Available online at website: https://journal.bcrec.id/index.php/bcrec

=
=
()

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4) 2025, 750-756

PUBLISHING GROUP

Original Research Article

Tailoring Bandgap and Crystallinity of TiO, via Mg Doping for
Enhanced DSSC Photoanode Performance

Mursal Mursal®, Malahayati Malahayati, Ismail Ismail, Irhamni Irhamni, Zulkarnain Jalil

Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Syiah Kuala, Banda Aceh 23111,

Indonesia.
Received: 12t April 2025; Revised: 16t October 2025; Accepted: 17t October 2025 1)
Available online: 21t October 2025; Published regularly: December 2025 ‘ Check for
updates

Abstract

The structural and optical properties of magnesium-doped titanium dioxide (Mg—TiO,) nanocrystalline films were
investigated for potential application as photoanodes in dye-sensitized solar cells (DSSCs). The films were synthesized
via a sol-gel method using titanium(IV) isopropoxide and magnesium acetate as precursors. Mg doping concentrations
ranging from 0 to 4 mol% were explored. The films were deposited onto glass substrates using the doctor blade
technique and annealed at various temperatures. Characterization was carried out using X-ray diffraction (XRD),
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), Fourier-transform infrared
spectroscopy (FTIR), and UV-Vis spectroscopy. XRD analysis confirmed the formation of TiO,, MgO, and MgTiO;
phases, with a notable decrease in crystallite size as Mg content increased. The smallest crystallite size of 12.71 nm
was obtained at 4 mol% Mg doping. SEM images revealed improved surface morphology and more uniform porosity in
doped films. FTIR spectra indicated no significant changes in chemical bonding, while UV-Vis analysis showed a
decrease in bandgap energy from 3.8 eV to 3.4 eV with Mg doping. These modifications suggest enhanced dye adsorption
and reduced charge recombination, indicating the potential of Mg-doped TiO, films to improve DSSC performance.
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electrocatalyst that completes the circuit by
transferring electrons back from the external load
[3]. The conversion of sunlight (photons) into
electrical energy in a DSSC primarily depends on
the efficiency of the dye and the surface area and
porosity of the semiconductor nanomaterial used
in the photoanode [2]. However, performance is
limited by charge recombination at the
semiconductor/dye/electrolyte interface.
Titanium dioxide (TiO,) is one of the most
widely used photoanode materials in DSSCs due
to its suitable bandgap, chemical stability, non-
toxicity, and availability [1,4-—6]. Despite these
advantages, TiO:z suffers low photon absorption
and low electric conductivities [7], and suffers

1. Introduction

Dye-sensitized solar cells (DSSCs) remain a
promising and evolving technology due to several
advantages over conventional silicon-based solar
cells [1]. These advantages include low production
cost, simple fabrication, environmental
friendliness, and relatively high conversion
efficiency [2,3]. A typical DSSC is composed of four
main components: a transparent conductive
substrate coated with a semiconductor layer
serving as the photoanode, a dye-sensitizer that
absorbs light, an electrolyte that facilitates charge
transport, and a counter electrode with an
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from fast charge recombination, which limits the
overall efficiency of the DSSC [8]. The structural
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and morphological properties of TiO,, such as its
crystal structure, grain size, and surface
roughness, directly influence dye adsorption,
electron injection, charge transport, and
recombination dynamics.

One strategy to enhance TiO, performance is
metal doping, which introduces new energy levels
that can act as traps or acceptors for
photogenerated  electrons, thus  reducing
recombination [9,10]. Doping can also narrow the
bandgap and enhance photon absorption. Metals
such as Pt, N1, Cu, Zn, Zr, La, Ce, and Fe have
been explored as dopants [9,11-13]. Recent
studies have also shown that magnesium (Mg) is
a promising dopant for improving the optical and
electronic properties of TiO,. Mg cation (0.72 A)
has an atomic radius slightly larger than the Ti
cation (0.64 A) which makes the Mg a good
candidate for doping to adjust bandgap alignment
[7,14].

TiO, thin films can be synthesized using
various techniques, including the sol-gel method
[2,12,15-20]. This technique enables low-
temperature processing and good compositional
control. However, sol-gel-derived TiO, often has
low crystallinity due to the rapid hydrolysis of
precursors and insufficient condensation during
drying. Optimization of synthesis and deposition
parameters is therefore necessary to enhance film
quality.

In this study, Mg-doped TiO, films were
synthesized via a sol-gel method, wusing
titanium(IV) isopropoxide and magnesium
acetate as precursors. The Mg doping
concentration was varied from 0 to 4 mol%. The
films were deposited on glass substrates using the
doctor blade technique and characterized using
XRD, SEM-EDS, and UV-Vis spectroscopy to
evaluate their structural, morphological, and
optical properties.

2. Materials and Methods
2.1 Materials

Titanium(IV) 1sopropoxide (TTIP),
magnesium acetate tetrahydrate, isopropanol,
hydrochloric acid (HCI), ethanol, acetic acid, and
Triton X-100 were obtained from commercial
suppliers and used without further purification.
All chemicals were of analytical grade, and
deionized water was used in all preparation steps.

2.2 Synthesis of Mg-Doped TiO, Powder

Mg-doped TiO, powders were synthesized via
a modified sol-gel method. First, 10 mL of
titanium(IV) isopropoxide was slowly added to 30
mL of isopropanol under continuous magnetic
stirring.  Separately, = magnesium  acetate
tetrahydrate was dissolved in a mixture of
deionized water and hydrochloric acid, with the

Mg concentration adjusted to 0, 2, and 4 mol%
relative to Ti.

The magnesium precursor solution was added
dropwise into the TTIP solution, and the mixture
was stirred for 2 hours at room temperature until
a gel formed. The gel was aged for 24 hours, then
dried at 60 °C for 12 hours. The resulting xerogel
was washed with ethanol, dried again, and finally
calcined at 500 °C for 5 hours in a muffle furnace
to obtain the crystalline Mg-doped TiO, powders.

2.3 Fabrication of Thin Films

The synthesized powders were mixed with
ethanol, acetic acid, and a small amount of Triton
X-100 to form a homogenous slurry. The slurry
was applied onto clean glass substrates using the
doctor blade technique. The films were then air-
dried and annealed at 450 °C for 2 hours to
enhance crystallinity and adhesion to the
substrate.

2.4 Characterization Techniques

Structural analysis was conducted using a
Shimadzu XRD-7000 diffractometer with CuKa
radiation (A = 1.5406 A). The given voltage was 40
kV, the current was 30 mA, and the detected angle
(26) was set from 10 to 80°. The average crystallite
size was calculated using the Scherrer equation
[21]. Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-ray Spectroscopy (EDS)
were used to analyze the surface morphology and
elemental composition of Mg-doped TiO2.
Moreover, Fourier-Transform Infrared
Spectroscopy (FTIR) was used to record the
spectra in the range of 400-4000 cm™ to identify
functional groups and bonding characteristics.
The optical absorption spectra were obtained
using a Shimadzu UV-1800 spectrophotometer.
The optical bandgap was calculated using Tauc
plots based on the absorbance data. The
absorption coefficient (a¢) was calculated using the
relation: a = -1/d In T(1), where d is the thickness
and T'is the optical transmittance of the films. The
optical bandgap was determined using the
expression ahv = A (hv - Egm, where A is a
constant and m is equal to % for the indirect gap
and 2 for the direct gap. The bandgap energy was
determined using plot of (ahv)1/m vs. photon
energy (hv) [11].

3. Results and Discussion

The structure and crystal size of the Mg-
doped TiO: films were characterized using XRD
(Shimadzu with CuKa radiation A = 1.54060 A).
The applied voltage is 40 kV, the current is 30 mA,
and the detected angle (20) is 10° to 800,
Identification of the phases formed in the sample
through XRD pattern analysis and XRD data with
respect to the detected 20 angle, lattice distance
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factor (d), intensity (I / IT), and crystal phase. The
database from PDF (powder diffraction file) -
ICDD (International Center for Diffraction Data)
was used for matching XRD results. Based on the
matching that has been done, it shows that the
phase peaks of the XRD results are in accordance
with the PDF-ICDD data base. The 20 value of
each sample measured corresponds to the 26 angle
value stated in the ICDD standard, as shown in
Figure 1.

We found that there are three phases of
compounds, namely TiOz2, MgO, and MgTiOs. The
most diffraction peak that appears is TiOg, this is
influenced by the large concentration of TiO2 in
the sample. The highest TiOz peak was observed
at an angle of 25.2580 in pure TiO2, also in Mg
doped TiO2 samples. TiOz peak was observed at
25.3380, 25.2902, 25.3238, and 25.3137. The MgO
peak appears at an angle of 62.1883 of each
sample that is doped by Mg. It appears that the
height of the main peak in the x-ray diffraction
pattern of the sample is very different as shown in
Figure 2. This difference in the height of the
diffraction peaks indicates a difference in the
degree of crystallization of the samples [12].
Samples that are annealed at 600 °C have a better
degree of crystallization.

The crystal size of a material is strongly
influenced by the FWHM values. Each of samples
has a different diffraction peak width so that the
FWHM values are also different. The wider the
diffraction peak of the material, the greater the
value of FWHM so it also determines the size and
size of the crystal. The crystal size of the samples
are shown in Table 1.

We found that the largest crystal size of 18.98
nm produced from pure TiOz sample, with a
FWHM value of 0.45120. While the smallest
crystal size of 12.71 nm was obtained from sample
with 4% mol Mg doped correspond to the smallest
FWHM value of 0.67500. Reducing in the size of
the crystals in the sample probably reduce the
recombination and expand the surface of the
sample so that the ability to absorb sunlight
energy was improved.

Surface morphology of the Mg-doped TiO2
films were analyzed using an electron microscope
(SEM) Hitachi Tabletop Microscope TM 3000. The
surface morphology of pure TiO2 and Mg doped
TiO2 samples were shown in Figure 3. We
observed that the surface of TiO2 and Mg doped
TiOz were still rather rough, and the pore size is
not homogeneous. This is indicated that the
process of films forming is still imperfect.

Table 1. The Crystals size of TiO2 and Mg doped TiOz films.

Parameters
Sample
FWHM (°) 0 () Crystal size (nm)
Pure TiO2 0.45120 12.629 18.98
TiO2:Mg 1% mol 0.46630 12.669 18.52
Ti02:Mg 2% mol 0.63080 12.6451 13.64
TiO2:Mg 3% mol 0.59140 12.6619 14.56
TiO2:Mg 4% mol 0.67500 12.65685 12.71
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Figure 1. X-ray diffraction pattern from samples
(a) pure TiOg, (b) 1% mol Mg doped TiOz, (c) 2%
mol Mg doped TiOz2, (d) 3% mol Mg doped TiOg, (e)
4% mol of Mg doped TiOs.

Figure 2. X-ray diffraction pattern of 4% Mg-
doped TiOq annealed at varying
temperatures, (a) 400 °C, (c) 450 °C, (d) 500 °C, (e)
600 °C.
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Figure 3. SEM photographs of samples (a) pure TiOz, (b) 1% mol Mg doped TiOg, (¢) 2% mol Mg doped TiOs2,
(d) 3% mol Mg doped TiO2, and (e) 4% mol Mg doped TiO2 at 5000x magnification.
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Figure 4. Effect of Mg concentration on the atomic percentage of the elements contained in the sample.
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However, a TiO2 film doped with 4% mol Mg
showed a more uniform surface and more uniform
pore size than the others. We can conclude that
the addition of Mg can improve the surface
morphology and porosity of the Mg doped TiO2
film.

The doping of Mg into TiO:2 influences the
atomic percentage of the elements contained in
the sample. The doping of Mg not only increases
the percentage of Mg atoms, but also alters the
percentage of Ti and O atoms in the samples. The
percentage of Ti atoms decreases with increasing
percentage of Mg atoms. However, the percentage
of O atoms does not change significantly with
increasing percentage of Mg atoms. This
deterioration showed that Mg atom could replace
the Ti atoms.

FTIR spectra of pure TiO2 and Mg doped TiOz
are shown in Figure 5. The presence of Ti-O-Ti
and Ti-O polymer chains can be observed at the
wave numbers of 471 and 789 cm-!. Ti-O-O band
vibrations were identified at wave number 693 cm-
1, Ti-O-C stretching appears at wave numbers
1009, 1122 and 1138 cm-l. While the widening of
the band from wave numbers 3000 to 3600 cm-! is
related to the vibration stretching mode of the
hydroxyl group. It was seen that there were no
significant differences in the FTIR patterns of the
two samples. However, the value of the percentage
of transmittance of the Mg doped TiO2 sample is
higher than that of pure TiOx.

UV-Vis spectra of pure TiO2 and 4% mol Mg
doped TiO2 as a function of photon wavelength is
shown in Figure 6. We found that the optical
bandgap of these films are 3.8 eV and 3.4 eV,
respectively. From this result, it was clear that
doping Mg into TiO2 had narrowed the energy gap
of the Mg/TiO2 film and reveal premature
recombination in the cell, so that the resulting
higher efficiency DSSC.
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Figure 5. FTIR spectrum of (a) pure TiO2 and (b)
4% mol Mg TiOs2 films.

4. Conclusion

Mg-doped TiO, films were successfully
synthesized using a modified sol-gel method and
deposited wvia the doctor blade technique.
Structural analysis confirmed the formation of
Ti0,, MgO, and MgTiO; phases, with a reduction
in crystallite size as Mg concentration increased.
The smallest crystallite size of 12.71 nm was
obtained at 4 mol% Mg doping, which is beneficial
for enhancing surface area and dye adsorption.
SEM analysis revealed improved surface
morphology and more uniform porosity with
increasing Mg content. EDS confirmed the
successful incorporation of Mg into the TiO,
lattice, while FTIR showed no significant changes
in  chemical bonding. UV-Vis analysis
demonstrated a reduction in the optical bandgap
from 3.8 to 3.4 eV, indicating enhanced light-
harvesting properties. These results suggest that
Mg doping effectively tailors the structural and
optical characteristics of TiO,, improving its
potential as a photoanode material for DSSC
applications. Further studies involving
electrochemical impedance spectroscopy (ELS)
and photovoltaic performance testing are
recommended to evaluate the charge transport
dynamics and overall device efficiency.
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