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ABSTRACT: Increasing the efficiency of dye-sensitized solar cells (DSSCs) by the fabrication of new photoelectrodes (PEs) is an
important challenge. This study examined the photovoltaic parameters of DSSCs composed of a TiO, PE with WOs nanoparticles (NPs).
A number of PEs with the same thickness but different concentrations of WO3; NPs in the TiO,PE were prepared. The morphology and
structural properties of the prepared PEs were examined by field-emission scanning electron microscopy and X-ray diffraction,
respectively. The effects of the WOs3 NPs mixing concentration on the efficiency of DSSCs were investigated under simulated solar light

irradiation.

Key words: TiO,, WOs3, Dye-sensitized solar cells

Nomenclature

Voc : open circuit voltage, V
Jsc : short circuit current density, mA/cm’
FF :fill factor

PCE : power conversion efficiency, %

Subscript

DSSCs  : dye-sensitized solar cells

PE : photoelectrode

NP : nanoparticle

FTO : fluorine doped tin oxide

N719 : di-tetrabutylammonium cis-bis(isothiocyanato)

bis(2.2’-bipyridyl-4, 4’-dicarboxylato) ruthenium
an

EIS : electrochemical impedance spectroscopy

XRD : X-ray diffraction

FE-SEM : field emission-scanning electron microscopy

CB : conduction band

VB : valance band
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1. Introduction

In recent years, solar energy as a green and sustainable energy
source has attracted considerable attention in global energy.
Among them, dye sensitized solar cells (DSSCs) are relatively
inexpensive, efficient, relatively simple to fabricate and clean.
Since the first report by Gratzel’s group in 1991, DSSCs have
been studied to improve their power conversion efficiency
(PCE) and are currently undergoing rapid development for
practical use”. A basic DSSC consists of a photoelectrode (PE)
with a semiconducting thin film with an absorbed ruthenium
complex dye deposited on a conducting substrate (fluorine
doped tin oxide (FTO)), a counter electrode with FTO glass
coated platinum, and a liquid electrolyte containing a redox
couple. The light harvesting ability, amount of dye absorption,
and the efficiency of charge separation are the three main factors
that should be considered when attempting to improve the
efficiency of solar cells. Many wide band gap semiconductors
have been evaluated as potential electron acceptors for DSSCs,
such as TiO,, ZnO, SnO,, and Nb,Os'™. Among them, TiO, has
the highest efficiency because of its high dye absorption and
rapid electron transport. Generally, the high efficiency of DSSCs
with the photo injected electrons in the TiO; are collected at the
back contact of the PE in high yield. This requires that the
transport time of electrons through the TiO, is much faster than

their lifetime, which in turn, is determined by the recombination

(©) 2016 by Korea Photovoltaic Society
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.




H.H.T. Vu et al. / Current Photovoltaic Research 4(2) 42-47 (2016) 43

of electrons with the oxidized dye or with redox couple in the
electrolyte. Therefore, it is a factor limiting the efficiency of
DSSCs”. In addition, a photosensitized dye usually uses a
Ru-complex (such as N719, N3), which absorbs photons from
sunlight and injects electrons into the conduction band of TiOs.
On the other hand, they only absorb visible light in the wavelength
range, 300-800 nm"®. Therefore, most of the solar light is not
utilized. Ifthe UV light can be absorbed, the photocurrent of the
DSSCs will increase, leading to improved efficiency.
Tungsten oxide (WOs) is one of the most important n-type
semiconductor materials, and a promising candidate for water
splitting”'”, photocatalysis'"'>, DSSCs"*"”, gas sensors'®'”,
and electrochromic devices''”. The band gap of WO; depends
on its crystal structure in the range, 2.6-3.1 eV, which responds
to the blue-UV region of the sunlight spectrum'"">. Therefore,
WOs has a smaller band gap than anatase TiO- (3.2 eV). In
addition, WO; has a higher carrier mobility than TiO,. This
study investigated the photovoltaic performance of DSSCs
fabricated with the addition of WO; NPs. Different concentrations
of WO; NPs were mixed with TiO, NPs to form a PE in DSSC.

2. Experiment

2.1 DSSC fabrication

The TiO, (P25) NPs were purchased from Sigma-Aldrich
and used as received. The TiO, paste was prepared as reported
elsewhere™”. Different amounts of WO; NPs powder were
dispersed in 5 ml of absolute ethanol under ultrasonication for
15 minutes. Subsequently, 4 ml of a TiO; paste was then added
and stirred vigorously with a magnetic bar for 3 hours to
evaporate the ethanol. The weight ratios of the WO; NPs in the
TiO; NPs paste were 5, 10 and 15 wt.%.

During cell preparation, the FTO glass substrate was cleaned
sequentially with deionized water, acetone, and ethanol in an
ultrasonic bath. A thin film of TiO, mixed with the desired
amount of WO; NPs was coated uniformly on a FTO glass
substrate using the doctor blade method, and dried for 5 minutes
at 100°C. The coating procedure was repeated to thicken the
mixture layer. The PE was then annealed at 500°C for 1 hour to
remove all the organic components. The PE was soaked in a
0.1 M TiCly solution at 70°C for 30 minutes, rinsed with water
and ethanol, and sintered at 500°C for 1 hour. The prepared PE
was immersed overnight in a ruthenium dye solution containing
N719 (Solaronix S. A.) in ethanol at room temperature and

finally rinsed with pure ethanol, and dried with a continuous

flow of nitrogen. The counter electrode was fabricated by the
dip-coating of a FTO glass substrate into a chloroplatinic acid
HaPtClg (37.5% Pt basis) solution followed by annealing at 400°C
for 30 minutes in air. The cell was assembled by attaching the
dye absorbed PE to the counter electrode using a 100 um
hot-melt polypropylene spacer. The liquid electrolyte (Dyesol-
TIMO) was injected into the internal space between the sand-
wiched cell through a hole in the back of the counter electrode,
which was sealed using a piece of hot melting film and a cover
glass. The other samples were also fabricated using a similar

method to compare their efficiency.

2.2 Characterization

The crystal structures of samples were analyzed by X-ray
diffraction (XRD, Bruker D8 Discover) using Cu-Ka (A =
0.15405 nm) radiation in the 26 range of 10 to 70°. The
morphology and composition of these samples were investigated
by field-emission scanning electron microscopy (FESEM, Hitachi-
S4700). Elemental analysis was determined by energy dispersive
X-ray spectroscopy (EDX; Horiba, 6853-H). The current density-
voltage curves of the devices were recorded under simulated
solar light AM 1.5 G illumination at a light intensity of 100mWem °
(Abet Technologies). The active areas of the solar cells were
0.16 cm’. The electrochemical impedance spectra (EIS) were
measured by applying the open circuit voltage under 100 mW em 2
illumination, and the data was recorded over the frequency
range, 0.1-100 kHz, using an ac potential pulse with an amplitude
of 10 mV. An equivalent circuit model was fitted to the

impedance spectra obtained using Z-view software.
3. Results and discussion

3.1 Crystal structures and morphologies

XRD was performed to determine the purity and crystallinity.
Fig. 1(a) presents the XRD pattern of the TiO, NPs taken in the
26 scan range, 10-70° . The XRD pattern showed that the TiO>»
NPs have a crystalline structure containing a mixture of anatase
(marked as A) and rutile (marked as R) phases. The XRD peaks
at 25.3°, 37.8°, 47.9°, 53.8°, 55.0°, 62.4°, and 68.8° were
responded to the (101), (004), (200), (105), (211), (204), and
(116) planes of anatase TiO, phase (JCPDS no. 21-1272),
respectively. The peaks at 27.5°, 36.1°, 41.0°, and 56.6° were
assigned to the (110), (101), (111) and (220) planes of the rutile
phase (JCPDS no. 21-1276), respectively. No additional peak of
other phases were detected. Fig. 1(b) shows the XRD pattern of
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Fig. 1. The XRD patterns of TiO, (a) and WO3 (b)
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Fig. 2. FE-SEM images of WO3 nanoparticles (a), low (scale bar 10 um) and high (scale bar 1 um) magnification FE-SEM images of
the photoelectrode composed of TiO; (b) and TiO2/WOj3 (c). EDX analysis of the TiO+ 10%WO3; PE surface (d)

the WO; powder. The results confirmed the formation of pure
monoclinic WOs crystalline phase (JCPDS no. 43-1035) without
any impurity peakszn. The XRD peaks are sharp and strong
indicating a high crystallinity of samples.

Fig. 2(a) shows FE-SEM images of the WO3; NPs. The WOs
particles were separated with a mean particle size ranging from
50 to 200 nm. Fig. 2(b) and (c) present cross-sectional FE-SEM
images of the photoelectrode coating on a FTO glass substrate.
The thin film of the PEs was uniform and contained compact
TiO, P25 particles, approximately 14 um in thickness, whereas
the thickness of the TiO, + 10% WOs particles mixture layer

was approximately 13.8 um. The different concentrations of

WOs particles PE were prepared using a similar method. The
morphology of the TiO, mixed with 5% and 15% WO; NPs PEs
were similar to the mixture TiO» + 10% WOj; particles PE (data
not shown). Because small amount of WOs particles in the TiO,
colloid, WOs nanoparticles in the mixture PE could not be
observed. The EDX analysis of the TiO,+10%WOs; PE was
performed to present of WO; NPs within TiOs. Fig. 2(d) shows
the spectra revealed the present of Ti, O, and W elements on the
surface of the TiO>+10%WO; PE. Besides, the Ca, Na, Sn
elements are from FTO glass. Therefore, WO; particles were

confirmed to be present in TiO, NPs.
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3.2 Photoelectrochemical characterization

Fig. 3 presents the current density- voltage characteristics of
the different PEs of DSSCs under simulated 1.5 AM solar
illumination. Table 1 lists the measured corresponding parameters
with the photocurrent density (Jsc), open-circuit voltage (Voc),
fill factor (FF), and power conversion efficiency (PCE) of the
solar cells. The current density, Jsc, of the devices with WO3
were higher than that of the TiO, only devices (Table 1). The
maximum current density was 13.36 mA/em’ for the DSSC with
TiO,+10%WO; PE. The current density increased with increasing
WO; concentration until the weight ratio was10%, beyond
which, Jsc decreased. The enhanced Jsc originated mainly from
the absorption of the blue-UV region of the sunlight spectrum
owing to the low band gap of WO;, which results in more
incident solar light being harvested and an enhanced Jgc.

The open circuit voltage generated under illumination corresponds
to the difference between the Fermi level of the electron in the
semiconductor and the redox potential of the electrolyte. The
open circuit voltage, Voc, of the DSSC with TiO; particles PE
was the highest compared to the other DSSCs examined and Voc
decreased with increasing concentration of WO3 NPs in TiOs.
The decreasing Voc was attributed to the conduction band gap
edge position of WO; being more positive than TiO,; it was

reported to be in the region of 0 V relative to NHE'Y. Although
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Fig. 3. J-V curves of DSSCs composed with different PEs

Table 1. Performance parameters of DSSCs with different PE

types
PERe | ) | 00 | o0 | o
TiO, 12.23 0.74 68.70 6.22
TiO, + 5% WOs 12.92 0.72 63.33 5.89
TiO, +10% W05 | 13.36 0.70 57.44 5.38
TiO, + 15% WO5 |  12.60 0.67 57.44 4.89

the DSSCs with the WO; NPs have a higher current density but
a lower Voc and FF than the cell without WO;, the device
containing only TiO, displayed the highest photovoltaic parameters:
Jsc= 12.23 mA/em’, Voc= 0.74 V, FF= 68.70% and PCE=
6.22%. The results were negative because the conduction band
(CB) of WOs is lower than that of TiO» but the valence band
(VB) of WO is higher than that of TiO.>*, Therefore, the band
structures in the WO5/TiO, couple do not favor the separation of
charge carriers™. On the other hand, some W sites can act as

. . . . 22
charge recombination centers according to the following scheme ),
+ 5+
\N6 + €(Tio2) cB-— w
S+ 6+
W' +emiogyver > W

Consequently, WO; or TiO; itself can be a remarkable
recombination center for holes and electrons.

Electrochemical impedance spectroscopy (EIS) was performed
for a better understanding of the charge transfer inside the
DSSCs. Fig. 4 shows the EIS Nyquist plots of the different PEs
of DSSCs and the EIS data was fitted to the corresponding
equivalent circuit model using Z-view software. In all EIS
spectra, there were two well-defined semicircles. The first
semicircle at the high frequency region is related to the
impedance of the charge transfer process occurring at the
interface of the electrolyte and the counter electrode, whereas
the other semicircle at the lower frequency region provides

information on the impedance at the TiO,-WOs/dye/electrolyte
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Fig. 4. The EIS Nyquist plots of DSSCs comprised of different
PEs and the equivalent circuit model of these DSSCs
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Fig. 5. UV-vis absorption spectra of N719 dye loading in different
PEs

interface related to recombination, which is important for
determining the efficiency of these DSSCs. The interfacial
resistance of the TiO./dye/electrolyte was 15.88 Q) for the
nanoporous TiO, cell. The interfacial resistance of the
Ti0,-WOs/dye/electrolyte was 16.01 Q, 18.53 (2, and 18.61 Q
for TiO, + 5% WOs3, TiO, + 10% WOs, and TiO, + 15% WO;
PEs in the solar cells, respectively. An increase in the interfacial
resistance of the TiO,-WOs/dye/electrolyte means an increase in
the recombination rate, suggesting a low electron transfer in the
cells. As a result, the efficiency of the DSSC with WOs particles
is reduced.

Generally, a higher level of N719 dye absorption in PEs
provides more effective photocurrent generation, which will
result in an increase in efficiency. To determine the influence of
different concentrations of WO; on the performance of the
absorbed dye, the loaded dye from the different PEs were
estimated by UV-vis absorption spectroscopy.

Fig. 5 represents N719 dye desorption in a 0.1M NaOH
solution from the base TiO, photoelectrode films and mixed
TiO, and WOs photoelectrode films. The results show that the
dye loaded on the bare TiO, film was the highest compared to
the other PEs and the sensitized dye absorption decreased with
increasing amount of WO; NPs in the PEs due to the lower
surface area of WO; compared toTiO,. Although there was a
smaller amount of dye absorbed on the photoanodes containing
'WOs NPs, the photocurrent was enhanced by adding WO;to the
PEs. This might be because the low band gap of WOs responds
to the blue-UV region of the solar spectrum. Therefore, the
improvement in the photocurrent of DSSC can be attributed to

the WO3 NPs enhancing incident light harvesting.

4. Conclusions

Tungsten oxide nanoparticles were introduced as a photo-
electrode in DSSCs. A composite PE with TiO, and WO3
exhibited a higher current density in the cell compared to that
using TiO, P25 only. On the other hand, the efficiency of the
DSSCs with the WO; nanoparticles was lower than those
without WO;. These negative results can be explained by the
higher recombination rate of holes and electrons and the smaller

amount of dye absorbed on the PEs containing WO; NPs.
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