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ABSTRACT: In this paper, a novel visible-light-driven hollow
mSiO,—BiOBr (H-mSiO,—BiOBr) nanophotocatalyst was
successfully synthesized by a facile three-step method. First,
the hollow mesoporous silica submicrospheres with orderly
mesoporous opening structure and an independent internal
cavity were synthesized by combining Stober hydrolysis and
chemical etching. Second, the hollow mesoporous silica
submicrospheres were functionalized by 3-triethoxysilylpropyl-
amine (APTES), then the amino-groups were successfully
introduced into the surface of this material. Third, the BiOBr
nanophotocatalyst with size of about 8—15 nm was
successfully synthesized on the surface of the aforementioned
amino-functionalized hollow mesoporous silica submicrospheres by solvothermal synthesis with the aid of the oriented function
of the surface amino-groups. After several characterizations of the materials, the photocatalytic degradation of RhB by this H-
mSiO,—BiOBr nanophotocatalyst under visible-light irradiation was investigated. The experimental results revealed that the
photocatalytic activity of the H-mSiO,—BiOBr nanophotocatalyst was higher than that of the core—shell SiO,@mSiO,—BiOBr
nanophotocatalyst under visible-light irradiation. More importantly, the nanoscale BiOBr photocatalyst, which was synthesized
by controlling the addition amounts of the bismuth source, would lead to an increased band gap (1.47 eV), and it would further
lead to the effective restraint for the recombination of the photoexcited electron—hole pairs. However, the rapid migration of the
interface charges would enhance the photoactivity of this novel supported nanophotocatalyst significantly. Furthermore, the
existence of the internal cavities of this novel nanophotocatalyst would lead to the multiple reflections of the irradiated light and
effectively prolong its action time, which is also very conducive to the enhancement of the photoactivity of this supported
nanophotocatalyst. Beyond that, the orderly mesoporous opening structure and the independent internal cavities can effectively
facilitate the transfer of reactant molecules. This would lead to the enhanced photocatalytic performance of this novel supported
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B INTRODUCTION

The semiconductor photocatalysis technique is an effective
method to eliminate most kinds of environmental contami-
nations and produce hydrogen.'® The development of visible-
light-driven (VLD) photocatalysts has attracted more and more
researchers.” " Among numerous semiconductor photocata-
lysts, some bismuth-based photocatalysts, which generally
possess wide absorbing wavelength, have exhibited superior
photocatalytic activity for degrading some organic contami-
nants under visible-light irradiation. G. T. Chandrappa et al."?
synthesized a nanocrystalline m-BiVO, photocatalyst by a facile
solution combustion synthesis method, and this photocatalyst
shows highly visible photocatalytic activity toward methylene
blue degradation under sun light irradiation. P. Liu et al.'*
investigated the photoreactivity for photodegradation of 2-NAP
on BiOCI nanosheets with dominant exposed (010) and (001)
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facets under visible-light via an exciton-free and nonsensitized
mechanism, and they found that single-crystalline BiOCI
nanosheets exposing (010) facets exhibit higher photoactivity
due to more surface complex and more terminal bismuth atoms
on the surface of BiOCI (010). Y. Zhu et al." investigated a
BiTaO, photocatalyst for methylene blue degradation, and
research shows that the photocatalytic activity of this
photocatalyst was not very high, but it can fulfill the VLD
photocatalysis by modifying its surface conditions and
increasing its surface area. J. Xu et al.' synthesized Bi,MoOj
nanostructures with different morphologies via a simple
hydrothermal route followed by calcination, and research
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indicated that the photocatalyst was very effective for
sulfamethazine photodegradation under solar light irradiation.

The bismuth-based photocatalyst has exhibited superior
photocatalytic activity under visible-light irradiation.'” >
However, there are still many limitations to overcome. For a
semiconductor, the recombination of the photoexcited
electron—hole pairs is extremely detrimental to the photo-
catalytic performance of the semiconductor photocatalyst, thus
some better methods should be developed to eliminate the
recombination of the photoexcited electron—hole pairs. There-
fore, designing more efficient and more easily separable VLD
semiconductor photocatalysts that meet the requirements of
practical environmental applications is the primary goal of
researchers in recent years. To the best of our knowledge,
decreasing particle size (1—10 nm) is one of the most effective
strategies, which is mainly because an enlarged energy gap
would form if the particle size of the semiconductor material is
small enough, thus increasing the difficulty of recombination of
the photoexcited electron—hole pairs. Consequently, designing
and synthesizing a novel semiconductor material with the
particle size of a few nanometers has been found to be
extremely meaningful for the development of excellent
semiconductor photocatalysts.

In recent years, the BiOBr semiconductor, which has found
to be a superior photocatalyst, has attracted increasing attention
in the photocatalysis field owing to its wide absorbing
wavelength.*' 7> At the same time, some BiOBr photocatalysts
with a hollow structure have been reported, and some of them
indeed exhibited superior performance.”*"*® Based on the
aforementioned consideration, a novel and facile method was
proposed to anchor the nanoscale BiOBr semiconductor
photocatalyst with a particle size of 8—15 nm on the surface
of amino-functionalized hollow mesoporous silica submicro-
spheres, and a novel VLD H-mSiO,—BiOBr nanophotocatalyst
was successfully synthesized. To the best of our knowledge,
hollow silica submicrospheres, which can fulfill the multiple
reflections of irradiated light in the internal cavity, can
efficiently prolong the action time of irradiated light, and it is
very conducive to the generation of photoexcited electrons.
Simultaneously, the orderly mesoporous opening structure can
facilitate the transfer of reactant molecules.””* Correspond-
ingly, it would lead to the enhanced photocatalytic performance
of the BiOBr nanophotocatalyst on the surface of the hollow
mesoporous silica submicrospheres. Subsequently, RhB was
chosen as the target organic pollutant, and the photocatalytic
activity of this H-mSiO,—BiOBr nanophotocatalyst for
degrading RhB in a water system under visible-light irradiation
was investigated, and the basic photocatalytic mechanism was
also discussed.

B EXPERIMENTAL SECTION

Reagents and Materials. Absolute ethanol (EtOH), ammonia
solution (25 wt %), tetraethoxysilane (TEOS), cetyltrimethylammo-
nium bromide (CTAB), anhydrous sodium carbonate (Na,COj,),
ammonium nitrate (NH,NO;), bismuth nitrate pentahydrate (Bi-
(NO3);:SH,0), 3-triethoxysilylpropylamine (APTES), potassium bro-
mide (KBr), ethylene glycol (EG), rhodamine B (RhB), potassium
iodide (KI), isopropyl alcohol (IPA), tert-butyl alcohol (t-butanol) and
p-benzoquinone (BQ) were purchased from J&K Chemical and were
used without further treatment.

Preparation of Core—Shell SiO,@mSiO,/CTAB Submicro-
spheres. The solid silica submicrospheres were prepared by the
traditional StSber hydrolysis method. Briefly, 10 mL of ammonia
solution (25 wt %) was added into the mixed solution of 200 mL of
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distilled water and 400 mL of absolute ethanol, then the system was
stirred vigorously for 10 min. Subsequently, SO mL of TEOS was
quickly added into the aforementioned system, then the system was
stirred for 6 h at the speed of 280 rpm at room temperature. After the
reaction finished, the sample was separated by centrifugation at a speed
of 10000 rpm and washed several times with ethanol and distilled
water. Lastly, the sample was redispersed into distilled water to form
the suspension with a concentration of 0.02 g/mL. Subsequently, the
mesoporous silica submicrospheres with a core—shell structure were
prepared by coating the silica on the surface of solid silica
submicrospheres in the presence of CTAB. Briefly, the aforementioned
suspension containing 2.7 g of solid silica submicrospheres was added
into distilled water to form 540 mL of suspension with the aid of
ultrasonication. Then, a mixed solution that consisted of 4.05 g of
CTAB, 810 mL of absolute ethanol and 810 mL of distilled water was
added into aforementioned system under agitation. Subsequently, 15
mL of ammonia solution (25 wt %) was added into this system, then
9.0 mL of TEOS was quickly added into this system after being stirred
for 30 min, and this system was continuously stirred for 6 h. After the
reaction finished, the sample was separated by centrifugation at a speed
of 9000 rpm and washed several times with ethanol and distilled water,
respectively. Lastly, the sample was redispersed into distilled water to
form a suspension with a concentration of 0.02 g/mL.

Preparation of Hollow Mesoporous Silica Submicrospheres.
The hollow mesoporous silica submicrospheres were prepared by
selective etching under the protection of CTAB. Briefly, 2.5 g of the
aforementioned microspheres was ultrasonically dispersed into S00
mL of distilled water, then 10 g of Na,CO; was added into this system
and the system was stirred vigorously for 12 h at 50 °C. After the
reaction finished, the sample was separated by centrifugation at a speed
of 10000 rpm and washed several times with distilled water.
Subsequently, aforementioned sample was transferred into 300 mL
of NH,NO; ethanol solution (10 mg/mL), then the system was stirred
for 24 h under the reflux device at 90 °C. Finally, the hollow
mesoporous silica submicrospheres with an orderly mesoporous
opening structure were successfully obtained after repeating the
aforementioned operation two times.

Amino-Functionalization of Hollow Mesoporous Silica
Submicrospheres. The aforementioned hollow mesoporous silica
submicrospheres were ultrasonically dispersed into 150 mL of acetone,
then two drops of ammonia solution (25 wt %) was added into this
system under vigorous agitation. Subsequently, 2.0 mL of APTES was
added into the aforementioned system, and the system was stirred
vigorously for 12 h under the reflux device at 60 °C. After the reaction
finished, the sample was separated by centrifugation at a speed of
10000 rpm and washed several times with ethanol and distilled water,
respectively. Ultimately, the sample was dried for 12 h via vacuum
freeze-drying technology.

Preparation of H-mSiO,—BiOBr Nanophotocatalyst. The Bi**
ions were anchored on the surface of amino-functionalized hollow
mesoporous silica submicrospheres by the complexation between
amino groups and Bi** ions, then the BiOBr nanophotocatalyst were
successfully synthesized on the surface of the hollow mesoporous silica
microspheres after the Bi’* ions were converted to BiOBr by
solvothermal synthesis. Briefly, 0.3 g of amino-functionalized hollow
mesoporous silica submicrospheres was ultrasonically dispersed into
50 mL of absolute ethanol, then 0.5 g of Bi(NO;);SH,0 was added
into this system. After ultrasonication for 5 min, this system was stirred
slowly for 12 h. After the reaction finished, the product was separated
by centrifugation at the speed of 10000 rpm and washed 2—3 times
with distilled water. Subsequently, aforementioned sample was
redispersed into 40 mL of EG containing 0.3 g of KBr, then the
system was transferred to the Teflon-lined stainless steel autoclave
with a capacity of S0 mL and kept for 4 h at 180 °C. After the reaction
finished, the product was separated by centrifugation at the speed of
10000 rpm and washed several times with ethanol and distilled water,
respectively. Ultimately, the as-prepared product was dried for 24 h via
vacuum freeze-drying technology.

Characterization. Fourier transform-infrared (FT-IR) spectra of
the samples were recorded on a PerkinElmer S80BIR spectropho-
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tometer using the KBr pellet technique. X-ray power diffraction
(XRD) analysis was performed on a Bruker AXS D8-advance X-ray
diffractometer with Cu Ka radiation. The morphologies and sizes of
the samples were characterized using a JEOL JEM-2100F field
emission transmission electron microscopy (FETEM) instrument. X-
ray photoelectron spectroscopy (XPS) data were collected to examine
the chemical states of the photocatalyst with an Axis Ultra instrument
(Kratos Analytical, Manchester, U.K.) under ultrahigh vacuum
conditions (<107® Pa) and using a monochromatic Al Ka X-ray
source (1486.6 eV). N, adsorption/desorption isotherms were
obtained on a TriStar II 20 apparatus. The Brunauer—Emmett—Teller
(BET) method was used to calculate the specific surface area based on
the adsorption branches. UV—vis diffuse reflectance spectra (DRS)
were obtained using a Shimadzu UV-3600 spectrometer by using
BaSO, as a reference at room temperature.

Photocatalytic Performance Tests. The photocatalytic activity
of the as-prepared H-mSiO,—BiOBr nanophotocatalyst was evaluated
respectively by catalyzing the photodegradation of RhB in aqueous
solution at room temperature under visible light irradiation with one
500 W xenon lamp (CHF-XMS00, light intensity = 600 mW/cm?”)
located 20 cm away from the reaction solution. To make sure that the
photocatalytic reaction was really driven by visible light, all the UV
lights with wavelengths less than 420 nm were removed by a glass filter
(JB-420). In a typical reaction, 0.2 g of as-prepared supported
photocatalyst was dispersed into 100 mL of dye aqueous solution (20
mg/ L). Before light irradiation, the suspension was stirred for 30 min
in the dark to reach the adsorption equilibrium of dye molecules on
the surface of the nanophotocatalyst. Then, 5 mL of reaction solution
was extracted to determine the concentration of the dye in aqueous
solution by UV—vis spectroscopy. In this study, the core—shell
mesoporous silica submicrospheres supported BiOBr nanophotocata-
lyst, which was synthesized by the same method, was used as the
reference catalyst to catalyze the photodegradation of RhB in aqueous
solution under the same conditions as the aforementioned operation,
respectively. The dye aqueous solution without photocatalyst
irradiated by visible light was used as the blank experiment. After
the experiment was finished, the catalyst was collected by centrifugal
separation and respectively washed several times with ethanol and
distilled water, then the recovered catalyst underwent further
purification treatment in a dialysis bag for 12 h. Finally, the
photodegradation experiment catalyzed by the recovered catalyst was
carried out repeatedly according to the aforementioned operation
steps.

Radical Trapping Experiments. For detecting the active species
during photocatalytic reactivity, hydroxyl radicals (-OH), superoxide
radical (O,°”) and holes (h*) were investigated by adding 1.0 mM IPA
(a quencher of -OH),>' 1.0 mM BQ (a quencher of O,*") and 1.0 mM
Nal (a quencher of h*),” respectively. The method was similar to the
former photocatalytic activity test.

B RESULTS AND DISCUSSION

Characterization of Photocatalyst. To investigate the
morphology transformation of the materials in the synthetic
process, the materials obtained in every step were characterized
by TEM, and Figure 1 displays the corresponding TEM images.
The silica cores with a diameter of 170 nm, which were
synthesized by the traditional Stober hydrolysis method, show a
good spherical structure and monodispersed in diameter
(Figure 1ab). After being coated with mesoporous silica, the
obvious core—shell structure can be observed, which exhibits
very uniform distribution, and its shell thickness is about 40 nm
(Figure 1lc,d). Obviously, the core—shell mesoporous silica
microspheres still maintain good spherical and monodispersed
diameters after mesoporous silica coating. Subsequently, the
inner silica cores were removed by the chemical etching
technique, and the hollow mesoporous silica submicrospheres
were successfully obtained. Figure lef shows that every silica
microsphere has an internal cavity, and the diameter of the
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Figure 1. TEM images of silica internal cores (a and b), core—shell
mesoporous silica submicrospheres (c and d), hollow mesoporous
silica  submicrospheres (e and f) and H-mSiO,—BiOBr nano-
photocatalyst (g and h). The inset of panel g is the HRTEM image
of H-mSiO,—BiOBr nanophotocatalyst. All the scale bars of the TEM
images for panels a, ¢, e and g are 200 nm and 50 nm for panels b, d, f,
and h, and it is S nm for the HRTEM image (inset of panel g).

cavity is about 150 nm. In addition, the particle size of the
hollow mesoporous silica submicrospheres is about 230 nm,
and it is less than that of core—shell mesoporous silica
submicrospheres. The reason for the decrease of the diameter is
that the particles had shrinked to some extent after the internal
cores were removed. Subsequently, the BiOBr nanoparticles
were anchored onto the surface of the hollow mesoporous silica
submicrospheres, then the H-mSiO,—BiOBr nanophotocatalyst
with an internal cavity was successfully obtained. Figure 1gh
shows that there was no aggregation to be observed, and the
BiOBr photocatalyst was immobilized on the surface of the
hollow mesoporous silica submicrospheres in the ultrafine
nanosize form. A high resolution transmission electron
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microscopy (HRTEM) image (the inset in Figure lg) of H-
mSiO,—BiOBr nanophotocatalyst shows clear lattice fringes,
indicating its high crystallinity, which is a characteristic of
photocatalysts with high activities. The clear lattice fringes of
the interplane were about 0.28 nm, which were in accordance
with (110) planes of the tetragonal system of BiOBr. In
addition, Figure 1g shows that the diameter of the hollow
mesoporous silica microspheres had become 200 nm (previous
230 nm) for treatment under high temperature and high
pressure in the solvothermal process.

Figure 2a displays the N, adsorption/desorption isotherms of
hollow mesoporous silica submicrospheres and the H-mSiO,—
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Figure 2. N, adsorption/desorption isotherms (a) and diameter
distribution (b) of the samples.

BiOBr nanophotocatalyst, and both exhibit representative type
H1 isotherms. The BET surface area and the single-point total
pore volume for hollow mesoporous silica submicrospheres
came out to be 1015.4 mz/g and 0.86 cm3/g, and 189.8 mz/g
and 0.37 m’/g for the H-mSiO,—BiOBr nanophotocatalyst,
respectively. The obvious decrease in the BET surface area and
pore volume after the immobilization of the BiOBr nano-
photocatalyst can be observed, which should be caused by the
morphology change of the submicrostructures after being
treated at high temperatures and pressures. As shown in Figure
2b, the average Barrett—Joyner—Halenda (BJH) pore diameter
of the hollow mesoporous silica submicrospheres and H-
mSiO,—BiOBr nanophotocatalyst calculated from the desorp-
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tion branch of the isotherms was determined to be 3 and 7 nm,
respectively. Obviously, the significant increase of the pore size
is also a key factor for the decrease of the BET surface area, and
it was also caused by the treatment at high temperatures and
pressures. Gratifyingly, the high surface area and appropriate
pore size of the H-mSiO,—BiOBr nanophotocatalyst can
increase the effective contact area and facilitate the transfer of
reactant molecules, which would contribute to the enhance-
ment in photocatalytic activity to some extent.

XRD was employed to determine the crystallographic phase
of the samples, and the XRD patterns of the hollow
mesoporous silica submicrospheres and the H-mSiO,—BiOBr
nanophotocatalyst are displayed in Figure 3. The broad peak

(101)

Intensity (a.u.)

30 40 50 60 70

20 (degree)

10 20 80

Figure 3. XRD spectra of hollow mesoporous silica submicrospheres
(a) and H-mSiO,—BiOBr nanophotocatalyst (b).

around 26 = 24° can be attributed to the characteristic
diffraction peak of amorphous silica (Figure 3a). In Figure 3b,
the diffraction peaks at 27.2°, 32.3°, 40.2°, 46.2° and 55.7° can
be attributed to the reflection of the (101), (110), (112), (200)
and (212) planes, respectively. All diffraction peaks are identical
to the structure of the tetragonal phase BiOBr (JCPDS card
No. 09-0393), and the intense and sharp diffraction peaks
suggested that the as-synthesized BiOBr nanophotocatalyst on
the surface of the hollow mesoporous silica submicrospheres is
well-crystallized.

XPS characterization provides further insight into the
assessment of the surface composition of H-mSiO,—BiOBr
nanophotocatalyst. The XPS spectrum in Figure 4a reveals that
the surface of this supported nanophotocatalyst consisted of O,
C, Bi and Br, and it indicates that the BiOBr photocatalyst
should have been anchored on the surface of the hollow
mesoporous silica submicrospheres. Two peaks at 159.2 and
164.5 eV in Figure 4b were respectively attributed to Bi,g/, and
Biyg/,, which indicates the existence of Bi** in BiOBr. Two
small peaks at 160.2 and 165.5 eV should be caused by the
complexation between Bi atoms and amino-groups on the
surface of the hollow mesoporous silica submicrospheres. The
Brygs/, and Brags, peaks (Figure 4c) were associated with the
binding energies at 68.4 and 69.4 eV, respectively. Two peaks at
531.9 and 534.8 eV should be fitted with the characteristic
peaks of O, in BiOBr and in SiO,, and two peaks at 533.8 and
535.6 eV should be assigned to the characteristic peaks of Oy, in
PVP adsorbed on the surface of the H-mSiO,—BiOBr
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Figure 4. XPS spectra of H-mSiO,—BiOBr nanophotocatalyst.

nanophotocatalyst (Figure 4d). In addition, three peaks at
285.9, 283.2 and 282.0 eV in Figure 4e should be attributed to
the characteristic of C;; in APTES grafted on the surface of the
hollow mesoporous silica submicrospheres. This demonstrates
well that the pure BiOBr nanophotocatalyst had been
successfully anchored on the surface of the hollow mesoporous
silica submicrospheres.

For a VLD semiconductor photocatalyst, the optical
absorption property is a key factor to determine its photo-
catalytic activity.’ Figure Sa shows the UV—vis diffuse
reflection spectra (DRS) of the as-prepared H-mSiO,—BiOBr
nanophotocatalyst and SiO,@mSiO,—BiOBr nanophotocata-
lyst. Obviously, both the absorption edges of two supported
BiOBr nanophotocatalysts were located in the visible-light
range (>>420 nm), and the H-mSiO,—BiOBr nanophotocata-
lyst exhibited stronger absorption than that of the SiO,@
mSiO,—BiOBr nanophotocatalyst. The enhanced absorption
should be caused by the introduction of the internal cavities.
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The band gap (Eg) of the semiconductors can be obtained from
eq 1:*
n/2
ahv = A(hv — E,) / (1)
In the aforementioned formula, a, v and A are absorption
coefficient, light frequency and proportionality constant,
respectively. n can be determined by the type of optical
transition of a semiconductor (i.e, n = 1 for direct transition
and n = 4 for indirect transition). For BiOBr, the n value is 1.>
The E, values of the two supported BiOBr nanophotocatalysts
were obtained from the plots of (ahv)® versus photon energy
(hv) (Figure Sb), and was 1.56 eV for the SiO,@mSiO,—
BiOBr nanophotocatalyst, and 147 eV for the H-mSiO,—
BiOBr nanophotocatalyst, respectively. These results imply that
the visible light response of this novel H-mSiO,—BiOBr
nanophotocatalyst had been enhanced by the nanocrystalliza-
tion of BiOBr photocatalyst and the synergistic effect of the
internal cavities of hollow mesoporous silica submicrospheres,

DOI: 10.1021/acssuschemeng.5b00033
ACS Sustainable Chem. Eng. 2015, 3, 1101-1110


http://dx.doi.org/10.1021/acssuschemeng.5b00033

ACS Sustainable Chemistry & Engineering

Research Article

—— Si0,@mSiO,-BiOBr
H-mSiO,-BiOBr

3
s

[}

(3]

c

©
)

[

o

\n
Q
<

a
A 1 A 1 A L A 1
300 400 500 600 700 800
Wavelength (nm)
—— Si0,@mSiO,-BiOBr
H-mSiO,-BiOBr

£

5]

>

<
=

-~

S

] ;”’ i 1 A (] A 'l A 1 A 1

1.5 20 25 3.0

hv (eV)

Figure 5. (a) UV—vis diffuse reflection spectra and (b) plot of
(ahv)'* versus hu of the as-prepared supported BiOBr nano-
photocatalysts.

3.5 4.0

and a lower band gap is very beneficial for electronic transitions,
which subsequently results in enhanced photocatalytic activity.

Photocatalytic Performance. Rhodamine B (RhB), which
showed a major absorption band at 557 nm, was chosen as a
representative target organic pollutant to evaluate the photo-
catalytic performance of as-prepared H-mSiO,—BiOBr nano-
photocatalyst. Figure 6a shows that the saturated adsorption of
the SiO,@mSiO,—BiOBr nanophotocatalyst and H-mSiO,—
BiOBr nanophotocatalyst is 5.48% and 58.94%, respectively. It
indicates that the presence of the internal cavity can
significantly enhance the adsorption ability of the supported
nanophotocatalyst to the target organic pollutant, which should
be caused by the concentration gradient between the internal
cavity and the bulk solution. Figure 6b displays the
corresponding photocatalytic degradation kinetic curves.
Blank test confirmed that the self-photolysis of RhB could be
negligible, and the H-mSiO,—BiOBr nanophotocatalyst ex-
hibited higher photocatalytic activity than that of the core—shell
SiO,@mSiO,—BiOBr nanophotocatalyst. In particular, for the
presence of the concentration gradient and catalysis of the H-
mSiO,—BiOBr nanophotocatalyst, the RhB molecules would
quickly transform into the activated intermediates for the
photosensitization under visible-light irradiation, so the
concentration of the RhB solution would first display a sharp
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decline before 10 min. By combining with Figure 6d, the point
at 10 min in Figure 6b should be a transition point. Compared
with the black curve, the green curve shows an obvious blue
shift, and its peak height had been decreased significantly (in
Figure 6d). A shift in the absorption band toward the blue
region can be attributed to the step-by-step de-ethylation
process.>> Subsequently, the peak height of the blue curve (in
Figure 6d) would increase to some extent, and the blue shift
can still be observed. After 20 min, the peak height gradually
weakened to the end point, which indicates that the
photodegradation plays a primary role at this stage until the
activated intermediates were degraded perfectly. Furthermore,
it can also be demonstrated by comparing the digital photos in
Figure 6¢,d. Obviously, the color of the RhB solution would
turn to yellow-green from the original pink, then it would
further turn to colorless (digital photos in Figure 6d). In
addition, the degradation kinetics were also investigated by
fitting the experimental data to the Langmuir—Hinshelwood
model (Figure 6e). It is easy to see that the photodegradation
of RhB by the SiO,@mSiO,—BiOBr nanophotocatalyst obeyed
first-order kinetics well, but it basically obeyed second-order
kinetics by the H-mSiO,—BiOBr nanophotocatalyst for the
presence of the hollow structure. Simultaneously, the rate
constants corresponding to SiO,@mSiO,—BiOBr and H-
mSiO,—BiOBr are also calculated by —In(c/cy) = kt and
—In(c,/c,) = k& + b, and are about 0.0036 min™" and 0.1339
min 2, respectively.

The recycled experiments were carried out to evaluate the
photostability of the H-mSiO,—BiOBr nanophotocatalyst
under visible-light irradiation. After every 100 min photo-
catalytic reaction, the separated nanophotocatalyst was washed
several times with distilled water, then it was redispersed into
the fresh RhB aqueous solution. The concentration change of
RhB during each cycle is shown in Figure 7. It shows that after
six cycling runs of photodegradation of RhB, the photocatalytic
ability of the H-mSiO,—BiOBr nanophotocatalyst did not show
obvious loss. More importantly, after six cycles, the morphology
of this H-mSiO,—BiOBr nanophotocatalyst was almost
unchanged (Figure 7b), which indicates that the H-mSiO,—
BiOBr nanophotocatalyst is a stable photocatalyst in the
photocatalysis reaction system.

Photocatalytic Mechanism. To investigate the main
active species involved in the photodegradation of RhB in the
presence of the novel H-mSiO,—BiOBr nanophotocatalyst
under visible-light irradiation, a series of photodegradation
experiments with the addition of different scavengers were
investigated in an attempt to elucidate the photocatalytic
mechanism, and the corresponding degradation kinetic curves
are displayed in Figure 8. As shown as the orange curve in
Figure 8, when IPA (-OH scavenger) was added into the
degradation system, the photodegradation activity only had a
slight decrease, and the obvious photosensitization could still be
observed in the illumination of 10 min. It demonstrates that the
-OH radicals are not the main active species. However, when
any one of KI (h* scavenger), BQ (O,*” scavenger) and t-
butanol (e~ acceptor) was added into the degradation system,
extremely low photodegradation activity would be observed,
and the aforementioned photosensitization could not be
observed anymore (as Figure 8). This indicates that h*, O,*~
and e~ each play an important role in the degradation process.
In the H-mSiO,—BiOBr nanophotocatalyst system, the possible
photocatalytic mechanisms are proposed as
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Figure 6. Saturated adsorption of the photocatalyst for RhB (a), photocatalytic degradation activity for RhB under visible-light (4 > 420 nm)
irradiation (b), UV—vis absorption spectra changes of RhB (20 mg/L, 100 mL) in the presence of the SiO,@mSiO,—BiOBr (0.2 g) (c) and H-
mSiO,—BiOBr (0.2 g) (d) under visible-light irradiation, and the corresponding fitted kinetics of panel b according to the Langmuir—Hinshelwood

model (e).
photocatalyst + hv — photocatalyst (b + e7) ()
RhB + h" — RhB" — intermediates™* ©)
O0,+e =0, (4)
intermediates” + O, — - — degradation products
©)

Under visible-light irradiation, the reaction is initiated with
the excitation of the H-mSiO,—BiOBr nanophotocatalyst,
resulting in the promotion of electrons (e”) from the valence
band (VB) to the conduction band (CB) of the BiOBr
semiconductor and the generation of holes (h*) in the VB (eq

1107

2). Then, the holes react with RhB molecules to form the
intermediates” (eq 3). At the same time, oxygen molecules
capture electrons to form O, radicals (eq 4), then the
intermedicates® react with O,°” radicals to form the ultimate
degradation products (eq S).

For a semiconductor, the quantum size effect (QSE) would
happen when the particle size is in the range 1—10 nm.* A key
feature of this effect is that the increased band gap would lead
to the effective restraint for the recombination of the
photoexcited electron—hole pairs. Furthermore, the existence
of the internal cavities of the carriers would lead to multiple
reflections of the irradiated light and enhance the absorption
ability of the irradiated light to some extent.** More
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Figure 7. (a) Photodegradation of RhB during the recycled
experiments. The initial RhB concentration was 20 mg/L, and the
dose of the hollow mSiO,—BiOBr nanophotocatalyst was 2.0 g/L. (b)
TEM image of H-mSiO,—BiOBr nanophotocatalyst after being used
six times.
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Figure 8. Effects of different scavengers on degradation of RhB in the
presence of H-mSiO,—BiOBr nanophotocatalyst under visible-light
irradiation.
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importantly, synthesizing the BiOBr nanoparticles with an
appropriate size and dispersion on the surface of hollow
mesoporous silica submicrospheres would be very effective for
the enhancement of the photocatalytic activity of the
photocatalyst, which is because this novel structure can fulfill
the rapid transfer of electrons in the interfaces and enhance
visible region absorption to some extent.>* Generally, there are
three possible reaction mechanisms in dye photodegradation in
the presence of a semiconductor photocatalyst: a photolysis
process, a dye photosensitization process and a photocatalytic
process.>® Here, the whole photodegradation process should
contain at least three steps: the adsorption process, the dye
photosensitization process and the photocatalytic process. In
the adsorption process, RhB molecules in the bulk solution
would first be enriched on the surface and in the internal
cavities of the H-mSiO,—BiOBr nanophotocatalyst by the
concentration gradient effect for the presence of the internal
cavity. In the photosensitization process, the RhB molecules on
the surface of the nanophotocatalyst would quickly transform
into the activated intermediates” after capturing the holes, and
more and more activated intermediates” would be generated
with the extend of the illumination time. At the same time, the
photoexcited electrons on the surface of the photocatalyst
would react with O, molecules to produce the O,°” radicals
that can work as a main active species for RhB photo-
degradation. In the photocatalytic process, the activated
intermediates® would react with O,°” radicals to transform
into the ultimate degradation products (CO, and H,0) (Figure
9).

visible light
degradation

. . + .-
intermediates™+ O3 products

\_/ RhB* —3 intermediates”

Figure 9. Schematic illustration of the proposed photocatalytic
mechanism of the H-mSiO,—BiOBr nanophotocatalyst under visible-
light irradiation.

B CONCLUSION

In this paper, a novel VLD H-mSiO,—BiOBr nanophotocatalyst
was successfully synthesized by a facile three-step method. First,
the hollow mesoporous silica submicrospheres with an orderly
mesoporous opening structure and an independent internal
cavity were synthesized by combining Stober hydrolysis and
chemical etching. Second, the hollow mesoporous silica
microspheres were functionalized by APTES, then the amino-
groups were successfully introduced into the surface of this
material. Third, a BiOBr photocatalyst with a size range of
about 8—15 nm was successfully synthesized by solvothermal
synthesis with the aid of the oriented function of the surface
amino-groups. Subsequently, RhB was chosen as the target
organic pollutant, and photocatalytic degradation experiments
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in the presence of the H-mSiO,—BiOBr nanophotocatalyst
under visible-light irradiation were investigated. The exper-
imental results revealed that the photocatalytic activity of this
novel H-mSiO,—BiOBr nanophotocatalyst was more superior
than that of the core—shell SiO,@mSiO,—BiOBr nano-
photocatalyst under visible-light irradiation. More importantly,
the nanoscale BiOBr photocatalyst would lead to the increased
band gap (1.47 eV), which would further lead to the effective
restraint for the recombination of the photoexcited electron—
hole pairs. However, the fast migration of the interface charges
would enhance the photoactivity of this novel supported
nanophotocatalyst significantly. Furthermore, the existence of
the internal cavities of this novel nanophotocatalyst would lead
to multiple reflections of the irradiated light and effectively
prolong its action time, which is also very conducive to the
enhancement of the photoactivity of this novel supported
nanophotocatalyst. Simultaneously, the orderly mesoporous
opening structure can effectively facilitate the transfer of
reactant molecules. Therefore, it would lead to the enhanced
photocatalytic performance of the BiOBr nanophotocatalyst on
the surface of the hollow mesoporous silica submicrospheres.
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