Xu and M. P. Tong, Colloids
Surf., B, 2016, 147, 307–314.

22 M. Wang, J. Gao, G. Zhu, N. Li, R. Zhu, X. Wei, P. Liu and
Q. Guo, RSC Adv., 2016, 6, 106615–106624.

23 J. L. Zhao, X. W. Lv, X. X. Wang, J. Yang, X. J. Yang and
X. B. Lu, Mater. Lett., 2015, 158, 40–44.

24 H. Moradi, A. Eshaghi, S. R. Hosseini and K. Ghani, Ultrason.
Sonochem., 2016, 32, 314–319.

25 Y. Zhao, X. Tan, T. Yu and S. C. Wang,Mater. Lett., 2016, 164,
243–247.
36296 | RSC Adv., 2017, 7, 36288–36296
26 D. Wu, H. Wang, C. Li, J. Xia, X. Song and W. Huang, Surf.
Coat. Technol., 2014, 258, 672–676.

27 J. Chen, H. B. Yang, J. Miao, H. Y. Wang and B. Liu, J. Am.
Chem. Soc., 2014, 136, 15310–15318.

28 Y. Xia, Y. Jiang, F. Li, M. Xia, B. Xue and Y. Li, Appl. Surf. Sci.,
2014, 289, 306–315.

29 Q. Shi, D. Yang, Z. Jiang and J. Li, J. Mol. Catal. B: Enzym.,
2006, 43, 44–48.

30 Y. N. Wang, K. J. Deng and L. Z. Zhang, J. Phys. Chem. C,
2011, 115, 14300–14308.

31 F. F. Li, Y. S. Jiang, M. S. Xia, M. M. Sun, B. Xue, D. R. Liu and
X. G. Zhang, J. Phys. Chem. C, 2009, 113, 18134–18141.

32 Q. Y. Wang, H. Q. Jiang, S. Y. Zang, J. S. Li and Q. F. Wang, J.
Alloys Compd., 2014, 586, 411–419.

33 P. Arunkumar, C. Jayajothi, D. Jeyakumar and
N. Lakshminarasimhan, RSC Adv., 2012, 2, 1477–1485.

34 V. D. Nithya, L. Vasylechko and R. K. Selvan, RSC Adv., 2014,
4, 65184–65194.

35 M. H. Fulekar, A. Singh, D. P. Dutta, M. Roy, A. Ballal and
A. K. Tyagi, RSC Adv., 2014, 4, 10097–10107.

36 S. Wang and S. Zhou, J. Hazard. Mater., 2011, 185, 77–85.
37 Y. Li, J. Liu, X. Huang and G. Li, Cryst. Growth Des., 2007, 7,

1350–1355.
38 A. Kay, I. Cesar and M. Grätzel, J. Am. Chem. Soc., 2006, 128,

15714–15721.
39 J. Han, G. Zhu, M. Hojamberdiev, J. Peng, X. Zhang, Y. Liu,

B. Ge and P. Liu, New J. Chem., 2015, 39, 1874–1882.
40 D. Yuan, L. Huang, Y. Li, Y. Xu, H. Xu, S. Huang, J. Yan,

M. He and H. Li, RSC Adv., 2016, 6, 41204–41213.
41 Y. Zhang, S. Liu, Z. Xiu, Q. Lu, H. Sun and G. Liu, J. Nanopart.

Res., 2014, 16, 2375.
42 K. H. Reddy, S. Martha and K. M. Parida, Inorg. Chem., 2013,

52, 6390–6401.
43 S.-Y. Chou, C.-C. Chen, Y.-M. Dai, J.-H. Lin and W. W. Lee,

RSC Adv., 2016, 6, 33478–33491.
44 H. Huang, K. Liu, Y. Zhang, K. Chen, Y. Zhang and N. Tian,

RSC Adv., 2014, 4, 49386–49394.
45 Z. Yang, F. Cheng, X. Dong and F. Cui, RSC Adv., 2015, 5,

68151–68158.
46 M. Guan, C. Xiao, J. Zhang, S. Fan, R. An, Q. Cheng, J. Xie,

M. Zhou, B. Ye and Y. Xie, J. Am. Chem. Soc., 2013, 135,
10411–10417.

47 G. Liu, P. Niu, C. Sun, S. C. Smith, Z. Chen, G. Q. Lu and
H.-M. Cheng, J. Am. Chem. Soc., 2010, 132, 11642–11648.

48 J. Di, J. Xia, M. Ji, B. Wang, S. Yin, Q. Zhang, Z. Chen and
H. Li, ACS Appl. Mater. Interfaces, 2015, 7, 20111–20123.

49 D. Kandi, S. Martha, A. Thirumurugan and K. M. Parida, J.
Phys. Chem. C, 2017, 121, 4834–4849.

50 K.-W. Cheng and C.-J. Liang, Sol. Energy Mater. Sol. Cells,
2010, 94, 1137–1145.

51 M. Barawi, I. J. Ferrer, J. R. Ares and C. Sanchez, ACS Appl.
Mater. Interfaces, 2014, 6, 20544–20549.

52 S. Liu, H. Liu, G. Jin and H. Yuan, RSC Adv., 2015, 5, 45646–
45653.

53 Y. Feng, C. Liu, J. Chen, H. Che, L. Xiao, W. Gu and W. Shi,
RSC Adv., 2016, 6, 38290–38299.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06261c

	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c

	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c

	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c
	Unique band structure enhanced visible light photocatalytic activity of phosphorus-doped BiOI hierarchical microspheresElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra06261c


