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solvothermal process using Titanium isopropoxide (TIP) as a precursor. Two different natural dyes, Henna (Lawsonia inermis) and Indian

blackberry (IBB; Syzgium cumini), and their cocktail were used as natural sensitizers with anatase-based nanostructure of TiO; thin film on
conducting glass substrate. Scanning electron microscopy (SEM) analysis reveals the uniform distribution of the crystalline anatase phase of TiO>
upon annealing at 550 "C. UV-Vis-NIR spectroscopy and SEM results divulge the absorption capability of dyes and the effect of dye loading on
TiO, photo-anodes, respectively. Electrochemical impedance spectroscopy (EIS) studies were carried to study the charge transport processes and
its effect on the performance of DSSCs. These measurements show the least values of Rpt/Rct and Rpt for D3 dye sensitized DSSC as compare to
the other two, with reduced rate of charge recombination resulting from the synergetic effect of co-sensitization of D1 and D2. Thus, the cocktail
dye showed promising photovoltaic performance due to an increase in absorption and better dye loading in the device.
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because of the well-established production process and ease of raw
INTRODUCTION material availability. In addition to Si, chalcopyrite and perovskite?
In the modern era of energy conservation, solar cells are playing technology had also shown the capability in the cost-effective

a very crucial role. Silicon (Si) solar cells cover the major market renewable energy generation. Besides the performance and
of high efficient solar cells having a cost-effective approach,  capapility of commercialized solar cells, the high fabrication cost
and raw material cost remarkably hinder the affordability to
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Email: shyam@gweca.ac.in (SSS); n.chaure@physics.unipune.ac.in demonstrate persuasive as the better solar cells because of the cost-
(NBC) ' effective raw material, ease, and simple fabrication process. In

addition to that, its environmental friendly characteristic gives these
solar cells the utmost priority under today’s hazardous environment
e challenges.®®
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studies reflected that the stability issue is the major challenge to
make DSSCs commercialized, where Ru-complex-based dyes
played a major role in terms of cells efficiency and performance.
However, Ru-complex-based dyes have certain limitations like
their cost, scarcity in the availability of the bare material, toxicity,
and hence these are unfriendly to the environment.” Thus,
researchers have carried out several experiments to replace the Ru
complex-based sensitizers with metal-free-organic dyes,® natural
dyes®® and organic complexes of other metals.

Specifically, if one focuses on the natural dyes containing
anthocyanin, chlorophyll, and flavonoid as a building material,*
the natural dye-sensitized solar cells (NDSSCs) show moderate
performance compared to the other sensitizers based DSSCs.*?
Nevertheless, the obtrusive advantage of natural dye is its easy and
wide availability and cost-effective processing. This makes it
desirable for next-generation solar photovoltaic, upon further
performance encroachment. Various fruits, flowers, and vegetable
extract-based natural sensitizers have shown effectiveness in the
energy generation process through DSSCs.®® The finest
performance of the natural dyes-based DSSCs shows about 1%
power conversion efficiency (PCE), respectively. However, the
blend of the natural dyes was not explored much and a lack of
detailed study on the properties of these natural sensitizers has been
provided, specifically in terms of impedance, dielectric, and FTIR
analysis.

In the present study, Indian blackberry (IBB), henna, and their
cocktail were used as sensitizers for the fabrication of DSSCs.
Annealed porous TiO; (act as a photo-anode) was used to fabricate
the DSSCs and characterized by scanning electron microscopy
(SEM), electrochemical impedance spectroscopy (EIS)
measurement, and current-voltage (I-V) measurement. SEM
includes the topography analysis and cross-section analysis of the
prepared DSSCs. EIS and J-V curve explores the process for the
utilization of generated charges.

EXPERIMENTAL

Materials

Analytical grade of Titanium Isopropoxide (TIP), Acetic Acid
(AA), and Ethanol were purchased from Sigma-Aldrich and were
used without any purification for the synthesis of TiO,. Ethylene
cellulose (EC), a-Terpineol, and acetylacetone were purchased
from Merck chemicals and used for the preparation of the TiO,
paste. Potassium iodide was purchased from Loba chemicals.

Synthesis

Synthesis of TiO2 by solvothermal process

The solvothermal process was used to synthesize pure and
homogeneous TiO, NPs.'*15 Solution A was prepared by adding 50
ml of ethanol into 0.014 M of AA under continuous stirring. After
45 min. of stirring, 0.14 M of TIP was added into solution A
dropwise. The prepared solution was kept under continuous stirring
for about 30 minutes. Finally, the solution was autoclaved at 180
°C for 18 hours and left as it is until naturally cools down at room
temperature (RT). The as-synthesized TiO, was centrifuged at
12000 rpm and washed thrice with ethanol to remove any remained
contamination or the byproducts. The resultant suspension was
dried under IR lamp and calcinated at 550 °C in a furnace (optics
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technology) for 18 hours to obtain highly crystalline particles,
which is generally required for reduced electron and hole
recombination at defective site hence improved light absorption.

Synthesis of Natural Sensitizers

For the synthesis of Indian blackberry (IBB) and henna as a dye,
the IBBs were washed with distilled water and ethanol several times
to remove any dirt or pesticides. Subsequently, the IBB’s were
crushed and left in ethanol overnight and the juice was filtered with
filter paper and used as dye D1. The henna paste was purchased
from the nearby local market and used as a sensitizer by diluting it
in ethanol; as D2 dye. The third sensitizer, D3 dye, was prepared
by making a cocktail of both dyes i.e., mixing dye D1 and D2 in the
same volume ratio. The chemical structures of both IBB and henna
were shown in Figure 1.

Figure 1: Chemical Structure of (a) Anthocyanin and (b) Lawsone, the
key component responsible for the color in IBB and henna plants,
respectively.

Fabrication of Photo-anode

TiO; paste was prepared by crushing 1 g of TiO; in a mortal
pestle with ethanol to achieve the finest granular form. 0.7 g of
crushed ethylene cellulose (EC) and 2 g of a-Terpineol was added
to the TiO; and sonicated for almost 3 hours. Finally, a few drops
of acetylacetone were added to the above paste. A blocking layer of
TiO, was coated onto Fluorine Doped Tin Oxide (FTO) coated
glass substrate (blocking layer/FTO coated film ~400 nm) by spin
coating technique. This blocking layer works as a barrier towards
any direct contact between the FTO, the sensitizer, and an
electrolyte resulting in a deceased hole-electron recombination
process and improved dye loading. The blocking layer was obtained
by diluting a small amount of TiO; paste in ethanol by spin coating
the solution over FTO at 1000 rpm for 30 s following further
spinning of 4000 rpm for 30 s. Finally, as-prepared TiO; paste was
coated (~8 um) onto blocking layer/FTO plates using Doctor Blade
technique and kept for sintering at 450 °C for an hour. Finally, the
photo-anodes were soaked within different sensitizers as D1 (IBB),
D2 (henna), and D3 (cocktail) for 20 hours, and washed with
ethanol twice to restrain any dye agglomeration over photo-anode
surface.

Fabrication of Counter Electrode

A solution of Chloroplatinic acid (50 mg) in 15 ml of ethanol
was prepared for the deposition of platinum (Pt) onto the FTO glass
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substrate. Further, the as-prepared H2PtCL6 solution was deposited
over the FTO for 15-20 min using a water bath, whose temperature
was maintained at 90 °C constantly. Afterward, the prepared Pt
counter electrode was sintered at 450 °C for 30 minutes to secure
the film.

Assembling of DSSCs

To complete the cell assembly, a few drops of potassium iodide
electrolyte (0.1 M of KI, 0.05 M of 12, 0.6 M of 1,2-dimethyl-3-n-
propylimidazoliumiodide (DMPII) and 05 M of 4-
tertbutylpyridine (TBP) in acetonitrile) were inserted in between
both TiO, photo-anode and Pt counter electrode. The entire cell was
secured with the help of binder clips. The final active surface area
of DSSCs was taken as 0.5 cm2 via a spacer. The basic sandwich
structure and relative components of dye-sensitized solar cells with
a laboratory sample are shown in Figure 2.

Blocking layer  TiO2 thin film

|

Dye loaded Pt electrude

photoanode

(a)

Electrolyte

Sun light

¥

FTO
Blocking layer
TiO, nanoparticles film

Catalytic material
FTO

(b) ' (¢)
Figure 2: Schematic showing (a) basic components of a DSSC; (b)
laboratory sample cell; and (c) sandwich structure of DSSCs,
respectively.

Characterizations

The current density—voltage (J-V) measurements of the devices
were carried out on a computer-controlled Keithley electrometer
2450 under illumination with power intensity 100 mWcm-2. UV-
Vis-NIR spectra were recorded on UV-1800 Shimadzu
spectrophotometer in the range of 300 nm to 800 nm and the XRD
was recorded from 20° to 80° using Brucker D8, Advanced
Diffractometer instrument, having CuKa anode with A= 1.5406 A.
Jasco FTIR-6100 spectrometer was used to study the molecular
properties of the samples. The topographical images of different
photo-anodes were recorded using a JEOL JSM-6360A scanning
electron microscope at 20 kV with secondary electron imaging
(SEI) and backscattered electron imaging (BEI) and 6000 times of
photo-magnification. Electrochemical impedance spectroscopy
(EIS) measurements for DSSCs were performed using a Biologic
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SP300 potentiostat under illumination and an AC signal of 10 mV
with a frequency between 50 to 200 Hz.

RESULTS AND DISCUSSION

Structural properties

X-ray Diffraction Microscopy (XRD)

XRD measurements were employed to examine the structural
properties and average crystallite size of the as-synthesized TiO,
nanoparticles, in addition to evaluate the purity. Figure 3 (a) and 3
(b) show the XRD profiles of as-prepared and annealed TiO; at 550
°C, respectively. Figure 3 (a) represents the XRD pattern of the as-
prepared titania, portrayed with the peaks at 20 = 25.27°, 37.88°,
48.14°, 53.99°, 55.16°, 62.78°, 68.8°, 70.41°, and 75.17°, which are
respectively identified to (101), (004), (200), (105), (211), (204),
(116), (220) and (215) Bragg reflections, attributed to the anatase
phase of crystalline TiO.. Similarly, Figure 3 (b) represents the
XRD patterns of annealed TiO, with all the observed miller planes
of pristine sample along with additional planes as (103), (112) and
(301) at 20 of around 37.03°, 38.66° and 76.11° which also
confirms anatase phase of crystalline TiO,. The anatase phase of
TiO; is considered to be more preferable than rutile for the
fabrication of DSSCs because of greater per-unit active sides, and
hence higher photoactive ability.® Also, the sharp-intense peaks
exhibited by the calcinated TiO, NPs can be clearly seen from the
XRD pattern that shows a higher crystallinity of the as-synthesized
TiO, NPs” and embraces its potent application in DSSCs with a
high efficacy.

(101)

(b)

1

Intensity (arb. Unit)

20 30 4 0 70 80

1] EIO -1
2 0 (degree)

Figure 3: Representative XRD patterns for (a) pristine and (b)
calcinated (at 550 °C) TiO2 nanoparticles.
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The Debye Scherrer's equation was used to calculate the average
crystallite size (D in nm) of the as-synthesized TiO, NPs,®

KA
D= Bcos8 (1)

where, K is the Scherrer constant taken to be, 0.9 considering the
spherical shapes of particle, A is the wavelength of the X-ray
sources (1.5406 A); B is the Full width at half maxima (radians);
and 0 is the peak position (radians), respectively. Table 1
encapsulates the value of the average crystallite size of raw as well
as calcinated TiO, NPs, respectively.

Table 1: The structural parameters (evaluated from XRD) of the as

prepared and calcinated TiO2 (at 550 °C).

Average

20 () Miller FWHM Crystallite | Crystallite
Planes (radians) Size Size (nm)
(nm)
Pristine TiO2
25.27 (101) 0.4251 20£0.2
37.88 (004) 0.3503 25+04
48.14 (200) 0.3758 24£0.2
53.99 (105) 0.3783 2405
55.16 (211) 0.3739 25+0.6 ~22
62.78 (204) 0.4984 1907
68.80 (116) 0.4851 20+0.8
70.41 (220) 0.5102 19+0.7
75.17 (215) 0.4577 22+04
Calcinated TiO2

2541 (101) 0.3440 24£0.1
37.03 (103) 0.3006 2904
37.83 (004) 0.2699 32+0.3
38.66 (112) 0.3117 28+0.5
48.15 (200) 0.3217 28+0.2
53.96 (105) 0.3453 26+0.2 -2
55.17 (211) 0.3787 24£0.2
62.78 (204) 0.4837 20£0.3
68.79 (116) 0.4120 24+£0.5
70.30 (220) 0.3882 26 £0.6
75.11 (215) 0.4147 25+0.2
76.11 (301) 0.4718 22 0.6

The estimated crystallite size for the as-synthesized TiO, NPs
observed from the XRD peaks is in the range of nano dimension,
i.e. ~ 22 nm, which further increases up to ~ 26 nm upon
calcination. This improved crystalline size indicates a reduction of
surface defects of materials that leads to the proper growth of
particles and the nucleation rate.*®

Scanning Electron Microscopy (SEM)

Figure 4 shows the SEM images of un-sensitized and sensitized
TiO; photo-anodes. Figure 4 (a) demonstrates an un-sensitized TiO,
photo-anode, whereas Figure 4 (b-d) shows TiO, photo-anodes
sensitized with D1, D2, and D3 dyes, respectively. To estimate the
thickness of the TiO, films coated on the blocking layer/FTO
substrate, the cross-section morphology is shown as Figure 4 (e).
Also, the cross-section SEM elaborates the better adhesion between
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FTO glass plate, blocking layer, and the TiO; layer. In addition to
that, the better porosity (due to uniform grains) of the TiO; layer (~
8 um) attained upon annealing the photo-anode at 450 °C can be
clearly seen in Figure 4 (a) and (e) along with smooth and crack-
free appearance on the surface which is a desirable and suitable
parameter for higher dye loading and reduced recombination rate
of carriers, resulting in higher JSC values of DSSCs.*® This higher
nanocrystallinity and nanoporous structure composed of
interconnected NPs observed for the TiO- layer results in a higher
roughness factor thus ensuring larger staining of the dye molecules,
and deeper penetration of electrolyte into the film,? resulting in an
efficient dye/TiOy/electrolyte interface. The thickness of TiO, films
also play a crucial role in the performance of the DSSCs as increase
of the thickness of TiO, give rise to increase in grain size that
simultaneously effects the efficacy of the DSSCs.?* Thus, TiO, film
with an average thickness of ~ 8-9 um is coated over blocking
layer/FTO glass plates of thickness ~0.4 pum. Further, more
uniformity and fewer cracks in the film is visible for the sensitized
TiO; photo-anodes in the order D1 < D2 < D3 upon dye loading as
illustrated in Figure 4 (b-d). The more smoother and uniform film
surface for the cocktail sensitized TiO, photo-anode implies the
higher dye loading with minimum agglomeration in D3 sensitized
TiO, photo-anode, which may be attributed to the blend of dye D1
and D2 resulting in maximum grain sites occupation of TiO,
through the cocktail of D1 and D2 dyes and their molecules.? This
results in higher incident photon absorption by the molecules of
cocktail dye over TiO, nanoporous photo-anode. Thus, higher dye
loading in D3 based devices improves the performance of NDSSCs

Figure 4: SEM images of (a) un-sensitized TiO2 photo-anode; TiO2
photo-anodes sensitized with dye (b) D1, (c) D2, and (d) D3; and (e)
cross-section morphology of TiO2 photo-anode, respectively.
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by providing more electrons towards external circuit via TiO,/FTO.
Therefore, it may conclude that more is the porosity of the
semiconducting oxide film higher will be the dye loading,
triggering efficient electron-hole regeneration and better PV
performance of the DSSCs.
Optical Properties

The optical absorption spectra of TiO, photo-anodes sensitized with
extracted natural dyes and their cocktail were measured at room
temperature in the wavelength range of 300 nm to 800 nm. As
shown in Figure 5, absorption spectrum for all three photo-anodes
falls between 340 nm to 800 nm. The sharp absorption edge below
340 nm (region (1)) signifies the absorption due to the TiO,. The
absorbance peaks (both weak and strong) are exhibited for all three
dyes at 338 nm, 385 nm, 465 nm, and 540 nm, respectively. The
absorption peak at 385 nm wavelength signifies the attachment of
hydroxyl-functional group (OH) at the benzene ring in henna.?
Peak at 334 nm corresponding to n-z* transition, and absorbance
band around 457 nm may be associated with the n- ©* transitions
of the carbonyl group in the quinone ring.?#? The absorption
characteristics of IBB dye are well supported by earlier reports
where a small change in slope is seen between 370 nm - 415 nm.?®
An absorption shoulder around 338 nm is visible for n-m*
transitions for D1 sensitized TiO, photo-anode.?” It depicted that
the surface amino group leads a broad transition around 340 nm —
400 nm with the shoulder at 338 nm. The result reveals the
capability of all three dyes as sensitizers in DSSCs. Thus, the light
absorbance observed for all three dyes is appreciable which resulted
in a higher value to JSC. Further, it can be seen in Figure 5 (c), the
absorption peaks are slightly more intense and broad for D3 dye
indicating maximum photon absorption in case of cocktail dye as
compared to individual dye photon absorption, resulting in better
device performance for DSSCs applying D3 dye as a sensitizer.

3.0

2.5 1

380 nm 465 nm

540 nm

2.0 1

1.5 1

Absorbance

1.0 1

M

0.0 T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure 5: UV-Vis absorbance of photo-anodes sensitized with (a) D1,
(b) D2, and (c) D3 dyes.

Fourier Transform Infra-Red (FTIR) spectroscopy
FTIR spectroscopy was employed to identify the bond’s
functional groups present in the prepared dyes. The sample was
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kept over the germanium crystal and infrared radiations were
passed through the sample. The presence of two major frequency
regions of the band, i.e., hydroxyl (OH) and carbonyl (C=0) group
have been shown in the FTIR spectrum as Figure 6, where lawsone
(2-hydrox, 1, 4-naphthoquinone; HNQ) is represented by the
hydroxyl group,?® as the hydroxyl groups on the surface of TiO;
film improves the dye concentration in the film which plays a vital
role in the performance of the cell.?® Broadband at 3340 cm-1 shows
the stretching vibration of the OH group present at the first lawsone
aromatic ring.?>® This broad absorption band was due to the
intramolecular hydrogen bonding between the hydroxyl group and
adjacent oxygen atom.

1076
799
100

98 =
— GG =
e
@
(= 94 =
=
[1:]
"é 92 =
B 871
=
E 90 =
[t

2
88 = 3268 630
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Wavenumber {cm1)

Figure 6: FTIR spectra of different dyes as (a) D1, (b) D2, and (c)
D3.

The carbonyl band of quinones falls in the frequency range of
1655 — 1690 cm-1 (Brown 1962). The a-B-unsaturated carbonyl
bands and C=C group were revealed at 1714 and 1630 cm-1
absorption bands.3! A weak absorption band at 1425 cm-1 was
signified by the aromatic C=C group. In the case of D1 sensitizer,
a broad absorption band was observed at 3268 cm-1 for the
hydroxyl group with stretching vibration, where 3429 cm-1 is the
standard value for anthocyanin.®® At frequency 2918 cm-1 the
stretching aliphatic hydrogen bond and weak absorption band at
1714 cm-1 were accredited to the carbonyl group. C=C of benzene
ring was signified at 1630 cm-1 as shown in Figure 6. In the IR
spectra of the cocktail, the absorption bands are found to be shifted
from 3268 cm-1 to 3328 cm-1 with a much broader absorption band
for the OH group at 3328 ¢cm-1 indicating the presence of many
different bonding states of OH groups may be attributing higher
efficiency for D3 sensitized DSSC. Thus, FTIR data have proven
the presence of important carbonyl and hydroxyl group in the
prepared natural dyes, which binds with the TiO, readily as capable
of chelating with Ti (IV) sites on the TiO, surface and supports the
electron generation process.®® Table 2 summarizes the
identification of absorption bands present in the as-prepared
photosensitizers D1, D2, and D3.
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Table 2: IR spectrum table by frequency range for different as-
prepared photosensitizers

Photosensitizer Ab?;;ﬂt)lon Group Appearance
OH
3268 stretching Strong
C-H
2918 stretching Sharp
D1 1714 €=0 Weak
stretching
c=C
1630 stretching Strong
C-0
1052 stretching Sharp
OH
3340 stretching Broad
2918 CH Medium
stretching
0=C=0
2340 stretching Sharp
C=0
1714 stretching Sharp
D2 C=C
1630 stretching Strong
c=C
1425 stretching Weak
C-0
1280 stretching Strong
C-0
1052 stretching Sharp
OH
3328 stretching Broad
C-H
2931 stretching Weak
0=C=0
2340 stretching Sharp
D3 1714 €=0 Weak
stretching
c=C
1630 stretching Broad
C-0
1280 stretching Sharp
1076 c-0 Medium
stretching

Photovoltaic Properties

Current Density-Voltage (J-V) Characteristic

The photovoltaic parameters of all three devices based on
different natural photosensitizers D1, D2, and D3, are shown as
Table 3. The fabricated cells were illuminated under (AM1.5), 100
mWecm2 at maintained 25 °C ambient temperature. The PV
performance of all three DSSCs based on dyes D1, D2, and D3 is
shown as Figure 7. An improved value of VOC as well as JSC along
with higher conversion efficiencies were exhibited by D3 based
DSSCs. Noticeable improvement in JSC observed for D3 based
device directs their potent of generating dense electron distribution
at the TiO, surface and thus, an effective ejection of electron
through photo-electrode to external circuit.®* Also, an overall
increase of ~ 112.5 % and 75.8 % in efficiency was observed for
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D3 based device then the DSSCs based on individual dyes D1 and
D2, which was further explained via charge transport dynamics in
these devices, where, the values of resistance, Rct and RPt, for all
three devices are calculated through EIS spectroscopy.

Table 3: PV performance of all three devices based on D1, D2, and
D3 photosensitizers.

Jsc

. Voc | FF n Ret Ret

Device mA
o |eo| @ |« |«
D1 215 | 038 | 29 0.24 160 30
D2 254 1030 | 38 0.29 58 29
D3 3.05 0.44 | 38 0.51 25 16
Voltage (V)
0.0 . . T A’\/I e
ojo 0.1 0.2 0.4

Cc

-0.54

1.0 4

o
£ .54
<
£
O -2.0
(]
=
254 L
D3 —*— D3_Cocktail
3.0 F/"’/ ——D2_Heena

—+—D1_IBB

Figure 7: J-V characteristics of all the three devices based on D1, D2,
and D3 photosensitizers.

The better PV performance for D3 based DSSC is well supported
with the optical properties and morphological study of D3
sensitized photo-anode along with the IR studies. Thus, the better
cell performance of D3 based device may attribute to its higher dye
adsorption onto TiO, surface resulting in improved values of JSC
and VOC due to more electron-hole pair generation. This improves
the dye/TiOy/electrolyte interface resulting in faster dye oxidation
through electrolyte thus amplifying the JSC of the cell.

Lower JSC and VOC values for individual D1 and D2 based
devices as compared to D3 based cell, indicates the less efficient
dye adsorption of D2 and D3 at TiO; surface, effecting the transfer
of electrons from LUMO (lowest unoccupied molecular orbital) to
Fermi level of the semiconducting oxide layer.® In case of D1
based device, lower values of JSC may be accredited to their
molecular structure as anthocyanin concentration in Jamun (<2.5
mg/gram) is significantly lower thus ascribing lower photon
adsorption at the TiO, surface.® Also, a weaker dye adsorption at
the TiO; surface reflects weaker photo-anode/electrolyte interface,
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thus, triggering higher charge recombination at the dye/photo-
anode/electrolyte interface resulting in poor PV performance of the
devices D1 and D2. Also, the reduction of VOC in D2 based device
may attribute to the increased surface area and the positively shift
of conduction band edge (Fermi level) of TiO.. However, this
positive shift with respect to dye energy levels narrows the energy
difference between TiO and dye, assisting photosensitizer to inject
more electrons resulting in enhanced JSC in D2 based DSSC.%
Thus, the J-V characteristics of fabricated DSSCs are well
supported by the different characterizations. However, the
efficiency can be further improved by optimizing the solvent use to
prepare dye, thickness of the TiO, layer, and varying dye-loading
time etc. because the optimized combinations of all these factors
show a huge impact on the efficacy of the DSSCs.?1:22%

Electrochemical impedance spectroscopy (EIS)

The photogenerated electron transport mechanism can be
evaluated through EIS spectra studies, by applying a small amount
of alternating voltage to prepared DSSCs. It gives the specific
voltage and current values at a specific angular frequency. By using
these values, impedances of the fabricated DSSCs were plotted,
which are generally known as a Nyquist plot or Bode plot.
Depending on the values of the impedance one can derive the
important parameters related to the electron transfer phenomena,
such as electron transport through porous TiO, film,
TiOy/electrolyte interface recombination, charge transfer near and
at the counter electrode, etc. Figure 8 shows the illuminated EIS
plot, i.e. Nyquist plot of the prepared DSSCs comprising of
semicircles shape of the impedance spectra.

All three spectra consist of one small and one large semi-circle
that represents the charge transfer resistance at the counter
electrode/electrolyte interface (Rpt) and charges transfer resistance
due to the charge recombination process between electrons in the
tri-iodide in the electrolyte and TiO, film (Rct) respectively. The
values of RPt for the cells D1, D2, and D3 are 30 kQ2, 29 kQ and
16 kQ respectively (Figure 8 (ii)). While the values for Rct for the
cells D1, D2, and D3 are 160 kQ, 58 kQ, and 25 kQ respectively
(Figure 8 (i)).

The high values of Rct generally represent the weaker binding of
the extract to TiO; or the aggregation of the extract on the TiO,
porous structure.®*4° These certainly influence the photovoltaic
performance of the DSSCs by restricting the efficient injection of
electrons from LUMO of dye to CB of TiO; layer thus increasing
the rate of charge recombination at dye/photo-anode/electrolyte
interface. As illustrated in Table 3 and shown in Figure 7, DSSC
with D3 dye shows the least Rct values as compare to the other two
Devices based on dyes D1 and D2, resulting from the synergetic
effect of co-sensitization of dye D1 and D2. A reduced value of Rct
in the order D3 < D2 < D1 indicates good charge transfer kinetics
and strong dye anchoring on highly porous TiO; film, limiting the
charge recombination process and greater dye adsorption in D3
based DSSC.*

On the other hand, RPt represents the charge transfer resistance
at the Pt/electrolyte interface. The smaller values of RPt are always
desirable in the case of DSSCs that allows faster electron transfer
diffusion that leads to improve the performance of the cell. In the
presented results, the cell shows the best performance when the RPt
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Figure 8: EIS plot of fabricated DSSCs (i) full spectra (inset shows the
equivalent circuit) and (ii) closer view of spectra at higher frequencies.
Whereas (a) indicates D1 based device; (b) indicates D2 based device;
and (c) indicates D3 based device.

values are minimum i.e. 16 kQ for D3 based devices directing fast
electron transport at Pt/electrolyte interface in D3 based DSSCs
ensuing faster 13- oxidation process.*?*® Again, the RPt values are
lower than the Rct values for all three dyes, where, Rpt/Rct value
for D3 cockatil dye is slightly higher than 1 which is also minimum
as compared to other individual dyes, D1 and D2.3* Concisely, high
values of both parameters certainly influence the cell performance
that may lead to the lower fill factor of all prepared DSSCs.

CONCLUSION

TiO, NPs have been synthesized through a low-cost
solvothermal process and further used to prepare the photo-anode
for DSSCs based on naturally sensitized IBB, henna, and their
cocktail. XRD results confirmed the synthesis of anatase TiO,
nanoparticles with an average crystallite size of 26 nm upon
annealing at 550 °C. The natural sensitizers IBB and henna have
been chosen due to the presence of hydroxyl group in the selected
dyes as confirmed by the FTIR spectroscopy. The DSSCs based on
cocktail dye showed highest device performance with n=0.51 %,
VOC =0.44 V and JSC = 3.05 mAcm-2. This is due to the increased
photon absorption range from 340 nm to 640 nm and a more
uniform surface for photo-anode sensitized with cocktail dye due to
higher dye loading. EIS study elaborates the lowest charge transfer
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resistance at the counter electrode/electrolyte interface that
enhanced the performance of cocktail dye-based DSSCs. Thus,
cocktail dye is found as an effective way to enhance the efficiency
of the device.
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