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ABSTRACT

Engineering semiconductor-based homo- (hetero-) junctions in hierarchical

nanostructures is a promising way to achieve the high performance and recy-

clable photocatalysts toward pollutants degradation in water. Herein, we

develop a kind of hierarchical p–n heterojunctions photocatalysts through con-

trollable decoration of ultrathin p-BiOBr nanosheets onto n-TiO2 electrospun

nanofibers by using a traditional solvothermal method. Structural characteri-

zation results indicate that the BiOBr nanosheets are assembled uniformly onto

the TiO2 nanofibers. This well-designed hierarchical p–n heterojunctions in the

p-BiOBr/n-TiO2 nanofibers photocatalyst lead to not only the improved gener-

ation/separation of photoinduced charges-carriers, but also the increased

amount of redox sites. Benefiting to these advantages, the optimal p-BiOBr/n-

TiO2 nanofibers exhibited the apparent rate constant of 0.1 and 0.15 min-1 for

photocatalytic RhB and MO degradation under UV-light irradiation, which is

twice and three times higher than that of mechanically mixtured BiOBr

nanosheets and TiO2 nanofibers, respectively. Control experiments demonstrate

that both the photoinduced electrons and the oxygen free radicals play the major

roles on the enhancement of photocatalytic activity. Moreover, the p-BiOBr/n-

TiO2 nanofibers photocatalysts with the unique nonwoven structure can be

easily recycled without secondary pollution, in particular, still maintaining

almost the initial photocatalytic activity during the wastewater treatment.
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Introduction

Semiconductor-based photocatalysis has been regar-

ded as an ideal ‘‘green strategy’’ to confront the

increasingly global environmental pollution in mod-

ern society. The photocatalysts can harvest solar

energy and simultaneously generate active charge

carriers for implementing the redox process toward

pollutant degradation [1–7]. As the most traditional

photocatalyst, n-type TiO2 has been widely resear-

ched because of its low cost, nontoxicity, long-term

stability and the suitable energy levels for producing

the reactive species toward the degradation of pol-

lutants [8–10]. Unfortunately, the pure TiO2 is ham-

pered by the rapid recombination rate of

photoinduced carriers and low transfer speed. In

order to solve these problems, researchers have taken

a lot of efforts to construct TiO2-based homo- (hetero-)

junction photocatalysts for efficiently facilitating the

separation of photoinduced electron–hole [11–16].

Particularly, designing p–n heterojunctions is of

enormous significance because of the existence of an

internal electric field, which can greatly accelerate the

separation of photogeneration electron–hole and

ultimately improve the photocatalytic activity [17–19].

Therefore, seeking a rational p-type semiconductor

with matchable band-gap structure for n-type TiO2

has been endowed with great promise in the devel-

opment of photocatalytic degradation.

Among the widely reported p-type photocatalyst,

bismuth oxyhalides (BiOX, X = Cl, Br, I) have been

studied extensively in recently years due to the

indirect optical transition characteristic and unique

layer crystal structure in which excitonic effects can

effectively enhance the activities for photocatalytic

reactions [20–24]. In particular, bismuth oxybromide

(p-BiOBr) consisted of a layer of [Bi2O2]2? and two

layers of bromine ions connected by internal static

electric fields along [001] orientation have drawn

considerable attention due to its excellent photocat-

alytic properties [25–28]. Furthermore, BiOBr also has

a series of advantages of nontoxic, eco-friendly and

low cost in the treatment of contaminants in water

and environment [29–31]. In addition, the band-gap

structure of p-BiOBr and n-TiO2 is a well-matched

couple as previously reported [32–35]. Therefore, p-

BiOBr/n-TiO2 heterojunctions could take the advan-

tage of internal electric field to prolong the lifetime of

reactive species and enhance the photocatalytic

activities. Nevertheless, most of the reported p-

BiOBr/n-TiO2 heterojunctions photocatalysts are

mainly in powder state. The suspended nanoparticles

are very difficult to be separated from the contami-

nated water after photocatalysis, leading to a sec-

ondary pollution. Therefore, it is of great interest to

design effective and practical p-BiOBr/n-TiO2 pho-

tocatalysts with both high photocatalytic activities as

well as favorable recycling capabilities.

To date, one-dimensional (1D) nanofibers obtained

through electrospinning technique have aroused

great attention in the field of liquid-phase photo-

catalysis due to the following advantages: (a) the

electrospun nanofibers with abundant functional

groups will be the optimal templates for fabricating

hierarchical heterojunctions nanostructure and then

offer more active reaction sites for connecting with

pollutant [36, 37]; (b) the ultra-long nanofiber acts as a

vectorial transport ‘‘tunnel’’ for photoinduced elec-

tron–hole pairs to acquire a high separation efficiency

[38]; (c) the unique feature of nonwoven web struc-

ture can not only prevent photocatalysts from

agglomerating during photocatalytic process, but

also be beneficial to separating and recovering pho-

tocatalysts from wastewater after pollutants degra-

dation [39]. On the basis of above, combining p-BiOBr

with electrospun n-TiO2 nanofibers to form a hierar-

chical p–n heterostructure would be the ideal method

to solve the above problems for practical

applications.

In this work, we fabricate a kind of hierarchical p-

BiOBr/n-TiO2 heterojunctions nanofibers (NFs) via

the electrospinning technique combined with a tra-

ditional solvothermal method. By adjusting the con-

centrations of Bi and Br sources during solvothermal

reaction, the coverage density of ultrathin BiOBr

nanosheets on TiO2 NFs could be controlled. This

well-designed hierarchical heterojunctions of p-

BiOBr/n-TiO2 NFs exhibit enhanced photocatalytic

activity for degradation of both RhB and MO. It could

be attributed to the synergistic effects of large surface

areas, ultra-long 1D nanostructure and hierarchical

p–n heterojunction. Importantly, the p-BiOBr/n-TiO2

NFs with unique three-dimensional nonwoven

structure could not only effectively avoid the

agglomeration of photocatalysts and provide more

accessible surface areas for pollutant, but also

develop a reliable strategy to facilely separate pho-

tocatalysts from liquid system and prevent the sec-

ondary pollution. Moreover, the recycled
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photocatalysts present desirable structural stability

and also retain the initial photocatalytic activity.

Results and discussion

Figure 1 shows the microstructures of the electro-

spun TiO2 NFs and p-BiOBr/n-TiO2 NFs. It can be

clearly seen that the TiO2 NF has smooth surface

without secondary nanostructures (Fig. 1a). TiO2 NFs

with a diameter about 500 nm are aligned in random

orientations and interweaved to form a nonwoven

nanofibrous film, which is very suitable to serve as

active template for different catalytic materials

depositing. After the solvothermal treatment, the

secondary BiOBr nanosheets are uniformly decorated

on the surface of TiO2 NFs (Fig. 1b–d), exhibiting

rough surface and increased diameter compared to

pure electrospun TiO2 NFs. And the obtained p-

BiOBr/n-TiO2 NFs still maintain the nonwoven

nanofibrous structure almost without compromising.

Moreover, increasing the concentration of Bi source

and Br source during the solvothermal reaction, there

is an increased density of BiOBr nanosheets growing

on the TiO2 NFs along the long axial direction. This

leads to that the interspace between BiOBr nanosh-

eets becomes increasingly narrower, and finally, the

TiO2 NF is completely covered by BiOBr nanosheets

for BiOBr/TiO2-3. It should be noted that the large

amount deposition of BiOBr nanosheets not only can

increase the accessible surface areas with pollution,

but also can provide numerous active sites for redox

reactions which may have important influence on

photocatalytic activity.

The typical TEM and HRTEM images of individual

BiOBr/TiO2-2 are shown in Fig. 1e, f, respectively. In

Fig. 1e, it can be further observed that a large number

of BiOBr nanosheets are tightly decorated on the

surface of TiO2 NFs. This is coinciding with the

results of the SEM observation. The HRTEM image

displays two types of clear lattice fringes in Fig. 1f.

One set of the fringes spacing is ca. 0.352 nm, corre-

sponding to the (1 0 1) plane of the anatase crystal

structure of TiO2. Another set of the fringes spacing is

ca. 0.278 nm, which corresponds to the (1 1 0) lattice

spacing of the tetragonal phase BiOBr.

The XRD patterns of the obtained samples are

shown in Fig. 2. The electrospun TiO2 NFs are pure

anatase phase (JCPDS 21-1272), and the BiOBr

nanosheets prepared are tetragonal BiOBr (JCPDS25-

0390). The p-BiOBr/n-TiO2 NFs possess the feature

peaks of both TiO2 NFs and BiOBr nanosheets, indi-

cating that the BiOBr nanosheets have been success-

fully loaded on electrospun TiO2 NFs through the

solvothermal method. Moreover, it should be also

noted that the diffraction peaks of TiO2 are weakened

with the increasing amount of Bi and Br sources,

whereas the peak intensities of BiOBr increase grad-

ually in the composite nanofibers. The sharp

diffraction peaks of both BiOBr and TiO2 indicate

their good crystallinity. No traces of other phases are

detected, further confirming the high purity of these

as-fabricated p-BiOBr/n-TiO2 NFs samples.

Figure 1 SEM images of

a TiO2 NFs; b BiOBr/TiO2-1;

c BiOBr/TiO2-2; d BiOBr/

TiO2-3. e TEM and f HRTEM

images of BiOBr/TiO2-2.
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To further study the surface composition and

chemical state of the BiOBr/TiO2-2 sample, XPS

analysis was conducted as illustrated in Fig. 3. The

typical high-resolution XPS spectrum of Bi 4f region

shows a binding energy at 164.5 eV for Bi 4f5/2 and at

159.2 eV for Bi 4f7/2, which indicates a normal state of

Bi3? in BiOBr/TiO2-2 (Fig. 3a) [40]. The binding

energies for Br 3d5/2 and Br 3d7/2 are 35.5 eV and

37.6 eV suggesting that the existing Br element is in

the chemical state of Br- (Fig. 3b) [41]. The XPS

spectrum for O1 s can be deconvoluted into three

peaks at 529.6, 530.5 and 531.9 eV, which can be

assigned to Bi–O and Ti–O in BiOBr/TiO2-2 and H–O

on surface, respectively (Fig. 3c). The splitting peak

between Ti 2p1/2 and Ti 2p3/2 in Fig. 3d is 5.7 eV,

indicating a normal state of Ti4? in both electrospun

TiO2 NFs and the BiOBr/TiO2-2 [42]. This result

reveals the coexistence of TiO2 and BiOBr species in

the BiOBr/TiO2-2 sample, which is in good accor-

dance with the XRD, TEM and SEM results. Based on

the above, the p-BiOBr/n-TiO2 with rational design

p–n heterostructure has been fabricated successfully,

in particular, which will broaden the absorbed light

spectrum range as well as facilitate the charge sepa-

ration rate between BiOBr and TiO2 for efficient

degradation of pollutant substance.

The optical properties of TiO2, BiOBr/TiO2-1,

BiOBr/TiO2-2, BiOBr/TiO2-3 and BiOBr were exam-

ined using the UV–Vis diffuse reflectance spectrum.

Figure 4a shows the UV–Vis absorption spectra con-

verted from corresponding diffuse reflectance spectra

by means of the Kubelka–Munk function [43]:

F Rð Þ ¼ 1 � Rð Þ2=2R ¼ a=S ð1Þ

Figure 2 XRD patterns of BiOBr nanosheets, TiO2 NFs and p-

BiOBr/n-TiO2 NFs.

Figure 3 XPS spectrum of

a Bi 4f; b Br 3d; c O 1 s for

BiOBr/TiO2-2 and d Ti 2p for

TiO2 NFs and BiOBr/TiO2-2.
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R ¼ RSample=RBaSO4
ð2Þ

where R, a and S are the reflectance, absorption

coefficient and scattering coefficient, respectively. It

can be seen that the absorption edge of the pure

electrospun TiO2 NFs and the absorption edge BiOBr

nanosheets are located at about 393 and 355 nm,

respectively. And the absorption edges of p-BiOBr/n-

TiO2 NFs show gradually a red-shift from 393 to

355 nm with the increased amount of BiOBr in the

composite nanofibers. The band-gap energy of the

TiO2 and BiOBr was calculated by Eq. 3:

ahm ¼ Aðhm� EgÞn=2 ð3Þ

where a, m, Eg and A are the absorption coefficient,

light frequency, band gap and a constant, respec-

tively. Moreover, n depends on the characteristics of

the transition in a semiconductor: direct transition

(n = 1) or indirect transition (n = 4). For TiO2 and

BiOBr, the value of n is 4 for the indirect transition.

Therefore, the band-gap energy of the TiO2 and

BiOBr in our experiment can be estimated from a plot

of (ahm)1/2 versus photon energy hm. As observed in

Fig. 4b, the band gap of TiO2 and BiOBr is evaluated

to be 3.2 eV and 2.8 eV, respectively, which is coin-

cident with previous reports [44, 45]. Meanwhile, the

band-gap energies of p-BiOBr/n-TiO2 NFs are

between that of TiO2 and BiOBr and decreased with

an increase in BiOBr’s content in p-BiOBr/n-TiO2

NFs.

The photocatalytic activity of the samples was

evaluated by RhB and MO dyes. Figure 5a depicts

the correlation curves between the concentration

changes of dye molecules and the irradiation dura-

tions in the presence of photocatalysts. After UV-light

irradiation for 20 min, the degradation efficiency of

RhB is about 30, 57, 64, 89 and 76% for the electro-

spun TiO2 NFs, mechanical mixture TiO2 and BiOBr

(M-BT, Bi:Ti = 1:0.20), BiOBr/TiO2-1, BiOBr/TiO2-2

and BiOBr/TiO2-3, respectively. For a better com-

parison of the photocatalytic efficiency, the kinetic

analysis of degradation of RhB is presented and

discussed. In Fig. 5b, the kinetic linear simulation

curves of the photocatalytic degradation of RhB of the

p-BiOBr/n-TiO2 NFs show that the above degrada-

tion reactions follow a Langmuir–Hinshelwood

apparent first-order kinetics model. Due to the low

initial concentrations of the reactants (C0 = 10 mg/L

in the present experiment), it could be simplified as

the following equation [46]:

lnC0=C ¼ kKt ¼ kappt ð4Þ

where C is the concentration (mg/L), t is the UV-light

irradiation time, k is the reaction rate constant (mg/(L

min)), K is the adsorption coefficient of the reactant

(L/mg) and kapp is the apparent first-order rate con-

stant (min-1). The order of photocatalytic activity is

BiOBr/TiO2-2[BiOBr/TiO2-3[BiOBr/TiO2-1[M-

BT[TiO2, which is consistent with the activity stud-

ies above. The broad spectrum photocatalytic abilities

of p-BiOBr/n-TiO2 NFs have been further investigated

by degradation of MO as pollutants in Fig. 5c. The

highest photocatalytic degradation efficiency is also

observed by BiOBr/TiO2-2 as compared with the other

samples. The kinetic linear simulation curves of the

photocatalytic degradation of MO are shown in

Fig. 5d. And the determined kapp for different catalysts

is also summarized in Table 1. Furthermore, the visi-

ble-light-driven photocatalytic degradation process

(k[ 400 nm) was further carried out, and the

Figure 4 a UV–Vis diffuses

reflectance (DR) spectra and

b the plots of F(R)1/2(Aht)1/2

versus photon energy (ht) for
TiO2 NFs, BiOBr nanosheets

and p-BiOBr/n-TiO2 NFs.
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corresponding results are shown in Figure S1. Among

these samples, the BiOBr/TiO2-2 also presents the

optimal photocatalytic activity even though the exis-

tence of dye self-sensitized process upon visible-light

excitation [47]. It further confirms the promoted

charge separation at the hetero-interface of p-BiOBr/n-

TiO2 NFs.

It should be noted that the photocatalytic activities

of p-BiOBr/n-TiO2 NFs photocatalysts gradually

increase with an increase in loaded-BiOBr content

and reach the maximum value for the BiOBr/TiO2-2

sample. After that, the activity of BiOBr/TiO2-3

sequentially decreases. Obviously, the photocatalytic

activity of the samples is significantly affected by the

BiOBr content in p-BiOBr/n-TiO2 NFs. According to

the SEM images of p-BiOBr/n-TiO2 NFs (Fig. 1), for

low BiOBr content in the BiOBr/TiO2-1 sample,

sparse BiOBr nanosheets grown on TiO2 NFs are

observed. Thus, only a small number of p–n junctions

are generated, leading to low photocatalytic activity.

When the BiOBr content is increased in the BiOBr/

TiO2-2 sample, a large number of p–n junctions are

formed. More p–n junctions can provide more sepa-

rate paths for electrons and holes, resulting in the

highest photocatalytic activity for the optimal BiOBr/

TiO2-2 sample. With further increase in BiOBr

Figure 5 Photocatalytic

degradation and kinetic linear

simulation curves of a, b RhB

and c, d MO over TiO2 NFs,

p-BiOBr/n-TiO2 NFs and

M-BT under UV-light

irradiation.

Table 1 Amount of reactants,

chemical component and

photocatalysis reaction rates

for TiO2 NFs, p-BiOBr/n-TiO2

NFs and M-BT

Samples Precursors (mM) Ti/Bi (molar ratio) Kapp (min-1)

Bi(NO3)3 KBr (EDX) RhB MO

TiO2 0 0 – 0.034 ± 0.004 0.026 ± 0.005

BiOBr/TiO2-1 0.25 0.25 1:0.08 0.050 ± 0.001 0.065 ± 0.008

BiOBr/TiO2-2 0.5 0.5 1:0.20 0.103 ± 0.005 0.148 ± 0.018

BiOBr/TiO2-3 1 1 1:0.42 0.065 ± 0.003 0.089 ± 0.010

M-BT – – – 0.047 ± 0.003 0.051 ± 0.005
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content, dense BiOBr nanosheets cover the electro-

spun TiO2 NFs, as observed in the BiOBr/TiO2-3

sample (Fig. 1d), excess BiOBr will greatly increase

thickness of shell structure which decreases the light

irradiation on electrospun TiO2 NFs and the p–

n junction interfaces, leading to that the photoin-

duced electrons and holes have to experience a long

diffusion length (Fig. 6a). As thus, the collision

probability of the photoinduced carriers obviously

increases before it reaches the interface. Most of them

generate nonradiative recombination to release a

number of phonons. This shielding effect of the dense

BiOBr nanosheets coating the electrospun TiO2 NFs

makes the photocatalytic activity of the BiOBr/TiO2-3

sample to decrease.

In addition, the photocatalytic degradation mech-

anism of dye pollutants by the p-BiOBr/n-TiO2 NFs is

systematically investigated by introducing ammo-

nium oxalate (AO), Tert-butylalcohol (TBA), Cr(VI)

and benzoquinone (BQ), which are known as effec-

tive holes (h?), hydroxyl radicals (OH•), active

electron (e-) and superoxide radicals (•O2) scav-

engers for photocatalytic reaction, respectively

(Fig. 6c). All scavengers are observed to partially

suppress the photodegradation rates as compared to

the absence of scavengers. The photodegradation

rates decrease in the order of Cr(VI)\BQ\AO\
TBA, indicating that e- and •O2 are the major reac-

tive species in the photocatalytic process.

Based on the above results, a reasonable photo-

catalytic mechanism is proposed. For the p-type

BiOBr, the Fermi energy level is close to the valence

band, whereas for the n-type TiO2, the Fermi energy

level is close to the conduction band. When the two

semiconductors are in contact to form a p–n junction

(Fig. 6b), there is diffusion of electrons from TiO2 to

BiOBr due to their different Fermi energy levels,

resulting in accumulation of negative charges in

BiOBr close to the p–n heterojunction. At the same

time, the holes transfer from BiOBr to TiO2, leaving a

positive section in TiO2 near the p–n heterojunction.

Moreover, the energy bands of BiOBr shift upward

Figure 6 a Schematic diagram on the influence of the content of

BiOBr nanosheets; b possible photocatalytic reactions of p-BiOBr/

n-TiO2 NFs; c plots of photodegradation of RhB over BiOBr/

TiO2-2 with different scavengers and the inset is the SEM image

and the schematic diagram of electron transfer for BiOBr/TiO2-2;

d PL emission spectra of TiO2 NFs and p-BiOBr/n-TiO2 NFs;

e photocatalysis tests of BiOBr/TiO2-2 for three cycles.
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along the Fermi level and those of the TiO2 shift

downward along its Fermi level. With equilibration

of BiOBr and TiO2 Fermi levels, the diffusion of

electrons from TiO2 to BiOBr stops. Therefore, an

equilibrium state is formed and an inner electric field

will also be generated at the interface. Under UV-

light irradiation, both BiOBr and TiO2 are excited,

and photoelectrons and holes are generated. The

excited electrons on the conduction band of the p-

type BiOBr transfer to that of n-type TiO2, whereas

the holes on the valence band of n-type TiO2 transfer

to that of the p-type BiOBr. Furthermore, the migra-

tion rates of the photoinduced electrons and holes are

promoted by the internal electric field in the p-

BiOBr/n-TiO2 NFs, and the photocatalytic activity is

largely enhanced.

The better separation of electrons and holes for p-

BiOBr/n-TiO2 NFs is also confirmed by photolumi-

nescence spectrum (PL) in Fig. 6d, which can be used

to investigate the relative quantum yields and trap-

ping as well as transition of photoinduced electron–

hole pairs. The higher PL intensity might indicate a

higher recombination rate of photo-generated elec-

trons and holes. Compared with electrospun TiO2

NFs, the emission intensity from p-BiOBr/n-TiO2 NFs

is clearly reduced. This suggests that the recombi-

nation of photoinduced charge carriers can be effec-

tively inhibited. Among the composite samples,

BiOBr/TiO2-2 shows the lowest intensity. Therefore,

the unique heterostructured photocatalyst of p-

BiOBr/n-TiO2 NFs is highly favorable for efficiently

separating the photoinduced carriers during the

photocatalytic reactions.

To confirm the stability of the high photocatalytic

performance of the BiOBr/TiO2-2 photocatalysts, the

circulating runs in the photodegradation of RhB were

checked. Each experiment is carried out under iden-

tical conditions. As shown in Fig. 6e, the photocat-

alytic activity of the BiOBr/TiO2-2 remained almost

unchanged after three cycles clearly indicating the

stability.

Conclusions

In summary, p-BiOBr/n-TiO2 NFs photocatalysts

have been prepared through combining electrospin-

ning technique with solvothermal method. The

morphologies of secondary BiOBr nanostructures can

be facilely tuned by adjusting the amount of Bi source

and Br source during the solvothermal process. The

obtained p-BiOBr/n-TiO2 NFs exhibited higher pho-

tocatalytic activity than pure electrospun TiO2 NFs

and M-BT for the degradation of RhB and MO under

UV-light irradiation. This enhanced photocatalytic

activity is ascribed to the following synergistic effects:

(a) formation of the p–n junction, which enhances the

separation of photoinduced carriers; (b) 1D nanofiber

heterostructure, which is favorable for high efficiency

and directional transport and separation of electrons

and holes. Moreover, the 3D nanostructure for p-

BiOBr/n-TiO2 NFs is beneficial to separate from liq-

uid solution for recycling utilization avoiding sec-

ondary pollution. Therefore, this work provides a

general and effective method for fabricating p-BiOBr/

n-TiO2 NFs photocatalyst. Moreover, this route can

offer new insight into the design and fabrication of

other advanced materials with heterojunction struc-

tures for photocatalytic applications.
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