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Abstract

In this study, TiO, nanofibers (NFs) have been synthesized by a simple and cost-effective electrospinning method. The
diameter of TiO, NFs has been controlled by varying the feed rate from 0.5 to 1.5 ml h™!. The synthesized NFs are studied
for their morphological, optical, structural and compositional properties. The surface morphological analysis of the TiO,
NFs revealed that the feed rate is playing a key role in order to control the diameter. The X-ray diffraction (XRD) analysis
revealed that the formation of anatase TiO, with the tetragonal crystal structure. The compositional analysis showed the
formation of pristine TiO, NFs. Further, the mp-TiO, and TiO, NFs paste were prepared and deposited on FTO substrate via
doctor blade method and successfully used as a photoanode for indoline (DN350) dye DSSCs. Our optimized devices showed
highest 3.92% PCE with Jc of 9.73 mAcm™, Vo of 0.650 V and FF of 0.62 for TiO, NFs prepared at 1.0 ml h™! feed rate.

1 Introduction

Dye sensitized solar cells (DSSCs) have received much
interest in low-cost building integrated photovoltaics
(BIPV) because of its competitive efficiency at low-cost.
This type of photovoltaics has a significant impact from
the last three decades because of the low-cost material,
easy fabrication and promising reproducibility [1-4]. The
mesoporous TiO, (mp-TiO,) photoanode, light absorber dye
molecules, electrolyte and platinum (Pt) coated FTO as a
counter electrode (CE) are key components of DSSCs. The
thickness, surface area and mesoporous architecture of the
mp-TiO, are playing an important role in order to adsorb
dye molecules and effective charge separation. On the other
hand, the absorption coefficient of the dye molecules, the
dye loading time estimates the device power conversion
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efficiency (PCE). Besides, the redox couple and effective
catalytic activity determine the voltage of the device. Usu-
ally, Ruthenium-based such as Di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)
ruthenium (II) dye commonly known as N719-dye showed
peak PCE but it requires 24 h dye loading time. It is now
well known that the better dye loading belongs to the forma-
tion of a monolayer on the metal oxide. However, due to its
high price, the Ru-based dyes are not appropriate for low-
cost and eco-friendly photovoltaic system. Since, the ruthe-
nium is rare and expensive metal which hampers the cost
effectiveness of DSSCs technology [5, 6]. Recently, various
organic dyes have been used for conventional DSSCs. The
binary p-conjugated triphenylamine dyes (examples: C217,
C219) [7], porphyrin dyes (examples: YD2, YD2-0-C8) [8]
and indoline dyes (examples: D149, D205) [9] have become
a promising alternative of dye molecule for better PCE. The
main drawback of triphenylamine dye is their comparatively
weak spectral response in the red and near infrared region.
However, the porphyrins and indoline dyes based DSSC
showed promising long-term stability with competitive PCE.
Therefore, the metal free organic/indoline dyes become very
important for the investigation of DSSCs and it has more
anchoring sites that facilitate easy absorption onto metal
oxide surface. However, due to the low conductivity and low
dielectric constant of organic dye loading time is strongly
influence on their performance.
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The mesoporous architecture still suffers from high-
grain boundaries and surface traps which hampers the PCE.
Recently, one-dimensional (1D) nanostructures of TiO, have
demonstrated an enormous potential to get high diffusion
length in DSSCs [10]. The 1D TiO, photoelectrode facili-
tates a capable way of reducing recombination rate, effective
electron extraction and efficient electron transport, effects in
enhanced PCE. Researchers have been made for monitoring
the 1D TiO, nanostructures by different deposition techniques
[11-13]. Liu et al. reported rutile TiO, nanorods grown on the
fluorine-doped tin oxide (FTO) coated glass substrate using a
hydrothermal method [14]. Furthermore, Mali et al. reported
TiO, microspheres [15] and successfully used in DSSCs with
3.81% PCE [16]. Nevertheless, the performance of anatase
TiO, nanoparticles based photoelectrochemical is quiet, not
optimal because of the high recombination rate and poor elec-
tron transport [17]. On the other hand, the electrospinning
technique offers a simple route to produce large scale synthe-
sis of a variety of metal-oxides and chalcogenide nanofibers
(NFs) [13, 18, 19]. The electrospinning technique has much
attention due to its high surface area, high porocity, cost-effec-
tiveness, versatility and short preparation time. Accordingly,
Chuangchote et al. reported anatase TiO, NFs with a diameter
of 250 nm and high crystallinity on thick nanoparticles elec-
trode by electrospinning and sol—gel techniques. This electrode
showed 8.14 and 10.3% PCE for areas of 0.25 and 0.052 cm?
for DSSCs, respectively [20]. Lin et al. reported 7.86% PCE
for DSSCs based hierarchical electrospun prickle—like anatase
TiO, NFs [21].

In the present investigation, initially, we have focused on
the synthesis of TiO, NFs by electrospinning method with
controlled dimensions. We have optimized our experimen-
tal parameters in order to control the diameter of TiO, with
changing its composition. The synthesized TiO, NFs have
been deposited on FTO substrates by using the simple doctor
bladed method followed by annealing. The various feed rate
has been used to obtain the controlled size of the TiO, NFs
in order to reduce recombination rate and to get fast electron
transport within photoanode. These parameters are strongly
influences for getting efficient performance since these NFs
have the ability to better dye loading which leads to maximum
light absorption. These NFs can provide great adsorption of
the dye molecules, efficient electrolyte diffusion and long elec-
tron diffusion path. The NFs with above mentioned properties
are possible by the controlled preparative parameters with judi-
cious optimization.

@ Springer

2 Experimental details
2.1 Materials

Polyvinylpyrrolidone (PVP K90, MW = 130,000), ethanol,
titanium(I'V) isopropoxide (Ti(OiPr),, and acetic acid were
used as an initial precursor for the synthesis of TiO, NFs.
Cleaned FTO coated glass substrates (~ 10 Q cm™?) were
used as a substrate for TiO, photoanode preparation and
its photoelectrochemical measurements.

2.2 Synthesis of TiO, nanofibers

In a typical synthesis of feeding solution, 2 g PVP was
dissolved in 22 g of ethanol under vigorous stirring. An
equal volume of acetic acid and ethanol initially prepared
and then 3 ml Ti(OiPr), was dissolved by drop-wise addi-
tion. These two solutions were kept separately for con-
stant stirring for 12 h. The cleared Ti(OiPr), solutions was
mixed in ethanolic PVP solution drop by drop addition and
finally stirred for next 6 h to get a colloidal yellow PVP-
TiO, viscous solution. The viscous solution was carefully
sucked into and mounted horizontally to syringe pump
(SGE Analytical Science). Please make sure, all bubbles
are clearly removed before fixing to the syringe pump. The
positive electrode was connected to the tip of needle of
a syringe containing the precursor solution and negative
electrode was connected to a rotating drum. The rotating
drum was covered with cleaned aluminum foil without
any wrinkles. In all experiments, we have fixed the rotat-
ing drum speed at 450 rpm and the distance between the
anode and cathode was 14 cm. The feeding rate was varied
from 0.5 to 1.5 ml h™! interval with the help of syringe
pump (KDS-100, KD Scientific). Here, we have applied
9 kV voltage between tip of needle to rotating drum for
all experiments. The obtained white colored TiO, NFs
on covered aluminum foil was removed with the help of
pointed forcep and calcined at 500 °C for 30 min (heating
rate: 2 °C min~") and used for further characterizations.

2.3 Preparation of TiO, photoanodes for DSSCs

The FTO-coated glass substrates were washed with soap,
deionized water, acetone, ethanol and treated with UV-
plasma before compact layer deposition. The blocking
layer of TiO, was deposited via spin coating method. The
precursor solution was prepared by using titanium diiso-
propoxidebis (acetylacetonate) solution with different con-
centration (0.15 and 0.3 M) in ethanol. The solution was
poured on FTO substrate and spin coated at 3000 rpm for
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20 s with a ramp rate 2000 rpm s~'. Further, these samples
annealed at 450 °C for 30 min.

Meantime, the TiO, NFs (1 g) paste was prepared by
addition of the desired amount of ethyl cellulose (0.2 g),
terpineol (1 ml) and ethanol (1.5 ml). Here, we have used
annealed TiO, NFs for preparation of TiO, paste. The pre-
pared TiO, paste was deposited by spin coating on FTO/
BI-TiO, electrode and all samples annealed at 450 °C for
30 min. The prepared TiO, NFs electrodes were further
treated with TiCl, treatment. For the TiCl, treatment, TiO,
NFs electrodes were dipped in 0.05 M aqueous TiCl, solu-
tion was prepared and kept at 70 °C for 30 min and washed
with ethanol and water and again sintered at 450 °C for
30 min. For comparison, we have also prepared mp-TiO,
paste as per the above procedure. Instead of TiO, NFs, we
have used commercial paste and deposited on Bl-TiO,/FTO
substrate using doctor blade technique and sintered at 500 °C
for 30 min. The device area of the deposited paste sample
was 0.5x0.5=0.25 cm? defined by proper scotch tape mask-
ing. After removing the scotch tape, the 0.25 cm? active area
coated TiO, electrodes gradually heated at 500 °C for 30 min
followed by TiCl, treatment as mentioned above. The TiO,
NFs photoanode prepared from different sizes of TiO, NFs
were immersed in 0.5 mM DN350 dye solution (0.5 mM in
a mixed solvent of acetonitrile and tert-butylalchol (1:1 v/v)

0.5 mlh

Syringe  Solution Needle

5 —|
A |

Annealed
TiO, nanofibers

As synthesized
TiO, nanofibers

with 0.5 mM chenodeoxycholic acid) at room temperature.
The Pt/FTO CE was prepared using commercial platinum-
paste (Solaronix) by doctor blade method and annealed at
450 °C. The iodide-based electrolyte was prepared by using
acetonitrile, Valeronitrile (v/v, 85:15) with 0.1 M lithium
iodide, 0.6 M butylmethylimidazolium iodide, 0.05 M 1,,
0.05 M 4-tertbutylpyriine [22] and used as electrolyte. Dye
adsorbed mp-TiO, and TiO, NFs samples were washed with
ethanol and dried at room temperature. For the measure-
ment of dye loading amount, the dye loaded photoelectrodes
(1x1 cm?) were desorbed in 20 ml dimethylformamide solu-
tion. For complete desorption, it is essential to keep these
electrodes in dimethylformamide solution for 20 h.

3 Results and discussion

Initially, we have investigated the influence of feed rate on
TiO, NFs diameter by keeping fixed other experimental
parameters. Figure 1 depicts the schematic representation
of the electrospun TiO, NFs with different feed rate results
in different diameter. When a sufficiently high voltage is
applied to a TiO, precursor solution, the solution becomes
charged and electrostatic repulsion counteracts the surface
tension. This high voltage facilitates the creation of the

Fig. 1 Schematic representation of electrospinning technique: the feed rate was varied from 0.5 to 1.5 ml h™!
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stretched droplet. As voltage increases, the hemispherical
surface of the TiO, precursor solution expands and a conical
shape knows as Taylor cone [23]. When the high voltage is
applied between the needle and the rotating drum, an elec-
tric field overcomes the surface tension of the droplet. An
electrically charged TiO, precursor solution is feed through
the needle, the charged TiO, precursor solution ejected as a
jet towards an oppositely charged rotating drum. In the time
of jet’s travel, the solvent gradually evaporates and charged
TiO, fibers accumulate on the rotating drum [24]. Finally,
the result of this TiO, precursor solution is that the non-
woven fiber mat made up of tiny fibers with nanometer (nm)
scale diameter [25]. However, the fiber size is also depend-
ing on the applied pressure to the TiO, precursor feeding
solution. When less pressure is applied to the TiO, precursor
solution, the small drops of TiO, electro-sprayed from the
tip of syringe. As a result, smaller diameter of NFs formed.
Therefore, the sample deposited at 0.5 ml h™! feeding rate
the droplet size of the electrospray solution might be small
[26]. This sample shows 250 nm diameter of the NFs. If
feeding rate increases, the diameter of the NFs increases
from 250 nm, 300 nm to 450 nm for 0.5, 1.0 and 1.5 ml h™!
respectively. The inset shows the photograph of as synthe-
sized and annealed TiO, NFs.

Thermogravimetric analysis (TGA) was performed, in
order to check the thermal behavior of as synthesized PVP-
TiO, NFs at different feed rate like 0.5, 1.0 and 1.5 ml h!
Figure 2 shows the TGA curves of as synthesized PVP-TiO,
composite NFs. The TGA shows three different steps in
weight loss. Finally, the total weight loss of ~70% was
observed. The weight loss is a function of temperature: 10%
weight loss from room temperature to 100 °C attributed to
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Fig.2 Thermogravimetric curves of as deposited TiO, nanofibers for
0.5, 1.0 and 1.5 ml h™! feed rate. Thermogravimetric analysis (TGA)
was performed at a rate of 10 °C min~! in an air atmosphere (Flow
rate: 50 ml min~")
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a loss of volatile solvents. The 29.8% weight loss has been
observed in the 100 to 270 °C temperature range. This con-
siderable weight loss can be ascribed to PVP chains are
decomposed thermally and the oxidation of sulfides. The
24% weight loss has been observed from 270 to 350 °C due
to complete decomposition of PVP and crystallization of the
TiO, anatase phase. From 350 to 500 °C, nearly 6% weight
loss observed due to crystallization and remaining sulfur
evaporation. Over 500 °C there is negligible weight loss was
observed up to 1000 °C. From the above TGA result, it is
clear that 500 °C annealing temperature enough for decom-
position of PVP and crystallization of TiO, NFs.

The surface morphology and diameter of the as synthe-
sized and annealed TiO, NFs deposited at different feed rates
were investigated by obtaining their SEM micrographs. Fig-
ure 3 show the SEM images of the TiO, NFs deposited at
0.5 ml h™! (Fig. 3a—d), 1.0 ml h™! (Fig. 3e~h) and 1.5 ml h™!
(Fig. 3i-1) feed rates. The highly magnified SEM images of
single NFs for each feed rate are shown on the right side of
respective SEM image. At a glance, it is clear that all NFs
are several hundreds of micrometer in length. From SEM
micrographs, it is observed that the diameter of the TiO, NFs
deposited at 0.5 ml h™! feed rate showed 500 nm. However,
the diameter was drastically decreased up to 250 nm once
annealed at 500 °C (Fig. 3d). This decrement in diameter
arises due to the decomposition of PVP binder and crys-
tallization TiO, NFs. However, the NFs morphology was
intact even after the annealing process. In the case of TiO,
NFs deposited at 1.0 ml h™! NFs revealed 600 nm diameter
which is higher than the previous sample. This increment is
due to higher feed rate results in larger droplet size. When
these NFs annealed at 500 °C the diameter was reduced up to
300 nm (Fig. 3g, h). On the other hand, once 1.5 ml h~! feed
rate employed, as deposited PVP-TiO, NFs show ~700 nm
in diameter which is further reduced up to 450 nm once
annealed at 500 °C. From the above discussion, it is clear
that as the feed rate increases, the diameter of NFs increases
from 500 to 700 nm (in case of as-synthesized) with a
smooth surface. While when we annealed these samples,
the diameter increased from 250 to 450 nm with a relatively
rough surface. These results revealed that the larger diameter
stem from higher feed rate.

For compositional analysis of the TiO, NFs the EDS
spectrum was acquired. Figure 4 shows the EDS spectrum
annealed TiO, NFs deposited at 1.0 ml h™!. The TiO, NFs
are composed of Ti and O elements with ~1:2 ratio which
fulfills the stoichiometry of TiO,. No other impurity peaks
were observed indicating purity of the TiO, NFs.

The structural analysis of the annealed TiO, NFs was
carried out by XRD technique. The XRD patterns of TiO,
NFs deposited at various feed rate (0.5, 1.0 and 1.5 ml h‘l)
as shown in Fig. 5. The prominent diffraction peak (101)
at 25.5° for all TiO, NFs samples revealed the formation
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As synthesized TiO, nanofibers TiO, nanofibers annealed at 500 °C

Fig.3 SEM micrographs of the as synthesized and annealed TiO, NFs synthesized via different feed rates a-d 0.5 ml h™!, e~h 1.0 ml h~!and i-1
1.5 ml h™!, Right hand side images show the annealed at 500 °C

Spectrum 1
Element | Weight % | Atomic % ke

OK 46.97 72.62
TiK 53.03 27.38

1 2 3 B 5 6

Full Scale 197 cts Cursor: 0.000 kel

Fig.4 EDS spectrum of annealed TiO, nanofibers deposited at 1.0 ml h™! feed rate
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Fig.5 XRD patterns of the annealed TiO, NFs prepared by electro-
spinning method at various feed rates like 0.5, 1.0 and 1.5 ml h™!

of tetragonal anatase phase crystal structure. The XRD
peaks were compared with standard JCPDS card 21-1272.
The peaks at 25.5°, 38.18°, 48.08°, 54.73° 62.95°, 69.76°
are indicated (101), (004), (200), (211), (204) and (220)
reflection planes respectively of anatase TiO, phase. All

Fig.6 Transmission electron
micrographs of TiO, NFs

a SAED pattern, b, c TEM
images of NFs at scale bar are
0.5 pm and 20 nm respectively
and d HRTEM image
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diffraction peaks that are consistent with the reported data
confirm the formation of anatase TiO, phase. It is also
observed that the crystallinity of the TiO, NFs increases
with respect to feed rate.

In order to investigate in nanostructure of TiO, NFs in
depth, we recorded the TEM and HRTEM micrographs of
TiO, NFs prepared from 1.0 ml h™! feed rate. Figure 6a
shows the SAED pattern of TiO, NFs contains an intense
ring pattern within the dotted line indicates a highly poly-
crystalline nature of the TiO, NFs. Figure 6b shows the TEM
image of TiO, NF. At a glance, it is clear that the TiO, NFs
are quite uniform with an average size of 300 nm. Figure 6¢
shows an HRTEM image of the TiO, NFs at 1.0 ml h™! feed
rate sample. The interplanar distance of 0.345 nm affirms the
growth of high quality nanocrystalline (Fig. 6d) NFs. The
lattice spacing of d;;; =0.345 nm is along the (101) plane
of the anatase phase [20].

The surface chemical composition of the annealed TiO,
NFs was analyzed with the help of X-ray photoelectron spec-
troscopy (XPS). Figure 7a—c illustrate the XPS spectra of
the TiO, 1.0 ml h™! sample. The XPS survey spectrum of
the TiO, NFs sample (Fig. 7 (a)) reveals that the surface is
composed of Ti, O, and carbon. This small amount of C may
be incorporated from the atmospheric carbon. Figure 7b dis-
plays the XPS spectrum of Ti (2p) core level for TiO, NFs,
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Fig.7 X-ray photoelectron spectroscopic spectrum of annealed TiO, NFs at 1.0 ml h™! feed rate, a XPS survey spectrum of TiO, NFs, b Ti 2p, ¢

Ols core levels

signifying the occurrence of element ‘Ti’ in TiO, NFs. The
properties of double peaks of Ti2p,,, and Ti2ps, core levels
and the Ti (2p) XPS spectrum of the TiO, NFs were decom-
posed. The 1.0 ml h™! sample with two peaks at the binding
energy of 458.74 eV corresponding to the Ti2p5, core level
and Ti2p, , core level of Ti** cations of TiO, are located at
464.44 eV. It denotes no displacement has been observed in
the peak position of the peak Ti2p;;, core level and Ti2p,,.
These peak positions are like those reported by Thind et al.
[26] and Liu et al. [27] in TiO, powder.

The difference between these two core levels for all stud-
ied sample is ~5.70 eV, which is similar to the observed
in TiO, nanomaterials results reported by Thind et al. Fig-
ure 7c exhibits oxygen (O) (1s) core level, suggesting the
presence of element ‘O’ in TiO, NFs. The O (1s) spectrum
decomposition into two peaks. Here, a small peak centered

at 532.60 eV and an intense peak at 530.20 eV. The small
peak detected at the locality of intense oxygen Ols peak pre-
sents the presence of oxygen species. This may be hydroxyl
groups or water molecules that are adsorbed on the surface
[28].

In order to check the photovoltaic properties, we have
used the above synthesized TiO, NFs for fabrication of pho-
toelectrodes. In typical DSSCs, the working photoelectrode
(herein, TiO, NFs) loaded with dye molecules, iodine based
electrolyte redox couple and Pt coated FTO substrate as a
catalytic CE are main components of DSSCs. The steps
involved in DN350 dye is summarized in Fig. 8a. Initially,
TiO, NFs (0.5, 1.0 and 1.5 ml h™! sample) based transparent
photoelectrodes were used for dye loading to the optimiza-
tion of the device. The TiO, NFs based photoanodes were
immersed in DN350 dye solution for 120 min to adsorb dye

@ Springer
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Fig.8 a Basic working principle of DSSC. b Current density—
voltage(J-V) characteristics of the DSSCs assembled from TiO, NFs
under simulated AM 1.5 solar light (100 mWcm™2), ¢ external quan-

molecules on TiO, surface. After washing in ethanol and
dried at room temperature, these devices assembled with Pt/
FTO substrate followed by electrolyte insertion. The DSSC
performance was measured by using solar simulator K201
LABS50). Figure 8b shows the photovoltaic performance of
DN350 organic dye based DSSCs performance using NFs
TiO, photoelectrode. The J-V plots were recorded as per
standard protocol under 100 mW cm~? illuminations with
600 mV scan delay.

All solar cell output parameters obtained from J-V curves
have been summarized in Table 1. The mp-TiO, based DSSC
exhibited Jgc of 4.30 mAcm ™2, Vo of 0.736 V and FF=0.65
yielded 2.06% PCE. On the other hand, the TiO, NFs pre-
pared from 0.5 ml h~! feed rate based DSSC exhibited Jq. of
6.49 mAcm ™2, Vi of 0.738 V and FF=0.64 yielded 3.06%
PCE. The 1.0 ml h™! TiO, NFs sample shows increment up
to 3.92% PCE with Jsc of 9.73 mAcm™2, V¢ of 0.650 V and
FF of 0.62. In the case of TiO, NFs photoelectrode prepared
1.5 ml h™! shows 3.42% PCE with Jgc of 8.26 mAcm ™2, Voc
of 0.645 V and FF of 0.64. From above the discussion, it is
clear that the sample deposited at 1.0 ml h~! feed rate shows

@ Springer
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tum efficiency (EQE) spectra of DSSCs based on mp-TiO, and TiO,
NFs deposited at different feed rates, d UV—Vis absorption spectra of
DN350 dye loaded TiO, electrodes

Table 1 Solar cell parameter of DSSCs based on mp- TiO, and TiO,
nanofiber

Sample code Jse (mAcm™?) Voc (V) FF PCE (%)
mp-TiO, 4.30 0.736 0.65 2.06
0.5mlh™! 6.49 0.738 0.64 3.06
1.0mlh™! 9.73 0.650 0.62 392
1.5mlh7! 8.26 0.646 0.64 342

a highest PCE of 3.88% which is higher than that of other
feeding rate samples. This increment may be due to limited
grain boundary offered by 300 nm of TiO, NFs.

In order to evaluate these results, we have recorded the
external quantum efficiency (EQE). Figure 8c shows the
EQE spectra of optimized dye loaded TiO, NFs at different
feed rate like mp-TiO,, 0.5, 1.0 and 1.5 ml h! TiO, NFs for
120 min loading time in the 300-800 nm wavelength. From
EQE analysis, it is clear that, the photocurrent generation
initiated at 700 nm which is in agreement with the band gap
of DN350 and maximum conversion nearly 550 nm, which
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is the highest absorption of DN350 dye. The mp-TiO, sam-
ple shows 24% EQE. The TiO, 0.5 ml h~! for DN350 dye
sample shows ~40% and TiO, 1.5 ml h™!//DN350 sample
shows around 42% EQE while TiO, 1.0 ml h™!/DN350 sam-
ple shows 50% EQE. This means that the dye loading in
TiO, 0.5, 1.5 ml h™! samples are higher than TiO, 1.0 ml1 h~!
sample. For 120 min, the TiO, 1.0 ml h™!/DN350 sample
exhibits highest 50% EQE from 680 to 530 nm wavelength
range. On the other hand, mp-TiO,, 0.5, 1.5 ml h™! photo-
electrodes show a decrement in EQE value; it exhibits 24,
40 and 42% EQE respectively. These results concluded that,
high feed rate time (1.5 ml h™") hamper the PCE due to high
photoelectron recombination.

In order to check in depth for this behavior, we have
checked the dye adsorption ability using UV—Vis absorp-
tion spectroscopy. Figure 8d shows the absorption spectra
of the DN350 dye-loaded TiO, NFs photo-electrodes depos-
ited from different feed rate. The absorption peaks in the
range of 450-650 nm are obtained in the spectra for mp-
TiO,, 0.5, 1.0 and 1.5 ml h~! feed rate of TiO, samples. This
strong absorption in this range shows the presence of a band
edge of DN350 dye. The intensity of the absorption peak
of 1.0 ml h™! photoelectrode shows drastic enhancement
compared to all other samples which might be due to higher
dye adsorption. Further, we have recorded the amount of
dye loading. The dye adsorption results are summarized in
Table 2. The 1.0 ml h™! electrode shows 57 pmol cm~2 dye
adsorbed amounts. The mp-TiO,, 0.5 ml h~'and 1.5 ml h~!
samples showed 49, 52 and 55 pmol cm~2 dye adsorption,

respectively. From these above results, it is clear that that
the 1.0 ml h™! TiO, NFs can adsorb more dye than other
samples.

In order to confirm the effect of the feed rate of TiO, NFs
on the PCE of DN350 dye based DSSC, EIS measurements
were conducted based on 0.5, 1.0 and 1.5 ml h™! feed rate of
TiO, NFs electrodes. Figure 9a shows the impedance spec-
tra of DN350 dye loaded mp-TiO,, 0.5, 1.0 and 1.5 ml h™!
feed rate of TiO, NFs samples. The measured EIS for FTO/
Ti0,—DN350 Dye/I_|I;"electrolyte/Pt/FTO DSSC device
was fitted with the equivalent circuit given in the inset of
Fig. 9. Usually, the Nyquist plot represents three semicir-
cles that appeared from high to low frequency range. These
semicircles show the charge-transfer resistance at the inter-
face of the CE—electrolyte (R,) at the TiO,—dye—electrolyte
interface (R,) and the Nernst diffusion in the electrolyte. The
Rs is the series resistance of the DSSC device arises between
TiO,/Dye photoanode and counter electrode. A series resist-
ance Rs is recognized to wires and FTO substrate. The high-
frequency region (20 kHz-100 Hz) semicircle is attributed
to charge transfer resistance (R;) and the double layer
capacitance (Cpg;) [29] while the mid-frequency semicircles
(1-100 Hz) obtained because of the charge transfer resist-
ance (R,) of the electron recombination and the chemical
capacitance (Cpg,). The product of the charge-transfer resist-
ance of the electron recombination (R;) and the chemical
capacitance (Cpg,) at the TiO,/DN350 interface corresponds
to the electron lifetime in the TiO, film, T.=R; X Cpg; [30].
The EIS fitting parameters like Rg and Rgy; obtained after

Table 2 Fitted impedance Sample code Dye adsorbed R, (Qcm™?) R, (Qcm™) Mid fmax (Hz) T, (ms)
parameters of DSSCs based (umol cm™2)
onmp- TiO, and TiO, nanofiber
mp-TiO, 49 12.93 13.72 64.58 2.464
0.5mlh™! 52 13.39 33.81 32.09 3.924
1.0mlh™! 57 15.67 64.89 26.94 5.908
1.5mlh™! 55 14.41 28.25 40.42 4.959
Fig.9 a Nyquist plots for the -60 40
DN350/TiO, based DSSC syn- (a) ——mpTiO, (b) — mp-TiO,
thesized at feed rate 0.5, 1.0 and 504 ——05 mil ——05min?!
1.5 ml h™L. TiO, samples (b) - - " gt 304 1.0 mi b1
respective bode plots. Note EIS - pd Y T —_— s mip)!
and bode plots for mp-TiO, have M "
been recorded for comparison &
g 204
o
210 4
. 7 0 T TP
0 20 40 60 80 100 120 10! 10 10° 10' 10°

Frequency (Hz)
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fitting the impedance by using an equivalent circuit are sum-
marized in Table 2. Table 2 shows the electron lifetimes
of different photoelectrodes such as 0.5, 1.0 and 1.5 ml h!
TiO, NFs samples were derived from bode plots. As shown
in Fig. 9a compared to the 0.5, 1.0 and 1.5 ml h™! samples,
the TiO, NFs (1.0 ml h™") cells have smaller R, and large
R,. The higher resistance at the TiO,-electrolyte interface
can be helpful to reducing the charge recombination. And
hence it can lead to smooth and efficient electron transfer in
the NFs based photoanodes. Further, we have also recorded
bode phase plots for 4.959, 5.908 and 2.464 these three
samples, (Fig. 9b). The characteristic frequency peak in
the middle-frequency range of 1.0 ml.h~! sample has been
shifted towards lower-frequency. Respective sample showed
64.58, 32.09, 26.94 and 40.42 Hz for mp-TiO,, 0.5, 1.0 and
1.5 ml h™! samples. It is well known that frequency shift
towards low frequency region stem from a rapid electron
transport process and it can be calculated from the relation
[28].

7, = 22fmax]™ M
where ‘f_ .’ is the frequency at the top of the intermediate-
frequency arc. The calculated electron life time for mp-TiO,,
0.5mlh™", 1.0ml h™" and 1.5 ml h~" devices is 2.464, 4.959,
5.908 and 3.924 ms respectively. The longest electron life-
time 5.9 ms has been observed for 1.0 ml h™! sample. This
result clearly revealed that the photoelectrode prepared from
1.0 ml h™! feeding rate NFs facilitates excellent dye load-
ing ability. It is also confirmed that the electrospun TiO,
NFs with 1.0 ml h™! feeding rate facilitate the formation of
compact NFs, low grain boundaries result in low recombi-
nation rate and fast electron transportation. This behavior
was also observed by Mali et al. for DSSCs by using TiO,
NFs and ruthenium dye as a light absorber with 5.39% PCE
[20]. Besides, Shim et al. reported 5.92% PCE for DSSCs
using TiO, nanoflowers and indoline (DN350) dye as a light
absorber [6]. The previous literature survey shows the TiO,
NFs with DN350 dye not yet studied for DSSCs application.
Therefore, we can conclude that the 3.88% PCE is highest
for DSSCs with TiO, NFs and indoline (DN350) dye. This
is possible due to better dye loading (57 pmol cm™2) with
maximum electron lifetime (5.908 ms) than other feeding
rate samples.

4 Conclusions

The TiO, NFs have been successfully synthesized by elec-
trospinning method by varying feed like such as 0.5, 1.0 and
1.5 ml h™". The synthesized TiO, NFs have been character-
ized by different characterization techniques and used for
DSSC application. The SEM images showed the feed rate
influences on the diameter (250-450 nm) of TiO, NFs. Such

@ Springer

morphology is useful for the improvement in photocurrent
density results in better PCE. The TiO, 1.0 ml h™!/DN350
sample showed 50% EQE which is higher than other sam-
ples. The mp-TiO, sample showed 2.06% PCE for DSSCs.
The highest PCE of 3.88% was obtained for 1.0 ml h™! TiO,
NFs/DN350 for DSSCs. This enhancement originated from
better dye loading (57 pmol cm™2), maximum electron
lifetime (5.908 ms) than other feeding rate and mp-TiO,
samples.
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