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photocatalytic performance of
fluorinated ZnO–TiO2 heterostructure composites

Li-Yuan Zhang, *ab Jin-Ju Yanga and Yao-Hui Youab

Titanium dioxide, as a promising photocatalytic material, has attracted extensive attention in the field of

photocatalytic degradation of organic pollutants in sewage. However, the photocatalytic performance

needs to be further improved. In this work, fluorinated ZnO–TiO2 composites (F-ZTO) were prepared by

a simple coprecipitation method. The photocatalytic performance of the samples was studied in detail

with methyl orange as the target degradation product. The results indicated that under the same

conditions, the degradation rates of 6% F-ZTO, F-TiO2 and TiO2 for methyl orange reached 93.75%,

76.56% and 62.89% respectively. This showed that the method used in this work could effectively

improve the photocatalytic degradation performance of titanium dioxide. 6% F-ZTO showed an excellent

photocatalytic activity, which was attributed to the small grain size, the large specific surface area and

the effective inhibition of photoelectron–hole recombination due to fluorination and zinc oxide

coupling. In three consecutive cycles, the photocatalytic activity was almost maintained, indicating that

6% F-ZTO had a good recycling performance.
1. Introduction

With the continuous development of society, people pay more
and more attention to the ecological environment, in which the
pollution of water resources is one of the issues of great
concern, which makes the prevention and control of water
resource pollution an inevitable trend of sustainable develop-
ment. At present, there are many ways to treat organic pollut-
ants in water, mainly including electrocatalysis technology,1

ultrasonic degradation,2 photocatalytic degradation,3–7 etc.
Photocatalytic degradation is a technology with practical use,
which can be used to treat soluble organic pollutants in sewage.
Organic pollutants are degraded into inorganic substances such
as H2O and CO2 via photocatalytic reactions.8–12 Nowadays,
many kinds of photocatalysts have been found, mainly
including semiconductor metal oxides and semiconductor
metal suldes, such as TiO2, ZnO, CdS, ZnS, etc.13–19 Among
them, TiO2 has attracted extensive attention because of its low
cost, non-toxicity and good photocatalytic activity.20–24 However,
TiO2 is not conducive to practical application due to the high
recombination rate of photogenerated electron and hole pairs,
the wide band gap (anatase phase TiO2 � 3.2 eV, rutile phase
TiO2 � 3.0 eV), and the low utilization rate of solar light. In
order to address the above-mentioned problems, scientic
researchers have carried out many explorations, including
ering, Neijiang Normal University, 1124
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doping with metal and non-metallic ions, codoping, coupling
with semiconductors and exposure of specic crystal planes.25–36

The above ways effectively improve the photocatalytic activity of
TiO2.

Since Minero et al.37 found that F� modication can effec-
tively improve the photocatalytic degradation activity of TiO2 for
phenol in 2000, uorine modication of TiO2 has become
a hotspot. Yu et al.38 considered that F-doping improves the
crystallinity of anatase, inhibits the formation of brookite
phase, prevents anatase from transforming into rutile,
enhances the light absorption, and signicantly reduces the
band gap energy, so as to improve the photocatalytic perfor-
mance. Zhong et al.39 synthesized uorinated TiO2 hollow
microspheres by solvothermal method. It was found that uo-
rination promoted the growth of anatase titanium dioxide
crystals and the formation of ^Ti–F on the surface of TiO2 as
the capture site of photogenerated electrons, which effectively
reduce the recombination rate of photogenerated electrons and
holes and enhance the photocatalytic activity. In addition,^Ti–
F helps the formation of highly active hydroxyl radicals and
improve the photocatalytic performance. Besides, semi-
conductors coupling is also a good way to improve the photo-
catalytic activity of titanium dioxide. In essence, it is the
modication of one semiconductor to the other.

As a common semiconductor photocatalysis material, ZnO
has a similar band gap width and staggered energy band posi-
tion with TiO2. By coupling with ZnO, the crystal transformation
and particle growth of TiO2 can be inhibited, and the ability of
absorbing ultraviolet light is enhanced. The ZnO–TiO2

composite is a semiconductor material with a large specic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface area and good stability, which helps to realize effective
separation of electron and hole, and improve the photocatalytic
activity.40

In this work, uorinated ZnO–TiO2 composites (F-ZTO) were
prepared by a simple one-step coprecipitation method with
easily available raw materials, and the photocatalytic perfor-
mance was investigated.

2. Experimental
2.1 Preparation of F-ZTO

2.4 g titanium sulfate and a certain amount of zinc sulfate were
dissolved in a 50 mL plastic beaker with distilled water by
controlling the Zn/Ti in molar ratios of 5%, 6% and 7%. 3.6 mL
of hydrouoric acid (Ti : F ¼ 1 : 20) was added dropwise under
magnetic stirring. Aer stirring for 20min, ammonia was added
dropwise to adjust pH of the system to 8–9, followed by continue
stirring for 30 min. Subsequently, the sample was aged for
20 min, centrifugal washed with distilled water for several times
and dried in an oven at 80 �C. Aer that, the samples were
grounded into powders, placed in a crucible and calcined in
a muffle furnace at 550 �C for 2 h with a heating rate of
2 �C min�1, followed by cooling to the room temperature in the
furnace to obtain F-ZTO. Simple (pure) TiO2 was obtained
without hydrouoric acid and zinc sulfate, and F-TiO2 was
gained without addition of zinc sulfate. The experimental
process diagram is shown in Fig. 1.

2.2 Evaluation of photocatalytic performance

25 mL methyl orange solution with a concentration of
20 mg L�1 was put into a quartz tube with a rubber head, and
0.02 g of the prepared photocatalyst was added. Consequently,
the tube was treated in the dark for 30 min in an eight-position
photochemical reactor. In the photochemical reactor, the metal
halide lamp was placed in a quartz cold well in the middle, and
the power of the lamp can be adjusted according to need. Then,
the system was centrifuged for 7 min to get the upper trans-
parent solution. The absorbance was tested and designated as
the initial value (A0). Aer that, the metal halide lamp was
Fig. 1 Experimental process diagram.

© 2021 The Author(s). Published by the Royal Society of Chemistry
turned on (wavelength range: 280–780 nm), and the power was
regulated to 500 W to carry out photocatalytic degradation. The
absorbance (At) of the solution was measured at regular inter-
vals, and the degradation rate (X) was calculated according to
the formula (1). The photocatalytic property of the specimen
was reected by the degradation rate.

X ¼ A0 � At

A0

� 100% (1)
2.3 Characterization

The surface morphology of the samples was characterized by
Field emission scanning electron microscopy (FESEM, SIGMA
300, Carl Zeiss GmbH, German); the crystal phase composition of
the samples was investigated with X-ray diffraction (DX-2700,
Dandong Haoyuan Instrument Co., Ltd., China) using Cu Ka
radiation at a scanning rate of 0.05� s�1 and a working voltage/
current of 40 kV/30 mA. Ultraviolet absorption band of the
samples were analyzed by an ultraviolet-visible spectrophotom-
eter (UV-Vis-Abs, UV-4802, Unocal (Shanghai) Instrument Co.,
Ltd., China). The recombination of photogenerated electrons and
holes were detected with molecular uorescence spectropho-
tometer (F-4600, Hitachi, Japan). The pore size and specic
surface area were measured on a surface area analyzer (BET,
Autosorb iQ2, Quantachrome, USA). The valence state of the
constituent elements were studied by X-ray photoelectron spec-
troscopy (XPS, Escalab 250 Xi, ThermoFisher Scientic, USA). The
photocatalytic performance of the specimen was evaluated using
a photochemical reactor with an eight-position magnetic stirring
reactor (BL-GHX-V, Shanghai Bilon Instrument Co., Ltd., China).
The absorbance of methyl orange solution was determined by an
ultraviolet-visible spectrophotometer (Model 752, Shanghai Xin-
mao Instrument Co., Ltd., China). The zeta potential of the
sample was measured by a potential analyzer (ZetaLitesizer 500,
Antonpa (Shanghai) Trading Co., Ltd., Austria). The oxygen
vacancies were investigated by electron paramagnetic resonance
spectrometer (EPR, A300, Bruker, Germany).
RSC Adv., 2021, 11, 38654–38666 | 38655
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3. Results and discussion
3.1 FESEM analysis

Fig. 2 gives the eld emission scanning electron microscope
images of simple TiO2, F-TiO2 and F-ZTO samples. An amor-
phous block structure can be observed in simple TiO2. From the
highmagnication, it can be clearly seen that the bulk structure
of pure TiO2 is formed by the close packing and bonding of
nanoparticles. This agglomeration phenomenon is attributed to
the large specic surface area and high specic surface energy
of nano materials. Compared with simple TiO2, the morphology
and structure of uorinated titanium dioxide are more uniform,
Fig. 2 FESEM images of different TiO2. (a and b) Simple TiO2, (c and d)

38656 | RSC Adv., 2021, 11, 38654–38666
with a loose and porous surface, however, on the whole, there is
a tendency to form a large block structure. This shows that F� in
this work reduces the surface energy of titanium dioxide.41 View
from the low multiples, F-ZTO has a better dispersion than the
former two samples, and there is no tendency to form blocks.
From the high magnication, it is obvious that the particle
clusters formed by F-ZTO are larger than those formed by F-
TiO2. This may be due to the mutual deposition of small
particles formed by titanium hydroxide and zinc hydroxide in
the preparation process, which results in the large particle
clusters. In general, F� has little effect on the morphology and
structure of particles, and mainly reduces the surface energy of
F-TiO2, (e and f) F-ZTO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Grain sizes of TiO2, F-TiO2 and F-ZTO

Samples Crystallite size D(101)/nm

TiO2 16.74
F-TiO2 13.94
5% F-ZTO 14.17
6% F-ZTO 13.49
7% F-ZTO 24.32
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titanium dioxide to make the particles more dispersed. The
introduction of Zn increases F-TiO2 particle group, however, the
overall dispersion is better and there are more voids between
the particles. It is conducive to the contact between the dye and
photocatalyst, and then improve the photocatalytic perfor-
mance of samples.

3.2 XRD analysis

Fig. 3 shows the XRD patterns of pure TiO2, F-TiO2 and F-ZTO
samples. It is known that the characteristic diffraction peak of
anatase titanium dioxide (101) and rutile titanium dioxide (110)
are at 2q of 25.3�, and 2q of 27.5�, respectively. It can be seen
from the ve curves that only the diffraction peaks of anatase
titanium dioxide appear in the samples, no peaks of rutile and
brookite titanium dioxide are detected, and there are no signs of
zinc oxide and uorine related compounds. The reason may be
that the content of ZnO in F-ZTO is too small. Part of Zn and F
enter into the TiO2 lattice, which results in the lattice defects.
Besides, aer uorination, the crystallinity of F-TiO2 decreases
signicantly. With the increase of ZnO content, the peak
intensity of anatase in F-ZTO composites decreases rst and
then increases, and the intensity of F-ZTO with a molar ratio of
6% is the lowest. This may be due to that the ion radius of Zn2+

(0.074 nm) is larger than that of Ti4+ (0.0605 nm). When some
Zn2+ replaces Ti4+ in the lattice position, lattice defects are
formed near the substitution position because of the different
valence state and ion radius, and thus the intensity of diffrac-
tion peak is reduced.42 From XRD patterns in Fig. 3, as
compared with F-TiO2, the diffraction peak of (101) crystal plane
of F-ZTO is shied to the lower 2q value, which illustrates that
some Zn2+ may enter the TiO2 lattice. With an excessive Zn2+, it
is believed that most of Zn2+ cannot enter the lattice of TiO2 to
form a solid solution, and Zn2+ diffuses and migrates to the
surface of TiO2 during calcination. It is believed that the form of
ZnO should account for the majority, that is, ZnO and TiO2 in F-
ZTOmainly exist in ZnO–TiO2 heterostructure. In the process of
coprecipitation preparation of F-ZTO, it is believed that Zn(OH)2
Fig. 3 XRD patterns of different TiO2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
is mainly adsorbed and adhered on the surface of Ti(OH)4.
When calcined at a high temperature, Zn(OH)2 and Ti(OH)4
both lose water, which can accelerate the diffusion and migra-
tion of Zn2+ to the surface of TiO2, and nally couple with each
other to form ZnO–TiO2 heterostructure. Thus, the peak related
to ZnO can be obtained by later XPS tting. During the diffusion
and migration of Zn2+ to the surface of TiO2, some Zn2+ can
enter the lattice of TiO2 to form a solid solution. In this work, it
is believed that only a small part of Zn2+ enters the lattice of
TiO2 to form a solid solution, which causes the crystal defects
due to the difference in radius and charge. Consequently, the
diffusion and migration of Zn2+ promotes the crystallization of
TiO2, resulting in the increase of TiO2 cell and diffusion peak
intensity. According to the basic theory of X-ray diffraction, the
intensity and sharpness of the diffraction peak are related not
only to the crystallinity, but also to the grain size. The grain size
of the sample can be calculated by Scherrer formula (2), and the
results are shown in Table 1.

D ¼ Kl

b cos q
ðnmÞ (2)

According to the Scherrer formula and data in Table 1, it is
known that with the increase of ZnO content, the grain size of F-
ZTO composite shows a V-shaped variation tendency. It may be
because Zn2+ replaces Ti4+ ions in TiO2 lattice and Ti–O–Zn
bond is formed via the interaction, which has an impact on
grain growth.43 This indicates that an appropriate amount of
ZnO modication inhibits the crystallinity and grain growth of
uorinated titanium dioxide, which improves the photo-
catalytic performance of titanium dioxide.
3.3 UV-Vis Abs analysis

Fig. 4 shows the ultraviolet visible absorption spectra (UV-Vis
Abs) of different samples. It can be seen that the absorption
intensity of uorinated titanium dioxide signicantly increases
in the ultraviolet region 230–360 nm, while decreases in the
visible region greater than 400 nm. The absorption intensity of
ZnO modied F-TiO2 shows some decrease in the ultraviolet
region 230–320 nm, however, the absorption increases in the
visible region greater than 480 nm. Generally, the light
absorption capacity of photocatalyst is closely related to the
photocatalytic activity. With other conditions maintained, the
stronger the light absorption capacity of the catalyst, the higher
the photocatalytic activity. The threshold wavelength of
absorption spectrum of TiO2 particles (lg) is 402.37 nm, while
that of F-ZTO and F-TiO2 particles are both 388.25 nm. As
RSC Adv., 2021, 11, 38654–38666 | 38657
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Fig. 4 Ultraviolet-visible absorption spectra of different TiO2.
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compared with simple TiO2, the absorption band edges of F-
ZTO and F-TiO2 have an obvious blue shi. According to
formula (3), the band gap energies of F-ZTO and F-TiO2 particles
are both about 3.19 eV, and that of simple TiO2 particles is
3.08 eV.

Eg ¼ 1240

lg
ðeVÞ (3)
Fig. 5 Adsorption isotherms and pore size distributions of different TiO

38658 | RSC Adv., 2021, 11, 38654–38666
The blue shi of TiO2 absorption band edge caused by uo-
rination can be explained as follows: the incorporation of F�

changes the energy band structure of TiO2 and the oxygen
vacancy in TiO2, which increases the band gap energy, and
shis the light absorption edge towards blue. The visible light
absorption capacity of TiO2 decreases aer uorination. The
later EPR analysis shows that aer uorination of titanium
dioxide, uorine ions enter the titanium dioxide lattice to ll
the oxygen vacancies, the generated electricity price compen-
sation changes part of Ti3+ into Ti4+, and the reduction of Ti3+

inhibits the visible light absorption capacity of TiO2.
The addition of Zn weakens the light absorption in the

ultraviolet region of F-TiO2. One possible reason is that Kuznet-
sov et al.44 believe that the introduction of metal ions produces
structural oxygen vacancies in TiO2. In addition, the introduction
of Zn forms ZnO, and the light absorption of ZnO in the ultra-
violet region is weaker than that of F-TiO2, which weakens the
light absorption of F-ZTO in the ultraviolet region. This result is
in sympathy with the work by Jaramillo-Fierro et al.45

3.4 BET analysis

Fig. 5 is the N2 adsorption desorption isothermal curve and the
corresponding pore size distribution of pure TiO2, F-TiO2 and F-
ZTO samples. It can be seen from Fig. 5 that the adsorption
isotherms all belong to type IV and have hysteresis loops even if
the N2 adsorption–desorption isotherms of the three kinds of
2. (a) TiO2, (b) F-TiO2, (c) F-ZTO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 PL images of various TiO2.
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titanium dioxide show some differences, indicating that the
samples are typical mesoporous materials. The hysteresis loop
of pure TiO2, F-TiO2 and F-ZTO samples occurs at the relative
pressure of 0.70, 0.60, and 0.35, respectively. The cure shape of
simple TiO2 is similar to H1 type, indicating that it is a narrow
mesoporous material formed by the aggregation of particles
with uniform size. The latter two are similar to H3 type, which
illustrates that the pore structure of the samples is irregular,
and slab joints, cracks, and wedge structures, etc. may existed.
In the three samples, only simple TiO2 shows adsorption satu-
ration in the high relative pressure region.46,47

It can be seen that the pore size distribution in Fig. 5a is
uniform, with only a wide and high peak. The pore size is
mainly distributed in 10–25 nm, with most pore sizes at
17.56 nm. In Fig. 5b, a narrow and sharp peak as well as a wide
and strong peak are observed, and the wide peak is dominant.
The pore size is mainly distributed in the range of 1–4 nm and
5–25 nm, with most pore sizes at 12.44 nm. In Fig. 5c, a wide
and strong peak is detected. The pore size is mainly distributed
in the range of 30–180 nm, with most pore sizes at 95.82 nm.
From the ordinate, as compared with the rst two samples (F-
TiO2 and TiO2), the content of pores in F-ZTO sample with a size
0–50 nm is reduced, however, from the horizontal ordinate, it
can be found that the pore size distribution range of F-ZTO
sample is 0–350 nm, which is wider than that of F-TiO2 and
TiO2 samples. As compared with simple TiO2, the pore distri-
bution of F-TiO2 is wider, which may be due to the reduction of
surface energy of titanium dioxide caused by F�. Thus, titanium
dioxide particles are more dispersed, and the dispersion leads
to a larger spacing between particles. The original compact
structure forms a microporous structure, which is consistent
with the previous SEM analysis that the surface of pure TiO2 is
relatively dense, while there are many gaps on the surface of F-
TiO2. In comparison with F-TiO2, F-ZTO has a wider pore
distribution and less micropore and mesoporous, which should
be attributed to the mutual deposition of small particles formed
by titanium hydroxide and zinc hydroxide into a larger particle
clusters. The deposition of small particles blocks some micro-
pores andmesopores, and the disordered accumulation of large
particles is easy to form macroporous. Table 2 presents the BET
data of different specimens. As shown, the specic surface area
of titanium dioxide increases aer uorination and ZnO
coupling.

3.5 PL analysis

Aer being excited by light, semiconductor materials produce
electron and hole pairs. Some electrons and holes participate in
Table 2 BET data of different TiO2

Samples
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore diameter
(nm)

TiO2 57.60 0.313 17.56
F-TiO2 96.40 0.30 12.44
F-ZTO 105.95 0.30 95.82

© 2021 The Author(s). Published by the Royal Society of Chemistry
the oxidation process to form active substances, while the other
ones are recombined to emit photons, resulting in photo-
luminescence. Therefore, in general, the higher the photo-
luminescence intensity, the higher the hole and electron
recombination rate, that is, the shorter the lifetime of photo-
generated carriers. Thus, the ability of materials to capture and
transfer photogenerated carriers can be judged from the pho-
toluminescence intensity. Fig. 6 shows the uorescence spectra
of F-TiO2 and F-ZTO particles with an excitation wavelength of
250 nm. As given in Fig. 6, the linearity of the two curves is
almost the same, however, the uorescence intensity of the F-
ZTO composite is signicantly lower than that of F-TiO2 at
387 nm, which demonstrates that ZnO can effectively inhibit the
recombination of electron–hole pairs and improve the separa-
tion efficiency of electron–hole pairs. This is because when the
electrons on the surface of semiconductor materials are irra-
diated by light with a energy greater than the band gap, they will
be excited to produce electron–hole pairs. Due to the difference
in energy level positions between ZnO and TiO2, the excited
photogenerated electrons of ZnO migrate to TiO2, while the
excited holes of TiO2 migrate to ZnO valence band. The reverse
movement of TiO2 photogenerated electrons and holes effec-
tively inhibits the recombination of photogenerated electron
and hole.40
3.6 XPS analysis

The effects of different TiO2 catalysts on the composition and
valence of surface elements were studied by XPS characteriza-
tion, and the results are shown in Fig. 7, in which (a) is the full
XPS spectrum of the sample, and (b), (c), (d) and (e) are the
spectra of F, Ti, O and Zn, respectively. It can be seen from Fig. 7
that the three samples are mostly composed of two elements, Ti
and O, and C element is introduced into the sample during the
testing process. Both F-TiO2 and F-ZTO contain a small amount
of F, besides, F-ZTO contains a certain amount of Zn, indicating
that F-TiO2 is successfully prepared, and ZnO is coupled with F-
TiO2.
RSC Adv., 2021, 11, 38654–38666 | 38659

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07757k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
0:

10
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In Fig. 7b, signs of F� can be clearly detected in F-TiO2 and F-
ZTO. There are two characteristic peaks in F-TiO2 and F-ZTO,
one at 687.89 eV in both F-TiO2 and F-ZTO, and the other
peaks are at 683.69 eV and 683.81 eV respectively. The former is
caused by some uorine ions entering the TiO2 lattice and
replacing the lattice oxygen, while the latter is attributed to
uorine ions replacing the hydroxyl groups on the TiO2

surface.48 At about 683 eV, the different binding energy between
F-TiO2 and F-ZTO is due to the interaction between ZnO and F.
Fig. 7 XPS spectra of different TiO2. (a) Survey, (b) F 4f peaks (c) Ti 2p p

38660 | RSC Adv., 2021, 11, 38654–38666
The XPS spectrum of Ti element is shown in Fig. 7c, in which
the binding energies of spin orbitals Ti 2p3/2 and Ti 2p1/2 in pure
TiO2 are 458.14 eV and 463.92 eV, respectively, indicating that
titanium exists in the form of Ti4+.49 In comparision with pure
TiO2, the binding energies of Ti orbitals in F-TiO2 samples
increase by 0.20 eV and 0.15 eV, while the binding energies of
spin orbitals Ti 2p3/2 and Ti 2p1/2 of F-ZTO decrease by 0.06 eV
and 0.02 eV respectively as compared with F-TiO2, indicating
that uorination and ZnO coupling have an impact on the
eaks, (d) O 1s and O 2s peaks, and (e) Zn 2p peaks.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Zeta potential of F-ZTO sample.
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chemical bond environment around Ti4+, and the uorination
modication is the most obvious. This is because the uorine
ions adsorbed on the surface of titanium dioxide have a high
electronegativity, which can strongly attract electrons around Ti
atoms. In addition, some F atoms replace the oxygen atoms in
the lattice to form Ti–F bonds. The combined action reduces the
electron cloud density of Ti atoms, thus enhancing the binding
energy of Ti 2p3/2 and Ti 2p1/2.50 The coupling of ZnO leads to
the improvement of electron cloud density around Ti atom and
the decrease of binding energy of Ti 2p3/2 and Ti 2p1/2. On the
whole, uorination has a signicantly effect on the binding
energy of Ti, making the peak of Ti move towards the high
energy direction. The reason is that in the complete structure of
titanium dioxide, one oxygen atom can form three O–Ti bonds
with three titanium atoms, while when F occupies part of the
oxygen position. When F atom is on the sample surface, one
uorine atom can only form one F–Ti bond with one titanium
atom. When the F atom enters the titanium dioxide lattice, one
uorine atom forms two F–Ti bonds with two titanium atoms.51

When Zn replaces Ti, in an octahedron of titanium dioxide, six
Ti–O bonds formed by titanium and oxygen atoms become four
Zn–O bonds formed by zinc and oxygen atoms. In terms of the
number of bonds, F atom has a signicantly inuence on the
chemical environment around Ti atom. In addition, uorine
atoms form F–Ti bonds with titanium atoms, while Zn–O–Ti
bonds are formed among oxygen atoms, zinc atoms and tita-
nium atoms. From the view of bond distance, F atom has amore
immediate effect on the chemical environment around Ti atom.

Fig. 7d shows the XPS spectrum of O element. The binding
energy of F-ZTO and F-TiO2 in O 1s orbit is 0.09 eV and 0.18 eV
higher than that of simple TiO2. The reason is that F enters the
titanium dioxide lattice to form O–Ti–F bond, which affects the
electron cloud density of the surrounding O atoms. Aer the
introduction of Zn, some Ti–O–Zn bonds are brought, resulting
in the variation of TiO2 lattice constant and the binding energy
of O atoms. The peak at about 531.60 eV is attributed to hydroxyl
oxygen. It can be seen that the peak of simple TiO2 is signi-
cantly lower than the other two samples, which is mainly due to
the promotion of hydroxyl generation on the surface of titanium
dioxide by uorination. The peak at 530.98 eV of F-ZTO sample
belongs to Zn–O bond.

Fig. 7e is the XPS diagram of Zn 2p. The binding energies of
the characteristic peaks at 1021.49 eV and 1044.68 eV, are cor-
responded to Zn 2p3/2 and Zn 2p1/2 respectively, indicating that
Zn is existed in the form of +2 valence.52 Compared with the
binding energy of simple ZnO (1021.42 eV and 1044.42 eV),53 the
binding energy of F-ZTO composite shis by 0.07 eV and 0.26 eV
respectively. Moreover, the quantitative analysis of XPS indi-
cates that the element composition of TiO2 is Ti, O and C, and
the contents of each element are 25.48 at%, 50.89 at%, and
23.63 at%, respectively. The element composition of F-TiO2 is
Ti, O, C and F, with a content of 26.17 at%, 58.06 at%, 13.47
at%, 2.3 at%, respectively. The element composition of F-ZTO is
Ti, O, C, F and Zn, and the ratios are 23.72 at%, 54.84 at%, 16.87
at%, 1.94 at%, and 2.63 at%, respectively. It can be seen that the
molar ratio of O/T in pure TiO2 sample is basically 2 : 1, while
that in F-TiO2 and F-ZTO samples is greater than the standard
© 2021 The Author(s). Published by the Royal Society of Chemistry
stoichiometric ratio of TiO2 2 : 1, which is caused by the surface
hydroxyl (–OH) on the surface of titanium dioxide promoted by
F�. –OH exists on the surface of titanium dioxide via chemi-
sorption, that is, the O content raises. Although the entering of
F� in the lattice of titanium dioxide reduces the O ratio,
however, the former dominates. The increase of O content is
a result of comprehensive effects of multi-factors. In the F-ZTO
sample, the Zn/Ti ratio added is in ratio of 6%, however, the
tested result is 11.09 at%. This may be due to the different
precipitation equilibrium constant (KSP) of zinc and titanium in
the coprecipitation process, which results in the difference
between the theoretical and the actual levels in the F-ZTO
samples.
3.7 Isoelectric point analysis

In order to determine the isoelectric point of F-ZTO, the zeta
potential of F-ZTO at different pH values have been tested, and
the result is given in Fig. 8. When testing the zeta potential of
the solution, the particle is positively charged due to the H+

adsorption by hydroxyl groups on the particle surface in the
solution with a low pH value, and negatively charged because of
the loss of proton H+ from the particle surface. The potential on
the particle surface can be adjusted to zero by the pH, which is
called isoelectric point of the sample. When preparing the
solution for measuring zeta potential by adjusting the pH, the
reactions on the surface of titanium dioxide are shown by
formula (4) and (5).54

–Ti–OH + H+ # –Ti–OH2
+ (4)

–Ti–OH + OH� # –Ti–O� + H2O (5)

It can be seen from the formulas that the number of surface
hydroxyl groups is closely related to the charge on the powder
surface and the isoelectric point.55 It can be seen from Fig. 8 that
the isoelectric points of F-ZTO is about 3.19. As reported by Qiu
et al.55 the isoelectric point of TiO2 is about 4.5–5.5, thus, it can
be seen that the uorination and zinc oxide coupling could
RSC Adv., 2021, 11, 38654–38666 | 38661
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Fig. 10 Decolorization of methyl orange by different TiO2. (a) Blank
group, (b) pure TiO2, (c) F-TiO2, (d) 5% F-ZTO, (e) 6% F-ZTO and (f) 7%
F-ZTO.

Fig. 9 EPR spectra of three samples.
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signicantly affect the isoelectric point of TiO2 and then inu-
ence the performance of the sample. As we known, the pH has
a great inuence on the photocatalytic performance of the
photocatalyst. When the pH is lower than the isoelectric point,
the catalyst surface is positively charged, and Na+ and negatively
charged chromogenic groups are ionized by methyl orange. The
chromogenic groups are captured by electrostatic action, that is,
the removal rate is high. When the pH is higher than the
isoelectric point of the sample, the catalyst surface is negatively
charged, and the chromophore is negatively charged, which
results in a lower degradation rate due to electrostatic repul-
sion.56 That is why TiO2 shows a better photocatalytic perfor-
mance under acidic conditions.

3.8 EPR analysis

The oxygen vacancies in various TiO2 samples were investigated
by electron paramagnetic resonance (EPR) characterization.
Fig. 9 shows the EPR spectra of three samples. It can be clearly
observed from Fig. 9 that obvious absorption signals at g ¼ 2.02
can be detected in the three samples. The absorption signals are
generally considered to be the electron paramagnetic resonance
enhancement position corresponding to Ti3+, that is, there are
a large number of oxygen vacancies in simple TiO2.57,58 Aer
uorination, the oxygen vacancies in TiO2 are signicantly
reduced. The reason may be that F enters the titanium dioxide
lattice and lls the oxygen vacancies. As mentioned in the
preceding analysis, F-ZTO primarily exists in the form of ZnO–
TiO2 heterostructure, and ZnO is mainly distributed on the
surface of TiO2. It is known that defects can be inside and on the
surface of titanium dioxide crystal. When partial Zn2+ just forms
ZnO at the oxygen vacancy on the surface of titanium dioxide,
the oxygen vacancies are lled by oxygen atoms. As a result, the
number of oxygen vacancies decreases compared with uori-
nated TiO2. In addition, PL analysis shows that the recombi-
nation rate of electron and hole pairs of F-ZTO is lower than that
of F-TiO2. This again shows that the F-ZTO sample is primarily
a heterostructure formed by ZnO and TiO2. The XRD analysis
also mentioned that only a small part of Zn is doped into the
38662 | RSC Adv., 2021, 11, 38654–38666
titanium dioxide lattice, accompanied by a certain amount of
oxygen vacancies due to the difference in charge, which should
result in the increase of oxygen vacancy peak in the EPR spec-
trum of F-ZTO. However, the ZnO–TiO2 heterostructure action
plays a dominant role. The comprehensive actions of ZnO–TiO2

heterostructure and doping result in the reduction of the
number of oxygen vacancies.
3.9 Photocatalytic performance

The degradation rate of methyl orange by different TiO2 pho-
tocatalysts is shown in Fig. 10. It can be seen that the degra-
dation sequence of methyl orange under the action of different
catalysts was 6% > 5% > 7% > 0% > TiO2 > blank. Aer dark
treatment for 30 min, the absorbance of methyl orange solution
by different groups were almost maintained, which illustrates
that the adsorption effect is not obvious. The absorbance of
methyl orange solution without photocatalyst had basically not
changed, indicating that the decolorization of methyl orange
was mainly realized via photocatalysis.

Under the same conditions, the decolorization rate of methyl
orange by simple TiO2, F-TiO2 and 6% F-ZTO was 62.89%,
76.56%, and 93.75%, respectively. The degradation rate of
methyl orange by 6% F-ZTO was signicantly higher than of the
former two, illustrating that when an appropriate amount of
ZnO was coupled with F-TiO2 for modication, the photo-
catalytic efficiency can be signicantly improved.

In this work, the photocatalytic performance of F-TiO2 is
better than that of simple TiO2. The reasons can be summarized
as follows: rst, demonstrated by BET analysis, the specic
surface area of F-TiO2 is greater than that of pure TiO2; second,
F-modied TiO2 promotes the formation of hydroxyl radical
which is helpful for photocatalysis; in addition, the absorption
intensity of TiO2 particles in the ultraviolet region is signi-
cantly elevated aer F� modication; moreover, the surface
acidity of titanium dioxide is improved by treating with F�;59 the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Degradation of methyl orange by 6% F-ZTO in 3 cyclic
experiments.
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above four aspects greatly improve the photocatalytic perfor-
mance of TiO2. The degradation of methyl orange was signi-
cantly promoted by the introduction of ZnO to couple with F-
TiO2 to form F-ZTO composites.

The rst reason is that the specic surface area of F-ZTO
prepared by coprecipitation is larger and the pore size distri-
bution is wider than that of F-TiO2. In addition, the grain size of
F-ZTO sample is smaller. Moreover, from the uorescence
analysis, the photoluminescence intensity of F-ZTO is much
weaker than that of F-TiO2, illustrating that the photogenerated
electron and hole pairs generated by F-ZTO samples are not easy
to recombine when excited by light, which raises the photo-
catalytic degradation efficiency.
3.10 Photodegradation repeatability

In practical application, cyclic stability is an important factor to
evaluate the performance of catalysts. In order to study the
Fig. 12 Degradation mechanism of methyl orange by ZnO–TiO2 compo

© 2021 The Author(s). Published by the Royal Society of Chemistry
cyclic utilization performance of the synthesized photocatalytic
materials. The 6% F-ZTO catalyst aer photocatalytic reaction
was recovered from the solution, and then the recovered pho-
tocatalyst was used to degrade methyl orange under the same
conditions. As shown in Fig. 11, the degradation rate of methyl
orange by 6% F-ZTO for the rst time was 94.17%. Then, the
continuous experiments of methyl orange degradation were
carried out, and the rates were 91.01% and 89.95% respectively.
In the three consecutive experiments, the photocatalytic activity
did not show obvious decrease, indicating that 6% F-ZTO had
a good recycling performance.
3.11 Photocatalytic degradation mechanism

According to the semiconductor energy band theory, the
degradation mechanism of self-made F-ZTO composites on
methyl orange is speculated, given in Fig. 12. It can be seen that
the band gap widths of F-TiO2 and ZnO are 3.19 eV and 3.20 eV,
respectively. Due to different energy level positions of the two
semiconductor materials, their coupling forms a staggered
heterojunction structure. When F-ZTO is irradiated by light with
energy greater than the band gap, the holes generated by F-TiO2

excitation will migrate to ZnO valence band, and the photo-
generated electrons formed by ZnO stimulation will transform
to F-TiO2.

The reverse movement of photogenerated electrons and
holes effectively inhibits their recombination.40 Electron
acceptors such as oxygen (O2), etc. adsorbed on the photo-
catalyst surface capture the photogenerated electrons and
photogenerated holes trap electron donors such as water (H2O),
etc. to increase the number of superoxide radicals (cO2

�) and
cOH radicals, respectively. Methyl orange is oxidized into small
inorganic molecules such as H2O and CO2, etc. with the action
of strong oxidants cO2

� and cOH. The reaction mechanism of
photocatalytic degradation process is shown as follows:60

ZnO/F-TiO2 + hn(l < 388 nm) / ZnO/F-TiO2(e
�)

+ ZnO/F-TiO2(h
+) (6)
sites.
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ZnO/F-TiO2(h
+) + H2O / ZnO/F-TiO2(cOH) + H+ (7)

ZnO/F-TiO2(e
�) + O2 / ZnO/F-TiO2(cO2

�) (8)

ZnO/F-TiO2(cOH) + Cdye / ZnO/F-TiO2 + products (9)

ZnO/F-TiO2(cO2
�) + Cdye / ZnO/F-TiO2 + products (10)
4. Conclusions

Fluorinated ZnO–TiO2 composites was prepared by simple
coprecipitation method, and the product has a good degrada-
tion effect on methyl orange. Fluorination promotes the
formation of hydroxyl radical, reduces the grain size, increases
the specic surface area and enhances the UV absorption,
which eventually contributes to the improvement of photo-
catalytic performance. The introduction of ZnO into F-TiO2

reduces the grain size, enhances the specic surface area,
promotes the separation of photogenerated electrons and holes,
and signicantly raises the photocatalytic activity of F-ZTO. This
work provides a new idea for the preparation of photocatalytic
materials.
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