Chapter 6

Stability Enhancement of Dye-
Sensitized Solar Cells Fabricated with
Gel Electrolyte



Chapter 6

This page is intentionally left blank

Page 196



Chapter 6

6.1. Introduction

Due to continuously increasing energy demand, the polluting
environment, and the rising price of fossil fuels, scientists are constantly
thinking of new ways to find pollution-free renewable energy sources [1]. The
natural resources that can renew themselves over time are called renewable
energy sources [2]. It is believed that solar energy would be the main source of
alternative energy [3]. Conventional Crystalline and polycrystalline silicon
solar cells have attained energy conversion efficiency of over 20%, but due to
their complicated and difficult fabrication process and high cost [4], people
have started to think about its alternative. Grétzel and co-workers first reported
DSSCs as a useful substitute for conventional solar cells [1], and subsequently,
a considerable interest has been developed in DSSCs because of their easy
fabrication technique and low cost [5].

Photo anode of a DSSC performs a vital role in determining the overall
performance of the DSSC by transporting electrons and supporting the Dye
molecules [7, 8]. The semiconducting oxide material TiO, is mostly used as a
photoanode because of its excellent optical, electrical, and chemical properties
[9-12]. Although appreciably high conversion efficiency is achieved with TiO,,
its low electron mobility results in low electron mobility have led to renewed
investigations into new alternative wide-bandgap photoanode materials like
Zn0O, WOs3, and SnO, for better performance of Dye-sensitized solar cells [13-
15]. Researchers are also using natural dyes extracted from different fruits,
vegetables, and flowers in search of low-cost DSSC fabricated with
environment-friendly and non-toxic material [16-20].

But the electrolyte has a close interaction with all the components of
DSSC and it determines the time stability of the cell. Due to this, scientists
have been paying more attention to electrolytes these days [21, 22]. Though the
theoretically estimated maximum photoelectric conversion efficiency of a

DSSC is 29 % [23] has been recorded with liquid electrolytes, the actual
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efficiency of 14.3% could be achieved. This is due to leakage problems of
liquid electrolytes, electrode corrosion, photo-degradation of attached dyes, and
solvent volatility restricts the long-term performance of DSSCs [24]. To
overcome these limitations, gel electrolytes have been used instead of liquid
electrolytes as the volatility of organic solvents can be decreased and leakage
can be prevented by gel-type electrolytes [25]. Gel electrolytes are usually
prepared by adding materials of high molecular weights with organic solvents
and iodides. Polyvinyl carbonate (PC), Acetonitrile (ACN), and ethylene
carbonate (EC) are an example of some of the popularly used solvents and
Lithium iodide (Lil), potassium iodide (KI), Sodium iodide are some of the
commonly utilized iodides with iodine (I,). For gelation of liquid electrolytes,
many materials are used, namely polyethylene glycol, polyvinylidene fluoride-

co-hexafluoropropylene (PVDF-HFP), polyethylene oxide, etc. [26].

In this study, we prepared gel electrolytes using ethyl cellulose (EC) as a
gelator in the liquid electrolyte and fabricated DSSCs with both liquid and gel
electrolytes to study to study their overall photovoltaic performance, including
their performance stability over a certain period. We used both TiO, and ZnO
as working electrode material. The effect of EC concentration on the
performance of DSSCs was also examined. A detailed comparison of

photoelectric properties of all the cells is presented in the investigation.

6.2. Materials and Methods
6.2.1 Materials

All the chemicals used in this study were purchased from commercial
sources and used as received. Fluorine-doped tin oxide (FTO) glass slides (10
Q/square; thickness 2.2 mm), ruthenium dye (N3 and N719), Surlyn spacer,
and Platinum Precursors solution (Plastisol T) for counter -electrode
preparation, all were purchased from Solaronix, Switzerland. Titanium dioxide

nanopowder (TiO;), ZnO nanopowder, Lithium lodide (Lil), and Iodine (I,)
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were purchased from Sigma-Aldrich, India. The chemicals, used in gel
preparation are Acetonitrile (Merck, India), 4-tert-butylpyridine (TCI
CHEMICALS, Japan), Tetrabutylammonium iodide (Merck), Ethyl Cellulose
(Sigma-Aldrich, India), acetone (C3HgO), ethanol (C,HsOH), and acetic acid
(CH;CO,H) (Sigma-Aldrich, India). All the reagents purchased were of

analytical grade and were used without further purification.
6.2.2 Preparation of liquid and gel electrolyte

The liquid electrolyte, used in this study, was prepared by mixing Lil
(0.5M) and I, (0.05M) in 10 ml acetonitrile solvent. To prepare the gel
electrolyte, ethyl-cellulose powder mixed with ethanol was added to the
prepared liquid electrolyte at different amounts to yield gel electrolyte of
concentrations of 2, 4, 6, 8 and 10 wt%. Fig.6.1 represents different steps of

electrolyte preparation.

Acetonitrile 10 ml Lil I,

4 . 4 4

1

Liquid electrolyte T

Gel electrolyte of
desired wt%

Added at differet

amount

t

High viscous EC
solution

t
1 1

Ethyl-cellulose Ethanol

Figure 6.1 Steps of Liquid and Gel electrolyte preparation.
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6.2.3 Fabrication of the solar cells

The TiO, and ZnO working electrodes of the DSSC were prepared by
following the standard procedure [27]. At first, 10 gm of the nanopowder was
mixed with diluted acetic (Iml in 50 ml deionized water) acid in a mortar and
pastel and added a few drops of Triton X100 (Merck) as surfactant and ground
continuously until a homogenous, smooth suspension was obtained. The lump-
free slurry was then applied on the conductive side of an FTO-coated glass
using the doctor blade method to make a homogeneous layer. To strengthen the
bonding between the FTO glass and the semiconductor paste, the nanopowder
coated FTO glass plates were sintered in normal atmospheric condition at
450°C for 45 minutes. In the sintering process, after introducing the sample in
the furnace, the temperature was raised with a rate of 10°C/5 min until the
temperature had reached 350°C and after that, it was increased with a rate of
10°C/10 min until 450°C. When it cooled down to room temperature, the
sintered substrates were immersed in the ruthenium dye (N3) solution for dye
adsorption on the surface of the TiO, and ZnO nanoparticles for 24 hours. FTO
glass coated with a platinum catalyst (Plastisol-T) and heated at 400°C was
used as a counter electrode and a sealed sandwich-type cell was fabricated by
assembling dye adsorbed working electrode and the platinum (Pt) coated
counter electrode with Surlyn film as a spacer between them. The electrolyte
was introduced into the assembled cell through a pre-drilled hole on the counter
with a syringe. Gel electrolyte having different EC concentration was used in
different cells for the investigation. A small piece of Surlyn spacer and glass
glue was used to seal the hole and finally, the cells were connected to the
external circuit with the help of alligator clips. Different electrolyte

concentrations were used to fill the cells.
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6.2.4 Characterization of the DSSCs

After completing the fabrication of two different cells with liquid and
gel type electrolytes, the cells were placed under artificial solar illumination of
100mW/cm® and connected with the J-V measurement system to calculate the
photoelectric conversion efficiencies [28]. The photocurrent voltage (J-V)
characteristics were recorded using a Keithley 2400 source meter. Simulated
sunlight was supplied using a xenon lamp (450W). The photovoltaic
performances were recorded at a 24 hr interval to investigate the long-term
stability of the DSSCs. The ethyl cellulose as gelator was selected for its easy
availability and low cost. Symmetrical cells having Pt-electrolyte-Pt structure
were configured to perform the EIS measurement of the electrolyte system. Pt
electrodes were prepared by coating the FTO substrate using the same Pt

catalyst solution as used in conventional DSSCs.

6.3 Results and Discussions

6.3.1 Raman spectroscopy of TiO, and ZnO

Fig. 6.2 shows the Raman spectra of TiO, and ZnO nanopowders. The
Raman shifts of Fig. 6.2 (a) at 235, 447, and 612 cm ' are attributed to the
combination of two-phonon scattering modes, E, and A, modes of the rutile
phase, respectively[29, 30]. According to the literature values, all the observed
spectroscopic peaks listed in Fig. 6.2 (b) can be assigned to a wurzite ZnO
structure. Among these Raman peaks, the E, mode centred at 437 cm™' has a
strongerintensity and narrower line-width, which indicates that the as-grown
products are composed of ZnO with a hexagonal wurtzite structure and good

crystal quality [31].
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Figure 6.2 Raman spectra of (a) TiO, and (b) ZnO nanoparticles.
6.3.2 Scanning electron microscope (SEM) analysis

The scanning electron microscope (SEM) was used to examine the
surface morphology of the photoanode films over the FTO glass substrate [29].
The highly porous morphology of the TiO, and ZnO nanostructure films
deposited on the FTO glass substrate can be observed from the SEM images
shown in Fig. 6.3(a) and Fig. 6.3(b) respectively.
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Figure 6.3 Scanning electron microscope (SEM) image of (a) TiO, and (b)

ZnO nanoparticles.

The average particle size of the TiO, nanoparticles was about 20 nm while that
was in a range of 40-300 nm for ZnO. The highly porous structure of the
semiconductor thin film resulted in greater dye molecule adsorption on the
surface of the TiO, and ZnO nanoparticles. Also, the smaller particle size of the
TiO, nanoparticles compared to ZnO provides a higher overall surface area for
dye molecule attachment for a particular volume of the photoanode. More dye
adsorption causes more electron excitation from HOMO to LUMO of dye

molecules after photon absorption [32].
6.3.3 Photovoltaic Performance of the DSSCs

The Current-Voltage (I-V) characteristics of the N719 dye and TiO,
photoanode based DSSCs fabricated using liquid and gel-based electrolytes are
shown in Fig. 6.4.
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Figure 6.4 Current-Voltage characteristics of the N719 dye based cells

fabricated with Ti0,.

The different electrical parameters of

the cells obtained from the I[-V

characteristics are listed in Table 6.1 below.

Table 6.1. Summary of photovoltaic parameters of the N719 dye based cells.

Electrolyte Jse V.(V) FF  Efficiency
used (mA/cm?) (n %)
Liquid 1.67 0.662 043 1.90
Gel 1.42 0.646  0.35 1.29

The energy conversion efficiency of gel electrolyte based DSSC was

lower than liquid electrolyte based DSSC. The photovoltaic efficiency of

DSSCs using liquid and gel type electrolytes is 1.90% and 1.29% respectively.

Table 6.1 represents the various photovoltaic parameters extracted from the I-V

curves of the cells with liquid and gel electrolytes. The solar cell fabricated

using liquid electrolyte exhibits higher short-circuit photocurrent density (Jsc),
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open-circuit voltage (Voc), and fill factor (FF) compared to the DSSC

fabricated using gel electrolyte as a dye.
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Figure 6.5 Current-Voltage characteristics of the N3 dye based cells fabricated
with (a) TiO, (b) ZnO photoanodes.
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The Current-Voltage (I-V) characteristics of the DSSCs fabricated using
liquid and gel-based electrolytes are shown in Fig. 6.5. The different electrical

arameters of the cells obtained from the [-V characteristics are listed in

Table 6.2 below.

Table 6.2. Summary of photovoltaic parameters of the N3 dye based cells.

Cell wt% of EC Joe Vo (V) FF Efficiency
(mA/cm?) (n %)
TiO, 0 14.16 0.66 0.43 4.01
2 12.0 0.64 0.37 2.84
4 11.18 0.64 0.35 2.50
6 10.06 0.63 0.34 2.15
8 9.51 0.61 0.34 1.97
10 8.33 0.60 0.34 1.70
ZnO 0 6.01 0.56 0.51 1.71
2 5.41 0.55 0.36 1.07
4 4.82 0.55 0.32 0.85
6 3.91 0.56 0.36 0.79
8 3.79 0.55 0.24 0.50
10 2.99 0.55 0.28 0.46

It can be seen from Fig. 6.5(a) and 6.5(b) that for both TiO, and ZnO
photoanode based DSSCs, there is a loss of device performance with an
increase in EC content. This is due to increased electrolyte viscosity and
decreased ionic diffusion coefficient with an increase in EC amount. The
energy conversion efficiency of gel electrolyte based DSSCs was much lower
than the liquid electrolyte based DSSCs in both TiO, and ZnO photoanode
based cells. The photovoltaic efficiency of DSSCs using liquid and gel type
electrolytes is  4.01 % and 2.84 % respectively for TiO, based cells, and
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for ZnO based cells, these values are 1.71 % and 1.10 % respectively. Table 6.2
represents the various photovoltaic parameters extracted from the I-V curves of
the cells with liquid and gel electrolytes. The efficiency of the gel-based DSSC
for both the N719 and N3 dye may be low compared to the liquid electrolyte
based DSSC, but the values of cell parameters obtained are found to be
comparable to the efficiencies obtained for gel electrolyte based DSSCs [32].
For both TiO, and ZnO photoanodes, we had the highest efficiency in gel-
based cells for 2 wt% EC concentration. The TiO, based devices showed better

performance as compared to ZnO based devices which were quite expected.

6.3.4 FElectrochemical behavior analysis of the DSSCs

Electrochemical Impedance Spectroscopy (EIS) is a very useful
technique for interpreting the kinetics of charge transport processes in different
layers of DSSCs [33]. To quantify the effect of EC content on the diffusion
property of the electrolyte, EIS measurement was employed in Pt-electrolyte-Pt
cells with an electrolyte having various content of EC in the liquid electrolyte
and the obtained Nyquist plot is shown in Fig. 6.6. Generally the Nyquist plot
of a Pt-electrolyte-Pt cell consists of two semicircles. First semicircle
corresponding to high-frequency range represents the charge transfer resistance
in the Pt-electrolyte interface, and the second semicircle in the low-frequency
range represents Warburg diffusion element due to diffusion of iodide / tri-
iodide ion in the electrolyte. An equivalent circuit shown in the inset of Fig. 6.4
is incorporated to analyze the EIS data. R corresponds to the series resistance
of the electrical contacts and the FTO substrate present in the cell, Ry,
represents the resistance in the Pt counter electrode/electrolyte interface and Cp,
represents corresponding capacitance. W represents impedance (corresponding
resistance is Ry,) due to the Warburg diffusion process of I /I3 in the electrolyte

[22, 33-36].
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Figure 6.6 Nyquist plot of the Pt-electrolyte-pt cells with liquid and gel
electrolyte with different EC content.

Different parameters extracted from Fig. 6.6 by fitting with the
equivalent circuit are summarised in Table 6.3. The variations in Rp, and R, are
caused by the differences in conductivities in the relevant electrolytes. It can
be seen that both R, and R,, is the lowest for liquid electrolyte, indicating the
highest conductivity of the electrolyte [37]. Increased values of R and R,, with
increase in EC content indicates deceased conductivity and hence decreased
cell performance which is in well agreement with the current-voltage
measurement of both TiO, and ZnO cells given in Table 6.2. Increased values
of diffusion resistance (R,) with increased EC content implies decreased
diffusion rate of I' and I5™ ions in the electrolyte and thereby slightly lowering
the J;. and n with an expected increase in device stability by preventing leakage

of electrolyte. It also suggests that the more viscous gel electrolyte does not
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affect the charge transfer process very much for EC concentration of 2 Wt% in
the photoanode/electrolyte interface of the cell as compared to the liquid

electrolyte.

Table 6.3. EIS measurement results of the Pt-Electrolyte-Pt cells with liquid

electrolyte and gel electrolyte having different EC content.

EC Concentration Ry(Q) Rp(Q2) Ry (L)
0 Wt% (Liquid) 12.25 10.30 4.25
2 Wt% 12.30 12.52 4.93
4 Wt% 12.32 13.46 5.27
6 Wt% 12.28 15.25 5.48
8 Wt% 12.25 17.83 6.85
10 Wt% 12.41 20.58 9.23

6.3.5 Stability Study of the Cells

To explore the effect of electrolytes on long-term stability, the DSSCs
were characterized by performing photovoltaic measurement over time. The
sealed cells were placed under 1 sun illumination and J-V measurements were
recorded every day over fifteen days. The stability check was performed for
both TiO, and ZnO DSSCs fabricated with liquid and gel electrolytes. The gel
electrolyte with EC content of 2 wt% was only chosen for stability
measurements and the cells with gel electrolytes having EC content of more
than 2 wt% showed significantly decreased efficiency. Figure 6.7 depicts Jg. ,
Voc » FF, and 1 over time for liquid DSSCs and gel DSSCs fabricated with both

TiO, and ZnO as photoanode material.
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Figure 6.7 Stability behaviour of the liquid and gel based DSSCs fabricated
with (a)-(d) TiO, and (e)-(h) ZnO as photoanode material.
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It is clearly evident from Fig.675 that incorporating EC into the DSSC
electrolyte improves device stability significantly for both types of DSSCs. V.
remains almost unchanged for both liquid and gel electrolytes, whereas FF and
J. decrease rapidly for liquid electrolyte-based DSSCs, but this decline is much
slower for Gel electrolyte cells. Consequently, the efficiency of the gel
electrolyte-based cells is well stable compared to the efficiency of liquid
electrolyte-based cells, which decreases rapidly over time. It is clear that even
though there is a slight decrease in the efficiency of the gel electrolytes, the cell
developed with gel electrolytes shows better stability than that with liquid
electrolyte. The improvement in long-term stability is probably due to the
higher viscosity of gel, inhibiting the ionic migration to stabilize the system
over a longer time and also by controlling the evaporation of liquid electrolytes
[38]. Also, the higher stability of the gel electrolyte gives it better cost-

effectiveness than the liquid electrolyte.
6.4 CONCLUSION

DSSCs were fabricated with pure TiO, and ZnO photoanodes with liquid
and gel-type electrolyte, and cell performances were recorded. The liquid
electrolyte cells exhibited higher short-circuit photocurrent density, open-
circuit voltage, fill factor, and efficiency compared to the gel electrolyte based
DSSCs. Though the efficiency of the gel-based DSSC is lower than the liquid
electrolyte DSSC, the cell parameters obtained were comparable to the
parameters obtained for gel electrolyte DSSCs by other researchers. Comparing
these two types of DSSCs, it is clear that though the photovoltaic performance
of gel electrolyte DSSC is slightly lower than liquid electrolyte DSSC, the
performance of gel-based DSSC remains noticeably stable while for the liquid
electrolyte the stability decreases remarkably over time. It is also found that the
EC based gel electrolyte with proper EC wt% can be used to increase the
stability of both TiO, and ZnO photoanode based DSSCs.
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