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Abstract

Integrated energy systems that combine solar energy harvesting, storage, and conversion
into chemical fuels offer a promising pathway toward compact and autonomous renewable
technologies. In this work, a transparent, double-sided Glass/ITO/TiO, nanotube (GIT) ar-
chitecture is developed as a unified materials platform for integrating a dye-sensitized solar
cell (DSSC), a supercapacitor , and a photoelectrochemical (PEC) water-splitting unit.
Highly ordered TiO, nanotube arrays were fabricated via anodization of magnetron-sput-
tered Ti films on ITO-coated glass substrates, followed by thermal annealing to obtain the
anatase phase and RF nitrogen plasma treatment to tailor surface and electronic properties.
Structural and morphological analyses (SEM, Raman spectroscopy and XRD) confirm the for-
mation of vertically aligned crystalline nanotube arrays, while optical measurements reveal
high transparency in the visible region.

The architecture incorporates a shared transparent electrode that enables direct coupling
between energy harvesting and storage components, forming a compact photocharging
configuration. A system-level strategy is introduced to address the intrinsic voltage mis-
match between DSSC output and electrochemical processes. PEC measurements demon-
strate stable photocurrent response and hydrogen evolution under ultraviolet illumination,
confirming the intrinsic photoactivity of the TiO, nanotube electrodes. Although full device-
level performance is beyond the scope of this study, the results establish a robust materials
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and design framework for future integrated solar-to-hydrogen systems.
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1. Introduction

The increasing demand for clean, affordable, and sustainable energy has driven
rapid progress in solar technologies capable of not only harvesting but also storing
and converting energy. Integrated systems are particularly attractive for low-power
applications such as portable electronics, remote sensors, and autonomous de-
vices. Among available approaches, photovoltaic energy conversion and photoelec-
trochemical (PEC) water splitting are widely recognized as key components of next-
generation energy technologies [1-3].

Titanium dioxide (TiO,) is extensively studied due to its chemical stability, low
toxicity, and favorable photoelectrochemical properties [4-11]. In particular, TiO,
nanotube arrays provide a highly ordered structure with large specific surface area
and efficient charge transport pathways, making them suitable for dye-sensitized
solar cells (DSSCs) [12,13] supercapacitors[14-21] and PEC systems[23-25].

Previously, ordered TiO; nanotube layers were fabricated on ITO-coated glass via
anodization of magnetron-deposited Ti films [18], resulting in transparent struc-
tures with promising structural and optical properties. The nanotubular morphol-
ogy provides abundant active sites for charge storage and supports long-term sta-
bility. However, the wide bandgap of anatase TiO, (~3.2 eV) limits absorption pri-
marily to the ultraviolet region. Surface modification techniques, including nitrogen
plasma treatment [26], can introduce defect states and alter the electronic struc-
ture, potentially enhancing light absorption and charge carrier dynamics.

In this work, a unified architecture is proposed that integrates DSSC, supercapac-
itor, and PEC functionalities within a single system. Unlike conventional approaches
that employ different materials for each subsystem, the present design utilizes TiO,
nanotube arrays as a common material platform, ensuring structural compatibility
and simplifying fabrication.

2. Experimental
2.1 Device Design

The conceptual architecture of the hybrid system is shown in Fig. 1. A double-
sided Glass/ITO/TiO, nanotube (GIT) structure enables integration of a DSSC and a
supercapacitor on opposite sides of a shared transparent electrode. A key challenge
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is the voltage mismatch between DSSC output (~0.4—0.8 V) and the voltage required
for electrochemical processes (~¥1.5-2.0 V). To address this, a boost converter is
introduced at the system level. The DSSC consists of a TiO, nanotube photoanode,
iodine-based electrolyte, and platinum counter electrode. The supercapacitor is
formed using two TiO, nanotube electrodes with KOH electrolyte. The PEC unit is
connected externally to demonstrate compatibility.
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Fig. 1. Conceptual schematic of the integrated DSSC—supercapacitor platform coupled with
a PEC water-splitting system for solar-driven hydrogen generation. Components: (1) top
glass substrate; (2) ITO layer; (3) Pt counter electrode; (4) iodine-based electrolyte; (5) TiO,
nanotube photoanode; (6—8, 12) ITO layers; (9, 11) TiO, nanotube electrodes (SC); (10) KOH
electrolyte; (13) bottom glass substrate; (14—18) electrical contacts.

It should be emphasized that the schematic shown in Fig. 1 represents a concep-
tual integration of functional components and illustrates the energy flow within the
hybrid platform. It is not intended to depict a fully optimized or experimentally val-
idated end-to-end solar-to-hydrogen system. Rather, it highlights the architectural
compatibility and material-level integration enabled by the proposed GIT platform.
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A key advantage of this approach is the use of a common TiO, nanotube-based
electrode platform, which ensures material uniformity and facilitates integration
across photovoltaic, storage and PEC subsystems.

2.2 Preparation of Components

Glass substrates were cleaned and coated with ITO and Ti using magnetron sput-
tering. The Ti films were anodized in ethylene glycol electrolyte to form TiO, nano-
tubes.

Samples were annealed at 450°C to obtain anatase phase, followed by RF nitro-
gen plasma treatment to modify electronic and surface properties.

2.3 Characterization

SEM, XRD, Raman spectroscopy, and UV—-Vis spectroscopy were used to analyze
morphology, structure, and optical properties of the films. PEC activity was evalu-
ated using TiO, nanotubes formed on titanium foil for improved electrical contact.

3. Results and Discussion
3.1. Structural, morphological and optical properties of NT TiO,

The structural, morphological, optical, and photo electrochemical properties of
the fabricated TiO, nanotube-based system were systematically investigated to
evaluate its suitability as a common materials platform for integrated DSSC, super-
capacitor, and PEC components.

SEM analysis (Figure 2) confirms vertically aligned TiO, nanotube arrays with di-
ameters of ~ 150 nm and thickness ~3 pum. The structure is uniform and highly or-
dered. Such morphology provides a high specific surface area and facilitates effi-
cient charge transport pathways, which are essential for multifunctional applica-
tions including photovoltaic conversion, charge storage, and photoelectrochemical
processes.

The optical transmittance spectra of the multilayer GIT structure are presented
in Fig. 3. In the visible region (400—-750 nm), the films exhibit high transparency with
interference fringes arising from multiple reflections at the interfaces. This high op-
tical transparency is critical for front-side illumination in DSSC configurations and
supports the feasibility of the proposed integrated platform.

The optical band gap of the TiO, thin film was determined from the transmission
spectra using the Tauc relation: ahv « B(hv — Eg)z. As shown in Fig. 4 the
(ahv)'/2, [ecm~1/2eV'/2] versus hv plot exhibits a linear region near the absorption
edge, indicating a direct allowed transition. Extrapolation of this linear portion to
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Fig. 2. SEM images of TiO, nanotube arrays: (a, b) top-view images showing surface mor-
phology; (c, d) cross-sectional views demonstrating vertically aligned nanotube structure.
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Fig. 3. Optical transmittance spectra of the Glass/ITO/TiO, structure and individual layers in
the visible spectral range.

the energy axis yields a band gap of Es = 3.2 eV. A sub-bandgap absorption feature
in the 2.75-3.00 eV range is observed prior to the main edge. This is attributed to
defect-related states (oxygen vacancies V, and Ti** centers) and surface states,
which introduce intermediate energy levels enabling additional optical transitions.
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The nanotubular structure also contributes to band tailing (Urbach tail), enhancing
absorption at lower photon energies. These results, obtained from the transmis-
sion-based analysis of the fabricated NT-TiO; layers, confirm their suitability for so-
lar energy conversion applications.
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Figure 4. Optical band gap of NT-TiO, (Tauc plot)

Raman and XRD analyses confirm the anatase phase and good crystallinity.Ra-
man spectroscopy results (Fig. 5 ) reveal characteristic vibrational modes at 143,
197,339, 391, 513, 519, and 639 cm™, which are consistent with the anatase phase
of TiO, [27,28]. The presence of well-defined Raman peaks indicates a crystalline
structure with good phase purity.
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Fig. 5. Raman spectrum of the Glass/ITO/TiO, structure showing characteristic vibrational
modes of anatase TiO,.
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The X-ray diffraction (XRD) pattern shown in Fig.6 further confirms the formation
of anatase TiO,, with diffraction peaks corresponding to the (101), (004), (200),
(105), (204), and (116) crystallographic planes. These results validate the structural
suitability of the TiO, nanotube layers as a common material platform for inte-
grated DSSC, supercapacitor, and PEC subsystems.

The combination of well-defined nanotube morphology, high optical transpar-
ency, and confirmed anatase crystallinity demonstrates that the fabricated GIT
structure provides a robust and multifunctional materials platform for integrated
solar energy systems.
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Fig. 6. X-ray diffraction pattern of the Glass/ITO/TiO, structure confirming the formation of
anatase TiO,.

3.2. Photoelectrochemical validation of TiO, nanotube material

To further assess the intrinsic photoelectrochemical activity of the TiO, nanotube
material, independent of substrate-related limitations, additional experiments
were conducted using TiO, nanotube arrays directly formed on titanium foil. The
resulting TiO, photoanode, with a geometrical area of 1.2 cm?, provided improved
electrical contact and mechanical robustness, enabling more reliable PEC measure-
ments.

PEC experiments were carried out in a 1 M KOH electrolyte using a TiO, nanotube
photoanode and a Pt cathode. An external bias of 1.5 V was applied, exceeding the
thermodynamic potential of 1.23 V required for water splitting, in order to com-
pensate for kinetic overpotentials and interfacial losses. Ultraviolet illumination
was supplied by a high-pressure mercury—quartz arc lamp (DRS-250) with an esti-
mated power density of ~50 mW-cm~2. The emission spectrum of the lamp is domi-
nated by a strong line at 365 nm, which closely matches the band gap energy of
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TiO, (~3.2 eV), enabling efficient photogeneration of electron—hole pairs.

Under UV illumination (~¥365 nm), the photocurrent increased from 0.06 mA in
the dark to 0.20 mA, corresponding to a photocurrent density of ~0.15 mA-cm™2.
Based on Faraday’s law of electrolysis, the hydrogen evolution rate was estimated
to be approximately 8 x 10® mol-h™" (~0.063 mL-h™"). These results confirm that the
TiO, nanotube architecture effectively supports charge separation and participates
in photoelectrochemical reactions leading to hydrogen evolution. The obtained
photocurrent density is consistent with reported values [6-9] for undoped TiO, pho-
toelectrodes, where performance is typically constrained by the wide band gap,
rapid charge recombination, and sluggish interfacial kinetics. Importantly, these re-
sults validate the intrinsic PEC functionality of the TiO, nanotube material em-
ployed in the integrated system, rather than being limited by substrate effects.

Although the observed photocurrent and hydrogen evolution rates remain rela-
tively modest, this behavior reflects the inherent limitations of pristine TiO,, includ-
ing restricted visible-light absorption and recombination losses. Nevertheless, the
stable and reproducible photoresponse demonstrates that the material is function-
ally active and provides a reliable platform for further optimization.

These findings indicate that targeted material modification strategies—such as
doping, surface passivation, cocatalyst deposition, or bandgap engineering—could
significantly enhance PEC performance. In particular, achieving photocurrent den-
sities in the range of 0.5—1 mA-cm™2 appears feasible and is consistent with values
reported for modified TiO,-based systems.

4. Conclusion

A transparent, double-sided Glass/ITO/TiO, nanotube (GIT) platform was devel-
oped to integrate solar energy harvesting, storage, and PEC conversion. Highly or-
dered anatase TiO, nanotube arrays were fabricated on ITO-coated glass via ano-
dization of magnetron-deposited Ti films, followed by thermal annealing and nitro-
gen plasma treatment, yielding vertically aligned nanostructures with high optical
transparency and well-defined crystallinity. The design enables a dye-sensitized so-
lar cell and a supercapacitor to share a single transparent electrode, forming a com-
pact photocharging configuration, while a system-level approach addresses the in-
trinsic voltage mismatch between photovoltaic output and electrochemical pro-
cesses, facilitating coupling with a PEC water-splitting unit. Although full device-
level operation has yet to be demonstrated, this study establishes a robust materi-
als and structural foundation for integrated DSSC-supercapacitor-PEC systems. Fu-
ture work will focus on optimizing photovoltaic performance, charge storage, and
hydrogen generation efficiency to realize fully integrated, self-powered solar-to-
hydrogen devices on a single material platform.
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