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The  aim  of  this  study  was  to examine  the  effects  of  Sn  element  on the characteristics  and  electrochemical
properties  of ZnO  spherical-particle  used  as  dye  sensitized  solar  cells  (DSSCs)  photoanode.  Spherical
nanoparticles  were  synthesized  via  a  polyol  mediated  precipitation  method  and  four  concentrations  of
Sn–Zn =  0, 3, 4, and  5  wt.%  of photoelectrodes  were  prepared.  Their  structures,  morphologies,  photovoltaic
vailable online xxx
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performances  and  electrochemical  properties  were  studied  through  XRD,  SEM,  TEM, J–V,  IPCE  and  EIS. It
was  observed  that  the  efficiency  of dye-sensitized  solar  cells  increased  with  the  addition  of Sn  element
and  the  SZO4  (Sn–Zn  = 4 wt.%)  based  DSSC  had  the highest  power  energy  conversion  efficiency  of 0.80%,
which  is greatly  increased  compared  to that  of  the  DSSC  based  on ZnO  (0.28%).

© 2013 Elsevier Ltd. All rights reserved.

pherical particle

. Introduction

Dye-sensitized solar cells (DSSCs), which are regarded as the
hird generation of solar PV devices owing to their potential low-
ost of manufacturing, non-toxicity and environment-friendliness,
ave been deeply studied since Grätzel and coworkers put it for-
ard for the first time in 1991 [1]. A DSSC is a photoelectrochemical

ystem, in which the photoelectrode plays a vitally important role.
nO is an attractive electrode material and has drawn consider-
ble attention due to its large energy band gap (3.37 eV) and high
lectron mobility (115–155 cm2 V−1 s−1) [2].

In order to improve the DSSC efficiency, much work has been
eported on modifying ZnO by doping with various dopants such as
n [3], Al [4], Ga [5], F [6], In [7] and Cu [8]. Metal doping is the effec-
ive procedure to improve the electrochemical performance of ZnO
ue to modify the grain size, orientation and the conductivity of the
nO nanostructures. Several researches reported that the Sn-doped
nO thin films for enhancing the electrical and optical properties
9] that due to the effect of Sn doping on the grain size, crystallinity,

icrostructure, optical and structural properties of ZnO thin film
10–12]. Recently, Ameen et al. [3] investigated the structure of

n-doped ZnO by X-ray photoelectron spectroscopy (XPS), X-ray
iffraction (XRD), Raman and ultra violet-diffused reflectance (UV-
RS) in detail, it was found that the Sn-ions into ZnO nanostructures

∗ Corresponding author. Tel.: +886 3 4638800x2569,
ax: +886 3 4630634, +886 3 4559373.

E-mail address: imhung@saturn.yzu.edu.tw (I.-M. Hung).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.07.199
to replace the Zn-ions and clearly observed that the grain size
decreased from ∼143.9 nm to ∼82.2 nm and the electrochemical
performance improved. On the other hand, different morphologies
significantly affect the DSSC efficiency. Therefore, lots of researches
have synthetized varieties of ZnO nanostructures for DSSC pho-
toelectrodes, such as nanorods [13], nanoflowers [14], nanotubes
[15], nanowires [16] and nanofibers [17]. The spherical nanocrys-
tallite aggregates are believed to possess many superior properties,
including large specific surface area, effective scattering property
and the facilitating electrolyte passing through large pores between
aggregated particles [18]. Therefore, it is expected that this spheri-
cal structure can provide large dye adsorption amount and increase
the DSSC efficiency [19].

In this study, ZnO and Sn–ZnO (SZO) spherical nanoparticles
have successfully been synthesized by hydrolysis of zinc salt in
a polyol medium [20,21]. Effects of different Sn element concen-
tration on the material characters of ZnO and the performance of
DSSCs were investigated in detail. The results show that the DSSCs
based on SZO photoelectrodes exhibit a better efficiency compared
to that of DSSC with ZnO photoelectrode.

2. Experimental details

2.1. Preparation of ZnO and SZO films
ZnO and Sn–ZnO (SZO) sample aggregates were synthesized
via a polyol mediated precipitation method similar to that
reported by Jezequel et al. [20]. Mixing zinc acetate dehydrate
(Zn(CH3COO)2·2H2O, J.T. Baker) and tin tetrachloride (SnCl4, Alfa

dx.doi.org/10.1016/j.electacta.2013.07.199
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2013.07.199&domain=pdf
mailto:imhung@saturn.yzu.edu.tw
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esar) in different concentrations of Sn–Zn = 3, 4, and 5 wt.%, which
re designated as SZO3, SZO4, SZO5. The mixture in diethylene
lycol (DEG, Alfa Aesar) was rapidly heated to 160 ◦C and then
ept at this temperature for 2 h until a milk-like suspension was
ormed. After the obtained colloid solution cooled to room temper-
ture, the colloid was concentrated by a sequential treatment of
entrifugation (7000 rpm for 5 min). The precipitates were washed
ith deionized water and ethanol several times respectively, and
ried overnight at 80 ◦C. The precipitates were finally dispersed

n ethanol with a concentration of 0.5 M and then ultrasonicated
or 20 min  to obtain a final colloidal suspension solution. The solu-
ion was spin-coated onto FTO glass (exposure area of 0.25 cm2)
or 30 s at 3000 rpm and annealed at 350 ◦C for 1 h to obtain the
hotoelectrode samples.

.2. Dye-sensitized solar cell fabrication

0.5 mM ethanolic solution of the ruthenium complex
is-bis (2, 2-bipyridyl-4-dicarboxylato)-ruthenium(II)–bis-
etrabutylammonium (N719, Everlight Chemical Industrial
o.) was heated to 50 ◦C for 1 h. Photoelectrode samples were
eated at 100 ◦C for 1 h and then immersed into dye in the dark
lace for 30 min. After 30 min  of dye adsorption, the sensitized
amples were rinsed with acetonitrile to remove excess dye from
he surface and were dried at 70 ◦C for 30 min. The sensitized
lectrodes were assembled in a typical sandwich-type cell. The cell
as covered with platinized ITO glass incorporating two drilled
oles. Surlyn polymer with a thickness of 15 �m was  used as the
pacer. An Eversolar E5A (Everlight Chemical Industrial Co.), was
sed as the electrolyte, and injected into the space via the hole in
he counter electrode. Finally, drill holes were sealed using Surlyn
ot-melt polymer.

.3. Characterization and photo-electrochemical measurements

The morphologies of samples were observed using scan-
ing electron microscopes (FE-SEM, JEOL, JSM-6701F) and a
igh-resolution transmission electron microscopy (HR-TEM, JEOL,

EM-2100). Phase analyses were performed through X-ray diffrac-
ion (XRD, Shimadzu LabX, XRD-6000) with Cu K� radiation
� = 1.54056 Å) using an automated X-ray diffractometer. The
hotocurrent-voltage characteristics of the DSSCs were measured
ith Jiehan 5500 Photovoltaic Analyzer under a solar simulator

Yamashita Denso YSS-50A, AM 1.5, 100 mW cm−2). The active area
f the resultant cell exposed to light was 0.25 cm2. A computer-
ontrolled Keithley 2400 SourceMeter was employed to collect
he current–voltage curves. The electrochemical impedance spec-
ra were measured with an impedance analyzer (Solartron, 1255B)
onnected with a potentiostat (Solartron, 1287) at a frequency
ange from 0.1 Hz to 1 MHz  with AC amplitude of 10 mV  under
he open-circuit status and light irradiation. The incident photo
o current conversion efficiency (IPCE) of DSSCs was measured
y a Keithley model 2000 SourceMeter under short circuit condi-
ions using monochromatic light. The adsorption spectrum of the
esorbed dye solution was measured using a UV–vis spectropho-
ometer (GBC Cintra 202).

. Results and discussion

.1. Structure and morphology of ZnO and SZO SNs

The structure and crystallinity of ZnO and SZO powders were

nalyzed by XRD patterns as shown in Fig. 1. The diffraction pat-
erns of Fig. 1(a) were obtained at 2� = 20–70◦ with the scanning
peed of 2◦/min. All diffraction peaks for ZnO and SZO photoelec-
rodes can be readily indexed as hexagonal wurtzite ZnO (JCPDS,
Fig. 1. XRD spectra of ZnO and SZO powders with (a) the scanning speed of 2◦/min
at 2� = 20–70◦ and (b) the scanning speed of 0.05◦/min at 2� = 35–38◦ .

No.36-1451) without any impurity phase. There is no SnO or other
second phase was  observed. Fig. 1(b) show the diffraction patterns
of samples were obtained at 2� = 35–38◦ with the low scanning
speed of 0.05◦/min. The peak corresponds to the (1 0 1) plane. The
nanocrystallite size estimated from the full width at half maximum
(FWHM) of the (1 0 1) peak according to the Debye–Scherrer for-
mula and revealed that the nanocrystallites of ZnO and SZO were
about 14–16 nm.

The FE-SEM micrographs of the ZnO and SZO powders were
shown in Fig. 2 and the insets are corresponding particle size dis-
tributions. Uniform and highly aggregated submicron spherical
particles were observed for all samples. About 84% particles are
in the range of 500–700 nm for ZnO. About 83%, 86%, and 80% are
in the range of 92–225 nm,  59–155 nm,  and 71–175 nm for SZO3,
SZO4, and SZO5, respectively. Apparently, the particle size of SZO
powders is smaller than that of ZnO. On the other hand, it was
found that the surface of ZnO is smooth; however, the surface of
SZO is rough. It was expected that more amount of dye could be
adsorbed on the surface of SZO powders. TEM was used to observe
the morphology of ZnO and SZO nanocrystallites. Fig. 3 shows the
TEM images of ZnO and SZO powders and the insets are the cor-
responding high magnification images. The images show that the
aggregated spherical particle size of ZnO is much larger than that
of SZO samples. These spherical particles were aggregated from 12
to 17 nm nanocrystallites, which were shown in the inserts. These
results are highly consistent with the result observed from FE-SEM

and calculated according to the Debye–Scherrer formula. From the
result of XRD and FE-SEM, it was  found that the crystallite of SZO
is much smaller than that of ZnO, it was suggested that the Zn was
easily substituted by Sn-ions in hydrothermal process due to the
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Fig. 2. FE-SEM micrographs of (a) ZnO, (b) SZO3, (c) SZO4, and (d) SZO5 p

esser radii of Sn than Zn [3]. The Sn element into the ZnO matrix
tructure decreased the growth rate of crystallite/grain of ZnO. This
imilar phenomenon was observed in doped ZnO research [3–5].

.2. Photovoltaic performance

In order to study the photoelectrochemical performance of the

SSCs based on the ZnO and SZO photoanodes, the photovoltaic
roperties were measured under the AM 1.5 sunlight illumination
100 mW cm−2) from a Xenon lamp. The J–V curves of DSSCs are
epicted in Fig. 4(a) and the corresponding results are summarized

Fig. 3. TEM images of (a) ZnO, (b) SZO3, (c) SZO4, and (d) SZO5 spherical pa
s. The insets are particle size distributions of the corresponding samples.

in Table 1. SZO photoanodes show higher efficiency of 0.55–0.8%
than that of ZnO photoanode of 0.28%. The SZO4 photoanode had
the highest power energy conversion efficiency (�) of 0.80% with
a photocurrent density (Jsc) of 2.09 mA cm−2, an open-circuit volt-
age (Voc) of 0.57 V, and a fill factor (FF) of 66.9%. SEM micrographs
show that the average size of the particles varies with the con-
tent of Sn element and the average particle size of SZO4 is smaller

than other powders. From the result of dye adsorbed amount on
ZnO and SZO photoanodes, which was shown in Table 1, it was
found that SZO4 exhibits the highest amount of dye adsorbed of
3.114 × 10−5 mM cm−2.

rticles. The insets are the corresponding high magnification images.
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Table 1
Photovoltaic properties of DSSCs based on ZnO and SZO photoelectrodes.

Photoelectrodes Jsc (mA  cm−2) Voc (V) FF (%) IPCE (%) � (%) Dye adsorbed (×10−5, mM cm−2)

ZnO 0.84 0.59 57.2 17.5 0.28 1.038
SZO3 1.44 0.59 65.1 24.4 0.55 2.595

t
S
4
a
S
o
s
a
�
q
s
r
t
t

d

F
e

SZO4 2.09 0.57 66.9 

SZO5 1.62 0.59 67.8 

Fig. 4(b) displays the wavelength distribution of incident photon
o current conversion efficiency (IPCE) of DSSCs based on ZnO and
ZO photoanodes. The IPCE shows the wavelength, which around
00–700 nm,  is ascribed to the N719 dye. The maximum IPCE value
t 515 nm is 17.5, 24.4, 34.5 and 38.4% for ZnO, SZO3, SZO4 and
ZO5, respectively. The IPCE (�) value can be calculated by means
f the equation of IPCE (�) = LHE (�)Фinj�c, where LHE (�) repre-
ents the light-harvesting efficiency and is mainly related to the
mount of dye adsorption on the surface of photoanode; Фinj and
c that are dependent on the photoanode property representing the
uantum yield of electron injection from the excited sensitizer to
emiconductor and the collection efficiency of injected electrons,
espectively [22]. In this study, the LHE (�) of SZO4 is much higher

han other samples due to the high amount of dye adsorption on
he surface of SZO nanocrystallites.

To quantify the dye content of the ZnO electrodes, the
ye was desorbed into a 1:1 volume of 0.5 M NaOH and

ig. 4. (a) J–V curves and (b) IPCE spectra of DSSCs based on ZnO and SZO photo-
lectrodes.
38.4 0.80 3.114
34.2 0.66 2.744

ethanol mixture solution and analyzed the solution using
the adsorption peak intensity of N719 at 515 nm.  The
results are presented in Table 1. The dye loading was cal-
culated to be 1.038 × 10−5 mM cm−2, 2.595 × 10−5 mM cm−2,
3.114 × 10−5 mM cm−2 and 2.744 × 10−5 mM cm−2 for ZnO, SZO3,
SZO4 and SZO5 photoelectrodes, respectively. The amount of dye
absorbed on the SZO4 photoelectrodes is three times more than
that on ZnO photoelectrodes.

3.3. EIS analyses

To reveal the kinetics of electrochemical properties at the inter-
face of nanoparticles, the electrochemical impedance spectroscopy

(EIS) of the DSSCs based on ZnO and SZO photoanodes were inves-
tigated in a frequency range from 0.1 Hz to 1 MHz. Fig. 5 shows the
Nyquist plots obtained by EIS. Two semicircles are observed from
the Nyquist plots. According to the EIS model of DSSCs reported

Fig. 5. (a) Typical Nyquist plots of DSSCs based on ZnO and SZO photoelectrodes
and  the inset is the equivalent circuit model. (b) Zoom in images of typical Nyquist
plots in the high-frequency region.
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Table  2
The resistances of DSSCs based on ZnO and SZO photoelectrodes.

Devices Rs (�) R1 (�) R2 (�)

ZnO 2.7 6.5 342.4
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SZO3 2.3 13.6 162.1
SZO4 2.2 9.4 107.4
SZO5 2.6 13.4 113.0

n the literature [23,24], the first semicircle in the high-frequency
egion represents the resistance applied to the charge transfer
t the interfaces of the electrolyte–Pt counter-electrode (R1). The
econd semicircle in intermediate frequencies represents the trans-
ort resistance of electrons within the photoanode and the charge
ransfer at the dyed-photoanode–electrolyte (R2) interface. The R1
nd R2 are further shunt-wound with a constant phase element
CPE) instead of the chemical capacitance (C�) considering the
nhomogeneity of its inner surfaces. The resistance of Rs, R1 and
2 that are determined by fitting the experimental data according
o the equivalent circuit (Fig. 5 inset) were listed in Table 2. Rs rep-
esents the resistance of FTO. R2 in the DSSCs based on ZnO, SZO3,
ZO4, and SZO5 is 342.4, 162.1, 107.4 and 113.0 �,  respectively.
ZO4 had the lowest resistance comparing to the other samples;
herefore, it exhibited the highest Jsc of 2.09 mA  cm−2 and � of
.80%.

. Conclusion

In conclusion, we report the material characteristics and elec-
rochemical performance of the DSSCs based on ZnO and SZO
hotoanodes. The FE-SEM micrograph shows that the aggregated
pherical submicron particles of SZO powders are significantly
maller than that of ZnO, therefore, the SZO photoanodes adsorbed
igh amount of dye on the surface of SZO photoanodes. The SZO4
Sn–Zn = 4 wt.%) photoanode yields the highest power energy con-
ersion efficiency (�) of 0.80% with a photocurrent density (Jsc) of
.09 mA  cm−2, an open-circuit voltage (Voc) of 0.57 V, a fill factor
FF) of 66.9% due to its lowest resistance and highest amount of
ye adsorption.
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