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INFLUENCE OF Al DOPING
ON STRUCTURE, MORPHOLOGY AND OPTICAL
PROPERTIES OF TiO2 NANOPARTICLES

Titanium dioxide (TiO2) nanoparticles, both undoped and heterovalently substituted with alu-
minum ions, were synthesized using sol–gel routes. The influence of synthesis parameters,
annealing temperature (500–900 ∘C), and Al3+ doping concentration on the phase composi-
tion, crystallographic parameters, crystallite size, defect structure, and optical properties of
TiO2 was systematically investigated. X-ray diffraction analysis revealed a temperature-driven
anatase-to-rutile phase transformation in undoped TiO2, while aluminum incorporation stabi-
lized the anatase phase at moderate temperatures and suppressed rutile formation. At elevated
temperatures and high dopant concentrations, a solubility limit of Al3+ in the TiO2 lattice
was observed, leading to the formation of secondary 𝛼-Al2O3 phases. Crystallite size analysis
showed that increasing annealing temperature promotes grain growth and reduces lattice de-
fect density, whereas Al3+ doping inhibits crystallite growth in anatase and increases defect
concentration. In contrast, for rutile TiO2 at high temperatures, aluminum incorporation en-
hances crystallite growth and lattice ordering. Photoluminescence studies demonstrated weak
intrinsic emission of TiO2 governed by defect-related states, with emission bands attributed
to surface states, oxygen vacancies, and Ti3+ centers. Highly Al3+-doped samples exhibited
additional red and near-infrared emission bands, which were assigned to trace Cr3+ impurities
unintentionally introduced with aluminum precursors. The results demonstrate that synthesis
conditions and heterovalent substitution provide effective tools for tuning the structural, mor-
phological, and optical properties of TiO2 nanoparticles. The findings highlight the critical role
of defect chemistry, phase composition, and impurity-related effects in tailoring TiO2-based
materials for UV-blocking, cosmetic, and photonic applications.
K e yw o r d s: titanium dioxide (TiO2), nanoparticles, Al3+-doping, crystal structure, optical
properties.

1. Introduction

The global production of titanium dioxide (TiO2) for 
practical applications amounts to several million tons 
annually. Nearly 70% of the total TiO2 output is used 
as a pigment in paints, glazes, enamels, plastics, pa-
per, fibers, f ood p roducts, p harmaceuticals, cosmet-
ics, and toothpastes [1–3].

In the early stages of TiO2 pigment application, 
it was observed that surfaces coated with TiO2
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Table 1. Determination of mass fraction of TiO2 in (NH4)4[TiO2(C6H5O7)2] ·nH2O

Cru-
cible
No.

Mass
of empty
crucible,

g

Mass of crucible
with the sample
before annealing,

g

Mass of crucible
with the sample
after annealing,

g

Mass of the sample
before annealing (mass of

(NH4)4[TiO(C6H5O7)2] · nH2O),
g

Mass of the sample
after annealing
(mass of TiO2),

g

Mass
fraction
of TiO2,

%

1 18.3711 18.7778 18.4392 0.4067 0.0681 16.7445
2 18.6949 19.1058 18.7633 0.4109 0.0684 16.6464
3 16.7754 17.2000 16.8461 0.4246 0.0707 16.6510

faded more rapidly than others under solar irradia-
tion. This behavior was attributed to the high photo-
catalytic activity of TiO2. Surface modification with
inorganic compounds such as aluminum oxide or sil-
ica effectively suppressed the surface catalytic activ-
ity and significantly improved weathering resistance,
enabling the widespread use of TiO2 as a white pig-
ment [1, 4, 5].

Among synthesis approaches, the sol–gel method
allows precise control over the structure and morphol-
ogy of TiO2 nanoparticles, offers relatively low en-
ergy consumption, and relies on simple and accessible
equipment. However, it is a time-consuming process.
Hydrothermal and solvothermal methods, although
effective, require autoclaves operating at high pres-
sures, which complicates their practical implemen-
tation. Sonochemical, electrodeposition, and micro-
wave-assisted methods often fail to produce nanopar-
ticles with sufficiently small and uniform sizes [1,6–8].

An alternative strategy for controlling the photo-
catalytic activity of semiconductor materials is to
dope their crystal lattices with foreign elements. Do-
ping ZnO or TiO2 nanoparticles with transition met-
als such as Mn, Co, or Fe has been shown to sig-
nificantly reduce photocatalytic activity due to the
formation of deep impurity levels within the band
gap, which promote recombination of photogenerated
charge carriers. However, the incorporation of transi-
tion metals often results in a dark coloration of the
nanoparticles, limiting their suitability for sunscreen
applications [9–11].

To overcome this limitation, Al3+ ions represent a
promising dopant. As aluminum is a non-transition
metal, Al-doped TiO2 nanoparticles are expected to
retain their bright color while providing improved aes-
thetic properties in sunscreen formulations [1, 6, 12].

The aim of this work was to investigate the effects
of heat-treatment temperature and Al3+ doping on

the phase composition, structural and morphologi-
cal characteristics, and optical properties of titanium
dioxide nanopowders.

2. Synthesis and Experimental
Description

2.1. Starting Components

For the synthesis of TiO2 by the sol–gel method,
a complex precursor, ammonium titanium citrate,
(NH4)4[TiO2(C6H5O7)2] ·nH2O, was selected. The
primary reason for choosing this compound is its high
solubility in water, which ensures uniform distribu-
tion of titanium-containing species within the reac-
tion medium. This homogeneity enables effective con-
trol over the hydrolysis and condensation processes
during sol formation, which are critical stages of the
sol–gel method.

Prior to the main synthesis, the mass fraction
of titanium dioxide in the initial precursor was de-
termined by gravimetric analysis. A known mass of
the precursor was placed in pre-weighed crucibles
and calcined to constant mass to ensure the com-
plete removal of volatile and organic components. Af-
ter cooling to room temperature, the crucibles were
reweighed, and the mass fraction of TiO2 was calcu-
lated as the ratio of the residual oxide mass to the
initial sample mass (Table 1). The obtained values
were used for subsequent stoichiometric calculations
in the synthesis procedures.

Based on these data, the mass fraction of ti-
tanium dioxide in the initial complex was de-
termined to be 16.68%. This value was subse-
quently used to calculate the required amount of
(NH4)4[TiO2(C6H5O7)2] ·nH2O for the synthesis of
TiO2 nanopowders.

In addition, the thermal behavior of the precur-
sor was investigated using thermogravimetric analysis
(TGA) and differential thermal analysis (DTA). The
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Fig. 1. Derivatogram of the (NH4)4[TiO2(C6H5O7)2] · nH2O

results revealed that the thermal decomposition
of (NH4)4[TiO2(C6H5O7)2] · nH2O proceeds through
several distinct stages, as illustrated in Fig. 1.

Up to 171 ∘C, a mass loss of 6.982% is ob-
served, which corresponds to the removal of physi-
cally adsorbed water and ammonia. In the tempera-
ture range of 150–350 ∘C, decomposition of the car-
boxyl groups of citric acid occurs, accompanied by
a mass loss of 33.748%. The final intense exothermic
peak at 466.53 ∘C reflects the complete combustion
of residual organic components, resulting in an ad-
ditional mass loss of 25.09%. The formation of nan-
odispersed TiO2 is completed at temperatures above
500 ∘C.

For the synthesis of aluminum-doped titanium
dioxide (Al3+ : TiO2), aluminum nitrate, Al(NO3)3,
with a concentration of 0.57 mol L−1 was used as the
aluminum source. The concentration of the aluminum
nitrate solution was determined by back complexo-
metric (trilonometric) titration using xylenol orange
as an indicator (0.01 wt.% in KNO3). Aluminum ni-
trate was selected due to its high solubility in wa-
ter, which ensures uniform distribution of Al3+ ions
within the TiO2 matrix [13].

Citric acid (C6H8O7) was used as an organic ligand
capable of coordinating with titanium and aluminum
ions, thereby promoting homogeneous gel formation
during the sol–gel synthesis. To catalyze the combus-
tion process in all syntheses, several drops of con-
centrated nitric acid (HNO3) were added to the so-
lution. Nitric acid also facilitated the acid-catalyzed
hydrolysis of the titanium complex and improved sol
formation.

2.2. Synthesis of Samples
by the Sol–Gel Method

The sol–gel method enables control over the structure
and morphology of TiO2 nanoparticles while optimiz-
ing energy consumption and employing relatively sim-
ple and accessible technological equipment [6].

Synthesis of the TiO2 nanoparticles by the
sol–gel method was carried out by dissolving
(NH4)4[TiO2(C6H5O7)2] ·nH2O in distilled water,
followed by the addition of several drops of concen-
trated HNO3. The resulting solution was intensively
stirred on a magnetic stirrer with simultaneous heat-
ing, which ensured complete dissolution of the pre-
cursor and initiated hydrolysis and condensation re-
actions of titanium oxide species.

Gradual heating of the solution led to the forma-
tion of a viscous gel-like substance. Further heating
resulted in dehydration of the gel and combustion of
organic components, yielding a porous dry residue
(Fig. 2). The obtained solid mass was thoroughly
ground in an agate mortar to produce a homogeneous
powder.

Thermogravimetric analysis (TGA) and differen-
tial thermal analysis (DTA) of the resulting precursor
powder were also performed (Fig. 3).

Water removal occurs up to 150 ∘C, accompanied
by a mass loss of 4.32%. Subsequent combustion of
organic residues proceeds in two distinct stages, char-
acterized by intense exothermic peaks at 319.44 ∘C
and 434.34 ∘C, with corresponding mass losses of
33.85% and 19.93%, respectively. The appearance of
two exothermic peaks instead of a single one indicates
an insufficient concentration of nitrate ions to fully
oxidize the organic phase during the initial stage. As a
result, an intermediate carbonized residue is formed,
which subsequently burns out during the second stage
under the action of atmospheric oxygen. Such two-
stage thermal decomposition may influence the for-
mation of structural defects in the resulting TiO2

nanoparticles, particularly in samples calcined within
the temperature range of 400–500 ∘C.

After drying, the precursor mixture was uniformly
distributed among crucibles and subjected to calcina-
tion at various temperatures for 30 min. Since heat-
treatment temperature has a decisive effect on the
phase composition, morphology, and functional prop-
erties of TiO2, and taking into account the results
of the thermal analysis of the dried gel, the following
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a b c d e
Fig. 2. Sequential stages of the sol–gel synthesis of TiO2: initial precursor solution (a); sol formation after addition of HNO3

and heating (b); gel formation and initial solvent evaporation (c); thermal decomposition and combustion of organic residues (d);
formation of an intermediate product consisting of TiO2 mixed with residual organic compounds (e)

calcination temperatures were selected: 400, 500, 600,
700, 800, and 900 ∘C. This temperature range en-
ables controlled phase transformations that strongly
influence the photocatalytic, mechanical, and thermal
properties of the material.

At 400 ∘C, the material predominantly consists
of the anatase phase, which exhibits high photocat-
alytic activity due to its large specific surface area
and small crystallite size. Increasing the temperature
to 500 ∘C initiates the anatase-to-rutile transforma-
tion, allowing partial retention of photocatalytic per-
formance while improving mechanical stability. In the
600–700 ∘C range, coexistence of anatase and ru-
tile phases is observed; this mixed-phase composi-
tion is often associated with enhanced photocatalytic
efficiency. At 700 ∘C, rutile becomes the dominant
phase, leading to improved thermal and mechani-
cal stability. Calcination at 800 ∘C results in a pro-
nounced reduction of surface area but provides in-
creased structural strength and resistance to high-
temperature conditions [19]. Complete transforma-
tion to the rutile phase occurs at 900 ∘C, ensuring
maximum thermal stability required for applications
under extreme conditions. After calcination, the ob-
tained powders exhibited a characteristic white color
(Fig. 4).

Sol–gel synthesis of Al0.2Ti0.8O2, Al0.1Ti0.9O2,
and Al0.05Ti0.95O2. To enhance the UV-blocking
efficiency, TiO2 nanoparticles doped with aluminum
were synthesized using the sol–gel method. The
syntheses of Al0.2Ti0.8O2, Al0.1Ti0.9O2, and
Al0.05Ti0.95O2 were carried out using an aque-
ous solution of a titanium citrate complex as the
titanium precursor. Citric acid was added as a chelat-

Fig. 3. Derivatogram of the blend after sol-gel synthesis of
TiO2

a b
Fig. 4. Crucibles containing TiO2 powders before (a) and
after (b) calcination at different temperatures

ing agent to promote homogeneous complexation
and uniform gel formation.

A critical step in the synthesis involved the intro-
duction of aluminum in the form of aluminum nitrate,
which served as the dopant source. The aluminum
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concentrations were selected to optimize UV absorp-
tion while suppressing the photocatalytic activity of
TiO2. Aluminum contents of 5–10 mol% (correspond-
ing to approximately 1.8–3.6 wt%) were employed,
as previous studies have demonstrated that Al dop-
ing above 0.5 wt% leads to a significant reduction in
TiO2 photocatalytic activity without compromising
its UV-shielding capability [6].

After the addition of the aluminum salt, the so-
lution was intensively stirred on a magnetic stirrer
and heated on a hot plate to initiate hydrolysis, con-
densation, and gel formation. Subsequently, several
drops of concentrated nitric acid were added to cat-
alyze the sol–gel process. The resulting gel was dried
and ground into a fine powder.

Final heat treatment of the obtained powders was
performed at 500 ∘C and 900 ∘C to stabilize the
anatase and rutile phases of TiO2, respectively, en-
abling investigation of the influence of aluminum dop-
ing on phase composition and functional properties.

2.3. Synthesis of TiO2 from titanium(IV)
isopropoxide (TTIP) by controlled hydrolysis

An alternative synthesis of titanium dioxide was car-
ried out via acid-catalyzed hydrolysis of titanium(IV)
isopropoxide (TTIP, 98+%, Thermo Scientific Chem-
icals). To obtain 5 g of TiO2, the required amount of
TTIP (18.7 mL, 0.0626 mol) was calculated based
on reaction stoichiometry. Prior to hydrolysis, TTIP
was dissolved in 30 mL of isopropanol, which reduced
the hydrolysis rate and prevented premature particle
aggregation.

Hydrolysis was performed in an acidic medium
(pH 1–2), prepared by adding 1 mL of concentrated
nitric acid (65%) to 50 mL of deionized water. The
acidic environment facilitated the formation of stable
colloidal TiO2 particles and suppressed uncontrolled
aggregation [14–16].

The hydrolysis process was conducted at 40–60 ∘C
with slow, dropwise addition of the TTIP solution un-
der intensive stirring (500 rpm) for 1–2 h. The result-
ing product was a highly viscous gel, which hindered
efficient vacuum filtration. Therefore, solvent removal
was carried out using a rotary evaporator at 80 ∘C
and a reduced pressure of 30 kPa, enabling effective
elimination of the mother liquor.

After drying, a crystalline white solid was ob-
tained, which was subsequently ground and calcined

at 500 ∘C for 30 min in a muffle furnace. The final
product, a fine white TiO2 powder, was intended for
cosmetic applications and is hereafter referred to as
TiO2–TTIP.
2.4. Physicochemical
characterization methods

The phase composition and crystal lattice param-
eters of the synthesized samples were analyzed by
X-ray powder diffraction (XRD) using a Shimadzu
LabX XRD-6000 diffractometer with CuK𝛼 radiation
(𝜆 = 1.5406 Å). Diffraction patterns for phase identi-
fication were recorded using the 𝜃–2𝜃 scanning geom-
etry with Bragg–Brentano focusing in the 2𝜃 range
of 5–70∘, with a step size of Δ(2𝜃) = 0.02∘ and a
counting time of 1 s per step. Measurements were
performed at a tube voltage of 35 kV and a current
of 30 mA. Phase identification was carried out using
the JCPDS PDF-2 database. Processing of diffrac-
tograms, refinement of lattice parameters, and struc-
tural analysis were performed using the Match! and
FullProf software packages.

The average crystallite size of nanostructured TiO2

powders was estimated from XRD peak broadening
using the Scherrer equation [5]:

𝐷ℎ𝑘𝑙 =
𝐾𝜆

𝛽ℎ𝑘𝑙 cos 𝜃ℎ𝑘𝑙
, (1)

where 𝐷ℎ𝑘𝑙 (nm) is the average crystallite size per-
pendicular to the (ℎ𝑘𝑙) plane, 𝐾 is the shape factor
(𝐾 = 0.9), 𝜆 is the CuK𝛼 wavelength (0.15406 nm),
𝛽ℎ𝑘𝑙 is the integral breadth of the diffraction peak cor-
responding to the (ℎ𝑘𝑙) plane, and 𝜃ℎ𝑘𝑙 is the Bragg
angle.

The true integral peak width was calculated ac-
cording to:

𝛽ℎ𝑘𝑙 =
(︀
𝛽2
exp − 𝛽2

0

)︀0.5
, (2)

where 𝛽exp is the experimentally measured full width
at half maximum (FWHM), and 𝛽0 is the instrumen-
tal broadening determined by the diffractometer con-
figuration.

Rietveld refinement showed that the diffraction
peak profiles in the 2𝜃 range of 5–30∘ are well de-
scribed by a pseudo-Voigt function, with the Loren-
tzian component contributing more than 90% (𝜂 →
→ 1). Therefore, a Lorentzian function was used to
approximate peak shapes. For crystallite size deter-
mination, the (101) reflection of anatase and the (110)
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reflection of rutile were selected as the most represen-
tative peaks.

Thermal analysis of the synthesized powders was
performed using a Shimadzu DTG-60H synchronous
thermal analyzer. Samples weighing 3–5 mg, together
with Al2O3 as a reference material, were placed in
alundum crucibles and heated in air from room tem-
perature (20 ∘C) to 600 ∘C at a heating rate of
10 ∘C min−1. The airflow rate was maintained at
100 mL min−1. After reaching the maximum temper-
ature, samples were allowed to cool naturally.

Thermal decomposition processes were additionally
monitored using infrared (IR) spectroscopy. IR ab-
sorption spectra of annealed samples in the range of
400–4000 cm−1 were recorded using a Spectrum BX
FT-IR spectrophotometer (PerkinElmer) with KBr
pellet preparation.

Diffuse reflectance spectra were recorded at room
temperature using a UV-2600i spectrophotometer
(Shimadzu) equipped with an integrating sphere, in
the UV–Vis range of 200–900 nm. The diffuse re-
flectance data were analyzed using the Kubelka–
Munk function:

𝐹 (𝑅) =
𝛼

𝑆
=

(1−𝑅)2

2𝑅
, (3)

where 𝑅 is the reflectance at a given wavelength,
𝐹 (𝑅) is proportional to the absorption coefficient 𝛼,
and the scattering coefficient 𝑆 is assumed to be con-
stant for sufficiently thick powder layers.

The optical band gap energy (𝐸𝑔) was determined
using the Tauc method, based on the relation:

(𝛼ℎ𝜈)1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔), (4)

where ℎ is Planck’s constant, 𝜈 is the photon fre-
quency, 𝐴 is a proportionality constant, and 𝑛 de-
pends on the type of electronic transition. For TiO2,
an indirect allowed transition was assumed (𝑛 = 2).

Substituting 𝛼 with 𝐹 (𝑅) yields:

(𝐹 (𝑅)ℎ𝜈)1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔). (5)

The optical band gap energy of both undoped and
Al3+-doped TiO2 samples was determined by extrap-
olating the linear portion of the (𝐹 (𝑅)ℎ𝜈)1/𝑛 versus
ℎ𝜈 plot to the energy axis.

The morphology and chemical composition of the
synthesized TiO2 nanoparticles were examined us-
ing a high-resolution field-emission scanning elec-
tron microscope (SEM) FEI Inspect S equipped with

the EDAX Element Detector. The SEM images and
EDX spectra were collected at an accelerating voltage
of 5 kV.

Photoluminescence (PL) properties were inves-
tigated using synchrotron radiation excitation at
the PETRA III P66 beamline of the Deutsches
Elektronen-Synchrotron DESY, where the detection
monochromator is a 0.3 m Kymera 328i (Andor)
spectrograph with an F/4.1 aperture (200–1100 nm)
and 0.4 nm spectral resolution. The measured spectra
were corrected for the spectral response of the equip-
ment. Correction of the excitation synchrotron flux
intensity as a function of photon energy was carried
out using a sodium salicylate Ref. [17].

3. Results and Discussion
3.1. Phase composition
and crystallographic parameters
of undoped and Al3+-doped TiO2:
influence of temperature
and dopant concentration
The X-ray diffraction (XRD) patterns of the syn-
thesized TiO2 powders are presented in Fig. 5. For
XRD data analysis and Rietveld refinement, tetrag-
onal titanium dioxide structures in the anatase
modification (COD No. 96-900-8214, space group
𝐼41/𝑎𝑚𝑑) and rutile modification (COD No. 96-900-
4142, space group 𝑃42/𝑚𝑛𝑚) were selected as the ini-
tial structural models from the Crystallography Open
Database.

The Rietveld-refined diffraction patterns of TiO2

powders calcined at different temperatures are shown
in Fig. 5. The diffraction pattern of the sample cal-
cined at 500 ∘C is dominated by reflections of the
anatase phase (>99%). In addition, a low-intensity
peak marked by an asterisk (*) appears in the 2𝜃
range of 27.5–28.0∘, corresponding to the (110) reflec-
tion of the rutile phase, whose content does not ex-
ceed 1%. The formation of an absolutely pure anatase
phase was not observed, since traces of rutile are al-
ready present even at relatively low calcination tem-
peratures. This behavior can be attributed to the
higher thermodynamic stability of rutile compared to
anatase.

An increase in the calcination temperature to
600 ∘C leads to a gradual increase in the rutile content
to 3.9%, while anatase remains the dominant phase
(96.1%). At 700 ∘C, a pronounced phase transforma-
tion is observed: the anatase content decreases to
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Fig. 5. XRD of TiO2 nano-
powder calcined at 500 ∘С (a),
600 ∘С (b), 700 ∘С (c), 800 ∘С
(d), 900 ∘С (e) and commer-
cial (f)

65.6%, whereas the rutile fraction increases to 32.4%,
indicating the active progression of the anatase-to-
rutile phase transition. Upon calcination at 800 ∘C,
rutile becomes the dominant phase (>99%), and the
anatase phase is preserved only as a weak residual re-
flection in the 2𝜃 range of 25.2–25.4∘ (*). At 900 ∘C,

the anatase phase is completely transformed into ru-
tile, confirming the metastable nature of anatase at
elevated temperatures.

According to the phase analysis results, the diffrac-
tion peaks of the commercial TiO2 reference sample
fully coincide with those of standard anatase TiO2,
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Table 2. Crystallographic parameters of TiO2, refined by the Rietveld
method, synthesized at 500 ∘C (TiO2-500), 600 ∘C (TiO2-600) and 700 ∘C (TiO2-700)

Sample TiO2-500 TiO2-600 TiO2-700

Phase composition TiO2-anatase
(<99 vol.%)

TiO2-rutile
(<1 vol.%)

TiO2-anatase
(96.10 vol.%)

TiO2-rutile
(3.90 vol.%)

TiO2-anatase
(67.57 vol.%)

TiO2-rutile
(32.43 vol.%)

Diffractometer Shimadzu XRD-6000 Shimadzu XRD-6000 Shimadzu XRD-6000

Radiation CuK𝛼, filtered CuK𝛼, filtered CuK𝛼, filtered

Radiation, K𝛼1,
K𝛼2 (Å)

1.54051, 1.54433 1.54051, 1.54433 1.54051, 1.54433

2𝜃 angular range (∘) 5–70 5–70 5–70

Scanning step (∘) 0.02 0.02 0.02

Background Chebyshev polynomial Chebyshev polynomial Chebyshev polynomial

Temperature (K) 293 293 293

Crystal system tetragonal tetragonal tetragonal tetragonal tetragonal

Space group 𝐼41/𝑎𝑚𝑑 (No. 141) 𝐼41/𝑎𝑚𝑑

(No. 141)
𝑃42/𝑚𝑛𝑚

(No. 136)
𝐼41/𝑎𝑚𝑑

(No. 141)
𝑃42/𝑚𝑛𝑚

(No. 136)

Lattice parameters
𝑎, 𝑏, 𝑐 (Å)

𝑎 = 3.7806(2) Å
𝑏 = 3.7806(2) Å
𝑐 = 9.5024(12) Å

𝑎 = 3.7813(2) Å
𝑏 = 3.7813(2) Å
𝑐 = 9.5095(6) Å

𝑎 = 4.5891(10) Å
𝑏 = 4.5891(10) Å
𝑐 = 2.9570(11) Å

𝑎 = 3.7812(1) Å
𝑏 = 3.7812(1) Å
𝑐 = 9.5137(5) Å

𝑎 = 4.5915(1) Å
𝑏 = 4.5915(1) Å
𝑐 = 2.9578(2) Å

Lattice angles 𝛼, 𝛽,
𝛾 (∘)

𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘

Number of formula
units, 𝑍

4 4 2 4 2

Unit cell volume, 𝑉
(Å3)

135.82(2) 135.97(1) 62.27(3) 136.03(1) 62.36(1)

Crystallite size, D𝑆

(nm)
13.9± 0.1 25.0± 0.2 68.2± 22.3 38.4± 0.4 82.4± 3.6

Dislocation density,
𝛿 × 104 (nm−2)

51.5 16.2 2.2 6.8 1.5

X-ray density,
D𝑋𝑅𝐷 (g · cm−3)

3.904 3.902 4.259 3.900 4.254

Rp (%) 12.1 11.2 11.5

Rwp (%) 17.2 16.5 18.1

Rexp (%) 15.2 15.16 15.31

𝜒2 (%) 1.28 1.18 1.40

indicating the absence of secondary phases and high
phase purity.

The crystallographic parameters of TiO2 powders
synthesized at different temperatures and refined by
the Rietveld method are summarized in Tables 2
and 3. These data provide quantitative insight into
the evolution of lattice parameters and phase stability
as a function of calcination temperature and dopant
concentration.

The Rietveld-refined diffraction patterns and
crystallographic parameters of Al3+-doped tita-

nium dioxide powders calcined at different tem-
peratures – Al0.05Ti0.95O2 (500 ∘C), Al0.1Ti0.9O2

(500 ∘C), Al0.05Ti0.95O2 (900 ∘C), and Al0.1Ti0.9O2

(900 ∘C) – are presented in Fig. 6 and summarized in
Table 4.

For the Al0.05Ti0.95O2 and Al0.1Ti0.9O2 samples
calcined at 500 ∘C, the diffraction patterns are dom-
inated by reflections of the anatase phase. Compared
to undoped TiO2 calcined under identical conditions,
these samples exhibit a noticeable reduction in crys-
tallite size, manifested by significant broadening of
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Table 3. Crystallographic parameters of TiO2, refined by the Rietveld method,
synthesized at 800 ∘C (TiO2-800), 900 ∘C (TiO2-900) and commercial (TiO2-commercial)

Sample TiO2-800 TiO2-900 TiO2-commercial

Phase composition TiO2-rutile
(<99 vol.%)

TiO2-anatase
(>1 vol.%)

TiO2-rutile (100 vol.%) TiO2-anatase (100 vol.%)

Diffractometer Shimadzu XRD-6000 Shimadzu XRD-6000 Shimadzu XRD-6000

Radiation CuK𝛼, filtered CuK𝛼, filtered CuK𝛼, filtered

Radiation, K𝛼1, K𝛼2 (Å) 1.54051, 1.54433 1.54051, 1.54433 1.54051, 1.54433

2𝜃 angular range (∘) 5–70 5–70 5–70

Scanning step (∘) 0.02 0.02 0.02

Background Chebyshev polynomial Chebyshev polynomial Chebyshev polynomial

Temperature (K) 293 293 293

Crystal system tetragonal tetragonal tetragonal

Space group 𝑃42/𝑚𝑛𝑚 (No. 136) 𝑃42/𝑚𝑛𝑚 (No. 136) 𝐼41/𝑎𝑚𝑑 (No. 141)

Lattice parameters 𝑎, 𝑏, 𝑐 (Å) 𝑎 = 4.5907(1) Å
𝑏 = 4.5907(1) Å
𝑐 = 2.9576(1) Å

𝑎 = 4.5901(1) Å
𝑏 = 4.5901(1) Å
𝑐 = 2.9574(1) Å

𝑎 = 3.7822(1) Å
𝑏 = 3.7822(1) Å
𝑐 = 9.5081(3) Å

Lattice angles 𝛼, 𝛽, 𝛾 (∘) 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘

Number of formula units, 𝑍 2 2 4

Unit cell volume, 𝑉 (Å3) 62.33(2) 62.31(2) 136.02(1)

Crystallite size, DS (nm) 101.6± 2.8 104.8± 3.3 85.9± 1.7

Dislocation density, 𝛿×104 (nm−2) 1.0 0.9 1.4

X-ray density, DXRD (g · cm−3) 4.255 4.257 3.900

Rp (%) 13.6 10.7 9.8

Rwp (%) 19.3 16.9 16.6

Rexp (%) 15.14 12.82 12.62

𝜒2 (%) 1.63 1.74 1.73

diffraction peaks. This behavior indicates that Al3+
incorporation inhibits crystallite growth and stabi-
lizes the anatase modification, thereby suppressing
the formation of the thermodynamically more stable
rutile phase at moderate temperatures.

Upon calcination at 900 ∘C, the Al0.05Ti0.95O2

sample undergoes a complete phase transformation to
rutile. The diffraction peaks become narrow and well
defined, reflecting pronounced crystallite growth and
increased crystallinity. In contrast, the Al0.1Ti0.9O2

sample calcined at 900 ∘C also predominantly con-
sists of the rutile phase but exhibits additional re-
flections attributed to the corundum structure. This
observation indicates that, at higher aluminum con-
centrations, Al3+ ions are not fully incorporated into
the TiO2 crystal lattice and instead segregate to form
a secondary 𝛼-Al2O3 phase. Quantitative phase anal-

ysis reveals that 𝛼-Al2O3 accounts for 10.02% of
the sample, while rutile constitutes the remaining
89.98%.

These results demonstrate that aluminum doping
effectively stabilizes anatase at lower calcination tem-
peratures but exhibits a solubility limit in TiO2 at
elevated temperatures, beyond which phase segrega-
tion occurs.

3.2. Effect of synthesis temperature
and Al3+ doping on TiO2 crystallite size

The calculated sizes of coherent scattering regions
(Tables 2–4) demonstrate that both annealing tem-
perature and aluminum doping have a pronounced
influence on crystallite size and dislocation density
in TiO2 samples. For undoped TiO2, increasing the
annealing temperature from 500 to 900 ∘C results
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Fig. 6. XRD of Al3+-doped
titanium dioxide powders cal-
cined at 500 ∘C and 900 ∘C

in a systematic growth of crystallite size. This ef-
fect is particularly evident for the rutile modifica-
tion, whose crystallites are significantly larger than
those of anatase synthesized under comparable con-
ditions. At elevated temperatures (≥700 ∘C), further
crystallite coarsening occurs, accompanied by a re-
duction in structural defect density. The increase in
temperature promotes improved ordering of the crys-
tal lattice, which is reflected in a decrease in disloca-
tion density, as summarized in Tables 2 and 3.

It is noteworthy that even at relatively low syn-
thesis temperatures, the crystallite size of the ru-
tile phase is approximately twice that of the anatase
phase. This behavior can be attributed to the higher
growth rate of nuclei belonging to the thermodynam-
ically stable rutile modification of TiO2, which favors
rapid crystallite growth once nucleation has occurred.

The Al3+ doping also exerts a significant effect on
crystallite size; however, its influence differs markedly
between the anatase and rutile phases. For anatase
samples calcined at 500 ∘C, aluminum incorporation

leads to a pronounced reduction in crystallite size,
with higher Al3+ concentrations resulting in progres-
sively smaller domains. Simultaneously, the disloca-
tion density in Al3+ doped anatase is higher than that
in undoped TiO2, indicating an increase in structural
defects. This behavior is consistent with the peak
broadening observed in the XRD patterns (Fig. 7),
where aluminum doping causes an increase in the full
width at half maximum, reflecting reduced crystallite
size and increased lattice distortion.

In contrast, for rutile samples calcined at 900 ∘C,
aluminum doping produces the opposite effect. Under
these high-temperature conditions, Al3+ incorpora-
tion promotes crystallite growth and leads to a reduc-
tion in dislocation density, as shown in Table 4. This
suggests enhanced lattice ordering and defect annihi-
lation during high-temperature annealing in the pres-
ence of aluminum.

Additional confirmation that diffraction peak
broadening is predominantly governed by finite crys-
tallite size rather than microstrain is provided by
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Table 4. Crystallographic parameters of Al-doped
TiO2, refined by the Rietveld method, synthesized at 500∘C
(Al0.05Ti0.95O2-500, Al0.1Ti0.9O2-500) and 900∘C (Al0.05Ti0.95O2-900, Al0.1Ti0.9O2-900)

Sample Al0.05Ti0.95O2-500 Al0.1Ti0.9O2-500 Al0.05Ti0.95O2-900 Al0.1Ti0.9O2-900

Phase composition TiO2-anatase
(100 vol.%)

TiO2-anatase
(100 vol.%)

TiO2-rutile
(100 vol.%)

TiO2-rutile
(89.98 vol.%)

𝛼-Al2O3

(10.02 vol.%)

Diffractometer Shimadzu XRD-6000 Shimadzu XRD-6000 Shimadzu XRD-6000 Shimadzu XRD-6000

Radiation CuK𝛼, filtered CuK𝛼, filtered CuK𝛼, filtered CuK𝛼, filtered

Radiation, K𝛼1, K𝛼2 (Å) 1.54051, 1.54433 1.54051, 1.54433 1.54051, 1.54433 1.54051, 1.54433

2𝜃 angular range (∘) 5–70 5–70 5–70 5–70

Scanning step (∘) 0.02 0.02 0.02 0.02

Background Chebyshev
polynomial

Chebyshev
polynomial

Chebyshev
polynomial

Chebyshev polynomial

Temperature (K) 293 293 293 293

Crystal system tetragonal tetragonal tetragonal tetragonal tetragonal
(hexagonal axes)

Space group 𝐼41/𝑎𝑚𝑑 (No. 141) 𝐼41/𝑎𝑚𝑑 (No. 141) 𝑃42/𝑚𝑛𝑚 (No. 136) 𝑃42/𝑚𝑛𝑚

(No. 136)
𝑅-3𝑐 (No. 167)

Lattice parameters 𝑎, 𝑏, 𝑐
(Å)

𝑎 = 3.7775(5) Å
𝑏 = 3.7775(5) Å
𝑐 = 9.4801(24) Å

𝑎 = 3.7767(6) Å
𝑏 = 3.7767(6) Å
𝑐 = 9.4742(31) Å

𝑎 = 4.5897(1) Å
𝑏 = 4.5897(1) Å
𝑐 = 2.9582(1) Å

𝑎 = 4.5904(1) Å
𝑏 = 4.5904(1) Å
𝑐 = 2.9582(1) Å

𝑎 = 4.7567(7) Å
𝑏 = 4.7567(7) Å
𝑐 = 2.9582(36) Å

Lattice angles 𝛼, 𝛽, 𝛾 (∘) 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 𝛾 = 90∘ 𝛼 = 𝛽 = 90∘,

𝛾 = 120∘

Number of formula units,
𝑍

4 4 2 2 6

Unit cell volume, 𝑉 (Å3) 135.28(4) 135.14(6) 62.31(2) 62.33(2) 254.59(9)

Crystallite size, DS (nm) 7.0± 0.1 5.6± 0.1 137.1± 6.3 224.9± 22.1 –

Dislocation density, 𝛿·104
(nm−2)

206 317 0.5 0.2 –

X-ray density, DXRD
(g·cm−3)

3.922 3.926 4.256 4.255 3.992

Rp (%) 11.7 11.3 12.8 12.8

Rwp (%) 15.9 15.3 18.8 18.4

Rexp (%) 14.62 14.58 15.29 14.96

𝜒2 (%) 1.18 1.11 1.50 1.52

analysis of the half-width ratio 𝛽II/𝛽I for different
orders of reflection from the same crystallographic
plane. For Al3+-doped rutile TiO2, the ratio of peak
widths for the (110) and (220) reflections closely
matches the ratio cos 𝜃I/ cos 𝜃II, where 𝜃I and 𝜃II are
the corresponding Bragg angles. This agreement in-
dicates that size broadening is the dominant contri-
bution to line broadening in these samples.

3.3. Study of morphology
and uniformity of dopant
distribution using scanning
electron microscopy
The synthesized samples were examined using SEM
to analyze the changes in nanoparticle morphology
with annealing temperature and to investigate the
uniformity of dopant distribution. The SEM images
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Fig. 7. The (011) peak of the anatase phase (left panels) and the (110) peak of the rutile phase (right panels) of
Al3+-doped and undoped TiO2 nanostructured powders (fitted using a Lorentzian function)

Fig. 8. SEM images of TiO2 obtained after calcination at different temperatures

showed that the nanoparticle sizes reach up to 100–
200 nm. These nanoparticles are agglomerated into
micro-sized clusters that can reach several microme-
ters in diameter.

SEM images of TiO2 nanoparticles, both in the
as-prepared powder and in the annealed samples,
demonstrate changes in the structure of these ag-
glomerates with increasing annealing temperature
(Fig. 8). The nanoparticles exhibit a dense struc-
ture and a smooth surface with isolated small re-
gions showing a granular structure before annealing
(Fig. 9). With the onset of annealing, surface ero-
sion is observed along with the formation of cavities
inside the particles. Most likely, these cavities form
due to the expansion of air trapped within the parti-

cles. In addition, the surface becomes porous, which
can be interpreted as the formation of gas escape
channels. A further increase in the annealing temper-
ature causes the entire particle surface to acquire a
granular structure.

This transition is particularly clearly observed for
the smallest particles (Fig. 10).

A different behavior is observed for Al𝑥Ti1−𝑥O2

powders during annealing. The formation of a gran-
ular structure does not occur, while surface erosion
of the nanoparticles is still observed at 500 ∘C and
900 ∘C (Fig. 11).

The elemental composition analysis showed a uni-
form distribution of aluminum dopants in all samples
(Fig. 12).
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Fig. 9. SEM images
of TiO2 nanoparticles
without annealing (a);
500∘C (b); 600∘C (c);
700∘C (d); 800∘C (e);
900∘C (f)
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3.4. Optical Characteristics
of the Samples in the UV–Vis Range
Spectral measurements of the investigated samples in
the UV–Vis range were carried out to determine the
band gap energy. The results of the band gap energy
calculations (𝐸𝑔, eV) for TiO2 samples synthesized
at different temperatures indicate that this parame-
ter depends on the phase composition of the material
(Table 5, Figs 13, 14 a).

Commercial TiO2 (anatase) exhibits the largest
band gap energy (3.2 eV) (Figs 13, 14, a). The lower
𝐸𝑔 value of the sample calcined at 600 ∘C is explained
by the influence of a small amount of rutile impurity
on its electronic properties. TiO2 obtained at 500 ∘C,
despite the near absence of the rutile phase, shows
an even smaller 𝐸𝑔 value. This may be associated
with the formation of impurity defect levels caused
by the presence of carbon-containing residues. When
the anatase-to-rutile phase transition is completed at
700–900 ∘C, the band gap energy stabilizes at 2.96–
2.98 eV (Table 5). This is in good agreement with the
𝐸𝑔 value of pure rutile (∼3.0 eV) (Fig. 14, a).

Aluminum doping also affects the 𝐸𝑔 value. The
band gap of Al0.05Ti0.95O2, Al0.1Ti0.9O2, and
Al0.2Ti0.8O2 samples synthesized at 500 ∘C is
significantly higher than that of undoped TiO2

(3.01 eV). This indicates band gap widening due to
the incorporation of Al3+ ions, which can modify the
electronic structure of the material. However, with in-
creasing temperature up to 900 ∘C, the band gap de-
creases to 2.94–2.95 eV, which is consistent with the
increased rutile content (Fig. 14, b).

Table 5. Band gap width (𝐸𝑔)
of undoped and Al-doped TiO2

samples determined by the Tauc method

Sample, annealing temperature 𝐸𝑔 , eV

TiO2, 500 ∘C 3.01
TiO2, 600 ∘C 3.10
TiO2, 700 ∘C 2.97
TiO2, 800 ∘C 2.98
TiO2, 900 ∘C 2.96
TiO2 commercial (anatase) 3.20
Al0.05Ti0.95O2, 500 ∘C 3.12
Al0.1Ti0.9O2, 500 ∘C 3.09
Al0.05Ti0.95O2, 900 ∘C 2.94
Al0.1Ti0.9O2, 900 ∘C 2.95
Al0.2Ti0.8O2, 500 ∘C 3.12
TiO2–TTIP 2.91

a

b
Fig. 10. SEM images of small TiO2 particles: without an-
nealing (a); annealed at 900∘C (b)

From the perspective of application in sunscreens,
the samples synthesized at 500 ∘C, especially those
doped with aluminum, may be more effective in ab-
sorbing UV-B radiation due to the band gap widen-
ing. At the same time, samples obtained at higher
temperatures, with a greater rutile content, may
exhibit improved absorption of longer UV-A wave-
lengths. This makes the combined use of these mate-
rials promising for broad-spectrum protection.

3.5. Luminescent properties
of the synthesized TiO2 nanoparticles

The photoluminescence (PL) spectra of the syn-
thesized TiO2 nanoparticles are characterized by
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Fig. 11. SEM images
of Al0.05Ti0.95O2 nano-
particles annealed at
500∘C (a); 600∘C (b)
and Al0.1Ti0.9O2 nano-
particles annealed at
500 ∘C(c) and 900 ∘C(d)

very weak emission, which can be efficiently excited
only by high-energy photons. The emission spectra
of TiO2 samples annealed at 500 ∘C exhibit two
main broad bands centered at approximately 430 and
560 nm. The intensity of these bands increases for
samples annealed at 700 ∘C and decreases signifi-
cantly for samples annealed at 900 ∘C (Fig. 15).

An increase in the annealing temperature also leads
to the appearance of a weak near-infrared emis-
sion band around 850 nm. In addition, temperature-
dependent shifts of the short-wavelength edge are
observed for both undoped and Al-doped TiO2

nanoparticles. These shifts indicate the presence of
an additional weak emission band near 375 nm,
which gradually disappears with increasing annealing
temperature.

At lower annealing temperatures and low alu-
minum concentrations, Al3+ doping does not signif-

icantly affect the emission bands at 375, 430, and
560 nm. However, substantial changes are observed
for highly doped Al0.1Ti0.9O2 nanoparticles. In this
case, a pronounced enhancement of the 430 nm emis-
sion band is detected, along with the emergence
of an intense near-infrared band centered around
850 nm. This band is accompanied by a less intense,
relatively narrow spectral component near 695 nm
(Fig. 15).

3.6. Origin of the emission bands
and correlation with structural properties

The observed photoluminescence of TiO2 nanopar-
ticles is governed by defect-related electronic states,
whose population and radiative efficiency strongly de-
pend on crystallite size, phase composition, annealing
temperature, and dopant concentration. The weak in-
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Fig. 12. SEM images of
Al0.05Ti0.95O2 annealed at
500∘C (a); 900∘C (b) and
Al0.1Ti0.9O2 annealed at
500∘C (c) and 900∘C (d), and
the distribution of aluminum
within them
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a

b
Fig. 13. Dependence of the diffuse reflectance coefficient (𝑅)
of commercial TiO2 on the wavelength of electromagnetic ra-
diation (a). Tauc plot for determining the band gap energy of
commercial TiO2 (b)

trinsic emission of TiO2 reflects its indirect band gap
nature and the predominance of non-radiative recom-
bination pathways.

The weak ultraviolet emission band observed near
375 nm is attributed to near-band-edge recombina-
tion involving excitonic states or shallow defect lev-
els [18–21]. Its presence at lower annealing tempera-
tures and subsequent disappearance with increasing
temperature indicate a surface-related origin. As the
annealing temperature increases, grain growth and
surface area reduction lead to annihilation of surface
states, suppressing this emission.

The broad blue emission band centered around
430 nm is commonly associated with radiative recom-
bination via shallow oxygen vacancy states and Ti3+-
related donor levels [21–25]. These defects are prefer-
entially stabilized in the anatase phase and are more
abundant in smaller crystallites due to their higher
surface-to-volume ratio. Consequently, the intensity
of the 430 nm band increases for samples annealed
at intermediate temperatures (≈700 ∘C), where both
anatase and rutile phases are present. The same ef-
fect was observed earlier for other two-phase crys-
talline oxide nanoparticles based on LaVO4 dimor-
phic composition, where two-phase samples demon-
strated the highest emission intensity [26–28]. In
Al3+-doped samples, particularly Al0.1Ti0.9O2, this
band is significantly enhanced, which can be at-
tributed to charge compensation effects accompany-
ing Al3+ substitution for Ti4+, leading to an in-
creased concentration of Ti3+ centers and oxygen
vacancies.

The green-yellow emission band around 560 nm is
attributed to deep-level defect states related to oxy-
gen vacancy clusters and bulk defect complexes. This
emission is typically observed in nanocrystalline
anatase and diminishes with increasing annealing
temperature as defect recombination occurs and
the material transforms toward the more ther-
modynamically stable rutile phase. The reduction
of this band at 900 ∘C correlates with crystal-
lite growth, defect annihilation, and phase trans-
formation.

The near-infrared emission bands observed at ap-
proximately 695 nm and 850 nm cannot be satisfacto-
rily explained by intrinsic TiO2 defect states. These
bands are most plausibly attributed to trace amounts
of Cr3+ impurities, which are commonly present as
uncontrolled contaminants in aluminum nitrate and
other aluminum precursors and can exhibit lumi-
nescence at extremely low concentrations [29]. The
characteristic Cr3+ electronic transitions, particu-
larly 4T2 → 4A2 and 2E→ 4A2, fall within the
red and near-infrared spectral regions and are well
known to produce emissions near these wavelengths
[30]. The appearance of these bands exclusively in
highly Al-doped samples and their absence in un-
doped TiO2 strongly support this interpretation. Fur-
thermore, the pronounced intensity of the 850 nm
band in Al0.1Ti0.9O2 suggests efficient incorporation
of Cr3+ ions into octahedral sites, likely within Al-
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a b
Fig. 14. (a) dependence of the diffuse reflectance coefficient (𝑅) on the wavelength of electromagnetic radiation (left); Tauc
plot for determining the band gap energy (right). (b) dependence of the diffuse reflectance coefficient (𝑅) on the wavelength of
electromagnetic radiation (left); Tauc plot for determining the band gap energy (right)

rich regions or secondary phases formed at high
dopant concentrations.

Overall, the photoluminescence behavior of the
synthesized TiO2 nanoparticles reflects a complex

interplay between intrinsic defect states, extrinsic
dopant-induced defects, crystallite size evolution,
and phase composition. Aluminum doping stabilizes
defect-related visible emission at moderate temper-
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a

b
Fig. 15. PL spectra of undoped (a) and Al-doped TiO2

nanoparticles excited by 180 nm synchrotron radiation (b)

atures, while high-temperature annealing suppresses
intrinsic TiO2 luminescence and promotes impurity-
related near-infrared emission.

4. Conclusions

The TiO2 nanopowders, both undoped and Al3+-
doped, were successfully synthesized using sol–gel
routes based on titanium citrate and titanium(IV)
isopropoxide precursors, followed by controlled ther-
mal treatment in a wide temperature range. Thermal
analysis revealed multistage decomposition of organic
components, with the formation of TiO2 completed
above 500 ∘C. The applied calcination temperatures
enabled systematic control over phase composition,
crystallite size, and defect structure.

The XRD analysis demonstrated that undoped
TiO2 undergoes a gradual anatase-to-rutile phase
transition with increasing annealing temperature.
Anatase dominates at 500 ∘C, mixed anatase–rutile
compositions are observed at 600–700 ∘C, and com-
plete transformation to rutile occurs at 900 ∘C. Alu-
minum doping stabilizes the anatase phase at mod-
erate temperatures and suppresses rutile formation,
while at high temperatures it exhibits a solubility
limit, leading to the formation of the rutile phase.

Crystallite size analysis showed that increasing an-
nealing temperature results in significant crystallite
growth and a reduction in dislocation density, par-
ticularly for rutile TiO2. Aluminum doping exerts a
phase-dependent effect: in anatase, Al3+ incorpo-
ration reduces crystallite size and increases defect
density, whereas in rutile at high temperatures it
promotes crystallite growth and improved lattice or-
dering. These effects were confirmed by XRD peak
broadening analysis and coherence-length calcula-
tions. The SEM and EDX analyses confirmed the ho-
mogeneous distribution of the Al ions in the doped
samples.

The PL studies revealed that TiO2 nanoparticles
exhibit weak intrinsic emission dominated by defect-
related states. Emission bands at ∼375 nm, ∼430 nm,
and ∼560 nm were assigned to near-band-edge surface
states, shallow Ti3+/oxygen vacancy-related states,
and deep oxygen vacancy complexes, respectively.
The intensity of these bands strongly depends on
crystallite size, phase composition, and annealing
temperature, with maximal defect-related emission
observed in nanocrystalline anatase at intermediate
temperatures.

Highly Al3+-doped samples exhibited additional
red and near-infrared emission bands at ∼695 nm and
∼850 nm. These bands cannot be attributed to in-
trinsic TiO2 defects and are most plausibly associated
with trace Cr3+ impurities unintentionally introduced
with aluminum precursors. The enhanced intensity of
these bands at high annealing temperatures is facil-
itated by the formation of rutile TiO2 and Al-rich
phases, which provide favorable crystal-field environ-
ments for Cr3+ luminescence.

Overall, the results demonstrate that the struc-
tural, optical, and luminescent properties of TiO2

nanoparticles can be effectively tuned through con-
trolled synthesis conditions, annealing temperature,
and aluminum doping. The study highlights the crit-
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ical role of defect chemistry, phase composition, and
impurity incorporation in determining luminescent
behavior, which is essential for optimizing TiO2-
based materials for UV-blocking, cosmetic, and pho-
tonic applications.
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ВПЛИВ ЛЕГУВАННЯ АЛЮМIНIЄМ
НА СТРУКТУРУ, МОРФОЛОГIЮ ТА ОПТИЧНI
ВЛАСТИВОСТI НАНОЧАСТИНОК TiO2

Недопованi та гетеровалентно модифiкованi йонами алюмi-
нiю наночастинки дiоксиду титану (TiO2) отримано мето-
дом золь–гель синтезу. Дослiджено вплив параметрiв син-
тезу, температури вiдпалу (500–900 ∘C) i концентрацiї до-
пувальних елементiв Al3+ на фазовий склад, кристалогра-

фiчнi параметри, розмiр кристалiтiв, дефектну структуру й
оптичнi властивостi TiO2. Рентгенофазний аналiз показав
фазове перетворення анатазу в рутил, зумовлене пiдвище-
нням температури в недопованому TiO2, тодi як введення
алюмiнiю стабiлiзувало фазу анатазу за помiрних темпера-
тур i призупиняло утворення рутилу. За вищих темпера-
тур i високих концентрацiй домiшки спостерiгалася межа
розчинностi Al3+ у кристалiчнiй ґратцi TiO2, що зумовлю-
вало утворення вторинної фази 𝛼-Al2O3. Аналiз розмiру
кристалiтiв показав, що пiдвищення температури вiдпалу
сприяє росту зерен i зменшенню густини дефектiв криста-
лiчної ґратки, тодi як допування Al3+ сповiльнює рiст кри-
сталiтiв в анатазi та пiдвищує концентрацiю дефектiв. На-
томiсть для фази рутилу TiO2 за високих температур вве-
дення алюмiнiю сприяє зростанню кристалiтiв i впорядку-
ванню кристалiчної ґратки. Дослiдження спектрiв фотолю-
мiнесценцiї показало слабке власне свiтiння TiO2, зумовле-
не дефектними станами, зi смугами свiтiння, пов’язаними з
поверхневими станами, кисневими вакансiями та центрами
Ti3+. У зразках з високим вмiстом Al3+ виявлено додатко-
вi смуги свiтiння в червоному та ближньому IЧ-дiапазонах,
пов’язанi iз домiшками Cr3+, випадково внесеними разом iз
прекурсорами алюмiнiю. Отриманi результати показують,
що умови синтезу й гетеровалентне замiщення є ефектив-
ними iнструментами керування структурними, морфологi-
чними й оптичними властивостями наночастинок TiO2. Ре-
зультати свiдчать про важливу роль хiмiї дефектiв, фазо-
вого складу та впливу домiшок на модифiкацiю матерiалiв
на основi TiO2 для застосування як УФ-блокаторiв, у ко-
сметицi та фотонiцi.

Ключ о в i с л о в а: дiоксид титану (TiO2), наночастинки,
допування Al3+, кристалiчна структура, оптичнi власти-
востi.
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