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Text: New flake-tube structured BiOBr/TiO, nanotube arrays heterojunction exhibits
highly enhanced visible-light photocatalytic activity in pollutant treatment.
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In this study, new flake-tube structured BiOBr/TiO, nanotube arrays (TNTAs) heterojunction has been

successfully prepared by anodization followed by sequential chemical bath deposition (S-CBD) method.

The as-prepared samples were characterized by X-ray diffraction (XRD), electron microscopy, X-ray

photoelectron spectroscopy (XPS) and nitrogen sorption. The photocatalytic activities toward degradation

of methyl orange (MO) were evaluated under simulated sunlight. The transient photocurrent response

under visible-light irradiation was measured to further confirm the photocatalytic activity enhancement.

The results revealed that BiOBr nanoflakes were uniformly dispersed on both inner and outer walls of
TiO, nanotubes, and the BiOBr/TNTAs-2 displayed the best photocatalytic activities, favorable stability
and highest photocurrent density among all the BiOBr/TNTAs heterostructured samples. The combined

effects of several factors may contribute to the remarkably enhanced photocatalytic activity for the

BiOBr/TNTAs-2 sample including open tube-mouth structure, strong visible-light absorption by BiOBr,

the formation of BiOBr/TNTAs heterojunction and larger specific surface area.

1. Introduction

In recent decades, TiO, nanotube arrays (TNTAs) has been
widely investigated in catalysis due to its superior photocatalytic
performance and photoelectric conversion efficiency.'? The
highly ordered and hollow tubular structure of TNTAs increases
their specific surface area and provides more channels for
electron transition.”> Compared with powdered TiO,, TNTAs can
immobilize the photocatalyst in the form of film, thus eliminates
the particles aggregation and the need for separation or
filtration.*” However, with intrinsic wide band gap of 3.2 eV for
anatase and 3.0 eV for rutile,® TiO, can only utilize UV light
(only 2-3% of the solar spectrum). Moreover, the rapid
recombination of photoinduced electrons and holes greatly lowers
the quantum efficiency.”!" Therefore, it is of great need to
develop effective means to broaden light adsorption region and
improve the charge separation efficiency of the TNTAs.'*'
Constructing a heterojunction between TNTAs and other
semiconductors with appropriate band gap and band position such
as CdS," CdSe,'*'” Cu,0'® or ZnO" was demonstrated to be an
effective way. Under sunlight irradiation, the photo-induced
electrons and holes can be easily separated by transferring the
electrons or holes to the other semiconductor,” assisting the
charge separation efficiency and photocatalytic activity
enhancement.

As a ternary semiconductor, bismuth oxybromide (BiOBr)
with band gap of 2.73 eV has attracted considerable attentions
due to its high photocatalytic activity and stability under visible
light irradiation.”'* BiOBr possesses tetragonal matlockite
structure, a layered structure with [Bi,0,]*" layers interleaved
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with double Br layers. Both the unique open layered structure
and the presence of strong internal static electric field contribute
to the effective separation and transfer of the photo-induced
electron-hole pairs, assisting high photocatalytic performance of
BiOBr.*** Wang’s group®’ reported that lamellar structured
BiOBr showed high visible-light driven photocatalytic efficiency,
which was up to 96% within 120 min. Liu’s group® described
that flowerlike hierarchical BiOBr synthesized by solvothermal
Method exhibited excellent photocatalytic activity in degradation
of methyl orange (MO) solution under visible-light irradation.

Therefore, constructing a heterojunction between TNTAs and
BiOBr can not only broaden the light adsorption range of TNTAs,
but also overcome the shortcomings of the powdered BiOBr.
However, there is by far no relevant report about BiIOBr/TNTAs
heterojunction catalyst. In this study, a series of unique flake-tube
structured BiOBr/TNTAs heterojunctions were successfully
prepared by loading large amounts of BiOBr nanoflakes onto
both inner and outer walls of TiO, nanotubes. Compared with
bare TNTAs, the BiOBr/TNTAs heterojunctions showed
remarkably enhanced photocatalytic activities under simulated
sunlight irradiation, and the BiOBr/TNTAs-2 sample exhibited
the best photocatalytic performance as well as the highest
photocurrent response. Furthermore, the photocatalytic activity
enhancement mechanism of BiOBr/TNTAs heterojunction was
also discussed.

2. Experimental sections
2.1. Materials
Bi(NOs);.5H,0, NaBr, NH,F, acetone, ethylene glycol (EG) and
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ethanol were purchased from Sinopharm Chemical Reagent
Co.Ltd. All chemicals were of analytical grade and used without
further purification. High purity Ti foils (99.7%) were purchased
from Beijing Cuibolin Non-ferrous Technology Developing
Co.Ltd. Ultrapure water obtained from the Milli-Q system
(Millipore, USA) was used to prepare the solutions.

2.2. Preparation of self-organized TNTAs

The highly-ordered TNTAs were fabricated via potentiostatic
anodization with Ti foil as anode and highly pure graphite foil as

o
S

cathode. 0.25 M NH,F ethylene glycol solution containing 8 vol%

water was chosen as electrolyte. Before anodization, the Ti foils
were degreased in acetone and ethanol with sonication, and then
rinsed by ultrapure water and dried at 50 ‘C. The anodization
process was performed under a constant voltage of 60 V for 2 h.
After anodization, the samples were rinsed by sonication in EG
for several minutes to remove the debris on the surface, and then
washed with ultrapure water to remove the EG. Finally, the as-
prepared samples were dried at 50 ‘C and annealed at 500°C for 2
h with the heating rate of 1°C/min to turn the amorphous TNTAs
into the anatase phase.

2.3. Preparation of BiOBr/TNTAs samples.

BiOBr/TNTAs samples were prepared via the sequential
chemical bath deposition (S-CBD) method. In a typical synthesis
process, 1 mmol Bi(NO;);.5H,0 was dissolved in 20 ml 0.1 M
mannitol solution to obtain solution A, and 1 mmol NaBr was
dissolved in 20 ml ultrapure water to obtain solution B. The
above two solutions were placed into the 40°C water bath. The
annealed TNTAs were firstly immersed into solution A for 2 min
and rinsed with absolute ethanol, and then immersed into solution
B for 2 min and rinsed with absolute ethanol again. The rinsed
process was aimed at removing the ions absorbed on the tube-
mouth and avoiding mouth blocking by the as-generated BiOBr
nanoflakes. Such aforementioned reaction cycle was repeated for
1 to 3 times respectively, and the relevant samples were marked
as  BIiOBr/TNTAs-1, BiOBr/TNTAs-2, BiOBr/TNTAs-3
respectively.

2.4. Characterization

Field-emission  scanning electron microscope (FESEM)
measurements were operated on SU8020 microscope at an
accelerating voltage of 5 kV to observe the morphology of the as-
prepared samples. The microstructures and the presence of
heterojunction of BiOBr/TNTAs were further confirmed using
JEM-2100F high-resolution transmission electronic microscopy
(HRTEM) operated at 200 kV. The HRTEM samples were
prepared by scraping off the TNTAs or BiOBr/TNTAs films and
dispersing the scraped powder in ethanol with ultrasonic for 2-3
min, and then placing a drop of the dispersion liquid onto a holey
copper grid followed by natural drying. The phase structure was
examined by X-ray diffraction (XRD) analysis on Rigaku
D/MAX2500V diffractometer with Cu-Ka radiation (A= 1.5406
A) at a scan rate (20) of 2° min'. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
ESCALAB 250 XPS system. Nitrogen adsorption isotherms were
conducted at 77.15K on SA3100 micromeritics analyzer
(Beckman Coulter) after degassing the samples at 373.15K for 2
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h. The Brunauer-Emmett-Teller (BET) surface area was
estimated by the nitrogen adsorption isotherms in a relative

pressure range from 0.05 to 0.2.
2.5. Photocurrent and photocatalytic activity test

The transient photocurrent of the as-prepared samples was
measured on CHI660D electrochemical workstation in a self-
made quartz cell (25W X 25LXH30 mm?*) with a three-electrode
system as illustrated in Fig.1, in which the as-prepared samples
served as working electrode, a Pt wire as courter electrode (CE)
and Ag/AgCl (3 M KCl) electrode as reference electrode (RE).
0.05 M phosphoric buffer solution (PBS) was employed as
electrolyte. A 300 W xenon lamp (HSX-F300, NBET Company)
with a 400 nm UV-cut filter positioned 40 cm away was served as
visible light source. The transient photocurrent was recorded
based on the response to the intermittent visible-light irradiation
every 100s at 0.2 V bias with magnetic stirring.

CE

RE

Light source

PBS solution

Fig.1 Schematic illustration of three-electrode system

The photocatalytic activity of the as-prepared samples was
evaluated based on the degradation of MO solution (10 mg/L) at
ambient temperature. MO is a typical chemically stable nitrogen-
containing dye pollutant. 300 W Xenon light was employed as
simulated sunlight source positioned 10 cm away from the MO
solution. The photocatalytic experiments were carried out on
quart tubes surrounded by circulating water. Before illumination,
the BiOBr/TNTAs samples in size of 2x2.5 cm’® were submerged
into 15 ml MO aqueous solution in the dark for 1 h to achieve the
adsorption/desorption equilibrium. Upon illumination, the MO
solution was sampled every 30 min to determine the
concentration on UV-Vis spectrophotometer
(Shimadzu UV3600) by recording the variations of the absorption
peaks at A= 464 nm. The degradation rate (%) can be calculated
by the following equation:*

R =[(Cy—C)/Cy)*x100%=(A4y—A)/4y (1)
Herein R is the removal rate, Cy and C are the initial and real-time
concentration of MO solution during the reaction; 4, and 4 are
the initial and real-time absorbance values at 464 nm.

variations

3. Results and dissicussion
3.1. Characterization

The morphologies of the as-prepared samples were firstly
observed by FESEM, as illustrated in Fig.2. It is clear that bare
TNTAs (Fig.2a) are composed of vertically oriented and highly-
ordered nanotubes with an average inner diameter of about 150
nm and wall thickness of 20-30 nm. In addition, the TiO,
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nanotubes are well-separated from each other with certain
intertube spacings between individual nanotubes. The nanotube
surfaces are almost smooth and the tube mouths are open and
clean. All microstructures observed above are beneficial for the

s subsequent deposition reaction. For the sample BiOBr/TNTAs-1
(Fig.2b), it is obvious that both inner and outer walls of the
nanotubes are coated by a lot of tiny nanoflakes with only several
nanometers in thickness and bout 20-30 nm in width.

(b)

300 nm

£00 bim
{

10 Fig.2 The FESEM images of (a) bare TNTAs, (b) BiOBr/TNTAs-1, (c)
BiOBr/TNTAs-2, (d) BiOBr/TNTAs-3.

For the BiOBr/TNTAs-2 sample with 2 deposition cycles
(Fig.2c), more and larger nanoflakes are loaded onto both inner
and outer walls of the nanotubes. The nanotubes maintain the

15 hollow structure without mouth blocking, and the intertube
spacings remain interconnected. These nanoflakes grow almost
perpendicular to the nanotube walls, and this is beneficial for
increasing the specific surface area and the effective contact area
between the catalyst and the dye solution to be degraded.

2 However, intertube spacings are blocked by the as-generated
large nanoflakes (Fig.2d), and the inner diameter of the nanotubes
decreases dramatically when the bare TNTAs were deposited via
the S-CBD method for 3 cycles, which may not benefit to the
solution immersion and weaken its photocatalytic activity. In

25 addition, the complete side view (Fig.3a) and bottom nanotube
(marked in Fig.3a) images (Fig.3b) of the BiOBr/TNTAs-2 were
further observed. It can be seen clearly that the BiOBr/TNTAs
film length is about 25 um, and there are still a lot of nanoflakes
loaded on the surface of the bottom nanotubes, further proving

30 the uniform distribution of BiOBr nanoflakes on the whole

Fig.3 The complete side view (a) and the bottom nanotube (b) images of the
BiOBr/TNTAs-2 sample.

3 Possible formation mechanism of BiOBr/TNTAs samples
have been proposed, as shown in Fig.4. Bi(NO3);.5H,0 was
firstly dissolved in mannitol solution and formed Bi-containing
complex.’® When the TNTAs were immersed in solution A, the

solution penetrated into the nanotubes and the intertube spacings,

40 and thus the Bi-containing complex was adsorbed to the nanotube
walls. When TNTAs was immersed into solution B, large
quantity of Br- would be absorbed to the nanotube walls to react
with Bi-containing complex to generate BiOBr nuclei. As the
BiOBr tends to crystalline into flake structure,’’ the resulting

45 flake-tube structured heterojunction of BiOBr/TNTAs was
formed.

Bi-containing complex

Immerse in solution A

S, -
apE

Bare TiO, nanotube arrays

= D Immerse in solution B

BiOBr nanoflakes grow on the
walls of TiO, nanotubes
Fig.4 Schematic illustration of possible formation mechanism of
BiOBr/TNTAs heterojunction
50 The microstructures and the presence of heterojunction for
BiOBr/TNTAs-2 sample were further analyzed using TEM and
HRTEM, as illustrated in Fig.5. The TEM image (Fig.5a) showed
that the BiOBr nanoflakes with a width of 30-50 nm and
thickness of several nanometers distribute uniformly over the
ss whole tube walls. It is clear that the nanoflakes are generally
perpendicular to the nanotube walls and distribute uniformly over
the whole nanotube walls. The corresponding HRTEM image
analysis (Fig.5b) indicates that the dark part with a lattice spacing
of 4.01 A corresponds to (002) plane of BiOBr, while the light
o0 part with a lattice spacing of 2.46 A corresponds to (103) plane of
TiO,, demonstrating the formation of a heterojunction between
BiOBr and TiO,. The TEM and HRTEM results both confirm the
FESEM results and the formation of the BiOBr/TNTAs
heterojunction

65

Fig.5 TEM images (a) and HRTEM images (b) of BiOBr/TNTAs-2

This journal is © The Royal Society of Chemistry [year]
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XRD analysis was employed to investigate the phase
structure of the as-synthesized samples. Fig.6 shows the XRD
patterns of the bare TNTAs and BiOBr/TNTAs samples with
different deposition cycles. All the diffraction peaks in pattern (a)
can be indexed to anatase TiO, phase (PDF: 21-1272) except two
peaks at around 40.17° and 53.00° which are indexed to (101)
and (102) planes of Ti substrate. In the BIOBr/TNTAs patterns,
diffraction peaks at 10.9°, 32.22° and 46.20°which can be
ascribed to (001), (110) and (200) planes of tetragonal BiOBr
10 appear. In addition, diffraction peaks of BiOBr strengthen
gradually with the increase of the deposition cycles, which
indicates the increase of BiOBr content in the resulting
BiOBr/TNTAs samples. No other impurity peaks can be observed,
suggesting that no other Bi-containing impurities exist in the
resulting BiOBr/TNTAs samples. All the patterns of
BiOBr/TNTAs samples reveal the coexistence of both BiOBr and
TiO, phases, which is consistent with the aforementioned
microscopy results.
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To further study the surface composition and chemical state of
the BiOBr/TNTAs-2 sample, XPS analysis was conducted, as
illustrated in Fig. 7. The survey spectrum (Fig.7a) shows that the
BiOBr/TNTAs-2 sample contains not only Ti and O, but also Bi,
Br and C elements. The C element detected in XPS spectra may
come from CO, absorbed in the surface of the samples from the
air when the samples were exposed in the air. From the high
30 resolution spectrum, two peaks at around 68.04 eV and 69.00 eV

are attributed to Br 3ds, and Br 3d;,(Fig.7b), which can be

ascribed to Br™ in BiOBr.*> Two peaks at around 159.04 eV and

164.36 eV are assigned to Bi 4f;, and Bi 4fs,(Fig.7¢c), which is

characteristic peaks of Bi’* in BiOBr and consistent with the
35 reported values.*** As for Fig.7d, two distinct peaks at around

458.30 eV and 465.80 eV can be observed. The peak at 458.30

eV can be attributed to Ti 2p,,,>> and the peak of 465.80 eV is the

stacking of two peaks at 464.44 eV and 466.28 eV respectively.

The peak at 464.44 ¢V corresponds to Ti 2psp,,>> while the peak at
w0 466.28 eV corresponds to Bi 4d.*® The peaks of Ti 2p are

consistent with that of TiO,. Two distinct peaks of O Is (Fig.7e)

at 529.80 eV and 531.4 eV correspond to Ti-O bonds in TiO,”
and Bi-O bonds in [Bi,0,]*" slabs.®® The XPS results further
confirm the coexistence of TiO, and BiOBr in BiOBr/TNTAs

45 heterojunction and no existence of Bi and Br related impurities,
which is in agreement with XRD results.
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Fig.7 XPS spectra of BIOBr/TNTAs-2: (a) survey spectrum, (b) Br 3d, (c) Bi
50 4, (d) Ti 2p, (e) O 1s
Considering the TNTAs and BiOI/TNTAs films were attached
firmly to the Ti substrate and hard to peel off, the relative BET
surface area of the resulting samples was measured and calculated
via the special self-designed method. Firstly, the redundant part
ss of Ti foil without anodic oxidation was cut off from the resulting
samples. Then the obtained rectangular samples were cut into fine
shreds and rolled up, subsequently putted into the test quartz tube
to measure the Nitrogen adsorption isotherms. If ignore the
density differences between the Ti substrate and surface films, the
e relative BET surface area of the bare TNTAs and BiOBr/TNTAs
samples can be calculated via multiplying the measured data by
the sample weights and then divided by the sample area, as
shown in Table 1.

65 Table 1 The relative BET surface area of Ti foils, bare TNTAs and
BiOBr/TNTAs samples attached to the Ti substrate.

Relative BET specific surface area

samples ( m¥/em? )

Ti foil 2.5310x10™
Bare TNTAs 0.2732
BiOBr/TNTAs-1 0.3188
BiOBr/TNTAs-2 0.4425
BiOBr/TNTAs-3 0.3096

The results show that all the BiOBr/TNTAs samples have

70 higher relative BET surface area than that of bare TNTAs, and
BiOBr/TNTAs-2 has the highest surface area. It can be inferred
that appropriate amounts of tiny BiOBr nanofakes loaded on the
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nanotube surface may increase the specific surface area of the
bare TNTAs, while overloading of nanoflakes which stack with
each other may lead to the decrease in the specific surface area.
Therefore, we deduce that BiOBr/TNTAs-2 sample with the
highest relative BET specific surface area may exhibit the highest
photocatalytic activity among the BIOBr/TNTAs samples due to
its capacity to increase the contact area between adsorbed dye
molecules and the catalyst, and improve the molecule transport of
reactants and products.

3.2 Photocatalytic activity

1.0

N samples k(h-1)|
N (a Bare TNTAs 0.16229 (b)
0.8F BiOBr/TNTAs-1  0.31379
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Fig.8 Photocatalytic performance (a) and the degradation rate constant k (b)
of bare TNTAs and BiOBr/TNTAs samples under simulated sunlight. Cycling
degradation curve of BiOBr/TNTAs-2 for 4 runs(c) and one week later (d)

The photocatalytic performance of the samples was evaluated by
the degradation of MO solution under Xenon light irradiation, as
shown in Fig.8. It was obvious that MO concentration kept
constant with no catalyst added and decreased remarkably with
catalyst added. What’s more, the BiOBr/TNTAs samples show
remarkably enhanced photocatalytic activities than that of bare
TNTAs. After 180 min of the photocatalytic reaction, the removal
of MO over BiOBr/TNTAs-2 sample reaches 93%, while the
degradation rates of MO over BiOBr/TNTAs-1 and
BiOBr/TNTAs-3 sample are only 61% and 58% respectively. The
results show that loading appropriate amount of BiOBr
nanoflakes could effectively enhance the photocatalytic activity
of bare TNTAs film under simulated sunlight irradiation.
Overloading of BiOBr nanoflakes may lead to the the tube-
mouths blocking and intertube spacings disappearance, thus
decreasing the BET surface area of the samples and weakening
the photocatalytic activity of the BiOBr/TNTAs sample. The
process of MO degradation with photocatalysts follows pseudo-
first-order model, and the constant k£ can be calculated by the
equation:’’
In(Cy/C)=kt (2)

Where Cy and C are concentrations of MO solution during the
photocatalytic reaction at time 0 and ¢, respectively, and £ is the
pseudo-first-order rate constant. The & values calculated from the
data given in Fig.8a are summarized in Fig.8b. It is clear that
BiOBr/TNTAs samples have higher & values than bare TNTAs,
and the BiOBr/TNTAs-2 has the highest k£ value, indicating that
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BiOBr/TNTAs-2 is the most effective photocatalyst among the
resulting BiOBr/TNTAs samples. In addition, the reusability and
long-term stability of BiOBr/TNTAs-2 were further evaluated by
the cycling tests for 4 cycles (Fig.8c) and one week later (Fig.8d).
It can be seen that the photocatalytic efficiency remains stable
after 4 cycles and one week later.
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Fig.9 The SEM image (a) and XRD pattern (b) of BIOBr/TNTAs-2 after

photocatalytic degradation.

What’s more, no marked changes in the morphology (Fig.9a)
and phase structure (Fig.9b) are observed, further proving the
high reusability and stability of the BiOBr/TNTAs-2 sample.
According to the above analysis, it can be concluded that the
BiOBr/TNTAs samples exhibit highly enhanced photocatalytic
activity than the bare TNTAs, and the BiOBr/TNTAs-2 sample
shows the highest photocatalytic activities as well as great
reusability and stability among the BiOBr/TNTAs samples.

3.3 The possible mechanism of the photocatalytic activity
enhancement in the junction of BiOBr/TNTAs

The
enhancement was also proposed. The schematic diagram for the

possible mechanism of the photocatalytic activity
energy band and possible charge separation mechanism of
BiOB1/TiO, heterojunction was illustrated in Fig.10. BiOBr with
the band gap of 2.73 eV can well respond to the visible light,*®
while anatase TiO, can only be excited by ultraviolet-light due to
its intrinsic wide band gap of 3.20 eV. Furthermore, the valence
band (VB) of BiOBr (0.31 eV) is lower than that of TiO, (-0.29
eV), while the conduct band (CB) of BiOBr (3.04 eV) is higher
than that of TiO, (2.91 eV).***® Under Xenon light irradiation,
both TiO, and BiOBr can be excited to generate electron-hole
pairs. When BiOBr is contact with TiO,, the energy levels
difference between TiO, and BiOBr can cause the excited
electrons flow from the conduction band of TiO, to that of
BiOBr,"' and captured by O, adsorbed on the surface of
BiOBr/TNTAs catalyst to produce-O, . Then O, with strong
oxidability can decompose MO to small inorganic molecules. On
the contrary, the photo-excited holes on the VB of BiOBr can
transfer to that of TiO, and react directly with MO molecules.*’
Such carriers transfer is known as the Fermi level alignment if the
material can be described by Fermi-Dirac distribution.** As a
result, the photo-induced electron-hole pairs could be effectively
separated by the junction formed in the BiOBr/TiO, interface and
the recombination of electron-hole pairs could be reduced,
assisting remarkable photocatalytic activity enhancement under
simulated sunlight irradiation.

This journal is © The Royal Society of Chemistry [year]
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Fig.10 The schematic diagram for the energy band and possible charge
separation mechanism of BiOBr/TiO, heterojunction

3.4 Photocurrent evaluation

s Transient photocurrent response can also indicate the
photocatalytic activity of the electrode. The transient
photocurrent responses of bare TNTAs and BiOBr/TNTAs
samples were measured under intermittent visible-light irradiation
(300 W Xe light with a 400 nm UV-cut filter), as shown in Fig.11.

10 It is not hard to find that the photocurrent response is prompt and
repeatable in the on-off process. Compared with bare TNTAs
electrode, the photocurrent intensity of the BiOBr/TNTAs
samples significantly enhanced, and the BiOBr/TNTAs-2 sample
exhibited the highest photocurrent density.

0 z Bare TNTAs
g 0.12F b= = ——BiOBr/TNTAs-1
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Fig.11 Comparison of transient photocurrent response of bare TNTAs and
BiOBr/TNTAs samples under visible light irradiation at 0.2 V vs. Ag/AgClI.

According to the above analysis and discussion, the reasons for

20 the remarkably enhanced photocurrent intensities of the
BiOI/TNTAs-2 sample are mainly due to the combined effects:
strong absorption of visible-light by the loaded BiOBr nanoflakes,
lower recombination rate of photo-induced electrons and holes by
the heterojunction formed in the BiOBr/TiO, interface, open
25 tube-mouth structure and interconnected intertube spacings after
2 depostion cycles for the facile light injection and solution
immersion, and larger specific surface area for increasing the
effective contact between the electrode and electrolyte. Moreover,
an applied electrostatic field can further enhance the transfer and
30 separation of photo-induced electrons and holes in the
BiOBr/TNTAs samples. As for BiOBr/TNTAs-3 sample, the
blocking of tube-mouth and intertube spacings by more and
larger BiOBr nanoflakes may hinder the injection of light, thus

impeding the absorption of BiOBr to visible-light, and thus
35 reducing the generation of photoinduced electron-hole pairs. The

photocurrent responses under visible light further demonstrate

that the formation of BiOBr/TNTAs heterojunction can broaden

the light response range and enhance the photocatalytic activity

dramatically, which is in consistence with aforementioned results.
40

Conclusions

In this paper, highly-ordered and well-separated TNTAs was
firstly prepared by anodization. Then a series of flake-tube
structured BiOBr/TNTAs samples were successfully fabricated
by loading BiOBr nanoflakes on both inner and outer walls of
TNTAs via S-CBD method. The amount and size of BiOBr
nanoflakes can be controlled by adjusting the deposition cycles.
Compared with bare TNTAs, BiOBr/TNTAs samples exhibit
remarkably enhanced photocatalytic activity toward degrading
so MO under simulated sunlight irradiation, and the BiOBr/TNTAs-
2 sample displays the highest photocatalytic activity. Furthermore,
the BiOBr/TNTAs-2 sample also exhibits the best photocurrent
response among all the BiOBr/TNTAs samples under visible light
irradiation. According to comprehensive analysis, it can be
ss concluded that the outstanding photocatalytic activity of
BiOBr/TNTAs-2 is due to the combined effects of several factors,
including strong visible-light absorption of the loaded BiOBr
nanoflaks, the formation of BiOBr/TNTAs heterojunction which
contribute to the effective separation and lower recombination of
photo-excited electrons and holes, open tube-mouth structure and
interconnected intertube spacings for the facile light injection and
solution immersion, larger specific surface area resulted from
loading tiny BiOBr nanoflakes for increasing the effective contact
between dye molecules and catalyst.
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