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In this study, we investigate the impact of lithium (Li+) doping on the structural, morphological, op-
tical, and photocatalytic properties of TiO2 thin �lms. Li+-doped TiO2 �lms were fabricated on glass
substrates using the sol�gel spin-coating technique and subsequently annealed at 550◦C for 2 h. X-ray
di�raction analysis con�rmed that all �lms crystallize exclusively in the anatase phase. The crystallite
size was found to decrease from 19 to 13 nm with increasing Li+ doping. The surface morphology, ex-
amined through scanning electron microscopy and atomic force microscopy, revealed noticeable changes
in�uenced by the Li+ content. With higher Li+ concentrations, optical transmittance (T [%]) increased,
while the optical band gap (Eg [eV]) decreased. Additionally, lithium doping enhanced the photocat-
alytic e�ciency of TiO2 �lms in degrading methylene blue.
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1. Introduction

Environmental pollution � especially water con-
tamination � remains a critical global challenge
with serious implications for human health. Among
the numerous pollutants, synthetic dyes widely used
in the textile industry (such as methylene blue
(MB)) are of particular concern. Numerous studies
have investigated physical, chemical, and biological
approaches to the treatment and removal of such
organic pollutants from wastewater.
Heterogeneous photocatalytic process involving

semiconductors is an eco-friendly technology that
has shown promise in addressing environmental pol-
lution issues [1]. When a semiconductor is exposed
to light with energy greater than its band gap, elec-
trons are excited from the valence band to the con-
duction band, creating electron�hole pairs. These
holes react with surface hydroxyl ions or water to
produce hydroxyl radicals (•OH), while electrons in-
teract with absorbed molecular oxygen to form su-
peroxide anion radicals (•O−

2 ), which help oxidize
and mineralize toxic organic compounds [2].
Many semiconductor oxides, ZrO2 [3, 4], ZnO [5],

CdS [6], MoS2, Fe2O3, WO3 [7, 8], and titanium
dioxide (TiO2) included, have been identi�ed as

e�ective photocatalysts [9, 10]. TiO2, in particu-
lar, is widely studied due to its abundance, cost-
e�ectiveness, and environmental friendliness [11].
However, its photocatalytic e�ciency is limited by
issues like rapid electron�hole recombination and
low speci�c surface area [12, 13].
To enhance the TiO2's photocatalytic perfor-

mance, it is necessary to increase its surface
area by reducing its grain size to the nanome-
ter scale [14, 15]. This modi�cation provides more
active sites for pollutant adsorption and acceler-
ates their decomposition. Additionally, introducing
metallic (Li+, Zn2+, Cd2+, Ce3+, Mn2+, Fe3+) or
non-metallic (N, S, C, B, P, I, F) dopants into
the TiO2 matrix can create new electronic trap-
ping levels within the band gap [16�18], reducing
the energy gap and slowing electron�hole recombi-
nation [19�21].
Studies have shown that doping TiO2 with

lithium (Li+) improves its photocatalytic activity in
the degradation of various organic pollutants. For
instance, Bouattour et al. [22] demonstrated that
Li+-doped TiO2 prepared via the sol�gel method
outperforms undoped TiO2 in removing �ve organic
pollutants under solar irradiation. Ravishankar et
al. [23] found that Li+ doping enhances the pho-
todegradation of blue dye trypan under ultraviolet
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Fig. 1. Process of fabrication of undoped and Li+-
doped TiO2 thin �lms.

(UV) light radiation and detoxi�es Cr+6 to non-
toxic Cr+3. Brezova et al. [16] observed that Li+-
doped TiO2 nanoparticles prepared by the sol�gel
method are more e�cient in the phenol removal
under UV light. However, Lopez et al. [24] re-
ported a decrease in the photocatalytic degrada-
tion of 2,4-dinitroaniline upon doping with Li+,
and Bessekhouad et al. [25] obtained mixed re-
sults, with some TiO2 catalysts showing reduced
photoactivity and others exhibiting better perfor-
mance, depending on the preparation methods and
conditions.
Powder photocatalysts face two main challenges,

i.e., the di�culty of separating the catalyst from wa-
ter, which requires additional steps, and poor light
distribution. To address these, photocatalyst �lms
deposited on various substrates o�er promising so-
lutions [19, 26]. To date, the photocatalytic perfor-
mance of Li+-doped TiO2 thin �lms has not been
extensively studied.
This study aims to examine the e�ect of lithium

doping (0, 1, 3, and 5 at.%) on the structural, mor-
phological, and optical properties of TiO2 thin �lms
synthesized via the sol�gel spin-coating technique.
Additionally, we investigated how these properties
in�uence the �lms' photocatalytic e�ciency in the
degradation of MB dyes under UV irradiation. The
�ndings indicate that low concentrations of Li+

doping lead to a reduction in both the grain size
and the band gap energy of the anatase-phase of
TiO2, thereby signi�cantly enhancing its photocat-
alytic activity in wastewater treatment.

2. Experimental details

2.1. Films preparation

Thin layers of undoped and Li+-doped TiO2

were deposited on glass substrates using the sol�
gel spin-coating method. TiO2 solution was pre-
pared from a mixture of: 1 mol butanol (C4H9OH)
as solvent, 4 mol acetic acid (CH3COOH) solution
as catalyst, 1 mol of distilled water, and 1 mol
tetrabutyl�orthotitanate Ti(C4H9O)4 as source of
titanium [27, 28]. This mixture was stirred moder-
ately for 3 h. Then, Li+-doped TiO2 solutions with
di�erent contents of Li (0, 1, 3, and 5 at.%) were ob-
tained by adding di�erent ratios of lithium acetate
(C2H3Li3) to TiO2 solution. These solutions were
stirred for 6 h at room temperature and spin-coated,
onto glass substrates at 3000 rpm for 30 s as speed
of rotation. After each coating, the samples were
dried at 100◦C for 10 min. This coating and heating
process was repeated 6 times. Finally, the samples
were annealed at 550◦C for 2 h. Figure 1 shows the
fabrication process of undoped and Li+-doped TiO2

thin �lms.

2.2. Films characterization

The structural properties were characterized us-
ing a Panalytical Empyrean X-ray di�ractometer
(XRD) in grazing incidence mode with Cu Kα

radiation (λCuKα = 1.54056 Å).Optical transmis-
sion was performed by a JASCO UV-visible spec-
trophotometer. Film surface morphology was ob-
served using an Asylum Research (MFP-3D SPM)
atomic force microscope (AFM) and a TESCAN
VEGA TS 5130 MM type scanning electron micro-
scope (SEM). Energy-dispersive X-ray (EDX) spec-
troscopy measurements were performed on a 5 at.%
Li+-doped TiO2 �lm for elemental analysis.

2.3. Photodegradation tests

Methylene blue (MB) solution (volume: 25 ml,
concentration: 10−5 mol/l) were used as models for
organic pollutants to study the e�ect of lithium
doping on the photocatalytic e�ciency of TiO2

thin �lms under ultraviolet light source (model
VL-215.LC, maximum power 15 W, wavelength
λ = 365 nm) for 210 min. Every 30 min, 4 ml of
MB solutions were extracted and analyzed by UV
spectroscopy (JASCO).
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3. Results and discussion

3.1. Structural properties

Figure 2 shows the X-ray patterns of TiO2 thin
�lms (undoped and doped with various Li+ con-
tents) annealed at 550◦C for 2 h. As one can see,
Fig. 2 illustrates the presence of peaks correspond-
ing to the (101), (004), (200), (105), and (211)
planes of the anatase phase (JCPDS 21-1272). Fur-
thermore, the intensity of all di�raction peaks de-
crease as a function of Li+ doping, indicating a de-
creases in the crystallinity of the �lm. In addition,
no lithium oxide-related peaks were found in any of
diagrams, which may be attributed to the low Li+

doping content.
Additionally, the crystallite size (L) of undoped

and Li+-doped TiO2 thin �lms can be deduced from
the XRD broadening peak of (101) using the Scher-
rer equation [29]. Therefore,

L =
0.94λ

β cos(θ)
, (1)

where L is the crystallite size in nm, λ is the wave-
length of X-ray (λCuKα

= 1.54056 Å), β is the
full width at half maximum (FWHM) of the (101)
di�raction peak, and θ is the Bragg angle in radian.
In addition, the dislocation density (δ) and mi-

crostrain (ε) in the �lms has been determined using
the following formulas [30], respectively,

δ =
1

L2
(2)

and

ε =
β cos(θ)

4
. (3)

These parameters are important for our analysis.
Microstrain describes minor, irregular distortions in
the crystal lattice caused by the defects such as dis-
locations or vacancies. The goal of calculating δ is
to identify defects in the crystal lattice and under-
stand the resulting structure of the lattice crystal.
An increase in δ leads to an increase in lattice de-
fects, and thus a decrease in the crystallinity and
grain size of the �lms. On the other hand, stress,
as another known parameter, refers to the internal
force exerted per unit area within a material.

TABLE I

Structural parameters obtained from XRD patterns
of undoped and Li+-doped TiO2 thin �lms.

Samples L [nm]
δ × 1014

[lines/m2]
ε× 10−2

Undoped 19 29.20 11.46

1 at.% 18 31.48 12.17

3 at.% 17 35.95 12.67

5 at.% 13 62.14 16.56

Fig. 2. XRD patterns of undoped and various Li+-
doped TiO2 thin �lms annealed at 550◦C.

As presented in Table I, increasing the Li+ con-
tent led to a reduction in crystallite size, suggesting
a decline in the crystallinity of the �lms. This de-
crease can be attributed to the substitution of Ti4+

ions by Li+ ions within the TiO2 lattice. Since the
ionic radius of Li+ (0.99 Å) is larger than that of
Ti+4 (0.68 Å), the incorporation of Li+ induces in-
ternal lattice stress, thereby hindering the growth
of TiO2 crystallites. Furthermore, Table I also indi-
cates that both the dissociation intensity and inter-
nal microstrain within the �lms increase with higher
Li+ concentrations, which may further contribute to
the degradation of the crystalline structure [31].

3.2. Optical properties

Figure 3 shows the optical transmittance spectra
of undoped TiO2 and TiO2 thin �lms doped with
various concentration of Li+. These spectra were
used to estimate the �lms thicknesses using the en-
velope method [32]. Table II lists the corresponding
values. As a result, the thicknesses were found not
to be signi�cantly a�ected by the lithium content.
Figure 3 also shows that all �lms have high trans-

mittance of about 85% in the visible region. Like-
wise, the presence of interference fringes in this
region is attributed to interference e�ect, indicat-
ing that the �lms studied are su�ciently thick.
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Fig. 3. Transmission spectra T [%] of undoped
and Li+-doped TiO2 thin �lms.

TABLE II

Gap energy (Eg), thicknesses and roughness mean
square (RMS) of surface of Li+-doped TiO2 thin
�lms.

Samples Thicknesses [nm] Eg [eV] RMS [nm]

Undoped 142 3.45 1.35

1 at.% 141 3.40 2.98

3 at.% 142 3.37 0.95

5 at.% 143 3.32 1.26

Beside, all thin �lms begin to absorb light close
to the UV region. As the Li+ concentration in-
creases, the absorption edge shifts towards longer
wavelengths. This shift may be correlated to a
decrease in the optical band gap energy (Eg).
This, in fact, can be deduced by applying Tauc's
formula [33]

(αhν)
2
= A

(
Eg−hν

)
, (4)

where A is a constant, hν is the photon energy, Eg is
the optical band gap, and α is the absorption coef-
�cient.
Figure 4 displays the deduction of the optical

band gap (Eg) of the studied �lms in the form of a
curve intersected with the abscissa axis, assuming
the relation as (αhν)2 = f(hν) [34, 35]. Table II
summarizes the corresponding values of Eg [eV].
The band gap of the thin �lm decreases from
3.45 to 3.32 eV, depending on the Li+ doping.
The diminishing of Eg related to the insertion of
Li+ doping may be attributed to the formation of
new energy levels in the TiO2 band gap [36, 37].
From an energy point of view, the decrease in
the band gap permits the absorption of more en-
ergy which, on the one hand, increases the con-
centration of electron�hole pairs. On the other
hands, it e�ectively improves the photocatalytic
activity [38].

3.3. Surface morphology

3.3.1. Scanning electron microscopy (SEM)
analyze

Figure 5 illustrates the surface morphology of (a)
undoped TiO2, (b) 1 at.% Li+-doped TiO2, and (c)
5 at.% Li+-doped TiO2, annealed at 550◦C for 2 h.
As we can observe, all �lms characterized by granu-
lar nanostructure are relatively homogeneously dis-
tributed on the surface, without forming agglom-
erations. On the other hand, as the Li+ content
increases, the particles size decreases, demonstrat-
ing that doping the TiO2 thin �lms with Li+ in-
hibits the growth of TiO2 particles. Similar results
were observed by Y. Guo et al. [39]. It is worth
noting that this result is in a good agreement with
our XRD results. Moreover, the observed defects
in the form of pores and holes along the surface
of the �lms increase with increasing Li+ content.
This leads to a large speci�c surface area, which
enhances the photocatalytic activity of TiO2 thin
�lms [40].
It is important to mention that SEM imaging per-

formed on TiO2 �lms was very challenging because
of the �lms' low electrical conductivity, which in-
duces a charging e�ect. (So, SEM pictures appeared
too hazy.)
The elemental chemical composition of the

5% Li+-doped TiO2 �lm was identi�ed by the
energy-dispersive X-ray (EDX) spectrum, as shown
in Fig. 5d. The Ti and O peaks can be clearly de-
tected. Beside the presence of the substrate compo-
nents (Si and Ca), the element Au is also detected,
which is due to the metallization. No Li+ peaks have
been detected because lithium has low atomic num-
ber (Z = 3), which means that it is one of the ele-
ments di�cult to detect by EDX analysis (elements
with atomic number below 11 are very di�cult to
detect [41]). Comparable results were recorded by
Ajala et al. [42]. The authors reported that lithium
was not detected by EDX spectroscopy in the case
of 10% Li+-doped ZnO �lms prepared by the sol�gel
method.

3.3.2. Atomic force microscopy (AFM) analyze

Figure 6 presents results from atomic force mi-
croscopy (AFM) for undoped and Li+-doped TiO2

thin �lms annealed at 550◦C during 2 h. The AFM
images show a homogeneous granular surface mor-
phology. In addition, a decrease in the mean grain
size and the emergence of cracks are observed at the
sites scattered on the surface upon increasing the
Li+ content. The roughness mean square (RMS) of
the �lm thickness changes between 0.95 and 2.98 nm
depending on the Li+ doping. This result may be
related to the variation in the surface morphology
and the appearance of pores and cracks.
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Fig. 4. The plots of (αhν)2 versus photon energy (Eg = hν) of TiO2 thin �lms: (a) undoped and
(b�d) doped with Li+.

Fig. 5. SEM micrographs of (a) undoped and (b�c) Li+-doped TiO2 thin �lms and (d) EDX spectrum of
TiO2 �lm doped with 5 at.% of Li.
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Fig. 6. (a, c , e, g) 2D and (b, d, f, h) 3D AFM micrographs of TiO2 thin �lms with di�erent Li+1 content.

3.4. Photocatalytic properties

The degradation of the methylene blue (MB) so-
lution under UV irradiation for 210 min was studied
to assess the impact of Li+ doping on the photo-
catalytic performance of TiO2 thin �lms. Figure 7
presents the MB absorption spectra recorded at
various UV-exposure times, using TiO2 thin �lms
doped with 5 at.% of Li+ as the photocatalyst. A
gradual decrease in the absorption peak at 654 nm
is observed with increasing irradiation time. The
photodegradation e�ciency D [%] was determined
using [43]

D =
(C0 − C)

C0
× 100, (5)

where C0 is the initial concentration, and C is the
concentration at a given time.

Figure 8 illustrates the photodegradation rate
(D [%]) of MB solutions. After exposing the so-
lution without photocatalyst to UV irradiation
for 210 min, the degradation of MB was negligi-
ble. However, the inclusion of the TiO2 photocat-
alysts (either undoped or Li+-doped) signi�cantly
enhanced the photodegradation rate D, which in-
creased with higher Li+ content. This trend sug-
gests a notable improvement in photocatalytic ac-
tivity. Notably, TiO2 �lms doped with 5 at.% of
Li+ exhibited the highest performance (92%). Fur-
thermore, the photocatalytic degradation follows a
pseudo-�rst-order reaction, and therefore the rate
constant (K) can be determined using [44]

ln

(
C0

C

)
= K t, (6)

where K [min−1] is the apparent rate constant, and
t [m] is the irradiation time.
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Fig. 7. Absorption spectra of MB obtained at dif-
ferent UV-irradiation times using the 5 at.% Li+-
doped TiO2 thin �lm.

Fig. 8. Photodegradation rate of MB using un-
doped and Li+-doped TiO2 thin �lms.

Figure 9 shows a plot of ln(C0/C) versus irradi-
ation time t. The values of the rate constant K are
obtained by the slope of each curve. As the lithium
content increases, the K value increases. This in-
dicates that the insertion of lithium improves the
photocatalytic activity of TiO2. Thus, the 5% Li+-
doped TiO2 �lm exhibits the fastest performance in
decomposing MB in water.
The increase in photocatalytic activity of TiO2

�lms as a function of lithium content can be related
to the following factors:

(i) The decrease in grain size (see Table I) leads
to an increase in the surface area and thus pro-
vides more active sites for reactive molecules,
which improves the electron�hole separation
rate [45].

(ii) The decrease in the band gap (see Table II)
allows for the absorption of more energy, lead-
ing to greater production of electron�hole
pairs [19, 46]. As a result, more electrons

Fig. 9. The plot of ln(C0/C) versus time showing
the degradation rate constant (K) of MB.

and holes can contribute in the photoreac-
tion and thus enhance the removal of organic
molecules.

(iii) Li+ doping forms an energy level in the band
gap of TiO2 and improves the electron�hole
separation rate [19, 47]. Consequently, the
ability of Li ions to act as electron traps
reduces recombination of the electron�hole
pair. This behavior causes the photogener-
ated holes to be available for reaction with
hydroxyl ions present in water to form OH−

radicals [22, 47].
(iv) From SEM analysis, it appears that the

5 at.% Li+-doped TiO2 �lm shows (see Fig. 5)
a higher number of pores, which provides
more active sites for adsorption of pollutant
molecules. Also, it improves the e�ectiveness
of the photocatalyst [48].

As for other literature works on the removal of
MB from water using metal-doped TiO2 thin �lms,
Xiaodong Zhuet al. [49] evaluated the removal of
MB dye using Nd:TiO2 �lms. They have found that
the �lms achieved a degradation rate around 25.9%
after 4 h of UV light irradiation. Furthermore, Ben-
souici et al. [50] reported that Cu:TiO2 thin �lms
displayed a degradation rate of 16% after 180 min
of the removal of MB under UV light irradiation.

4. Conclusions

In this study, we focused on examining the in�u-
ence of varying lithium concentrations (0, 1, 3, and
5 at.%) on the structural, morphological, and op-
tical properties of TiO2 thin �lms synthesized via
the sol�gel spin-coating technique. XRD analysis re-
vealed that all �lms crystallized in the pure anatase
phase. Increasing lithium content led to a reduction
in both crystallinity and grain size. SEM and AFM
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observations con�rmed that Li+ doping alters the
morphology of TiO2 nanoparticles. UV-visible anal-
ysis showed a decrease in the optical band gap with
increasing lithium concentration, which was accom-
panied by enhanced photocatalytic activity. Among
the samples, the TiO2 �lm doped with 5 at.% of
Li+ demonstrated the highest photocatalytic per-
formance for MB degradation.
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