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AgBr Nanoparticles Decorated BiPOs Microrod: A
Novel p-n Heterojunction with Enhanced
Photocatalytic Activities

Danjun Wang*, Linlin Yue, Li Guo, Feng Fu*, Xiaomei He, Huidong Shen

AgBr nanparticles loaded BiPO,; microrods have been successfully synthesized via a facile deposition-
precipitation method. XRD, FE-SEM,TEM,EIS,UV-Vis-DRS techniques were employed to characterize
the phase composition, morphology and light absoption properties of the as-synthesized samples.
Methylene blue ( MB ) and Phenol(Ph) were selected as a model pollutant to investigate the
photocatalytic activity of the as-synthesized samples under visible-light irradiation. The experimental
results show that different amount of AgBr on BiPO4 exhibit an obvious effect on the degradation of MB
and the optimum molar ratio of AgBr and BiPO, is 1:10. In particular, the photocatalytic activity of
AgBr1/BiPOs is superior to the activities of two individual photocatalyst, indicating the presence of a
synergic effect between two component in AgBr/BiPO4. On the basis of photocatalytic results and
energy band diagram, the activity enhancement mechanism of AgBr/BiPOs4 composite has also been
investigated. The p-type semiconductor AgBr and n-type semiconductor BiPO4 can match each other and
form a novel p-n heterojunction, thus increasing the photogenerated electron—hole pair separation
efficiency. Therefore, this work provides some help for the design of novel and efficient BiPOs-based

www.rsc.org/

1 Introduction

During the past few decades, photocatalysis has stimulated great
interest in the field of environmental protection and energy
conversion because organic pollutants can be degraded completely
and water can be decomposed into oxygen and hydrogen by some
semiconductors under light irradiation.!* Different kinds of
semiconductors have been used as photocatalysts to initiate
reactions at their interface. Among such photocatalysts, TiO, has
been proved to be an excellent photocatalyst for environmental
remediation owning to its high potential, physical and chemical
stability, nontoxicity and inexpensiveness.”® However, the
practical application of TiO:-based photocatalyst is limited for
several reasons. First, TiOz is a semiconductor with wide band
gap(Eg =3.2 ¢V) and only been excited by UV-light which merely
accounts for around 4% of the received solar energy. Second, the
high recombination rate of photogenerated electron/hole pairs
results in the low photon utilization efficiency and slow
photooxidation rate. Therefore, many scholars have focused on the
search for utilizing visible light by doping with hybrid atoms and
coupling with other low energy gap semiconductors.’
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photocatalyst with multi-components for enhancing visible-light-driven photocatalytic activity.

It is well known that the photocatalytic process involves the
generation of charge carriers such as electrons and holes induced
by light irradiation. And ideal photocatalysts should have both
wide wavelength range of exciting light and low recombination
rate of photogenerated charge carriers. Therefore, it is necessary to
develop effective ways to improve the charge separation efficiency
and extend the spectral responsive range. The ideal of forming a
heterojunction structure between wide bandgap photocatalyst and
narrow bandgap semiconductor with matched band potentials is
proven effictive. Recently, p-n heterojunction nanostructures have
attracted considerable attention due to their unique optical,
optoelectronic and electronic properties.!*-!4

Among such photocatalysts, many Bi-based photocatalytic
materials have been reported with several advantages as
photocatalyst over the competing materials.”> Being one of the
most important multifunctional materials, Bismuth phosphate
(BiPO4) has received particular attention recently because of its
excellent photocatalytic property.'®#? BiPO4 photocatalysts has an
optical indirect band gap of 3.85 eV, which exhibits high
photocatalytic oxidative ability for organic dye decompositon.?’-2
Zhu et al. have reported that the photocatalytic activity of BiPOs is
twice that of TiO (P25, Degussa), while the BET surface of BiPO4
is just one tenth of that of P25.2® Unfortunately, there are two
mainly drawbacks in the application of BiPO, photocatalyst. Firstly,
bare-BiPO4 exhibits photocatalytic activity under UV-light
irradiation which merely accounts for around 4% of the received
solar energy. Secondly, the rapid recombination of photoinduced
electron and hole pairs seriously limits the light energy conversion
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efficiency. Therefore, the way to broaden the range of absorption
spectra and enhance the separation of photogenerated carriers of
BiPOs is important in maximizing the photocatalytic efficiency. In
recent years, many strategies have been adopted to overcome the
instrinsic limitation of BiPOs. One strategy is to design and
controllable-synthesize of BiPO4.'3° Other effects have been
made, such as metal elements doping’'-** and surface noble-metal
modification.’>3¢ Besides these, design and fabrication of
heterostructured BiPO4 with different carriers or different band gap
has turned to be another effective approach.’’#> To this end, we
intended to design heterojunction by coupling BiPO4 with a p-type
narrow-band-gap semiconductor with matched potentials. The
well-fabricated BiPOs-based p-n heterojunction could restrict the
recombination of charge carriers and enhance the quantum yield.
The photoinduced electron can transfer from p-type semiconductor
to BiPOs, which favors the charge separation and also improve the
visible-light utilization efficiency.

silver bromide(AgBr) with a narrow band gap (2.6 eV), is an
important photosensitive semiconductor. Under solar irradiation
AgBr can absorb photons to generate electrons and holes. Thus
AgBr is also a potential photocatalyst. But the photoinduced
electrons will combine with interstitial Ag" ions to form an Ag®
cluster, which leads to photodecomposition of AgBr. So, the
instability of pure AgBr is a obstacle in practical photocatalytic
application. As reported in previous work by Li and coworker,
AgBr/BiPOs composite was synthesized through hydrothermal
method in [Cigmin]Br ionic liquid and exhibits higher
photocatalytic activity than that of pure BiPOs under UV light
irridiation.*> Although the UV-responsive photocatalytic property
of AgBr/BiPO, composite was confirmed and well-studied, the 1D
AgBr1/BiPO4 have never been constructed. Very recently, our group
has successfully synthesized 3D nest-like BixWOg by a
hydrothermal method without any additives, and AgBr quantum
dots(QDs) were decorated on the surface of BixWOQOs to form a
novel p-n heterojunction via a followed facile precipitation-
deposition process.** In current work, the novel one-dimensional
(1D) AgBr/BiPOs p-n heterojuntion photocatalyst was designed
and fabricated using the same strategy. AgBr nanoparticles were
deposited on the surface of one-dimensional rod-like BiPO4
microcrystals with a very close combination. MB and phenol were
utilized as model pollutants to examine the photocatalytic activity
of the as-fabricated AgBr/BiPO; heterojunctions under visible-light
irradiation. AgBr nanoparticles greatly enhance the photocatalytic
activity of 1D rod-like BiPO4 in photocatalytic degradation of
organic pollutants. It was also found that the organic pollutants can
been directly oxidized by both hyg+ and -OH radicals in the present
of AgBr/BiPOs photocatalyst system. As the heterojunction at the
interface can facilitate the separation of charge carriers, this can
also help to determine which carriers, photogenerated electrons or
holes, play a major role in the photocatalysis. We believe that this
work maybe help to develop new photocatalysts for the
photodegradation of MB and phenol, as well as to understand the
photocatalytic mechanism better than before.

2 Experimental Section

2.1. Chemicals and materials

All reagents were analytically pure and were used without
further purification. Bismuth nitrate pentahydrate (Bi(NO3)3-5SH20),
ammonium  bihydrogen  phosphate(NH4H>PO4),  potassium
bromide(KBr), Silver nitrate (AgNOs), ammonia solution,
phenol(CsHsOH), methylene blue(MB),and nitric acid(HNO3) were
obtained from Sinopharm Chemical Reagent Co., Ltd. Deionized
water was used throughout this study.
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2.2 Prepation of AgBr/BiPO, photocatalyst

Prepation of pure-BiPO4 photocatalyst. Using equal moles of
Bi(NO3)3-5H20 and NH4H;PO,, Bismuth phosphate (BiPO4) rod-
like microcrystals were successfully synthesized via a simple
hydrothermal process. In a typical process, Smmol Bi(NO3)3;-5SH20
was dissolved in SmL 4mol/L HNOj; in advance, then NH4H>PO4
solution (Smmol NH4H>PO4 was dissolved in 15mL distilled water)
were slowly added Bi(NOs)s solution drop-wise under vigorously
stirring. The mixture was vigorously stirred for 30min at room
temperature. Afterward, the suspension was transport into SOmL
Teflon-lined autoclave. Then, the autoclave was sealed in a
stainless steel tank and heated at 190°C for 24h. After hydrothermal
reaction, the autoclave was naturally cooled to room temperature.
The resulting precipitates were collected, washed with deionized
water and absolute ethanol for several times, and dried in a vacuum
oven at 80°C for 4h.

Prepation of AgBr/BiPOs4 heterojunction photocatalyst.
Firstly, a certain amount of as-synthesized BiPOs4 powder was
dispersed into deionized water. Then, a certain volume of Ag
(NH3)2" solution were added into above solution under vigorously
stirring. Afterwards, a certain volume of KBr solution was added
dropwis into the above mixture with stirring for another 4 hours.
The resulting precipitates were collected, washed with deionized
water and absolute ethanol, and the products were dried in a
vacuum oven at 80 °C for 4h. The obtained grey sample was
collected with different mole ratio of AgBr to BiPO4 by adjusting
the added amount of Ag (NH3);" and KBr solution. For
comparison, pure-AgBr was also synthesized by the following
process. 10.6169g AgNOs3 was dissolved in 24.31mL ammonia
solution(28%), and then diluted with deionized water to 250mL
silver ammonia (Ag(NH3),") solution. 1.1902g KBr was dissolved
in 40mL deionized water. Then, took 40ml (Ag (NHs),") solution
into a small beaker, and the prepared KBr solution was added
dropwise into the beaker with stirring. The mixture was vigorously
stirred for 8h. Subsequently the resulting precipitates were
collected, washed with deionized water and absolute ethanol, and
the products were dried in a vacuum oven at 80°C for 4h.

2.3 Characterization of AgBr/BiPQ4 photocatalyst

X-ray Powder diffraction (XRD) was carried out with a
Shimadzu XRD-7000 X-ray diffractometer using CuKa
radiation( A = 0.15418 nm) with a scanning rate of 2°-min™! in the
20 range from 20° to 80. The Brunauer-Emmett-Teller (BET)
specific surface area (Sper) of the samples were measured by
nitrogen adsorption in an ASAP2010 Micromeritics Instrument
Corporation. X-ray photoelectron spectroscope (XPS) images were
recorded on a PHI-5400 X-ray photoelectron spectrometer. The
field emission scanning electron microscope (FE-SEM) images
were taken on a JSM-6700F scanning electron microscope. High-
resolution transmission electron(HR-TEM) images and selected
area electron diffraction (SAED) were recorded on a JEM-2100
electron microscope at an accelerating voltage of 200 kV. The UV-
Vis diffuse reflectance spectra(UV-Vis-DRS) of the samples were
obtained using Shimadzu UV-2550 UV-Visible spectrophotometer.
BaSO4 was used as a reflectance standard.

2.4. Photocatalytic activities test

The photocatalytic activities of AgBr/BiPO,; were evaluated
by degradation degradation of Methyl-Blue (abbreviated as MB)
and phenol(Ph), using 400W halogen lamp as light source. In
each experiment, a certain amount of photocatalyst was added
into MB or Ph aqueous solution. A series of 50 mL quartz tubes
of 2.0 cm diameter were used as the reaction vessel. The
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temperature of the reaction solution was maintained at
approximately 25 “C to avoid temperature effects in the reaction.
Prior to illumination, the suspension was magnetically stirred in
dark for 90min to ensure that an adsorption/desorption
equilibrium was established between the photocatalyst and the
target organci pollutant. At every irradiation time interval of 10
min, took out one of quartz tube, then centrifuged (9000 rpm,
6min) to remove the photocatalyst particles. The catalyst-free
solution was analyzed by recording variations at the wavelength
of maximal absorption in the UV-Vis spectra of MB with a UV-
2550(Shimadzu, Japan)spectrophotometer. The concentration of
dye was determined by its maximum absorption for MB with
deionized water as a reference sample. The concentration of
phenol was determined by using 4-aminoantiphytine
spectrophotometric method (Chinese HJ 503-2009). Chemical
oxygen demand(COD) was determined at a COD rapid
monitor(5B-3B, LanHua co., LTD, China).

To investigate the transition of photogenerated electrons
before and after AgBr, BiPO4 and AgBr/BiPO; electrodes were
prepared as follows: 5 mg of photocatalyst was suspended in 10
mL ethanol to produce slurry, which was then spread on a
2cmx1.5cm indium-tin oxide (ITO) glass electrode. Electrodes
were exposed to UV light for 1h to eliminate ethanol and
subsequently calcined at 120 ‘C for 5h. The photoelectric
performance were measured on an electrochemical system(CHI-
600b, China). A standard three-electrode cell with a working
electrode, and a standard calomel electrode (SCE) as reference
was used in photoelectric studies. And 0.1mol-L-! Na,SO4 was
used as electrolyte solution. Potentials are given with UV light(or
visible light) on and off were measured at 0.0V. Electrochemical
impedance spectra (EIS) were recorded in the open circuit
potential mode.

3 Results and discussion

3.1 Phase composition and morphology of samples.
Fig. 1 shows the typical XRD patterns of the as-synthesized
pure-BiPO4, AgBr and AgBr/BiPO4 heterojunction with different

AgBr contents. Fig.1a is the XRD pattern of pure BiPOs, and it can
be seen that all the peaks almost coincide with the Bragg
reflections of standard BiPOs structure (JCPDS 89-0287) without
any impurity phase, and can be indexed to the monoclinic phase
BiPOs. Fig. 1f reveals that the position of the main characteristic
diffraction is fully fitted with face-centered cubic AgBr (JCPDS
NO. 79-0149) . Fig.1b-1e shows the XRD patterns of AgBr/ BiPO4
with different composition. From those XRD patterns, we can see
that the samples have two sets of characteristic diffraction peak
corresponding to the face-centered cubic crystal system AgBr and
monoclinic crystal system BiPO4 and without any new phase is
detected. As compared with the pure BiPO4 crystals, small
diffraction peaks of the AgBr crystals have been detected. In Fig.
1b-1e the peaks at 20 = 26.72°, 30.96°and 44.34° were assigned to
(111), (200) and (220) crystal planes of AgBr (JCPDS NO. 79-
0149), respectively, confirming that AgBr has formed on the
surface of the sample. With the increasing AgBr content, the
intensity of diffraction peaks of AgBr increases. The above results
reveal the coexistence of BiPO,4 and AgBr.
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Fig. 1 XRD patterns of as-prepared samples: (a) BiPOa, (b)
5at%AgBr/BiPO4,(c)10at%AgBr/BiPO4,(d)14.6at%AgBr/  BiPOs,
(e) 20at%AgBr/ BiPOg; (f) pure-AgBr.
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Fig. 2 XPS spectra of 10at%AgBr/ BiPOs. (a) The survey spectra; (b ) Bidf; (¢ )P2p, (d)Ols, (e ) Ag3d, () Br3d.
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Fig. 3 SEM and TEM images and corresponding EDS of the samples. (a) SEM image of BiPOs; (b)EDS of BiPO4; (c) SEM image of
10at%AgBr/ BiPOs ;(d) EDS of AgBr/ BiPOy; (€)TEM picture of BiPOs; (f) TEM picture of AgBr/BiPO4 heterojunciton.

Further evidence for the chemical composition and oxidation
states of the as-prepared 10at%AgBr/BiPO4 was obtained by XPS
technique (Fig. 2). It can be seen that the sample contains only Bi,
W, O, Ag, Br elements and a trance amount of carbon. The C
element ascribed to the residual carbon form the precursor solution
and the adventitious carbon from the XPS instrument itself(Fig.
2a ). Fig. 2b-2f show the high-resolution spectra of the Bi 4f, P 2p,
O 1s, Ag 3d and Br 3d regions, respectively. In Fig. 2b, two peaks
at 159 eV and 164 eV are attributed to Bi 47 and Bi 4fs;, of Bi** in
14.6at%AgBr/BiPO4.* Peak at 133.32 €V, as shown in Fig. 2c,
can be ascribed to a P>* oxidation state in BiPOs.** As shown in
Fig. 2d, the asymmetric XPS of O 1s may be fited into two kinds of

4 | RSC Advance, 2015, 00, 00-00

chemical states: crystal lattice oxygen and adsorbed oxygen.!” Fig.
2¢ gives the high-resolution XPS spectrum of Ag3d. The Ag3ds»
and Ag3dsp peaks are identified at 3740.0 and 368.0eV,
respectively, suggesting the presence of Ag".* Moreover, in Fig. 2¢
the peak of Br 3d at 69.07 eV is due to the crystal lattice of Br in
AgBr.* 4 Therefore, according to XPS and XRD investigation, the
results confirmed that there were both BixWOg and AgBr species in
the 10at%AgBr/BiPO4 sample.

The size and morphology of as-synthesized samples was
obtained by SEM, as shown in Fig.3. It can be seen that pure-
BiPOs4 exhibits an uniform one-dimensional(1D) rod-like
microcrystal with the length of about Spum (Fig. 3a). When AgBr

This journal is © The Royal Society of Chemistry 2015
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was deposited on the surface of 1D rod-like BiPO4 microcrystal via
a facile precipitation-deposition process (Fig.3c), the resulted
AgBr/BiPO4 composite sample exhibits the similar morphology
and size to that of pure BiPOs. Obviously, the coexistence of AgBr
and BiPO4 do not significantly affect their morphologies. Further
information about AgBr/BiPO4 microcrystals were obtained from
TEM and HR-TEM images (Figs.3e-3f). It can be seen that pure
BiPO4 microcrystals exhibit an uniform 1D rod-like microcrystals
with smooth surface (Fig.3e). The corresponding selected area
electron diffraction (SAED) pattern (upper part of insert pictures in
Fig.3e) reveals the well-aligned clear diffraction sports that can be
indexed to the monoclinic structure of BiPO4. The single crystal
nature and parameters of rod-like BiPO4 are also confirmed by
HR-TEM (lower part of insert pictures in Fig. 3e). The space of
the lattice fringes is found to be about 0.328 nm, as shown in
Fig.3e, which is in good agreement with the d-space of (200)
planes of monoclinic structure of BiPOs. Furthermore, the
locations of AgBr nanoparticles on the surface of rod-like BiPOs
are pointed by arrow in TEM image (left of Fig. 3f). It reveals that
some small spherical nanoparticles with size of about 20-30nm are
highly dispersed on the surface of BiPOs and form the
heterojunction structure, which is well consistent with the XRD
and XPS results. Therefore, with the comprehensive analysis of the
XRD. XPS. SEM. EDS and TEM investigation, the results
confirm that there were both BiPOs and AgBr species in the
heterojunction structure.

The EDS patterns of the 10at.%AgBr/BiPOs heterojunction
(Fig. 3d) indicate that, besides Bi, P and O peaks, the Ag and Br
diffraction peaks corresponding to AgBr are also observed, further
confirming that the sample is composed of BiPO; and AgBr. The
molar ratio of AgBr to BiPO4 obtained in the powder is also close
to the theoretical calculated value of AgBr/BiPOs4. The molar ratio
of the other samples analyzed by EDS was shown in Table 1. Also,
as reported in Table 1, the specific surface area (Sper) of
AgBr1/BiPO, heterojunction slightly increased with the increasing
of the content of AgBr.

Table 1.Physicochemical characterization of AgBr/BiPO4 samples.

Sample AgBr AgBr SgET/
theoretical ~ experimental (m?g™h)
content content (at.%)

(at.%)

Pure-BiPO4 0 0 3.55

5.0at%AgBr/BiPOs 5.0 4.34 3.60

10.0at%AgBr/BiPOs  10.0 9.36 3.72

14.6at%AgBr/BiPOs  14.6 14.24 3.76

20at%AgBr/BiPO4 20.0 19.28 3.85

3.2 Photoabsorption property of AgBr/BiPO, heterojunciton

Fig. 4 shows the UV-Vis-DRS spectrum of pure-BiPO4 and
AgBr/BiPOs composites with different AgBr content. As
revealed from Fig. 4, the absorption threshold values of the
AgBr/BiPOs are extended to the visible light region in
comparison with BiPO4 . The absorption coefficient a and band
gap E, of direct transition semiconductor AgBr/BiPO4 and BiPO4
are related through the following equation: (ahv)? = A(hv — Eg ),
where h is Planck’s constant, v is the light frequency, and A is a
constant. According to equation (@), the band gap energy (E;) of

This journal is © The Royal Society of Chemistry 2015
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the resulting samples can be estimated by a plot of (ahv)? versus
the photon energy (hv).***? The interception of the tangent to the
X axis would give a good approximation of the E, of the samples
( Fig. 4 ). Thus, the band gap of AgBr and BiPOy are estimated
to 2.3ev and 3.45ev, respectively. They are slightly smaller than
the reported values, which can be attributed to large crystal grain
sizes and surface defects. After AgBr was loaded, the light
absorption ability of AgBr/BiPO4 with different AgBr content
enhance obviously in the wavelength of 300-400nm and slightly
in the visible-light region. the AgBr/BiPOs4 composites could
absorb more protons than BiPO4. This should be attributed to the
narrow band gap of AgBr, which is a p-type semiconductor with
direct transition. The results of UV-Vis DRS suggest that the
fabrication of the heterostructured AgBr/BiPO,s composites can
greatly improve the optical absorption property and increase the
utilization of solar light, which are favorable for the
enhancement of the photocatalytic activity.*”->
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Fig. 4 UV-Vis-DRS spectrum of as-obtained samples.

3.4. Photocatalytic activity of AgBr/BiPQ4 photocatalyst

To investigate the visible-light catalytic activities of the
samples,we chose the environment pollutant MB as the model
pollutant, the metal halide lamp as the light source with a cutoff
filter to remove the light below 420 nm and the photocatalytic
degradation experimental results are shown in Fig 5 and Fig 6.
Fig. 5a shows the photocatalytic degradation rate of MB under
visible-light irradiation, where C is the concentration of MB at
the wavelength of 665 nm and Co is the concentration of MB
after the adsorption equilibrium and before irradiation. Fig. 5b is
UV-Vis absorption spectra of MB in the process of degradation
by using 10.0at%AgBr/BiPO; as photocatalyst. By analyzing the
change of concentration of MB solution vs illumination time, it is
confirmed that MB photodegradation well obeys the pseudo-
first-order kinetics model, i.e. In(C;/Cy)= -kt, where C; and Cy are
the concentration of MB at time t and 0, respectively, and k is the
pseudo-first-order rate constant. The rate constants k of MB
photodegradation are derived from the In(C; /Co) ~ t plots and
presented in Fig.5c. It is found that when metal halide lamp was
used as the visible light source with a cutoff filter to cut off the
light below 420 nm, all of the 1D AgBr/BiPO4 photocatalysts
exhibit better photocatalytic activities for MB degradation than
the pure BiPOs and AgBr. With the 1D rod-like
10.0at%AgB1/BiPO4 as photocatalyst, the photodegradation rate
of MB reaches nearly 100% after 30min of visible-light
irradiation, which is much higher than that the others
AgBr1/BiPO; heterostructure, pure- AgBr and BiPO4. Following
the first-order kinetics model, the determined reaction rate
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constant, k, for the rod-like 0.1at% AgBr/BiPOs heterostructure
was much higher than about 3-fold as fast as that of pure-
BiP04(0.0448 min') (Fig.5c). Above result indicated that
AgBr/BiPOy exhibited higher efficiency than that of BiPO4. As
the reduction of chemical oxygen demand (COD) reflects the
extent of degradation or mineralization of an organic species
along with the color removal,*® the change of COD values in the
photodegradation of MB with the sample of pure-BiPO4 and
10at% AgBr/BiPO4 were studied as a function of irradiation time
under visible light, as shown in Fig. 5d. The initial COD
concentration of the MB solution is 52.54 mg-L!. After visible-
light irradiation for 35min, the COD concentration decreased to
6.36 mg-L"!. The significant decrease in the COD values further
confirms that MB was truly photodegraded by the AgBr/BiPO4
heterostructure. Fig. 6 showed the photodegradation of phenol
molecules in water. It can be seen that the adsorption of
AgBr/BiPO4 composites were slight worse than pure-BiPOa4. The
photocatalytic activity is enhanced gradually with the proportion
of AgBr increasing. When the ratio reaches to 50at%, the as-
prepared photocatalyst has an optimal activity. As AgBr also acts
as a semiconductor producing electron and hole, increase of its
content enhances the photocatalytic activity of AgBr/BiPOs.
Hence a higher charge carrier concentration was formed between
AgBr and BiPOs; and then improves the photodegradation

1.0

—— pure-AgBr
—@— Blank

{ = 5at%
= 10at%
—4— 14.6at%

1 —P»— 20at%
—— 50at%

—@— pure-BiPO4
-—' T -
0 5
Irradiation time/min

10at%

20at%

5at%
50at%

sample

Abs

COD removal rate

efficiency of pure phase. From Fig.6d, the COD removal rate of
phenol, we can see that the COD removal rate of 50at%
AgBr/BiPOys reach nearly 70% relate to that of pure- BiPOj just
reach 59% under visible light irradiated 25min, therefore for the
extent of degradation or mineralization of phenol of 50at%
AgBr/BiPO; was higher than that of pure-BiPO4.The
photocatalytic activities of the AgBr/BiPO4 enhanced remarkably
with increasing AgBr content, but higher AgBr loading content,
the photocatalytic activity decreased, suggesting that the optimal
AgBr content in AgBr/BiPO, existed when the molar ratio was
0.1at%. The same phenomenon also reported in other systems.*
45-46,51 The optimum content of AgBr in the heterojunction can be
related to the recombination rate of photogenerated electrons and
holes. According to literatures reported,*-% 3! the space charge
region potential for the efficient separation of electron-hole must
be certain. When AgBr content was above its optimal vale, the
space charge region might become very narrow and the
penetration depth of BiPO, exceeds the space charge layer, so the
recombination of the photogenerated electron-hole pairs in
semiconductors become easier. On the other hand, when AgBr
content was below its optimal value, the photocatalytic activity
was low because fewer electron and hole trapping carriers could
be detrimental to the separation of electron-hole pairs.

(b)
300 400 500 600 700 800
wavelength
1.0 —
| ./ -—
/-/./
0.8- /'/:/
0.6 .
0.4
0.2+
—=— pure-BiPO,
—o— 10at% AgBr/BiPO4
0-0 ® L 1 L} ] .4 ) 4 ]
0 5 10 15 20 25 30 35

Time/irradation(min)

Fig. 5 (a) Photocatalytic properties of BiPO4 and different AgBr/BiPOy catalysts for degrading MB; (b)Concentration change of MB, (c) the
comparison of rate constant k, (d) COD changes during the course of MB photodegradation in the present of pure- BiPO4, 10at%

AgBr1/BiPOy.
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3.5 The enhanced photocatalytic activity mechanism of

AgBr/BiPQOy4 heterojunction

Photoinduced oxide radicals, hydrogen peroxide, and hole were
considered as the main oxidizing species in semiconductor
photocatalytic processes. To ascertain radicals in this system, t-
butanol (t-BuOH), Ethylene diamine tetraacetic acid (EDTA), and
benzoquinone (BQ) were were used as scavengers to examine ‘OH,
O>- and holes, respectively. As shown in Fig.7, T-BuOH and
EDTA almost have no effect on AgB1/BiPO4 photodegradations,
which indicate that -OH and hole play a negligible role on the
photodegradations of AgBr/BiPO4. However, the presence of BQ
significantly inhibits these degradation reactions, implying the Oz
is crucial effect of on the photocatalytic systems.It’s known that
BQ has the potential to trap superoxide anions by an electron
transfer mechanism(eq.@)%>%: BQ + O, —~BQ -+ 0> (1)

According to the results mentioned above, it can be speculated
that the Oy may be the main active species in the AgBr/BiPO4
system. We also can explain the photocatalytic enhancement
mechanism by employing the electrical impedance spectra (EIS), as
shown in Fig. 8. The EIS of the three cathodes both consist of one
semicircle in the high frequency region and a sloping line in the

This journal is © The Royal Society of Chemistry 2015

low frequency region, which indicates the double-layer response at
the electrode sample interface and the diffusion of lithium ions in
the solid matrix.”® The EIS show BiPOs curve of the impedance
spectrum (Fig. 8a) of high-frequency semicircle diameter is larger,

A "
- lighton —&=pure-BiPO,
b : ——(-BuOH
—A—BQ
EDTA
0.8 '
< 0.6+
Q
=
&)
0.4
0.2+
0.04— .

Irradiation time/(min)
Fig. 7 Effect of different scavengers on the photocatalytic activity
of  AgBr/BiPOs  photocatalyst under  visible  light
irradiation(Concentration of all scavengers were 5x103mol - L',
Concentration MB is 10.0 mg-L™).
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it is 2088 Q Ret. When the load ratio of AgBr (curve b), the Ret is
smaller than bismuth phosphate, when load ratio is 0.5 at %, which
Ret is 1688 Q, And 0.1 at %, the Ret value is 1381 Q, therefore
suggests that when AgBr/BiPOs loaded ratio was 0.1 at %, which
can further promote electron transfer efficiency, and slow down the
efficiency of electrons and holes combination in the compounds.

700

i—l—BiPOl
—eo— 10at%|
600 |—a—50ut%
!—v— .\EBr
500+
400
g
- ..-.
N. 3004 v-
2004
100
o T L) T T
0 500 1000 1500 2000

7'/Q
Fig. 8 Electrical impedance spectra (EIS) patterns of as-obtain
samples.

Table 1 Electrical impedance of as-prepared samples.
10at%AgBr/ 50at%AgBr

BiPO4 BiPO; /BiPO, AgBr
R(Q) 5926 61.26 67.54 55.26
Ra(Q) 2088 1381 1688 1261

Thus, a certain amount of loaded AgBr can increase the
photocatalytic activity in the complexes.

To understand the decreased UV-light photocatalytic activity of
AgBr/BiPOs4 heterjunction, it is important to explore its
photocatalytic mechanism. The VB and CB potentials of BiPO4 at
the point of zero charge can be calculated using the following
formulation: >

Evw=X- E+ 0.5E¢ 2]

Ew=Ew-E, ]

where X is the absolute electronegativity of BiPOa, E° is the
energy of the free electrons on the hydrogen scale (4.5 eV) and E¢
is the band gap of semiconductors. Based on the above equations,
the E, values of AgBr and BiPO4 were calculated to be 2.3ev and
3.85¢ev, and then their homologous Ecg values were estimated to be
0.15ev and 0.625ev, respectively. The above results suggest that
AgBr and BiPOs possessed a nested band structure, not the best
interactive structure, which seems to be unfavorable for the
separation of the photoinduced carries. Many reasearchers
proposed that the electrons could be excited from the top of the VB
to the higher CB positions besides to the bottom positions of the
photocatalysts 3+°, Thus, an ideal interactive energy band structure
could be formed. As for the AgBr/BiPO4 composite, only AgBr
could be activated under visible light. When the wavelength was
longer than 500 nm, the electrons could migrate from the top of the
VB (2.45 ev) to higher CB positions (0.15 eV), then move to the
empty bottom of the CB of BiPO4 (0.625 eV). Finally Oz molecules
adsorbed on the surface of the composite reacted with electrons to
produce - Oy that could decompose organic pollutant. Meanwhile,
the photogenerated holes on the VB of AgBr could degrade organic
pollutant directly. Therefore, the photogenerated electron—hole
pairs separated efficiently across the interface between BiPO4 and
AgBr, which results in the enhanced photocatalytic activity of
AgBr/BiPO4, as shown in Scheme 1. In view of the other

8 | RSC Advance, 2015, 00, 00-00

composites®!®4, it is reasonable that MB may display a weak

photosensitization effect on AgBr/BiPO4 under visible light.

The stability of the catalyst is important for its application. To
demonstrate the potential applicability of AgBr/BiPOs
heterojunction, the stability of 10.0at%AgBr/BiPOs was
investigated. Fig. 9 shows the results of a repeated experiment for
the durability of MB degradation on 10.0at%AgBr/BiPO4
photocatalyst. It can be seen that after six cycles no obvious
activity decrease for 10at%AgBr/BiPO4 occurs(Fig.9a), and also no
appreciable change in phase has been observed after the catalytic
reaction, which implies that the catalysts are rather stable(Fig.9b).

Light I

Jyet }[OO . *OH

%%\ 02
Photosensitizatién

orangic pollutions

// me ducts
Oxe

reduction

vs SHE

Dye ,A
~ 0 - 1 €- ¢- €-¢-
E 0.15¢V e-e-e-e- k 02
- 1 =, e ]
g 0:625¢eV. ]
=] h LY ~
E 5 {‘. ‘ Il orangic pollutions
<2 o N S
g o M B |
= 3 WY T8 I I b h*
=5 7 R R products
k=4 -
= oS0 B8
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il 4.025eV h* h* h* h* p-AgBr
o

n-BiPOy

Scheme 1 Mechanism for the photocatalytic activity enhancement
of AgB1/BiPO4 heterojunction.
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Fig. 9 (a) The repeated experiments of photocatalytic degradation of MB
on the 10.0at%AgBr/BiPO. heterojunction under visible light irradiation
and XRD patterns of 10.0at%AgBr/BiPO, before and after used for five
cycles (b).

4. Conclusions

In summary, a highly effective visible-light-driven
photocatalyst of AgBr/BiPOs were successfully prepared via a
facile and simple hydrothermal method, which based on a
formation of a heteojunction interface AgBr and BiPOs4. The novel
AgBr/BiPO; heterostructure exhibited a superior photocatalytic
performance compared with the pure phases of AgBr and BiPO4 for
the degradation of MB and phenol. The formation of the
AgBr/BiPO; heterojunction played a vital role in the efficient
separation of electrons and holes for the enhancement of
photocatalytic activity. The remarkable enhancement in the
photocatalytic performance of AgB1/BiPO4 is ascribed mainly to
the electric-field-driven electron-hole separations at the interface
and in the two semiconductors. Besides, the fair mobility for

This journal is © The Royal Society of Chemistry 2015
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electron and hole transportation in AgBr and BiPOs, respectively,
are also favorable for the high photocatalytic property.
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Graphical abstract

AgBr nanoparticles were decorated on the surface of BiPO, micro-rod to fabricate a novel p-n heterojunction

photocatalyst via a facile deposition-precipitation method.
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