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A B S T R A C T   

The flash combustion method was used to prepare LiF-doped TiO2 photocatalysts materials using glycine or urea 
as a fuel with different weight percentage of LiF. The synthesized powders have been characterized by ther
mogravimetric analysis (TG), scanning electron microscope (SEM) with energy dispersive spectrometer (EDX) 
analyzer, the specific surface area measurement was performed by BET. The crystallization and the phase 
transformation anatase-rutile for the powders have been verified by XRD. SEM micrographs for these powders 
shows the presence of nanoparticles. To investigate the optical band gap of the synthesized samples, UV–Vis 
spectroscopy was conducted using the diffuse reflectance mode (DRS). The O2− /F− substitution and the presence 
of Ti3+ centers was confirmed by electron paramagnetic resonance (EPR) analysis. The photocatalytic activity of 
the TiO2-xLiF powders were evaluated through the photocatalytic degradation of Methylene blue (MB) in water 
under UV–visible light exposure. The results indicated that during the flash combustion synthesis, the nature of 
the fuel and the percentage of the doping element led to the presence of different polymorphs of TiO2 which 
influences the photocatalytic efficiency attributed to the synergistic effect between the two phases (anatase and 
rutile). The LiF-doped TiO2 powders synthesized by flash combustion in both cases (by using glycine or urea) 
showed high performance in MB degradation compared to commercial TiO2 and undoped synthesized TiO2 
powders, with an optimal degradation of 99 % achieved with 2 wt % LiF-doped TiO2 using glycine as a fuel and 
after 6 h of UV–Vis irradiation.   

1. Introduction 

Titanium dioxide (TiO2) is widely used in energy and environmental 
technologies, particularly as a photocatalyst in air and water purifica
tion systems and in water splitting under visible light irradiation [1,2]. 
Its high chemical stability, availability, environmental friendliness, 
non-corrosiveness, and low cost make it an attractive semi-conductor [3, 

4]. However, its applications in photocatalysis are limited by its large 
band gap of 3.2 eV, which only allows for ultraviolet light absorption, 
only 5% of the solar spectrum [5]. Additionally, the rapid recombination 
of charge carriers decreases its photocatalytic efficiency [6]. To over
come these limitations, TiO2 can be modified by doping with metals [7] 
and non-metals [8], or coupling with other semiconductors [9,10], to 
improve its absorption in the visible range and reduce the recombination 
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of photogenerated charges. Doping TiO2 with non-metallic elements, 
such as Boron, Carbon, Nitrogen, Phosphorus, Sulfur, and Fluorine, has 
been shown to improve its photocatalytic activity [11,12]. Fluorine 
doping is particularly interesting as it is both a non-metal and a halogen 
group member [13–15]. 

According to Yu et al. [16], Fluorine doping leads to the formation of 
Ti3+ cation by balancing the charge between Ti4+ cation and F− anion, 
which reduces the recombination of photogenerated pairs and enhances 
the photocatalytic activity. Li et al. [17] confirmed that F-doping in TiO2 
increases its photocatalytic activity under visible light through the cre
ation of oxygen vacancies. On the other hand, the presence of metals in 
the TiO2 network has a significant impact on its photocatalytic activity 
[18]. Lithium doping results in a substantial increase in OH radicals on 
the surface of TiO2, thus improving its photocatalytic activity [19]. In 
2008, Jiang et al. synthesized LiF-doped TiO2 through the sol gel method 
and demonstrated that it exhibited improved photocatalytic activity 
compared to undoped TiO2 [20]. To our knowledge, this is the only 
paper published on LiF-doped TiO2 for the photocatalytic applications. 

Various synthesis methods have been used for the preparation of 
TiO2. The predominant approaches employed in the production of oxide 
nanomaterials involve liquid phase techniques, such as sol–gel method, 
precipitation/coprecipitation method, microemulsion method, sono
chemical method, hydrothermal/solvothermal method, microwave 
synthesis, electrochemical synthesis, and template-assisted electro
chemical synthesis [21]. These methods offer several advantages 
including the ability to operate at low temperatures, achieve homoge
neous mixing of precursors at the molecular level, and tailor the 
physical-chemical properties of the resulting oxide nanomaterials (such 
as particle size, shapes and surface properties), based on the choice of 
precursors. However, drawbacks exist, like the necessity for costly pre
cursors and extended synthesis durations [22]. 

Among these methods, combustion synthesis has been reported as a 
highly efficient methodology conductive to the synthesis and develop
ment of diverse materials including oxides [23], it serves as an efficient 
methodology that conserves both time and energy resources [24]. This 
technique is based on an exothermic redox reaction between a metal 
precursor, typically in the form of nitrate (serving as an oxidizer), and an 
organic compound (serving as a reductor) in a solvent (typically water) 
[25,26]. The flash combustion process is widely used to prepare inor
ganic ceramic and composite materials with controlled properties for 
various applications, ranging from catalysis to photocatalysis and elec
trocatalysis, etc … [27–29]. The final products obtained through this 
method possess high reactivity, purity, homogeneity, fine particle size, 
and high specific surface area [30,31]. The combination between a large 
specific surface area and fine particles, characteristic of materials ob
tained by F.C., could be enhance the photocatalytic efficiency. 

In this study, we have synthesized the powders using two different 
fuels, glycine (C2H5NO2) and urea (CO(NH2)2), in order to compare the 
effect of the fuel on the synthesis progress and the properties of the 
powders produced in each case. The type of fuels can play a crucial role 
in the F.C. reaction. Fuels differ in their reducing power, combustion 
temperature, and the amount of gas they generate, which affects the 
properties of the final product in each case [32,33]. 

As a dopant material, we have chosen lithium fluoride (LiF) in this 
work, and our research revolves around the examination of how varying 
concentrations of LiF dopant and the choice of fuel sources (glycine or 
urea) affect the crystalline phases, microstructural characteristics, and 
consequently the photocatalytic performance of titanium dioxide (TiO2) 
doped with LiF. 

2. Experimental section 

2.1. Synthesis of LiF–TiO2 powders 

The reagents used in this synthesis process are the following: glycine 
(C2H5NO2, Sigma ALDRICH, reagent grade ≥99%) or urea (CO(NH2)2, 

Sigma ALDRICH, reagent grade ≥99%) that acted as reducers, nitric acid 
(HNO3, Chimix, 67% reagent grade), lithium fluoride (LiF, Alfa Aesar, 
98.5% reagent grade) and Titanium IV Butoxide (Ti(C4H9O)4, Sigma 
ALDRICH, 97% reagent grade). Deionized water was used throughout 
the process. In the flash combustion method, the precursors of nitrate 
salts are preferred, because they serve as water-soluble low temperature 
nitrogen source for the synthesis [34]. Here, the preparation of the ni
trate precursor (TiO(NO3)2) was made according to the synthesis 
method described in the work of Yin et al. [35] as a first step. Then, the 
dopant agent (LiF) and the fuel were added to the solution in order to 
produce a gel. The combustion of the gel was realized in a tubular 
furnace under air. In these two paragraphs, we will detail the two syn
thesis stages. 

2.1.1. Synthesis of TiO(NO3)2 
This process consists of forming the nitrate precursor TiO(NO3)2 

which acted as an oxidizer. In the first step, titanium oxo-hydroxide (TiO 
(OH)2) was formed through the hydrolysis of titanium butoxide (Ti 
(C4H9O)4) by mixing the butoxide with deionized water and stirring for 
5 min (Eq. (1)). The resulting precipitate was filtered and washed with 
deionized water three times to remove any butanol traces. In the second 
step, the titanium hydroxide precipitate was dissolved in nitric acid 
(HNO3) under stirring for 10 min in order to form the nitrate precursor 
TiO(NO3)2 (Eq. (2)). 

Ti(OC4 H9)4 + 3H2O → TiO(OH)2 + 4C4H9OH (Eq. 1)  

TiO(OH)2 + 2HNO3 → TiO(NO3)2 + 2H2O (Eq. 2)  

2.1.2. Synthesis of TiO2-xLiF 
Once TiO (NO3)2 has been prepared, appropriate quantities of LiF 

and glycine (C2H5NO2) or urea (CO(NH2)2) are added to the solution 
formed under stirring at 120 ◦C in order to concentrate the resulting 
solution. The combustion temperature is influenced by the value of φ 
that is determined by using the valence of the oxidizers elements and 
that of the reducers, this value influences the reactivity of the synthe
sized powder and its structural and microstructural properties. Previous 
studies have shown that the optimal conditions for combustion were 
observed for φ = 1 [36]. So, in our case, we calculate the stoichiometry 
of the fuel with a value of φ equal to 1. The “Oxidizers/Reducers” ratio 
noted φ = O/F is used to calculate the stoichiometry of the fuel based on 
the following balanced reactions (Eqs. 3 and 4): 

With glycine: 

9TiO(NO3)2 + 10C2H5NO2 +( x LiF)→ 9TiO2 +( xLiF)+ 25H2O+ 20CO2

+ 14N2

(Eq.3)  

With urea : 

3TiO (NO3)2 + 5CO(NH2)2 +(x LiF) → 3TiO2 +(xLiF)+ 10H2O+ 5CO2

+ 8N2

(Eq. 4) 

Noting that the doping agent (LiF) is not involved in the chemical 
reactions and is considered as a spectator species. 

These reactions show that gas content produced in each case with the 
two fuels are not the same. After adding LiF and fuel, the gel formed is 
transferred to an alumina crucible in a stainless-steel box and introduced 
into a furnace for combustion, this furnace is heated under air with a 
ramp about 450 K/h, and then switched off when the exothermic reac
tion is occurred. Furthermore, the actual temperature closest to the 
powders was monitored using a thermocouple positioned at the crucible 
level, situated within the metallic container placed inside the furnace. 
This temperature consistently remained below 400 ◦C, except during the 
brief and intense flash peak. Following this phase, an exothermic reac
tion becomes evident within a few minutes. 
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Subsequently, the combustion product was delicately pulverized into 
a powder form using an agate mortar, resulting in the formation of 
yellowish-white powders. Lastly, these acquired materials underwent a 
heat treatment at 500 ◦C for a duration of 1 h in an atmospheric con
dition, in accordance with the subsequently presented results of ther
mogravimetric analysis. This process was carried out to eliminate any 
unreacted organic residues from the flash synthesis, enhance the crys
talline structure of the powders, and facilitate the formation of the 
desired phase incorporating the doping element (LiF). 

In order to investigate the impact of LiF doping on the phase 
composition and photocatalytic performance of TiO2 powders, different 
compositions have been synthesized denoted as TiO2-xLiF, where x 
represents the weight percentage (wt.%) of LiF (x = 0.25, 0.5, 0.75, 1, 2 
and 5). Furthermore, an undoped TiO2 sample (x = 0) was synthesized 
using the same procedure to serve as a reference point for comparison. 
Fig. 1 summarizes the different sequential stages involved in the syn
thesis of TiO2-xLiF powders via the flash combustion method. 

2.2. Characterization 

The phases and crystalline structures of the materials were charac
terized by X-ray diffraction used the diffractometer Inel Equinox 3000 
equipped with a copper anticathode tube. Thermogravimetric analysis 
(TG) was conducted in a Setaram TG-DTA92 using an alumina crucible 
between Room Temperature and 900 ◦C with a heating rate of 5 ◦C/min 
under air. 

The microstructural of the powders were investigated using high- 
resolution scanning electron microscope (SEM) equipped with energy 
dispersive spectrometer (EDX) analyzer. The specific surface area and 
pore size distribution of samples were determined by the gas adsorption 
method according to the theory of Brunauer, Emmett and Teller BET 
(method of 5 points) and BJH (method of 80 points) respectively. The 
analyzer used is a Tristar II from Micromeritics brand. UV–Vis spec
troscopy in the diffuse reflectance mode was performed to study the 
optical band gap of the samples. The spectra were collected by using a 
system assembled in our laboratory composed of an integrating sphere 
supplied by Spectra Tech, a USB2000 + spectrometer from Ocean Op
tics, and a Xe lamp, model ASB-XE-175, supplied by Spectral Products. 

Continuous Wave Electron Paramagnetic Resonance (CW-EPR) 

experiments were performed with a Bruker EMX spectrometer operating 
at X-band (9.5 GHz), equipped with a cylindrical cavity operating at 100 
kHz field modulation. All the spectra were recorded in vacuum condi
tion at 77 K in a EPR cell that can be connected to a conventional high- 
vacuum apparatus (residual pressure <10− 4 mbar). In all cases the pa
rameters setup were Modulation Amplitude 0.2 mT and microwave 
power of 1 mW. The EPR spectra of the powders upon irradiation and in 
vacuum condition were recorded in the EPR cavity illuminated by a 500 
W Newport Hg–Xe lamp. 

2.3. Photocatalytic activity measurement 

The photocatalytic activities of LiF–TiO2 powders were evaluated by 
the decomposition of methylene blue (MB) in water. For the photo
degradation test, in a typical experiment 0.2g of powder as prepared and 
after heat treatment was introduced into a solution of MB of C = 5.92 
mg/L. The solution with the powders were transferred to a double jac
keted reactor with cooling water and placed in a black box in order to 
block the entrance of any external light. Then, the mixture was stirred in 
the dark for 30 min to establish an adsorption/desorption equilibrium 
between the photocatalyst and the MB molecules. 

The distance between the liquid surface and the illumination source 
was fixed at 30 cm, a 400 W halogen lamp (UV–Visible) was used as a 
light source and the light intensity measured at the reactor surface was 
approximately 7000 lux. Samples were collected from the irradiated 
solution at predetermined time intervals. Once the irradiation termi
nated, the samples were centrifuged for 10 min for removal of the 
catalyst. Photodegradation was determined by measuring the absor
bance at λmax = 664 nm (MB) on a UV–Vis spectrophotometer (SECO
MAM-UViLine 9600). The conversion rate (%τ) of MB which represents 
the ratio between the quantity of reactant transformed and the initial 
quantity was calculated according to equation (5), where C0 and Ct (mg/ 
L) are the initial and the concentration of MB at time t respectively: 

%τ=
(

C0 − Ct/C0

)

⋅100 (Eq.5)  

Fig. 1. Sequential steps of the synthesis for flash combustion of the TiO2 + (x LiF) powders using glycine or urea. 21.  
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3. Results and discussion 

3.1. Monitoring the combustion temperature as a function of time 

The temperature as a function of time for all samples with both fuels 
(glycine and urea) is monitored and depicted in Fig. 2. When employing 
glycine (Fig. 2a), an exothermic phenomenon is observed characterized 
by an increase in temperature, starting at approximately 280 ◦C (as 
indicated in Table 1, displaying the maximum peak temperature 
measured by the thermocouple during synthesis). 

The highest maximum peak temperature recorded in the synthesis of 
samples containing 0.25%, 0.75%, and 5% by weight of LiF (Table 1), 
which results in a pronounced exothermic peak (Fig. 2a) Conversely, 
samples containing 0% and 0.5% by weight of LiF (as depicted in Fig. 2a) 
present a small peak or nearly absent. These variations in maximum 
peak temperature and exothermic peak intensity among the different 
syntheses with different proportions of LiF can be attributed to dis
tinctions in the hydration rate of the gel preceding the flash reaction and 
provides insights into the progress of the flash synthesis. Moreover, 
urea-based samples (Fig. 2b) show more pronounced exothermic phe
nomena compared with synthesis using glycine, starting at around 100 
and rising to 450 ◦C (Table 2). It is important to note that detecting the 
exact combustion temperature during all syntheses was not achievable 
due to the relatively sluggish response time of the thermocouple. 

Comparing the effect of using the two different fuels, it is noteworthy 
that in the case of the synthesis with urea, the maximum peak temper
ature measured by the thermocouple is higher than that in the synthesis 
with glycine (Tables 1 and 2). This difference can be attributed to the 
distinct chemical compositions, amino acid structures of glycine and 
urea and from the complexation of the gel formed in the case with each 
fuel, which in turn influence their respective combustion properties. 

3.2. Thermogravimetric analysis (TG) 

Weight loss of the powder, prepared by flash combustion, as function 
of heating temperature analyzed by TG, has been illustrated in Fig. 3. 
The curves indicate three distinct stages of mass loss. In the first stage, 
all samples from both synthesis cases (glycine and urea) (Fig. 3a and b) 
exhibit a weight loss up to 120 ◦C, corresponding to the evaporation of 
adsorbed water. However, it is worth mentioning that this loss varies 
due to the ambient humidity of powders, which differs according to the 
atmospheric condition change at the preparation time. The second stage 
of weight loss occurs between 120 ◦C and 500 ◦C and is attributed to the 
decomposition of organic residues [37]. 

Tables 1 and 2 summarize the weight loss of the powder prepared 
with glycine and urea, respectively, within this temperature range. In 
the case of glycine-based powders, two samples without LiF and with 

0.5 wt % of LiF displayed the highest weight loss, that are 3.9% and 
3.8% respectively, as shown in Table 1. Meanwhile, in the urea-based 
powders, the sample containing 5 wt % LiF exhibited the highest 
weight loss, approximately 1.3% (Table 2). This difference in weight loss 
among these samples are closely linked to the progress of the flash 
synthesis. These observations can be correlated with our previous 
thermal results detected via the thermocouple during the F.C. reaction. 
We noted that when the combustion reaction was not well executed, 
indicated by a less intense exothermic reaction peak, typically when 
glycine is used (Fig. 2), the loss of mass was more significant. This 
suggests that in such cases, there were organic products that did not 
react, and the flash reaction remained incomplete. 

The final stage of weight loss, occurring between 700 and 900 ◦C, can 
be assigned to the sublimation of LiF. However, this loss was not 
observed in all samples, only when LiF is in excess and identified by XRD 
as indicated in Tables 1 and 2. 

3.3. Structural X-ray diffraction analysis 

To investigate the crystalline structures of the powders before and 
after heat treatment, X-ray diffraction (XRD) analysis was conducted. 
The XRD diffractograms for the as-synthesized TiO2-xLiF powders ob
tained through F.C. synthesis (Fig. 4a and b), reveal that, in both cases 
using glycine and urea, the synthesized TiO2-xLiF crystallized into a 
mixed phase consisting of anatase and rutile. This observation is 
consistent with the reference patterns JCPDS no. 21–1272 for anatase, 
JCPDS no. 21–1276 for rutile and JCPDS no. 45–1460 for LiF. The 
fraction of the rutile phase (FR) in each sample was determined using the 
Spurr equation [38]: 

FR =

{

1 + 0.8
[

IA(101)/IR(110)

]}− 1

(Eq.6)  

where FR is the amount of rutile in an anatase and rutile mixed-phase, IA 
(101) and IR (110) are the anatase and rutile main peak integral in
tensities respectively. 

The crystallite sizes of the samples were calculated by applying the 
Debye-Scherrer equation to the corrected half-height width of the 
characteristic peaks associated to anatase (101) and rutile (110). The 
Debye-Scherrer formula is expressed as follows: 

Cs=Kλ/(β cos θ) (Eq.7)  

where Cs is the crystallite size, λ is the wavelength of the X-ray radiation 
(λ = 0.15406 nm) for CuKα, the value of K is assumed to be 0.89, β 
represents the corrected line width at half-maximum height and θ is the 
diffracting angle. 

The phase formation of these samples is influenced by various 

Fig. 2. Temperature-time curves measured at the crucible level in the furnace during the flash combustion reactions of the TiO2 + (x LiF) powders. (a) glycine, (b) 
urea. 21. 
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factors, including the nature of the fuel, the dopant content, and the 
ignition temperature. Furthermore, these influences can vary depending 
on the specific synthesis conditions employed in each study. 

S. Challagulla et al. [39] synthesized undoped TiO2 using F.C. pro
cess and observed that TiO2 crystallized in the anatase phase when 
glycine was used as the fuel, while a mixed phase was observed when 
urea was used as the fuel. In our study, we synthesized undoped samples 
using both glycine and urea as fuels and obtained similar results, con
firming the phase outcomes. However, when we introduced LiF as 
dopant in our samples synthesized with glycine, we observed anatase to 
rutile phase transformation. 

The rutile phase is thermodynamically more stable than the anatase 

phase and it was mentioned in the literature that the transformation of 
anatase to rutile is achieved at about 600 ◦C when calcined in air [40, 
41]. However, the anatase-rutile transformation is influenced by the 
synthesis conditions and it is observed in a temperature range from 400 
to 1200 ◦C, depending on the method of powder synthesis, the amount 
and type of additive added and the atmosphere [42]. According to this 
information, the significantly higher rutile content observed in the case 
of powders synthesized using urea compared to those synthesized using 
glycine (Tables 1 and 2) strongly suggests that a higher synthesis tem
perature was achieved in the former case. This elevated temperature 
accelerated a substantial phase transformation from anatase to rutile in 
the urea-synthesized powders. 

Table 1 
Maximum peak temperature, percentage of weight loss of the as-synthesized samples, presence of LiF XRD peaks, phase compositions and BET surface areas of these 
samples heat treated at 500 ◦C, with glycine as fuel.  

(TiO2-x LiF) T peak (max) (◦C) Weight loss % Presence of LiF XRD peaks Rutile content (%) SBET (m2. g− 1) 

120–500 ◦C 700–900 ◦C As-synthesized Calcinated at 500 ◦C As-synthesized Calcinated at 500 ◦C 

0 328 3.9 0 NO NO 0.04 1.2 63.8 
0.25 332 2.3 0 NO NO 9 11.8 38.9 
0.5 299 3.8 0 NO NO 0.3 10.3 29.1 
0.75 347 2.5 0 NO NO 13 22.5 12 
1 329 2.9 0.2 YES NO 2.5 14.5 17.5 
2 328 2.4 0.5 YES YES 0.4 30.6 17.3 
5 332 1.7 0.6 YES YES 5.8 8.3 10.9  

Table 2 
Maximum peak temperature, percentage of weight loss of the as-synthesized samples, presence of LiF XRD peaks, phase compositions and BET surface areas of these 
samples heat treated at 500 ◦C, with urea as fuel.  

(TiO2-x LiF) T peak (max) (◦C) Weight loss % Presence of LiF XRD peaks Rutile content (%) SBET (m2. g− 1) 

120–500 ◦C 700–900 ◦C As-synthesized Calcinated at 500 ◦C As-synthesized Calcinated at 500 ◦C 

0 445 0.2 0 NO NO 58.8 79 5.8 
0.25 345 0.6 0 NO NO 37.2 73.7 12.3 
0.5 351 0.3 0 NO NO 61.9 95.5 4.9 
0.75 358 0.3 0.2 YES NO 39.7 93.3 5.8 
1 363 0.6 0.2 YES NO 15.8 69.6 13.7 
2 375 0.4 0.3 YES YES 12.1 32.2 15.2 
5 387 1.3 0.3 YES YES 0.21 3.1 16.7  

Fig. 3. TG curves of TiO2 + (x LiF) as-synthesized powders. (a) glycine, (b) urea. 22.  
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However, it is important to note that only the sample containing 5 wt 
% LiF in the glycine-based synthesis contains more rutile than the urea- 
based counterpart. Nevertheless, based on the results of the thermo
couple temperature measurement and the observed weight loss, it ap
pears that this synthesis is incomplete, and the exothermic phenomenon 
occurs later compared to the other samples (Fig. 2b), which can be 
delayed the phase transformation in this case. These X-ray diffraction 
patterns of the as-synthesized TiO2-xLiF powders are consistent with the 
weight loss curves depicted in Fig. 3a and b and the values for weight 
loss calculated in the temperature range 700–900 ◦C, where we observe 
a weight loss in the temperature range 700–900 ◦C for both sets of 
samples, the 1, 2 and 5 wt% LiF using glycine fuel, and the 0.75, 1, 2 and 
5 wt% LiF using urea fuel. Notably, these samples exhibit a character
istic peak corresponding to the LiF phase in the XRD diffractogram at 2θ 
= 45.2◦ (Tables 1 and 2). 

Fig. 5 depicts X-ray diffraction (XRD) patterns of powdered samples 

subjected to heat treatment at 500 ◦C for 1 h in an air environment. It is 
evident from the data presented in Tables 1 and 2 that there is a notable 
increase in the proportion of the rutile phase following the heat treat
ment process. 

This finding is in agreement with the conclusion drawn by Jiang et al. 
in their study [20], where they confirmed that the introduction of LiF 
initiates a phase transition from anatase to rutile at a lower temperature. 
However, it is necessary to note that the extent of this phase change does 
not exhibit a linear correlation with the LiF concentration increase. This 
disparity can be attributed to variations in the subsequent heat treat
ment and the ignition temperature during the synthesis of the powders 
which influence the progression of the phase transformation. 

The results reveal that, among the tested samples, the glycine-based 
powder with 2 wt % LiF and the urea-based powder with 0.5 wt % LiF 
exhibit the most substantial proportion of rutile accounting for 30.6 and 
95.5%, respectively. 

Fig. 4. X-ray diffraction patterns of the TiO2 + (x LiF) as-synthesized powders (a) made by glycine, (b) made by urea. *anatase, ◦rutile, +LiF. 22.  

Fig. 5. X-ray diffraction patterns of the powders heat treated at 500 ◦C (a) made by glycine, (b) made by urea. *anatase, ◦ rutile, +LiF. 23.  
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Furthermore, post-heat treatment analysis reveals the persistence of 
the LiF phase peak around 2θ = 45.2◦ in the XRD patterns for TiO2 
samples containing 2 wt % and 5 wt % LiF, regardless of whether glycine 
or urea was employed in the synthesis process. This observation can be 
elucidated by recognizing that the solubility of LiF in the solid is finite. 
Beyond a certain threshold, the solubility limit of LiF is surpassed, 
resulting in the enduring presence of the LiF peak in the XRD patterns. 
These results indicate that the solubility limit of LiF in TiO2 at 500 ◦C is 
around 2% by weight in our case. 

Concerning the crystallite size estimated by the Scherrer method in 
Table 3, we generally measure larger crystallite sizes for the rutile phase 
than for the anatase phase. These sizes are also slightly higher when 
using urea compared to glycine related synthesis. 

3.4. BET specific surface area and pore size distribution analysis 

Fig. 6a displays N2 adsorption-desorption isotherms for TiO2+2 wt % 
LiF samples heat treated at 500 ◦C, synthesized using either glycine or 
urea as fuel. These isotherms exhibit a type IV nitrogen isotherm pattern, 
classified according to IUPAC standards, and feature type H3 desorption 
hysteresis loops, indicative of capillary condensation within mesoporous 
structures. Notably, the sample synthesized with glycine exhibited 
higher adsorption than its urea-synthesized counterpart (as shown in 
Fig. 6a). Further analysis, as presented in Fig. 6b and c, reveals that the 
powder sample synthesized with glycine as fuel displays mesopores with 
a pore diameter ranging from 10 to 60 nm, while the powder sample 
synthesized with urea as fuel displays mesopores with a diameter 
ranging from 10 to 75 nm. 

The BET specific surface areas of samples subjected to 1-h heat 
treatment at 500 ◦C under air are presented in Tables 1 and 2. Table 1 
contains data for samples prepared using glycine, while Table 2 show
cases outcomes for samples prepared using urea. 

Theoretically, reducing the particle size has the potential to enhance 
the specific surface area, thereby increasing the number of active sites 
available on the photocatalyst’s surface. This, in turn, mitigates the 
recombination of electron-hole pairs, ultimately resulting in an 
improvement in photocatalytic activity [43]. 

In both cases, where glycine and urea were used, samples with 
varying percentages of LiF exhibit differences in their specific surface 
areas. These disparities are influenced by factors such as combustion 
temperature, post-treatment processes, and the quantity of the dopant. 
Notably, among the glycine-synthesized powders, the sample lacking LiF 
exhibits the largest specific surface area at 63.8 m2/g. It becomes 
evident that as the percentage of LiF increases in these synthesized 
powders, the specific surface area decreases. This observation suggests 
that higher LiF content promotes particle aggregation. 

Among the urea-synthesized powders, it is noteworthy that the 
samples without LiF and those containing 0.75 and 0.5 wt % LiF exhibit 
the smallest specific surface areas, measuring 5.8 and 4.9 m2/g, 
respectively. In contrast, the sample containing 5 wt % LiF boasts the 
largest specific surface area at 16.7 m2/g. Interestingly, all the samples, 

except for these three urea-synthesized variants (0, 0.5 and 0.75 wt % 
LiF), display a greater specific surface area compared to commercial 
TiO2, which has an area of 8.3 m2/g. 

Our findings reveal a correlation between ignition temperature and 
phase composition. The higher the combustion temperature, the higher 
the anatase-to-rutile conversion rate and we assume that the specific 
surface area of the samples is smaller. However, the determination of the 
specific surface area of powders is conducted exclusively post heat 
treatment, as pre-treatment measurements are rendered inconsequen
tial. This is attributable to the substantial presence of amorphous carbon 
and organic residues in powders subsequent to flash synthesis, resulting 
in an elevated specific surface area in comparison to calcined powders. 
This abundance of impurities complicates the accurate measurement of 
the specific surface area and fails to adequately characterize the doped 
materials (TiO2–LiF) due to the presence of other substances within 
these materials. 

This observation aligns with the logical explanation that when F.C. 
synthesis occurs at a higher ignition temperature, the powders are 
subjected to elevated temperatures, resulting in grain growth and, 
consequently, reduced specific surface areas. 

In a similar way, as the temperature increases, the anatase phase 
undergoes transformation into rutile. Consequently, in the majority of 
the synthesized samples, we observe that a higher specific surface area 
corresponds to anatase being the predominant phase. This dual influ
ence of temperature on both phase transformation and BET specific 
surface area underscores the intricate relationship between these 
factors. 

3.5. Microstructure and elementary analysis 

SEM micrographs displayed in Fig. 7 highlight the substantial in
fluence of the choice of fuel on the morphology of powders during the 
flash combustion process. Notably, powders synthesized with glycine 
(Fig. 7a and b) exhibit a distinctly different morphology compared to 
those synthesized with urea (Fig. 7c and d). 

In the case of glycine-fueled synthesis, the micrograph at low reso
lution (Fig. 7a) reveals the presence of aggregates measuring approxi
mately 3 μm in size for the larger one. The high-resolution image of this 
powder (Fig. 7b) shows a spherically particles with the range of 30–90 
nm in size. 

The TiO2-xLiF powders synthesized with urea (Fig. 7c) presents 
irregularly shaped aggregates type rock of around 300 μm in size, a 
morphology reminiscent of the findings by S. Challagulla et al. [39], 
who synthesized TiO2 via F.C. without the addition of a doping element. 
These large aggregates are formed of small particles (Fig. 7 d) in the size 
range of 30–80 nm, consistent approximately with the dimensions 
observed in the glycine-assisted synthesis. Furthermore, EDX spectra 
confirm the presence of characteristic peaks of Fluorine, while it is worth 
noting that our EDX detector does not register Lithium. 

Table 3 
Mean crystallite size (Cs) (nm) from XRD of the samples synthesized before and after heat treatment.  

(TiO2-x LiF) Cs (nm) with glycine Cs (nm) with urea 

As- synthesized Calcinated at 500 ◦C As- synthesized Calcinated at 500 ◦C  

anatase rutile anatase rutile anatase rutile anatase rutile 

0 9 a 17 31 16 36 21 47 
0.25 11 47 21 75 16 36 21 42 
0.5 9 a 23 51 18 47 26 51 
0.75 13 75 27 49 24 39 29 53 
1 9 a 25 68 19 37 29 49 
2 12 a 31 53 24 45 30 48 
5 17 a 31 a 21 a 33 79  

a Rutile rate too low for measurement. 
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3.6. UV–vis spectroscopy in diffuse reflectance mode 

UV–Vis spectroscopy in the diffuse reflectance mode was performed 
to study the optical band gap of the samples synthesized. From the 
spectra registered, the optical band-gap energy was determined 
following the Kubelka– Munk function and the Tauc plot. For diffuse 
reflectance spectra, the Kubelka–Munk function f (R) is given by: 

f (R)=
(1 − R)2

2R
(Eq. 8)  

in which R is the reflectance. The plot for a semiconductor of [f(R)⋅hν]n 

vs hν shows a linear region for n = 2 and for n = 1/2 if the band gap is 
determined by indirect or direct transition, respectively. For the samples 
analyzed in this work, a linear region is found for the plot of [f(R)⋅hν]n vs 
hν when n = ½, satisfying the following equation: 

[f (R)⋅hν]1/2
=K

(
hν − Eg

)
(Eq. 9)  

Which is known as Tauc plot. In this equation, Eg is the optical band-gap 
energy, K is a specific constant for each semiconductor, and hν is the 
photon energy. Thus, Fig. 8a shows the Tauc plot of samples synthesized 
using glycine, and the values of the optical band gap are shown in 
Table 4. The optical band gap is around of 3 eV for all the samples. The 
only different behavior is observed for the sample with x = 1 wt % LiF in 
which two band gaps are observed. In addition, the values observed in 
Fig. 8a for low energy, below 3 eV, are similar for all the samples, which 
means all the samples show similar absorption in the visible range of the 
electromagnetic spectrum. In addition, Fig. 8b depicts the Tauc plot for 
the samples synthesized using urea, and Table 4 presents the corre
sponding optical band gap values. These values approximate 3 eV, 
although they exhibit a marginal decrease when compared to those of 
samples synthesized using glycine. Also, notable variations in the values 

are discerned among the urea-synthesized samples, and the Tauc plot 
function values are comparatively higher than those shown for the 
samples synthesized with glycine. This suggests a somewhat greater 
UV–Visible absorption in the samples prepared using urea. 

The variance in the band gap observed between the two synthesis 
cases (glycine and urea) stems from the differences in the percentage 
composition of the anatase and rutile phases within the samples, as it 
reveals the strongest correlation observed in Fig. 9. This figure pre
dominantly demonstrates a decrease in the band gap value for the 
samples in which rutile was the predominant phase, regardless of the 
percentage of LiF present. Consequently, samples synthesized with urea 
exhibit a generally smaller band gap compared to those synthesized 
using glycine (Table 4), primarily due to the significantly higher rutile 
phase content in the urea-based samples compared to the glycine-based 
samples. These results align with those previously reported in the 
literature that the rutile phase produces larger crystallites (Table 3), 
thereby potentially leading to a reduction in the band gap energy (Eg) 
[44]. 

Moreover, All the synthesized powders using glycine and urea 
exhibit a band gap value that is nearly lower than the theoretical band 
gap of both the anatase and rutile phases that are respectively 3.23 and 
3.02 eV [45]. This indicates the importance of the LiF dopant, which 
effectively reduces the band gap of the doped materials (TiO2–LiF). 

3.7. EPR characterization 

As elucidated in the introduction section, when fluorine is incorpo
rated into the TiO2 lattice sites, replacing oxygen atoms lattice, the solid 
compensates the resulting valence alteration generating an amount of 
Ti3+ ions equivalent to the dopant. This can be expressed by the formula 
Ti4+1− xTi3+x O2−

2− xF−
x , which enhances the electron-rich nature (n-character) 

of the oxide. 

Fig. 6. (a) Nitrogen adsorption-desorption isotherms of the sample TiO2+2 wt %LiF, heat treated at 500 ◦C, made by glycine and urea. (b and c) The pore size 
distribution curve of these two samples made by glycine and urea respectively. 23. 
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To verify this charge compensation, EPR measurement was carried 
out on TiO2 sample prepared with 2 wt % LiF using glycine as a fuel 
(Fig. 10). The EPR results of this sample reveals a complex signal 
characterized by g factors lower than that of a free electron (ge =

2.0023). These results arise from at least two distinct types of Ti3+

centers. 
In Fig. 10 the center labelled as Ti3+(I) is distinctive to the anatase 

polymorph and is associated with Ti3+ centers occupying regular lattice 

positions, producing a signal with g// = 1.960 and g⊥= 1.991 [46]. This 
center partially overlaps with a boarder signal denoted as Ti3+(II). In the 
region were Ti3+(II) is observed, signals amenable to both the anatase 
and rutile polymorphs are expected. The component at g = 1.977 can be 
attributed to interstitial Ti3+ ions in rutile phase [47]. However, due to 
the considerable broadening of the line shape, the presence of a second 
species linked to anatase cannot be excluded [48]. 

Precise identification of the signal at g = 2.003 poses a challenge, as 

Fig. 7. SEM micrographs of the nanopowders TiO2+2 wt %LiF synthesized by F.C., annealed at 500 ◦C: (a, b) made by glycine, (c, d) made by urea. 24.  

Fig. 8. Tauc plot TiO2 +(x LiF) samples prepared using glycine (a) and urea (b), heat treated at 500 ◦C. 24.  
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such a signal is commonly observed in the presence of carbon impurities. 
However, it is also consistently detected in reduced TiO2, where it is 
typically associated with conduction band electrons [49]. Regardless of 
the origin of this particular spectral feature, the EPR analysis reinforces 
the evidence of fluorine incorporation into the lattice of both poly
morphs comprising the TiO2 material, affirming the associated charge 
compensation phenomenon. 

Furthermore, the sample was subjected to irradiation with UV–vis 
light, distinct features at g = 2.018 and g = 2.027 emerged. These 

features are attributed to trapped holes [50], providing clear confir
mation of the photogeneration of oxidizing centers involved in the photo 
degradation of pollutants. 

4. Photocatalytic activities 

The assessment of photocatalytic performance in the synthesized 
materials involved a comparative analysis with commercial TiO2 in the 
degradation of Methylene Blue (MB) within an aqueous medium. 
Following an extensive experimental inquiry, the findings consistently 
revealed that the materials doped with 2 wt % LiF, prepared using both 
glycine and urea, exhibited the highest photocatalytic activity when 
compared with other samples containing varying proportions of LiF 
doping. 

The photocatalytic performance of these two most promising sam
ples, namely TiO2 doped with 2 wt % LiF prepared using glycine and 
urea, was evaluated and compared against commercial TiO2 and 
undoped TiO2 synthesized through the F.C. method. Fig. 11 a illustrates 
the degradation of MB as a function of irradiation time for these samples. 

To discern the kinetics of photodegradation, experimental data were 
fitted to the pseudo-first-order reaction model which is given by the 
following equation: 

− ln
(

Ct/C0

)

=Kapp . t (Eq. 10)  

where C0 and Ct (mg/L) are the initial and the concentration of MB at 
time t respectively, Kapp is the apparent rate constant of the first-order 
reaction (min− 1). A plot representing (Eq. (10)) is depicted in Fig. 11 
b, displaying a straight line, where the slope corresponds to the observed 
first-order rate constant, denoted as kapp and we also calculated the half- 
reaction times (t1/2). The resulting values are summarized in Table 5. 

Notably, all the synthesized samples exhibited a higher degradation 
percentage compared to commercial TiO2 after 360 min of irradiation, 
except for the undoped sample synthesized with urea as fuel. In this 
particular case, the substantial rutile content (79%) and a significantly 
reduced specific surface area (5.85 m2g-1) can be attributed to this 
outcome. This observation underscores that a higher proportion of 
anatase in the biphasic system tends to enhance photocatalytic effi
ciency, aligning with existing literature [51], and the study conducted 
by R.J. Tayade et al. [52], which confirmed that the photocatalytic ac
tivity of anatase nanocrystalline TiO2 is higher than that of the rutile 
phase. 

The most substantial MB degradation rate (99%) was attained with 
powders doped with 2 wt% LiF prepared using glycine as a fuel. The 
kinetic analysis further revealed that this sample exhibited the swiftest 
reaction kinetics (Kapp = 0.0108 min− 1, t1/2 = 64 min), which is 
approximately 2.5 times faster than commercial TiO2. This sample also 
possessed a specific surface area of 17.3 m2g-1, a rutile content of 30.6%, 
and a bandgap energy of 3.01 eV. 

However, the sample prepared with glycine and urea do not show 
significant differences in the bandgap, indicating that this feature alone 
does not singularly dictate the photocatalytic properties. Additionally, 
the introduction of F-doping into TiO2 resulted in the formation of Ti3+

ions [53], which were confirmed by EPR analysis in the sample TiO2 
with 2 wt % LiF prepared with glycine. These Ti3+ ions enhance the n 
character of this oxide and make the electrons more available for the 
electron transfer at the surface. 

As reported by several authors in fact, the introduction of fluorine in 
the TiO2 lattice improves the photocatalytic performance under UV light 
illumination [54]. A further possible contribution to the observed cat
alytic activity can be due to fluorine ions stabilized at the surface (sur
face fluorination) that usually accompanies the lattice doping. In this 
case the fluorine ions substitute the isoelectronic surface hydroxyl 
groups with no alteration of the charge balance and therefore without 
generating Ti3+ centers. It is well known that surface fluorination has 

Table 4 
Optical band gap of the TiO2+(x LiF) samples heat treated at 500 ◦C. (Where, x 
= 0, 0.25, 0.5, 0.75, 1, 2 and 5).  

Glycine Urea 

x Eg/eV x Eg/eV 

0 3.06 ± 0.01 0 2.84 ± 0.03 
0.25 3.03 ± 0.02 0.25 2.91 ± 0.03 
0.5 2.94 ± 0.02 0.5 2.78 ± 0.04 
0.75 2.95 ± 0.02 0.75 2.83 ± 0.02 
1 3.00 ± 0.01 1 2.96 ± 0.03 
2 3.01 ± 0.01 2 2.98 ± 0.02 
5 3.00 ± 0.02 5 2.99 ± 0.04  

Fig. 9. Band gap (Eg) variation as a function of the rutile content (%) of the 
samples TiO2 + (x LiF) prepared using glycine and urea. 25. 

Fig. 10. Comparison of the EPR spectrum recorder at 77K in dark with the 
same spectrum obtained under UV–vis light irradiation of the sample TiO2+2 
wt % LiF, heat treated at 500 ◦C made by glycine. 25. 
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some influence in promoting the photocatalytic activity under ultravi
olet irradiation [55]. For this reason, a role of this second type of fluo
ride ions in the photocatalytic activity of the materials here described 
cannot be discarded even though it is reasonably lower than that of the 
bulk ions. 

The photocatalytic results underscore the multifaceted nature of the 
influencing parameters. Specifically, they demonstrate that the varia
tion in the proportion of the anatase-rutile phase has a pronounced 
impact on MB photodegradation, surpassing the influence of the band 
gap and the BET-specific surface area. The composite phase improves 
the catalytic efficiency by exhibiting a synergistic effects in terms of 
exposed surfaces and electronic structures [56]. The most favorable 
proportion, leading to superior photocatalytic activity, was found in the 
polymorph TiO2+2 wt % LiF prepared with glycine as a fuel, where the 
composition consisted of 70% anatase. Furthermore, the introduction of 
the doping element promoted phase transformation and improved the 
photocatalytic activity. 

5. Conclusions 

To summarize, the synthesis of TiO2-xLiF powders via the flash 
combustion method has been successfully achieved. XRD analysis 
confirmed the presence of a biphasic structure consisting of anatase and 
rutile phases, the proportions of which are influenced by the synthesis 
conditions and the presence of the LiF doping element, promoting phase 
transformation at relatively low temperatures. 

The BET specific surface area measurements revealed variations 
among the samples, attributable to factors such as ignition temperature, 
post-treatment, and doping content. SEM micrographs displayed nano
particles, and EDX analysis confirmed the presence of fluorine in the 
samples. 

Analysis of the bandgap through Diffuse Reflectance Spectroscopy 
(DRS) showed slight fluctuations among the samples. EPR character
ization provided evidence of Ti3+ centers in the sample exhibiting the 
highest photocatalytic activity. 

Significantly, the choice of fuel in the flash combustion synthesis 
influenced the physicochemical properties of the synthesized materials. 
The sample doped with 2 wt % LiF and prepared with glycine as a fuel 
displayed exceptional photocatalytic performance, with a remarkably 
high degradation rate (99%) achieved after 6 h of irradiation. This 
performance surpassed that of commercial TiO2, indicating the superior 
photocatalytic potential of these LiF-doped powders synthesized via 
flash combustion. 

In our investigation, the enhancement in photocatalytic activity was 
attributed to the presence of a mixed anatase/rutile phase, with a sub
stantial proportion of anatase (70% in our case). The synergistic in
teractions between these two phases mitigated photogenerated pair 
recombination, resulting in improved photocatalytic efficiency and we 
have clearly demonstrated that in this work in comparison with the 
commercial TiO2, which is composed of a single phase “anatase”. 

These outcomes suggest that LiF-doped TiO2 powders exhibits 
promising potential as a suitable candidate for the photocatalytic 
degradation of organic contaminants in water, and may also hold 
promise for perspectives applications, such as the photocatalytic gen
eration of Hydrogen via the dissociation of water. 
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