
Journal of the American Ceramic Society 

RESEARCH ARTICLE

Effect of Yttrium Doping on Titanium Dioxide 

Fatma Aydın Ünal1 Murat Ünal2 Sebahat Topal3 

1 Department of Metallurgy and Materials Engineering, Alanya Alaaddin Keykubat University, Antalya, Türkiye 2 Department of Chemistry, Istanbul Technical 
University, Istanbul, Türkiye 3 Karlsruhe Institute of Technology, Institute of Nanotechnology, Eggenstein-Leopoldshafen, Germany 

Correspondence: Fatma Aydın Ünal ( fatma.aydin@alanya.edu.tr) 

Received: 2 March 2026 Revised: 21 May 2026 Accepted: 12 June 2026 

Keywords: band gap narrowing | methylene blue degradation | photocatalysis | sol–gel method 

ABSTRACT 

The wide band gap and chemical–mechanical stability of titanium dioxide (TiO2 ) make it one of the most important semiconductor 
materials for photocatalytic applications. However, its performance is limited by its low absorption in the visible light region. 
In this study, yttrium (Y)-doped TiO2 (Y/TiO2 ) powders containing 1%, 5%, and 10% Y were synthesized via the sol–gel method 
to improve visible-light absorption. The effects of Y doping on morphology, elemental composition, crystal structure, optical 
properties, and photocatalytic activity were investigated using a range of analytical techniques, including SEM/EDS, XRD, particle 
size analysis, and UV-Vis spectroscopy. The synthesized Y/TiO2 samples exhibited spherical morphology, with the average particle 
sizes decreasing from 232 nm (pure TiO2 ) to 50.24 nm (5% Y doping). Y doping significantly reduced the optical band gap of 
TiO2 from 3.22 to 2.86 eV. The photocatalytic performance of the synthesized TiO2 catalysts was evaluated via methylene blue 
photodegradation, and all doped samples exhibited higher activity under visible light compared to pure TiO2 . The 5% Y/TiO2 

sample demonstrated the highest photocatalytic performance, achieving up to 91% methylene blue degradation and establishing 
it as the optimum doping level for enhanced activity. 
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 Introduction 

n recent years, various semiconductor materials, including ZnO
 1 ], TiO2 [ 2 ], SnO2 [ 3 ], and Nb2 O5 [ 4 ], have been used in solar
ell applications [ 5, 6 ]. Among these, TiO2 is the most widely
sed photocatalytic material. TiO2 is an n -type semiconductor
ith low conductivity [ 7, 8 ]. As the polymorph of TiO2 , it
as three phases: anatase, rutile, and brookite. Each of these
hases is defined by a high refractive index, low absorption,
nd scattering in the visible and near-infrared spectral regions
 9, 10 ]. Anatase TiO2 has received more attention than the
utile and brookite phases in photocatalytic research [ 11, 12 ].
iO2 nanostructures are considered promising photocatalytic
aterials due to their remarkable photocatalytic activity, low
oxicity, thermal stability, high oxidation, high efficiency, and
elatively low cost when excited by ultraviolet (UV) light [ 13 ].
owever, their photocatalytic performance is restricted by a
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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wide band gap. The band gap is 3.2 eV for anatase TiO2 . It
is also limited by a high rate of charge carrier recombination.
The efficiency of the photocatalyst is further reduced by rapid
electron–hole pair recombination [ 14 ]. Thus, the development
of photocatalysts capable of activation under visible light is
crucial for effectively harnessing sunlight as a primary energy
source. The photocatalytic performance of TiO2 can be improved
by reducing the particle size, increasing the surface area, or
sensitizing it with dye molecules or doping with metals or non-
metals [ 15, 16 ]. Among these methods, rare earth (RE) metal
doping is a popular technique for reducing the recombination rate
of photogenerated carriers, extending the absorption wavelength
to the visible region, and enhancing the photoactivity of TiO2 . RE
metal doping enhances the photocatalytic performance of TiO2 
by improving contaminant adsorption, inhibiting the anatase-
to-rutile phase transformation, and reducing crystallite size [ 17 ].
This increased interest in RE doping arises from the unique
se, which permits use, distribution and reproduction in any medium, provided the 

icals LLC on behalf of The American Ceramic Society. 
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lectronic structure of RE ions, particularly their partially filled
f orbitals, which facilitate interaction with functional groups.
onsequently, RE doping induces oxygen vacancies, suppresses
lectron–hole recombination, and improves both charge sepa-
ation efficiency and overall photocatalytic activity of TiO2 [ 18,
9 ]. 

any studies have reported that the concentration of RE metal
opants significantly affects photoactivity: in particular, lan-
hanide doped TiO2 systems such as Sm [ 20 ], La [ 21 ], Nd [ 22 ],
y [ 23 ], and Ce [ 24 ] have demonstrate superior improving pho-
ocatalytic performance compared to pure TiO2 , mainly due to
nhanced visible-light response and improved charge separation,
hich results in higher photocatalytic efficiency [ 25 ]. Guan
nd Zhou investigated RE-doped TiO2 synthesized via a sol–
el combined microwave hydrothermal method and reported
hat RE doping extends the optical absorption into the visible
egion while suppressing electron-hole recombination, thereby
nhancing photocatalytic activity [ 26 ]. 

mong all RE ions, the Y3 + ion is considered an effective,
ypical dopant used to modify the electronic structure and optical
roperties of TiO2 . Y/TiO2 can reduce the recombination rate
f electron/hole pairs formed as a result of photogeneration,
hich in turn increases the photocatalytic efficiency of TiO2

 17 ]. In a study by Rajput et al., Y/TiO2 nanostructures prepared
ia chemical coprecipitation showed doping-dependent photo-
atalytic activity, with the sample containing 6% Y exhibiting
he highest degradation efficiency for methylene blue (MB)
nder UV irradiation [ 27 ]. Similarly, Li et al. reported that Y
oping enhances photocatalytic performance through synergistic
ffects involving Ti3 + species and OV, leading to improved
harge separation and significantly higher degradation efficiency
f Rhodamine B [ 28, 29 ]. The improvement in photocatalytic
ctivity is mainly attributed to the role of Y doping in increasing
xygen vacancy concentration, modifying the band structure,
nd suppressing charge recombination [ 7, 17 ]. Additionally,
he substitution of Ti4 + ions (0.068 nm) with larger Y3 + ions
0.089 nm) is structurally favorable, promoting lattice distortion
nd oxygen vacancy formation [ 30 ]. These effects collectively
nhance light absorption and catalytic efficiency. Various synthe-
is methods, such as sol-gel [ 31 ], microwave [ 32 ], hydrothermal
 33 ], microemulsion [ 34 ], chemical vapor deposition [ 35 ], c [ 36 ],
olvothermal [ 37 ], solid-state [ 38 ], and sonochemical routes [ 39 ]
ave been employed for the preparation of Y/TiO2 . Among them,
ubiak and Ceg ł owski compared microwave and hydrothermal
ethods for Y/TiO2 synthesis and reported that microwave-
ssisted samples exhibited superior photocatalytic activity in
he degradation of carbamazepine [ 40 ]. The sol–gel method
s of particular importance because it allows precise control
ver chemical reactions and material properties throughout the
ynthesis process [ 41, 42 ]. It is a cost-effective technique that
nables the production of materials with tailored properties. In
his process, a liquid precursor is first transformed into a gel
nd subsequently converted into a solid oxide material through
rying and thermal treatment [ 43 ]. The sol–gel method is widely
sed for surface modification of materials and is advantageous
n producing high surface area structures with stable properties.
he final chemical and physical characteristics of the obtained
aterials strongly depend on the experimental conditions [ 44 ].
herefore, the sol–gel method provides effective control over
of 12
particle size, crystallinity, and microstructure of TiO2 -based
materials [ 45 ]. 

In this context, considering that various studies have reported
enhanced photocatalytic activity of RE-doped TiO2 using dif-
ferent synthesis routes, comparative studies on Y/TiO2 with
different doping levels (1%, 5%, and 10%) prepared via the sol–
gel method remain limited. Therefore, this study investigates the
effect of Y doping concentration on the structural, morphological,
optical, and photocatalytic properties of TiO2 . For this purpose,
pure and Y/TiO2 samples (0%, 1%, 5%, and 10%) were synthesized
via the sol–gel method, and their photocatalytic performance
was evaluated through MB degradation under UV irradiation.
The results demonstrate that Y-doped samples exhibit higher
photocatalytic efficiency compared to pure TiO2 . 

2 Methods 

2.1 Chemicals 

Titanium (IV) butoxide (Sigma Aldrich), yttrium nitrate hex-
ahydrate (Sigma Aldrich), distilled water, ethyl alcohol (Sigma
Aldrich), citric acid monohydrate (Merck), acetylacetone (Sigma
Aldrich), and methylene blue (Sigma Aldrich). 

2.2 Instruments 

An x-ray powder diffractometer (PANalytical Empyrean XRD)
equipped with CuK α radiation ( λ = 0.1541 nm) was used to
analyze the crystal structure and composition of TiO2 powders
over a 2 θ range from 10◦to 80◦. The photocatalytic performance
of pure and metal-doped TiO2 samples was evaluated using
a UV-Vis spectrophotometer (Hitachi U-0080D). Particle size
distribution was determined by Dynamic Light Scattering (DLS)
analysis (Malvern/Nano ZS90). Surface morphology, particle size,
and elemental composition were further examined using a Zeiss
Sigma 300 scanning electron microscope (SEM) equipped with an
energy-dispersive x-ray (EDS) analyzer operating at 25 kV. 

2.3 Synthesis of Y-Doped TiO2 Powders 

First, 0.4 mL of titanium (IV) butoxide was dissolved in 10 mL
of pure ethanol and stirred for approximately 40 min to form
Solution A. In a separate beaker, Solution B was prepared by
dissolving stoichiometric amounts of yttrium nitrate hexahydrate
in 10 mL of ethanol, corresponding to doping concentrations of
1%, 5%, and 10% (0.00383 g, 0.01 mmol; 0.0195 g, 0.05 mmol; and
0.0383 g, 0.10 mmol, respectively). Solution B was then added
dropwise to Solution A under continuous magnetic stirring at
500–800 rpm. Concurrently, a third solution was prepared by
dissolving 0.63 g (3 mmol) of citric acid and 1 mL (9.7 mmol)
of acetylacetone in 15 mL of ethanol, which was subsequently
added dropwise to the mixture of A and B to yield Mixture C.
The resulting mixture was continuously stirred for approximately
5.5 h until a homogeneous gel was formed. The obtained gel was
dried in an oven at 90◦C for 12 h. Finally, the Y/TiO2 samples
were obtained by annealing the dried gel in a furnace at 450◦C for
Journal of the American Ceramic Society, 2026
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FIGURE 1 XRD analysis pattern of synthesized TiO2 powders. 
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 h under an air atmosphere. For comparison, a pure (0%) TiO2
ample was prepared following the same procedure [ 8 ]. 

 Results 

.1 Structural Study 

.1.1 X-ray Diffraction (XRD) of Pure (0%) and Y/TiO2 
owders 

o obtain detailed information about the structural properties of
he synthesized TiO2 powders, the crystallite sizes, dislocation
ensities, and microstrain values of the powders were calculated
sing the XRD pattern data. The XRD patterns of pure and
/TiO2 powders synthesized using the sol–gel method are shown
n Figure 1 . The XRD pattern confirmed the presence of the
iO2 -anatase phase and exhibited prominent diffraction peaks of
natase (in agreement with JCPDS file ICSD 00-021-1272 # 21–
272) [ 46, 47 ]. The prominent peaks of Y/TiO2 were observed
t 25.34◦, 37.92◦, 48.13◦, 54.01◦, 55.14◦, 62.85◦, 68.86◦, 70.27◦, and
5.23◦ that correspond to the reflections. For Y-doped samples, no
dditional characteristic peaks other than those of anatase TiO2
ere detected, which may be attributed to the low content and
igh dispersion of Y species [ 48 ]. The broad diffraction peaks indi-
ated that the formed nanoparticles have a very small crystallite
ize [ 9, 17, 49–51 ]. Ahamed et al. reported that the broadening
f the reflection peaks to the small grain size of the prepared
anoparticles [ 52 ]. Compared with pure (0%) TiO2 , there was a
ecrease in the intensity of the peaks for the 1% and 5% doped
amples. It was reported in the study by Kubiak and Ceg ł owski
hat the increase in diffraction peak width as the Y concentration
ncreases indicates that Y ions could be incorporated into the
iO2 lattice [ 40 ]. In a study, Said et al., using XRD patterns of
ure and Y/TiO2 nanoparticles, show that characteristic peaks
ppear with a wider full width at half maximum (FWHM), and
he intensity of the diffraction peaks decreases with increasing Y-
oped concentration [ 53 ]. Therefore, Y doping (1% and 5%) was
bserved to effectively restrict crystallite growth (Table 1 ). The
eaks of the powder doped with 10% Y were almost the same as
he pure powder and did not show any change. This situation can
ournal of the American Ceramic Society, 2026
be attributed to an increase in crystallite growth [ 54 ]. A study by
Li et al. reported that no diffraction peak shift was observed for
Y-modified samples, indicating that Y3 + species are located at the
crystal boundary or surface of TiO2 , rather than in the internal
crystal structure [ 17 ]. 

The crystal size of the Y/TiO2 powders was determined using the
XRD method and the Debye–Scherrer equation (see Equation ( 1 )
below) [ 40, 55 ]. 

𝐿 = 𝜆𝑘 

𝛽 cos 𝜃
(1)

In this relation, β is the half-height width of the peak obtained
as a result of x-ray diffraction, L is the crystallite size, λ is the
wavelength of the applied x-rays, θ is the Bragg angle at which
the plane is observed, and K gives a constant value ( K = 0.9) [ 56 ].

The line width was used to estimate the size of the particle
by using the Scherrer formula. And, the average crystallite
size was estimated using the FWHM of the anatase TiO2 (101)
diffraction peak via Equation ( 1 ); instrumental broadening was
not corrected, and the reported values are based on a single peak
[ 57 ]. 

Using Equation ( 1 ), the calculated average crystallite sizes of
Y/TiO2 powders are given in Table 1 . The findings demonstrated
that the average crystal size for pure (0%), 1%, 5%, and 10%
Y/TiO2 samples was 12.49 nm, 6.28 nm, 5.48 nm, and 11.73 nm,
respectively. These results indicate that the crystallite size of pure
TiO2 decreased with Y doping. In particular, the diffraction peaks
of the 1% Y/TiO2 and 5% Y/TiO2 powders indicate that the formed
nanoparticles have very small crystallite sizes. However, although
the crystallite size with 10% doping was not as large as with pure
TiO2 , its crystallite size increased compared with the 1% and 5%
Y-doped samples. Rana et al. have suggested that an increase in
crystallite size at higher doping concentrations leads to improved
crystallinity, which in turn is reflected in a decrease in microstrain
[ 58 ]. The addition of 1% and 5% Y3 + ions decreases crystallite size
due to the formation of OVs, which reduces the lattice parameters
and induces strong tensile stress [ 59, 60 ]. Also, Y doping prevents
the agglomeration between TiO2 powders and therefore reduces
the average crystallite size [ 61 ]. 

The microstrain ( ε) [ 62, 63 ] value was calculated from Equa-
tion ( 2 ), and the obtained values are given in Table 1 . 

𝜀 =
𝛽

4 tan 𝜃
(2)

As a dislocation, the microstrain in the crystal structure affects the
material’s morphological properties, as well as the formation and
size of particles. The dislocation density ( δ) was calculated using
the Williamson–Smallman relationship [ 64, 65 ]. The formula
given in Equation ( 3 ) was used to calculate the dislocation
densities ( δ) of the nanoparticles. 

𝛿 = 1 

𝐿2 
(3)

The average crystallite size, dislocation density, and microstrain
of the synthesized TiO2 powders are summarized in Table 1 . It
3 of 12
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TABLE 1 Summary of structural properties of synthesized TiO2 powders. 

Powders 
Average crystallite size 

(nm) 
Average microstrain 

( ε × 10− 3 ) 
Average dislocation density 

( δ) × 10− 3 [lines m− 2 ] 

Pure TiO2 12.49 11.13 12.42 
1% Y/TiO2 6.28 25.04 37.79 
5% Y/TiO2 5.48 27.04 40.12 
10%Y/TiO2 11.73 11.12 12.53 
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s seen that the dislocation density is inversely proportional to
he crystallite size. An average crystallite size ( D ) was estimated
sing the Scherrer equation based on the FWHM from the most
ominant diffraction peak. 

n the study, while a significant decrease in crystal size was
bserved compared to pure TiO2 (12.49 nm) with 1% (6.28 nm) and
% (5.48 nm) doping TiO2 , an increase was observed in average
icrostrains (pure TiO2 : 11.13, 1% Y/TiO2 : 25.04, and 5% Y/TiO2 :
7.04), and average dislocation densities (pure TiO2 : 12.42 nm, 1%
/TiO2 : 37.79, and 5% Y/TiO2 : 40.12). This is fully supported by
he XRD analysis of the present work [ 58 ]. The crystallite size,
islocation density, and microstrain values determined in the
tudy are consistent with those reported in the literature [ 66–68 ].

revious studies reported that it was stated that the strain and
islocation densities increased with increasing doping concen-
ration, and this was attributed to the combination of atoms in
he substituted TiO2 [ 54 ]. In another study by Vaddi et al., it was
eported that as the Y concentration increased from 0% to 5 mol%,
he crystallite size of Y-doped ZnO decreased from 22.9 nm to
9.1 nm, the average crystallite size was smaller for the ZnO: Y3
anocatalyst, and the microstrain and dislocation density were
reater [ 65 ]. 

.2 Morphological Study 

.2.1 Scanning Electron Microscopy (SEM) Analysis 

he morphology of pure and differently doped TiO2 powders
as analyzed. Figure 2a–d shows SEM images of 0%, 1%, 5%,
nd 10% Y/TiO2 , respectively. It can be seen that the synthe-
ized nanoparticles adhere to each other [ 69, 70 ]. While pure
iO2 exhibited a spherical structure and aggregation, the Y-
oped powders showed increased homogeneity and significantly
educed aggregation. This suggests that the Y/TiO2 powders
ossess smaller particle sizes compared to pure TiO2 . The SEM
nalysis revealed that the particles were structurally similar
nd generally spherical in shape, although perfectly spherical
tructures were not observed in some regions. This may be
ttributed to particle agglomeration during the sol–gel synthesis
rocess, which can lead to variations in particle size [ 71 ]. It
an be said that the concentration, composition of the doped Y
ons, or the sol–gel synthesis conditions, are effective in causing
gglomeration. As can be seen from the SEM image, the average
article size is consistent with the crystallite size obtained from
RD. 
of 12
3.2.2 Energy Dispersive X-ray Spectroscopy (EDS) 
Analysis 

EDS analysis was performed to evaluate the stoichiometry, purity,
and incorporation of doped metal ions into the TiO2 structure
following SEM characterization. Measurements were carried out
on selected regions of the SEM images, and average elemental
compositions were obtained. Figure 3a–d shows the EDS spectra
of pure TiO2 and 1%, 5%, and 10% Y/TiO2 samples, respectively,
along with their corresponding weight and atomic percentages.
The results confirm the presence of Y, Ti, and O elements within
the samples. After EDS quantification, the measured Y weight
percentages for 1%, 5%, and 10% Y/TiO2 samples were determined
as 1.00%, 4.17%, and 3.06%, respectively. The relatively low atomic
percentages of Y compared to the nominal doping levels are
mainly related to the high atomic mass of yttrium and the
semi-quantitative nature of EDS analysis [ 72 ]. Nevertheless, both
atomic and weight percentage trends are in good agreement with
the intended doping levels, indicating successful incorporation of
Y into the TiO2 structure. A gradual increase in Y content was
observed up to 5% doping, while a deviation at 10% suggests a
limited dopant incorporation, possibly due to the solubility limit
of Y in the TiO2 lattice and local compositional inhomogeneity.
No impurity-related signals were detected, confirming the high
purity of the synthesized samples. The dominance of Ti and O
peaks further supports the formation of the TiO2 structure. These
findings are consistent with XRD results, which confirm that the
crystal structure of TiO2 is preserved after doping, in agreement
with previous reports [ 73 ]. 

3.3 Particle Size Study 

Particle size is a crucial factor influencing the performance of
nanophotocatalytic materials, as the size and shape of the catalyst
affect the surface structure and, consequently, catalytic perfor-
mance. Figure 4a–d shows the particle size distributions of pure
and doped TiO2 powders measured by DLS. Here, the effect of
doping on the average particle size was investigated. The addition
of Y led to a decrease in particle size. Accordingly, the smallest
particle size was obtained with 5% (50.24 nm) doped Y powder.
Although the particle size of the 10% Y-doped sample (215.2 nm)
was smaller than that of pure TiO2 (232.6 nm), it was larger than
those of the 1 mol% (192 nm) and 5 mol% (50.24 nm) Y-doped
samples. These results are consistent with the SEM and XRD
analyses and may be attributed to particle agglomeration at higher
doping concentrations [ 74 ]. The reduction in nanoparticle size
after doping has also been reported in other studies: In their study,
Journal of the American Ceramic Society, 2026
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FIGURE 2 SEM images of TiO2 powders doped with 0% Y (a), 1% Y (b), 5% Y (c), and 10% Y (d). 

FIGURE 3 EDS spectra of TiO2 powders doped with 0% Y (a), 1% Y (b), 5% Y (c), and 10% Y (d). 

Journal of the American Ceramic Society, 2026 5 of 12
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FIGURE 4 Particle size analyses of TiO2 nanoparticles doped with 0% Y (a), 1% Y (b), 5% Y (c), and 10% Y (d). 
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uárez-Cortazar et al. reported that increasing the amount of
opants in TiO2 inhibited particle growth; consequently, the pore
ize distribution became narrower, and the surface area increased
 75 ]. Prabitha et al. discovered that the photocatalytic activity
f Y-doped nanoparticles increases as particle size decreases;
n their study, they also reported that the increased activity of
maller particles is due to a higher surface area/volume ratio
 76 ]. Kumar et al. showed that the particle sizes decreased from
5.71 nm to 8.8 nm with increasing Y-doping concentration, thus
emonstrating that Y-doping reduces nanoparticle size [ 77 ]. 

.4 Optic Study 

.4.1 UV-Visible Analysis 

o investigate the optical absorption properties of pure TiO2
nd Y/TiO2 powders, the UV-vis spectra were recorded in the
ange 300–800 nm by using a Shimadzu diffuse reflectance UV-
is spectrophotometer. The Kubelka–Munk function was then
sed to convert these spectra into Tauc Plots, and the following
quation was used to get the band gaps. 

( ℎ𝜐𝛼) 
𝑛 = 𝐴

(
ℎ𝜐 − 𝐸𝑔 

)
(4)

ere (Equation ( 4 )), h represents Planck’s constant, ν denotes the
ibration frequency, α is the absorption coefficient, and Eg refers
o the band gap energy. A is a proportionality constant, while n
akes the value of 1/2 for an indirectly allowed transition and 2
or a direct allowed transition [ 8 ]. The direct and indirect band
ap energies of the materials were determined by extending the
of 12
linear region of the Tauc plots (Figure 5 ). For TiO2 powders, the
indirect transition model is generally adopted, as it provides a
more accurate estimation from the tangent intercept of the n =
1/2 plot [ 8 ]. No baseline correction was applied before the band
gap estimation, and the slight tailing observed near the absorption
edge in the UV-Vis spectra of Y/TiO2 might be attributed to
Urbach tail formation caused by dopant-induced localized states,
which slightly modifies the optical band gap compared to pure
TiO2 [ 78–82 ]. 

The band gap energies of the doped TiO2 nanoparticles ( Eg ) (2.98,
2.86, and 2.9 eV for 1%, 5%, and 10%, respectively) are lower than
3.22 eV for pure TiO2 (Figure 6 ). The charge transfer interactions
between TiO2 and yttrium dopant states may be responsible for
the observed red shift toward the visible region [ 73 ]. Moreover,
the variation in band gap with different doping degrees can be
attributed to changes in particle size, defect density, and improved
structural uniformity at moderate doping concentrations [ 27 ]. 

The 5% Y/TiO2 sample exhibits the lowest band gap because
Y3 + provides an optimal effect at this concentration. It promotes
better light absorption, increases surface area by reducing particle
size and improving morphological uniformity, and introduces
beneficial trap states that help reduce electron–hole recombi-
nation. However, excessive doping leads to too many defect
sites, which act as a recombination center rather than improv-
ing charge separation. In addition, dopant agglomeration and
possible phase segregation can occur, reducing the effective incor-
poration of yttrium into the TiO2 lattice. As a result, the lowest
band gap was obtained at the optimal doping concentration of
5% Y/TiO2 . 
Journal of the American Ceramic Society, 2026
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FIGURE 5 Tauc plots of powders for direct (a) and indirect (b). 

FIGURE 6 The direct and indirect band gaps of the powders. 
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.5 Photocatalytic Studies 

he photocatalytic performance of the TiO2 powders was eval-
ated by measuring the rate at which MB, a model organic
ontaminant, was degraded when the powders were exposed to
ight. Before illumination, 30 mg of the catalyst powder was
ispersed in 30 mL of a 10 mg ⋅L− 1 MB solution and stirred in the
ark at 500 rpm for 30 min to establish adsorption–desorption
quilibrium. Following the powders’ initial dark UV-Vis spec-
rum analysis, the UV lamp was turned on, and measurements
ere made every 30 min until the powders’ MB was exhausted
Figure 7 ). The first measurement in the dark showed that
% Y/TiO2 had a higher absorption ability ( ∼ 40%) than the
thers. Furthermore, after the photocatalytic measurement, it
as observed that the 5% Y/TiO2 sample performed better when
ompared to the UV-Vis spectra of all powders. To evaluate the
ata, the following Equation ( 5 ) was used to calculate the MB’s
egradation ratios [ 8, 83 ]: 

Degradation% = [( 𝐼dark − 𝐼 ) ∕𝐼dark ] × 100 (5)

n this context, I refers to the absorbance intensity recorded
t 660 nm at different time intervals during UV illumination,
hereas Idark corresponds to the absorbance intensity measured
t 660 nm after maintaining the powder in dark conditions
ournal of the American Ceramic Society, 2026
for 30 min prior to irradiation. Following 200 min of light
illumination, 5% Y/TiO2 eradicated about 90% of the MB, while
the pure TiO2 degraded about 35% of the MB (Figure 8 ). A
quantitative evaluation of the powders’ photocatalytic activity can
be achieved by contrasting their apparent reaction rate constants.
The Langmuir–Hinshelwood process, a first-order kinetic reac-
tion, is typically followed by photocatalytic degradation and is
used to determine the rate constant of each powder (Equation ( 6 ))
[ 8, 84 ]. 

In (𝐶0 ∕𝐶) = 𝑘𝑎 .𝑡 (6)

C0 represents the initial concentration of MB, while C denotes the
MB concentration at various illumination times. These concen-
trations were determined using a calibration curve constructed
from MB solutions of known concentrations prepared from a
stock solution of 10 mg. L− 1 . The calculations were performed
according to the Lambert–Beer law ( A = ε⋅d ⋅C ), where A is the
absorbance, ε is the molar extinction coefficient of the solute at
the measurement wavelength, C is the solute concentration, and
d is the optical path length [ 6, 8, 85 ]. The rate constant is denoted
by k , and t denotes time. Among all powders, the 5% Y/TiO2
catalyst exhibited the highest rate constant (0.01197 min− 1 ), which
surpassed those of the other compositions (Figure 9 and Table 2 ).
The photocatalytic efficiency is influenced by factors such as
pore size distribution and the energy difference between the
valence and conduction bands (band gap). Among the prepared
powders, 5% Y/TiO2 exhibited the smallest band gap and particle
size, as confirmed by complementary characterization analyses,
including SEM, XRD, and DLS. 

The possible improvement in the photocatalytic performance of
Y/TiO2 [ 27 ]: (i) it increases UV light absorption and slightly
narrows the band gap, which helps reduce electron–hole recom-
bination and improves charge transfer at the surface, (ii) when
Y3 + replaces Ti4 + in the TiO2 lattice, it suppresses grain growth
and increase the surface area that enhance reactivity, (iii) Y3 + 
ions act as electron trap centers inside the TiO2 structure, slowing
down electron–hole recombination (generating more ⋅OH and
⋅O2 

− ⋅ radicals) and thus increasing photocatalytic activity and
stability. The optimum doping level was found to be 5% Y/TiO2 ,
which exhibits the best photocatalytic performance. The con-
centration of the added metal also plays an important role in
photocatalytic activity. It has been suggested that the addition of
7 of 12
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FIGURE 7 UV-Vis spectra of MB solution at various times, pure TiO2 (a), 1% Y/TiO2 (b), 5% Y/TiO2 (c), and 10% Y/TiO2 (d). 

TABLE 2 Characteristics of the powders. 

Compound 
Dark 
Abs.% 

Degradation % 

of MB at 210 min 

Eg (eV) 
(indirect) 

Rate constant 
(min− 1 ) 

Pure TiO2 10.0 35.56 3.22 0.00195 
1% Y/TiO2 19.1 86.42 2.98 0.00943 
5% Y/TiO2 40.9 91.53 2.86 0.01197 
10% Y/TiO2 31.2 87.97 2.90 0.01011 

FIGURE 8 Degradation percentage of MB: This percentage is under 
light illumination. It shows the percentage for all powders. 
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some elastic, high-concentration metal ions can cause the decom-
position of the transportable active sites in the semiconductor,
leading to a decrease in photocatalytic activity [ 40 ]. Excessive Y
doping can introduce too many defect/trap states in TiO2 that
act as electron-hole recombination centers rather than helping
separation, thereby lowering the number of charge carriers
available for photocatalytic reactions and reducing activity [ 27,
30, 73 ]. Moreover, the agglomerated particles observed in the SEM
images may have reduced the photocatalytic performance of the
10% doped powders through light quenching. 

Some studies have reported on the photocatalytic activity of
Y/TiO2 ; however, many of these systems also include additional
modifiers such as carbon, Au, and GO (graphene oxide) [ 73, 86 ].
While enhanced photocatalytic performance is often observed,
these additives already contribute significantly to photoactivity,
and the incorporation of Y further improves the overall per-
formance (increasing degradation from 65.21% for pure TiO2 to
89.95% for TiO2 :GO, and further to 91.45% for TiO2 :GO:0.3Y)
Journal of the American Ceramic Society, 2026
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FIGURE 9 (a) Degradation curve of MB under the light illumination for all powders. (b) Degradation curve of MB under the light illumination 
for synthesized TiO2 powders. 
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 73 ]. To the best of our knowledge, achieving 91.53% degradation
ith 5% Y/TiO2 without additional modifiers (compared to the
5% degradation observed in the pure TiO2 ) represents a highly
ompetitive result when both low doping concentration and high
egradation efficiency are considered [ 27 ]. 

 Conclusions 

ure TiO2 (0%), 1% Y/TiO2 , 5% Y/TiO2 , and 10% Y/TiO2 powders
ere successfully synthesized via the sol-gel method. The effects
f Y doping on the structural, morphological, chemical, and
hotocatalytic properties of TiO2 powders were investigated using
RD, SEM/EDS, particle size analysis, and UV-Vis spectroscopy.
n the XRD patterns, all samples exhibited the anatase TiO2
101) peak at 2 θ ≈ 25.3◦, and no additional Y-related phases
ere detected, indicating that Y3 + ions were highly dispersed or
resent in low concentrations. While 1% and 5% Y doping reduced
eak intensity and crystallite size due to lattice distortion, this
ffect was less pronounced at the10% Y doping level, suggesting
imited incorporation of Y into the TiO2 lattice and possible
egregation at the surface or grain boundaries. The average
rystallite sizes of all powders were determined using Scherrer’s
quation. SEM images revealed that the synthesized powders
ossessed a spherical morphology with a homogeneous particle
istribution. EDS analyses showed high-intensity Ti, O, and Y
eaks, and no impurity phases were detected. The properties of
he synthesized powders were found to be in good agreement
ith the literature. It was suggested that the 10% Y-doped
ample contained a lower effective incorporation of Y in the
iO2 lattice, which could reduce the number of active sites on
he semiconductor surface and consequently lead to decreased
hotocatalytic activity. Particle size analysis confirmed that Y
oping reduced the particle size of TiO2. UV-Vis results showed
hat the band gap decreased from 3.22 eV (pure TiO2 ) to a
inimum of 2.86 eV at 5% Y doping, followed by a slight increase
t higher doping levels, indicating an optimal Y concentration for
and gap narrowing. These findings, which align well with the
iterature, are supported by SEM, XRD, and DLS results, which
lso confirm that 5% Y/TiO2 exhibits the smallest particle size
nd most favorable structural properties. Photocatalytic activity
tudies demonstrated that the addition of Y dopant to titanium
ournal of the American Ceramic Society, 2026
dioxide led to a significant improvement in its photocatalytic
performance. The highest degradation efficiency was observed for
5% Y/TiO2 , which degraded approximately 91% of MB, while pure
TiO2 degraded about 35% of MB. The increased photoactivity of
5% Y/TiO2 is attributed to a reduced band gap, increased visible
light absorption, and improved separation of electron–hole pairs.

In conclusion, different Y doping concentrations significantly
affected particle size, band gap, and photocatalytic activity. Opti-
cal studies showed a substantial narrowing of the band gap and
the emergence of new energy states within the TiO2 matrix at a 5%
Y doping ratio. These results suggest that the synthesized doped
TiO2 materials hold significant promise for solar cell applications,
offering valuable insights for future research in this field. 
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