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Enhancing light harvesting in bilayered dye-
sensitized solar cells by tailoring light scattering
with electrospun TiO, nanofiberst
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and Sujatha Devi P.*2°

Dye-sensitised solar cells (DSCs) possess promising features such as high performance under low-light
conditions, cost-effectiveness, and adaptability in contrast to conventional silicon-based solar cells.
Introducing a scattering layer has been reported to be one of the most effective and economical
solutions for improving the efficiency of DSCs. In this regard, various one-dimensional nanostructures
have been applied to DSCs to enhance its light scattering property and improve electron transport,
thereby achieving a better lifetime. This study highlights the potential advantages of using the well-
known electrospinning technique to synthesize various phases of TiO, fibers that are effective scattering
layers for achieving enhanced light harvesting through improved light scattering and dye anchoring. It
was observed that the scattering layer consisting of anatase phase TiO, fibers enhanced the power
conversion efficiency of nanoparticle-based devices by 60% (8.67% =+ 0.58%) primarily owing to the
combined effects of improved light harvesting through light scattering and enhanced dye anchoring.
However, the rutile phase TiO, fibers, as a scattering layer, increased the power conversion efficiency
only by 45% (7.85% + 0.47%). Additionally, perturbation techniques used to investigate the impact of the
TiO, fiber scattering layer on electron transfer dynamics revealed that the TiO, fiber layer contributed to
a long electron lifetime and facilitated rapid electron diffusion, thereby promoting efficient charge

rsc.li/rsc-advances collection.

. Introduction

In the past few decades, dye-sensitized solar cells (DSCs) have
gained popularity as a photovoltaic technology owing to their
cost-effectiveness, ease of fabrication, and ability to modify
their structures. A reasonably high power conversion efficiency
(PCE) of 15.2% under one sun irradiation has been demon-
strated by DSCs."” Recently, DSCs have been further improved
to perform under indoor light conditions, with their efficiency
reaching up to 40%.*°® Photoanode, dye, electrolyte, and
counter electrode are the four primary components of
a conventional DSC, each of which has been investigated by
various researchers for improving device performances.”™
Among the different strategies and modifications employed
to improve the overall efficiency of DSCs, the addition of
a scattering layer over the active layer has proven to be an effi-
cient way to enhance the device performance.””™* Adding
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a scattering layer provides long paths for lights and thus
improves the light harvesting of such devices.> Anatase nano-
particles of different shapes and sizes are applied on DSCs as
photoanodes and scattering layers.'**® Compared to nano-
particles, one-dimensional TiO, structures provide efficient
scattering and direct pathways for electron transport owing to
their stretched grown structure to a specific direction and
reduced grain boundaries.”*" Electrospinning is a captivating
technique for synthesizing nano-/micro-structured continuous
fibers of metals, oxides, and polymers.>* Several groups have
used the electrospinning technique to synthesize TiO, nano-
fibers, nanorods, and nanotubes for DSC applications.?*** Joshi
et al. reported that when compared to TiO, nanoparticles,
electrospun TiO, fibers of 300 nm diameter could effectively act
as scattering centres without reducing the dye loading.”® The
power conversion efficiency of the DSC fabricated with 85%
nanoparticles and 15% nanofibers was 44% greater than that of
the DSC fabricated exclusively with TiO, nanoparticles. Wang
et al. reported transient photocurrent and photovoltage studies
on nanoparticle-nanofiber composite DSCs.”* The addition of
TiO, nanofibers substantially improved the charge collection
efficiency of photoanode owing to highly crystalline grains and
fewer grain boundaries in TiO, nanofibers. A bilayered photo-
anode structure with TiO, nanoparticle underlayer and
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nanofiber scattering layer (NPs/NFs) with component roles for
each layer were reported by Du et al.*®* Compared to pure TiO,
NP-based devices, this bilayer-structured device exhibited an
approximately 14% improvement in power conversion effi-
ciency. Wang et al. improved the short-circuit current density
and PCE of NP-based devices by applying an NF layer over the
NP layer.”” This NP/NF bilayered DSC achieved 8.03% PCE,
which was 26% greater than that of the NP/NP photoanode
devices.

All the above studies pertain to anatase TiO, as a scattering
layer. TiO, particles with a large size and good crystalline nature
with a rutile phase are expected to be better candidates for
scattering layer applications. It is anticipated that the rutile
phase of TiO,, having a higher refractive index of 2.78 @ 500 nm
than the anatase phase (2.60 @ 500 nm), although not well
explored in DSC as a scattering layer, can perform as a better
scattering layer than anatase.”® For this purpose, we synthesised
anatase, rutile, and anatase-rutile mixed TiO, fibers by elec-
trospinning to explore their potential as photoanodes and
scattering layers in DSC. Electrospinning synthesis of oxide
fibers combines sol-gel chemistry with controlled combustion,
and the solution composition and combustion conditions can
affect the physical and chemical attributes of the resultant
fibers.* In this context, we demonstrate the precise phase
control of TiO, fibers through electrospinning by diligently
controlling the sol composition and calcination temperatures.
The synthesized fibers are characterized using the following
commonly used analytical techniques: X-ray diffraction,
confocal Raman spectroscopy, scanning electron microscopy,
transmission electron microscopy, Brunauer-Emmett-Teller
analysis, and UV-Vis absorption spectroscopy. The effect of
anatase and rutile phases of TiO, fibers on the DSC perfor-
mance was studied by applying them as the photoanode and
scattering layers. In this study, in addition to regular device
measurements, electrochemical impedance spectroscopy (EIS),
transient photovoltage decay, and transient photocurrent decay
measurements were employed to study the effect of the TiO,
fiber scattering layer on electron transfer dynamics.

Il.  Experimental procedure
A. Electrospun synthesis of TiO, fibers

TiO, fibers were fabricated by electrospinning a titania sol
prepared by applying a modified sol-gel technique.** For
anatase TiO,, the sol was made by adding 0.68 mL of acetyla-
cetone to 10 mL of 5 wt% of polyvinylpyrrolidone (PVP, M,, =
136 000 mol g~ ') in ethanol, followed by the addition of 4 mL of
titanium(iv) isopropoxide (TTIP).** After 15 minutes of stirring,
0.3 mL of deionised water was added dropwise. The mixed
solution thus prepared was stirred overnight under ambient
conditions to make it homogeneous. To make fibers using elec-
trospinning, the as-prepared sol was loaded in a plastic syringe
and placed horizontally in the electrospinning instrument. The
solution was injected at a rate of 2 mL h™" using a syringe pump,
and an electric potential of 14 kv was applied at the needle tip
using a high-voltage power supply. The fibers were collected on
a rotating drum (450 rpm) and calcined at 500 °C for 2 hours to
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remove the PVP polymer and convert TTIP into anatase TiO,. To
produce rutile and anatase-rutile mixture TiO, fibers, the titania
sol was made in 10 mL of 30 wt% of polyvinylpyrrolidone (PVP,
M,, = 55 000 mol g~ ') by the addition of 0.68 mL of acetylacetone
(99.5%), 4 mL of TTIP, (97%) and 0.3 mL of water. For electro-
spinning, a flow rate of 2 mL h™", a needle-to-drum distance
of 14 c¢cm and an applied potential of 14 kv were fixed.
Anatase-rutile mixture fibers were formed by calcining the fiber
at 500 °C, while the rutile TiO, fibers were obtained at 700 °C
calcination of the as-prepared fibers.

B. TiO, fiber paste preparation

TiO, fiber pastes were prepared following the commonly used
paste preparation procedure in our laboratory.** To obtain
a paste suitable for the doctor blade coating, 0.25 g of ethyl
cellulose and 2.03 g of terpineol were dissolved in 5 mL of
ethanol, followed by adding 0.5 g of TiO, fibers. The mixture
was sonicated using an ultrasonic probe-sonicator for 15
minutes to mix the components homogeneously. The ethanol
content was removed by keeping the paste on a hot plate at 60 ©
C for 30 min to make the paste viscous enough to coat on FTO
glass.*

C. Dye loading study of films

The amount of dye adsorbed onto the fiber films was quantified
through dye adsorption-desorption experiments at a tempera-
ture of 25 °C. The fiber films were immersed in a 0.5 mM N719
solution for 24 hours. Subsequently, the adsorbed dye mole-
cules were desorbed into a 0.1 M NaOH solution in water. The
number of dye molecules desorbed from each film was deter-
mined quantitatively from the absorbance of the solution.*

D. DSC device fabrication

Dye-sensitized solar cells were fabricated by following the
previously reported protocol from our group.** In a typical
procedure, a thin TiO, blocking layer was deposited on
acleaned 1.6 x 1.6 cm” FTO (TEC 10, Sigma-Aldrich) by soaking
the FTO in a 40 mM TiCl, solution for 30 min at 70 °C, followed
by annealing at 500 °C for 30 min. The nanoparticles (Dyesol
18NR-T) or fiber TiO, film (~13-14 pm thickness) were depos-
ited on the pre-deposited FTO glass substrates using the doctor
blade method. After coating the first layer, the substrate was
dried at 100 °C for 10 minutes. The same doctor blade method
was used to coat the second layer (~6-7 um thickness) over the
first layer and finally annealed at 500 °C for 30 min. A post-
blocking layer was also deposited on the TiO, films as the
same procedure mentioned earlier. The TiO, films were sensi-
tized with N719 dye by soaking in a solution of 0.5 mM N719
and 10 mM CDCA in a 1:1 acetonitrile and tertiary butanol
mixture for 24 hours. The counter electrode was prepared by
coating Pt paste (Dyesol PT-1) on a cleaned FTO glass. The Pt
paste-coated glass plates were annealed for 30 minutes at 420 °
C. The electrodes were assembled in a sandwich type using UV
epoxy lines as the spacer to form a solar cell. The iodide/
triiodide (Greatcell Solar EL-HPE) electrolyte was filled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through the pre-drilled holes and sealed with parafilm and
cover glass.

E. Material characterization

X-ray diffraction (XRD) analysis and Raman spectroscopy were
used to confirm the crystallinity and phase purity of the
synthesized TiO, fibers. The XRD patterns were recorded using
a Malvern PANalytical X'Pert Pro MPD XRD instrument operated
with Cu Ka radiation of an X-ray wavelength (1) of 1.5406 A. The
Raman spectra were obtained using a confocal Raman instru-
ment (Witek, Germany) equipped with a 633 nm wavelength
laser in the spectral range of 100-900 cm . Thermogravimetric
analyses (TGA) and differential scanning calorimetry (DSC)
measurements were performed using the PerkinElmer STA 8000
instrument over a temperature range of 40-600 °C at a heating
rate of 10 °C min~". The surface morphology of the fibers was
confirmed under a Carl Zeiss, Germany scanning electron
microscope (SEM). To confirm the morphology of the syn-
thesised materials, TEM analysis was carried out using a JEOL
(JEM F 200 with EDS, STEM, EELS) high-resolution trans-
mission electron microscope (HRTEM) operated at an acceler-
ating voltage of 200 kV. The BET surface area of the samples was
determined using a Tristar II Micromeritics surface area
analyzer after the samples were degassed at 200 °C for 2 hours.
Diffuse reflectance spectra (DRS) and transmittance of the
photoanode films and UV-Vis absorption spectra of the dye
solutions were recorded using a PerkinElmer Lambda 950 UV-
Vis-NIR spectrometer with interchangeable snap-in modules
for the solid and liquid samples.

F. Solar cell characterization

The photovoltaic characteristics of solar cells were evaluated
under one sun condition (100 mW cm 2, AM 1.5 G) using
a Keithley source meter and a Newport class AAA solar simu-
lator. A circular black mask of area 0.1133 cm” was used for the
J-V measurements to avoid the impact of light falling outside
the active area. The incident photon-to-current conversion
efficiency (IPCE) of the devices was measured under DC mode
using a 300 W xenon lamp that was integrated with a Newport
monochromator and a power meter. Transient photovoltage
decay and transient photocurrent decay measurements were
performed using the Dyenamo Toolbox set-up (DN-AEO1).
Electrochemical impedance spectroscopy (EIS) measurements
were carried out using an electrochemical workstation, Autolab-
PGSTAT 302N (Metrohm).

[1l. Results and discussion

Fig. 1a shows a schematic illustration of the synthesis of TiO,
fibers using the electrospinning technique. Electrospinning of
TiO, sol produces a fiber mat of PVP-TTIP composite, which is
then calcined in air to remove the PVP template and produce
TiO, from the TTIP. The composite fibers were calcined at 500 ©
C, during which two key processes occurred: (1) the decompo-
sition and burning of PVP and (2) the conversion of TTIP into
TiO,.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The crystal structure of the calcined fibers was characterized
by X-ray diffraction (XRD) analysis. The XRD patterns of the
TiO, fibers synthesised with PVP of M, = 136 000 mol g '
matches well with the JCPDS card no. 01-084-1286 of the TiO,
anatase phase after calcination at 500 °C. All the diffraction
peaks are indexed to the reflection planes (101), (004), (200),
(105), (211), (204), (220) and (125) of anatase TiO,, as shown in
Fig. 1b. When the fibers of the PVP of M,, = 55 000 mol g~ were
calcined at 500 °C, the anatase-rutile mixture phase was
formed. Along with anatase phase, Rutile reflection planes
(110), (101), and (111) were observed, respectively, at 27.50°,
35.95°, and 41.29°. When the latter fibers were calcined at 700 °©
C, XRD patterns of the produced fibers matched well with the
JCPDS card no. 01-072-1148 of the TiO, rutile phase, with the
peaks at 27.43°, 36.12°, 41.15°,43.98°, 54.39°, 56.63°, 62.81°,
64.12°, and 69.11° are, respectively, indexed to (110), (101),
(111), (210), (211), (220), (002), (310), and (301) reflection planes
of rutile TiO,. From the analysis of XRD patterns, TiO, fibers of
different crystal phases were synthesized by varying the polymer
concentration and controlling the calcination temperature.
Owing to the lower calcination temperature, the resulting TiO,
fibers were in the anatase phase. However, when the calcination
temperature was increased, the anatase-to-rutile phase transi-
tion occurs, resulting in rutile phase formation. The anatase
TiO,, anatase-rutile mixture TiO, and rutile TiO, samples are
denoted as TiO,-A, TiO,-AR and TiO,-R, respectively, in further
discussions in this study. It is also observed that sample crys-
tallinity increased with calcination temperature.** The fraction
of the rutile phase in the mixture phase TiO,-AR fiber was
calculated using eqn (1) and found to be about 29%, where I, is
the integral intensity of the anatase TiO, (101) diffraction peak
and Iy is the integral intensity of the rutile TiO, (110) diffraction
peak.* The lattice parameters of the calcined samples were
derived as @ = 3.7904 A and ¢ = 9.4747 A for TiO-A, a = 4.1298 A
and ¢ = 8.8764 A for TiO,-AR and a = 4.5860 A and ¢ = 2.8844 A
for TiO,-R, and all the three samples have « = 8 = v = 90°. The
average crystallite sizes calculated from the Scherrer formula
(eqn (2)) were 13.80 nm, 25.82 nm, and 56.26 nm for TiO,-A,
TiO,-AR, and TiO,-R, respectively.

Fraction of rutile TiO,,

Ir
"R = 088611, 1 I ®
Average crystallite size,
kA
D= . 2
B cos 6 2)

The information derived from the Raman spectroscopic
technique further corroborates the structural confirmation
from the XRD analysis. Distinct peaks observed at 145, 404, 526,
and 636 cm ™" for TiO,-A (Fig. S17) are attributed to the anatase
TiO, Raman active modes E, Byg, A;g, and Eg, respectively.*® The
TiO,-R exhibits rutile characteristic signals of symmetries By,
Ez, and A, at 145, 441, and 610 em !, respectively, with the
broad signal observed at 249 cm ' corresponding to rutile
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(a) Schematic of the synthesis of TiO; fibers using the electrospinning technique. (b) XRD pattern of TiO; fibers after calcination along with

JCPDS of anatase and rutile TiOs. (c) TGA and (d) DSC of as-spun fibers of PVP of M,, = 55000 mol g~* and PVP of M,, = 136 000 mol g~ *.

phase multiple phonon scattering.®*® Conversely, TiO,-AR
reveals the presence of anatase and rutile phases, indicating the
coexistence of both phases. The XRD and Raman analyses
confirm the formation of TiO, using the electrospinning tech-
nique, with the phase being controlled by changing the sol
composition and calcination temperature.

6174 | RSC Adv, 2025, 15, 6171-6182

It has been demonstrated that by carefully adjusting the
molecular weight and concentration of PVP, one can obtain
either anatase alone or mixed anatase-rutile TiO, fibers when
calcined at 500 °C. In the electrospinning process with PVP-
based sol compositions, the PVP polymer serves a twofold
purpose. Its primary function is to enhance the viscosity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution for fiber formation through electrospinning.*” The
polymer concentrations in the solution are fine-tuned to be 30
and 5 weight percentages, respectively, for PVP of M, of 55
000 mol g~ and 136 000 mol g . This precise composition
results in bead-free continuous PVP-TTIP composite fibers. A
higher weight percentage of lower molecular weight PVP (M,, =
55 000 mol g~ ') was necessary owing to its reduced efficiency in
elevating the solution viscosity. In contrast, a lower concentra-
tion suffices for the higher molecular weight PVP (M,, = 136
000 mol g ) to attain the desired viscosity. Then, the polymer
functions as a sacrificial template and imparts the fibrous
structure to TiO, during the calcination of the as-spun PVP-
TTIP composites.*®

The effects of polymer molecular weight and weight percentage
on decomposition and crystallisation were investigated using TGA-
DSC analysis. The crystallisation of TiO, occurs during the calci-
nation steps.*® The thermograms of the composite fibers are
illustrated in Fig. 1c, capturing the distinct thermal behaviours.
Attributable to the differences in weight percentages, the PVP
(M,, = 55000 mol g~ ")-TTIP composite exhibited a higher weight
loss than the PVP (M,, = 136000 mol g ')-TTIP composite.
Despite the weight loss, both thermograms share a comparable
decomposition profile. The initial weight loss in the range of
50-100 °C is ascribed to the solvent volatilisation. The pronounced
weight loss observed in the 300-310 °C range can be linked to the
thermal decomposition of the PVP polymer molecules and the
organic parts of the TTIP.* Notably, the decomposition curve of
the higher molecular weight PVP (M,, = 136 000 mol g ') fibers
exhibited a gentle decline owing to the higher degree of poly-
merisation.*” Subsequent to this second weight loss, a third weight
loss was observed for both samples. Because of the fast decom-
position of the lower molecular weight polymer, the third weight
loss of PVP of M,, = 55 000 mol g~ fibers occurs more readily at
310 °C. Meanwhile, the fibers of PVP of M,, = 136 000 mol g~ "
decompose slowly, and the third weight loss occurs at 350 °C. This
final weight loss is attributed to the combustion of carbon resi-
dues formed from the decomposed PVP.* Significantly, no weight
loss occurs after 500 °C, affirming the efficiency of calcination of
the fibres at 500 °C to produce TiO, fibres from the PVP-TTIP
composite by removing all other organic and solvent residues.

Crystallisation necessitates heat energy to migrate atoms
into lattice positions that are thermodynamically disfavoured at
lower temperatures.*' DSC is a valuable tool for evaluating the
change in heat flow associated with both chemical and physical
changes.*” The DSC results are presented in Fig. 1d, unveiling
exothermic events at 300 and 325 °C corresponding to the
decomposition of PVP of molecular weight 55 000 mol g~ * and
136 000 mol g ', respectively. Further DSC analysis revealed an
additional exothermic peak at 450 °C owing to the release of
energy from carbon burning.* The second exothermic response
is more prominent in fibers of PVP of M,, = 55 000 mol g~ *, which
signifies a higher degree of energy liberation through carbon
combustion in this sample. Thus, the rutile phase formation in
the lower molecular weight PVP (M,, = 55000 mol g ') sample
at 500 °C can be ascribed to the extra energy released from carbon
burning.** At this juncture, the carbon content in the fibre may
be perceived as the fuel, and the TTIP assumes the role of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the oxidiser; hence, the overall process could be conceptualised
as a combustion synthesis.**** The fuel-to-oxidiser ratio is
intrinsically connected to the phase of TiO, synthesised through
the combustion process.** A higher fuel-to-oxidiser ratio
can culminate in the rutile phase formation at lower tempera-
tures.” The augmented carbon presence in the fiber of PVP of
M,, = 55000 mol g ' has been corroborated by calcination at
350 °C and subsequent TGA analysis. After calcination at 350 °C,
both samples have a black appearance owing to carbon residues,
with the fibre of PVP of M,, = 55000 mol g~ showing a darker
hue. The thermograms of the calcined samples are depicted in
Fig. S2 in the ESI, T showing a higher mass reduction in PVP of
M,, = 55000 mol g, which indicates surfeit carbon content in
this sample after calcination at 350 °C. The TGA-DSC results
indicate that the presence of surplus carbon in the fibres made of
PVP of M,, = 55 000 mol g~ " aids the formation of a rutile phase
at reduced temperatures, which is attributed to the energy
released during carbon combustion.

The structure and surface morphology of the fibers were
investigated using scanning electron microscopy (SEM). The
SEM micrographs (Fig. 2a-c) confirm the one-dimensional fiber
morphology of all the TiO, samples. The fiber structures were
well retained even after calcination at 700 °C. TiO, fibers of
smooth surfaces and micrometres of length were formed after
calcination. The diameter distribution of the fibers is measured
using Image J software, and the distribution curve is shown in
the inset in Fig. 2a-c. The fibers exhibited average diameters of
200 £ 20 nm, 525 + 20 nm, and 325 + 15 nm for TiO,-A, TiO,-AR
and TiO,-R, respectively. The fiber diameter of TiO,-AR is higher
when compared to TiO,-A; this increase is due to the increased
weight percentage of the PVP polymer in the electrospinning
sol. As has been reported by many investigators, a higher
polymer concentration provides thicker diameter fibers through
electrospinning.*® The fiber diameter of the TiO,-R is reduced to
325 + 15 nm, which can be ascribed to the higher calcination
temperature. The fibers tend to shrink more at higher temper-
atures as crystallinity and density increase.*”

The microstructure of the fibers was further investigated
using a high-resolution transmission electron microscope
(HRTEM) and selected area electron diffraction (SAED) anal-
yses. From HRTEM micrographs, it is evident that the fibers are
formed with closely packed small TiO, nanocrystals. This type
of structure is expected to provide direct pathways for electron
transport and enhance charge collection when employed in DSC
devices. The lattice fringes observed in HRTEM images and the
spotty rings in SAED patterns attest to the high crystallinity of
calcined fibers. Further analysis of the HRTEM images in
Fig. 2g-i, TiO,-A shows the lattice fringes of the anatase (101)
planes with an interlayer distance of 0.359 nm, which is in close
accordance with the XRD value of 0.352 nm. For TiO,-R fibers,
the lattice fringes displayed an interlayer distance of 0.328 nm,
corresponding to the rutile (110) plane of TiO,-R. Examinations
of the TiO,-AR HRTEM image showed lattice spacing of
0.365 nm and 0.328 nm of anatase (101) and rutile (110) planes,
respectively, which implies that the fiber structure is formed
through the connection of a mixture of anatase and rutile
crystallites. The spots in SAED increased from TiO,-A to TiO,-AR

RSC Adv, 2025, 15, 6171-6182 | 6175
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Fig. 2 SEM micrographs of (a) TiO,-A, (b) TiO,-AR and (c) TiO,-R. (d—f) TEM images and (g—i) HRTEM images (with SAED patterns as inset) of

TiO,-A, TiO,-AR and TiO,-R, respectively.

to TiO,-R, indicating an improvement in the crystallinity of the
samples in the same order. The increase in crystallite size was
also observed in the order TiO,-A to TiO,-AR to TiO,-R from the
HRTEM images. The crystallite size distribution of the TiO,
fibers is measured using Image J software, and the distribution
curves are shown in Fig. S5 in the ESL.{ The crystallite size
distributions well match the average crystallite sizes calculated
from the XRD analysis.

The performance of the dye-sensitized solar cells fabricated
using the synthesized TiO, fibers as an active layer was exam-
ined with current density-voltage (J-V) measurements under
AM 1.5 G (100 mW cm?) illumination. The J-V curves are
shown in Fig. 3, and the results are summarized in Table 1. The
power conversion efficiency (PCE) of devices fabricated with
TiO,-A fiber photoanode was 3.58% = 0.43%, with an open
circuit voltage (Voc) of 0.714 + 0.006 V, short circuit current
density (Jsc) of 7.64 + 0.58 mA cm ™2, and fill factor (FF) of 65.8%
+ 1.2%. Under similar conditions, the devices fabricated with
TiO,-R and TiO,-AR exhibited much lower efficiency of 0.26% =+
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0.09% and 2.17% =+ 0.13%, with V¢ values of 0.700 + 0.011 V
and 0.706 = 0.009 V, Jsc values of 0.68 4= 0.18 mA cm™ 2 and 5.08
+ 0.27 mA cm ? and FF values of 54.3% + 1.8% and 60.4% =+
1.6%, respectively. The low PCE values of TiO,-R and TiO,-AR
devices are ascribed to their sizeable current losses. The dye
desorption experiments show that the TiO,-A photoanode
exhibits a high dye loading of 5.14 x 10® mol ecm > In
contrast, the TiO,-R photoanode exhibits a low dye loading of
1.17 x 10"° mol ecm?, and the TiO,-AR-based photoanode
exhibits a moderate dye loading of 2.22 x 10~% mol cm 2. The
amount of dye anchored onto the photoanode depends on its
thickness, surface area, surface functional groups, solvents
used for dye solution preparation, immersion time of photo-
anode in dye solution, and addition of co-adsorbents.*® In
comparison to TiO,-A, both TiO,-R and TiO,-AR exhibit
areduced surface area owing to the tight packing of crystals and
the dense nature of the fibers.

Exception for the TiO, fibers, all materials and methods
remain the same across the three devices. Therefore, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Current density—voltage (J-V) curves under standard one sun conditions (AM 1.5 G, 100 mW cm™2). (b) Incident photon to current
conversion efficiency (IPCE) plot of DSCs fabricated using TiO, fibers as photoanodes.

Table 1 J-V parameters under standard one sun illumination (AM 1.5 G, 100 mW cm™2), surface area and dye loading data TiO, fiber as

photoanode-based DSCs

Surface area Amount of dye adsorbed

Cell Voc (V) Jsc (mA em™2) FF (%) PCE (%) (m*g™) (mol em™?)
TiO,-A 0.714 =+ 0.006 7.64 £ 0.18 65.8 £ 1.2 3.58 £ 0.43 53 5.14 x 10°°
TiO,-R 0.700 £ 0.011 0.68 £ 0.18 54.3 £ 1.8 0.26 £ 0.09 4 117 x 107°
TiO,-AR 0.706 % 0.009 5.08 & 0.27 60.4 £ 1.6 2.17 4+ 0.13 40 2.22 x 107°

difference in Jsc can be correlated with the difference in dye
loading owing to the variation in the surface area of the TiO,
fibers (Table 1).

From the correlation of various data collected from charac-
terization techniques, it is found that the current loss exhibited
by TiO,-R and TiO,-AR devices is solely due to the decrease in
dye loading in the respective devices. However, the dense
nature, larger diameters and longer lengths of the fibers suggest
that these structures could be ideal for use as scattering layers
over nanoparticle layers. The dense nature of the fibers is ex-
pected to scatter the light more efficiently, and the direct
pathways provided by the one-dimensional structure of the
fibers could improve the charge collection. Therefore, we
fabricated DSC photoanodes using the synthesized TiO, fibers
as a scattering layer over an anatase TiO, nanoparticle (NP)
active layer. The device fabricated with photoanode employing
the NP active layer alone (designated as NP) exhibits an effi-
ciency of 5.41% =+ 0.3% with a Voc of 0.694 £ 0.011 V, Jsc of
11.50 + 0.21 mA cm™ > and FF of 67.7% = 1.6%. Devices with
TiO, fiber scattering layers (NP/fiber) exhibited improved
performance compared to NP-based devices. The efficiency of
the NP-/fiber-based device using TiO,-A, TiO,-R and TiO,-AR
scattering layers was increased by 60%, 45% and, 49%,
respectively, when compared to NP-based devices. NP/fiber
devices using TiO,-A, TiO,-R and TiO,-AR scattering layers
exhibited an efficiency of 8.67% =+ 0.58%, 7.85% =+ 0.41% and
8.06% =+ 0.14%, with V¢ values of 0.702 + 0.009 V, 0.706 +

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

0.007 V and 0.705 £ 0.002 V, Jsc values of 17.71 & 0.77 mA cm 2,
16.84 £ 0.72 mA cm™” and 16.78 + 0.18 mA cm ™ > and FF values
of 69.8% =+ 2.0%, 66.1% + 0.5% and 68.2% =+ 0.6%, respec-
tively. The enhancement in performance is mainly attributed to
the improvement in Jsc, which can be primarily ascribed to
better light harvesting through improved light scattering.

Incident photon to current conversion efficiency (IPCE)
spectra of the devices (Fig. 4b) provide details on the light-
harvesting ability. The NP devices have a lower IPCE, which is
in accordance with the J-V results. On comparing the IPCE
spectra of NP device and NP/fiber devices, a 29% IPCE
improvement was observed at 520 nm when the TiO,-A fiber
scattering layer was applied over the NP active layer, followed by
15% and 19% improvement for TiO,-R and TiO,-AR scattering
layer-based devices, respectively. Additionally, the introduction
of fiber scattering layers changes the behaviour of the IPCE
spectra at higher wavelengths. An extra shoulder peak emerges
at 590 nm, and the IPCE onset extends to around 750 nm. This
improvement in IPCE and the shift of IPCE onset to the longer
wavelength can be explained by the significant light scattering
ability of TiO, fibers.* Such scattering is expected to trap more
light within the device, leading to increased light harvesting as
observed in our case (Table 2).

The reflectance and transmittance of photoanodes are eval-
uated using a UV-Vis-NIR spectrometer equipped with an inte-
grating sphere. As shown in Fig. 4c, the NP photoanode exhibits
a very low reflectance, and more than 40% of the incident light

RSC Adv, 2025, 15, 6171-6182 | 6177
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Fig. 4 (a) J-V curves under standard one sun illumination (AM 1.5 G, 100 mW cm™), (b) IPCE plot of DSCs fabricated using TiO, fibers as
scattering layer, (c) reflectance and transmittance spectra of TiO, nanoparticles and fiber films, and (d) scattering efficiency of TiO, fiber

scattering layer.

is transmitted through the dye-coated NP photoanodes without
being absorbed. The transmittance gradually increases after
550 nm, and it reaches up to 77% at 700 nm. In contrast, the
TiO, fibers, with high crystallinity and dense nature, exhibit
very high reflectance in the visible region. The order of reflec-
tance increased from TiO,-A to TiO,-AR to TiO,-R; the increase
in reflectance follows the amount of rutile phase present in the
sample; this implies that the higher refractive index of the rutile
phase helps to scatter the light more effectively.® It is also
imperative to consider that the TiO,-R samples exhibit well-
defined large grains, as confirmed by the TEM analysis, which
effectively reflects the incident light. When applied to the NP
layer, the TiO, fibers enhance the light absorption of the dye-
coated NP/fiber double-layer photoanode by backscattering
the light transmitted through the NP layer. The backscattering
increases the path length and prolongs the duration of light

Table 2 J-V parameters under standard one sun illumination (AM 1.5
G, 100 mW cm™2), J-V parameters of DSCs

Cell Voc (V) Jsc (mA cm™2) FF Efficiency (%)
NP 0.694 £ 0.011 11.50 £0.21 67.8 £ 1.6 5.41 + 0.31
NP/TiO,-A  0.702 £+ 0.009 17.71 £ 0.77 69.8 2.0 8.67 £ 0.58
NP/TiO,-R  0.706 £+ 0.007 16.84 £ 0.72  66.1 + 0.5 7.85 £ 0.47
NP/TiO,-AR 0.705 £+ 0.002 16.78 £ 0.18 68.2 + 0.6 8.06 £+ 0.14

6178 | RSC Adv, 2025, 15, 6171-6182

inside the photoanode, leading to increased light absorption.
The higher Jsc observed in the TiO, fiber scattering layer-based
devices than in the NP photoanode devices is a direct result of
this increased light absorption. The scattering efficiency of the
TiO, fiber layers is computed using eqn (3):
Scattering efficiency = TnpRpIPCEynp (3)
where Typ represents the transmittance of the dye-coated NP
photoanode film, Ry is the reflectance of the TiO, fiber layer
alone, and IPCEyp denotes the IPCE of the NP photoanode
device.”* Fig. 4d depicts the calculated scattering efficiency of
the TiO, fiber layers over the NP layer as a function of wave-
length. The graph follows a shape previously reported by Koo
et al. in their size-dependent scattering study.>* Compared to
their results, our study exhibits a broad shape for the scattering
efficiency, which is in the range of 400-700 nm, with high
scattering efficiency percentages. This broad shape and high
scattering efficiency can be attributed to the effective scattering
of transmitted light by TiO, fibers over a wide range owing to
their high crystallinity and dense one-dimensional structure.
The maximum scattering efficiency observed around the
500 nm wavelength is due to the maximum absorbance of the
N719 dye in that wavelength range.
As shown in Fig. 4d, the TiO,-R layer exhibits higher scat-
tering efficiency than the TiO,-A and TiO,-AR layers, which can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be attributed to the higher reflectance of the material. Inter-
estingly, it is observed that the highest PCE is achieved for the
TiO,-A layer, which has a lower scattering efficiency. These
findings suggest that the performance improvement of NP/fiber
devices is not solely influenced by light scattering but also by
other factors. The device performance parameters indicate that
the efficiency of NP/fiber devices is improved by the enhance-
ment in Jgc. Dye loading is another critical factor that directly
affects the Jsc. As explained in the previous discussion, the dye
loading is significantly reduced from TiO,-A to TiO,-AR to TiO,-
R. Therefore, it is inferred that in NP/TiO,-A devices, the dye
molecules anchored onto the TiO,-A scattering layer absorb the
incident light and contribute to the jsc improvement in addi-
tion to its light scattering. It must be noted that even though the
scattering efficiency of TiO,-A is lower than that of TiO,-R and
TiO,-AR, it is much higher than the scattering efficiency of NPs.
Hence, the combined effect of light scattering and dye loading
of the TiO,-A fibers contributed to the enhanced overall PCE of
NP/TiO,-A-based bilayer devices. However, in the case of the NP/
TiO,-R, the improvement in Js¢ is solely ascribed to the higher
scattering efficiency of the TiO,-R layer, as its dye loading is very
low. As the TiO,-AR has scattering efficiency and dye loading
between TiO,-A and TiO,-R, the PCE of NP/TiO,-AR lies between
the two. The results indicate that a material with high scattering
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Fig. 5
circuit voltage of NP and NP/TiO,-A DSCs.
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efficiency and good dye loading properties can act as an ideal
scattering material for bilayer DSCs to deliver a higher PCE by
enhancing light harvesting and improving Jsc. The application
of the scattering layer helps to increase the light harvesting
ability of the photoanode. However, it increases film thickness,
which may affect charge collection.

To gain insight into the impact of the TiO, fiber scattering
layer over the active layer on the charge transfer dynamics in
DSCs, we carried out electrochemical impedance spectroscopy
(EIS), transient photovoltage decay, and transient photocurrent
decay measurements. The Nyquist plot at a bias potential
equivalent to the V¢ of the devices, along with the equivalent
circuit used to fit the EIS data, is illustrated in Fig. 5a. The
electron lifetime obtained by fitting the EIS (Nyquist) (Fig. 5b)
revealed that the NP/TiO,-A photoanodes with a one-
dimensional structure and reduced grain boundaries exhibit
a higher electron lifetime than the NP photoanodes. The results
are further supported by the dark current and transient pho-
tovoltage decay measurements, as illustrated in Fig. S7.7 The
transport time measurements (Fig. 5c and S8%) reveal that
despite a 50% increase in film thickness, the change in trans-
port time is minimal for NP/TiO,-A photoanode owing to the
faster electron transport through the one-dimensional TiO,-A

fibers. Charge collection efficiency (n..) quantifies the
(b)
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(a) Nyquist plot with equivalent circuit, (b) electron lifetime, (c) transport time and (d) charge collection efficiency as a function of open
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effectiveness of collecting injected electrons at the back contact.
For efficient charge collection, DSC photoanodes must exhibit
a longer electron lifetime and rapid electron diffusion within
their mesoporous structures. Fig. 5d shows that the NP/TiO,-A
devices exhibit better n.. compared to NP photoanode devices,
attributed to their improved electron lifetime and comparable
transport time. This improved 7. significantly contributes to
the superior short-circuit current density (Jsc) and, conse-
quently, to the higher power conversion efficiency (PCE) of NP/
TiO,-A devices.

V. Conclusion

TiO, fibers of different phases were synthesized using the
electrospinning technique by carefully modifying the sol
composition and calcination temperatures. The influence of
polyvinylpyrrolidone (PVP) molecular weight and concentration
on TiO, crystallization was systematically investigated through
TGA-DSC analysis. The results demonstrate that anatase or
mixed anatase-rutile phase TiO, fibers can be obtained by
adjusting the molecular weight and weight percentage of PVP in
the sol. The formation of the rutile phase in fibers with a higher
polymer content at lower calcination temperatures is attributed
to the additional energy released during the combustion of
surplus carbon formed upon decomposition. The synthesised
TiO, fibers are applied in DSC photoanode as a scattering layer
on top of a nanoparticle TiO, layer. The PCE of nanoparticle-
based devices increased by 60%, 49% and 45% when TiO,-A,
TiO,-AR and TiO,-R fibers were applied as scattering layers,
respectively. The IPCE and scattering efficiency calculation
results indicated that the dense crystalline TiO,-R fiber scat-
tering layers effectively scatter light, thus improving the light
harvesting of NP/TiO,-R devices and achieving a higher PCE.
The TiO,-A scattering layer contributed to light scattering and
exhibited higher dye loading, further enhancing the short-
circuit current density (Jsc) and resulting in the highest PCE
(8.67%) for NP/TiO,-A-based bilayer devices. The NP/TiO,-AR
device, with scattering efficiency and dye loading intermediates
between those of TiO,-A and TiO,-R, achieved a corresponding
PCE that fell between the two. Interfacial charge transfer studies
revealed that the NP/fiber bilayer structure provided an optimal
balance between electron lifetime and transport time, reducing
charge recombination and enhancing charge collection effi-
ciency, which collectively improved device performance. In
conclusion, this study demonstrates the synthesis of TiO, fibers
with tunable phases using the electrospinning technique and
highlights their potential as scattering layers in DSC photo-
anodes. One-dimensional TiO, nanofibers with high scattering
efficiency, improved dye loading, and enhanced charge collec-
tion properties represent an ideal scattering material for DSCs,
significantly boosting light harvesting and reducing recombi-
nation to achieve superior PCE.
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