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EFFICIENCY ENHANCEMENT IN DYE-SENSITIZED SOLAR CELLS BY
USING MIXTURE OF ZnO NANOPARTICLE AND ZnO POWDER

A. Apiwong-ngarm, D. Wongratanaphisan, A. Gardchareon, S. Choopun’

APRL, Department of Physics and Materials Science, Faculty of Chiang Mai University, Chiang Mai, 50200
Thailand and Thailand Center of Excellence in Physics, CHE, 328 Sri Autthaya Rd., Ratchethewi, Bangkok,
10400, Thailand

In this work, the photoelectrochemical characteristics of ZnO dye-sensitized solar cells (ZnO-DSSCs) with the
mixing of ZnO nanoparticle and ZnO powder were investigated. The structure of DSSCs was composed of ZnO
layer (ZnO nanoparticle and ZnO powder) as a semiconductor, Eosin Y as a dye sensitizer, iodinefiodide
solution as an electrolyte and PY/FTO as a counter-electrode. The photo-electrode was fabricated by screening
mixed ZnO onto fluorine-doped tin oxide glass (FTO glass). The thickness of ZnO film was controlled by
varying layer number of adhesive tape (1-4 layers). The ratios of mixed ZnO between ZnO nanoparticle and
ZnO powder were 1:3, 1:1, and 3:2 by weight. The ZnO layers were characterized by FE-SEM and Raman
spectroscopy. The photoelectrochemical characteristics of ZnO DSSCs were measured under stimulated sunlight
AM 1.5 from a solar simulator with the radiant power of 100'mW/cm®. It was found that all ratios of mixture
ZnO film with 3 layers of adhesive tape exhibited higher photoconversion efficiency (1.07%) than those of only
ZnO nanoparticle or ZnO powder. Thus, mixing ZnO nanoparticle and powder can be used for enhancement of

efficiency in ZnO DSSCs.

Keywords: Dye-sensitized solar cells; Photoconversion efficiency; ZnO nanoparticle

INTRODUCTION

The dye-sensitized solar cells (DSSCs) are one of
the promising organic solar cells. They have been
widely investigated due to their low fabrication cost,
environmental friendly (non-toxic gases) easy to
produce and relatively high power conversion
efficiency. Recently, Michael Gritzel has used
nanocrystalline  TiO, with cis-Ru(SCN),L, dye
sensitizer as a photo-electrode. It exhibits high power
conversion efficiency over 11% [1]

Zn0 is a promising metal oxide semiconductor that
can be used as an alternative photo-clectrode in
DSSCs. It has a wide band gap, electron affinity and
electron injection efficiency similar to those of TiO,
[2, 6]. Several works have been reported on DSSCs
based on ZnO with Eosin Y dye sensitizer as a photo-
electrode and the highest power conversion efficiency
is 2.4% [3]. However the efficiencies of DSSCs based
on ZnO are still lower than that of TiO,.

One of the techniques that use to enhance the
efficiency of ZnO DSSC is by increasing the dye
adsorption surface area of the film photo-electrode on
conducting glass. It is expected that the larger of the
surface area by using nanostructure the higher the
efficiency. Several methods have been applied to
improve the power conversion efficiencies of DSSCs
[2-7]. For example, Kakiuchi et al. improved dye-
loading in ZnO photoelectrode by the formation of
mesoporous microstructure and obtained power
conversion efficiency as high as 4.1% [4]. Junting Xi
et al. have used TiO, aggregates/nanocrystallites
mixed photoelectrodes for a high power conversion
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efficiency of 7.59% [5]. In this work, we have
investigated the effect of ZnO NP, ZnO powder and

Zn0 NP/powder mixtures on the
photoelectrochemical properties of DSSCs.
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FIGURE 1. Schematic diagram of DSSC structures
with mixture of ZnO nanoparticle and ZnO powder
photo-electrode.

EXPERIMENT

The ZnO DSSC structures used in this experiment
were shown as schematic diagram in Fig.1. The photo-
electrodes were based on ZnO nanoparticle (NP), ZnO
powder, and mixture of ZnO NP and powder
(NP/powder). First, paste of ZnO NP and powder were
prepared by mixing ZnO NP (purity of 99.5+%,

© 2011 Thai Physics Society
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ZoNoP) or powder (purity of 99.9%, Sigma Aldrich)
with polyethylene glycol (PEG 20000, Sigma Aldrich)
in distilled water and stirring for 30 min. For the ZnO
mixture paste (ZnO NP/powder paste), it was prepared
as the same condition as ZnO powder paste with ratios
between ZnO NP and powder of 1:3, 1:1, and 3:2 by
weight.

Next, the photo-electrode was prepared by screen
printing the ZnO paste on transparent conducting
oxide glass (fluorine doped-tin oxide: FTO, sheet
resistance of 8 /sheet) with an active area of 0.5x2
cm’. The thickness of ZnO film was controlled by
varying number layers of adhesive tape (1-4 layers).
The FTO glasses coated with ZnO film were sintered
at 400°C for 1 h under normal atmosphere.

Then, the photo-electrodes were soaked in Eosin-Y
organic dye solution with a concentration of 0.6 mM
(0.04 g of Eosin Y, CyHgBryNa,Os, in ethanol 100
cm’) for 2 h. The dye-loaded ZnO photo-electrodes
and the Pt counter-electrode (0.5 mM Hydrogen
hexachloroplatinate (IV) Hydrate, ClgH,Pt.aq, in
acetone solution) were assembled into a sealed device
using a hot-melted double layer parafilm (50 pm
thick/sheet). The redox electrolyte (0.3 M Lil + 0.03
M I in polyethylene carbonate) was introduced into
the inter-space between the photo-electrode and the
counter-electrode through two predrilled holes on the
side of the device.

——— ZnO powder
~— ZnO nanoparticle

Intensity (a.u.)

FIGURE 2. FE-SEM image of (a) ZnO NP, (b) ZnO
powder, and (c) Raman spectra of ZnO NP and ZnO
powder.

The photoelectrochemical characteristics of ZnO
DSSCs were measured under illumination of
simulated sunlight came from a solar simulator with
the radiant power of 100 mW/cm” (xenon lamp with
AM-1.5 filter). The incident light intensity was
calibrated with a standard Si solar cell. The
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photocurrent densities versus photovoltage (J-V)
characteristics were measured with dc voltage and
current source which were interfaced and controlled
by a computer.

The fill factor (FF) and the power conversion
efficiency () were calculated from J-V curves by the
equations

FF = Jmax g Vmax ()
J.ft' \ I/oc
JEw
and =S o FRF @)
'Plll
Electrochemical impedance spectroscopy was

performed by using a impedance analyzer (Hioki
model 3522-50) with DSSC under sunlight condition
in the frequency range of 10,000 Hz to 1 Hz. Z-view
software with a equivalent circuit modeling was used
to fit the data in order to obtain a charge transfer
resistance of ZnO photo-electrodes.

In addition, morphology of ZnO NP and ZnO
powder was characterized by field emission scanning
electron microscope (FE-SEM). ZnO photoelectrodes
were also characterized by Raman spectroscope
(T6400, Ar-laser A = 514.53 nm).

RESULTS AND DISCUSSIONS

Figure 2 (a) and (b) showed FE-SEM images of
ZnO NP and ZnO powder. A particle-like structure
was observed with particle size less than 50 and 300
nm for ZnO NP and powder, respectively. Figure 2 (¢)
showed Raman spectra of ZnO NP and ZnO powder.
The peaks in spectra ZnO NP and ZnO powder was
similar confirming ZnO phase.

Figure 3 (a), (b), and (c) showed FE-SEM images
of ZnO NP/powder mixture with the ratio of 1:3, 1:1,
and 3:2 by weight, respectively, Compared to that of
ZnO powder, the particle size of NP/powder mixtures
was smaller.

FIGURE 3. FE-SEM images of ZnO NP/powder
mixture with the ratio of (a) 1:3, (b) 1:1, and (c) 3:2 by
weight.
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Figure 4 showed plot of efficiency of DSSCs based
on ZnO NP/powder mixtures at various weight ratios
as a function of number layers of adhesive tapes (film
thickness). It was found that DSSCs based on pure
ZnO NP (1:0 ratio) and pure ZnO powder (0:1 ratio)
showed the optimum photoconversion efficiencies at 2
layers of adhesive tapes for 0.96% and 0.89%,
respectively. However, DSSCs based on ZnO
NP/powder mixtures with ratios of 1:3, 1:1, 3:2
showed the optimum photoconversion efficiencies at 3
layers of adhesive tapes for 1.06%, 1.07% and 1.07%,
respectively. Thus, the condition of three layers of
adhesive tapes was selected for further investigation.

11
1.0+
&
S 0.9
E; 4
g 0.8-
2
E 0.7 —=— Mixed ZnO (0:1)
—e— Mixed ZnO (1:0)
0.6 —a— Mixed ZnO (1:3)
—v— Mixed ZnO (1:1)
0.5 —+— Mixed ZnO (3:2)

-
.

2 3
Number of adhesive tapes

FIGURE 4. Plot of efficiency of DSSCs based on
ZnO NP/powder mixtures at various weight ratios as a
function of number layers of adhesive tapes of
adhesive tapes.

Figure 5 shows J-¥ characteristics of DSSCs based
on ZnO NP/powder at various weight ratios at 3 layers
of adhesive tapes.

The photoelectrochemical parameters such as the
short circuit density (J.), the open circuit voltage
(Vae), the fill factor (FF), the overall power conversion
efficiency (1) which determined from the measured J-
V curves, and their charge transfer resistance (R.,) was
summarized in Table 1. It can be seen that DSSC
based on ZnO NP exhibited the highest current density
(/.. = 4.35 mA/cm®) but DSSC based on ZnO powder
exhibited the highest fill factor (FF = 0.57).

Surprisingly, J,. and FF of DSSCs based on
NP/powder mixtures exhibited the values in between
those of ZnO NP and powder, respectively. Thus, the
mixtures gave a combined effect from both ZnO NP
and powder with the power conversion efficiency of
about 1%.

In order to investigate the electron transport
property in ZnO DSSCs, a electrochemical impedance
spectroscopy (EIS) was performed. Figure 6 showed
the EIS spectra of DSSCs based on ZnO NP/powder at
various weight ratios under light condition. The EIS
spectra were then fitted using Z-view software to
obtain charge transfer resistance (R.,) as listed in Table
1. It is found that ZnO DSSCs based on ZnO
NP/powder mixtures exhibited the lowest resistance.

89

This suggested that more efficient electron transfer at
ZnO/dyefelectrolyte interface was occurred in the case
of NP/powder mixtures [8]. Therefore, using mixture
of NP/powder is one of the techniques that can be
applied for enhancement of power conversion
efficiency in DSSCs.

Current density (mA/em?)

-'.~..
24 —=—Mixed ZnO (0:1 :
— ¢ — Mixed ZnO (1:0)
N —&— Mixed ZnO (1:3)
—v— Mixed ZnO (1:1)
-+ Mixed ZnO (3:2)
0 T T T
0.0 0.1 0.2 03
Voltage (V)

FIGURE 5. J-V characteristics of DSSCs based on
ZnO NP/powder at various weight ratios at 3 layers of
adhesive tapes.

20
—s— Mixed ZnO (0:1)
—o—Mixed ZnO (1:0)
—a—Mixed ZnO (1:3)
154 —v—Mixed ZnO (1:1)
o Mixed ZnO (3:2)
<)
= 10-
N
1
5

FIGURE 6. EIS spectra of DSSCs based on ZnO
NP/powder at various weight ratios under light
condition.

Table 1. Summary of the electrochemical parameters
such as short current density (J,.), open circuit voltage
(V,e), fill factor (FF), the overall power conversion
efficiency () which determined from the measured J-
¥ curves, and their charge transfer resistance (R,,).

pSSCs A’;;m,) ("’;; FF  0(%) (w’i;‘n y
MixcdZnO (0:1) 266 049 057 074 2272
MixedZaO (1:0) 435 048 044 091 2326
MixedZoO (1:3) 383 052 053 106 2109
MixedZnO (1) 416 049 053 107 2147
MixedZnO (3:2) 413 051 051 107 2059
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CONCLUSION

The photoelectrochemical characteristics of ZnO
dye-sensitized solar cells (ZnO-DSSCs) with the
mixing of ZnO NP and ZnO powder at mixture ratios
of 0:1, 1:3, 1:1, 3:2, and 1:0 by weight were
investigated. From photoconversion results, it was
found that the mixtures gave a combined effect from
both ZnO NP and powder with the power conversion
efficiency of about 1%. Also, EIS results suggested
that electron transfer at ZnO/dye/electrolyte interface
was more efficient in the case of NP/powder mixtures.
Therefore, using mixture of NP/powder is one of the
techniques that can be applied for enhancement of
power conversion efficiency in DSSCs.
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In this work, the photoelectrochemical ¢l : istics of ZnO dy nsi izéd solar cells (DSSCs) with double layer of ZnO nanoparticle/ZnO

powder were investigated. The structure of DSSCs was ZnO nanoparticles/ZnO powder as a semiconductor, Fosin Y as a dye sensitizer,
iodine/iodide solution as an electrolyte and Pt/FTO as a counter-electrode. The photo-electrode was fabricated by screening ZnO nanoparticle as
underlayer and ZnO powder as upper layer. The ZnO double-layers with thickness ratio of 1:1, 1:2, 1:3, 2:1,2:2 and 3:1 were studied. The films
were characterized by FE-SEM and Raman spectroscopy. The photoelectrochemical characteristics of ZnO DSSCs were measured under
stimulated sunlight AM 1.5 from a solar simulator with the radiant power of 100 mW/em?. It was found that DSSCs with thickness ratio of 1:3
exhibited the highest photoconversion efficiency of 1.10%. The improvement of photoconversion efficiency with double layer can be explained
in term of low transfer resistance.
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