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ABSTRACT: TiO, is an attractive catalyst for the photocatalytic degradation of T/ heterestucture - el (B) FT0x L
organic pollutants. However, owing to its large band gap, it can only be activated e a
by ultraviolet (UV) light, which constitutes a small portion of solar energy. [ ) o fredin
Therefore, there has been significant interest in extending its light absorption \ i/
1&21131’11:5; é‘rom UV to visible l%ght. In Fhis stud}.f, fluorinated TiQZ hollow sphe.res Od(j%ﬂiv

s) were prepared via a rapid and simple wet chemical process using 10 wo,
ammonium hexafluorotitanate, and then FTHS/WO; heterostructures with () FTHS/WO, heterostructure i
different weight ratios of the FTHS and WOj; nanoparticles were synthesized via a
simple wet impregnation method. The formation of the hybrid structure was
confirmed by various characterization techniques. The photocatalytic activity of
the synthesized photocatalysts in the photodegradation of rhodamine B, a model
pollutant, was evaluated under visible light irradiation. The FTHS/WO;
heterostructures exhibited significantly improved photocatalytic activity com-
pared to the bare FTHS or WO; nanoparticles. The photodegradation efficiency
of the FTHS/WOj, heterostructure in the present study was up to 0.0581 min~'. Detailed mechanisms that lead to the enhanced
photocatalytic activity of the heterostructures are discussed. In addition, comparative experiments reveal that the photodegradation
efficiency of the FTHS/WOj; heterostructure under visible light irradiation is superior to that of the P25/WO; heterostructure
prepared from the commercially available TiO, catalyst (P2S) via the same impregnation method.
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1. INTRODUCTION band (CB) edge potential of WO, is more positive than the
reduction potential of O,, which is not favorable for the
production of superoxide radicals and leads to low photo-

. 8 .
degradation of contaminants to remedy environmental catalytic performance.” Recently, many strategies have been
proposed to improve the photocatalytic activities of TiO, and

. 1—4 . . . .
issues. Diverse anthropogenic chemicals such as textile .

pPog . . WOj; photocatalysts. TiO, and WO; photocatalysts have been
dyes and surfactants have contaminated the environment. 5=7,16-18" combining

: : modifi ling with lysts’
Several studies have demonstrated that photocatalytic .Od ed by couping t sz,,’_cgga ysts .
Lo . . with other semiconductors™ to decrease the recombina-
degradation is an effective method for treating these pollutants. . . ) .
tion of charge carriers and extend the light absorption range.

aTShe’Ir:g)ri,_a; V?/\(]ié rill f;' ()Zf;eornlllc,?znil;c;orcfl)l};o{ g ff t:ﬁz‘it:’ 153222 For example, Li et al. reported that the 1T-WS,/TiO,/Ti;C,
studied 2,for the ?i)lotocatalyti’c degradation ;f contaminants composite with double metallic co-catalysts exhibited nearly 50
Am th TPO . ¢ tl% " . hot ’ times higher photocatalytic H, evolution performance than

ong these, LI, 1S one of the mOost promising photo- TiO, nanosheets.” Guo et al. showed that the carbon-coated

cataly.sts becal'ls.e of its favorable properties such as nont0x1c1t?7, TiO, nano-dendrites exhibited stronger photocatalytic hydro-
chemical stability, and low cost. However, the photocatalytic . .
gen evolution performance than TiO, nanobelts under

performance of TiO,-based photocatalysts needs to be simulated solar light irradiation.” Qin et al. used the gold

improved further for their practical application. ds t h the visibl d infrared lioht
Although TiO, is the most widely used semiconductor nanorods to-enhiance the Visibie and nhearinfrared Tg

photocatalyst, it has a huge drawback. It has a relatively large
band gap and can only be activated by ultraviolet (UV) light,
which constitutes only about 3—5% of solar energy.'’
Therefore, there has been great interest in extending its light
absorption range from UV to visible light. Compared to TiO,,
WO; has a smaller band gap and has received great attention as
a visible-light-driven photocatalyst. However, the conduction

Semiconductor-based photocatalysts have received much
attention, especially owing to their applicability in the

Received: June 20, 2021
Accepted: October 6, 2021
Published: November 11, 2021

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsomega.1c03220

W ACS Pu bl ications 30942 ACS Omega 2021, 6, 30942—30948


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongyoon+Shin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duk-Hee+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chan-Gi+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyung-Soo+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c03220&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03220?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03220?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03220?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03220?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03220?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/46?ref=pdf
https://pubs.acs.org/toc/acsodf/6/46?ref=pdf
https://pubs.acs.org/toc/acsodf/6/46?ref=pdf
https://pubs.acs.org/toc/acsodf/6/46?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c03220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

absorption of TiO, and achieved the enhancement of full solar
spectrum photocatalytic antibacterial properties.” Among these
methods, combining TiO, and WOj; has attracted much
attention because the TiO,/WO; heterojunction facilitates
improved charge separation and the heterostructure can be
activated with visible light.””>" Previously, TiO,/WO,
heterostructures have been reported to show enhanced
photocatalytic activity under both UV and visible light
irradiation.”” "

The particle size and morphology of the photocatalysts play
vital roles in their photocatalytic activity. Therefore, many
attempts have been made to control the size and morphology
of semiconductor photocatalysts to enhance their photo-
catalytic performance. Recently, many studies on semi-
conductor photocatalysts have shown that a variety of
hierarchically nanostructured photocatalysts, including TiO,
hollow spheres, exhibit improved photocatalytic performance
owing to the larger surface area and higher number of internal
pores that ensure more active sites and better charge
separation.”' ~**

The photocatalytic efficiency of semiconductor catalysts also
depends on their surface properties such as the surface acidity,
surface functional groups, defects, and crystalline phases.”
Recently, fluorine-containing TiO, (F—Ti0O,), such as fluorine-
doped TiO, or fluorinated TiO,, has been investigated for
examining the effect of fluorine on the photocatalytic behavior
of Ti0,.”"~** F—TiO, showed significantly improved photo-
catalytic activity than that of bare TiO, owing to the creation
of oxygen vacancies, enhancement of the surface acidity, and
increase in the number of active sites.’” In addition, the
creation of oxygen vacancies also led to photocatalysis under
visible light irradiation.””

In our previous study, fluorinated TiO, hollow spheres
(FTHSs) synthesized in a one-pot synthesis showed enhanced
photocatalytic activity under UV light irradiation.”* In the
present study, FTHS and WOj; nanoparticles were combined
for the photodegradation of rhodamine B (RhB) under visible
light irradiation and the FTHS/WOj; heterostructure exhibited
highly efficient photocatalysis under visible light irradiation
owing to synergistic effects from the surface fluorination,
hollow structure, and TiO,/WO; heterojunction. The FTHS
was prepared by a rapid and simple wet chemical process using
ammonium hexafluorotitanate (AHFT) and boric acid,
according to a method reported previously by us.** Then,
FTHS/WOj; heterostructures with different weight ratios of
the FTHS and WO; nanoparticles were prepared via a simple
wet impregnation method. The hybrid structure of the
synthesized photocatalysts was confirmed by X-ray diffraction
(XRD), field-emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), and X-
ray photoelectron spectroscopy (XPS). Furthermore, the
photocatalytic activity of the synthesized photocatalysts was
evaluated with the photodegradation of RhB, as a model
contaminant, under visible light irradiation. Although a few
studies on the photocatalytic activity of TiO,/WOj; hetero-
structures under visible light irradiation have been reported, to
the best of our knowledge, no study has been reported on the
FTHS/WO; heterostructure. The obtained FTHS/WO,
heterostructures exhibited significantly improved photocata-
Iytic activity compared to the individual FTHS or WO;
nanoparticles. The photodegradation efficiency of the FTHS/
WOj; heterostructures in the present study was up to 0.0581
min~". Moreover, additional experiments performed with P25,

a commercially available TiO, photocatalyst, as a reference
material revealed that the photocatalytic activity of the FTHS/
WO, heterostructure is superior to that of the P25/WO,
heterostructure prepared via the same impregnation method.

2. MATERIALS AND METHODS

2.1. Materials. AHFT [(NH,),TiF,, China], boric acid
(H;BO;, Daejung, Korea), formic acid (CH,0,, Daejung,
Korea), WO, nanoparticles (Sigma-Aldrich, USA), P25 (TiO,,
Evonik, Germany), and RhB (C,3H;,CIN,O;, Sigma-Aldrich,
USA) were used as received, without further purification.

2.2. Preparation of the FTHS. The FTHS was prepared
by a rapid and simple wet chemical process using AHFT and
boric acid, according to a previously reported method.”* First,
deionized water and formic acid were mixed at the same
volume. Then, AHFT (10 g/L) and boric acid (10 g/L) were
dissolved separately in equal amounts of this aqueous formic
acid solution. Thereafter, each solution was heated and held at
90 °C for 5 min under constant stirring. The heated boric acid
solution was then poured into the heated AHFT solution, and
then a milky suspension formed. This suspension was held at
90 °C for 15 min without stirring. The resulting white
precipitate was collected and washed several times with
distilled water and ethanol. Finally, the obtained powder was
dried in an oven at 70 °C for 6 h.

2.3. Synthesis of FTHS/WO; Heterostructures. FTHS/
WO; heterostructures with different weight ratios of FTHS
and WO; nanoparticles were synthesized via a simple wet
impregnation method as follows: FTHS and WO; nano-
particles were mixed in ethanol at different weight ratios
(FTHS/WO; = 9:1, 7:3, §:5, 3:7, and 1:9). Each suspension
was then heated and held at 70 °C to evaporate the solvent
under constant stirring. Finally, the obtained powders were
dried in an oven at 70 °C for 6 h.

2.4. Characterization. The morphology and elemental
composition of the as-synthesized photocatalysts were
analyzed by FESEM (JSM-6700F, JEOL, Japan) and high-
resolution TEM (JEM-2100F, JEOL, Japan) along with
energy-dispersive X-ray (EDX) spectrometry. The phase
composition of the photocatalysts was analyzed by XRD
(XRD-6100F, Shimadzu, Japan). The surface elemental states
of the photocatalysts were analyzed by XPS (ESCALAB 250,
Thermo Scientific, USA). The photocatalytic degradation of
the organic contaminant was studied by UV—visible spectros-
copy (JASCO V-730, USA).

2.5. Evaluation of the Photocatalytic Activity. To
evaluate the photocatalytic activities of the as-synthesized
photocatalysts, RhB was used as an organic pollutant. The
photocatalytic degradation of aqueous RhB solution was
carried out under visible light irradiation. For the evaluation,
0.05 g of the photocatalyst was added to 100 mL of an aqueous
RhB solution (1 X 107> M). Before irradiation, the suspension
was continuously stirred in the dark for 1 h to achieve
adsorption—desorption equilibrium between RhB and the
photocatalyst. Thereafter, the suspension was irradiated with
visible light from a 200 W xenon lamp (XP SO0VA, DY Tech
Co., Korea) equipped with a longpass filter (>420 nm), which
blocks UV wavelengths and transmits the visible light. Then, 4
mL aliquots of the suspension were collected at given time
intervals, centrifuged, and analyzed by UV—vis spectroscopy.
The concentration of RhB was determined from the intensity
of the absorption peak at 554 nm.

https://doi.org/10.1021/acsomega.1c03220
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3. RESULTS AND DISCUSSION

The crystallinity, morphology, and elemental composition of
the synthesized FTHS were investigated by XRD, FESEM,
TEM, and EDX. The XRD pattern of the FTHS (Figure S1)
can be indexed to the anatase phase of TiO, (JCPDS no. 73-
1674). It was free of any peaks related to other fluorine-
containing phases. The FESEM (Figure S2a) and TEM
(Figure S2b) images clearly reveal the hollow structure of
the FTHS with a diameter of 400—600 nm and a shell
thickness of 70—140 nm. TEM—EDX elemental mapping
images (Figure S2c) show the uniform distribution of Ti, O,
and F in the FTHS. These results indicate that the synthesized
FTHS consists of FTHSs and that fluorine is not present in the
TiO, crystal lattice. Furthermore, the surface chemistry of the
FTHS was investigated by XPS (Figure S3). The wide-scan
XPS profile presented in Figure S3a shows the photoelectron
peaks of Ti 2p, F 1s, O 1s, and C 1s. Figure S3b shows the
high-resolution XPS spectrum of the F 1s region. The F 1s
peak at ~685 eV is assigned to the F anions physically
adsorbed on the surface of the FTHS formed by the ligand—
exchange reaction. Furthermore, the absence of any peak at
688 eV indicates the absence of F atoms of TiO,_,F, formed
by the substitution of O in the TiO, crystal lattice with F.*°
The XPS results are consistent with the XRD (Figure S1) and
TEM—EDX (Figure S2c) results. These XRD, TEM, EDX, and
XPS results of the synthesized FTHS are in good agreement
with those reported previously,”* indicating the successful
fabrication of the FTHS.

The crystallinity of the synthesized FTHS/WOj; hetero-
structures with different FTHS/WO; weight ratios (9:1, 7:3,
5:5, 3:7, and 1:9) was investigated by XRD (Figure 1). The
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Figure 1. XRD patterns of FTHS/WOj; heterostructures (FTHS/
WO, = 9:1, 7:3, 5:5, 3:7, and 1:9).

XRD patterns of the FTHS/WO; heterostructures can be
indexed to the anatase phase of TiO, (JCPDS no. 73-1674)
and the monoclinic phase of WO, (JCPDS no. 83-0951). The
intensity of the TiO, and WO, peaks increased/decreased
according to their content in the heterostructure. In the case of
the heterostructure with 1:9 FTHS/WOQO;, the TiO, peaks did
not appear because the amount of anatase TiO, is below the
detection limit of the diffractometer.

The morphologies of the FTHS/WOj heterostructures, bare
FTHS, and bare WO; nanoparticles were further investigated
by FESEM, TEM, and EDX. Figure S4 shows the bare FTHS
with a diameter of 400—600 nm, bare WO; nanoparticles with

a particle size of 20—100 nm, and the FTHS/WO,
heterostructures, in which the FTHS and WO; nanoparticles
are dispersed according to their weight ratio. Figure 2 shows
the more complex morphology and elemental composition of
the 7:3 FTHS/WO; heterostructure. The FESEM (Figure 2a)
and TEM (Figure 2b) images show the hollow structure of the
FTHS dispersed with 20—60 nm WO; nanoparticles. The
TEM—EDX elemental mapping images of the FHTS/WO,
heterostructure (Figure 2c) confirm the coexistence of the
FHTS and WO, consistent with the XRD results (Figure 1),
and also indicate that FTHS and WO; nanoparticles are
attached to each other. They clearly show the presence of the
FTHS and the WOj; nanoparticles, which are well-dispersed on
the surface of the FTHS. Thus, these results confirm the
successful preparation of the FHTS/WO; heterostructures.
The photodegradation of RhB under visible light irradiation
was studied to evaluate the photocatalytic activity of the
synthesized FHTS, FTHS/WO; heterostructures (FTHS/
WO, = 9:1, 7:3, 5:5, 3:7, and 1:9), and WO, nanoparticles.
Figure 3a shows the results of the photodegradation of RhB
with the FHTS, FTHS/WO; heterostructures, and WO,
nanoparticles under visible light irradiation, that is, C,/C,
versus the irradiation time, where C, and C, are the initial
concentration and concentration at time ¢ of RhB, respectively;
t is the irradiation time. Regardless of the FTHS/WOj ratio, all
the FTHS/WO; heterostructures exhibited significantly higher
photocatalytic activity compared to that of the bare FTHS or
WOj; nanoparticles. The photocatalytic degradation of RhB
can be expressed as a pseudo-first-order reaction described as’”

In(C,/C,) = kt (1)

where k is the apparent rate constant. Figure 3b shows the
linear relationship between In(C,/C,) and the irradiation time
for the photodegradation of RhB. The 7:3 FTHS/WO;
heterostructure exhibited the highest photocatalytic efficiency,
and its apparent rate constant is 0.0581 min~". The amount (in
percentage) of the RhB degraded after 30 min of irradiation is
shown in Figure 3c. The bare WO; nanoparticles were almost
inactive during 1 h of irradiation, whereas the bare FTHS
facilitated 9.15% RhB degradation after 30 min of irradiation.
Although it is generally believed that individually, bare TiO,
and bare WO; are unsuitable as visible-light-driven photo-
catalysts,” the surface modification of TiO, with fluorine may
create oxygen vacancies, enhance the surface acidity, and
increase the number of active sites, leading to improved
photocatalytic activity under visible light irradiation.”” The
following order of the photodegradation efficiency (the
apparent rate constant, the amount of RhB degraded after 30
min of irradiation) is observed: 7:3 (0.0581 min™', 80.28%) >
3:7 (0.0321 min™', 68.02%) > 9:1 (0.0284 min~", 55.28%) >
5:5 (0.0297 min™, 49.21%) > 1:9 (0.0097 min™", 25.73%) >
bare FTHS (0.0039 min~', 9.15%) > bare WO, nanoparticles
(inactive). Based on the performance of the 7:3 FTHS/WO,
heterostructure, which exhibited the best photocatalytic
efficiency in the present study, it may be stated that the
decrease in the ratio of the WO, nanoparticles (9:1 FTHS/
WO,) leads to less absorption of the visible light, whereas the
decrease in the ratio of the FTHS (5:5 FTHS/WO,) leads to
fewer active sites on the surface of the photocatalyst. When the
ratio of the FTHS decreased further from 5:5 to 3:7, the 3:7
FTHS/WOj; heterostructure showed better performance. We
can assume that the enhancement of photocatalytic activity
originated from the surface fluorination and the hollow

https://doi.org/10.1021/acsomega.1c03220
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500 nm*

Figure 2. Microstructural characteristics of the FTHS/WOj, heterostructure (FTHS/WO; = 7:3). (a) FESEM images, (b) TEM images, and (c)

EDX elemental mapping images.
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Figure 3. Photocatalytic activities of the FTHS, FTHS/WOj heterostructures (FTHS/WO; = 9:1, 7:3, 5:5, 3:7, and 1:9), and WO; nanoparticles
under visible light irradiation. (a) Photocatalytic degradation of RhB, (b) first-order kinetics plot for the photocatalytic degradation of RhB, and (c)

amount of RhB degraded after 30 min of irradiation.
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Figure 4. Photocatalytic activities of the FTHS, FTHS/WOj heterostructure (FTHS/WO; = 7:3), P25, and P25/WO, heterostructure (P25/WO,
= 7:3) under visible light irradiation. (a) Photocatalytic degradation of RhB, (b) first-order kinetics plot for the photocatalytic degradation of RhB,

and (c) amount of RhB degraded after 30 min of irradiation.

structure of the FTHS was maximized at the ratio of 7:3 and
sharply declined with the decrease of the FTHS. However, the
enhancement that originated from the TiO,/WOj; hetero-
junction inside the FTHS/WO; heterostructures was maxi-
mized at the ratio of 3:7 and remained at other ratios. In the
present study, the FTHS/WO; ratio of 7:3 can be regarded as
the optimal one for the photodegradation of RhB under visible
light irradiation. The most critical reasons for the enhancement
of the efficiency of the photocatalytic RhB degradation in the
presence of the 7:3 FTHS/WOj; heterostructure are as follows:
(i) The surface fluorination and the TiO,/WO, heterojunction
may extend the absorption of light to the visible region and

30945

decrease the recombination of photogenerated electrons and
holes. (ii) In addition, the hollow structure may increase the
surface area to improve the contact between the photocatalyst
and RhB molecules.

Commercial P25, one of the most popular and the most
active titania photocatalysts, was used as a reference sample to
compare the photocatalytic activity of the optimal FTHS/WO,
heterostructure. For an accurate experimental comparison, a
7:3 P25/WOj heterostructure was synthesized via the same
impregnation method as that used for the FTHS/WO,
heterostructure. The photodegradation of RhB under visible
light irradiation was studied to evaluate the photocatalytic
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Figure S. Schematic illustration of electron—hole pair separation and charge transfer under visible light irradiation in (a) TiO,/WO,
heterostructure, (b) F—TiO,, and (c) FTHS/WOj; heterostructure, proposed in the present study.

activities of P25 and the synthesized 7:3 P25/WO;
heterostructure. The results of the photodegradation of RhB
on the FHTS, 7:3 FTHS/WOj; heterostructure, P25, and 7:3
P25/WO; heterostructure in Figure 4a reveal that P2S is
almost inactive during 1 h, whereas the photocatalytic activity
of the 7:3 FTHS/WOj heterostructure is superior to that of
the 7:3 P25/WOj heterostructure. Figure 4b shows the linear
relationship between In(Cy/C,) and the irradiation time in the
photodegradation of RhB with the 7:3 P25/WOj; hetero-
structure. The apparent rate constant for the reaction on the
7:3 P25/WO; heterostructure is 0.0311 min~!, which is
approximately 1.9 times lower than that on the 7:3 FTHS/
WO, heterostructure. Figure 4c shows the amount (in
percentage) of RhB degraded after 30 min of irradiation.
The amount of RhB degraded after 30 min of irradiation in the
presence of the 7:3 P25/WO; heterostructure is 58.73%, which
is approximately 1.4 times smaller than that observed with the
7:3 FTHS/WO; heterostructure. The following order of
photodegradation efficiency (apparent rate constant, amount
of RhB degraded after 30 min of irradiation) was observed: 7:3
FTHS/WO, (0.0581 min~}, 80.28%) > 7:3 P25/WO, (0.0311
min~', 58.73%) >> bare FTHS (0.0039 min™", 9.15%) >> bare
P25 (inactive). These results indicate that combining P25 with
WOj; nanoparticles led to significantly improved photocatalytic
activity under visible light irradiation, similar to the case of the
FTHS/WO; heterostructure. In addition, the FTHS/WO,
heterostructure can be regarded as a better candidate than
the P25/WO; heterostructure for visible-light-driven photo-
catalysis. This may be due to the advantages of the hollow
structure and surface fluorination of the FTHS, which create
oxygen vacancies, enhance the surface acidity, increase the
number of active sites, and reduce the charge recombination.

The typical mechanisms for the photocatalytic degradation
of RhB on the TiO,/WO; heterostructure and F—TiO, are
shown in Figure S5a,b, respectively. In the case of the TiO,/
WO, heterostructure (Figure Sa), WO; is activated by visible
light, whereas TiO, is not. Electrons of WO; may be promoted
from the valence band (VB) to the CB. As the VB edge
potential of TiO, is more negative than that of WO;, the
photogenerated holes in the VB of WO; may be transferred to
the VB of TiO,.’' This decreases the photogenerated
electron—hole recombination and enables more electrons and
holes to be consumed in the reduction and oxidation reactions,
respectively, at the surface of the photocatalyst. As a result,
both the reduction and oxidation reactions produce hydroxyl
radicals, which are very strong oxidants that decompose the
RhB molecules. In the case of F—TiO, (Figure Sb), oxygen
vacancies created by surface modification with fluorine, such as
surface fluorination or fluorine doping, create oxygen vacancy
states between the VB and CB of TiO,.”” This may lead to a

new photoexcitation process in which electrons can be excited
from the VB to the oxygen vacancy states under visible light
irradiation; thus, the photogenerated electrons and holes can
be consumed in the reduction and oxidation reactions,
respectively. In the present study, the FTHS/WO; hetero-
structure can simultaneously facilitate both the aforementioned
mechanisms (Figure Sab), as shown in Figure Sc. Therefore,
these mechanisms result in considerable synergy that
significantly enhances the photocatalytic activity under visible
light irradiation.

Consequently, the surface fluorination, hollow structure, and
TiO,/WOj; heterojunction led to beneficial effects, such as
improving the separation of photogenerated electron—hole
pairs, with completely different mechanisms, and thus, the
synergy is amplified. In the present study, the 7:3 FTHS/WO,
heterostructure showed the best performance in the photo-
catalytic degradation of RhB with an apparent rate constant of
0.0581 min~'. This system is highly likely to exhibit further
enhanced photocatalytic performance when combined with
cocatalysts; for example, a variety of TiO,-based or WO;-based
photocatalysts have been recently reported to show enhanced
photocatalytic activity upon coupling with noble metals such as
Pt, Au, and Ag.”'°"'® In addition, the FTHS/WO,
heterostructure can be reasonably expected to show excellent
photocatalytic performance under sunlight because as reported
earlier, the FTHS exhibits high photocatalytic efficiency under
UV light irradiation.” The facile synthesis and remarkable
photocatalytic performance of the FTHS/WOj heterostructure
suggest a realistic prospect of using them in the treatment of
various environmental pollutants, such as dyes, surfactants, and
phenols, and show their enormous potential for other
applications, including water splitting and energy conversion.

4. CONCLUSIONS

In summary, we successfully synthesized FTHSs via a rapid
and simple wet chemical process using AHFT. Then, we
prepared FTHS/WO; heterostructures with different FTHS/
WO, weight ratios (9:1, 7:3, 5:5, 3:7, and 1:9) via a simple wet
impregnation method. The photodegradation of RhB under
visible light irradiation was investigated to compare the
photocatalytic activities of the prepared heterostructures. The
FTHS/WOj heterostructures exhibited significantly improved
photocatalytic activities compared to those of the bare FTHS
or WOj; nanoparticles. The 7:3 FTHS/WOj; heterostructure
showed the best activity in the present study, and its apparent
rate constant of RhB degradation is 0.0581 min~}, which is, to
the best of our knowledge, at the highest level for a TiO,-based
or WOj;-based visible-light-driven photocatalyst. In addition,
the photodegradation efficiency of the 7:3 FTHS/WO,
heterostructure (0.0581 min~"') under visible light irradiation
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is superior to that of the 7:3 P25/WO; heterostructure (0.0311
min~') prepared using the most popular commercial photo-
catalyst, P25, via the same impregnation method as that used
for the FTHS/WOj heterostructure.
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