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TiO2/ZnO nanocomposites with a metal-free dye
and a polymer gel electrolyte: optimizing
photovoltaic efficiency and assessing stability
via time series analysis†
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As part of the rapidly advancing field of energy technologies, solar energy-driven studies using

nanomaterials have gained significant attention. In this context, designing dye-sensitized solar cells

(DSSCs) with nanostructured titania (TiO2) and its composites is a key focus in material selection. This

study investigated the synthesis and photovoltaic performance of TiO2 nanoparticles (NPs) and their

composites with ZnO nanorods (NRs), synthesized via a one-step ex situ approach. The fabricated

devices were evaluated using a metal-free SK3 dye (D–p–A carbazole) and a Co2+/Co3+-based polymer

gel electrolyte. Structural properties were analyzed using Rietveld refinement, alongside other

physicochemical characteristics. Notably, the TiO2/ZnO nanocomposite (TZ-3 NCs) with 30 wt% ZnO

NRs in the photoanode demonstrated a significant improvement in solar energy-conversion efficiency

(Z) of 4.3%, which was 1.8 times higher than that of the TiO2/SK3 NC-based photoanode (2.38%). This

enhancement was attributed to the reduced charge-transfer resistance, improved donor density, and

increased surface area, facilitating efficient charge transport. Additionally, the study explored the stability

of the TZ-3/SK3 NC-based photoanode using time series analysis, a statistical tool that can contribute to

understanding its long-term performance.

1. Introduction

Titania (TiO2)-based composites have gained significant atten-
tion for potential applications in various fields, such as water
purification,1 drug delivery,2 biomedical,3 food packaging,4

energy conversion5 and storage,6 photocatalytic dye degradation,7

and environmental remediation.8 This is associated with the
beneficial properties of TiO2 for the aforementioned potential
applications, including its stable nature, low toxicity, and ease
of preparation.9,10 However, TiO2 materials also have some
limitations, such as inadequate light absorption from the solar
spectrum and a low dielectric constant, which limit the perfor-
mance of bare TiO2.11,12 In addition, the use of TiO2 nanocrys-
tals, specifically possessing a certain particle size, with a high
surface area, moderate charge transport, effective light scatter-
ing, and simple structural control, is considered more effective
than other morphologies of TiO2 for photovoltaic studies.13

Regarding this, in the case of emerging solar cells, particularly
DSSCs, many researchers have endeavored to boost their effi-
ciency by modifying bare TiO2. Generally, a high surface area
has been an essential requirement to anchor the dye molecules,
which may lead to greater charge collection efficiency along
with fast electron transport, ultimately contributing to the
improvement in cell performance. As mentioned above, to date,
nanostructured TiO2 has been modified with various materials,
including carbonaceous materials, dopants, other transition/
inner-transition metal oxides, and chalcogenides, to obtain
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enhanced photovoltaic performance. Among these strategies,
composites with transition metal oxides are considered effec-
tive since they may demonstrate synergistic effects by promot-
ing favorable band alignments and reducing photogenerated
electron–hole charge recombination. For this purpose, metal
oxides, such as ZnO–TiO2,14 CuO–ZnO,15 TiO2–ZnO,16 TiO2–
SnO2,17 and TiO2/MgO,18 have been deployed by the scientific
community. Significantly, TiO2/ZnO nanocomposites (NCs)
have been widely studied due to their excellent chemical and
thermal stability, ease of fabrication, and a closer bandgap
energy with favorable band alignment.19

For instance, Manikandan et al. reported the nanostructured
TiO2–ZnO core–shell photoanodes with an improved short-
circuit current ( JSC) from 1.67 to 2.1 mA cm�2 and an improved
photoconversion efficiency of up to 57%.20 Further, Agrios et al.
reported the design of a nanostructured composite consisting
of TiO2 nanoparticle (NP)-coated ZnO nanorods (NRs) through
electrostatic layer-by-layer techniques. This composite showed
improved electron transport along the NRs and an improved
surface area provided by the NPs.21 Furthermore, Xie et al.
demonstrated a novel type of coaxial TiO2/ZnO nanotube array
as a highly efficient photoanode and achieved a higher energy
conversion efficiency, which was 40% higher than that of the
bare TiO2 nanotubes, along with a high specific area and a
direct conduction path through the aligned nanotubes, which
favored charge separation and reduced the probability of
charge recombination.22 Though the aforementioned and other
previously reported works demonstrated competent photo-
voltaic performances, most of the works included the use of
metal-based dyes as a sensitizer in DSSCs.23 Nevertheless, the
selection of the sensitizer is a critical concern since metal-
based dyes, such as N719, N3, Z991, N712, and YD-2, are
associated with disadvantages, such as the use of rare and
expensive metals, and it remains challenging to develop eco-
friendly DSSCs using metal-based dyes.24,25 Hence, the use of
metal-free dyes as sensitizers has been effectively established
due to their higher absorption coefficient, preservation of limited
precious metal resources, and the elimination of metals, which
can promote their eco-friendly applications. Several studies have
been conducted regarding the evaluation of metal-free organic
dyes, such as eosin yellow and coumarins.26–28 Jeganthan et al.
reported an enhanced photocurrent using a high-light-purity
protein, bacteriorhodopsin (BR), which was utilized as a bio-
sensitizer.29 Aenishanslins et al. utilized Antarctic bacteria as a
light sensitizer, which significantly improved the open-circuit
voltage.30 Though these studies utilized metal-free dyes, there
is still a chance to make the system more attractive with the use
of a polymer gel electrolyte instead of a liquid-based electrolyte,
diminishing several of the current limitations, such as volatility,
which compromises long-term durability, temperature sensitivity,
slow ion diffusion, and others.31,32 The high ionic conductivity,
lower flammability, excellent thermal stability, absence of hazar-
dous organic solvents, and long-term stability are associated with
the use of polymer gel electrolytes, making them more attractive
for the said study.11 Overall, considering the above aspects, there
is significant potential to enhance the photovoltaic performance

through a sustainable and novel approach that utilizes nanos-
tructured TiO2, ZnO, metal-free dye, and polymer gel electrolyte,
which is an approach that has not yet been reported.

Hence, the present study proposed the use of the metal-free
sensitizer SK3 dye (D–p–A carbazole) and a Co2+/Co3+-based
polymer gel electrolyte and evaluated their photovoltaic perfor-
mance. Initially, nanostructured bare TiO2 and its composites
with ZnO were prepared by a sol–gel method, followed by a
brief analysis to determine their associated physicochemical
properties. The photovoltaic performance of the fabricated
DSSCs was comprehensively evaluated through current–voltage
(I–V), electrochemical impedance (EIS), Mott–Schottky (M–S)
plot, Bode phase plot, and incident photon-to-current efficiency
(IPCE) analyses under 1-sun illumination (100 mW cm�2).
In addition, stability assessment was done via a chronoampero-
metric study assisted with time series analysis (TSA), providing
a valuable contribution to studying the use of a statistical
approach hyphenated with material science. This research
represents an innovative exploration, being the first to incor-
porate ternary TiO2/ZnO NCs in polymer gel electrolyte-assisted
SK3 dye-sensitized solar cells.

2. Experimental details

All the chemicals were purchased as AR grade and used without
any further purification. The synthesis protocols for the bare
TiO2 NPs and ZnO NRs are described in the ESI.†

2.1. Synthesis of TiO2/ZnO nanocomposites

The TiO2/ZnO NCs were synthesized using an ex situ sol–gel
method. The TiO2 NPs and ZnO NRs were mixed in varying
concentrations, specifically in ratios of 9 : 1, 7 : 3, and 1 : 1 (TiO2/
ZnO), and each mixture was dissolved in 20 mL of absolute
ethanol in separate beakers. The solutions were then stirred for
30 min to achieve homogeneity, followed by an additional
30 min of stirring. The resulting mixtures were slowly air-
dried to form the desired NCs. These NCs were subsequently
calcined at 450 1C for 2 h. After calcination, white powders were
obtained and labeled as TZ-1, TZ-3, and TZ-5, corresponding to
TiO2 compositions of 9 : 1, 7 : 3, and 1 : 1, respectively.

2.2. Device fabrication

The working electrode (WE), or photoelectrode, was fabricated
using the doctor blade technique.33 NCs were deposited onto
the surface of fluorine-doped tin oxide (FTO) substrates using a
mixture of ethyl cellulose and a-terpineol as binders. The
photoelectrodes were then annealed at 450 1C for 20 min.
Following this, they were immersed in a solution containing
SK3 dye (used as a sensitizer) and chenodeoxycholic acid in a
1 : 5 ratio. The solvent used for dye sensitization was a blend of
anhydrous methanol and methylene dichloride in a 2 : 8 ratio,
and the electrodes were left in this solution for 24 h. To remove
any unbound dye, the electrodes were washed with methylene
dichloride and then rapidly dried in a vacuum furnace at 450 1C
for 20 min. For the counter electrode (CE), a platinized FTO

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2.
03

.2
02

5 
12

:3
1:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00553h


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

substrate was used. The photovoltaic device was assembled by
sandwiching a PEO–PEG electrolyte between the WE and CE.
Three sets of devices were fabricated, tested, and the mean
value of the results from these devices was recorded. For asses-
sing the statistical performance, the error percentage values
were obtained from the devices and are reported in Table S1 of
the ESI.† Afterward, a detailed study on the determination
of the amount of dye loading was carried out using the
dye desorption technique. Based on this, the amount of dye
loading in the solar cell device was found to be approximately
0.1 mg cm�2. This value represents the total amount of dye
molecules effectively adsorbed on the active area of the photo-
electrode. The values of JSC and VOC for TZ-3 and TZ-5 were
improved. The dye absorbed the main dye, increasing the
number of electrons flowing into the conductor, resulting in
a higher JSC value. As for the increase in VOC, this was due to the
filling of the existing interstitial spaces from the adsorption of
the dyes, which led to a larger number of dyes on the surface of
the conductor, leading to a decrease in aggregation and an
increase in voltage. Finally, the performance of the device was
evaluated by measuring the photocurrent density–voltage (I–V)
characteristics using a Keithley 2400 source meter and a solar
simulator (PET, USA) equipped with a 100 W xenon lamp and a
band-pass filter. The light intensity was calibrated to 100 mW cm�2

using a silicon photodiode standard, and 1-sun illumination was
applied to assess the light-to-electricity conversion efficiency.

The different characterization tools deployed to interpret the
properties of the synthesized samples are described in the ESI.†

3. Results and discussions

In concern with efficient charge separation as well as trans-
portation with reduced charge recombination, the designed
NCs displayed high proficiency. This concept could also be
noted by observing the well-aligned band edges with each
other. Next, photovoltaic testing was initiated by fabricating
sandwich-type DSSCs, as described earlier in the Experimental
section and shown in Fig. 1a, which were further exposed to
standard AM 1.5 one-sun illumination (100 mW cm�2) with an
active area of 0.25 cm2. Herein, the photovoltaic performance
was tested by obtaining I–V, EIS, M–S, Bode phase, and IPCE
analyses for current density, charge transfer resistance (RCT),
donor density (ND), and conversion efficiency, etc. The I–V
characteristic curves of the samples with the SK3 sensitizer
are displayed in Fig. 1b. The VOC, JSC, fill factor (FF), and
efficiency of the DSSC devices were measured with the help of
the I–V plot, and these parameters are summarized in Table 1
and Table S1 in the ESI.† The binary TZ-3/SK3 NC-based
photoanode achieved a higher solar efficiency (Z) than the
SK3-sensitized bare TiO2 NPs, bare ZnO NRs, and other binary
TZ NC-based photoanodes. The I–V plot for the bare ZnO/SK3-
based DSSCs is shown in Fig. S1 in the ESI.†

This improved photovoltaic performance for the TZ-3/SK3
NC-based photoanode was further supported by the diminished
RCT and improved ND, as determined by EIS and M–S analysis,

respectively. Fig. 1c shows the Nyquist plot for all the samples,
where it can be seen that the optimized TZ-3/SK3 NC-based
photoanode exhibited a smaller semicircle compared to the
other samples, revealing a decrease in RCT value from 498 O to
70 O, compared to the bare TiO2/SK3-based photoanode.
This confirms the better interfacial charge transfer, improving
the overall performance.34,35 The fitted circuit is shown in
Fig. S2, ESI.† A higher ND of 14.40 � 1018 was associated with
the TZ-3/SK3 NC-based photoanode, exhibiting a reduced width
of the depletion region, which was favorable for the suppres-
sion of charge recombination within the device.36,37 ND was
calculated using the M–S equation, as follows:

1

C2
¼ 2

eeoA2eND
V � Vfb �

kBT

e

� �
(1)

where C represents the capacitance of the space-charge region,
e is the electron charge (1.602 � 10�19 C), e and eo denote the
relative permittivity (e = 48 for anatase TiO2) and vacuum
permittivity, respectively. A is the active surface area of the
electrodes (1.0 cm2), ND is the donor density, V is the applied
potential, and Vfb is the flat-band potential of the material. The
ND can be determined using the following equation (eqn (2)),
which is a modified version of eqn (1).

ND ¼
2

eeoA2e ðslopeÞ (2)

The positive slopes of the M–S plots for all the samples, as
given in Table 2, reveal the n-type semiconductivity of the
samples (Fig. 1d).38 Fig. 1e presents the Bode plot, which
highlights the improved electron lifetime of the TZ-3/SK3 NC-
based photoanode, showing a strong correlation with the
higher photoelectron lifetime value.39 Following these findings,
the IPCE quantification under light (l 4 400 nm) was per-
formed (Fig. 1f), demonstrating good consistency with the
optical properties and I–V results. The highest IPCE (63.3%)
was observed for the TZ-3/SK3 NC-based photoanode at a
wavelength of 496 nm, surpassing the performance of the bare
TiO2/SK3 (43.8%), TZ-1/SK3 (48.0%), and TZ-5/SK3 NC-based
photoanodes (52.5%). This enhanced IPCE for the TZ-3/SK3
NC-based photoanode indicates a significant improvement in
the conversion of incident photons into electrical current,
supporting more efficient charge transfer and contributing
to the overall increase in photovoltaic performance.40,41 The
observed values are given in Table 2. Overall, the improved
surface area with suitable optoelectrical properties (as dis-
cussed further), diminished RCT, increased ND, improved IPCE,
and significant charge separation and transfer noted for the TZ
NC-based photoanodes indicate their enhanced photovoltaic
performance.42 Though the performance is still relatively low
compared to various standard reports, it remains a significant
achievement due to the use of a straightforward approach
incorporating semiconducting TiO2 and ZnO, along with the
deployment of a metal-free dye and a polymer gel electrolyte.

The stability of the designed photoanodes was studied using
chronoamperometric analysis, revealing their current den-
sity behavior over time. The current density under chopped
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(light/dark) conditions for all the photoanodes is displayed in
Fig. S3, ESI.† The present study not only analyzed the stability
but also forecasted the current density for the next few time
counts using time series analysis (TSA).43,44 In modeling the
current density variation, TSA employs statistical techniques to
analyze and predict patterns within a sequence of current

density data points over time (Fig. 2a). This method is crucial
for capturing the dynamic behavior of current density fluctua-
tions and identifying any underlying trends or patterns.45

Initially, the augmented Dickey–Fuller (ADF) test was performed
to check the stationarity of the data. The ADF test confirmed that

Table 1 Photovoltaic parameters of synthesized NCs with SK3 dye

Sample

Photovoltaic parameters

JSC (mA cm�2) VOC (V) IMP (mA cm�2) VMP (V) FF (%) Z (%)

TiO2/SK3 4.07 0.94 2.91 0.82 62.37 2.38
TZ-1/SK3 5.72 0.80 4.94 0.68 73.40 3.05
TZ-3/SK3 7.17 0.89 6.49 0.66 67.12 4.30
TZ-5/SK3 6.49 0.93 5.53 0.72 65.96 3.98

Table 2 Photovoltaic parameters associated with EIS, M–S, and IPCE
analysis of synthesized NCs with SK3 dye

Sample

Photovoltaic parameters

RCT (O) RS (O) Slope by M–S plot ND (cm�3) IPCE (%)

TiO2/SK3 498 51.33 1.62 � 1012 1.81 � 1018 43.8
TZ-1/SK3 153 51.36 1.04 � 1012 2.82 � 1018 48.0
TZ-3/SK3 70 51.30 2.03 � 1011 14.40 � 1018 63.3
TZ-5/SK3 85 52.38 9.06 � 1011 3.24 � 1018 52.5

Fig. 1 (a) Schematic of TZ/SK3-based DSSCs. Photovoltaic performance of bare TiO2/SK3, TZ-1/SK3, TZ-3/SK3, and TZ-5/SK3 NC-based DSSCs: (b) I–V
curves, (c) Nyquist plots, (d) Mott–Schottky plots, (e) Bode phase plot, and (f) IPCE measurement under AM 1.5 G sunlight conditions.
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the data were stationary with a p-value of �7.8373 (0.0001).
In addition, the Holt-Winters exponential smoothing (HWES)
method was performed to fit and forecast the chronoampero-
metric stability data. The level (l) and trend (r) can be determined
using eqn (3) and (4), with alpha and beta values as follows,

lt = 0.8853yt + 0.1147(lt�1 + rt�1) (3)

rt = 0.3871(lt � lt�1) + 0.6129rt�1 (4)

As a result of this analysis, a minimal mean squared error
(MSE) value of 2.7208 � 10�6 was observed, signifying the
effective prediction performance of the data.46 Additionally,
the data were forecasted up to 250 points using the level and
trend equations with 80% (low and high) and 95% (low and
high) prediction intervals, as shown in Fig. 2b. Also, autocorre-
lation function (ACF) and partial autocorrelation function
(PACF) plots were obtained, as shown in Fig. 2c and d, respec-
tively, suggesting that the residuals were uncorrelated. Overall,
TSA was beneficial for predicting and forecasting the stability
associated with the photoanodes for DSSCs, providing valuable
insights into their long-term chronoamperometric stability.

Before dye sensitization, the physicochemical properties of
bare TiO2 NPs and TZ NCs are discussed here, revealing the
optimization of TZ-3 NCs among the others. The desired optical
properties of the samples were analyzed using UV-visible
DRS, Tauc plots, and PL analysis, as shown in Fig. S4 and

Table S2, ESI.† The improved optical properties of TZ NCs than
bare TiO2 NPs reveal their effective use in photovoltaic
studies.47 In addition, the XRD pattern, photoluminescence
analysis, UV-visible DRS, and FT-IR spectrum of bare ZnO NRs
are shown in Fig. S5, ESI,† supporting the associated results for
TZ NCs.

XRD patterns of synthesized bare TiO2 NPs and TZ NCs
are given in Fig. S6, ESI.† The XRD patterns, along with the
corresponding 2y values, confirmed the anatase phase of TiO2

in the TZ NCs, as indicated by the diffraction peaks at 25.191
(101), 37.891 (004), 47.421 (200), 54.291 (105), 62.911 (204),
68.031 (116), 69.081 (220), and 75.361 (215) [JCPDS card no.
00-021-1272].48 Additionally, representative peaks at 31.691
(100), 34.361 (002), 36.161 (101), 56.53 (110), 66.37 (200), 72.55
(004), and 76.89 (202) were observed, corresponding to the
presence of ZnO in all TZ NCs.49–51 Herein, the intensity of
the characteristic peaks assigned to TiO2 decreased as the
amount of ZnO was increased in TZ NCs, confirming the
composition of ZnO and TiO2 in the NCs. Subsequently,
the crystallite size slightly enlarged in the TZ NCs than the
bare TiO2 NPs due to the agglomeration of TiO2 with ZnO.52,53

Rietveld refinement was performed on all the samples, as
shown in Fig. 3a and 4(a)–(c), corresponding to bare TiO2 and
TZ NCs, respectively. The FulProf software was used for the
Rietveld analysis. The 1 526 931 (TiO2) and 1 011 258 (ZnO)
CIF files from the crystallographic open database website
were used. The pseudo-Voigt peak profile was utilized for the

Fig. 2 (a) Experimental and predicted chronoamperometric stability (current density) of the optimized TZ-3 NC-based photoanode, (b) forecasted
chronoamperometric stability of the TZ-3 NC-based photoanode with 80% (low and high) and 95% (low and high) prediction intervals, (c) ACF and (d)
PACF of residuals. The threshold bounds of ACF and PACF are shown using dashed lines [ACF: auto-correlation function; PACF: partial auto-correlation
function].
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Fig. 4 Rietveld refined XRD pattern of (a) TZ-1, (b) TZ-3 and (c) TZ-5 sample. (d) Unit cell crystal structure of TZ NCs.

Fig. 3 (a) Rietveld refined XRD pattern, (b) unit cell crystal structure, (c) 2D and (d) 3D electron density map of a unit cell of the TiO2 sample.
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Rietveld analysis. Furthermore, the crystal structures of bare
TiO2 and TZ are shown in Fig. 3b and 4d, generated utilizing
the VESTA program. In addition, FulProf software was used to
perform the Fourier transform to compute the electron density
distribution in the TiO2 unit cell. The 2D and 3D electron density
maps for the TiO2 unit cell are displayed in Fig. 3(c) and (d).

Chi-square values and the quality of fit are computed, as
given in Table 3, which shows various structural and refine-
ment values, demonstrating that the parameters of the refined
model are within an acceptable range.

Fig. 5 displays the XPS spectra for TZ-3 NCs, which provide
information on element composition, surface chemical states,
and valence states within the NCs. The associated survey
spectrum is shown in Fig. 5a. Fig. 5b presents the deconvolu-
tion of the Ti 2p high-resolution XPS spectrum, revealing two

characteristic peaks at binding energies of 458.86 eV and
464.62 eV, with a binding energy difference of 5.76 eV. This
signifies the existence of Ti4+ species in the NCs. As a result of
the incorporation of ZnO with TiO2 NPs, the difference in
binding energy slightly elevated from 5.70 eV (for bare TiO2)
to 5.76 eV, supporting the formation of Ti–O–Zn bonding within
the NCs.11 In addition, Fig. 5c displays the high-resolution XPS
spectrum for Zn 2p, with two characteristic peaks at binding
energies of 1021.52 and 1044.53 eV, corresponding to a binding
energy difference of 23.01 eV. This signifies the presence of Zn2+

in the TZ-3 NCs.54,55 Further, Fig. 5d shows the high-resolution
XPS spectrum of O 1s, which is deconvoluted into two distinct
peaks: one at 531.95 eV, corresponding to surface hydroxyl oxygen
(M–OH), which may also be attributed to a carbonated oxygen
atom, and the other peak at 530.05 eV, associated with lattice
oxygen (M–O) in TZ-3 NCs.56,57 Thus, through the analysis of XPS-
derived data, the appropriate interconnectivity among all compo-
nents of the NCs can be anticipated.47 This interconnectivity is
further supported by the FT-IR spectra of the samples, as shown
in Fig. S7, ESI.† These understandings aid in illustrating the
plausible charge transfer throughout the NCs in the study.
In addition, the structures of the SK3 dye and the gel electrolyte
are given in Fig. S8, ESI.† It can be revealed that the dye may
strongly bind to the surface of TiO2 and ZnO through electrostatic
interactions between the carboxylic group and the surfaces of the
materials.

Table 3 Various Rietveld refinement parameters of all the TZ samples [w2:
goodness of fit, S: sum of square differences (objective function to
minimize), RWP: weighted profile residual, Rexp: expected profile residual,
RP: profile residual (reliability factor), RB: Bragg’s residual, and RF: retention
factor]

Parameter Sample code w2 S Rwp Rexp Rp RB (%) RF (%)

Value TiO2 1.75 1.32 36.40 27.50 43.80 7.49 9.51
TZ-1 1.22 1.10 27.10 24.55 29.40 10.10 13.20
TZ-3 1.32 1.15 26.00 22.59 28.90 9.98 12.90
TZ-5 1.43 1.19 23.40 19.55 25.00 9.77 12.50

Fig. 5 (a) Survey scan XPS spectrum of TZ-3 NCs, high-resolution core level spectrum of (b) Ti 2p, (c) Zn 2p, and (d) O 1s within TZ-3 NCs.
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The enhanced photovoltaic performance of TZ-3 NCs was
further corroborated by the morphological analysis of the
samples. The bare TiO2 NPs exhibited a spherical morphology
(Fig. 6a), whereas the TZ-3 NCs showed aggregation of
NPs along with ZnO NRs (Fig. 6b). ZnO NRs can be observed

in Fig. S9, ESI.† These observations are confirmed by the
corresponding high-resolution transmission electron micro-
scopy (HRTEM) images of bare TiO2 NPs and TZ-3 NCs, as
shown in the insets of Fig. 6a and b, respectively. The field
emission scanning electron microscopy (FESEM) images indi-
cate that the TZ-3 NCs have a more porous surface structure
compared to bare TiO2 NPs, a characteristic further supported
by BET analysis. Additionally, Fig. 6c)–(f) present the elemen-
tal dot mapping images of the TZ-3 NCs, demonstrating the
uniform distribution of Ti, Zn, and O within the NCs.

The existence of elemental Ti and O in TiO2, Zn, and O in
ZnO, as well as Ti, Zn, and O in TZ NCs were confirmed using
EDS analysis, with the EDS spectra for the respective samples
presented in Fig. 7(a)–(c). The presence of only the respective
elements in the EDS spectra revealed the purity of the samples,
with no additional peaks from impurities.50

Fig. 6 FESEM images of (a) bare TiO2 NPs, (b) TZ-3 NCs, and (c) elemental
mapping of TZ-3 NCs representing element Ti (d), O (e), and Zn (f).

Fig. 7 EDS spectrum of (a) TiO2 NPs, (b) ZnO NPs, and (c) TZ-3 NCs.

Fig. 8 N2 adsorption–desorption isotherms for bare TiO2 NPs and TZ-3 NCs.
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In addition to the aforementioned physicochemical properties,
the enhanced surface area and larger pore size of TZ-3 NCs
compared to bare TiO2 NPs play a crucial role in boosting
photovoltaic performance by allowing for increased dye loading
capacity.58 This improvement is confirmed through BET analysis,
determined using N2 adsorption–desorption isotherms, as
depicted in Fig. 8. Furthermore, the increase in pore size for TZ
NCs was analyzed using Barrett–Joyner–Halenda (BJH) analysis.
The comprehensive parameters obtained from BET analysis are
provided in Table 4. With these approaches, the observed photo-
voltaic performance in this work is much more significant as
compared to various previous reports, as shown in Table S3, ESI.†
Therefore, considering the improved interfacial charge transfer
behavior, increased carrier density, and significantly higher sur-
face area, the SK3-sensitized TC NC-based photoanodes, with the
aforementioned optimized physicochemical properties, present
an effective strategy for enhancing photovoltaic performance,
particularly in terms of current density and other key parameters
in solar energy conversion technologies.

4. Conclusions

This study comprehensively addresses the design and evaluation
of the photovoltaic performance of TZ/SK3 dye-based solar cells.
Initially, TZ NCs were synthesized using a simple wet chemical
approach, followed by extensive analysis with various analytical
and spectral tools. Rietveld refinement facilitated a quantitative
structural analysis that complemented the XRD study. BET analy-
sis revealed an increased surface area for TZ-3 NCs (187.62 m2 g�1)
compared to bare TiO2 NPs (156.05 m2 g�1). This enhanced surface
area allowed for greater dye loading on TZ-3 NCs, leading to a
significant improvement in photovoltaic performance, achieving
an efficiency (Z) of 4.30%, compared to 2.38%, 3.05%, and 3.98%
for bare TiO2, binary TZ-1, and TZ-5 NC-based DSSCs, respectively.
The observed improvement in photovoltaic performance can
be attributed to the reduced RCT of 70 O and the increased ND

of 14.40 � 1018 cm�3, as determined by EIS and M–S analysis.
Additionally, the implementation of TSA for stability assessment
provided valuable insights into the long-term stability of the devices,
merging the fields of statistics and materials science. This study
highlights the effective utilization of nanostructured metal oxides,
metal-free dyes, and polymer gel electrolytes in dye-sensitized solar
cells, offering significant contributions to solar energy conversion.
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