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A B S T R A C T   

In this work, we have successfully fabricated bare titanium oxide (TiO2) and fluorine (F) doped TiO2 thin films 
via the sol–gel dip-coating technique on the soda lime glass substrates. The effect of hydrofluoric acid (HF) 
concentration on the structural, optical, and photocatalytic properties of TiO2 thin films is investigated. The films 
are characterized by the X-ray diffraction (XRD) technique, scanning electron microscopy (SEM), X-ray photo
electron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS), atomic force microscopy, and 
UV–visible spectrophotometer. The XRD patterns show the presence of highly crystalline anatase phase TiO2. The 
SEM images reveal some cracked surfaces, while the EDX reveals the absence of fluorine in all samples. The AFM 
images exhibit a decrease in roughness with the increase in HF concentration. UV–visible spectrometry reveals 
high transparency in the visible region (about 85%) and the shift in absorption edge toward the higher energy 
side. To evaluate the photocatalytic performance of the photocatalysts, methylene blue (MB) dye is chosen as a 
model pollutant. The photocatalytic test shows a decrease in the degradation rate of MB with the increase in HF 
concentration in the solution. This work will trigger the development of highly efficient acid-modified photo
catalysts for environmental remediation.   

1. Introduction 

Environmental cleanup is one of today’s most hotly debated issues. 
Economic activity in both industrialized and developing nations has a 
significant impact on the quality of air and water [1–6]. Titanium di
oxide (TiO2) is a stable and cheap material widely used as a promising 
material for organic pollutant degradation due to its unique properties 
[7–9]. Many attempts have been made over the last few years to solve 
the two key issues involving the low performance of the photo-oxidative 
process, which competes with photo-induced electron-hole pair 
recombination, and the considerably large band gap energy (3.2 eV), 
which usually requires the utilization of UV light energy for excitation of 
electrons from the valence band to the conduction band of semi
conductors. In this case, the researcher provided numerous approaches 
to boost the photocatalytic performance of TiO2 [8,10]. 

Doping among numerous strategies is one of the key techniques 
employed to modify the Fermi level. The doping technique in photo
catalysts consists of a direct tuning of the band gap structure by pro
ducing additional energy levels in order to enhance light absorption and 
also build carrier trap sites to avoid fast recombination [11]. Many re
searchers doped transition metal elements like Cu [12], Ag [13], Fe 
[14], Al [15], and Au [16,17] in TiO2. Some researchers doped non- 
metal elements like C [18,19], N [20,21], P [22,23], S [24,25], B 
[26,27], and F [28,29] into TiO2 and the resultant photocatalysts have 
shown significant improvement in the light absorption toward visible 
light region. 

Regarding doping with non-metallic elements, three proposed exci
tation mechanisms are discussed. For instance, Morikawa et al. [30] 
proposed a band gap narrowing mechanism, Irie et al. [31] proposed an 
impurity energy level mechanism, and Ihara et al. [32] presented an 
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oxygen vacancy mechanism. Modification of TiO2 with fluorine is of 
great significance and attracted worldwide scientific attention. For 
example, Minero et al. [33] demonstrated that the photocatalytic per
formance of TiO2 for degradation of phenol in presence of fluoride ions 
was enhanced by 3-fold compared to that of the bare TiO2. Thus, fluorine 
doping, followed by calcination at high temperature, increases the sur
face trap sites, which are beneficial for the enhanced photocatalytic 
activity [7]. Some researchers demonstrated that F also reduces the hole 
diffusion from the bulk to the surface of TiO2 and also inhibit charge 
recombination. As a result, the F:TiO2 performs as an exceptional pho
tocatalyst [34,35]. This enhancement in the photocatalytic activity can 
be explained by the fact that the fluoride dopant enhances surface 
acidity of the catalyst and create the reduced Ti3+ ions because of the 
charge compensation between Ti4+ and F- ions. In particular, fluorina
tion has been found to reduce the hydrophilicity of TiO2 and shift the site 
of zero charges of TiO2 towards lower pH levels [36]. Also, it is found 
that fluorine increases the anatase phase stability, facilitates the for
mation of surface defects [7], and narrows the band gap of TiO2 [37]. 
Thus, it is of great significance to modify TiO2 with fluoride ions. 

Herein, we have successfully fabricated pure TiO2 and fluorine 
doped TiO2 thin films via a sol–gel and dip-coating techniques. Various 
characterization of the photocatalysts are carried out in order to inves
tigate the affect of fluoride ions on the structural, surface morphological, 
optical, and photocatalytic properties of TiO2. The photocatalytic test 
reveals a decrease in the degradation rate of MB with the increase in 
hydrofluoric acid (HF) concentration. This work will trigger the devel
opment of various dopants modified photocatalysts for environmental 
remediation. 

2. Experimental section 

2.1. Films fabrication 

For the fabrication of un-doped and F-doped TiO2 films, a facile and 
low-cost sol–gel dip-coating method was adopted. The precursor 
tetraethyl-orthotitanate (Merck 95% purity) was dissolved in a mixture 
of ethanol, nitric acid (Sigma-Aldrich 69% purity) and water. The so
lution was swirled repeatedly for 1 h. After aging the solution for 
roughly 24 h, the films were deposited onto the glass substrates via a 
dip-coater with a withdrawing speed of 1 mm/s. The dipping number 
indirectly regulated the thickness of the deposited layer [14]. The F- 
doped TiO2 sol was made using the same method as described above. 
The only difference was that hydrofluoric acid (HF) (sigma Aldrich 48%) 
was added to the TiO2 sol as a source of fluoride ions. The F concen
tration was varied as follows: 0, 7, 14, and 21% molar ratio, respectively. 

2.2. Films characterization 

The crystallinity of TiO2 films was measured using the X-ray 
diffraction (XRD) technique in thin film mode on a X’PERT MPD Philips 
diffractometer with CuKα radiation source (λ = 1.5406). The XPS 
analysis was performed by the “Thermo Scientific ESCALAB Xi” spec
trometer from thermo-fisher using Al-Kα X-ray beam of 7.6 kW (photon 
energy = 1486.8 eV) in pressure of 5 x10-10 mBar and operating energy 
of 200 eV. Optical transmittance was determined at normal incidence in 
the UV–Vis-NIR spectra region of 190–1100 nm, using a Spectro Scan 
80D spectrophotometer. Surface topography was examined using an 
atomic force microscope from MFP3D Asylum Research and Oxford 
Instrument (AFM). The SEM pictures were obtained using a high- 
performance analytical SEM Tescan VEGA3 equipped with a high- 
count rate silicon drift EDS system, capable of working in both high 
and low vacuum modes. 

2.3. Photocatalytic measurements 

A homemade device was used to evaluate photocatalytic 

performance. It was measured by oxidizing a water diluted MB dye so
lution. About, 35 mL of the MB solution with initial dye concentration of 
2.5 10− 5 mol/L was placed in a UV-transparent glass cell (capsule with a 
round bottom having a diameter of 45 mm). The as-fabricated samples 
were dipped at an angle of 70◦ into the vessel comprising the MB solu
tion (cell + sample + solution) to make sure that its surface is opposed to 
the UV-lamp radius and the dipped surface is approximately 3 cm × 2 
cm. Following that, the cells were subjected to UV-light at various time 
intervals (i.e., 30, 60, 90, and 120 min). The UV source was a 15 W 
Philips G15T8 germicidal lamp generating UVC light with a 254 nm 
wavelength. The cell and the UV-lamp were at a distance of 7 cm from 
each other [38]. 

3. Results and discussion 

3.1. Structure analysis 

Fig. 1 displays the XRD patterns of the bare and F-doped TiO2 films. 
For bare TiO2 and F-doped TiO2, the characteristic peaks at 2θ values of 
25.52◦, 38.16◦, 48.21◦, 54.18◦, 55.14◦ and 62.72◦ corresponds to the 
(101), (004), (200), (105), (211), and (204) planes, respectively. All 
peaks have the characteristics of anatase-phase TiO2 and in accordance 
with the tetragonal phase geometry (space-group I41/amd). These peaks 
are well matched with the JCPDS card No. 98–009-2363. Worth noting, 
the increase in the peak’s intensity in case of the 7% and 14%F-doped 
TiO2 indicate the influence of dopant on the films. This is because, in 
initial solution, the acid plays a role of catalyst to ameliorate the 
transparency of the solution but a slight decrease in the intensity of 21% 
F doped TiO2 sample can also be observed. Same results were obtained 
by N. Todorava et al. [39]. 

TiO2 has a tetragonal crystal system and for this structure; the 
expression of the inter reticular distance dhkl is given by the standard 
formula (Eq. (1)). 

dhkl =
a

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

h2 + k2 + a2

c2 l2
√ (1)  

Where dhkl is d-spacing of the (hkl) line. The lattice constants a and c are 
calculated from the two lattice planes. 

To calculate the crystalline size and strain, we have adopted the 
Williamson-Hall plots (H-W). The broadening of peaks indicates grain 
refinement as well as the high strain related to the powder. Using the 
relation (Eq. (2)), the instrumental width (βhkl) correlating to every 
diffraction peak intensity of TiO2 can be adjusted. 

Fig. 1. XRD patterns of undoped and F-doped TiO2 films.  

A. Abboudi et al.                                                                                                                                                                                                                                



Inorganic Chemistry Communications 155 (2023) 111073

3

β2
hkl = β2

mesured − β2
instrumental (2) 

Using the Debye-Scherrer formula (Eq. (3)), we were able to deter
mine the typical size of nanocrystals. 

D =
kλ

βhklcosθ
(3)  

Where “λ” is the X-ray beam wavelength (Cu-Kα1 = 1.5406 Å), βhkl is the 
full-width at half-maximum (FWHM) of the diffraction peak (hkl), 
βinstumental is the FWHM attributed to the instrumental-contribution, and 
θ is the Bragg-angle. 

The powders strain caused by the crystal distortion and imperfection 
was computed via the following formula (Eq. (4)): 

ε = βhkl
4tanθ

(4) 

According to Eqs. (3) and (4), the peak width from particle sizes 
varies as (1/cosθ) and strain changes as tanθ. Considering that the effects 
of particle size and strain on line broadening are irrespective of one 
another and follow a Cauchy-like profile, the obtained line width is just 
the sum of Eqs. (3) and (4) as revealed in Eq. (5). 

βhkl =
Kλ

Dcosθ
+ 4εtanθ (5) 

By reordering the equation in the previous sentence, we can get Eq. 
(6) as follows; 

βhklcosθ =
Kλ
D

+ 4εsinθ (6) 

The equations that have been presented so far are W-H equations. 
After performing a linear fit to the data, a plot is generated with 4sinθ 
along the x-axis and βhkl cosθ along the y-axis. The crystallite size was 
determined from the y-intercept, while the strain ε was determined from 
slope of the fit. The uniform-deformation-model (UDM) represented by 
the equation (Eq. (6). In this model, the strain was supposed to be the 
same in all crystallographic-directions. By doing so, the crystal isotropic 
nature was taken into consideration. In an isotropic crystal, the prop
erties of the materials are not affected by the direction in which they are 
assessed. Table 1 provides a concise summary of the outcomes that were 
collected. 

The degree of preferred orientation T(hkl) was utilized for the purpose 
of conducting research on the texture of films with varying thicknesses. 
The following mathematical equation (Eq. (7)) can be used to get the 
value of this factor [40]: 

T(hkl) =
Im(hkl)/I0(hkl)

(
1
N

)∑N
1 Im(hkl)/I0(hkl)

(7)  

Where T(hkl) represents the texture coefficient (TC) of the (hkl) plane, 
Im(hkl) represents the determined intensity of the (hkl) plane, I0(hkl) 
represents the analogous documented intensity of the typical TiO2 using 
JCPDS Card No. 98–009-2363, and N represents the preferable growth 
direction. It can be seen from the plots in Fig. 2, that the TC for each peak 
is inferior or close to unity (T (hkl) ≤ 1), except (004) and (105) which 
shows a high TC (>1) in case of 7%F-TiO2 and 14%F-TiO2 samples, but 
TC (004) > TC (105), indicating that (004) reveals a particular pref
erential orientation for crystallization. In case of 21%F-TiO2, the (105) 

shows a high texture coefficient, indicating that the high percentage of 
Fluorine dopant can influence the preferential orientation crystalliza
tion. The pure TiO2 reveals a preferred crystallization in both (004) and 
(105) directions. 

3.2. Surface morphology 

The SEM micrographs of the as-fabricated undoped and F-doped 
TiO2 thin films are provided in Fig. 3. The images show many thin layers 
cracked on top of each other. The texture of the TiO2 films is made up of 
many mud-crack like layers and dry river-bed like layers. These cracks 
are essentially linked to the heat treatment of deposited films (rapid 
drying at 400 ◦C and annealing at 500 ◦C for 1 h) and the variation 
between the coefficient of expansion of the substrate and the materials 
deposited (thin layer of doped and undoped TiO2). Also, we observed 
that these layers are flat and not concave which means good adhesion of 
the films. For the undoped TiO2 film (Fig. 3a), the layers in the form of 
mud cracks are more intense and smaller than the others (Fig. 3b-d), and 
the intensity of these cracks decreased with the increase in fluorine 
content. In previous literature by S. Demirci et al. [41] same structure 
for F-doped TiO2 thin films was observed. 

The chemical surface composition of undoped and F-doped TiO2 is 
characterized by energy-dispersive X-ray spectroscopy and the obtained 
results are provided in the Table 2. In Table 2, we can see the absence of 
fluorine and the reduction of glass substrate composition such as Si, Na, 
and Ca. High percentage of oxygen is remarked which can relate to the 
glass substrate and a significant increase in carbon percentage is 
remarked. 

To further clarify the effect of F doping on the surface chemistry of 
TiO2 films, we used AFM to examine their surface properties. The TiO2 
film surface exhibits a high density of nanoscale peaks with spherical 
shapes that are unevenly dispersed (Fig. 4). The surface of a 7% F:TiO2 
film has nanosized peaks, but they are less spherical and exhibit lower 
density than pure TiO2 films. We found virtually no nano peaks in the 
7% F-TiO2 and 14% F-TiO2 samples. 

The films surface morphology was further mathematically quantified 
using Gwyddion software [42], and the relevant data is provided in 
Table 3. The Rms roughness value falls dramatically with increase in the 
F doping level from 1.986 nm (for bare TiO2) to roughly 436.341 pm for 
21% F-TiO2. This reflects the smoothness of the texture of the latter film 
(Table 3). Furthermore, both films exhibit positive surface skewness, 

Table 1 
Structural constraints of undoped and F-doped TiO2 thin films.   

Crystallite parameters HAL-WILIAMSON PLOTS  

a = b (Å) c(Å) Crystallite size (nm) Lattice strain % 

TiO2-0F  3.7677  9.4257  15.9 0.1(3) 
TiO2-7%F  3.7727  9.4860  11.5 0.1(3) 
TiO2-14%F  3.7749  9.4787  14.9 0.1(3) 
TiO2-21%F  3.7757  9.4724  10.7 − 0.6(2)  

Fig. 2. The calculated texture coefficient of undoped and F-doped TiO2 films.  
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confirming the existence of multiple bumps. Such type of nanostructure 
films, especially the bare TiO2, would positively influence the perme
ability thereby having a direct impact on its photodegradation capa
bilities, in addition to its larger surface area (greater number of nano 
peaks) and roughness. 

3.3. XPS analysis 

The X-ray photoelectron spectroscopy (XPS) mainly used for chem
ical analysis is a commonly employed method and falls within the broad 
category of surface analysis techniques. The TiO2 surfaces and interfaces 
are important in a variety of technical applications, including catalysis 
regulators, photocatalysis, and gas sensors. Although a precise under
standing of the XPS binding energies of various oxidation states is 
required for XPS analysis of TiO2. The XPS survey Al K wide-scan spectra 
of undoped and F-doped TiO2 films with a pass energy of 200 eV are 
shown in Fig. 5. The C 1s is related to the adventitious carbon, and the 
OKLL, Ti LMM, and C KLL auger peaks were produced at binding energy 
values of 976, 1104, and 1224.12 eV, respectively. 

The high resolution XPS spectra of undoped and F-doped TiO2 films 
are revealed in Fig. 6. Several Gaussian fits were used to fit the XPS 
peaks of Ti 2p and O 1s. For backgrounds (BGs), that show only a small 
increase underneath the peak, a Shirley or Linear BG subtraction is 
sufficient, therefore Shirley BGs have been used for Ti 2p and O 1s. The 
pure TiO2 peaks (Ti 2p and O 1s) have remarkable symmetry, with no 
shoulders found at lower energies. These symmetrical Ti 2p peaks imply 

the creation of defect-free stoichiometric TiO2. The spin orbital splitting 
produces the doublet Ti 2p3/2 (460.2 eV) and Ti 2p1/2 (465.3 eV) in this 
spectrum. These peaks are comparable with Ti4+ in a TiO2 lattice, and 
the spin orbital separation between these two peaks is ΔT4+2p = 5.05 
eV, almost similar to the previous report [43]. The O 1S of pure TiO2 is 
centered at 533.3 eV, which is believed to be induced by bulk oxygen in 
TiO2, and same results was reported by S. Karthick et al [44]. Several 
components of the relative tilt to the higher binding energy side of the 
peak arose from the TiO2 surface hydroxylation (when mounted, elec
trode exposure to air) and the sample preparation procedure. 

For F-doped TiO2 thin films; we can observe that the XPS signal is 
completely different than the pure TiO2 and the dopant has a clear effect 
on the chemical state of elements ‘O’ and ‘Ti’, and no binding energy 
signals of the F 1s can be observed in the range of 688–689 eV. For all 
doped samples, the peak of O 1s observed at 533.3 eV for pure TiO2 is 
deconvoluted into two peaks i.e., 531.1/534.1 eV; 531.6/534.7 eV and 
530.9/ 534.0 eV for TiO2-7%F; TiO2-14%F and TiO2-21%F films 
respectively. The binding energy peak of O 1s at ≈ 531 eV is accredited 
to the O2

− in Ti3+− O, and O 1s at ≈ 534 eV is related to the Ti4+− O 
which is associated with the presence of point defects in TiO2, such as 
oxygen vacancies [45], or the presence of adsorbed oxygen. The XPS 
signal of Ti 2p shows multiple peaks related to T4+ and Ti3+ oxidation 
states (see Fig. 6). The Ti3+ (2p3/2, 2p1/2) peaks for 7%F-TiO2, 14%F- 
TiO2 and 21%F-TiO2 are observed at 459.9 and 466.3 eV, 460.56 and 
466.9 eV, and 459.7 and 466.1 eV, respectively. The binding energy 
peaks of Ti4+ (2p3/2, 2p1/2) for 7%F-TiO2, 14%F-TiO2 and 21%F-TiO2 
are found at 463.1 and 468.4 eV, 463.7 and 469.2 eV, and 463.03 and 
468.24 eV, respectively. The XPS spectra depicts that the spin-orbital 
splitting of the Ti 2p level for F-doped TiO2 reveals a slight shift to the 
higher energy side because of the high electronegativity of fluorine than 
the oxygen. Moreover, any deconvoluted peaks can’t be related to the Ti 
metallic atoms because XRD analysis only shows the presence of the 
anatase phase of TiO2 [46]. The distinctive satellite peaks of Ti at 474.8, 
475.2, and 474.3 eV for 7%F-TiO2, 14%F-TiO2 and 21%F TiO2 respec
tively, corresponds to the surface plasmon energy and the binding en
ergy difference between E(satellite) and E(Ti4+p3/2)≈ 11.5 eV, smaller 
in comparison to those of the previous reports [47,48], because the 
displacement of the Ti2p and O1s peaks occurred toward the higher 

Fig. 3. SEM micrographs of (a) undoped TiO2 film, (b) 7% F-TiO2, (c) 14%F-TiO2 and (d) 21%F-TiO2 film.  

Table 2 
Atomic concentration of elements in selected samples.   

Ti (at. 
%) 

O (at. 
%) 

Si (at. 
%) 

Na (at. 
%) 

Ca (at. 
%) 

C (at. 
%) 

Pure TiO2  4.50  36.34  24.36  7.58  3.42  18.36 
7%F-TiO2  4.50  35.30  24.36  7.58  3.42  18.36 
14%F- 

TiO2  

4.50  33.80  23.06  6.53  3.14  24.00 

21%F- 
TiO2  

7.09  33.30  17.64  4.88  2.40  29.92  
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binding energy sides. 

3.4. Optical properties 

The optical spectra transmittance T(k) in the UV–VIS-NIR spectral 
area was measured at normal incidence (i.e., 200–1100 nm). As seen in 
Fig. 7, the spectra reveal a strong interference in the region of 300–1000 
nm, with a significant drop in transmittance near the band edge. The 
interference appearance shows that the deposited coatings are homo
geneous. The transmittance shows a highly stable transparency in the 
visible light region and the average value of transmittance is 85%. In the 
visible region, when the defects increases, the absorption takes 
maximum values and the transmittance decreases [49]. In this case, we 
can conclude that the incorporation of fluorine has not created defects in 

the structure. 
The refractive index distribution is significant in optical communi

cation and optical device design. As a result, determining the distribu
tion parameters of the films is critical. Using Eq. (8), the spectral 
absorbance A(λ) is determined from the experimental results [50]. 

Fig. 4. The 2D and 3D AFM image of: (a) undoped TiO2, (b) 7% F-doped TiO2, (c) 14% F-doped TiO2 and (d) 21% F-doped TiO2.  

Table 3 
Roughness constraints for TiO2 films obtained via AFM image analysis. The 
roughness constraints include roughness average (Ra), root-mean square surface 
roughness (RMS), surface skewness (Rsk), and surface kurtosis (Rku).  

Compound Roughness RMS Skewness Rsk Kurtosis Rku 

TiO2 1.986 nm  1.94  10.6 
7%F- TiO2 651.063 pm  − 0.287  0.897 
14%F- TiO2 479.717 pm  0.166  0.655 
21%F- TiO2 436.341 pm  0.052  − 0.376  

Fig. 5. XPS survey spectra of the undoped and F-doped TiO2.  
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A(λ) = ln
1

T(λ)
(8) 

As the absorption coefficient (α) = A/d, the absorbance is propor
tional to α, where d stands for the films thickness. The indirect band gap 
(Eg) is determined using the renowned energy exponential relationship 
(Eq. (9)) [51]. 

AE = AOp(E − Eg)
2 (9)  

Where AOp is a sample-specific constant. As shown in Fig. 8, the (AE)0.5 

plot versus E by means of the Tauc approach yield the indirect band gap 
(Eg) values. 

The obtained results reveal that the band gap of pure TiO2 is 3.24 eV, 
and it is increased to 3.40, 3.41, and 3.42 eV for the 7, 14, and 21% F- 
doped samples, respectively. The Moss-Burstein theory correlates the 
direct or indirect band gaps of a degenerate photocatalyst to the free 
electrons concentration in its conduction band, predicts that the optical 

band gap of degenerately doped semiconductors will widen as more of 
the states close to the conduction band become populated (nel); 
Eg ∼ n1/3

el . 
Using the transmittance-spectrum and the approaches of Manifacier 

[52] and Swanepoel [53] optical refractive index n(λ) of the undoped 
and F-doped TiO2 film were calculated (Fig. 9). 

In this case, λ denotes the wavelength. The refractive index is found 
by drawing two envelopes via the transmittance’s maxima TM(λ) and 
minima Tm(λ), respectively as shown by Eqs. (10)–(12). 

nλ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

s +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(s2 − n2

s (λ)
√√

(10) 

S =
1 − n2

s (λ)
2

+ 2nS
Tmax(λ) − Tmin(λ)
Tmax(λ)Tmin(λ)

(11)  

t =
(2K + 1)λ

4nλ
(12) 

Fig. 6. High resolution XPS of Ti 2p and O 1s core level of undoped TiO2 and F-doped TiO2 thin films.  
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Here, “ns” represents refractive index of the substrate, where Tmax 
and Tmin represents the largest and smallest possible envelopes, 
respectively. The film’s thicknesses were modified to get optimal fits to 
the spectral measurements. The values of d, Eg, n at 598 nm, and n∞ 
extracted by fitting the experimental data are provided in Table 4. Based 
on the data collected, it can be concluded that the refractive index is 
settling into a region very close to that of the anatase phase (2.50–2.58) 
[54]. Moreover, the band gap (Eg) has not been affected by the fluorine 
dopant. We found that the optical parameters are not influenced by the 
fluorine dopant, indicating that the F− did not create defects or struc
tural change. 

3.5. Photocatalytic tests 

The photocatalytic activity of the TiO2 photocatalyst mainly depends 
on the morphology and structural features. The concentration of fluorine 
doped TiO2 factor has been selected to study the MB dye photocatalytic 
degradation. With fluorine-doped and undoped TiO2 thin films 
immersed into methylene blue, the blue color fades at different degrees 
under ultraviolet irradiation. The optical absorption spectra of MB 
degradation for all films following the UV light irradiation at various 
exposure times in the range of 500 to 750 nm are presented in Fig. 10. 

Beer- Lambert’s law (Eq. (13)) can be used to calculate the per
centage of MB degradation from the linear decrease in maximum 
absorbance with time at 663 nm [38]: 

rate(%) = [(C0 − Ct)/C0 ] × 100 (13)  

Where Ct and C0 are the concentrations of the MB solution after and 
before irradiation at 663 nm. 

In Fig. 11, we compare the MB degradation rate of undoped and F- 
doped TiO2 thin films as a function of different time exposure. It can be 
seen that fluorine has a negative effect on the photocatalytic degrada
tion rate. Under UV light exposure, all films show significant MB 
degradation. The photocatalytic degradation over pure TiO2, 7% F- 
TiO2, 14% F- TiO2 and 21% F- TiO2, after 120 min irradiation is 80.97, 
82.36, 50.99, and 58.47%, respectively. We can also notice that 7%F- 
TiO2 shows a slightly higher degradation rate than the pure TiO2 but 
during the first hour (60 min), the pure TiO2 quickly decomposed the 
MB dye and revealed a high photocatalytic degradation rate, (i.e., 62% 
for TiO2 vs 35.20% for 7%-TiO2). 

The Langmuir-Hinshelwood process is the most suitable for 
describing heterogeneous photocatalysis, which rely on the electron- 
hole pairs generation by photo-excitation of the catalyst. Langmuir- 
Hinshelwood (LH) can be simply expressed by following equations 
[55,56]. In this model, the rate of reaction (r) is proportional to the 
fraction of surface covered by the substrate (θ). 

r =
− dC
dt

= kθ (14) 

Considering Langmuir’s equation: 

θ = KC/(1+KC) (15)  

r =
− dC
dt

= kKC/(1 + KC) (16) 

Since k is the true rate constant, which takes into account several 

Fig. 7. The spectra of the optical transmittance T(λ).  

Fig. 8. Optical band gaps of undoped and F-doped TiO2 thin films.  

Fig. 9. Refractive index of undoped and F-doped TiO2 films.  

Table 4 
Dispersion parameters of the bare and F-doped TiO2 films extracted by fitting the 
experimental data.   

D Thickness (nm) Eg (eV) n at 598 nm n∞ 

TiO2 192  3.24  2.50  2.37 
7%F-TiO2 160  3.40  2.53  2.38 
14%F-TiO2 199  3.41  2.58  2.42 
21%F-TiO2 242  3.42  2.50  2.36  
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parameters such as the catalyst’s mass, efficient photon flow, O2 layer, 
etc., “K” is the constant of adsorption equilibrium of L–H. In photo
catalytic studies, the value of “K” is obtained empirically through a ki
netic study in the presence of light, and is better than that obtained in 
the darkness, starting from Langmuir’s isotherm. The term “C” is the 
concentration of the organic substrate at time “t“. This equation can be 
integrated as: 

Ln
(
C0

C

)

+K(C0 − C) = kKt (17) 

When the solution is highly diluted, C (mol/l) < 10-3, the term KC 
becomes ≪1, the denominator of (Eq. (16)) is neglected and the reaction 

is essentially an apparent first order reaction. 

r =
− dC
dt

= kKC = KappC (18)  

Where Kapp stands for the apparent pseudo-first order rate constant. 
Thus, Eq. (17) can be simplified to a first order reaction when “C0” is 
very small, in which case one can be expressed as: 

Ln
(
C0

C

)

= Kappt (19) 

The ln(C0/Ct) plot vs irradiation time yields the degradation Kinetics 
reaction. The term “Kapp” represents slope of the plot for Eq. (19). Fig. 12 
depicts the kinetics reaction of MB dye over TiO2 films with varying sol 
aging time. The straight-lines are achieved with a linear fitting degree R2 

Fig. 10. Absorption spectra of the MB dye concentration measured after photocatalytic reaction over the undoped and F-doped TiO2 films at different time intervals.  

Fig. 11. The MB degradation over the undoped and F-doped TiO2 thin films as 
a function of UV-light exposure time. 

Fig. 12. The reaction rate constant plots of the undoped and F-doped TiO2 
thin films. 
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of 0.972, 0.897, 0.998 and 0.986 values for TiO2, 7%F-TiO2, 14%F-TiO2 
and 21%F-TiO2, respectively. Further, the spectra reveal that photo
catalysis over the undoped and F-doped films is of the first order. The 
Kapp (Fig. 12) is also found to decrease with the increase in fluorine 
content, and same results were obtained by Dozzi et al. [57]. 

According to our results, we can observe that the rate of degradation 
decreases when the surface roughness decreases. Several parameters can 
influence photocatalytic activities, including surface area; surface 
porosity enhances catalytically active sites, which improves the catalytic 
performance of semiconductors. Compared to a smoother surface, a 
rougher surface exhibits better dye degradation. This results was also 
confirmed by Hsyi-En Cheng et al. [58]. They discovered that, without 
the effect of heterojunction, TiO2 coatings on Ni or SnO2 might have 
relatively low photocatalytic performance than naked glass due to their 
lower surface roughness. On the other hand and in the same process, A. 
Sobczyk-Guzenda et al. [59] showed that Fluorine doped TiO2 films 
have a lesser bactericidal effect than pure TiO2 coatings. In addition, 
Giannakopoulou et al. [60] found that the amount of fluorine precursor 
had no effect on the crystallinity or absorption edge of F-doped TiO2 
films. 

In addition, another factor that can be taken into consideration is the 
crystallite size. Let’s compare the crystallite size changed by HF addi
tion. We can observe that when the crystallite size decreases from 15.9 
nm to 10.7 nm (see Table 1), the MB degradation rate decreases from k 
= 0.0147 min− 1 to k = 0.0078 min− 1 independent of the ratio of HF 
addition. Wang et al., obtained the same results, where they discovered 
that increasing the crystallite size of TiO2 anatase from 6.6 to 26.6 nm, 
remarkably increase the photocatalytic performance [61], and there is 
an optimum crystallize size related to several competing effects [62]. 
These phenomena can be explained by the act of grain boundaries, if the 
crystallite size decreases, the densities of grain boundaries increase 
which acts as trapping sites, and decreases the photocatalytic activity. 
Suzanne et al., demonstrated that the high concentration of strong 
electron trapping sites at the grain boundaries in TiO2 impede the 
transport of electrons between the grains [63] and the presence of 
fluorine in these grain boundaries in our samples case plays the role of 
recombination site and decreases the photocatalytic performance and 
the mobilities of electrons. 

4. Conclusion 

In this work, high-transparency thin films of TiO2 have been fabri
cated via the sol–gel and dip-coating techniques, and the influence of 
fluoric acid as a source of fluoride ions on the optical, structural, and 
photocatalytic properties has been explored. We investigated a slight 
decrease in the crystallinity of 21% F-TiO2 but didn’t observed any affect 
on the structural parameters of TiO2. The band gap of fluorine-doped 
TiO2 thin films is increased from 3.24 to 3.42 eV, which is related to 
the change in the chemical states of Ti and O. As a result, same material 
with different optical properties can be obtained. The surface 
morphology of TiO2 remarkably altered and the roughness of the surface 
considerably decreased with the increase in concentration of HF acid. 
Thus, the increase in F dopant content remarkably decreased the pho
tocatalytic performance of the TiO2 photocatalyst related to the decrease 
in crystallite size. 
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