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Abstract: F–TiO2 was prepared by a simple precipitation method using titanium sulfate as the
titanium source, hydrogen fluoride as the fluorine source and ammonia as the precipitant. CdS/F–TiO2

composites were prepared by hydrothermal synthesis of CdS and F–TiO2. The surface morphology,
crystal phase composition, ultraviolet absorption band, fluorescence intensity, element composition,
valence state, specific surface and pore structure of the samples were characterized by using field
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), ultraviolet visible absorption
spectrum (UV-Vis-Abs), Molecular fluorescence spectrophotometer (PL) and X-Ray photoelectron
spectroscopy (XPS) and Surface area analyzer (BET), respectively. The effects of the dosage of
the photocatalyst, pH value, the concentration of methyl orange and the addition of H2O2 on the
photocatalytic performance were investigated with methyl orange solution as the target degradation
product. The results showed the optimum condition for photodegradation of methyl orange by 1%
CdS/F–TiO2 is that the pH value, the solid-liquid ratio, the concentration of methyl orange and the
dosage of H2O2 is 2, 2 g/L, 10 mg/L and 3%, respectively. Under the same conditions, the degradation
rate of methyl orange by 1% CdS/F–TiO2 was 93.36% when 300 W metal halide lamp was irradiated
for 20 minutes, which was significantly higher than that of F–TiO2. CdS has a significant effect on
the morphology, crystallinity, grain size and the compound probability of electrons and holes after
the F–TiO2 modification. The composite causes a significant red shift at the edge of the F–TiO2 light
absorption band. The photocatalytic degradation of methyl orange by 1% CdS/F–TiO2 follows the
Langmuir-Hinshelwood first-order kinetic model.

Keywords: sediment method; fluorination; hydrothermal method; CdS/F–TiO2; photocatalysis

1. Introduction

At present, there are many kinds of photocatalysts, including semiconductor metal oxides and
sulfides, such as TiO2, ZnO, CdS, ZnS, and so forth [1–5]. Among them, TiO2 has received extensive
attention from scholars because of its low cost, good photocatalytic activity and non-toxicity. However,
because the photogenerated electrons and holes of TiO2 are easy to recombine and can only have a strong
photocatalytic effect under ultraviolet light with a wavelength less than 387 nm, the photocatalytic
activity under the sunlight is very poor and the utilization rate of visible light is very small, which
limits its wide application [6]. In order to solve this problem and make full use of the large proportion
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of visible light in sunlight, some methods are needed to improve the photocatalytic performance of
TiO2 photocatalyst. The common modification methods are—metal and non-metal ion doping [7,8],
ion co-doping [9], semiconductor compound [10], noble metal deposition [11], exposure of specific
crystal surfaces [12] and the like.

Since Minero et al. [13] found in 2000 that the modification of F− could effectively improve the
photocatalytic degradation activity of TiO2 on phenol, fluorine modified TiO2 has become a research
hotspot [14–16]. Yu et al. [17] showed that the crystallinity of anatase was improved after F− doping and
F− could not only inhibit the formation of slate phase but also prevent anatase phase from transforming
into rutile. The band gap energy decreased significantly with the increase of light absorption, thus
improving the photocatalytic performance. Zhong et al. [18] synthesized fluorine modified TiO2

hollow microspheres by solvothermal method. It was found that fluoride promoted the growth of
titanium dioxide anatase crystals. The formation of ≡Ti–F on the surface of TiO2 as the capture site
of photogenerated electrons effectively captured photogenerated electrons, thus effectively reducing
the recombination rate of photogenerated electrons and holes and enhancing photocatalytic activity.
In addition, ≡Ti–F can promote the formation of highly active hydroxyl radicals and improve the
photocatalytic performance.

In addition, semiconductor composites is also a good method of improving the photocatalytic
activity of titanium dioxide. Semiconductor composite is mainly composed of semiconductor particles
with a large band gap width and low conduction band energy and another semiconductor particle
with a small band gap width and high conduction band energy. In essence, it is the modification of one
kind of particle to another kind of particle. CdS is a common semiconductor material in photocatalyst
research. The band gap width of CdS is about 2.42 eV, which is narrower than that of TiO2. This leads
to the difference between the two. The electrons in the valence band of CdS can be stimulated by
visible and ultraviolet light and migrate to the conduction band. In view of this characteristic, CdS can
decompose pollutants in natural light [19,20]. As the conduction band of CdS is more negative than
that of TiO2, the photogenerated electrons generated by CdS will transfer from the conduction band of
CdS to the conduction band of TiO2, thus effectively inhibiting the recombination of photogenerated
electrons and holes [10]. For the CdS/TiO2 composite formed by semiconductor composite, it combines
the advantages of the two materials and has better stability and effectively improves the responsiveness
to sunlight.

It can be seen from the above that the photocatalytic performance of TiO2 can be effectively
improved by fluorination modification or CdS compounding. In this work, CdS/F–TiO2 composites
were prepared by compounding fluorinated titanium dioxide prepared by simple precipitation method
and CdS for the first time. The photocatalytic properties of the samples were studied using methyl
orange as simulated sewage.

2. Experimental

2.1. Preparation of F–TiO2

Two-point-four grams of titanium sulfate was dissolved in 50 mL distilled water and 3.6 mL
hydrofluoric acid (Ti:F = 1:20) was added under stirring. After stirring for 5 min, ammonia water was
added slowly and adjusted to pH = 8–9. After stirring for 20 min, the distilled water was centrifuged
and dried at 80 ◦C. The samples were ground into powder and placed in a crucible for calcining in a
muff furnace. The heating rate was 1 ◦C/min and the temperature was kept at 550 ◦C for 2 h. F–TiO2

was obtained by cooling the samples to room temperature in the furnace. Pure TiO2 was prepared
without hydrofluoric acid in the above method.

2.2. Preparation of CdS/F–TiO2 Composites

One gram of F–TiO2 prepared in “2.1” was added to a beaker, followed by adding 20 mL distilled
water. Then an appropriate amount of Cd(NO3)2·4H2O and Na2S·9H2O were added respectively and
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the mass ratios of CdS and F–TiO2 were controlled to be 0.5%, 1% and 2%. Yellow precipitate was
formed after stirring for 20 min and finally placed in the reactor for reaction for 4 h at 200 ◦C. After
natural cooling, it was centrifuged and washed for 3 times with distilled water and finally dried at
80 ◦C to obtain CdS/F–TiO2 composite material.

2.3. Evaluation of Photocatalytic Performance

Methyl orange solution (30 mL, 20 mg/L) was put into a quartz tube and 0.02 g photocatalyst
was added. Then, the quartz tube was placed in photochemical reactor. The mixture was first kept
in the dark for 30 min and then centrifuged for 10 min. The absorbance was measured as the initial
absorbency (A0). After that, photochemical reactor was turned on and the power of metal halide lamp
was adjusted (wavelength range: 280–780 nm) to 300 W for photocatalytic degradation. The absorbance
(At) was measured at regular intervals and the degradation rate was calculated by the Equation (1).
The photocatalytic performance of the sample was reflected by the degradation rate.

Degradation rate =
(A0 −At)

A0
× 100% (1)

2.4. Characterization

The surface morphology of the samples was characterized by field emission scanning electron
microscopy (SIGMA 300, Carl Zeiss Co., Ltd., Jena, Germany); The crystal phase composition of the
samples was investigated with X-ray diffraction (DX-2700, Dandong Haoyuan Instrument Co., Ltd.,
Liaoning, China) using Cu Kα radiation at a scanning rate of 0.05◦ s−1 and a working voltage/current
of 40 kV/40 mA. Ultraviolet absorption band of the samples were analyzed by an ultraviolet visible
spectrophotometer (UV-vis DRS, UV2700, Shimadzu Corporation, Kyoto, Japan). The elemental
composition and valence state of the sample were characterized by using X-ray photoelectron
spectroscopy (XPS, Escalab 250 Xi, ThermoFisher Scientific, Waltham, MA, USA). The recombination
degree of photo-generated electron and hole was characterized by using an molecular fluorescence
spectrophotometer (F-4600, Hitachi, Tokyo, Japan). The specific surface area and pore structure were
characterized by a specific surface area analyzer (Autosorb iQ2, Quantachrome, Boynton Beach, FL,
USA). The methyl orange solution was used to simulate the organic substances in the sewage, and the
photocatalytic performance of the sample was evaluated using a photochemical reactor (BL-GHX-V,
Shanghai Bilion Instrument Co., Ltd., Shanghai, China). The absorbance of methyl orange solution
was determined by an ultraviolet-visible spectrophotometer (Model 752, Shanghai Xinmao Instrument
Co., Ltd., Shanghai, China).

3. Results and Discussion

3.1. FESEM Analysis

Figure 1 is a field emission scanning electron microscopic photograph of CdS/F–TiO2 samples
with different proportions. It can be observed from Figure 1 that the microscopic morphology of the
sample is mainly a block with uniform size but irregular morphology and the particle size is nano
scale (30–50 nm). On the whole, the particle size of the CdS/F–TiO2 composite material is larger than
that of F–TiO2 and the particle size increases with the increase proportion of CdS. There were obvious
agglomeration phenomena in the other four samples. This is because the sample is a nano material and
the larger the specific surface area, the higher the specific surface energy, the easier it is to agglomerate.
From the viewpoint of a single particle, the four samples are accumulated by very small particles,
which gives the large particles a rough surface and enlarges the specific surface area, thus effectively
improving the photocatalytic performance. It is indicated that the combination of CdS and F–TiO2

has no significant effect on the surface morphology. CdS is mainly attached to the surface of F–TiO2

particles by chemical adsorption, resulting in the increase of particle size.
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Figure 1. FESEM images of different proportions of CdS/F–TiO2. (a) 0%, (b) 0.5%, (c) 1% and (d) 2%.

3.2. XRD Analysis

Figure 2 shows the X-ray diffraction (XRD) spectra of CdS/F–TiO2 composites with different
proportions. It is known that the diffraction angles of the characteristic peaks on the surface of anatase
titanium dioxide (101) and rutile titanium dioxide (110) are 2θ = 25.3◦ and 2θ = 27.5◦, respectively.
It can be seen from the four curves that only the characteristic peak of anatase type titanium dioxide
were observed in the samples and there were no diffraction peaks of rutile type and plate titanium type
titanium dioxide and no diffraction peaks of fluorine-related compounds were detected. When the
contents of CdS were 0.5% and 2%, the characteristic peak of CdS appeared in CdS/F–TiO2 composite
but the intensity is poor. However, there are no diffraction peaks related to CdS in the Figure 2c
curves. For the sample 1% CdS/F–TiO2, CdS and F–TiO2 may be well compounded and the whole
concentration of CdS is below the detection limit of XRD. However, it is deserved to be mentioned that
the results cannot exclude the presence of small nanocrystalline rutile TiO2 or CdS particles, with the
sizes below detection limit. In addition, after composite, some lattice defects may be caused, which
resulted in the diffraction peaks broadening or even not be detected. However, 0.5% CdS/F–TiO2

showed a weak CdS diffraction peak, which may be due to the fact that CdS and F–TiO2 samples may
be not compounded evenly, leading to a high concentration of CdS in some areas and the appearance
of weak X-ray diffraction peak. In the whole, the crystallinity of the four samples is high and the
diffraction peaks of anatase are obvious. With the increase of CdS content, the diffraction peak strength
of anatase in CdS/F–TiO2 composites decreases significantly. It may be related that CdS is attached to
the surface of TiO2, which causes its overall crystallinity to become worse. It is also possible that CdS
enters the TiO2 lattice, resulting in lattice defects [21]. As a result, the intensity of the diffraction peak
intensity is weakened. According to the basic theory of X-ray diffraction, the intensity and sharpness
of the diffraction peak of the sample are not only related to the crystallinity of TiO2 but also to the
grain size. The grain size of the sample can be calculated by the Scherrer Equation (2) and the results
are shown in Table 1 [22]. According to Scherrer formula and the data in Table 1, the grain size of
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CdS/F–TiO2 composites decreases with the increase of CdS content. It is indicated that the modification
of CdS has an inhibitory effect on the crystallinity and grain growth of fluorinated titanium dioxide,
which can improve the photocatalytic performance of TiO2 to a certain extent.

D = Kλ/(βcosθ) (nm) (2)

Table 1. Grain size of F–TiO2 and CdS/F–TiO2.

Samples Crystallite Size D(101)/nm

F–TiO2 22.89
0.5% CdS/F–TiO2 14.99
1% CdS/F–TiO2 12.44
2% CdS/F–TiO2 11.27
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Figure 2. X-ray diffraction (XRD) patterns of different proportions of CdS/F–TiO2. (a) 0%, (b) 0.5%,
(c) 1% and (d) 2%.

Figure 3 shows the crystallinity spectrum of TiO2 and 1% CdS/F–TiO2. Phase analysis employs the
diffractograms of the pure crystalline and pure amorphous phases to decompose the X-ray diffraction
pattern of the mixture sample. By setting the Bragg-Brentano geometry and polarization value as
0.5. The results showed that the crystallinity of pure TiO2 was 100% and that of 1% CdS/F–TiO2

was 62.75%, which demonstrates that CdS has an inhibitory effect on the crystallinity of fluorinated
titanium dioxide.
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Figure 3. Crystallinity patterns of 1% CdS/F–TiO2 and bare TiO2. (a) 1% CdS/F–TiO2 and (b) bare TiO2.

3.3. UV-Vis-Abs Analysis

Figure 4 shows the ultraviolet-visible absorption spectra (UV-Vis-Abs) of CdS/F–TiO2 particles
with different proportions. It can be seen from Figure 4 that the absorption intensity of the fluorinated
titanium dioxide modified by CdS in the optical region of 470–540 nm increased to a large extent,
while the absorption intensity in the visible light region with a wavelength more than 540 nm is
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decreased. When the content of CdS is 1%, the absorption intensity of the sample in the light region
less than 470 nm also increases. The light absorption ability of photocatalyst is closely related to the
photocatalytic activity of the catalyst. Under the same conditions, the stronger the photocatalyst’s
ability to absorb light, the higher its photocatalytic activity. Two threshold wavelengths appeared after
the combination of cadmium sulfide and titanium dioxide. The threshold wavelength at about 400 nm
should be titanium dioxide and the threshold wavelength at about 550 nm should be cadmium sulfide.
It can be seen from Figure 5 that the band gap energy of F–TiO2 particles is about 3.15 eV and the
band gap energy of 0.5% and 2% CdS/F–TiO2 composites is 3.10 eV, while that of 1% CdS/F–TiO2 is
2.96 eV. The threshold wavelength (λg) of 1% CdS/F–TiO2 is the largest about 550 nm, that is, the band
gap energy is the smallest. Generally speaking, the band gap energy of anatase titanium dioxide is
about 3.2 eV. It indicates that the band gap energy of F–TiO2 in this work decreases to a certain extent
compared with that of general anatase-type titanium dioxide and the band gap energy of F–TiO2 can
also be significantly reduced by CdS modification. The results showed that the absorption band edges
of F–TiO2 were redshifted obviously after CdS modification.

The absorption band edge of fluoride titanium dioxide was redshifted after modification with
CdS. The reason is that after CdS is combined with TiO2, when a certain amount of light is irradiated,
the electrons on CdS are transitioned. Because the conduction band of CdS is higher than that of
TiO2, that is, photogenerated electrons can be transferred more to TiO2. On the conduction band and
photogenerated holes remain in the valence band of CdS, which effectively reduces the electron-hole
pair recombination [23]. In addition, the band gap width decreases and the band gap structure changes
after the combination of F–TiO2 and CdS. The above two broaden the response range of CdS/F–TiO2

to visible region [24]. The reason for the enhancement of light absorption intensity is that CdS has a
strong light absorption in the light region with a wavelength less than 500 nm. TiO2 combined with
CdS has some advantages of cadmium sulfide, so the absorption of light in the region of 380–500 nm is
obviously enhanced, which is consistent with Hu et al. [25].
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3.4. BET Analysis

In order to determine the specific surface area and pore structure, a specific surface area analyzer
(BET) test of the composite materials was carried out. Figure 6 shows N2 adsorption desorption
isothermal curve and pore size distribution of F–TiO2 and 1% CdS/F–TiO2 samples. As shown in
Figure 6, both of them belong to H4 type IV with a hysteresis loop. The hysteresis loop of F–TiO2

occurs at the relative pressure of 0.20 and that of 1% CdS/F–TiO2 occurs at the relative pressure of 0.40,
which indicates that the pore structure of the sample is irregular, mainly the mixture of micropores and
mesopores and the narrow fracture pore [26,27]. It can be seen from the pore size distribution diagram
that the pore size distribution of Figure 6a is not uniform and the number of pores is very small, which
can be ignored basically. The pore size distribution in Figure 6b is also uneven, mainly mesoporous
structure. The pore size is mainly distributed in the range of 2–2.5 nm and 10–30 nm and the most at
17.45 nm. The number of pore with a pore size larger than 40 nm of F–TiO2 sample is significantly more
than that of 1% CdS/F–TiO2, which illustrates that the introduction of CdS promotes the formation
of micropores and mesopores in F–TiO2 and inhibits the formation of macropores. It may be that
the adsorption of CdS on the surface blocks the macropores of F–TiO2. The increase of micropores
and mesopores may be due to the fact that it is not seamless accumulation between CdS particles
adsorbed on the surface of F–TiO2. The gap formed by the particle accumulation was just micropores
and mesopores. It can be seen from Table 2 that the specific surface area of 1% CdS/F–TiO2 is larger
than that of F–TiO2, showing that the composite of CdS increases the specific surface area of F–TiO2,
which attributed to the increased micropores and mesopores and pore volume.
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Figure 6. Adsorption isotherms and pore size distributions of different TiO2. (a) F–TiO2 and (b) 1%
CdS/F–TiO2.

Table 2. BET data of F–TiO2 and 1% CdS/F–TiO2.

Samples Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter Dv (d) (nm)

F–TiO2 62.738 0.227 175.270
1% CdS/F–TiO2 71.492 0.239 17.495

3.5. XPS Analysis

The effect of CdS modified fluorinated titania catalyst on surface element composition and valence
state was investigated by X-ray photoelectron spectroscopy XPS characterization. The results are
shown in Figure 7. Among them, a is the XPS full spectrum of the sample, b, c, d, e and f are the
spectra of Ti, O, F, S and Cd, respectively. It can be seen from Figure 7 that F–TiO2 and CdS/F–TiO2 are
mainly composed of Ti, O and C, among which C element was introduced into the sample during the
test. Both CdS/F–TiO2 and F–TiO2 contain a small amount of F, while CdS/F–TiO2 contains a certain
amount of Cd and S. Figure 7b is the XPS spectrum of Ti element, in which the binding energies of
the spin orbitals Ti 2p3/2 and Ti 2p1/2 of Ti in fluorinated titanium dioxide are 458.63 eV and 464.43 eV,
respectively. The peaks at 458.63 eV belong to Ti3+ while those at 464.43 eV belong to Ti4+ [28].
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Moreover, the binding energy of Ti elements in the sample is larger than that of standard Ti in TiO2,
which indicates that Ti mainly exists in the form of Ti4+ [29]. Compared with F–TiO2, the spin orbital
binding energies of Ti elements in CdS/F–TiO2 samples decreased by 0.19 eV and 0.19 eV, respectively,
indicating that the modification of CdS has a great change in the chemical bond environment around
Ti4+. It may be due to that some S atoms replace the O atoms in the crystal lattice to form Ti–S bonds,
some Cd atoms enter into the lattice of titanium fluoride to form Ti–O–Cd bonds and the composite
CdS on the surface of F–TiO2 also has some influence on the electrons state around the Ti atom. The two
combined action makes the electron cloud density of Ti atom increase, which results in the peak of the
latter Ti element moves towards the direction of low energy after compound [30]. XPS spectra of O
element are shown in Figure 7c. The binding energy of CdS/F–TiO2 in O 1s orbital is 0.22 eV smaller
than that of F–TiO2. The first reason is that S atom enters F–TiO2 lattice to form O–Ti–S bond and the
second reason is that Cd atom replaces titanium atom in the lattice to form Ti–O–Cd bond. That is, the
density of electron cloud around O atom is affected, the lattice constant of F–TiO2 is changed, resulting
in an increase in the distortion energy and the density of the ambient electron cloud around the O
atoms after compound. The broader peak at 531.87 eV can be attributed to hydroxyl oxygen (·OH) [31].
It can be seen that the peak of CdS/F–TiO2 is slightly higher than that of F–TiO2, that is, the modification
of CdS may be beneficial to the formation of ·OH on the surface of F–TiO2. The formation of ·OH
with a high catalytic activity by hole oxidation is beneficial to enhance photocatalytic activity [28].
The reason for modification of CdS may be conducive to the generation of ·OH on the surface of F–TiO2

may be given as the following. The essence of modification of TiO2 by CdS is that CdS and TiO2

semiconductors with different band gaps are coupled at a certain proportion. When exposed to metal
halide light, the electrons generated by CdS excitation are more likely to transition to the conduction
band of TiO2. The holes remain on the valence band of CdS, enhancing the charge separation effect.
Thus, the generated number of ·OH may be increased. In Figure 7d, it is easy to see that both samples
have peaks of F and each has two characteristic peaks and the intensity of CdS/F–TiO2 peak is not as
high as that of F–TiO2 peak.

The peak at 684 eV is caused by the fluoride ion that replaced the hydroxyl group on the surface
of TiO2 [31]. The binding energies of the two peaks of F 1s move toward the lower energy level.
The former is caused by CdS entering into the lattice of TiO2, which is consistent with the previous
analysis. The latter is that the CdS composite is mainly distributed on the surface of F–TiO2, which has
a great impact. From the e and f of Figure 7, it can be seen that the peaks of S and Cd are obvious,
indicating the existence of the two elements in CdS/F–TiO2. The binding energy of S in S 2p2/3 is
160.96 eV, that is to say, S mainly exists in the form of S2− in the sample. The binding energy of Cd in
Cd 3d5/2 and Cd 3d3/2 is 404.63 and 411.41 eV, indicating that Cd is mainly in the form of Cd2+ [32].

In addition, the quantitative analysis results of XPS showed that the element composition of
F–TiO2 was Ti, O, C and F and the contents of each element were 26.76, 53.45, 17.20 and 2.59 at.%,
respectively. The elements of CdS/F–TiO2 are Ti, O, C, F, Cd and S and the contents of each element
are 28.11, 55.34, 12.79, 1.34, 1.21, 1.21 at.%, respectively. It can be seen that the ratio of O/Ti content
in F–TiO2 sample is slightly less than the stoichiometric ratio of standard TiO2 2:1. This is because
part of F− enters into the lattice of TiO2 and occupies the position of O, resulting in the decrease of O
content. The ratio of O/Ti in CdS/F–TiO2 sample is 1.969, which is slightly less than that of O/Ti in
F–TiO2 sample 1.997. The first reason is that the decrease of F– content on the surface of TiO2 results in
the decrease of ·OH. Secondly, it is possible that part of S enters into the lattice of TiO2 and replaces the
position of O. The content of F in CdS/F–TiO2 decreased. First, CdS and F–TiO2 are mainly attached to
the surface of F–TiO2 after compounding and the surface is covered by F−. The elements on the surface
of the main sample measured by XPS have a certain depth, so that the measured F content decreases.
Secondly, the absorbed fraction of F− falls off during centrifugal washing after compounding.
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Figure 7. XPS spectra of F–TiO2 and CdS/F–TiO2. (a) Survey, (b) Ti 2p peaks, (c) O 1s and O 2s peaks,
(d) F 1s peaks, (e) S 2p peaks and (f) Cd 3d peaks.

3.6. PL Analysis

It can be seen from the Figure 8 that the linearity of the two curves is roughly the same. Compared
with F–TiO2, the fluorescence intensity of composite CdS/F–TiO2 decreased significantly after 360 nm.
This indicates that CdS can effectively reduce the recombination probability of photogenerated electrons
and holes and broaden the response to the visible light region after F–TiO2 composite modification.
A wide emission band with different intensities appears near 420 nm, which indicates that the
recombination of CdS does not cause a new phenomenon of luminescence. Generally speaking, the
conduction band of cadmium sulfide is higher than that of titanium dioxide, so when cadmium sulfide
is combined with titanium dioxide, the fluorescence of cadmium sulfide should be quenched by the
fluorescence of titanium dioxide [33]. The phenomenon of the composite material CdS/F–TiO2 is
consistent with this result.
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3.7. Photocatalytic Performance

Under the same reaction conditions, photocatalytic degradation of methyl orange solution with
initial mass concentration of 10, 20 and 40 mg/L was carried out respectively to explore the influence
of initial concentration of methyl orange on photocatalytic degradation and the results were shown
in Figure 9. As the initial mass concentration of methyl orange increased from 10 to 20 mg/L, the
photocatalytic degradation rate decreased significantly but it did not affect the final degradation rate.
The degradation was basically complete at 20 min. When the initial mass concentration of methyl
orange was 40 mg/L, the degradation rate decreased sharply and the degradation rate was only 57% at
20 min. On the one hand, the increase of methyl orange concentration exceeds the maximum value
that ·OH can oxidize. On the other hand, the concentration is too high and the light scattering is strong,
which makes it difficult for light to enter into the solution, so that the titanium dioxide surface cannot
form enough ·OH [34]. Taking into consideration of the degradation rate and treatment cost of methyl
orange, the concentration of methyl orange should be controlled at 20 mg/L.

The effect of H2O2 dosage on the degradation of methyl orange by 1% CdS/F–TiO2 is shown in
Figure 10. Under the irradiation of the metal halide lamp, the photocatalytic activity of the system
with H2O2 was obviously better than that without H2O2. When the concentration of H2O2 was
3%, the reduction rate of methyl orange (20 mg/L) by 1% CdS/F–TiO2 reached 93.69% after 8 min.
It indicates that the addition of a certain amount of H2O2 is beneficial to the degradation of methyl
orange by CdS/F–TiO2. This is because H2O2 can generate hydroxyl radicals (·OH). When H2O2 is
added, the light irradiated by the metal halide lamp and H2O2 will have a synergistic effect, making
the excited state H2O2 split into ·OH; Moreover, H2O2 can be used as an electron acceptor, generating
·OH with photogenerated electrons, avoiding recombination of photogenerated electrons and holes
and improving the quantum efficiency of light [35,36]. And ·OH is the most powerful oxidant in water,
which can rapidly degrade methyl orange into CO2 and H2O. Therefore, a certain amount of H2O2 is
beneficial to photocatalytic reaction.Coatings 2019, 9, 824  11  of  17 
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Figure 9. Diagram of degradation of methyl orange with different concentrations by 1% CdS/F–TiO2.
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Figure 10. Effect of H2O2 dosage on degradation of methyl orange by 1% CdS/F–TiO2. (a) 0%, (b) 1.5%
and (c) 3%.

Figure 11 shows the time-dependent curve of degradation rate of methyl orange by 1% CdS/F–TiO2

at different pH. It can be seen from Figure 11 that the photocatalytic performance in acidic and alkaline
environments is superior to that under neutral conditions and the acidic conditions are better than
those under alkaline conditions. The reasons for the above phenomena are—First, methyl orange has
a quinoid structure in acidic conditions and an azo structure in alkaline conditions. When methyl
orange is degraded under light, the quinone structure is more susceptible to be degraded than the azo
structure under alkaline conditions [37]. Second, it is determined by the photocatalytic mechanism
of titanium dioxide. Hydroxyl radical is one of the main active substance in photocatalytic reaction,
which plays a decisive role in photocatalytic oxidation. OH−, H2O adsorbed on the surface of the
catalyst and in hydrated suspension can produce this substance. When water is adsorbed on the
surface of titanium dioxide, the reaction mechanism is expressed as follows—TiO2 + hv→ e− + h+, h+

+ H2O→·OH + H+. In the strong alkali environment, there is a large amount of OH-, which is beneficial
to the formation of ·OH. When the titanium dioxide adsorbs O2 on the surface, the mechanism can be
expressed as follows—O2 + e− →·O2

−, ·O2
− + H+ + e− → HO2

−, ·OH + H+ dye→···→ CO2 + H2O.
There is a large amount of H+ in a strong acid environment and it can be seen from the expression of
reaction mechanism that it is beneficial to the formation of ·OH under a large amount of H+. The large
number of hydroxyl radicals formed in both acid and alkali environment and pH plays an important
role in the whole catalytic oxidation process.
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Figure 11. The time-dependent curve of degradation rate of methyl orange by 1% CdS/F–TiO2 at
different pH.

In addition, the pH has a great influence on the surface electrostatic charge of CdS/F–TiO2

photocatalyst. When the pH is lower than the isoelectric point of CdS/F–TiO2, 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 CdS/F–TiO2, the catalyst surface is negatively charged and
the chromophore is negatively charged, which results in a lower degradation rate due to electrostatic



Coatings 2019, 9, 824 12 of 17

repulsion. In summary, the acidic environment has the best photocatalytic effect, followed by the
alkaline environment and finally the neutral environment [38].

Figure 12 shows the decolorization rate of methyl orange solution with a concentration of 20 mg/L
after illumination for 16 min by 1% CdS/F–TiO2. It can be seen from Figure 12 that the decolorization
rate of methyl orange solution increase with the increasing of catalyst dosage. When it reaches 2 g/L,
the decolorization rate is quite high. The decolorization rate of methyl orange solution increases
slightly when it is higher than 2 g/L. This is because the photocatalysis reaction is carried out on the
catalyst surface. When the concentration of methyl orange solution is fixed, the active sites provided
for the reaction increase with the increased catalyst amount and the active groups produced by the
illumination also increase. Thus, the photocatalysis reaction speed increases. With the further increased
of the catalyst amount, enough active sites are provided for the reaction and the reaction reaches
saturation, which results in the gentle change in decolorization rate of methyl orange solution. In this
reaction system, the optimal catalyst dosage is 2 g/L when the concentration of methyl orange solution
is 20 mg/L [39].

To confirm the degradation, the chemical oxygen demand value (COD) of the initial and degraded
solution were tested. 30 mL of the degraded methyl orange solution (20 mg/L) was added into a quartz
tube, followed by adding 0.02 g 1% CdS/F–TiO2. The degradation rate is 90.01% after irradiation with
a 300 W metal halide lamp for 20 min (with a wavelength range of 280–780 nm). The chemical oxygen
demand (COD) of methyl orange solution (20 mg/L) before and after degradation is determined by the
Inspection and Testing Co., Ltd., of Neijiang Normal University. The results showed that the COD of
the initial solution was 31 mg/L and that of the degraded solution was 23 mg/L. According to the value
of COD, the COD removal rate was calculated to be 25.81%. However, according to the absorbance
change, the degradation rate was 90.01%, shown in Figure 13. The reason for the great difference
between the two test results are that when 1% CdS/F–TiO2 is used to degrade methyl orange solution,
most of the chromogenic groups of methyl orange have been destroyed and methyl orange has been
changed into the colorless substances, however only a part of them has been degraded into CO2.
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Figure 12. Effect of catalyst dosage on decolorization rate of methyl orange solution.
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Figure 13. Image of methyl orange solution (20 mg/L) before and after degradation. (a) before
degradation and (b) after degradation.
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Stability is an important factor to evaluate the catalyst in practical application. In order to evaluate
the reuse of synthesized photocatalytic material, the 1% CdS/F–TiO2 catalyst was recovered after
photocatalysis reaction and it was reused to degrade methyl orange with metal halide. As shown in
Figure 14, methyl orange was degraded by 1% CdS/F–TiO2 for the first time with a degradation rate
of 93.36%, followed by continuous experiments with a degradation rate of 90.37%, 89.05%, 87.94%
and 86.54%, respectively. The photocatalytic activity did not show obvious decrease in 5 consecutive
experiments, which illustrates that 1% CdS/F–TiO2 has a good recycling performance.
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Figure 14. Degradation rate of methyl orange by 1% CdS/F–TiO2 in 5 consecutive experiments.

During the photocatalytic performance test, the dark reaction of each sample was processed for
30 min to obtain the adsorption data, as shown in Table 3. According to Table 3, after dark reaction
treatment, the absorbance of the solution hardly changed significantly, that is, the photocatalyst had no
obvious adsorption effect on methyl orange. After the photoreaction, the decolorization rate of the
sample was calculated by Equation (1) and the results are shown in Figure 15. It can be seen from
Figure 14 that under the same conditions, the degradation rates of methyl orange by CdS/F–TiO2 with
different mass ratios are 1% > 2% > 0% > 0.5% > blank after illumination for 20 min. The absorbance
of methyl orange solution without photocatalyst basically remained unchanged, indicating that
the degradation of methyl orange was mainly achieved by photocatalysis of CdS/F–TiO2 samples.
The decolorization rate of 0.5% CdS/F–TiO2 is the lowest (64.45%), while that of 1% CdS/F–TiO2 is the
highest (93.36%). It can be seen that the photocatalytic activity of F–TiO2 is inhibited when the amount
of CdS is too small. With the increase of CdS content, the photocatalytic activity of the sample is
promoted. This indicates that CdS has a significant effect on the photocatalytic performance of F–TiO2

after compound modification and only by adding an appropriate amount of CdS can the photocatalytic
efficiency be improved effectively.

In this work, CdS can effectively improve the photocatalytic performance after F–TiO2 modification.
The reasons are as follows—First, the specific surface area of the sample increases and the grain size
decreases after compound; Second, the modification of CdS causes a redshift of the threshold
wavelength (λg) of F–TiO2 absorption spectrum and the absorption intensity in the ultraviolet light
region is obviously increased. The composite of the two materials shows a new threshold wavelength
corresponded to CdS, which can effectively improve its photocatalytic activity. Third, compared with
F–TiO2, CdS/F–TiO2 has a lower probability of photogenerated electrons and hole recombination under
illumination. This is due to the large difference in the band structure of CdS and TiO2. The band gap of
CdS is narrower than that of TiO2, so photogenerated electrons are transferred from the conduction
band of CdS to the conduction band of TiO2 and the holes on the valence band of TiO2 are transferred
to the lower valence band of CdS, thereby further promoting photocatalytic activity [40] (as shown in
Figure 16). The essence of modification of TiO2 by CdS is that CdS and TiO2 semiconductors with
different band gaps are coupled at a certain proportion. When exposed to metal halide light, the
electrons generated by CdS excitation are more likely to transition to the conduction band of TiO2.
The holes remain on the valence band of CdS, enhancing the charge separation effect. When the
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incorporation amount is small, the modification of TiO2 is not complete and when the amount of CdS
is intensive, the surface, chain or island configuration centered on the incorporation may be formed,
which weakens the coupling effect. Therefore, only by adding an appropriate amount of CdS can the
absorption of light have a better effect [41].

Table 3. Adsorption of methyl orange by 1% CdS/F–TiO2.

Samples Percentage of Absorbance After 30 min in Dark

Blank group 100%
0% 1.00%

0.50% 1.07%
1% 2.72%
2% 2.08%
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Figure 15. Degradation rate of methyl orange by CdS/F–TiO2 with different mass ratios. (a) Blank,
(b) TiO2, (c) F–TiO2, (d) 0.5% CdS/F–TiO2, (e) 1% CdS/F–TiO2 and (f) 2% CdS/F–TiO2.
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Figure 16. Graphical energy level diagram of CdS/F–TiO2.

The first-order reaction kinetic has been studied. The kinetic curve of photocatalytic degradation
was obtained by plotting the reaction time t with lnCt/C0 (C0: the initial concentration of methyl
orange solution, Ct: the concentration of methyl orange solution at time t in the degradation process),
shown in Figure 17. The six degradation kinetic curves all showed the approximate linear relationship.
The reaction rate constant can be calculated according to the formula lnCt/C0 = Kt and the maximum
reaction rate constant K is 0.122 min−1 (1% CdS/F–TiO2). The minimum constant K is 0.039 min−1 (TiO2).
The results show that the photocatalytic degradation of methyl orange by TiO2 and 1% CdS/F–TiO2

follows the Langmuir-Hinshelwood first-order kinetic model.
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Figure 17. Dynamic curve of degradation of methyl orange by different TiO2.

4. Conclusions

F–TiO2 was prepared using a simple precipitation method and CdS/F–TiO2 was prepared by
hydrothermal method. The modification of fluorinated titanium dioxide by CdS can increase the
specific surface area, reduce crystallinity and the grain size, promote the formation of mesopores
and effectively reduce electron-hole recombination. Under the same conditions, the degradation rate
of methyl orange by 1% CdS/F–TiO2 was 93.36% under the same conditions of 300 W metal halide
lamp for 20 min, which was significantly higher than that of F–TiO2. The combination of CdS and
F–TiO2 causes a significant red shift in the light absorption band and the absorption intensity in the
ultraviolet region increases to some extent and a threshold wavelength corresponding to CdS appears.
1% CdS/F–TiO2 has a good reusability and the photocatalytic degradation of methyl orange by 1%
CdS/F–TiO2 follows the Langmuir-Hinshelwood first-order kinetic model.
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