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ARTICLE INFO ABSTRACT

Keywords: The rational design of photosensitized solar cell (DSSCs) which is sensitive to improving the absorption of light,
glferdig‘;lﬂ“id TiO; to transport the charges, and the stability of the structure is a key determinant to the development of the cell.
anorods

This work describes the solvothermal synthesis of hierarchically interdigitated TiO, nanorod photoanodes with
customized nanotopology, which are fabricated to maximize the movement of electrons and the ability to collect
photons. The interdigitated architecture promotes directional charge transport, minimizes recombination losses,
and significantly expands the active surface area for dye adsorption. XRD confirms the formation of nanorods
with optimal crystallite size (~36.7 nm), reduced lattice strain, and favorable oxygen vacancy concentrations.
SEM analysis revealed vertically aligned nanorods with uniform dispersion and optimal inter-rod spacing,
facilitating efficient electrolyte penetration. TEM characterization further confirmed high aspect ratio (=~10:1),
defect-free lattice fringes, and single-crystalline nature of the nanorods. XPS deconvolution indicated the pres-
ence of Ti°* species and controlled oxygen vacancies, contributing to improved electronic conductivity and dye
anchoring. Upon integration into DSSC devices, the solvothermally derived TiOz photoanodes yielded a power
conversion efficiency (PCE) of 5.90%, representing a 20.6% enhancement over standard cells. The improvement
is attributed to enhanced short-circuit current density (20.37 mA/cmz), minimized series resistance (67.8 ), and
optimized interfacial charge transfer resistance (147.2 Q). These findings establish a direct structur-
e—property-performance relationship, demonstrating that morphology-guided, defect-engineered TiO2 archi-
tectures enable synergistic improvements in both photophysical and electrochemical behavior, providing a
scalable platform for developing next-generation DSSCs with superior performance and stability.

Charge transport
Photovoltaics
DSSC

1. Introduction

The demand on energy is growing at an alarming rate in the world
because of the rapid industrialization, urbanization and the emergence
of energy guzzling technologies. This scenario has led to the realization
of the necessity of sustainable and renewable energy sources that will be
able to offset the negative influence of environmental degradation and
fossil fuel usage. Dye-sensitized solar cells (DSSC) have also gained great
interest among the new photovoltaic materials due to low-cost pro-
cessing, semi-transparent, flexible and potential performance in
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conditions of diffuse light [1,2]. DSSCs are an appealing field of creating
new-generation energy harvesting technology, particularly in
building-integrated photovoltaics and indoor IoT sensors, where the
intensity of the light can fluctuate. However, as beneficial, at present,
commercialization of DSSCs is restricted by their ability to transport
charges, dye regeneration and photoanode instability.

One of the most important components of the DSSCs is the photo-
anode because it is a key component in determining the output of the
device since it belongs to light collection, the dye adsorption process,
and transmission of electrons into the conduction band. The most sought
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after photo anode material has been titanium dioxide (TiO;), particu-
larly rutile and anatase due to their suitable band alignment, high
chemical stability, easy sourcing and non-toxicity [3,4]. This has seen
the process of nanostructured TiO, photoanodes being identified as a
significant method of enhancing the efficiency of the charge collection
process by minimizing the diffusion length of the electrons and maxi-
mizing the contact area of the electrons with the dye molecules [5,6].
Morphological tuning via controlled synthesis pathways, including sol-
vothermal, hydrothermal and electrospinning methods has been
demonstrated to have a direct effect on the crystallinity, aspect ratio and
porosity of TiOz nanostructures. The factors, in their turn, affect the rate
of charge transport, recombination losses and, eventually, the power
conversion efficiency (PCE) of DSSCs [7,8]. Nanostructures including
nanorods and nanowires are one dimensional forms of TiO2 that offer a
linear conduction route to transport the electrons, reducing scattering at
the grain boundaries and maximizing the efficiency of charge loss to
external contacts of the thin film [9].

DSSC has undergone a lot of research so as to enhance the efficiency
of the device by optimizing the composition, morphology and structure
of the photoanodes. Chandrika et al. [10] established the enhancement
of PCE of both a gel-polymer electrolyte containing 17.5% TiO» nano-
particles to 7.30% with 28.1% improvement following the addition of
the TiO, nanoparticles based on the increase in interfacial interactions
and ionic conductivity. Dhulia and Yadav [11] synthesized
nitrogen-doped TiO; materials and added them with the optimized ra-
tios of azo dyes, which improved the charge separation and high PCE
(0.349%) because of reduction in bandgaps. Similarly, Afzalina et al.
[12] showed that the attenuation of the band gap to 2.4 eV and the
improvement of light absorption and electron mobility after the addition
of graphene to TiOz was observed. In an effort to improve the perfor-
mance, Sonigara et al. [13] showed the application of anisotropic gel
polymer electrolytes and modified TiO, photoanodes. Kathirvel et al.
[14] effectively prepared TiO; nanorods by adopting the solvothermal
method that showed improved dye adsorption and electron mobility as
opposed to the electrodes made of the nanoparticles. Mao et al. [5]
examined the photoelectrochemical characteristics of nanorods and
nanotubes grown on conductive surfaces and discovered that vertically
aligned nanorods presented better avenues of transporting electrons due
to low recombination. Xu et al. [15] have addressed the stability issues
of DSCs by substituting the liquid electrolytes with solid-state hole--
transporting materials (HTMs). Despite stability improvements,
solid-state DSCs (ss-DSCs) have shown lower efficiencies due to poor
HTM infiltration in thick TiO, films. They overcame this by using
multilayer TiOj-coated ZnO nanowire arrays and a multistep HTM
filling process, achieving an average efficiency of 5.65%. Uchida et al.
[16] developed a simple one-step hydrothermal method to synthesize
TiOz nanotubes (100 nm length, 8 nm diameter) with a high surface area
of 270 m?/g. However, DSSCs using these nanotubes achieved only 2.9%
efficiency, lowr than that of TiO; nanoparticles. Li et al. [17] designed a
double-layer TiOz (Ag-TiOz-DL) photoanode combining P25 nano-
particles and 3D flower-like TiO, microstructures, with varying Ag
nanoparticle loadings. At 0.8 wt% Ag, the DSSC achieved a high effi-
ciency of 8.98% (vs. 6.22% without Ag), due to enhanced light har-
vesting, improved charge separation from hierarchical structures, and
surface plasmon resonance of Ag nanoparticles. Brishty et al. [18]
developed a flexible DSSC photoanode with forest-like TiO; hierarchical
structures via a simple hydrothermal method, enhanced by Ag nano-
particles deposited through photoreduction. The branched TiO;
enhanced dye loading, whereas Ag nanoparticles increased light ab-
sorption, scattering, and charge recombination. This structure showed a
remarkable efficiency of 4.0%, surpassing pure nanowire and forest-like
structures. Pandanga et al. [19] successfully prepared TiO, nanorods
using a hydrothermal process with different TTIP ratios to optimize
electron transport in DSSCs. The highest efficiency (0.08%) was ob-
tained for a TTIP ratio of 2, due to the optimized nanorod structure that
facilitated better dye adsorption and suppressed electron
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recombination. Vomiero et al. [20] successfully prepared TiO; nanotube
arrays on flexible PET and Kapton HN substrates by anodization of ti-
tanium films. With N719 dye, flexible DSSCs showed a photoconversion
efficiency of 3.5%. Chen et al. [21] designed double-wall TiO, nano-
tubes (DWTNTs) to address the low surface area of single-wall TiO,
nanotubes (SWTNTs) in DSSCs. The DWTNTs, grown through a thor-
oughly described pore evolution process, showed enhanced dye
adsorption and enhanced electron transport. Consequently, DSSCs with
DWTNTs exhibited a higher efficiency of 6.90%, compared to 4.66% for
SWTNTs.

In this research, a morphology-engineering strategy for improving
the efficiency of DSSCs by designing interdigitated, hierarchically
aligned TiO; nanorod photoanodes with a solvothermally synthesized
method is introduced. In contrast to the traditional TiO, nanoparticle
films, the interdigitated nanostructure designed in this research pro-
vides a synergistic improvement in light absorption and electron trans-
port. The originality of this research is based on the integration of
morphology engineering and experimental verification to provide a
solid structure-property-performance correlation for future DSSCs. The
results of this research are expected to fill the gap between computa-
tionally designed materials and the fabrication of high-efficiency solar
cells.

2. Experimentation
2.1. Materials used

Analytical-grade titanium tetrachloride (TiCl;) was obtained from
Sigma-Aldrich. High-quality fluorine-doped tin oxide (FTO) glass sub-
strates were obtained from Great-Cell Solar, Australia. The N3 dye,
platinum paste, and ionic liquid electrolyte (Iodolyte Z-50) were ob-
tained from Solaronix, Switzerland, ensuring the highest purity of ma-
terials for accurate experimental reproduction.

2.2. Fabrication and growth mechanism of interdigitated TiO»
nanostructures

The interdigitated nanostructured TiO; photoanode was prepared
using a solvothermal process to ensure high surface area, controlled
morphology, and defined crystalline features for efficient dye-sensitized
solar cell (DSSC) applications. A schematic representation of the prep-
aration process is shown in Fig. 1. Fluorine-doped tin oxide (FTO) glass
was used as the substrate material for TiOz growth. The precursor so-
lution was prepared by dissolving titanium tetrachloride (TiCls) in a
hydrochloric acid and deionized water mixture (1:2 v/v) under contin-
uous stirring. Concentrations of different molarities (0.025 M, 0.05 M,
and 0.075 M) were used to examine the influence of precursor concen-
tration on nanostructure morphology. The synthesized solutions were
loaded into a Teflon-lined autoclave, and the pretreated FTO substrates
were immersed carefully to achieve oriented growth. The solvothermal
reaction was performed at set temperatures of 160 “C, 180 °C, and
200 °C for different times (1, 3, and 5 h), which helped in the anisotropic
growth of interdigitated nanostructures. After the solvothermal reac-
tion, the TiOj-coated FTO films were carefully taken out from the
autoclave, washed thoroughly with deionized water to remove excess
precursors, and dried in air. To enhance crystallinity, adhesion, and
conductivity, the films were annealed at an optimal temperature of
about 400 °C. A number of samples were synthesized by varying
different synthesis conditions (temperature, time, and concentration) to
optimize interdigitated nanostructured photoanodes.

The growth mechanism of rutile-phase TiO, nanorods by the hy-
drothermal method includes the controlled hydrolysis of TiCl; in an
acidic aqueous solution. When TiCl4 is added slowly to the water, it
hydrolyzes to form titanium hydroxide as follows:

TiCls + 4H20 — Ti(OH)4 + 4HCI
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Fig. 1. Preparation of TiCl, precursor solution for solvothermal synthesis of TiO-, followed by autoclave packing for hydrothermal treatment.

This exothermic step was carefully managed to avoid premature
precipitation. The resulting Ti(OH), species then undergo condensation:

Ti(OH)4 — TiO3 (amorphous) + 2H30

Under solvothermal conditions, the amorphous TiO, crystallizes into
rutile-phase nanorods via oriented attachment, driven by acidic condi-
tions that promote anisotropic growth:

TiO2 (amorphous) — TiO; (rutile nanorods)

Hydrochloric acid is useful in the stabilization of Ti*' ions and the
anisotropic development of the crystal. The impact of this process is that
vertically aligned rutile nanorods with high aspect ratio are formed,
which is significant to present a high surface area as well as a continuous
pathway of electron transport which are necessary to enhance light
absorption and dye adsorption in DSSC photoanodes.

2.3. Fabrication of DSSCs

Photoanode preparation Photoanode was prepared as follows: N3
dye solution of 0.5 mM in methanol was prepared and the TiOz FTO
substrates were immersed in the solution of dye, which is to be prepared
in 24 h, to enable maximum dye adsorption. The electrodes were rinsed
in ethanol after sensitization in order to clean them of any loosely
adsorbed dye molecules. A platinum paste layer was prepared on a clean
FTO substrate to create the counter electrode and to activate the cata-
lytic property of the platinum surface, it was annealed at 450 “C over a
period of 30 min. A sandwich assembly of the dye-sensitized photoanode
and Pt counter electrode was then put together. Between the electrodes a
liquid electrolyte (usually the I-/13 - redox pair) was deposited via a
capillary effect. The active area of the assembled DSSC was defined and
fixed at a constant value of 0.2 cm? to ensure that photovoltaic char-
acterization could be done concurrently.

2.4. Techniques and Instrumentation of characterization

X-ray diffraction (XRD) was used to examine the crystalline structure
of interdigitated TiO, nanostructures (ultima IV, Riganaku, Japan). The
surface morphology and nanostructure orientation that helped deter-
mine the dispersion, porosity, and general structure of the generated
photoanodes were examined using scanning electron microscopy (SEM)
(JSM-6610, JEOL, Japan). Transmission Electron Microscopy (TEM)
(JEM-2100F, JEOL, Japan) was used to obtain the internal microstruc-
ture of TiOz nanorods. Additionally, the elemental composition was
examined using the SEM system in conjunction with Energy Dispersive
X-ray Spectroscopy (EDX) to demonstrate the existence and uniform
distribution of oxygen and titanium. The Thermo-Scientific Escalab-250-
Xi instrument was utilized to examine the oxidation state of cations and
the chemical bonds between the elements using X-ray photoelectron

spectroscopy. The material was studied using a monochromatic
aluminum K-ray source with a power of 150 W and an energy of 1486.6
eV. The samples were exposed to radiation using an electron flood gun to
counteract the charging effects. To determine the components included
in the sample, a survey scan was obtained. At a pass energy of 20 eV, the
O 1s, C 1s, Ti 2p, and Cl 1s high solution XPS spectra were captured. The
adventitious C 1s at a BE of 284.8 eV was used to calibrate the binding
energy (BE). Initially, the chamber's base pressure was 1 x 10~ '° mbar
"Avantage," a specialized software, was used to curve fit the core level
spectra. Furthermore, Additionally, a solar simulator (MX-5, Solarphys
Tech, USA) was used to assess the photovoltaic performance of the
manufactured DSSCs under standard AM 1.5G illumination with an in-
tensity of 100 mW/cm?. Key device performance parameters, such as
open-circuit voltage (V,.), short-circuit current density (Js), fill factor
(FF), and overall power conversion efficiency (PCE), were extracted
using current-voltage (I-V) measurements.

3. Results & discussions
3.1. Scanning electron microscopy (SEM) analysis of TiO2 nanorods

To investigate the influence of precursor concentration on nano-
structural evolution, TiO, films were synthesized using three different
concentrations of TiCls: 0.025 M (sample-a), 0.05 M (sample-b), and
0.075 M (sample-c). The corresponding surface morphologies were
examined using scanning electron microscopy (SEM), and the results are
shown in Fig. 2. Sample-a (Fig. 2a & b) exhibits a highly uniform dis-
tribution of vertically aligned TiO, NRs with well-defined geometry and
moderate porosity. The nanorods are ordered on the FTO surface with
the estimated length being 1-2 pm and diameter being 50-100 nm. The
distance between the rods is also sufficient regarding the ease with
which it penetrates the electrolyte and the surfaces of the individual
nanorods are highly smooth, a sign of high crystallinity and few surface
defects. This morphology is the most preferable one in inhibiting the
recombination of charge and enhancing the movement of electrons and
the adsorption of dyes (Fig. 2a and b). Sample-b (Fig. 2c¢ & d) on the
contrary suggests agglomeration of the nanorods in which case, the
agglomerated nanorods lose their alignment and porosity. This
morphological defect is most likely to be because of improved nucle-
ation rates and uncontrolled lateral development at elevated precursor
concentrations. Sample-c (Fig. 2e and f) shows that a lot of coalescence
of particles occurs and thus the films are high and compact and have low
pore volume. These compact films are highly detrimental to electrolyte
diffusion and interfacial contact with the dye molecules, potentially
causing serious device performance degradation. These results are in
line with the general observation that lower precursor concentrations
are more conducive to anisotropic growth and morphological homoge-
neity, whereas higher concentrations are conducive to isotropic growth
and particle aggregation, which are detrimental to functional properties.
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Fig. 2. SEM images of TiO, structures synthesized using different TiCl, precursor concentrations: (a & b) 0.025 M (sample-a), (c & d) 0.05 M (sample-b), and (e & f)

0.075 M (sample-c) at scale bars of 5 pm and 10 pm.

Of the three, sample-a has the most desirable set of structural
properties such as vertical alignment (Fig. 3), porosity, and nanorod
uniformity, which are critical for efficient DSSCs. The one-dimensional
structure of TiOz NRs provides a straight route for electron transport,
which is less prone to grain boundary scattering than nanoparticle films.

To explore the effect of thermal treatment on this optimal
morphology, sample-a (0.025 M TiCl;) was further subjected to sol-
vothermal synthesis at three different temperatures: 160 °C (T1), 180 “C
(T2), and 200 °C (T3). These samples were further characterized by
XRD, TEM, and XPS to come up with a complex structure property
performance relationship. How temperature affects crystallinity, strain
and charge transport behavior is discussed in the following sections. 3.2.
Analysis of TiO2 Nanorods using X-ray Dispersion (XRD). Comparison of
three samples T1, T2, and T3 prepared at 160 “C, 180 °C, and 200 “C
with the help of 0.025 M TiCl; showed that significant changes in the
crystallographic characteristics of samples which have direct impact on
the efficiency of the devices occurred. It was determined that the sol-
vothermal temperature can have a strong impact on the formation of

crystallites and phases as seen in the XRD patterns (Fig. 4). All samples
have diffraction peaks of the rutile phase of TiO, with the overwhelming
reflections at 20 26.5deg, 36.2deg, 38.0deg, and 51.5deg indexed to the
(110)-plane, (101)-plane, (004)-plane, and (211)-plane, respectively.
These peaks prove the growth of rutile-phase TiO, with preferential
orientations especially in that (004) plane in T2, which means there is
vertical alignment of the nanorods. The crisp and clear peaks in T2
sample synthesized at 180 °C indicate better crystallinity than T1 and
T3. Table 1 shows the size of the crystallites calculated as D = Kl/bcosf
T1, T2 and T3 were found to have average crystallite sizes of 44.83 nm,
36.70 nm and 41.68 nm respectively. T1, prepared at 160 °C, had the
highest mean crystallite size and the maximum number of peaks (FWHM
range: 0.158deg-0.285deg) which implies that crystallization was not
fully completed and that microstructural defects might be present. On
the other hand, T2 had moderately sized crystallites (33.34-43.50 nm)
and less FWHM (0.212deg-0.262deg) indicating better crystallization
without grain enlargement. Though, T3, which was synthesized at
200 °C, was more crystalline than T1, the average crystallite size
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Fig. 3. SEM images of TiO» nanorods synthesized from 0.025 M TiCl, precursor.
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Fig. 4. XRD patterns of TiO» nanorods synthesized at different temperatures
(T1: 160 °C, T2: 180 °C, T3: 200 "C), showing rutile-phase peaks with enhanced
crystallinity in T2.

increased indicating the beginning of grain coalescence and this might
decrease the effective surface area available to dye loading and also the
mobility of electrons. In order to further study structural integrity, lat-
tice strain (e) was obtained by means of the Williamson-Hall (W-H)
technique (b cos th = kl/D+4e sinf)). The strain values (Table 1) ob-
tained after the calculation show that T1 has the least lattice strain
(~0.04209) due to poor annealing and causing imperfection in the

lattice. T2 presents a little more strain (~0.04834), but it is evenly
distributed, which is indicative of structural stability and enhanced
charge transfer. The strain of T3 is intermediate (~0.044111), which
may be explained by the fact that stress is created when T3 is synthesized
because of the mismatch of thermal conditions. Notably, too much strain
may result in defect states, which causes charge trapping and recombi-
nation. Surface morphology that is available in SEM images (Figs. 2 and
3) is in line with the structural data. The wider peaks and increased
strain of T1 are also in accord with poorly defined morphology, with T3
exhibiting sintering and agglomeration at higher temperatures. T2 has a
homogeneous and dispersed nanostructure, which is verified by SEM
and XRD and structurally the most favorable one in high-efficiency
DSSCs. The T2 peak T2 (004) with 100 percent relative intensity is
further evidence of preferred orientation and well-aligned interdigitated
TiO; nanorods which are essential conditions of effective electron
transport and low recombination.

3.2. The characterization of TiO; nanoreds by Transmission Electron
Microscopy (TEM)

TEM micrographs of samples T1, T2 and T3 (Fig. 5) reveal obvious
differences in the morphology of nanorods, which directly depend on
the ability to load the dye, the movement of electrons and the rate of
diffusion of the electrolytes. Sample T1, which was heated to 160 “C
(Fig. 5a and b) is composed of irregularly-shaped nanorods with high
levels of diameter variation (15-30 nm) and low aspect ratios (<8:1).
The nanorods are very much kinked, bent and branched that would be
hindrance to the electron transport channels hence, raising the transport
resistance and rate of recombination. The chosen-area electron diffrac-
tion (SAED) pattern of the sample is composed of weak and disjointed
rings, characteristic of the polycrystalline materials with random do-
mains. T1 packing density too is uneven with localized aggregates of
nanorods and probably decreases the available surface area to adsorb
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Table 1
Crystallite size and lattice strain of TiO, nanostructures (T1, T2, T3) derived from XRD peak broadening using Scherrer's equation and lattice strain formula.
Sample * [&] 20 (%) FWHM p (%) D (nm) 8] cos @ Lattice Strain (e = p-cosB/4) Average D (nm) Average £
T1 0.15406 26.554 0.158 53.96 13.277 0.7580 0.02994 44.83 0.04209
36.173 0.285 30.63 18.087 0.7227 0.05149
37.792 0.207 42.37 18.896 0.9989 0.05169
51.547 0.176 52.35 25.774 0.8016 0.03527
T2 0.15406 26.794 0.252 33.85 13.397 0.6744 0.04249 36.70 0.04834
36.389 0.262 33.34 18.195 0.7930 0.05194
38.012 0.243 36.11 19.006 0.9878 0.06001
51.758 0.212 43.50 25.879 0.7342 0.03891
T3 0.15406 26.594 0.178 47.90 13.297 0.7448 0.03314 41.68 0.04411
36.208 0.270 32.33 18.104 0.7347 0.04959
37.844 0.217 40.42 18.922 0.9974 0.05411
51.577 0.200 46.08 25.789 0.7926 0.03963

1 nim
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-

Fig. 5. TEM images of TiO- nanorods synthesized at varying solvothermal temperatures: (a & b) T1 (160 °C) showing irregular, kinked, low-aspect-ratio nano-
structures; (c & d) T2 (180 °C) exhibiting uniform, high-aspect-ratio single-crystalline nanorods with inter-rod spacing of 5-7 nm; (e & f) T3 (200 °C) demonstrating

coalesced, thickened nanorods with structural defects.

dye and blocks the infiltration of electrolytes. Similarly, Sample T2
(Fig. 5c and d), incubated at an optimum temperature of 180 “C, has
much better morphology. The nanorods are straight, unbranched and
highly aligned with uniform diameter of 20 +-2 nm with aspect ratio of
more than 10:1. TEM images resolved by a lattice show clearly cut
fringes separated by approximately 0.35 nm, which is the (110) plane of

the rutile-phase TiO,, and therefore indicates [001] growth direction.
The SAED pattern exhibits high, sharp spots of the single-crystallinity
and low structural defects. Rod to rod distances of 5-7 nm are recor-
ded which is the optimum between high surface area to adsorb dyes and
free passage of electrolytes. A combination of these properties facilitates
high electron mobility, low recombination losses, and effective charge
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harvesting thus T2 is an excellent photoanode geometry to be used in
DSSC. Sample T3, which was heated to 200 °C, shows a distinct evidence
of structural degradation, as well as thermal coalescence. The numerous
nanorods have fused together to produce bigger and broader (30-50 nm
diameter) rods with reduced aspect ratios. It is also typical to neck be-
tween adjoining rods indicative of sintering phenomena that lower
porosity and accessibility of surfaces. T3 SAED is mostly composed of
spots and arcs implying partial crystallographic orientation loss (see
Fig. 5e and f).

The SAED patterns also give an additional understanding of the
crystal quality and the growth orientation of the TiOz nanorods syn-
thesized under various solvothermal temperature. Fig. 5c-d demon-
strates that the SAED pattern of sample T2 has sharp and well-rounded
diffraction spots instead of rings, which is characteristic of a single-
crystalline nature and preferred orientation of nanorods. The discrete
spot pattern is consistent with rutile-phase TiOz and indicates coherent
lattice ordering along the nanorod growth direction, in agreement with
the lattice-resolved HRTEM fringes observed in Fig. 6c. In contrast,
sample T1 displays diffuse and discontinuous diffraction rings, charac-
teristics of polycrystalline domains and random crystallographic orien-
tation, while sample T3 shows partial arcs resulting from thermal-
induced coalescence and loss of structural coherence. These crystallo-
graphic differences have direct implications for charge transport
behavior, as the single-crystalline nanorods in T2 provide uninterrupted
electron pathways with minimal grain-boundary scattering, thereby
suppressing recombination losses and facilitating efficient electron
extraction in DSSC operation.

Further, TEM observation of sample T2 (Fig. 6) shows nanorods with
a uniform length of approximately 188.5 nm and a diameter of 5-20 nm,
which gives an aspect ratio of 9-19. This is very beneficial for DSSC
applications, where the nanorods can facilitate directional electron
transport along their length while providing enough surface area for dye
adsorption. Fig. 6¢c presents a high-resolution TEM (HRTEM) image of a
single TiO; nanorod from sample T2, clearly displaying well-defined
lattice fringes, confirming its single-crystalline nature. The measured
nanorod diameter is approximately 14.5 nm, which is consistent with

100 nm
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earlier TEM observations and supports the narrow diameter distribution
(5-20 nm) discussed in the analysis. The fringes are continuous, with no
observable grain boundaries or dislocations, indicating minimal crys-
talline defects.

3.3. X-ray photoelectron spectroscopy (XPS) analysis of TiO; nanorods

XPS was utilized to characterize the structure and oxidation states of
the cationic species within the three samples, T1, T2, and T3 investi-
gated in this study. Fig. 7a shows the high-resolution Ti 2p spectra for
the three samples revealing the usual 2p5, and 2p, s, spin orbit splitting
of the 2p level. The doublet spectrum for the T1 sample was wide,
indicating multiple titanium species and therefore curve fitted with two
peaks one at a binding energy (BE) of 458.66 eV and the other at a BE of
459.15 eV due to titanium in the Ti®* and Ti*' oxidation states,
respectively. The proportion of Ti** is much smaller than that of Ti*" as
indicated by the small peak for Ti*" contribution. The fitting resulted in
95% Ti°" and the remaining 5% being Ti*". The spectrum for the T2
sample was found to be narrow and therefore was fitted with one
contribution. The 2p3,, peak is at a BE energy of 458.60 eV and assigned
to titanium in Ti** oxidation state. Similar fitting was done for the Ti
2p3,; of sample T3 and the fitting gave a BE of 258.64 eV and assigned to
Ti*" state. The results of the fitting are summarized in Table 1. The
analysis of the Ti 2p spectra indicate that titanium exits predominantly
in the Ti*" oxidation state in the three samples. The Ti 2p core-level
spectra further elucidate the oxidation states of titanium in the synthe-
sized TiOz nanorods, as summarized quantitatively in Table 2. The
doublet spectrum for sample T1 is relatively broad, indicating the
coexistence of multiple titanium species. Accordingly, the Ti 2ps/; peak
was curve-fitted with two contributions located at binding energies of
458.66 eV and 459.15 eV (Table 2), corresponding to Ti** and Ti**
oxidation states, respectively. The dominance of the Ti*" component
reflects the presence of oxygen vacancies and reduced titanium species
induced by lower-temperature synthesis. In contrast, the Ti 2p spectrum
of sample T2 is narrower and can be fitted with a single dominant Ti**
contribution at 458.60 eV (Table 2), indicating a more uniform chemical

Fig. 6. High-resolution TEM image of TiO- nanorods (sample T2) showing (a & b) lengths of ~188.5 nm and diameters ranging from 5 to 20 nm, confirming high
aspect ratio and single-crystalline structure and c) visible lattice fringes confirm crystallinity favorable for enhanced charge transport in DSSCs.
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Fig. 7a. Fitting of Ti 2p core level spectra for the three samples (T1, T2, and T3).
Table 2 were fitted with two contributions (summarized in Table 2), one due to
able

Results of the fitting of the Ti 2p, O 1s, Cl 2p core level spectra of TiO, nanorods
samples.

Sample BE (eV) FWHM (eV) BE (eV) FWHM (eV)
Ti 2pas»
Ti?+ Tt
T1 458.66 1.25 459.15 3.3
T2 458.6 1.33 459.15 3.3
T3 458. 64 1.34 459.15 3.3
Ti2py 2
Tid+ Ti%t
T1 464.33 1.25 465.15 3.3
T2 464.33 1.33 465.15 3.3
T3 464.40 1.34 465.15 3.3
01s
0-Ti, 0-Cl o-H
T1 530.24 1.14 531.00 221
T2 530.11 1.28 531.49 2.93
T3 530.26 1.16 532.25 2.95
Cl 2pa/n Cl2py
T1 198.7 3.17 200.4 3.17
T2 198.7 2.15 200.2 215
T3 198.7 2.15 200.2 215

environment and reduced surface disorder. Sample T3 shows a similar
Ti**-dominated feature with a Ti 2ps/, peak centered at 458.64 eV
(Table 2), suggesting preservation of reduced titanium states despite
higher synthesis temperature.

The O 1s core level spectra for the three samples are shown in Fig. 7b.
In all three cases the peaks are asymmetric and broad, indicating oxygen
atoms exist in more than one coordination state. All three O 1s peaks

lattice oxygen, i.e. O-Ti and O-CI (in the case of samples T1 and T2) and
it is the predominant contribution to the O 1s peak. The other smaller
peak is assigned to oxygen vacancy-related defect states [22]. The peak
energy of the lattice oxygen was found to be 530.2 eV, while the oxygen
vacancy-related peak has a BE of approximately 531.2 eV (Table 2). In
fact, the presence of Ti>" indicates the presence of the oxygen vacancy
[23,24].

According to the XPS analysis sample T3 did not contain chlorine as
no Cl 2p contribution was detected. Fig. 7c displays Cl 2p core level
spectra from samples T1 and T2. Both spectra were curve fitted with the
usual 2ps,; and 2p; s, spin-orbit levels. The BE of the 2p3,, peak was
found to be 198.7 eV indicating this contribution is from Ti-Cl and/or O-
Cl. The presence of residual chlorine was further confirmed by the CI 2p
spectra of samples T1 and T2, with fitted Cl 2ps/2 peaks located at 198.7
eV and corresponding spin-orbit components listed in Table 2. The
reduced FWHM and lower intensity of the Cl-related peaks in T2
compared to T1 indicate more effective removal of chloride species at
the optimized synthesis temperature, while no detectable Cl signal was
observed for T3 (Table 2), confirming chlorine-free surface chemistry at
higher temperatures.

These findings align well with the structural observations from XRD
and TEM, reinforcing the role of synthesis conditions in tuning the
electronic properties of TiO2 photoanodes.

3.4. Current-voltage (I-V) characteristics of DSSCs

The current-voltage (J-V) characteristics of DSSCs fabricated using
TiO3 nanorod photoanodes (T1, T2, and T3) and a standard TiOz elec-
trode are presented in Fig. 8, with the key photovoltaic and electrical
parameters summarized in Table 3. These parameters include power
conversion efficiency (PCE), Vg, Js. FF, series resistance (R,), shunt
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Fig. 7b. Fitting of the core level spectra for O 1s level for samples T1, T2 & T3.
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Fig. 7c. Fitting of the Cl 2p core level spectra for T1 and T2 samples.
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Fig. 8. Current-voltage (J-V) curves of DSSCs fabricated using standard TiO,
and solvothermally synthesized TiO, nanorod photoanodes (samples TI,
T2, T3).

resistance (Rsn), and charge transfer resistance (Ren). The analysis pro-
vides a comprehensive understanding of how morphological and struc-
tural features impact device performance.

The baseline DSSC, with a commercial TiO, photoanode, gives PCE
— 4.89%, Jsc = 16.11 mA/cm?, and FF = 0.506. The Rs = 81.74 Q and
Rch = 186.27 Q are higher than T2 but lower than T3, showing a
reasonable level of balance without the benefit of nanorod optimization.
These results clearly show that optimized nanostructures, as in T2, can
greatly enhance the performance of a DSSC above that of normal
electrodes.

Among all the devices, sample T2 shows the best photovoltaic
property with the highest PCE of 5.90%, which is a remarkable
improvement over the conventional DSSC (4.89%) and other test sam-
ples. This is mainly due to its high Jsc value of 20.37 mA/cm?, which is a
direct consequence of the highly aligned and high-aspect-ratio nanorods

with low surface defects, as evidenced by TEM and SEM studies. The
uniform distance between the nanorods (5-7 nm) ensures efficient
electrolyte and dye diffusion, while its single-crystalline property,
ascertained by SAED and HRTEM studies, ensures unimpeded electron
transport. In addition, the series resistance (Rs = 67.83 Q) of T2 is the
lowest among all the samples. When the value of Rs is lower then it
indicates that minimal resistance in the transparent FTO, photoanode
and contact areas occurs and thus the transportation of charges in the
cell will be enhanced. A higher shunt resistance (Rsh = 355.05 Q) im-
plies that fewer leakage currents occur, whereas a lower charge transfer
resistance (Rch = 147.24 Q) implies that the electron injection process
of the dye into the TiO; conduction band occurs faster, and the redox
species is replaced faster at the counter electrode. These electrical pa-
rameters are excellent interfacial kinetics and low recombination losses,
which is in agreement with the high Jsc value and enhanced fill factor
(FF = 0.482). Sample T1 that had been prepared at lower temperatures
of 160 °C has moderate photovoltaic (PCE = 5.03) and Jsc = 17.52 mA/
em? that is a little higher than the standard cell. As its nanorods are
being formed, the structures and crystallinity level of the latter are un-
aligned and moderate, which is shown in the broader XRD peaks and
polycrystalline SAED patterns. The series resistance (Rs = 79.52 Q) is
greater than that of T2, which means that there is a greater resistance in
TiO;3 layer and at the electrode interfaces. The charge transfer resistance
(Rch = 171.25 Q) is also high, indicating slower electron injection and
higher recombination because of structural defects. The shunt resistance
(Rsh = 404.69 Q) is lower than that of the standard cell, indicating
slightly higher parasitic leakage current. These combined effects cause a
lower FF (0.478) and a moderate loss in overall efficiency compared to
T2. For Sample T3, treated at the highest temperature (200 “C), there isa
drastic loss in PCE (1.06%) and Jsc (3.64 mA/cm?). Structural studies
(SEM and TEM) showed that high temperatures cause nanorod merging
and sintering, resulting in thicker nanorods, decreased surface area, and
higher grain boundary and dislocation concentrations. These structural
defects provide plenty of sites for recombination, which strongly impede
electron transport. This effect is prominently manifested in its high se-
ries resistance (Rs = 378.95 Q), strongly indicating high resistance to
current flow in the cell. The charge transfer resistance (Rch = 824.32 Q)
is also extremely high, pointing to poor electron injection kinetics and
ineffective regeneration of the redox electrolyte. Although shunt resis-
tance (Rg, = 1998.98 Q) is high, usually associated with low leakage

Table 3

Photovoltaic performance parameters of DSSCs fabricated with standard TiO, and solvothermally synthesized TiO» nanorod photoanodes (T1, T2, T3).
DSSCs based on PCE (%) Ve (mV) J.. (mA/cm?) FF R; (ohm) Re, (ohm) Ren (ohm)
Standard Cell 4.893 600 16.105 0.506 81.741 516.564 186.272
Sample-T1 5.030 600 17.517 0.478 79.518 404.688 171.254
Sample-T2 5.896 600 20.374 0.482 67.835 355.057 147.243
Sample-T3 1.055 600 3.639 0.483 378.951 1998.978 824.318
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current—it is inconsequential here, as the major losses arise from in-
ternal transport and interfacial recombination, not leakage. The overall
low FF (0.483) further reflects the poor current collection capability of
the device.

4. Conclusion

In this study, interdigitated TiO, nanorod photoanodes were suc-
cessfully synthesized via a controlled solvothermal method using vary-
ing precursor concentrations and reaction temperatures to optimize
morphology, crystallinity, and electronic properties for dye-sensitized
solar cell (DSSC) applications. Among the fabricated samples, the pho-
toanode synthesized using 0.025 M TiCl; at 180 “C (Sample T2)
exhibited superior structural and functional characteristics. SEM and
TEM analyses confirmed the formation of vertically aligned, high-
aspect-ratio nanorods with uniform distribution and optimal inter-rod
spacing, facilitating enhanced dye loading and efficient electrolyte
infiltration. The TEM images and SAED patterns at high resolutions
supported the single-crystalline structure and growth direction along
[001], which was efficient in decreasing the grain boundary effects on
the recombination of charges. The XRD indicated that T2 had more
crystallinity and less lattice strain whereas the XPS spectra established
that the main Ti®" species, low surface contamination and low chlorine
residues are crucial in enhancing the movement of electrons. Moreover,
the values of photovoltaic performance captured that T2-based DSSCs
had the highest PCE of 5.90% which could be attributed to the maximum
short-circuit current density (20.37 mA/cmz), the lowest series resis-
tance (67.83 €2), and the lowest charge transfer resistance (147.24 Q).
Conversely, T1 exhibited moderate performance because of structural
disorder, while T3 presented a dramatic efficiency drop owing to the
thermal-induced nanorod coalescence and defects. This study provides
the first direct evidence of the synthesis-architecture-performance
relationship in solvothermally engineered TiO; nanostructures and
confirms that accurate morphological and electronic optimization of
TiOz nanostructures is essential for maximizing the efficiency of DSSCs.
The findings also confirm the great potential of solvothermal engineer-
ing as a scalable method for the next-generation photoanode fabrication.
Future studies will focus on the design of hybrid nanostructures and co-
sensitization approaches to further boost light absorption and device
durability.
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