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INTRODUCTION

Photovoltaic cells becoming the most promising source
of sustainable energy supplier because of their low manufac-
turing cost, simple structure, abundance of material and reason-
able efficiency. Among this category, dye sensitized solar cells
(DSSCs) are being extensively investigated for future gener-
ation energy converters due to their energy conversion efficiency
and compactness [1]. The energy conversion efficiency of a
DSSC can be improved by adopting a suitable photosensitizer
(dye), increasing light harvesting efficiency and minimizing
photogenerated electron-hole pair recombination rate. Dye
sensitizers are used to stimulate photocatalytic reactions over
the surface of wide band gap semiconductors (WBGS) like ZnO,
TiO; etc., which are commonly used as photoanode material [2].

Optimal DSSC performance can also be enhanced by
selecting the photoanode material. TiO,is a visibly transparent,
wide band gap semiconductor (3.2 eV), which does not suppress
the light absorbing efficiency of the dye sensitizers. The struc-
tural arrangement of its conduction band (CB) favours good
open-circuit voltage and electron injection from the excited
dyes [3]. TiO, exhibits good stability under the exposure of
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Tungsten oxide (WO;) nanoparticles of rod-like and spherical morphologies were synthesized using sol-gel modified Pechini’s method. |
The spherical morphology is achieved by optimizing precursor concentration. The synthesized WO; nanoparticles were characterized by |
powder XRD for phase analysis and SEM for size and morphological analysis. It was revealed that the synthesized particles have spherical
and rod-like shapes, are in the monoclinic phase and in the nano range. Dye sensitized solar cells were fabricated by incorporating WO5 |
nanoparticles in 0.5, 1 and 2 wt.% with anatase TiO, nanoparticles and their photovoltaic characteristics were investigated. It was found |
that the incorporation of WO; nanoparticles with nano TiO, particles considerably enhanced the short circuit current density (J,.) and |
power conversion efficiency (). Further, it was found that WO; nanoparticles with small size and spherical morphology have higher short |
circuit current density (13.27 mA cm?) and power conversion efficiency (6.63%) compared to rod-like WO; nanoparticles. |
|

Keywords: WO; nanoparticles, Dye sensitized solar cell, Photovoltaic cells, Sol-gel method, Pechini’s method.

most of the corrosive acids. Further, TiO, nanoparticles offer
enhanced surface to volume ratio, which is the crucial for maxi-
mum light absorption. TiO, in nano regime finds applications
in area of sensing, water purification, agricultural and medical
industry in addition to solar energy harvesting [4].

Meen et al. [5] developed a DSSC using nano TiO, synthe-
sized by spin coating and obtained power conversion efficiency
of 1.95%. The enhancement is attributed to the improved visible
light absorption characteristics and ability to transfer the photo-
generated electrons from the sensitizer to the conduction band
of TiO; [5]. It was also demonstrated that the electron injection
capacity could be increased and recombination rate could be
reduced when benzyl alcohol synthesized Nb:TiO, is surface
treated with TiCl, [6].

One dimensional nano-TiO; structures such as nano wires,
nano rods and nano tubes are also demonstrated as candidate
for photoanode material due to their higher electron transport
and light scattering capability [7-9]. Jennings et al. [10]
reported that when ordered array of TiO, nanotubes were used
in photoanodes, an ideal electron collection efficiency could
be achieved [10]. Maheswari & Sreenivasan [11] reported that
when nano-TiO, are used in the form of core-shell structures
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or bilayers inhibition of recombination of photo generated
charge carriers occur effectively [11]. Nano-TiO; particle/TiO,
fiber composite as photoanode found to be exhibit an improved
light harvesting ability and hence enhanced efficiency [12].

Zheng et al. [13] used porous WOs thin film as photoanode
material for DSSC and found that its efficiency could be impr-
oved to 1.46% when the photoanode was treated with TiCl.
When nano-WO; with oxygen vacancies are used as counter
electrode material, the efficiency of DSSC was found to increase
considerably due to enhanced electrical conductivity [14].
Further, WO; nanotubes are reported to exhibit better electron
injection from the dye to electrode particularly when dyes
having very positive LUMO levels are used as sensitizer [15].
Habibi et al. [16] hydrothermally synthesized nano-WO;
particles and fabricated photoanode for DSSC, which
demonstrated a power conversion efficiency of 4.1% [16].

Tungeston oxide (WOs) nanoparticles have been synthe-
sized by variety of methods including solvothermal, hydro-
thermal and plasma processing method [17]. To improve the
overall performance of DSSC, recently, photoanodes are being
fabricated by more than one material. This approach attracts
the attention of researchers because it is possible to combine
the obvious advantages of different materials. TiO,/ZnO nano
composites have also been investigated many researchers to
ease the process of charge carrier separation and inhibit their
recombination [18-20]. The present work demonstrates synth-
esis of WO;nanoparticles of rod-like and spherical morphology
using sol-gel modified Pechini’s method and fabrication of
photoanode using WO3nanoparticles and reactive plasma synth-
esized TiO, nanoparticles. Reactive plasma processing takes
the advantage of the high temperature and high enthalpy of
the thermal plasma jet to effect ‘in-flight’ chemical reactions in
the presence of a reactive gas to synthesize nano-sized powders
of advanced ceramics, novel coatings and convert minerals
and industrial wastes to value added material [21]. The effect
of adding WOsnanoparticles and its morphology on the perfor-
mance of the DSSC has been presented.

EXPERIMENTAL

Sodium tungstate dihydrate (Na,WO,-2H,0, 99.99%,
Sigma-Aldrich) powder, hydrochloric acid (37%, Sigma-
Aldrich) and nitric acid (68%, Sigma Aldrich) were used for
ion-exchange reaction. Oxalic acid dihydrate powder (H,C,O4:
2H,0, 99.99%, Sigma-Aldrich) and polyethylene glycol (PEG
200, 99.99%, Sigma Aldrich) were used as the complexing
agent and polymeric source, respectively.

Synthesis: Na, WO,-2H,0 powder (12 mmol) was dissolved
in water and then heated at 80 °C. Then, a mixture of HCI and
HNO; (molar ratio of 1:1) was added to the solution at the
same temperature, while it was being stirred, to adjust the pH
to 1-2 and enhance ion-exchange process. After a while, the
yellow precipitate was formed and converted into a soft gel
through aging. Then the gel was washed by the addition of
hot distilled water to gel followed by stirring and aging the
soft gel at the same temperature. The product was washed several
times to remove the residual acid and byproducts. Oxalic acid
(32 mmol) and PEG 200 (1 mmol) were then added as chelating

and resin agents, respectively. Finally, the WO; nanoparticles
were synthesized by heat treatment of resin precursor prepared
from the hydrated tungstic precipitates. The samples were first
heated at 150 °C to remove residual water, then heated to 550
°C and kept at this temperature for 90 min followed by cooling
to room temperature. Similarly, another sample was prepared
using 50 mmol Na,WO,-2H,0, 260 mmol oxalic acid and 8
mmol PEG and named as sample 2. The nano-TiO, powder
has been synthesized from micron size TiH, powder by reactive
plasma processing and used to prepare TiO, photoanode [22].
To study the effect of incorporation of WOs nanoparticles
in TiO, photoanode systematically, photoanodes were fabri-
cated with incorporation of WOs nanoparticles in different ratio
(0, 0.5, 1.0 and 2.0 wt.%). For the fabrication of 1% WO;
incorporated photoanode, a mixture containing (0.1 g WOs +
2.0 g TiO,) + 5.0 g o-terpineol + 0.5 g cellulose + 20 mL
ethanol) was prepared and solicited for 30 h at 1200 W cm™. The
prepared paste was coated on a FTO conducting glass plate using
the doctor blade technique. This thin film was annealed at 350
°C for 20 min. In next step, the prepared thin film electrode
was immersed in a dye solution (N719) of concentration
(0.0004 M) at room temperature for 30 h, rinsed with
anhydrous ethanol and dried. Similarly, FTO conducting glass
plate coated with platinum was then placed above the prepared
electrode and the sides of the prepared dye sensitized solar
cell was tightly covered with the sealing sheet (PECHM-1). A
mixture of the (0.5 M KI + 0.05 M 12 + 0.5 M 4-tert-butyl-
pyridine) was used as redox electrolyte. Similarly, DSSCs with
different percentages (0, 0.5, 1.0 and 2.0 wt.%) of samples 1
and 2 were fabricated. A schematic of WOj3 incorporated TiO,
dye sensitized solar cell representation is shown in Fig. 1.

hy

@ Working electrode

Ru dye

|
!

Pt counter electrode

Electrolyte

Fig. 1. Schematic representation of WO3 incorporated TiO, dye sensitized
solar cell

Characterization: The X-ray diffraction (XRD) patterns
were recorded using a Bruker D8 Advance diffractometer
equipped with Ni filter and operated at 40 kV, 30 mA (Cu Koy,
radiation). Particle size and morphology of the samples were
carried out using JSM-35CF scanning electron microscope
and JEOL transmission electron microscope (JEM 2100F, Japan)
operated at 200 KV. The UV visible spectrum of the sample
was obtained using a Shimatzo’s UV visible spectrophoto-
meter-1800. The current and voltage (I-V) characteristics were
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measured used the white light from a xenon lamp (A = 150
W) used as a sun of 2000 solar simulator. Light intensity was
adjusted used in a Si solar cell to ~AM-1.5, when the incident
light intensity and the active cell area was 100 mW cm™ (one
sun illumination) amd 0.25 cm? (0.5 x 0.5 cm), respectively.

RESULTS AND DISCUSSION

XRD studies: The X-ray diffraction patterns of sol-gel
modified Pechini’s method synthesized nano-WOs particles
is shown in Fig. 2. The obtained XRD patterns confirmed the
formation of pure monoclinicWO; crystalline phase as per
JCPDS file no. 43-1035 [23]. The intensities of both powders
depicted the good crystallinity of WO; nanopowders. The cryst-
allite sizes of both the samples 1 and 2 were determined using
Schererr’s formula:

D= 0.9A
BcosO

where D is crystallite size (nm), A is the wavelength of X-ray
radiation, 0 is the Bragg’s angle and [ is the full width half
maximum (FWHM)) [24]. The crystallite size for samples 1
and 2 was found to be 70 nm and 42 nm, respectively.
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Fig. 2. X-ray diffraction patterns of sol-gel modified Pechini’s method
synthesized nano WOj; particles

Morphological studies: The FE-SEM images of samples
1 and 2 are shown in Fig. 3. Fig. 3a shows the SEM image of
sample 1, which displays mixture of the rod-like and elongated
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sphere WOs particles. The average thickness of the particle is
calculated to be 75 nm. But the length of particle varies from
150 nm to 300 nm and few particles with length greater than
500 nm. The formation of rod-like morphology is attributed
to the minimum amount of chelating agent (32 mmol) and
PEG (1 mmol). Fig. 3a shows the SEM image of sample 2,
which displays the spherical shape particles with a uniform
size distribution. The average particle size was found to be 45
nm. The formation of uniform spherical morphology is attri-
buted to the higher amount of chelating agent (260 mmol)
and PEG (8 mmol).

Fig. 4 shows the transmission electron microscopic images
of sol-gel modified Pechini’s method synthesized nano-WO;
particles. The TEM image of sample 1 (Fig. 4a) clearly shows
the rod-like and elongated spherical particles of length greater
than 150 nm, whereas the TEM image shown in Fig. 4b clearly

reveals the spherical morphology of the synthesized nano-WO;
particles. It was observed that most of the particles are below
50 nm size except few of size above 50 nm.

The TEM image and XRD pattern of reactive plasma
synthesized TiO, nanoparticle is shown in Fig. 5. TEM image
(Fig. 3a) clearly shows that the particles are having spherical
morphology and size varies from 10-50 nm. The XRD pattern
reveals that the reactive plasma synthesized TiO, nanoparticles
are mixture of anatase and rutile phase.

UV-visible studies: The UV-visible absorption spectrum
of the sol-gel modified Pechini’s method synthesized nano-
WO; particles is shown in Fig. 6. The nano-WO; particles
having broad absorption band with maxima at 345 nm. The
effect of reduced size of WO; particles causes the absorption
edge to shift slightly to red, from 473 nm in sample 1 to 503
nm in sample 2 [25].

50 nm

Fig. 4. TEM images of sol-gel modified Pechini’s method synthesized nano WOj; particles: (a) sample 1, (b) sample 2
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Fig. 5. Reactive plasma synthesized TiO, particle: (a) TEM image and (b) XRD pattern
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Fig. 6. UV-visible absorption spectrum of the sol-gel modified Pechini’s
method synthesized nano WOj; particles

The fabricated DSSCs are subjected to photovoltaic inves-
tigation and the results are discussed. Fig. 7a shows the J-V
characteristics of DSSCs prepared with pure TiO, nanoparticles,
0.5% WO; (sample 1) with TiO, nanoparticles, 1% WO;
(sample 1) with TiO, nanoparticles and 2% WO; (sample 1)
with TiO, nanoparticles. From the J-V curve, the short circuit
current density (J), open circuit voltage (V,.), power conver-
sion efficiency (1) and fill factor (FF), for the dye sensitized
solar cell (DSSC) prepared using pure TiO, as a photoanode
material, were determined to be 6.32 mA cm>, 0.612V, 2.54%
and 0.657, respectively. Similarly, for a DSSC prepared with
0.5% rod-like WO; nanoparticles (sample 1) as photoanode
material, the short circuit current density (Ji), open circuit
voltage (V..), power conversion efficiency (1) and fill factor
(FF) were calculated to be 12.51 mA cm?, 0.678 V, 5.596%
and 0.698, respectively. The short circuit current density (Js),
open circuit voltage (V.,.), power conversion efficiency (1) and
fill factor (FF), for TiO, with 1% rod-like WO; nanoparticles
(sample 1) as photoanode material, were determined to be 12.92
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mA cm?, 0.689 V, 6.2126% and 0.6979, respectively. When
the nano-WOj;was increased to 2%, short circuit current density
(J«), open circuit voltage (V..), power conversion efficiency (1))
and fill factor (FF) were determined to be 11.73 mA cm?, 0.661
V, 5.0925% and 0.6568%, respectively.

Fig. 6b shows the J-V characteristics of DSSCs prepared
with pure TiO, nanoparticles, 0.5% WOs (sample 2) with TiO,
nanoparticles, 1% WO;(sample 2) with TiO, nanoparticles and
2% WO; (sample 2) with TiO, nanoparticles. From the J-V
curve, short circuit current density (J,), open circuit voltage
(Voo), power conversion efficiency (1) and fill factor (FF), for
the dye sensitized solar cell (DSSC) prepared using pure TiO,
with 0.5% spherical WO; nanoparticles (sample 2) as photo
anode material, are determined to be 12.78 mA cm? 0.71V,
5.9161% and 0.6752, respectively. Similarly, for a DSSC prep-
ared with 1% spherical WO3 nanoparticles (sample 2) as photo-
anode material, the short circuit current density (Ji.), open
circuit voltage (V..), power conversion efficiency (1) and fill
factor (FF) were calculated to be 13.27 mA cm?, 0.713 V,
6.6334% and 0.7011% respectively. When the nano-WO; was
increased to 2%, the corresponding short circuit current density
(Js«), open circuit voltage (V,.), power conversion efficiency
(M) and fill factor (FF) were determined to be 12.11 mA cm?,
0.615V, 4.938% and 0.6631, respectively. The photovoltaic
parameters of the DSSCs prepared using WO; nanoparticles
are displayed in Table-1.

From the above observation, it is found that the short circuit
current density is increased in WOj; incorporated DSSCs in
comparison to pure TiO, DSSCs. This increase in short circuit
current density is attributed due to the addition of WO; nano-
paricles, which enhances the process of adsorbing of dye mole-
cules. This in turn enhances photon absorbing capacity and hence
injects the photogenerated electrons to the conduction band to
generate current. However, when nano-WOs addition is incre-
ased to 2%, the short circuit current density and open circuit
voltage decreases and results decrease in power conversion
efficiency irrespective of particle morphology. Compared to
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Fig. 7. J-V characteristics of DSSCs developed using different percentages of WO; nanoparticles and the incident photon-to-current conversion

efficiency
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TABLE-1
PHOTOVOLTAIC PARAMETERS OF THE DSSCs PREPARED USING WO, NANOPARTICLES
Photo anode material Nano WO; content (%) J.. (mA cm?) V,. (V) FF M (%)
Pure TiO, 0 6.32 0.612 0.6578 2.5400
TH0. + Sample 1 05 1251 0.678 0.6598 5.5962
(éoﬁ_likzn\;% ) 1 12.92 0.689 0.6979 6.2126
: 11.73 0.661 0.6568 5.0925
. 0.5 12.78 0.710 0.6752 59161
E%e;fj‘f‘:% f 1 13.32 0.713 0.7011 6.6334
5 : 12.11 0.615 0.6631 4.9380

0.5% and 1% addition, 2% nano-WOQOsadded DSSC exhibited
lower short circuit current density and power conversion effici-
ency (both samples 1 and 2).

Possible reasons for the observed decrease in short circuit
current density (J.) for 2% addition of WOsnanoparticles can
be listed as follows. At increased concentration of WO3;nano-
particles, the presence of surplus amount of WO;nanoparticles
on the surface results unproductive gathering of the photo-
injected electrons. The surplus nanoparticles may possibly,
further increase the series resistance between the FTO and
TiO, nanoparticle structures. Further, the reduced dye adsor-
ption area and higher possibility for charge recombination are
also the reasons for the reduction of power conversion efficiency
[26].

Furthermore, the morphology of nano-WO; particles
incorporated as a photoanode material has considerable effect
on the short circuit current density (J,) and power conversion
efficiency. The nano-WOj; particles with spherical morphology
(sample 2) have higher short circuit current density (J.) and
power conversion efficiency for 0.5%, 1% and 2% addition
compared with rod-like morphology (sample 2). This higher
current conversion efficiency is possible attributed to spherical
morphology and small particle size, which offers the high
surface area for adsorbing dye molecules that acts as enhanced
photo-receiver.

Conclusion

Tungsten oxide (WO;) nanoparticles with rod-like and
spherical morphologies were synthesized using sol-gel modified
Pechini’s method. The morphology of the synthesized nano-
particles were characterized by X-ray powder diffraction and
scanning electron microscopy. By using the synthesized WO;
nanoparticles (0%, 0.5%, 1% and 2% addition) dye sensitized
solar cells were fabricated. It is primarily found that the incorp-
oration of WO; nanoparticles with reactive plasma synthesized
TiO, particles considerably enhanced the short circuit current
density (Ji.) and power conversion efficiency (). Further, it
found that the spherical WO; nanoparticles demonstrated higher
short circuit current density and power conversion efficiency
for concentrations of WO; nanoparticles compared to rod-like
particles. A higher short circuit current density (13.32 mA cm™)
and power conversion efficiency (6.6334%) was achieved for
spherical WO; nanoparticles with 1% addition.
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