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AbstractCF4 plasma treatment is performed on commercial TiO2 to improve the photocatalytic efficiency. The CF4
plasma treatment is a facile and fast method for simultaneous introduction of carbon and fluorine atoms onto TiO2.
Photodegradation of rhodamine B, methyl orange, and methylene blue is carried out under solar light irradiation to
determine its CF4 plasma treatment effect. The dye removal of commercial TiO2 to rhodamine B, methyl orange, and
methylene blue is 60.0, 18.9, and 49.2%, respectively, whereas TiO2 treated with CF4 plasma for 50 min is 93.5, 71.0, and
88.6% for rhodamine B, methyl orange, and methylene blue, respectively. In addition, the photodegradation rate con-
stants of TiO2 treated with CF4 plasma for 50 min were 0.0135, 0.0083, and 0.0129 min1 for rhodamine B, methyl
orange, and methylene blue, respectively, which are up to 7.5 times higher than that of untreated TiO2 (0.0049, 0.0011,
and 0.0039 min1). This improvement is attributed to the increase in oxygen vacancies by the introduction of carbon
atoms into TiO2 using CF4 plasma treatment. In addition, the F ions physically adsorbed to the TiO2 surface promote
the formation of hydroxyl free radicals, enabling effective decomposition of various dyes.
Keywords: Titanium Dioxide, CF4 Plasma, Photocatalytic Activity, Photocatalyst

INTRODUCTION

Recently, significant deterioration of the natural environment,
including water and air, has been caused. Organic pollutants, which
are extremely difficult to decompose by nature, can have serious
adverse effects on water and air. Therefore, wastewater treatment is
regarded as a major challenge worldwide [1-3]. Wastewater treat-
ments include biological and chemical precipitation, membrane
filtration, and ozone oxidation, but there are disadvantages, such
as sludge generation, high treatment costs, and harsh temperature
and treatment conditions [4]. In addition, existing treatment tech-
nologies have a common problem of generating secondary pollut-
ants [5].

Among the methods used to remove water pollution, the pho-
tocatalyst is the most actively studied because it is environmentally
friendly [5-7]. Photocatalysts promote photochemical reactions by
using light as energy. Various photocatalysts, such as SiO2, ZnO,
WO3, and TiO2, have been used. Among them, TiO2 is attracting a
considerable amount of attention for use in environmental appli-
cations due to its strong light absorption, chemical stability, low
cost, and high reactivity [1,4,5].

TiO2, however, has a wide bandgap energy that makes decom-
position of organic pollutants under solar light difficult [8]. There-
fore, increasing the photocatalytic efficiency of TiO2 even under
visible light is an active area of research [9,10]. The use of dopants
can improve the photocatalytic efficiency of TiO2 because they nar-

row the bandgap. These dopants include light-absorbing substances
(photosensitive agents, quantum dots, and dyes), transition met-
als, and nonmetal atoms. Metal doping, due to the high cost and
high thermal instability of metals, has the disadvantage of an infe-
rior photoactive effect, and so methods of doping with nonmetals
have been widely studied [11-13].

In particular, fluorine plays a very important role in photocata-
lytic performance when introduced onto TiO2 crystal surfaces. Kim
et al. demonstrated that due to their high electronegativity, F ions
that are physically adsorbed on the surface of TiO2 inhibit the aggre-
gation of TiO2 particles and promote the formation of holes, thereby
facilitating the decomposition of organic pollutants [14]. Therefore,
the F species adsorbed on a TiO2 surface play an important role
in determining the photocatalytic efficiency. Carbon is also a com-
mon nonmetallic dopant that shows many advantages because of
its excellent characteristics. Similar to metals, carbon possesses a
large electron storage capacity that can accommodate photon-excited
electrons, facilitating the separation of photogenic carriers [15-17].

Recently, codoped TiO2 with nonmetals has become a rapidly
growing field of interest. For example, Huang et al. prepared N-F
codoped TiO2 photocatalyst by a sol-gel solvothermal method. The
doped N atoms improved the absorption of visible light, and the
doped F atoms improved the surface acidity to increase the adsorp-
tion of the reactants, further enhancing the photocatalytic activity
[18]. Therefore, there is the synergistic effect of N and F. Likewise,
we conducted to improve the photocatalytic performance by dop-
ing carbon and fluorine on the TiO2 surface through a very simple
process. There are various methods of introducing carbon and flu-
orine atoms. The plasma method can introduce various atoms onto
a TiO2 surface by forming various ionic species using reactant such
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as SF6, F2, and CF4. This process is facile, and depending on the
reactant, various atoms can be doped [19,20].

Herein, we investigated the photodegradation of TiO2 treated
with CF4 plasma. Through CF4 plasma treatment, C and F atoms
are simultaneously introduced onto TiO2 to improve its photocata-
lytic performance. This increase in photocatalytic performance was
measured by decomposition of various dyes under solar light.

EXPERIMENTAL

1. Materials and Reagents
Commercial TiO2 (anatase, Sigma-Aldrich, USA) was used. The

plasma reaction was carried out using high-purity tetrafluorometh-
ane gas (99.99%, Deokyang Co., Korea) and nitrogen gas (99.999%,
Special gas Co., Korea). In addition, 10 ppm rhodamine B (Acros
organic, pure), 100ppm methyl orange (Acros organic, pure), and 20
ppm methylene blue (Acros organic, pure) were prepared as the dye.
2. CF4 Plasma Treatment

TiO2 was prepared by plasma treatment using CF4 gas at room
temperature under vacuum. A plasma treatment system (CUTE;
Femto-Science Co., Korea) consisting of an electrode, sample stage
(size: 140×200 mm), gas inlet/outlet, mass flow controller, and vac-

uum system was used. TiO2 (purchased from Sigma-Aldrich) was
treated with CF4 gas under vacuum plasma treatment conditions.
The power (90 W), and CF4 gas flow rate (80 sccm) were fixed and
the reaction time was set to 10, 30, or 50 min; the samples were
named TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50), respectively.
3. Characterization of TiO2-treated CF4 Plasma

The surface morphology of various samples was observed using
a field emission scanning electron microscope (FE-SEM, S-4800,
Hitachi, Japan, with 15 kV of accelerating voltage) with energy dis-
persive X-ray spectroscopy (EDS, Oxford X-Max 50, Oxford, UK).
The surface chemical properties were determined by X-ray photo-
electron spectroscopy (XPS, AXIS SUPRA, Kratos, UK) with a
monochromatic Al K source (1,486.6 eV), and the binding energy
was referenced to the C1s peaks at 284.5 eV corresponding to sur-
face adventitious carbon. The crystallographic structure of various
samples was determined using X-ray diffraction (XRD, Malvern
PANalytical X’pert pro equipped with Cu K radiation, England).
In addition, the photocatalytic property of TiO2-treated CF4 plasma
was measured by ultraviolet-visible-infrared spectrophotometer
(UV-VIS-IR, Cary 5G, Agilent, USA) and high-resolution photo-
luminescence spectroscopy (PL, a LabRAM HR-800 spectrome-
ter, Horiba, Japan).

Fig. 1. (a) SEM-EDS images and (b) atomic percentages of pristine TiO2, TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50).
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4. Photocatalytic Activity
The photocatalytic activity of each sample was evaluated by pho-

todegradation of rhodamine B (RhB, ACROS organics), methyl
orange (MO, ACROS organics), and methylene blue (MB, ACROS
organics) under a solar simulator (PEC-L01, Peccell Technologies,
Japan) with a 150 W Xe lamp. The CF4-treated TiO2 powders (50
mg) were dispersed in 100 mL of 10 ppm RhB, 100 ppm MO, and
20 ppm MB. The dye solution was extracted at certain intervals
during irradiation with artificial solar light, and the concentration
of the dye was determined via a UV-visible spectrophotometer (UV-
Vis, Optizen 2120UV, Mecasys, Korea). The concentration was calcu-
lated by the Beer-Lambert law. The equation is below.

A=bc (1)

A is the absorbance,  is the adair molar attenuation coefficient or

absorptivity of the attenuating species, b is the optical path length
in cm, and c is the concentration of the attenuating species. The
photocatalytic decomposition data was measured repeatedly three
times, and then averaged to show the standard deviation.

RESULTS AND DISSCUSION

1. The Surface Properties of the Samples
Fig. 1 shows the SEM-EDS images of the samples. Fig. 1(a) shows

pristine TiO2, and Fig. 1(b)-(d) shows CF4 plasma-treated TiO2. In
comparison, the samples shown in Fig. 1(b), (c), and (d) are less
agglomerated than pristine TiO2 (Fig. 1(a)). These results show the
inhibition of particle aggregation induced by the CF4 plasma. Aggre-
gation influences the optical property and photocatalytic activity of
materials because the number of sites where organic compounds

Fig. 2. XPS (a) Ti2p, (b) O1s, and (c) F1s core level deconvolution spectra of TiO2 and CF4 treated TiO2 and (d) atomic percentage of TiO2 and
CF4 treated TiO2.
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are decomposed increases [21-23]. In addition, the EDS image shows
fluorine doping on the TiO2 surface. F element content of pristine
TiO2, TiO2/CF4(10), TiO2/CF4(30), TiO2/CF4(50) is 0.0, 1.5, 2.1 and
2.4 at%, respectively. As the plasma reaction time increases, the F
content also increases. However, as the reaction time increases, the
difference in fluorine content between samples decreases because
the amount of fluorine introduced to the TiO2 surface is limited
[24].

Fig. 2(a) shows the high resolution XPS spectra of the Ti2p region
of untreated and CF4 treated TiO2. The peaks located at 458.8, 460.3,
and 464.5 eV correspond to those of Ti4+(2p3/2), Ti3+(2p1/2), and
Ti4+(2p1/2), respectively [18,23-27]. Table 1(a) shows the values con-
verted to percentages by calculating the area of each peak in the
Ti2p graph. As the plasma reaction time increases, the Ti3+ peak area
increases by up to 2.6%. The change in the oxidation state from
Ti4+ to Ti3+ corresponds to an increase in the number of oxygen
vacancies [3,26]. The results in Table 1 indicate that as CF4 plasma
treatment is performed on TiO2, the number of oxygen vacancies
increases, and the photocatalytic activity increases [26,28].

Fig. 2(b) shows the O1s spectra of pristine and CF4 plasma treated
TiO2, with peaks at 530.0 and 531.5eV. The peak of the lower bind-
ing energy is assigned to the bulk oxygen atoms in the TiO2 lattice
forming Ti-O-Ti groups, and the peak of the higher binding energy
indicates hydroxyl groups in the form of Ti-O-H on the TiO2 sur-
face. In addition, as the generation time increases, a Ti-O-C peak
forms near 532.6 eV because the plasma treatment creates CF4 active
species, such as ·CF3, ·CF2, ·CF, and ·F [19,29]. The C atoms from
CF4 active species are thought to substitute for TiO2. The longer the
reaction time is, the more plasma energy is received on the TiO2

surface, so more carbon atoms are substituted. Therefore, Ti-O-C
bonding decreases the amount of lattice oxygen, which can in-
crease the number of oxygen vacancies, leading to improvement
of photocatalysis of CF4 treated TiO2 [30,31]. Table 1(b) shows the
values obtained by integrating each peak in the O1s graph and ex-
pressing the results as percentages. The percentage of the lattice oxy-
gen peak near 530.0eV decreases by up to 6.6% as the plasma reac-
tion time increases. This means that the number of oxygen vacancies
increases as the plasma reaction time increases. It has been reported
that surface oxygen vacancies not only react strongly to visible light,
but also act as traps to inhibit electron-hole recombination [30,31].

The XPS spectra of untreated and CF4 plasma-treated TiO2 are

presented in Fig. 2. In the spectra of the CF4-treated TiO2 samples
shown in Fig. 2(c), the F 1s peak was observed at the binding
energy of 684.5 eV. This indicates that F is physically adsorbed on
the TiO2 surface. Generally, there are the peaks near 688.1 eV which
correspond to F ions substituted for O within the TiO2 crystal lat-
tice. This peak cannot be seen in Fig. 2(c), indicating that F ions
were not doped in the crystal lattice of TiO2 [21,22]. F ions that
are physically adsorbed onto TiO2 surface play an important role
in preventing particle aggregation [14,23,25]. Because of the high
electronegativity of F, the surface of F adsorbed TiO2 becomes nega-
tively charged, and the repulsive force between the particles increases,
thereby inhibiting aggregation [14]. This conclusion is consistent
with the SEM results.
2. XRD Analysis and UV-vis Adsorption Measurements of the
Samples

TiO2, as a photocatalyst, has three crystalline forms: anatase,
brookite, and rutile. As shown in Fig. 3, pristine and CF4 plasma
treated TiO2 are well crystallized as pure-phase anatase TiO2. The
typical diffraction peaks of anatase TiO2 at 2=25.29o, 37.09o, 37.96o,
38.46o, 48.25o, 53.93o, 55.06o, 62.67o, 68.90o, 70.45o, and 75.15o can
be indexed to (101), (103), (004), (112), (200), (105), (211), (204),

Table 1. The area of each peak in the XPS spectra converted to a percentage (a) O1s and (b) Ti2p

(a) Ti2p peak parameter
TiO2 TiO2/CF4(10) TiO2/CF4(30) TiO2/CF4(50)

Ti4+ 59.8 59.0 58.6 58.6
Ti3+ 05.3 05.5 06.3 07.9
Ti4+ 34.9 35.5 35.1 33.5
(b) O1s peak parameter

TiO2 TiO2/CF4(10) TiO2/CF4(30) TiO2/CF4(50)
Lattice oxygen 91.1 89.0 85.6 84.5
Ti-O-H 08.9 10.4 12.9 13.6
Ti-O-C - 00.6 01.5 01.9

Fig. 3. XRD patterns of TiO2, TiO2/CF4(10), TiO2/CF4(30), and TiO2/
CF4(50).
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(116), (220), and (215), respectively [23,33,34]. The samples are not
shown as rutile or brookite crystal structure due to the low applied

Fig. 4. (a) UV-vis adsorption spectra and (b) PL analysis of TiO2, TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50) between 200 and 600 nm.

Fig. 5. Photocatalytic degradation of rhodamine B (a)-(b), methyl orange (c)-(d), and methylene blue (e)-(f) with TiO2, TiO2/CF4(10), TiO2/
CF4(30), and TiO2/CF4(50) under solar light.

plasma energy. Since the active species formed by the CF4 plasma
were not introduced into the TiO2 crystal lattice, the crystallinity
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did not change, but the intensity of each peak increased, indicating
that the plasma treatment favors crystallization [23]. In general, the
anatase type of TiO2 has been reported to have the best photocata-
lytic performance [33-35]. Therefore, each peak of anatase increased
due to the CF4 plasma treatment, which also affected photocata-
lytic performance.

The UV-vis absorption spectra of pristine and CF4 plasma-treated
TiO2 are shown in Fig. 4(a). CF4 plasma-treated TiO2, shows higher
light adsorption above 420 nm than pristine TiO2 which exhibit
redshift in the band gap transition, in good agreement with the
activity of the photocatalyst [33]. These results indicate that CF4

plasma treatment can shift the adsorption edge of TiO2 to the visi-
ble region. As shown in Fig. 2, CF4-treated TiO2 has more oxygen
vacancies, shifting the adsorption to approximately 500 nm. More-
over, the adsorption peaks of CF4 plasma-treated TiO2 below 400
nm are stronger than those of pristine TiO2. This has an effect on
the photocatalytic activity of TiO2 under solar light containing 5%
UV light [36].

PL spectra of pristine and CF4 plasma-treated TiO2 were meas-
ured to study the separation efficiency of photogenerated electrons
and holes at room temperature. Fig. 4(b) exhibits the PL spectra of
all samples excited at 316 nm. The CF4-treated TiO2 show lower
PL intensity than pristine TiO2 because photogenerated charge can
migrate to the carbon or fluorine region. Generally, the decrease of
PL intensity indicates the efficient electron-hole separation and
long-lived carriers [37-39].
3. Photocatalytic Activity of Samples

To evaluate the photocatalyst performance of CF4 plasma-treated
TiO2, rhodamine B dye was decomposed under solar light. Based
on the Beer-Lambert equation, Fig. 5(a)-(b) shows the degradation
of rhodamine B under solar light irradiation to compare the pho-
tocatalytic performance between of pristine TiO2 and TiO2-treated
CF4 plasma. As shown in Fig. 5(b), the degradation of rhodamine
B containing TiO2 obeys pseudo-first-order kinetics, following the
equation below [28,39]:

 ln[C/C0]=kt (2)

where C0 is the initial concentration of dye and C is the concentra-
tion at time. The dye removal of TiO2 is 60.0%, whereas the dye
removal properties of TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50)
are 71.1, 92.0, and 93.5%, respectively. Table 2 shows the values of
the correlation coefficient (R2) and rate constant (k) calculated by
the pseudo-first-order kinetics equation. Fig. 5(b) and Table 2 indi-
cate that the photodegradation rates constant, k, related to the deg-
radation efficiency was 0.0049 min1 for pristine TiO2, 0.0064 min1

for TiO2/CF4(10), 0.0124 min1 for TiO2/CF4(30), and 0.0135 min1

for TiO2/CF4(50). After 180min of solar light irradiation, TiO2 treated
CF4 plasma exhibited greater degradation efficiency than pristine
TiO2, removing up to 93.5% of rhodamine B, and the photodegra-
dation rate constant (k) increased up to 2.1 times.

Fig. 5(c)-(d) shows the methyl orange (MO) degradation of pris-
tine TiO2 and CF4 plasma treated TiO2. As shown in Fig. 5(c), the
dye removal of TiO2 is 18.9%, whereas the dye removal properties
of TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50) are 63.6, 68.8,
and 71.0%, respectively. In addition, Fig. 5(d) and Table 2 show
the MO photodegradation rates constant constant (k) of pristine
TiO2 and TiO2 treated with CF4 plasma. photodegradation rates con-
stant (k) of pristine TiO2, TiO2/CF4(10), TiO2/CF4(30), and TiO2/
CF4(50) are 0.0011, 0.0063, 0.0066, and 0.0083 min1. Both the dye
removal and photodegradation rates constant (k) of TiO2 treated
with CF4 increased despite the very high concentration of MO as
100 ppm.

Fig. 5(d)-(e) shows the methylene blue (MB) degradation of pris-
tine TiO2 and CF4 plasma treated TiO2. The dye removal of TiO2,
TiO2/CF4(10), TiO2/CF4(30), and TiO2/CF4(50) are 49.2, 62.6, 85.5
and 88.6%, respectively. Moreover, as shown in Fig. 5(e) and Table
2, the photodegradation rate constant (k) of pristine TiO2, TiO2/
CF4(10), TiO2/CF4(30), and TiO2/CF4(50) is 0.0039, 0.0057, 0.0103,
and 0.0129 min1, respectively. The MB dye removal property of
TiO2 treated with CF4 plasma was increased up to 80.1%, and the
photodegradation rate constant (k) was increased up to 3.3 times.
In terms of photocatalytic performance, TiO2/CF4(50) is the best, but
the difference decreases gradually when compared to TiO2/CF4(10)
and TiO2/CF4(30). This is because the functional group impregna-
tion is limited over time.

According to the XPS results (Fig. 2), the peak of F adsorbed on
TiO2 is shown in the F1s spectrum. Such ions physically adsorbed
on the TiO2 surface can decompose organic compounds by the
following mechanism [18,32]:

Ti-OH+F

Ti-F+OH (3)

Ti-F+h++H2OTi-F+•OHfree+H+ (4)

Ti-F bonds are formed by surface modification of hydroxyl groups
on the TiO2 surface (Eq. (3)). The surface Ti-F bonds have a strong
electron-trapping ability and can decrease the rate of recombina-
tion of electron-hole pairs [25,40,41]. Moreover, F adsorbed on
TiO2 creates a large number of holes, increasing the yield of hydroxyl
radicals. The proposed mechanism is shown in Fig. 6. The forma-
tion of free OH radicals on the CF4 plasma-treated TiO2 surface is

Table 2. Photodegradation rate constant (k) of various dye calculated by the pseudo-first order rate equation and its correlation coefficient
(R2)

Sample
Rhodamine B Methyl orange Methylene blue

k R2 k R2 k R2

TiO2 0.0049 0.9890 0.0011 0.9900 0.0039 0.9600
TiO2/CF4(10) 0.0064 0.9520 0.0063 0.9042 0.0057 0.9141
TiO2/CF4(30) 0.0124 0.9582 0.0066 0.9348 0.0103 0.9399
TiO2/CF4(50) 0.0135 0.9558 0.0083 0.8637 0.0129 0.9451
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expected to subsequently oxidize the organic compound [25,35,
41-43].

As shown in Fig. 2 and Table 1, the number of oxygen vacan-
cies increases upon CF4 plasma treatment because of C atom dop-
ing. The creation of Ti-O-C bonds can create oxygen vacancies. The
oxygen vacancies play an important role in enhanced photodegra-
dation [30,31,44]. In addition, carbon is well known as a material
with easy electron movement. As reported by Lettmann et al., it
plays a role in smoothing the movement of electrons in the band-
gap when C is doped TiO2 [45,46]. Therefore, the number of oxy-
gen vacancies and OH free radicals increased due to the synergistic
effect of carbon and fluorine atoms introduced into TiO2. This led
to an improved photocatalytic performance.

The results of photodegradation for the three dyes vary depend-
ing on the surface charge of the dye molecules, their interaction
with the photocatalyst, the chemistry, and binding of the dyes. In
general, Rh B and MB are cationic dyes, and MO is anionic dye
[47]. MB has superior photodegradation at high concentration com-
pared to Rh B. Although both are cationic dyes, MB strongly adsorbs
to the CF4 plasma-treated TiO2 surface compared to Rh B. This is
because MB has a relatively small molecular size compared to Rh
B, which indicates a steric hindrance [48]. Compared to Rh B and
MB, MO was able to decompose even at a high concentration of
100 ppm. This is because MO molecules are oxidized by OH free
radicals formed by the CF4 plasma [49].

Moreover, the Rh B, MO, and MB photodegradation of CF4-
treated TiO2 was compared to that of the TiO2 photocatalyst in
another reference, as shown in Table 3. Although different condi-
tions were used, the catalysts used in this study performed better.
The authors of Hu performed rhodamine B dye decomposition by

doping metal into TiO2 [50]. However, compared to the conditions
used in this experiment, the time of exposure to light energy was
longer but the dye removal property was increased, so the photo-
catalytic performance of CF4-treated TiO2 was better. This shows
that the effect is better in the case of nonmetal doping than in the
case of metal doping. In addition, a difference in rhodamine B de-
composition performance was observed even in F-doped TiO2.
According to Li et al., the dye decomposition efficiency of F-doped
TiO2 was almost 95% after light irradiation for six hours, and the
amount of catalyst was approximately twice that of used in this
study. At 180 min, the rhodamine B dye removal property was
approximately 93.5% [51]. Moreover, Tian reported MO removal
of N doped TiO2/ZnO composites. Although the concentration of
MO was 25 ppm, the dye removal property was only about 70%
decomposed in three hours [52]. On the other hand, in this study,
despite the use of a high concentration of 100 ppm MO, its dye
removal property of CF4 treated TiO2 was 71.0% in three hours.
Amran et al. performed MB removal using polyamide-C/TiO2. When
the catalyst amount was 100 mg and the MB concentration was
5 ppm, the degradation rate of MB for 300 minutes under visible
light was 82.7%. In this study, when 20 ppm of MB was decom-
posed for 180 min with 50 mg of catalyst, the dye removal prop-
erty was 88.6% [53]. This is attributed to multiple doping of C and F.

CONCLUSION

TiO2 powder was modified by CF4 plasma at room temperature
with different reaction time to improve its photocatalytic activity.
The dye removal properties of rhodamine B, methyl orange, and
methylene blue of commercial TiO2 were 60.0, 18.9, and 49.2%,

Fig. 6. Proposed mechanism to form OH free radicals from F adsorbed on the surface of TiO2. The left panel shows TiO2 treated CF4 plasma,
and the right panel shows the reaction of TiO2 treated CF4 plasma occurring in dye solution under solar light.

Table 3. Rhodamine B degradation performance of CF4 plasma treated TiO2 compared with other literature

Material Light source Dye Amount of
catalyst (mg)

Concentration
of dye (ppm)

Degradation
rate (%)

Exposed
time (min) Ref.

TiO2-CF4 (50) Solar simulator Rhodamine B 050 010 93.5 180 This study
TiO2-CF4 (50) Solar simulator Methly orange 050 100 71.0 180 This study
TiO2-CF4 (50) Solar simulator Methylene blue 050 020 88.6 180 This study
BiVO4/TiO2 Visible Rhodamine B 080 001 79 360 [50]
F-doped TiO2 Xenon lamp Rhodamine B 100 010 Approximately 95 360 [51]
N-doped TiO2/ZnO 254 nm UV lamp Methyl orange 100 025 Approximately 70 180 [52]
Polyamide-C/TiO2 Visible light Methylene blue 100 005 82.7 300 [53]
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respectively, whereas TiO2/CF4(50) was 93.5, 71.0, and 88.6%, respec-
tively. The introduction of C and F atoms on the TiO2 surface by
CF4 plasma increased the number of oxygen vacancies, and the F

ions on the surface promoted the formation of OH radicals, thereby
increasing the photocatalytic efficiency. However, the increase in
the decomposition efficiency of rhodamine B decreased as the
reaction time increased, which is believed to be due to the limited
number of functional groups introduced onto the TiO2 surface. In
conclusion, CF4 plasma treatment is a facile method to improve pho-
tocatalytic activity by enabling the simultaneous introduction of C
atoms and F atoms onto the TiO2 surface.
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