Chapter 4

Application of WQ:; as alternative
photoanode material for Dye Sensitized

Solar Cells



Chapter 4

This Page is intentionally left blank

Page 128



Chapter 4

4.1. Introduction

Increasing energy demand and environmental contamination are the two
major problems faced by society in recent years. The major energy
requirements of the world are fulfilled by fossil fuels (i.e., coal, petroleum and
natural gas), which may not be sufficient to overcome the energy crisis in the
future due to fast depletion, the rapid development of industrialization and
environmental pollution[1-4]. To address these issues, scientists have focused
on renewable and environment-friendly energy sources. As Sun represents an
immense source of renewable energy, expected to provide an appreciable
amount of power in the future, it is the most widespread type of alternative
energy source among all the renewable energy sources [5-7]. Dye-sensitized
solar cells, an unconventional photoelectrochemical device that directly
converts photo-energy into electrical energy, have drawn much more attention
than conventional silicon solar cells due to their easy fabrication technique, the
low-level requirement of the high-temperature process, cost-effectiveness and
environment-friendly nature [8, 9]. But until now, DSSCs are not commercially
viable as the reason for their comparatively low conversion efficiency and
stability issues compared to the silicon-based solar cells [10]. Photo anode, the
heart of a DSSC system plays a key role in enhancing the overall performance
of the DSSC by transferring electrons and supporting the Dye molecules [11].
It consists of a nanostructured mesoporous semiconductor film deposited on a
conducting glass or a flexible substrate [12, 13]. An ideal photoanode material
should have some properties of high charge carrier mobility, significantly high
surface  areas, environmental friendliness, cost-effectiveness, and
comparatively less electron-hole recombination rate. The band edge positions
and corresponding band gap values of several commonly used wide bandgap
metal oxide semiconductors are shown in Fig. 4.1 [14, 15]. The

semiconducting oxide material TiO, is mostly used as a photoanode because of
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its excellent optical, electrical and chemical properties [16-19]. Although
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Figure 4.1 Energy band positions of several semiconductors.

conversion efficiency is achieved with TiO,, its low electron mobility leads
many scientists to think about new alternative photoanode materials for better
performance of Dye sensitized solar cells [20]. On the other hand, WO;, a
wide bandgap semiconductor having bandgap in the range of 2.6eV-3.1eV has
been used extensively in the fabrication of gas sensors, water splitting and
photocatalyst [21]. Owing to the favourable bandgap, high electron mobility
and extreme stability in harsh environments, it has attracted the attention of

researchers as an alternative photoanode material for DSSC fabrication.
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Moreover, the nonreactive nature of WO; in acidic environments may provide
the solution of long-term stability issues in DSSCs with more acidic
electrolytes. However, DSSCs based on pure WO; photoanode have been
proven to be inefficient. On the other hand, DSSCs based on surface modified
WO; photoanode by ultrathin layer of TiO, exhibited significant increase in
power conversion efficiency [22]. ZnO can be used as a substitute for TiO, due
to its agreeable properties in the view of high electron mobility and abundant
nanostructure morphologies [23-25]. To the best of our knowledge, however,
there are no detailed reports found in which surface modification of WO; is
done by an ultrathin layer of ZnO in the fabrication of DSSCs. In this work, we
have prepared the WO; photoanode and a facile sol-gel spin coating technique
was utilized to alter the surface property of it by a thin layer of ZnO. Very
careful control of the thickness of the ZnO layer is necessary to get the
optimum performance out of the solar cell and for this purpose different

concentration of ZnO precursor solution was used.

4.2. Materials and Method

4.2.1. Preparation of working electrodes

All the reagents used in the fabrication process were of analytical
grades. So no further purification was required. To prepare the thin films of the
photoanode materials, the ITO coated glass substrates were first cleaned with
dilute HCI in an ultrasonic bath for 15 minutes and then thoroughly rinsed with
deionized water to remove the HCL residues. Then the substrates were cleaned

with acetone and ethanol using an ultrasonic cleaning bath [26].

The working electrode of the DSSC was prepared by following the
standard doctor blade method. The WO; paste for doctor blading was prepared
by mixing WO; nanopowder with terpineol as solvent and ethyl cellulose as a

binder and stirred continuously in order to obtain a smooth lump-free slurry.
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The WO; paste was then coated on the conductive side of the cleaned ITO
glass substrate and subsequently annealed at 500°C for 2 hr in order to burn out
the terpineol and ethyl cellulose contents of the working electrode and
strengthens the bonding between the substrate the WO; film. In addition to this,
the annealing procedure also helps to improve the surface quality of the thin

film along with increasing the crystallinity of the sample [22].

The Sol-Gel spin-coating technique was employed to deposit thin layers
of ZnO onto the surface of the as-prepared WO; photo-anode. Zinc acetate
dihydrate (CH3COO) , Zn, 2H,0, (98% Merck) was mixed with acetone at
different molar ratios to obtain desired concentrations of ZnO precursor
solution. The prepared solutions were then mixed extensively in an ultrasonic
bath for 2 hours and then spin-coated on the WO; coated substrate using a
programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-
P1) at 2000 rpm for 30 seconds. The thickness of the ZnO film can be
controlled by varying the precursor solution concentration. In our experiment
we have prepared 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, and 25 mM solutions
of ZnO precursor and spin-coated them over WO; film keeping the number of
sol drops unchanged in order to obtain various ZnO film thickness and study
the effect on the solar cell performance. The ZnO coated WO; electrode was
annealed at 450°C for 1 hour. All the electrodes were sensitized by immersing
them in a 0.3 mM ethanolic solution of Ruthenium based dye
(Cy6H20010NgS,Ru) known as N3 (Solaronix) for 48 hours. The working
electrodes were then removed from the solution and thoroughly rinsed with
deionized water and ethanol to remove any excess dye from the semiconductor

film surface and air-dried at room temperature.

The counter electrodes of the cells were prepared by spin coating the
platinum catalyst precursor solution Platisol-T (Solaronix) on the conducting
side of the cleaned ITO coated glasses and heating on a hot plate at 450 ° C for

15 minutes.
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Figure 4.2 (a) N3 dye, (b)lodolyte ANS0 electrolyte, (c) Platisol T used for

preparing Pt counter electrode in DSSC fabrication.

Figure 4.3 DSSC fabricated with N3 dye and WO; as photoanode material.

The dye adsorbed working electrode and Pt- coated counter electrode
was assembled against the coated sides of each other in a sandwich manner
using two binder clips with a Surlyn film (Meltonix 1170-25um, Solaronix)
gasket as a spacer in between them. The liquid electrolyte used in our
experiment was a Solaronix high-performance electrolyte (Iodolyte ANS5O0)
with iodide/tri-iodide as redox couple, ionic liquid, and lithium salt and
pyridine derivative as additives dissolved in acetonitrile solvent. The redox

concentration of the electrolyte was 50 mM. The active area of the cells for
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illumination was determined by employing a black mask of aperture size 0.25

2
cm .

4.2.2. Characterization and Measurements

The crystalline structure of the WO3 and ZnO were analyzed with the
help of X-ray diffraction analysis using the PAN-analytical X’Pert PRO X-ray
diffractometer (CuKa radiation, 30 mA, 40 kV, A= 1.5406 A). Scanning
electron microscopy (JEOL) was done to reveal the surface morphology of the
prepared thin films. More detailed structural information of the samples was
obtained from Raman Spectroscopy. The Photocurrent-Voltage (I-V)
characteristics data of the cells were recorded using Keithley 2400 digital
source meter with the help of a computer under 100 mW/cm® illumination
(Xenon lamp 450W). HIOKI Impedance Analyzer in the frequency range of
0.1Hz to 190 kHz was used to study the electrochemical impedance spectra of

the cells.

4.3. Results and Discussion

4.3.1. Structural and phase characterization WQOj; photoanode

Figure 4.3. shows the X-ray diffraction pattern of the as-purchased WO,
nanopowder. The XRD pattern exhibits the coexistence of both the monoclinic
and orthorhombic crystal phases. The peaks corresponding to the monoclinic
phase well matches with the standard JCPDS card no. 43-1035 and the
orthorhombic phase matches with JCPDS card no. 20-1324. Sharp and strong
peaks signify the high crystalline nature of the sample [27, 28].
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Figure 4.4 X-ray diffraction pattern of WO; nanoparticles. The peaks
correspond to Monoclinic (*) and orthorhombic (*) phases of WO;

respectively.

The crystal phases are further confirmed by Raman spectra of the pure
WO; powder, which is shown in fig. 4.3 and it consists of well-resolved four
sharp Raman peaks at 274, 329, 719 and 807 cm™'. The lower peaks centered at
274 cm™ and 329 cm™ attributed to O-W-O bending vibrations and the higher
peaks at 719 cm™ and 807 cm™ are due to W-O-W stretching mode vibration
[29]. Sharp peaks suggest profoundly crystalline nature of the sample. All four
Raman peaks attribute to the monoclinic phase [30]. However, the Raman
peaks corresponding to the orthorhombic phase lie neighbouring to the peaks
mentioned above. Consequently, both phases are believed to be present in the

sample. No impurity was found in the Raman spectra of the pure WO; sample.
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Figure 4.5 Raman spectra of WO; nanoparticle.

4.3.2. Surface Morphology study and energy dispersive
spectroscopy of the photoanodes

Scanning Electron Microscopy was employed to investigate the surface
morphology of the pure and ZnO coated WO; photoanodes. Fig. 4.4(a) shows
the SEM image of pure WO; photoanode on the FTO substrate whereas
Fig. 4.4(b-g) show the SEM images of WO; photoanodes coated with ImM,
5SmM, 10mM, 15mM, 20mM and 25mM concentrations of ZnO precursor
solution concentrations respectively. Highly porous films with nearly spherical
shape WOj; nanoparticle having a diameter in the range of 140nm-150nm can
be clearly seen from the SEM images. High porosity the film enhances the

surface
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to volume ratio, consequently increasing the dye loading amount resulting in
high photocurrent [31-34]. It can also be observed from the SEM images that
the surface morphology of uncoated and ZnO coated WO; substrate are not so
visually different for low ZnO precursor concentrations, but for higher
concentrations like 20 mM and 25 mM, the screening of WOj; surface by ZnO
nanoparticles may be evidently observed in Fig. 4.4(f) and 4.4(g).

The EDS spectrum, which reveals the elementary analysis are shown in
fig. 4.4(h) and 4.4(1) for bare WO; and the WO; surface coated with 5SmM ZnO
precursor solution concentration respectively. Predominating peaks of W and
O, in Fig. 4.4(h) unveil that the sample contains only WO; whereas in
Fig. 4.4 (i) additional strong peak of Zn confirms the presence of ZnO coating
over WOs.

4.3.3. Current-Voltage characterization of the cells

The Current-Voltage characteristic is a crucial characterization to
investigate the overall photovoltaic performance of a solar cell. Fig. 4.5(a)
illustrates the I-V characteristics of the seven DSSCs based on pure and coated
WO; as photoanodes with different precursor solution concentrations. The

overall photoconversion efficiency of the solar cell is given by

_ Pour _ LicVocFF

P~ P (1)

Where I, V.., FF and Pin represent the short circuit current density , open-
circuit voltage,Fill factor and incident light power respectively light power

respectively. The fill factor is calculated by the formula

FF — Imaxvmax (2)
ISC\/OC
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Where V.« and 1.« are the voltage and current corresponding to the maximum

output power point of the solar cell respectively. All the photovoltaic

parameters obtained from the I-V curve are summarized in Table 4.1.
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A clear enhancement in the efficiency and fill factor due to the presence
of ZnO on the WOj; surface compared to the bare WO; electrode can be
observed from Table 4.1. The fill factor, which represents the squareness of the
I-V curve [35], is very low for bare WO; which in turn decreases cell
efficiency. The low fill factor may be attributed to the high recombination rate
of electrons for bare WO; photoelectrode DSSC. However, a significant
improvement in the value of J. can be noted from table 4.1 upon ZnO coating
over the WOj; surface which demonstrates the positive role of the ZnO layer in
reducing the recombination process. The DSSC with 5 mM ZnO precursor
solution concentration yielded the highest short circuit photocurrent Jgc and
efficiency n. But the photocurrent and the efficiency start falling sharply with a

further increase in the precursor solution concentration.

Table 4.1. Photovoltaic performance of uncoated and ZnO coated WO;
photoanode based DSSC.

ZnQO precursor solution concentration Jee Voo FF Efficiency
(mA/em®) (V) (M %)

Pure WO3 2.65 042 0.39 0.44

1 mM ZnO 2.98 0.53 0.63 1.07

5 mM ZnO 3.58 0.55 0.62 1.21

10 mM ZnO 2.32 0.56 0.62 0.80

15 mM ZnO 1.67 0.56  0.60 0.38

20 mM ZnO 0.68 0.57 0.38 0.15

25 mM ZnO 0.32 0.58 047 0.09

The maximum value of open-circuit voltage is determined by the
difference between the Fermi level of the photoanode (metal oxide) material
and the red-ox potential of the liquid electrolyte [36]. WOj; is known to possess

a lower conduction band edge ( E,) 1.e. more positive E., thereby reducing the
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Figure 4.8 Schematic energy level diagram and mechanism of the (a)

Conventional DSSC and (b) DSSC with the ZnO barrier.
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open-circuit voltage (V,.). However, employing an ultrathin layer of more E,
negative metal oxides like ZnO onto WO; surface may increase the value of
V.. as the photogenerated electrons from LUMO of dye molecules are now
injected to the more negative conduction band of ZnO and then step down to

the conduction band of WO; which is illustrated in Fig. 4.6 (b).

Furthermore, the energy barrier created due to the incorporation of ZnO
onto the WO; film surface may prevent the charge carrier recombination and as
well as decreasing back transfer of electrons to the HOMO of the dye molecule.
Aside from this, the ultrathin layer of ZnO incorporation on the WO; surface
facilitates the amount of dye adsorption and hence increasing the amount of

photon absorption resulting in higher Jg..

The dark current measurement was done in order to interpret the
variation of charge recombination reaction of the photogenerated electrons with
Iy ions at the Pt coated counter electrode/red-ox -electrolyte interface.
Fig. 4.5(b) shows the dark J-V characteristics of the DSSCs fabricated with
uncoated and coated with different concentrations of the ZnO precursor
solution. The photoelectron injection from LUMO of dye to the CB of the
working electrode is completely absent in the dark condition and hence the
dark current is mainly due to the diffusion of electrons from semiconductor to
the redox electrolyte [37]. Ultrathin coating of ZnO layer on the WO; surface
decreases the dark current which can be observed in dark current characteristics
in Fig. 4.5(b). On the other hand, the uncoated WO; possesses a higher dark
current for a particular bias voltage. This may be due to the fact that poor dye
loading capacity of WO; allows more direct contact between WO; surface and
liquid electrolyte. This facilitates the back transfer of electrons from WO; to
electrolyte via reduction of I;” into I" which led to increased dark current [22].
But the coating of ZnO creates an energy barrier that effectively reduces the
rate of electron recombination thereby decreasing the dark current,

consequently suppressed recombination of charge carriers due to ZnO coating
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Figure 4.9 Effect of ZnO precursor solution concentration on the values of

photovoltaic parameters (a) Jsc (b) FF (¢) Voc and (d) 0.

increases cell FF. In addition to that, a very thin coating of ZnO also improves
the dye loading which enables the ZnO treated WO; DSSC to harvest more
light energy compared to ordinary WO; DSSC and significantly enhances
current density. However, with the increase in the ZnO precursor concentration
of more than 5 mM, the values of FF and J start decreasing. This decrease in
Ji. and FF might be due to the fact that thicker ZnO completely screens WO;
from dye molecules. Moreover, a higher amount of ZnO content act as
recombination sites [38]. Apart from this, an increased amount of ZnO
deposition via increasing the ZnO precursor solution concentration promotes

aggregation of Zn"? ions and N3 dye which may decrease the photocurrent due
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to light loss due to absorption and scattering of light by these aggregates [39-
41].

Figure 4.7 shows the variation of the different DSSC performance
parameters as a function of ZnO precursor solution concentration. The values
of Ji, FF, and n enhanced significantly for the cells with ultrathin ZnO
nanoparticles coating as compared to the cell with bare WO; nanoparticle thin
film. The best performance was obtained with 5 mM ZnO solution
concentration with values of cell parameters like Ji., V., FF, and n as 3.56

mA/cm?, 0.55 V, 0.62 and 1.21 % respectively.

4.3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed to further
explore the interfacial charge transport properties and recombination
resistances for a better understanding of the cell parameters. The EIS
measurement was carried out at V. bias voltage and applying an AC voltage
of 10mV amplitude to the DSSC under 1 sun illumination in the frequency
range 0.1 Hz to 190 kHz. The Nyquist plot of the different DSSCs fabricated
using bare WO; and with a coating of different concentrations of ZnO onto it
are depicted in Fig. 4.8(a). Usually, a typical Nyquist plot consists of three
semi-circles. The first semicircle in the high-frequency range is attributed to
the charge transport resistance at the Pt counter electrode/ electrolyte interface,
while the second semicircle in the mid-frequency range represents the
recombination resistance at the semiconductor/dye/electrolyte interface. The
third semicircle is associated with Nernst diffusion (Warburg diffusion
impedance Z,,) which is the impedance faced by the electrons during diffusion
through the electrolyte [39]. However, in our case only two semicircles are
present as the third semicircle is usually observed at frequencies below 0.1 Hz
[42]. The intersection/intercept of the 1% semicircle on the real axis of the

Nyquist plot in the high-frequency range represents the sheet resistance of
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FTO and other ohmic contact resistances (R;) of the assembled cells. The
capacitive components C; & C, in the equivalent circuit are due to the
formation of charge double layer between the counter electrode/electrolyte and
semiconductor/dye/electrolyte interfaces respectively [43]. The equivalent
circuit, shown in the inset of Fig. 4.8(a) is used to fit the experimental Nyquist
plot and the obtained EIS parameters are represented in table 4.2. The value of
contact resistance (R;) is almost the same for all the coated cells except the
bare WOj cell. The increase in the value of R in ZnO coated cells may be due
to the increase in the number of layers. The value of recombination resistance
(R,) is very low for bare WOs;. But a gradual increase in R, with an increase in
ZnO precursor concentration may be observed in Fig. 4.8(a) and table 4.2. The
highest value of R, is observed for 5 mM ZnO concentration as this much
concentration provided the highest amount of dye adsorption without affecting
the carrier transport through WO; thereby generating the highest number of
charge carriers and also reducing the charge carrier recombination at the

semiconductor/due/electrolyte interface.

Table 4.2. Summary of EIS measurements of the fabricated DSSCs.

ZnO precursor Rg (QQ) R, R (Q) C(C, Peak Electron

solution concentration (Q) (uF)  freq. lifetime(t,)
f(Hz) (ms)

Pure WO3 19.3 852 8.67 843 37.18 4.28

1 mM ZnO 195 1083 84 103.7 31.36 5.08

5 mM ZnO 19.6 119.7 8.62 1254 24.15 6.59

10 mM ZnO 20.1  79.57 836 98.35 40.72 3.91

15 mM ZnO 208 67.57 879 87.35 48.47 3.29

20 mM ZnO 21.1 5623 841 683 68.67 2.32

25 mM ZnO 213 4576 852 55.57 97.29 1.64
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Further increase in ZnO concentration starts decreasing R, due to poor
dye loading on the WOs; surface. Along with that presence of recombination
sites for the free charge carriers in the thick layer of ZnO (38). Thick ZnO layer
also makes the thickness of the film such a high that it becomes greater than the
diffusion length of the electrons. This decreases the net photocurrent reaching
the FTO and lowers the cell performance. The highest value of chemical
capacitance C, also reflects the transformation of a higher amount of photon
energy into chemical energy [44, 45]. To estimate the charge carrier lifetime,
the Bode plot representing variation in phase angle (0) with frequency (f) for
varying amounts of ZnO concentration is depicted in Fig. 4.8(b). The electron

lifetime is calculated using formula [46-49],

1
Tn B anmax

Where f,,x represents the characteristic peak frequency of the Bode plot in the

mid-frequency range. The lower value of fi,« is associated with a higher
electron lifetime. The DSSC with 5mM ZnO coating has the lowest value of
fmax leading to the highest lifetime of photogenerated electrons. This
enhancement in electron lifetime reduces the recombination process leading to
the highest photocurrent among the seven fabricated cells in our study. These
results are in accordance with the results obtained from J-V characteristics

under 1llumination and dark.

4.4. Conclusion

In this study, we have fabricated DSSCs based on WOj; as an alternative
photoanode material. The DSSC showed an efficiency of 0.44% with a low FF
of 0.39. This was due to very high recombination rates of photoexcited
electrons along with poor dye loading due to the highly acidic surface of WOj;,
Apart from that, the lower conduction band edge position of WO; limits the

open-circuit voltage of the DSSC. In order to improve the performance of WO;
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based DSSC, the effect of inclusion of the ZnO thin layer on the surface of
WO; was studied. The current densities (J) — voltage (V) characteristics of the
prepared cells were compared and a clear enhancement of cell efficiency was
recorded upon ZnO coating and the highest efficiency was achieved for 5 mM
concentration. Although the incorporation of a thin layer of ZnO onto WO;
enhances the power conversion efficiency by creating an energy barrier and
limiting the electron back-recombination, the thicker layer of ZnO degrades the
cell performance by forming an aggregation of Zn™ ions and N; dye and
reducing the dye adsorption quantity of WO; film. This suggests an optimum
concentration for ZnO to be deposited over WO; film to achieve the highest
efficiency. The improvement of the value of V. due to ZnO coating was
attributed to the upward shift in CB of WO;. Apart from J-V characteristics,
study under illumination and dark, EIS measurement was also performed. It
was found that the cell with SmM of ZnO over WO; film has the highest
recombination resistance which efficiently retards/suppresses the electron
recombination rate and as result, the lifetime of photogenerated electrons is
also highest. The decrease in the photoconversion efficiency with further
increase in ZnO concentration above optimum value is due to the complete
screening of WOj; film by a thicker layer of ZnO. Therefore, the novel method
used here to modify the surface property of the WO; photoelectrode of DSSC
is found to be promising to enhance the cell performance and thereby develop

an efficient WO; based Dye sensitized Solar cell.
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