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1. Introduction

Anthocyanin-sensitized Cu-doped TiO,
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The growing demand for efficient and sustainable energy solutions has driven significant interest in dye-
sensitized solar cells (DSSCs) utilizing natural dyes. However, enhancing their performance and long-
term stability remains a major challenge. This study aims to address this gap by synthesizing Cu-doped
TiO, nanoparticles (NPs) and investigating their application as photoanodes in DSSCs to improve energy
conversion efficiency. Using a cost-effective and facile co-precipitation method, Cu-doped TiO,
photoanodes were prepared with varying Cu concentrations (0.025 M, 0.05 M, 0.075 M, and 0.1 M) and
tested with anthocyanin dye extracted from rose petals. The performance of pure and Cu-doped
photoanodes in a DSSC configuration was evaluated using various physical, optical and electrical tools.
The photovoltaic and charge transport characteristics were assessed using current density—voltage (J-V)
measurements, incident photon-to-electron conversion efficiency (IPCE), and electrochemical
impedance spectroscopy (EIS). Among the tested samples, the 0.075 M Cu-doped TiO, photoanode
exhibited superior performance, outperforming both pristine TiO, and other doping concentrations.
When integrated with anthocyanin dye, the DSSC featuring 0.075 M Cu-doped TiO, demonstrated a

notable enhancement in photocurrent density, increasing from 5.8 to 7.6 mA cm™2

, while the power
conversion efficiency (PCE) improved from 1.53% to 2.61%. This enhancement is attributed to the
improved light-harvesting capability of Cu-doped TiO,, along with reduced electron transport resistance
and increased recombination resistance, as confirmed by EIS analysis. These findings highlight the
potential of Cu-doped TiO, photoanodes as an effective alternative to pure TiO, nanostructures for
advanced photovoltaic applications. Beyond DSSCs, these enhanced photoanodes hold promise for
broader applications, including photocatalysis for wastewater treatment and photo-sensing

technologies, further expanding their role in sustainable energy and environmental solutions.

potential for diverse applications.' DSSCs offer several advantages
over traditional and other emerging PV technologies, including

The growing global demand for sustainable energy sources has
driven significant advancements in photovoltaic (PV) technol-
ogy, particularly in the development of third-generation solar
cells. Among these, DSSCs have garnered considerable atten-
tion due to their cost-effective fabrication, high efficiency, and

“ Department of Physics, Medi-Caps University, Indore 453331, Madhya Pradesh,
India. E-mail: maheshdhonde86@gmail.com

b Department of Physics, Prime Minister College of Excellence, Government Holkar
(Model Autonomous) Science College, Indore 452001, Madhya Pradesh, India

¢ Centre for Materials Science, Department of Science and Humanities, Faculty of
Engineering, Karpagam Academy of Higher Education, Coimbatore — 641021,
Tamil Nadu, India

 Department of Pure and Applied Chemistry, University of Kota, Kota 324005,
Rajasthan, India

¢ Department of Metallurgy Engineering and Materials Science, Indian Institute of
Technology, Indore 453552, M.P., India

+ These authors contributed equally to the work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

simpler and more economical production processes.” These
cells have demonstrated power conversion efficiencies (PCEs)
exceeding 14%, with the added potential for integration into
various applications, making them a promising alternative for
renewable energy generation.® A critical component of DSSCs is
the sensitizer, which plays a key role in determining the cell’s
overall performance. While ruthenium (Ru) bipyridyl com-
pounds are commonly used as sensitizers due to their stability
and high efficiency, they present several drawbacks, such as
high cost, complex synthesis, and the use of toxic materials.*?
These limitations have prompted researchers to explore alter-
native, more sustainable sensitizers, such as natural dyes
extracted from flower leaves, seeds, bark, and fruits. Natural
dyes contain plant pigments like anthocyanins, carotenoids,
chlorophyll, and flavonoids, which can effectively absorb light
and facilitate electron injection into the conduction band of
TiO,.°
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Anthocyanins, for instance, are flavonoid pigments found in
rose petals that have gained attention as natural sensitizers
in DSSCs due to their wide absorption range in the visible
spectrum and strong attachment to TiO, molecules through
carboxyl groups.” Additionally, the high antioxidant concen-
tration in anthocyanins provides a protective effect by
scavenging free radicals generated during photoelectrode
photoexcitation.® Despite these advantages, natural dye-based
DSSCs still face challenges in achieving efficiency levels
comparable to conventional silicon solar cells, limiting
their broader application. To improve the PCE of natural dye-
sensitized DSSCs, it is essential to optimize photoanode design
to enhance dye loading, sunlight scattering, charge carrier
transport, and minimize recombination losses.”'°

Metal oxides such as TiO,, ZnO, SnO,, and Nb,O; with
mesoporous nanostructures are commonly used as photo-
anodes in DSSCs, where they play a crucial role in light
absorption, charge separation, and electron transport.''™?
Recent efforts to enhance the performance of DSSC photoa-
nodes have focused on doping metal oxides with transition
metals. Doping introduces localized energy states within the
TiO, bandgap, enabling the absorption of a broader range of
solar radiation, particularly in the visible spectrum, which is
typically underutilized in undoped TiO,-based devices.'**®

Among various dopants, copper (Cu) has emerged as a
particularly promising candidate for improving the photo-
electrochemical properties of TiO,-based photoanodes in DSSCs.
Incorporating Cu ions into the TiO, lattice alters the electronic
structure, promoting efficient charge carrier separation and trans-
port, thus enhancing the overall photovoltaic performance.*>*”*°
Furthermore, Cu doping reduces recombination losses at
the photoanode/electrolyte interface, leading to higher DSSC
efficiency.”® The co-precipitation method is widely used for
synthesizing Cu-doped TiO, NPs due to its simplicity, scalabil-
ity, and ability to control doping concentration and particle
morphology. This approach ensures uniform dispersion of Cu
ions within the TiO, lattice, maximizing the beneficial effects
on DSSC performance.”’

Several studies have demonstrated the effectiveness of
Cu-doped TiO, NPs synthesized by the co-precipitation method
in DSSC applications. For example, Raguram et al. reported
enhanced charge transport and reduced recombination rates
in DSSCs utilizing Cu-doped TiO, NPs synthesized via co-
precipitation.”” Similarly, Prabavathy et al. achieved a PCE of
2.32% using Ca-doped TiO, nanostructures sensitized with
anthocyanins.>® Recent work by Omri et al also reported
significant improvements in electrical conductivity upon Cu
doping in TiO, compared to undoped counterparts, highlight-
ing the potential for these nanostructures in optoelectronic
devices.>* Despite these advancements, challenges remain in
optimizing synthesis parameters, controlling dopant distribu-
tion, and ensuring the long-term stability of Cu-doped TiO, NPs
in DSSCs. In a recent report, Abhishek et al. examines the use of
Beta vulgaris dye in DSSCs to study Fe-doped TiO, nanorod
photoanodes (Ti;_,Fe,0,, x = 0-0.1), which were developed on
FTO electrodes using a hydrothermal process.>® The findings
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revealed that incorporating 5 at% Fe increased the maximum
photocurrent density from 80 to 129.758 mA cm™ > and doubled
the PCE from 0.26% to 0.52%. This enhancement is attributed
to improved charge injection and separation. The study sug-
gests that Ti; ,Fe,O, photoanodes could effectively replace
pure TiO, in photovoltaic applications and also hold potential
for photocatalytic and photosensor uses.

In this research, we explore the use of Cu-doped TiO, as a
photoanode in DSSCs with natural anthocyanin dye. While
traditional DSSCs using synthetic dyes like N719 often achieve
efficiencies beyond 10% due to their strong light absorption
and stability, natural dyes like anthocyanin have inherent
limitations that result in lower efficiency. Our Cu-doped TiO,
DSSC achieved an efficiency of 2.61%, which, although lower
than synthetic dye-based devices, highlights the potential of
Cu doping to enhance performance. The introduction of Cu
into the TiO, structure offers several advantages over pure TiO,.
It improves light absorption by narrowing the bandgap, enhances
charge separation by reducing recombination losses, and
increases electrical conductivity by creating oxygen vacancies.
These modifications lead to improved photocurrent density
and overall device performance despite the limitations of the
natural dye. Moreover, Cu-doped TiO, enhances chemical
stability, reducing the degradation of the dye and prolonging
DSSC efficiency over time. While the efficiency of our DSSC
does not reach the levels of Ru-dye-based devices, Cu doping
presents a promising strategy to enhance the performance of
eco-friendly, cost-effective DSSCs using natural sensitizers.

This study is unique because it focuses on improving eco-
friendly and cost-effective DSSCs using a natural dye rather
than synthetic alternatives. The findings demonstrate that Cu
doping can significantly enhance the performance of natural
dye-based DSSCs, making them a promising alternative for
sustainable solar energy applications. To the best of our knowl-
edge, this is the first report of combining Cu-doped TiO, NPs
with anthocyanins for DSSC applications. Our results highlight
the promising potential of natural DSSCs and open new ave-
nues for innovative nanostructured photoanodes in PV tech-
nologies to meet small-scale energy needs more effectively.

2. Experimental details

2.1. Materials

Titanium tetra-isopropoxide (TTIP), copper nitrate trihydrate
(Cu(NO3),-3H,0), ethanol, sodium hydroxide (NaOH), glacial
acetic acid, and citric acid (all from Sigma Aldrich). Anthocya-
nin dye was extracted from fresh rose petals. Iodide electrolytes
and FTO glass were sourced from Solaronix.

2.2. Preparation of pure and Cu-doped TiO, NPs

Undoped and Cu-doped TiO, NPs were synthesized using a
controlled co-precipitation method as discussed in our pre-
vious report.>® The synthesis of undoped TiO, began with the
preparation of a titanium precursor solution by adding
11.84 mL of TTIP (1 M) dropwise into 40 mL of ethanol under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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continuous stirring for one hour. This controlled addition
prevented rapid hydrolysis and ensured proper dispersion. A
sodium hydroxide (NaOH) solution (2 M in ethanol) was then
introduced to facilitate hydrolysis and precipitation while
maintaining constant magnetic stirring for an additional two
hours at 30 °C. The resulting precipitate was collected through
filtration and thoroughly washed with distilled water and
ethanol to remove impurities.?® The dried precipitate was
subjected to calcination at 450 °C for 30 minutes to enhance
crystallinity, yielding pure TiO, nanoparticles.

For Cu-doped TiO, nanoparticles, two separate solutions
were initially prepared. Solution A contained 11.84 mL of TTIP
mixed with 40 mL of ethanol and stirred for one hour. Solution
B consisted of copper nitrate trihydrate (Cu(NOj;),-3H,0) dissolved
in deionized water at concentrations ranging from 0.025 M to
0.1 M, with pH adjusted to 10 using NaOH. After mixing for 30
minutes, solution B was added dropwise to solution A, followed
by continuous stirring for 15 hours to promote uniform doping.
The resulting suspension was centrifuged, and the solid phase
was washed multiple times with ethanol to eliminate unreacted
precursors. The purified precipitate was then vacuum-dried at
100 °C for one hour and annealed at 450 °C for 30 minutes to
obtain Cu-doped TiO, nanoparticles. This method successfully
produced well-crystallized and homogeneously doped TiO,
nanostructures, offering enhanced material properties suitable
for various applications.

2.3. Anthocyanin dye extraction

To prepare the dye, 10 gm of fresh rose petals were placed in a
container with 30 mL of citric acid. The container was kept in
the dark for a day to prevent light from affecting the solvent’s
effectiveness. After this period, the same extract was reused to
extract more dye from another batch of fresh rose petals,
increasing the dye’s concentration.>® The mixture was centri-
fuged to eliminate solid particles and then filtered. The resulting
liquid dye was then used for sensitizing the photoanodes.

2.4. DSSC assemmbly

A DSSC device was fabricated by assembling prepared pure and
Cu-doped TiO, photoanodes combined with a platinum (Pt)
counter electrode (CE). The photo-anodes were immersed in
the anthocyanin dye solution for the whole night for dye
loading.”” The DSSC was constructed by stacking the photo-
anode and the Pt CE on top of one other, while leaving space for
external circuit connections. Two droplets of the prepared
electrolyte were introduced between the photoanode and the
CE.”® The assembly was held together using a pair of binder
clips to secure the device in place for testing delicately.

2.5. Characterization

Powder XRD analysis was carried out on a Bruker D8 Advance
X-ray diffractometer equipped with monochromatic Cu Ko
radiation. The surface morphology was analyzed using FE-
SEM (JEOL JSM-7600F) and TEM (JEM-2010, JEOL). Optical
properties were measured with a PerkinElmer Lambda25 UV-
vis spectrophotometer. Raman spectra were recorded using an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HJY micro-Raman spectrometer with a 633 nm He-Ne laser.
The photovoltaic performance of DSSCs was tested under
standard simulated 1.5G solar radiation (Oriel Sol 3A, Newport,
model 94063A), and IPCE was determined using a Bentham
PVE300 quantum efficiency system.

3. Result and discussion

3.1. Powder XRD analysis

Fig. 1 presents the XRD patterns of both undoped and Cu-
doped TiO, NPs. The diffraction peaks observed at the crystal-
lographic planes (101), (004), (200), (105), (211), (204), (116),
(220), and (215) match closely with the standard anatase phase
(JCPDS 84-1286) of TiO,. Notably, the absence of impurity peaks
in the XRD patterns for samples 0.025 M, 0.05 M, 0.075 M, and
0.10 M Cu-TiO, confirms that Cu*" ions have been well sub-
stituted into the TiO, lattice without forming any secondary
phases.”®?® Furthermore, no peaks corresponding to the broo-
kite or rutile phases were detected in any of the prepared
samples, indicating that the introduction of Cu does not induce
any phase transformation in the TiO, structure. A minor
displacement of the (101) peak towards reduced 20 values
signifies the effective integration of Cu®" ions into the TiO,
lattice. The crystallite size was calculated and tabulated in
Table 1 using the Scherrer equation.

The XRD analysis reveals that the average crystallite sizes of
pure TiO, and Cu-doped TiO, NPs with varying Cu concentra-
tions (0.025 M, 0.05 M, 0.075 M, and 0.10 M) are approximately
10.9 nm, 10.2 nm, 9.1 nm, 8.3 nm, and 7.9 nm, respectively.*®
A noticeable trend emerges, showing a reduction in the average
crystallite size as the Cu concentration increases from 0.025 M
to 0.10 M. This indicates a strong dependence of crystallite size
on the concentration of Cu doping. When Cu®" ions are
introduced into the TiO, lattice, they occupy specific lattice
sites, leading to changes in the ionic radii of the Cu** and Ti**
ions. The presence of Cu in the TiO, structure restricts the
growth of TiO, crystallites, particularly up to an optimal doping
level. The reduction in grain size is further influenced by Cu
atoms at grain boundaries or nanoparticle surfaces.>® These
observations suggest that Cu doping effectively modulates the
crystallite size of TiO,, a behavior also observed in case of other
transition metals.>>*° The variation in crystallite size indicates
the successful incorporation of Cu®" ions into the TiO,.

3.2. SEM-EDS analysis

The surface morphology and elemental composition of the
synthesized samples were analyzed using FE-SEM coupled with
EDS. Fig. 2 illustrates the SEM images of pure TiO, and Cu-doped
TiO, samples at various Cu concentrations (0.05 M, 0.075 M, and
0.1 M). The SEM images display clear morphological differences
between the samples.”® In the moderately doped samples (0.05 M
and 0.075 M), the particles are uniformly distributed, predomi-
nantly spherical in shape, and exhibit minimal signs of agglom-
eration. While, the sample with a higher Cu concentration (0.1 M)
shows a more pronounced aggregation, with particles forming

Mater. Adv,, 2025, 6, 2371-2384 | 2373
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Fig. 1 XRD pattern of pure TiO, and various Cu-doped TiO, samples.

noticeable clumps. The results highlight how increasing Cu
content influences the surface morphology of the NPs, showing
significant changes with higher Cu doping levels.*
Furthermore, the EDS images and mapping of pure TiO, and
Cu-doped TiO, samples (0.025 M and 0.05 M), shown in Fig. 3,
confirm the high purity of the produced nanomaterials. The
EDS analysis reveals that the elements present in the samples
are in precise stoichiometric ratios, with no detectable impu-
rities or traces of unwanted elements.’®*" This finding proves
that the synthesis method utilized in this work was accurate
and reliable, and it also provides strong evidence that the
produced nanomaterials are pure and unadulterated.>

3.3. HRTEM analysis

In Fig. 4, we have shown the selected area electron diffraction
(SAED) patterns, TEM, HRTEM and inverted fast Fourier trans-
form (FFT) images of pure and 0.075 M Cu-doped TiO, NPs.
Fig. 4(a)-(d) and Fig. 4(e)-(h) respectively display the SAED
pattern, TEM, HRTEM and inverted FFT images of pure and
0.075 M Cu-doped TiO, NPs. Fig. 4(a) presents the SAED pattern
of pure TiO, NPs, where distinct concentric rings can be clearly

Table 1 Estimated crystallite sizes, band gap, and dye loading in different
samples

Average

crystallite  Estimated Estimated dye
Sample size (nm) band gap (eV) loading (mole cm ?)
Pure TiO, 10.9 3.12 5.44 x 107®
0.025 M Cu-TiO, 10.2 2.96 6.80 x 1078
0.050 M Cu-TiO, 9.1 2.90 8.28 x 107®
0.075 M Cu-TiO, 8.3 2.80 9.94 x 10~ ®
0.100 M Cu-TiO, 7.9 2.71 4.84 x 1078
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observed, each corresponding to different crystal planes,
thereby confirming the polycrystalline nature of the TiO, NPs.
Similarly, Fig. 4(e) exhibits the same characteristic pattern,
reinforcing the polycrystalline nature of 0.075 M Cu-doped
TiO, NPs. Moreover, the TEM images in Fig. 4(b) and (f) reveal
that the NPs are uniformly distributed and exhibit a spherical
morphology with limited agglomeration, which supports the
findings observed in the FE-SEM analysis.

We further analyzed the HRTEM images of both samples
using the FFT and IFFT tools in Image] software to determine the
interplanar spacing. For the TiO, NPs, we applied FFT and IFFT to
the most prominent crystalline planes in Fig. 4(c), resulting in an
inverted FFT image. From this image, we obtained a profile plot of
the crystalline planes and calculated a d-spacing value of
0.351 nm, corresponding to the prominent (101) plane of the
anatase phase of TiO,.*** A similar analysis of the 0.075 M Cu-
doped TiO, sample revealed a d-spacing of 0.352 nm, corres-
ponding to the (101) plane of the anatase phase of TiO,.*
Additionally, Fig. 4(c) and (g) highlight the ordered structure,
along with confirming the polycrystalline nature of both samples.

3.4. Raman analysis

Raman spectroscopy was utilized to investigate the localized
structural modifications resulting from Cu doping in the
synthesized TiO, NPs. The Raman spectra of the samples,
illustrated in Fig. 5, affirm the existence of the anatase phase
of TiO,, with no signal of Cu or its oxide phases. The prominent
peak at 148 cm ™' corresponds to the E, mode of anatase TiO,,
aligns with findings from previous studies.>***?** Additional
peaks observed at 198.1 cm ™" and 639 cm™ ', along with the B1g
mode at 399 cm ' and the Alg + B1lg mode at 519.46 cm ",
further validating the anatase structure.?®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDS images and mapping of pure TiO, (a)—(a2), 0.025 M Cu-TiO; (b)-(b3), and 0.05 M Cu-TiO, (c)-(c3) samples.

With increasing Cu doping levels, the Raman spectra exhibit
noticeable changes, such as broader peaks and a shift toward
higher wavenumbers. These modifications are ascribed to the
greater ionic radius of Cu®" (0.73 A) relative to Ti*" (0.64 A),
resulting in lattice distortion and the formation of oxygen
vacancies to preserve charge equilibrium.**** Cu doping dis-
turbs the Ti-O-Ti bonds, resulting in the formation of addi-
tional Cu-O-Ti or Cu-O-Cu connections, hence influencing the
Raman-active modes. The expansion and displacement of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

E, peak are mainly linked to the vibrations of Cu-O-Cu con-
nections, which diminish in intensity when neighboring oxy-
gen vacancies occur, resulting in lattice contraction and shifts
of the peak to higher wavenumbers. The expansion and dis-
placement of the Raman peaks are also influenced by phonon
confinement effects and structural defects, such as grain
boundaries, as confirmed by XRD analysis.”>*> These findings
offer valuable insights into the structural modifications and
vibrational characteristics of Cu-doped TiO, NPs, emphasizing

Mater. Adv,, 2025, 6, 2371-2384 | 2375
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SAED patterns, TEM, HRTEM and FFT images of (a)-(d) pure TiO,; and (e)—(h) 0.075 M Cu-doped TiO, samples.

0.075M CuT

R —

0.05M CuT

Intensity (a.u)

e —

0.025M CuT

B e S

——

Pure TiO,
e ]

—

T T T T

T
300

T T T

T T T
400 500 600 700

Wavenumber(cm™)

Fig. 5 Raman spectra of pure TiO, and various Cu-doped TiO, samples.

the influence of Cu incorporation on the local lattice structure
and Raman-active vibrational modes of the material.

3.5. UV-Vis analysis

Ultraviolet diffused reflectance spectroscopy (UV-DRS) was
employed to analyze Cu-doped TiO, NPs. As illustrated in
Fig. 6, the reflectance progressively decreases with increasing
Cu concentration. This shift in absorption toward the visible
spectrum corresponds to electronic transitions from the
valence band (VB), primarily composed of O 2p states, to the
conduction band (CB), mainly consisting of Ti 3d states. The
observed absorption behavior highlights changes in the mate-
rial’s electronic structure, governing the movement of electrons

2376 | Mater. Adv, 2025, 6, 2371-2384

between these energy levels. Furthermore, the UV-vis absor-
bance spectra of pure and Cu-doped TiO, NPs are depicted in
Fig. 7(a). In the case of pure TiO,, the absorbance shows a
characteristic absorption edge around 380 nm, corresponding
to the intrinsic band gap energy of TiO,. This absorption in the
UV region indicates that pure TiO, primarily absorbs ultraviolet
light, a property well-known for its photocatalytic activity. A
notable redshift in the absorption edge is observed upon
doping with Cu, suggesting a reduction in the band gap energy.
Fig. 7(b) presents the Kubelka-Munk plots for both pure TiO,
and Cu-doped TiO, NPs, which were used to calculate the band
gap energy assuming an indirect electronic transition. The
corresponding band gap values are summarized in Table 1,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis DRS specta of pure TiO, and different Cu-doped TiO, samples.

showing that Cu doping leads to a gradual reduction in the
band gap. As Cu concentration increases, the band gap of TiO,
narrows progressively from 3.12 eV for undoped TiO, to 2.96 eV
(0.025 M Cu), 2.90 €V (0.05 M Cu), 2.80 eV (0.075 M Cu), and
2.71 eV (0.10 M Cu). The slight reduction in the band gap for
undoped TiO, (3.14 eV as compared to the reported 3.2 eV) can
be attributed to the incorporation of carbon during synthesis.
In Cu-doped samples, however, the observed band gap reduction
is primarily due to the integration of Cu®" ions, which introduce
additional electronic states near the conduction band edge and
increase impurity levels in the valence band, thereby narrowing the
effective band gap.'®?® This effect is driven by factors including
reduced particle size, enhanced crystallinity, and higher carrier
concentration, primarily due to oxygen vacancies and metal inter-
stitials. These defects serve as charge carrier generation sites,
improving short-circuit current density (/sc) and PCE, as seen in
0.075 M Cu-doped TiO, DSSCs. These band gap values align with
previous studies on Cu-doped TiO, materials, where values of 3.28,
3.19, 3.13, 3.05, and 2.81 eV were reported for pure TiO, and
varying Cu-doping levels (0.1, 0.5, 1, and 5 wt%).*® Other studies
have reported band gaps of 3.0 eV for 1 wt% Cu, 2.75 eV for Cu/Ti =
0.16 (mol mol '), and as low as 1.6 eV for 7.5% Cu doping.””
Further investigation is needed to clarify the solubility limits and
incorporation of Cu into the TiO, lattice, as current literature
presents conflicting views. While some researchers argue that the
difference in ionic charge between Cu®** and Ti'* hinders Cu
incorporation into the TiO, lattice, others provide evidence sup-
porting successful Cu doping within the TiO, structure.

In addition, the dye adsorption on TiO, film surfaces has
been analyzed by determining the dye concentration within the
film (Fig. 7c). To measure this, sensitized films are immersed in

© 2025 The Author(s). Published by the Royal Society of Chemistry

1 mM solution of NaOH to desorb the dye from the film’s
surface.”®*® The desorbed dye concentration is then quantified
using UV-visible spectrophotometry. Table 1 presents the dye
concentrations of various TiO, films sensitized with anthocya-
nin dye. The findings reveal that the up to 0.075 M Cu-TiO,
film exhibited a notable enhancement in dye adsorption com-
pared to other films. However, with further increases in Cu
content, dye adsorption declined sharply. This decrease is likely
due to reduced nanoparticle size and increased crystallite
aggregation, which reduces the films’ specific surface area. At
higher Cu loading levels, CuO begins to appear on the surfaces
of TiO, NPs, and the additional Cu species may interact with
key functional groups (-OH, -OCH; and C=0) of the antho-
cyanin dye rather than binding to the TiO, NPs, leading to
reduced dye adsorption.*®*°

3.6. XPS analysis

Analytical tests using X-ray photoelectron spectroscopy (XPS)
were performed to determine the chemical composition of pure
and Cu-doped TiO, NPs. The survey spectrum shown in
Fig. 8(a) demonstrates the existence of Cu in the optimized
0.075 M Cu-TiO, sample. The core level spectra were analyzed
in more detail, uncovering clear peaks corresponding to the
titanium (Ti 2p;/, and 2p3/,) and copper (Cu 2py, and 2psp)
levels.***! These peaks are fitted and displayed in Fig. 8(b) and
(d). The measured binding energies for the Ti 2p;/, and Ti 2ps/,
peaks were 464.1 and 458.4 €V, respectively. The binding
energies of the Cu 2p;/, and 2p;, peaks were determined to
be 951.93 eV and 932.30 eV, respectively, which aligns with the
findings of prior published investigations.?®?* This observation
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anthocyanin sensitized various TiO, films.

clearly indicates the integration of Cu elements into the com-
position of the TiO, NPs.

Furthermore, the existence of oxygen was verified by the
peak detected at 528.8 eV, which corresponds to O 1s (Fig. 8c).
Notably, a small variation in the binding energy of titanium
atoms was observed, suggesting the replacement of certain Ti**
ions with Cu®" ions at specific locations within the TiO,
structure.’® Hence, the XPS analysis provides conclusive proof
of Cu doping in the TiO, nanostructures, as indicated by the
prominent peaks representing Cu and the observed shift in the
binding energy of Ti, indicating the integration of Cu ions into
the TiO, structure. The XPS spectrum for Cu 2p indicates the
presence of both Cu* and Cu** oxidation states in the sample,
with higher Cu concentrations in TiO, making these states
more prominent. Peaks at 934.55 and 953.68 eV correspond to
the Cu" state, while those at 932.30 and 951.93 eV are asso-
ciated with the Cu®" state, as depicted in Fig. 8(d). Additionally,
two satellite peaks at 941.8 eV and 943.93 eV observed in the
Cu,-TiO, catalyst further confirm the presence of Cu** species.

3.7. J-V analysis

To evaluate the impact of Cu doping on the photovoltaic
performance of Cu-TiO, nanocomposites, three distinct DSSCs
were fabricated using pure TiO, and varying compositions of

2378 | Mater. Adv.,, 2025, 6, 2371-2384

Cu-TiO,. Fig. 9 presents the current density-voltage (/-V) curves
for these DSSCs, while Table 2 summarizes key parameters,
including open-circuit voltage (Voc), short-circuit current density
(Jsc), fill factor (FF), and photoconversion efficiency (7). The DSSC
based on pure TiO, exhibited a PCE of 1.53%, with a Jsc of
5.8 mA cm™ and a Vi of 0.6 V. Notably, the incorporation of Cu
into the TiO, matrix led to a marked enhancement in the
photovoltaic performance of the DSSCs.**"** The champion DSSC,
which included a 0.075 M CuT nanocomposite, demonstrated a
significant PCE of 2.61%. This represents a substantial 41%
increase compared to the pure TiO, equivalent. This enhanced
performance is attributed to the reduced band gap of the TiO,
film, which enables greater light absorption across the visible
spectrum, thereby improving light harvesting efficiency.”®

The addition of Cu dopants had a two-fold impact on the cell
performance. Indeed, it resulted in a significant 4% increase in
Voc compared to the pure TiO, DSSC, suggesting that the
presence of Cu caused a reduction in the TiO, bandgap.*® In
contrast, an excessive amount of Cu incorporation resulted in
the formation of structural flaws, which acted as recombination
sites and, therefore, reduced the short circuit current density of
the cell compared to moderately doped DSSCs. These findings
highlight the collaborative interaction between the inclusion of
Cu in TiO,, which promotes the absorption of dye and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8
0.075 M Cu-doped TiO, sample.

separation of charges and consequently improves the Jsc and
Voo, resulting in a higher PCE. Nevertheless, the detrimental
effects of heavy Cu doping were clearly observed in the 0.1 M
CuT DSSC. Table 3 presents a comprehensive overview of
various studies on Cu-doped TiO,, summarizing key findings,
and performance metrics.

3.8. Incident photon-to-current efficiency (IPCE) analysis

The IPCE of the respective DSSCs, spanning wavelengths from
450 to 800 nm, is depicted in Fig. 10. The highest IPCE value
recorded was 68.6% for the 0.075 M CuT photoanodes at 560
nm.*® In contrast, the maximum IPCE peak values for the
0.050 M CuT, 0.025 M CuT, 0.1 M CuT, and pure TiO, photo-
anodes were 62.3%, 60.9%, 59.1%, and 56.6% respectively.
There was a positive correlation between IPCE values and Jsc,
demonstrating coherence between the J-V study findings and
the IPCE analysis. The anthocyanin dye showed absorbance
between 400 and 600 nm, corresponding to the maximum IPCE
values.”” The absorption of Cu-doped TiO, photoanodes ranged
from 450 to 650 nm, corresponding to a bandgap of 2.71-3.12
eV, aligning well with the IPCE study findings. The 0.075 M CuT
photoanode-based DSSCs exhibited large IPCE values across a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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broad spectrum, enhancing light-harvesting capacity due to
substantial dye loading and high reflectance.*®> Moreover, the
IPCE analysis indicated that DSSCs utilizing Cu-doped TiO,
photoanodes exhibited a significant red shift toward longer
wavelengths, which can be attributed to their enhanced light
scattering capabilities.

3.9. Electrochemical impedance spectroscopy (EIS) analysis

The Nyquist plot shown in the Fig. 11, represents the electro-
chemical impedance spectroscopy analysis of DSSCs based on
pure TiO, and Cu-doped TiO, at different doping concentra-
tions (0.05 M, 0.075 M, and 0.1 M). The semicircle in the
Nyquist plot corresponds to the charge transfer resistance
(Ree) at the TiO,/electrolyte interface, which is a crucial para-
meter in determining the efficiency of DSSCs. A smaller semi-
circle indicates lower charge transfer resistance and more
efficient electron transport, while a larger semicircle signifies
higher resistance, leading to increased recombination losses
and lower performance.

The DSSC with pure TiO, exhibits the smallest semicircle,
indicating the lowest charge transfer resistance. However, its
relatively small arc suggests limited charge injection and
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Table 2 Summary of photovoltaic parameters of pure TiO, and diverse
Cu-doped TiO, DSSCs

DSSC composition  Jsc (mA cm™?) Voc (mV) FF n (%)
Pure TiO, 5.8 600 0.44 1.53
0.025 M CuT 6.9 620 0.47 2.01
0.05 M CuT 7.2 621 0.49 2.19
0.075 M CuT 7.6 624 0.55 2.61
0.1 M CuT 6.7 610 0.461 1.88

Table 3 Comparison of different studies on Cu-TiO, photoanodes with
various sensitizers and their photovoltaic parameters

]SC VOC

Photoanode Sensitizer (mA ecm ™) (mV) FF 1 (%) Ref.
Cu-TiO, N719 17.35 730 68 8.9 11
Cu-TiO, N719 13.20 762 68.9 6.94 19
Cu-TiO, N719 18.8 710 64.2 8.65 20
Cu-TiO, N719 7.34 1073 65 5.09 41
Cu-TiO, N719 15.1 680 71 7.3 44
Cu,Co/TiO, N719 10.78 670 57.4 4.16 45
Cu-TiO, Anthocyanin = 7.6 624 0.55 2.61 This work

transport, which may result in moderate device efficiency. Upon
Cu doping, the semicircle size changes, demonstrating the
impact of different doping concentrations on charge transport
dynamics. The 0.075 M CuT DSSC exhibits the most optimized
response, with a moderate semicircle diameter, suggesting
improved charge transfer and reduced recombination losses.
This indicates that the introduction of Cu in TiO, enhances the
electron transport properties and promotes better interaction
at the TiO,/electrolyte interface. The 0.05 M CuT DSSC shows a
slightly larger semicircle compared to the 0.075 M CuT DSSC,
suggesting that the lower doping concentration is not as

2380 | Mater. Adv, 2025, 6, 2371-2384

T T
0.3 0.4

Voltage (V)

effective in reducing charge transfer resistance. However, it
still performs better than pure TiO, DSSC. In contrast, the
0.1 M CuT DSSC exhibits the largest semicircle among the
samples, indicating the highest charge transfer resistance and
highest recombination losses. This suggests that excessive Cu
doping may introduce structural defects or act as recombina-
tion centers, hindering the efficient flow of electrons and
reducing DSSC performance.

The observed trend in the Nyquist plot suggests that Cu
doping plays a significant role in improving charge transport
and reducing recombination losses, but excessive doping can
negatively impact performance due to increased defects and
charge trapping. The 0.075 M CuT DSSC demonstrates the best
balance between enhanced charge transfer and reduced recom-
bination, making it the most optimized configuration among
the studied samples.

3.10. Stability test data

The stability of all the DSSC devices was tested under 1 Sun
illumination, and the results are shown in Fig. 12. The devices
were properly sealed to ensure accurate measurements. Over
time, both pure and Cu-doped TiO, DSSCs showed a gradual
drop in efficiency due to factors like dye degradation, charge
recombination, and possible evaporation of the electrolyte.
However, the Cu-doped TiO, DSSC performed better, maintain-
ing an efficiency of about 1.8% after 30 hours, while the pure
TiO, DSSC dropped below 0.8%. This shows that adding Cu to
TiO, improves the stability of the DSSC by enhancing charge
transfer and reducing recombination losses. The Cu-doped
TiO, DSSC lost about 30% of its efficiency over 30 hours, while
the pure TiO, DSSC lost nearly 50%. This suggests that Cu
doping helps extend the lifespan of the DSSC, making it a more
reliable material for long-term solar cell applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In conclusion, we have successfully developed a cost-effective
DSSC utilizing Cu-doped TiO, NPs combined with anthocyanin
dyes. To evaluate the impact of these components on DSSC
performance, we conducted a series of physicochemical char-
acterization studies and photovoltaic analyses. Our findings
indicate that Cu doping significantly reduces photo-charge
recombination, while the incorporation of anthocyanin dyes

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhances light absorption and energy conversion efficiency. This
combination effectively addresses the challenges of low PCE and
stability typically associated with DSSCs. Additionally, the use of
an economically produced Pt counter electrode enhances charge
collection, contributing to overall performance.

This innovative combination of Cu-doped TiO, photoa-
nodes, anthocyanin dyes, and Pt counter electrodes has been
explored for the first time, resulting in a significant PCE
improvement. The simplicity of fabrication, cost-effectiveness,
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and eco-friendly nature of this approach, alongside its excellent
performance, positions it as a viable solution for commercial
production. Notably, a DSSC with a Cu doping concentration of
0.075 M achieved a PCE of 2.61%, a marked increase from the
1.53% efficiency of the undoped variant. In addition, the EIS
analysis confirmed that doping with Cu (0.075 M) contributed to
the decrease in the electron transport resistance and increase in
the recombination resistance of the DSSC. However, it is impor-
tant to note that higher levels of Cu doping led to decreased
adhesion of the TiO, layer to the FTO substrates. These advance-
ments indicate that DSSCs incorporating Cu-doped TiO, photo-
anodes and anthocyanin-based photosensitizers have significant
potential to revolutionize applications in wearables, low-power
internet of things (IoT) devices, and thermochromic technologies.
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