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Efficiency Improvement of Dye-Sensitized Solar
Cells Using WO

TAE SUNG EOM, KYUNG HWAN KIM,
CHUNG WUNG BARK, AND HYUNG WOOK CHOI*

Department of Electrical Engineering, Gachon University, Sujeong-Gu,
Seongnam-Si, Gyeonggi-Do, Korea

In this work, we report for the first time the improvement of the photovoltaic charac-
teristics of DSSCs by mixing TiO, with WO3;. WOj; reduced the surface trap states of
TiO,, which suppressed the charge recombination and increased the driving force of
electron injection, thereby improving its power conversion efficiency. It was observed
that DSSCs fabricated using the WO3-mixed TiO; films show the maximum conversion
efficiency of 4.84% because of the effective prevention of the electron recombination.
DSSCs based on WO3-mixed TiO; films showed better photovoltaic performance than
cells fabricated with only TiO, nanoparticles.

Keywords DSSCs; WO;; TiO,; mixture; photovoltaic performance; electron
recombination

Introduction

Dye-sensitized solar cells (DSSCs) have been intensively studied since their discovery
in 1991 [1]. They are attracting considerable interest for use in next-generation energy-
harvesting devices because of their simple structure and process, low-cost fabrication,
transparency, color control, and applicability in flexible DSSCs [2-4]. A DSSC is com-
posed of a dye-adsorbed nanoporous TiO; layer on a fluorine-doped tin oxide (FTO)
glass substrate, redox electrolytes, and a counter electrode. The heart of the system is a
mesoporous TiO, film composed of nanometer-sized particles possessing a large specific
surface area. However, an unusual feature of such DSSCs is the lack of a space charge
layer, which separates the injected electrons from the holes in the dye or electrolyte [5—8].
A unidirectional charge flow with no electron leakage at the interfaces is essential for
high energy-conversion efficiency [9]. It has been reported that the efficiency of DSSCs
can be improved by the surface modification of TiO, with insulating oxides or high-band-
gap semiconductors to form a blocking layer that prevents charge recombination at the
TiO,/dye/electrolyte interface [10—13].

In this paper, we investigate the effect of WO3-mixed TiO; films on DSSCs. DSSCs
were fabricated by mixing various percentages of WO; and TiO, nanoparticle composite
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particles. The TiO, layer was coated on the FTO glass by the doctor blade method. A dye
of ruthenium(II) (N-719) and an electrolyte (I"/I3~) were used in the fabrication process.
The impedance results indicate improved electron transport at the TiO,/dye/electrolyte
interface. As a result, DSSCs based on WO3-mixed TiO; films showed better photovoltaic
performance than those made of only TiO, nanoparticles.

Experimental

Tetra titanium isopropoxide (TTIP, Aldrich Chemical), ethyl alcohol, nitric acid, and DI
water were used as the starting materials. The TiO, powders were manufactured by a sol-
gel method and TiO, pastes were prepared as per references [14, 15]. Nanoporous TiO,
upper layers were coated on the passivating layer-coated FTO glass using the doctor blade
method. The prepared TiO, electrode was sintered at 450°C for 15 min and at 500°C for
15 min in air.

WOs3-mixed TiO, films were prepared using various stoichiometric ratios of tungstate
oxide (WO3 nanopowder, 100 nm, Aldrich) to obtain a weight percentage of WOj3 to TiO,
ranging from 1 wt% to 100 wt%.

The nanoporous TiO, electrode films were immersed in an N719 dye complex for
24 h at room temperature. A counter-electrode was prepared by spin-coating a H,PtClg
solution onto the FTO glass and heating it at 450°C for 30 min. The dye-adsorbed
TiO, electrode and the Pt counter-electrode were assembled onto a sandwich-type cell
and sealed with a 60-um-thick hot-melt sealant. An electrolyte solution was introduced
through a drilled hole in the counter-electrode. The hole was then sealed using a cover
glass.

The morphology and the thickness of the prepared passivating layers were investi-
gated using field-emission scanning electron microscopy (FE-SEM, S-4700, Hitachi). The
conversion efficiency and electrochemical impedance spectroscopy (EIS) of the fabricated
DSSCs were measured using an I-V solar simulator (Solar Simulator, McScience). The
active area of the resulting cell exposed to light was approximately 0.25 cm? (0.5 cm x
0.5 cm). The absorbance of the TiO, thin films was measured using a UV spectrometer
(UV-Vis 8453, Agilent).

Results and Discussion

Figure 1(a) shows the XRD pattern of the tungsten oxide. Figure 1(b) shows that the
XRD pattern of the TiO, powders at 500°C are a mixture of anatase and rutile phases. In
the WOj3 phase, the XRD pattern [Fig. 1(c)]. shows that the WO3-mixed TiO, surface is
sufficient to crystallize the form (W1-W3). The XRD pattern of WO3; shows prominent
WO3 peaks, denoted as W1 (002), W2 (020), and W3 (220), which were measured with
JCPDS(43-1035).

Figure 2(a) shows that the diameters of the TiO, nanoparticles prepared by the sol-gel
method lie within 20-30 nm. Figure 2(b) shows the mixture of TiO, and WO; surfaces.
Figure 2(c) shows that the diameters of the WO3 nanoparticles prepared by the sol-gel
method also lie within 90-110 nm. The SEM results show that the grain size of the WO;
nanoparticles is larger than that of the TiO, nanoparticles.

Figure 3 shows the EIS of WO; at various stoichiometric ratios. The EIS analysis is
used to investigate the electron-transport and recombination in DSSCs. The small semicircle
is fitted to a charge-transfer resistance (R1) and a constant phase, and the large semicircle is
fitted to a transfer resistance (R2) and a constant phase. Because R1 is not affected by WOs,
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Figure 1. The XRD patterns of the WO3-mixed films. (a) WOs3, (b) TiO,, (¢) WO3-mixed TiO, films.

we can focus chiefly on R2. The first semicircle is a minimum for 5 wt% WO3, which is
related to the charge-transfer resistances of the FTO/TiO, and TiO,/electrolyte interfaces
(R2). The decrease in R2 for 5 wt% WOj; indicates a reduction in electron recombination
and greater efficiency of electron transport. However, in the case of 10 wt% WOs3, R2 is

Figure 2. Surface FE-SEM images (a) TiO, films (b) WO;3-mixed TiO; films, (c) WO; films.
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Figure 3. Electrochemical impedance spectra of the WO;-mixed TiO, films.

increased because 10 wt% WOs3, which has more trap sites, obstructs the movement of
electrons from the nanoporous TiO, layer to the FTO electrode.

Figure 4 shows how the UV-vis absorbance of the WO3-mixed TiO, films affects the
dye absorption. It is known that N-719 dye shows absorption peaks. Figure 4 shows the ab-
sorption spectrum of N-719 dye in the 400-800 nm wavelength range in TiO, electrode films
with different composition (1-20 wt% WO3). At wavelengths 400-500 nm, the absorbance
of the sample containing S wt% WOs; is the highest and the absorbance of the sample
containing 20 wt% WOj; is the lowest. It is thought that a nanoparticle with the different
sizes in a photoelectric can scatter the incident light of different wavelengths in the range of
visible light [16, 17]. Therefore, the TiO, layer with the dye serves as a photoactive layer.
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Figure 4. UV-vis absorption spectra of the WO;-mixed TiO, films.
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Figure 5. I-V characteristics of WO;-mixed TiO, films.

Extending the retention period of light in a DSSC by creating a light scattering layer in the
working electrode is one of promising approaches to enhance the performance of a DSSC.

Figure 5 shows the I-V characteristics of the TiO, layers for different mixtures of
WO;. The corresponding photovoltaic parameters of DSSCs are summarized in Table 1.
The internal resistance decreases as a function of the WO3; mixture, which confirmed the
previous discussion about the blocking effect of WO3 on charge recombination shown in
Fig. 3. A mechanism for preventing this voltage drop is shown in Fig. 6. The electrons
that would flow to the dye or the electrolyte can be confined in the conduction band (CB)
of WOs;; these confined electrons travel through the CB of WOj3. The downward shift of
the conduction band increased the driving force of the photo generated electrons transfer
from the excited dye to the conduction band of the TiO,, thus improving the electron
injection efficiency [18-20]. It can be seen from Table 1 that the amount of WOj3 has
different effects on the open-circuit voltage (Voc), short-circuit current (Jsc), and overall
conversion efficiency (1). The Voc value of DSSCs increased as a function of the WO;
mixture. One of the most important parameters for a solar cell is its photoelectric conversion
efficiency. DSSCs fabricated using 5 wt% WO3 exhibited higher conversion efficiency, with

Table 1. Jsc, Voc, FF, and efficiency

Sample Jsc (mA/cm?) Voc (V) FF (%) n (%)
Bare 8.63 0.70 66.04 4.03
wt.% 1.00 8.90 0.71 65.95 4.19
wt.% 5.00 9.52 0.74 68.09 4.84
wt.% 10.0 7.95 0.73 65.26 3.82
wt.% 20.0 5.47 0.77 67.23 2.85
wt.% 30.0 4.21 0.77 65.12 2.13
wt.% 50.0 5.20 0.72 57.69 2.17

wt.% 100 1.67 0.72 43.73 0.53
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Figure 6. (a) Schematic diagram of the flexible DSSC of WO;-mixed TiO, films and (b) suggested
mechanism to improve the efficiency of the DSSCs that were prepared by using the WO;-mixed cells.

a photocurrent density (Jsc) of 9.52 mA/cm?, Voc of 0.74 V, and cell conversion efficiency
of 4.84%. DSSCs have higher Voc as compared to that of the bare cell; their Jsc was also
higher. The dependence of WO; mixture on the overall conversion efficiency showed the
same trend as with the short-circuit photocurrent. However, higher concentrations of WO3
(1-100 wt%) reduced the solar cell performance.

Conclusions

In this work, we report for the first time the improvement in the photovoltaic characteristics
of DSSCs by mixing TiO, with WO3;. DSSCs were fabricated using WO;3 of various
percentages mixed with TiO, nanoparticle composite particles. The DSSC prepared without
WO; had a Jsc of 8.63 A/cm?, Voc of 0.70 V, and n of 4.03%. The DSSC using 5 wt%
WO; had the maximum conversion efficiency of 4.84% because of the effective electron
transport. In addition, the DSSC composite cell fabricated using 5 wt% WOj3; showed better
photovoltaic performance than the TiO, nanoparticle cell without WOs3. It was observed
that with increased efficiency, internal resistance decreased. Thus, the use of WO3-mixed
TiO, films was demonstrated to be an effective method to improve the efficiency of TiO,
nanoparticle-based DSSCs.
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