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ABSTRACT: Ag/BiOBr film coated on the glass substrate was
synthesized by a solvothermal method and a subsequent
photoreduction process. Such a Ag/BiOBr film was then adhered
to a hollow rotating disk filled with long-afterglow phosphor inside
the chamber. The Ag/BiOBr film exhibited high photocatalytic
activity for organic pollutant degradation owing to the improved
visible-light harvesting and the separation of photoinduced
charges. The long-afterglow phosphor could absorb the excessive
daylight and emit light around 488 nm, activating the Ag/BiOBr
film to realize round-the-clock photocatalysis. Because the Ag
nanoparticles could extend the light absorbance of the Ag/BiOBr film to wavelengths of around 500 nm via a surface plasma
resonance effect, they played a key role in realizing photocatalysis induced by long-afterglow phosphor.
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B INTRODUCTION

Photocatalysis shows good potential in environmental cleaning
by mineralizing organic pollutants.”” Most studies are focused
on the design of visible-light photocatalysts with the aim of
making efficient use of sunlight. The BiOBr visible photo-
catalyst has attracted increasing attention for its high activity
and strong stability.” > Meanwhile, a Ag-modified semi-
conductor has also been widely studied owing to the dual
functions of Ag nanoparticles for both inducing visible-light
photocatalysis by a surface plasma resonance (SPR) effect and
promoting photoelectron—hole separation.”™" In addition, a
photocatalysis reactor is also essential to enhancing the
photocatalytic efficiency.”'’ Various reactors have been
developed such as the annular photoreactor,"'* photocatalytic
Taylor vortex reactor,”” fluidized-bed reactor,"* and corrugated-
plate reactor.'>'® However, photocatalysis still displays some
instinct problems. One is its poor light-harvesting ability owing
to the light-shielding effect by the solution, especially by the
colorful solution containing dye pollutants. The other is that
photocatalysis cannot proceed at night because of the absence
of light irradiation. This is significant to realizing a round-the-
clock photocatalytic process via the transformation of
redundant energy during light irradiation to the mediate that
could continuously provide light at night.

Herein, we developed a novel photocatalysis reactor
containing a hollow rotating glass disk coated with a Ag/
BiOBr film on the outer surface and filled with long-afterglow
phosphor inside the chamber (see Scheme 1). The Ag/BiOBr
film acted as a visible-light photocatalyst, while the rotating disk
could avoid the light-shielding effect by the solution. More
importantly, the long-afterglow phosphor could absorb and
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Scheme 1. Schematic of a Rotating-Disk Reactor with Long-
Afterglow Phosphor

N

store excessive sunlight in the daytime, followed by emitting
light with a characteristic wavelength of around 488 nm at night
to drive round-the-clock photocatalysis. Taking into account
that BiOBr could be activated only by visible light with
wavelength of around 420 nm, the Ag nanoparticles having a
SPR effect of around 500 nm could start photocatalysis at night
by absorbing the emission light from long-afterglow phosphor.
The Ag nanoparticles located on BiOBr could also promote
photocatalysis by enhancing light harvesting and inhibiting
photoelectron—hole recombination. Additionally, the rotating-
disk reactor with the Ag/BiOBr film could solve the problem of
separation and recovery of the powder catalyst in practical
applications.
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Figure 1. (a) TEM image. (b) Chemical mapping of Ag and Bi elements. (c) High-resolution TEM image. (d) Ag particle size distribution of the

Ag/BiOBr-3.0-15 sample.

B EXPERIMENTAL SECTION

Photocatalyst Preparation. The BiOBr film was synthesized
according to our previous work as the following process. After
pretreatment of the soda glass sheet (2.5 X 2.2 cm?), 0.12 g of
Bi(NO,);-SH,0 was dissolved in a mixture solution with 5.0 mL of
ethylene glycol and 35 mL of isopropyl alcohol. Then, [C,smim]BrIL
was also dissolved with a Bi/Br molar ratio of 1:2 and stirred
vigorously for 1.5 h. Then, one glass plate was put inside a 50 mL
Teflon-lined stainless steel autoclave, and the obtained solution was
then transferred into it. After that, the autoclave was sealed and
maintained at 160 °C for 8 h, followed by natural cooling to room
temperature. The obtained films were cleaned three times with ethanol
and deionized water and dried at ambient temperature for 1.0 h.
Finally, the films were calcined at 400 °C for 4 h to improve
crystallization of the catalyst and remove the organic residuals.

A photoreduction approach was used to deposit Ag nanoparticles
on BiOBr films. Three as-prepared BiOBr films were placed in a 60
mL methyl alcohol solution dissolved with AgNO; with the desired
Ag/Bi molar ratio. Then, the solution was irradiated under one
ultraviolet light (365 nm, 8 W) with different times. Finally, the films
were washed three times with ethanol and water. The samples were
denoted as Ag/BiOBr-X-Y, in which X and Y represented the Ag/Bi
molar ratio (%) and photoreduction time (min), respectively.

Finally, four glass sheets (each size = 2.5 X 2.2 cm) coated with the
Ag/BiOBr film were uniformly adhered onto the outer surface of a
rotating disk (7.9 cm diameter and 1.2 cm thickness) filled with 74.4 g
of long-afterglow phosphor (Blue NL-PA, Shanghai Congyu
Company; characteristic wavelength of around 488 nm) inside the
chamber.

Characterization. The structure was detected by X-ray diffraction
(XRD; Rigacu D/Max-2000). Surface morphologies were observed by
field-emission scanning electron microscopy (FESEM; Hitachi S-
4800) and transmission electron microscopy (TEM; JEM-2010). X-ray
photoelectron spectroscopy (XPS; Versa Probe PHI S000) was used
to determine surface electronic states. The shift of the binding energy
due to relative surface charging was corrected using the CI1S level at
284.8 €V as an internal standard. The optical property was analyzed by
both UV—vis diffuse-reflectance spectroscopy (DRS; MC-2530) and
photoluminescence (PL) spectroscopy (Varian Cary-Eclipse 500). The
measurement system of surface photovoltage spectroscopy (SPS) was
assembled by a source of monochromatic light, a light chopper
(SR540, Stanford), and a lock-in amplifier (SR830-DSP, Stanford). A
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500 W Xe lamp (CHF XMSOOW, Stusttech) and a double-prism
monochromator (Omini-S00, Zolix) were combined to provide
monochromatic light with a chopping frequency of 23 Hz. Time-
resolved fluorescence spectra were measured on a Horiba Scientific
Fluoro-Cube based on the principle of time-correlated single-photon
counting.

Activity Test. Photodegradation of rhodamine B (RhB) was
conducted in the reactor illustrated in Scheme 1 at 30 °C. The rotating
disk was immersed into 55 mL of a 10 mg/L RhB solution with 57% of
the disk surface exposed to air. The disk was rotated for 30 min in the
dark at a speed of 90 rpm to achieve adsorption—desorption
equilibrium. Then, photocatalysis was initiated by illumination with
a 300 W Xe lamp (CHF-XMS00; light intensity = 600 mW/cm?)
located 10 cm away. All of the UV light with wavelength of less than
420 or 450 nm was removed by the glass filters. The reaction
continued in the dark by Blue NL-PA long-afterglow phosphor (4 =
488 nm) after the Xe lamp was turned off. At given time intervals, the
initial concentration of RhB (C) was measured on a UV-—vis
spectrophotometer (UV-7502PC, XinMao Instrument Co. Ltd.,
Shanghai) at the characteristic wavelength of 553 nm. Preliminary
tests demonstrated a good linear relationship between the light
absorbance and RhB concentration. The degradation yield was
calculated by comparing the RhB concentration during the reaction
(C) with the initial concentration (C,). The reproducibility of the
results was checked by repeating the experiments at least three times
and was found to be within acceptable limits (+£5%). The apparent
quantum efficiency for chemical species is often defined as the initial
measured rate of photodegradation divided by the theoretical
maximum rate of photon absorption, which is expressed as
follows:'" ™"

_ d[x]/dt
IR ET

inc
where d[x]/dt is either the initial rate of formation or loss of chemical
species and d[hv],,./dt is the total optical power impinging on the
sample. According to the above equation, the optical power and
apparent quantum efficiency for different reaction processes was
determined as follows:
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where W, =300 W, 1 = 6.626 X 107, ¢ = 3.0 X 10® m/s, Ay = 420 nm,
Ay =780 nm, W, = 20 mW, 4, = 488 nm, and N = number of reacted
organic molecules. The rotating disk was immersed in a RhB solution
with 57% of the disk surface exposed to air, and only about 10% of the
light could reach the catalyst film with a rotating disk of 1.2 cm
thickness.

The durability of the catalyst films coated on the rotating disk with
long-afterglow phosphor was measured according to the following
procedure. After each run of the photocatalysis reactions, the films
were washed with distilled water three times and dried at 100 °C for
12 h. Then, each recycling test was conducted under the same
conditions, and the RhB photodegradation rate was determined to
show the change of activity.

Adsorption Test. The adsorption ability of different samples was
investigated via the uniform localization of four glass sheets (each size
=2.5 X 2.2 cm) coated with catalyst films on the rotating disk reactor
in the dark with a rotating speed of 90 rpm. It was immersed in 55 mL
of a 10 mg/L aqueous RhB solution at 30 °C. A total of 57% of the
surface area of the disk was exposed to air. At given time intervals, the
initial concentration of organics (C,) and concentration during the
adsorption process (C) were measured to calculate the adsorption rate.

B RESULTS AND DISCUSSION

Structure Characteristics. FESEM images (Figure S1)
show that the Ag/BiOBr nanosheets uniformly grew on the
glass substrate. No Ag particles are observed owing to the high
dispersion and small size. The TEM and chemical mapping
images together with the Ag particle size distribution pattern in
Figure 1 clearly display the uniform Ag nanoparticles on BiOBr
nanosheets with an average size of around 15 nm.

As shown in Figure 2, the XRD patterns demonstrate that
both BiOBr and Ag/BiOBr-3.0-15 films exhibit a pure
tetragonal BiOBr crystal phase (JCPDS 09-0393). No
significant peaks indicative of Ag are found because of the
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Figure 2. XRD patterns of different samples.

high dispersion of small Ag nanoparticles with very low loading.
The XPS spectra (Figure S2) demonstrate that all Ag species
were present in the metallic state, corresponding to binding
energies of around 367.7 and 373.7 eV in Ags4s/, and Agsqgso
respectively, with a difference of 6.0 éV.”*">* According to XPS
and inductively coupled plasma (ICP) analysis, the concen-
trations of Ag nanoparticles in different samples are
summarized in Table 1. XPS and ICP analysis demonstrated

Table 1. Concentration of Ag in Different Samples

Ag/Bi (theoretical Ag/Bi (XPS Ag/Bi (ICP

sample value) (mol %) result) (mol %)  result) (mol %)

BiOBr 0 0 0

Ag/BiOBr- 1.5 0.11 0.030
1.5-1S

Ag/BiOBr- 3.0 0.45 0.11
3.0-15

Ag/BiOBr- 4.5 0.95 0.13
4.5-15

Ag/BiOBr- 6.0 0.97 0.13
6.0-15

Ag/BiOBr- 3.0 0.34 0.050
3.0-10

Ag/BiOBr- 3.0 0.87 0.14
3.0-20

Ag/BiOBr- 3.0 1.1 0.1S
3.0-25

that the Ag loading increased with an increase in either the
initial AgNOj; concentration or the photoreduction period and
reached a saturated value. The actual concentration of Ag
nanoparticles from the XPS results was much higher than that
from the ICP results, obviously because of the main deposition
of Ag nanoparticles on the surface of the BiOBr film.

Optical Properties. From UV—vis DRS spectra in Figure 3,
the Ag/BiOBr-3.0-15 film presents stronger visible-light
absorption from 400 to 600 nm than the pure BiOBr film
owing to the Ag SPR.*** The excessive Ag nanoparticles in the
Ag/BiOBr-6.0-15 film result in the small SPR. Additionally, Ag/
BiOBr-3.0-15 also shows stronger SPS response than BiOBr,
indicating the higher separation efficiency of photoinduced
charge carriers and the stronger surface charge transfer under
light irradiation,” which is consistent with the PL spectra in
Figure S3. Ag/BiOBr-3.0-15 shows the lowest PL peak intensity
among all of the films. In comparison, the smaller Ag—BiOBr
interface in Ag/BiOBr-1.5-1S is not beneficial for charge
separation, and an excessive Ag amount in both Ag/BiOBr-4.5-
1S and Ag/BiOBr-6.0-15 could lead to easy charge recombi-
nation on Ag nanoparticles.””~>” The increased PL decay time
of Ag/BiOBr-3.0-1S over that of BiOBr (Figure S4) was also
attributed to the reduced recombination of the electrons and
holes on the Ag/BiOBr film surface,”’ owing to the electron-
trapping effect of Ag nanoparticles. Meanwhile, long-afterglow
phosphor (Blue NL-PA) emitted visible light around 488 nm
(Figure SS) at an excitation light of 400 nm, which could
activate the Ag/BiOBr photocatalyst.

Photocatalytic Performance. According to the similar
RhB adsorption rate and capability on the Ag/BiOBr-3.0-15
and BiOBr films (Figure S6), the influence of the RhB
adsorption property on different catalyst films could be
excluded during the photocatalytic degradation process. First,
we examined the role of the rotating disk by using the BiOBr
film photocatalyst to exclude the influence from Ag nano-
particles. Both a color solution containing RhB and a colorless
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Figure 3. (a) UV—vis DRS and (b) SPS spectra of different films.

solution containing 2,4-dichlorophenol were used (see Figures
S7 and S8). The BiOBr film on the rotating disk with a speed of
90 rpm exhibited much higher activity than either the BiOBr
powder scrapped from the BiOBr film immersed in the solution
or the BiOBr film on the static rotating disk. We also found that
the promoting effect of the rotating disk became more
significant by using a color solution containing RhB than that
by using a colorless solution containing 2,4-dichlorophenol. As
is known, a color solution could absorb more light, leading to
an enhanced light-shielding effect, especially at high RhB
concentration. Our preliminary test demonstrated that only
about 30% and 10% of the light could reach the photocatalyst at
a depth of 1 cm in a colorless solution containing 10 mg/L 2,4-
dichlorophenol and in a color solution containing 10 mg/L
RhB, respectively. When the disk was rotated, only less than a 1
mm solution film was coated on the disk. Thus, light could
easily pass through such a thin solution film to reach the
photocatalyst with little light loss even in the presence of 10
mg/L RhB, which could ensure high photocatalytic degradation
efficiencies. Furthermore, the BiOBr film coated on the rotating
disk presented a higher apparent quantum efficiency than that
coated on the static disk and BiOBr powder dispersed in
solution during the photocatalytic degradation of both RhB and
2,4-dichlorophenol, as shown in Table S1.

Second, the photocatalytic activity of the Ag/BiOBr film on
the rotating disk without long-afterglow phosphor was
investigated. As shown in Figure 4, Ag/BiOBr films with
increasing Ag loading obtained by enhancing either the initial
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Figure 4. Photodegradation of RhB on (a) Ag/BiOBr-X-15 and (b)
Ag/BiOBr-3.0-Y films in the rotating-disk reactor without long-
afterglow phosphor. Reaction conditions: four glass plates (each size =
2.5 X 2.2 cm) coated with catalysts localized on the disk; S5 mL of a
10 mg/L RhB aqueous solution; reaction temperature = 30 °C; one
300 W Xe lamp (light intensity = 600 mW/cm? A > 420 nm); rotating
speed = 90 rpm.

AgNO; concentration or photoreduction time display first an
increase and then a decrease in the photocatalytic activity. The
Ag/BiOBr-3.0-15 film exhibits the highest photocatalytic
activity under visible-light irradiation. This could be mainly
ascribed to the enhanced visible-light harvest due to the SPR of
Ag nanoparticles and the diminished photoinduced electron—
hole recombination rate due to rapid photoinduced electron
transfer through the Ag nanopartcles.”’ The excessive Ag
loading is harmful for photocatalysis because of the gathering of
Ag nanoparticles, which diminishes the SPR effect and the
inhibiting effect on the charge recombination. In order to
further investigate the effect of Ag particles, Figure S9 presents
the photocatalytic process in the rotating-disk reactor without
long-afterglow phosphor under different visible-light irradiation.
Both the effect of the SPR and charge separation of the Ag
nanoparticles result in the greatly enhanced activity of the Ag/
BiOBr-3.0-15 film at 4 > 420 nm over that of other conditions.
In comparison, the slightly improved activity of Ag/BiOBr-3.0-
1S over that of the BiOBr film at 4 > 450 nm is only due to
photoinduced electron—hole separation via electron trapping
by Ag nanoparticles.”**” Meanwhile, under light irradiation
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with 4 > 450 nm, hot electrons could reach the interface
between the metal Ag and BiOBr catalyst, overcome the
potential barrier at the interface, and then be transported into
BiOBr, beneﬁc1al for improvement of the photodegradation
acthlty

Figure S shows the photocatalytic degradation process of
RhB on the BiOBr or Ag/BiOBr-3.0-15 film coated on the
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Figure S. Photodegradation of RhB on different films in the rotating-
disk reactor filled with or without long-afterglow phosphor. Reaction
conditions: four glass plates (each size = 2.5 X 2.2 cm) coated with
catalysts localized on the disk; 55 mL of 15 mg/L RhB aqueous
solution; reaction temperature = 30 °C; one 300 W Xe lamp (light
intensity = 600 mW/ cm? 1 > 420 nm); Blue NL-PA long-afterglow
phosphor (4 = 488 nm); rotating speed = 90 rpm.

rotating disk filled with or without long-afterglow phosphor.
Under visible-light irradiation, the BiOBr film in the presence of
long-afterglow phosphor exhibited slightly higher activity than
that without long-afterglow phosphor. This could be attributed
to the fact that the visible light with a wavelength of around 488
nm emitted from long-afterglow phosphor could not efficiently
activate the BiOBr film, which absorbed light around 420 nm.
This could also account for the fact that, after the Xe light was
turned off, only a trace RhB could be continuously degraded
under irradiation with light emitted from long-afterglow
phosphor. Interestingly, the Ag/BiOBr-3.0-15 film exhibited
much higher photocatalytic activity in the presence of long-
afterglow phosphor filled in the rotating disk than that in the
absence of long-afterglow phosphor. This could be attributed to
the unique SPR effect of Ag nanoparticles, corresponding to the
absorbing light with a wavelength of up to 500 nm. As a result,
the Ag/BiOBr film could be activated by light emitted from
long-afterglow phosphor (~488 nm). This also ensured
continuous photocatalytic degradation of RhB after the Xe
light was turned off, leading to round-the-clock photocatalysis.
Long-afterglow phosphor first adsorbed visible light from the
Xe light. After the Xe light was turned off, light was emitted
around 488 nm, which could also activate Ag/BiOBr for
subsequent photocatalysis owing to the SPR effect of the Ag
nanoparticles. The Ag nanoparticles could be oxidized by the
plasma-induced charges and simultaneously reduced by the
electrons from the BiOBr conduction band.*® This could be
confirmed by XPS spectra in Figure S10, which display no
significant change of metallic Ag after different light irradiation.
Meanwhile, it could be found in Table S2 that the Ag/BiOBr-

3.0-15 film in the rotating-disk reactor filled with long-afterglow
phosphor presented the highest apparent quantum efliciency in
comparison to other reaction systems. Additionally, the optimal
rotation rate in the rotating-disk reactor filled with long-
afterglow phosphor was determined to be 90 rpm during the
photocatalytic degradation process (Figure S11). This could
possibly be attributed to the fact that the low rotation rate was
not beneficial for reactant adsorption and the high rotation rate
is harmful for light utilization.

The Ag/BiOBr-3.0-15 and BiOBr films in different reaction
processes present no significant decrease of the photoactivity
after recycling six times, as shown in Figure 6. Furthermore,
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Figure 6. Recycling test of different films in the rotating-disk reactor
filled with or without long-afterglow phosphor. Reaction conditions
are given in Figure 5.

little significant light absorption change of both the Ag/BiOBr-
3.0-15 and BiOBr films after recycling six times could be found
in the UV—vis spectra (Figure S12). The high durability
implied stable interaction of the Ag nanoparticles with the
BiOBr film and structure stability of the BiOBr film, suitable for
repetitive utilization in practical applications, against either
structural damage or leaching from the glass substrate.

B CONCLUSION

This work developed an Ag/BiOBr composite photocatalysis
system for degradation of organic pollutants in wastewater. The
Ag/BiOBr film was coated on the outer surface of a rotating-
disk reactor filled with long-afterglow phosphor. It exhibited
high photocatalytic activity owing to the improved visible-light
harvesting and lower recombination efficiency of the photo-
induced charges. The light-shielding effect of the color solution
containing dye pollutants could be easily avoided by rotation of
the disk. More importantly, long-afterglow phosphor could
store excessive irradiation light and then emit light around 488
nm in the absence of light irradiation, which activated the Ag/
BiOBr film for continuous photocatalysis, leading to round-the-
clock photocatalysis. The Ag nanoparticles extended the light
absorbance of the Ag/BiOBr film to around 500 nm via the
SPR effect. Thus, the Ag/BiOBr film could be activated by light
emitted from long-afterglow phosphor. This photocatalytic
system also exhibited strong durability and could be used
repetitively, showing good potential in the practical cleaning of
dyeing wastewater.
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