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a b s t r a c t

Tetrapod-like ZnO nanostructures prepared by dc plasma technology were used as photoelectrodes in
dye-sensitized solar cells (DSSCs). Each of the tetrapod-like ZnO possesses four extended arms that offer
improved electron transport properties. Tetrapod-like ZnO with short (S-ZnO) and long arms (L-ZnO)
were synthesized by controlling the plasma gas flow and the input power. Between these two tetrapod-
vailable online 1 August 2010
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like ZnO nanopowders, the DSSCs using S-ZnO showed higher energy conversion efficiency than using
L-ZnO. This is due to the resulting increase in dye adsorption and enhanced short-circuit current density,
using S-ZnO. Electrochemical impedance spectroscopy (EIS) shows that the properties of electron trans-
port of S-ZnO are superior to that of the L-ZnO. We investigated the effect of the redox electrolytes (I2)
and the additives (LiI and TBP) on the performance of the DSSCs by intensity-modulated photovoltage
spectroscopy and EIS.
lectrolyte additive

. Introduction

Dye-sensitized solar cells (DSSCs) are regarded as promising
ow cost solar cells with high light to energy conversion effi-
iency, due to their relative inexpensive manufacturing processes.
light to energy conversion efficiency of more than 11% has been

chieved by TiO2 nanoparticles film sensitized by a ruthenium-
ased dye systems [1,2]. However, electrons transport through
he TiO2 nanoparticle network by a slow trap-mediated diffusion,
hich limits the performance of the device [3]. In order to improve

he performance of DSSCs, parameters such as morphology and the
hysical properties of nanocrystalline oxide films, photochemical
roperties of molecular sensitizers, and electrochemical character-

stics of redox electrolytes need to be investigated more intensively
4,5].

Other metal oxides like SnO2, In2O3, Nb2O5, and ZnO have also

een used as photoelectrodes for DSSCs [6–8]. Among these oxide
aterials, the band gap and the energetic position of ZnO are

imilar to those of TiO2 [9]. In addition to traditional photoelec-
rodes constructed of nanoparticles, many researchers have shown

∗ Corresponding author. Tel.: +886 3 5162227; fax: +886 3 5722366.
E-mail address: wu408410@yahoo.com.tw (J.-M. Wu).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.07.061
© 2010 Elsevier Ltd. All rights reserved.

that the morphology of photoelectrodes plays an important role
in optimizing the performance of DSSCs [10–19]. In recent years,
several interesting photoelectrode architectures of ZnO have been
investigated intensively, for improved electron transport proper-
ties or increased light harvesting in recent years. Photoelectrodes
constructed from one-dimensionally (1D) structured semiconduc-
tor metal oxides such as ZnO nanowires and nanotubes enhance
electron transport properties due to their stretching structure
in specified directions and decreased number of intercrystalline
contacts [11,12]. However, the relatively low surface area for
dye adsorption leads to insufficient light harvesting and limited
cell performance [13]. To increase the light harvesting of ZnO
nanowire-based DSSCs, photoelectrodes comprising hybrid ZnO
nanoparticles and nanowires have been introduced. The overall
efficiency consequently improved to 2.4% [14]. In addition to the
one-dimensionally structured ZnO, the overall efficiency of the
DSSCs based on ZnO nanoflowers and ZnO nanosheets was also
raised to 1.9% and 3.9%, respectively [15,16]. The overall efficiency
of 3.5–5.4% was further achieved by using the hierarchically struc-

tured ZnO films, providing a large internal surface area for dye
loading and light scattering, to enhance light absorption [17–19].

One-dimensional nanorods/nanowires are thought to have
better electron transport properties and more efficient carrier
collection capability. Various synthetic techniques such as wet-

dx.doi.org/10.1016/j.electacta.2010.07.061
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:wu408410@yahoo.com.tw
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ica A

c
d
s
l
c
i
h
d
b
d
T
r
t

t
b
e
f
t
f
t

r
D
l
a
w
t
D
a
t
D
o
t

2

2

p
t
p
w
a
t
n
n
t
t
r

2

p
c
t
s
(
t
e
w
s
d

C.-H. Lee et al. / Electrochim

hemistry routes and vapor deposition processes have been
eveloped to fabricate ZnO 1D nanostructures [20]. Fabricate
olution-based ZnO nanowires with a length of 10 �m, requires a
ot of time. The other drawback is their relatively low overall effi-
iency, due to low surface area. Recently, significant improvements
n electron transport and overall performance of ZnO-based DSSCs
ave been achieved using tetrapod ZnO photoelectrodes, which
ecrease the number of the intercrystalline contacts between grain
oundaries [21]. A high performance/price ratio of photovoltaic
evices is widely regarded as essential for future applications.
herefore, high yield synthesis of extended 1D structured mate-
ial with good electron transport is important in the application of
he DSSCs.

Although ZnO has a similar band energy structure to TiO2,
he conversion efficiency of ZnO-based devices was reported to
e lower than that of the TiO2-based ones. The additives in the
lectrolyte affected the energetic of the photoelectrode and the per-
ormance of the DSSCs [22–26]. However, most studies were related
o TiO2 DSSCs with few reports on ZnO DSSCs. To improve the per-
ormance of the ZnO DSSCs, it would be worthwhile to investigate
he effects of additives in the electrolyte on ZnO DSSCs.

In this paper, we present a rapid, continuous method for the fab-
ication of tetrapod-like ZnO nanostructures as photoelectrodes for
SSCs, by dc thermal plasma synthesis. The fabricated tetrapod-

ike ZnO nanostructures possess a high degree of crystallinity,
s well as a distinctive structure, with extended arms wedged
ithin a network of ZnO film to provide a direct path for electron

ransport. To improve the light harvesting efficiency of the ZnO
SSCs, the tetrapod-like ZnO should have suitable size and surface
rea. We present the effects of the thickness and morphology of
he tetrapod-like ZnO photoelectrodes on the performance of the
SSCs in this investigation. In addition, we discuss the influences
f electrolyte additives including Li+ ions, I−/I2 redox couple, and
ert-butylpyridine (TBP).

. Experimental

.1. Synthesis and characterization of tetrapod-like ZnO

Tetrapod-like ZnO nanostructures were synthesized using a dc
lasma reactor [27]. The plasma was formed by N2 gas in the reac-
or. Commercial metal zinc wires with a diameter of 1.2 mm and
urity above 99.9% (Praxair) were used as the raw material. Zinc
ires were fed into a plasma system through carrier gas (air) under
fixed flow rate of 10 slm. They subsequently underwent vaporiza-

ion, oxidation, and quenching processes to form tetrapod-like ZnO
anostructured powders. The size of the particles comprising the
anopowders varied with the flow rate of the plasma gas (N2) and
he input power. After the plasma synthesis process, large quanti-
ies of white nanopowders were collected in the cold zone of the
eactor.

.2. Preparation of photoelectrodes and solar Cells

Two tetrapod-like ZnO powders of different sizes were dis-
ersed in �-terpineol (Fluka) with equal proportions of ethyl
ellulose as a binder to form two ZnO pastes. Two ZnO pho-
oelectrode films were prepared from the two ZnO pastes by
creen-printing on fluorine doped tin oxide (FTO) substrates
3 mm thickness, 8–10 �/�, Nippon Sheet Glass). The photoelec-

rodes were heated at 400 ◦C for 1 h. The area of the active
lectrode was typically 0.28 cm2. Dye-loaded ZnO electrodes
ere prepared by immersing the ZnO photoelectrodes in a

olution of 0.5 mM cis-bis(isothiocyanato)bis-(2,2′-bipyridyl-4,4′-
icarboxylato)-ruthenium(II) bis-tetrabutylammonium (Solaronix,
cta 55 (2010) 8422–8429 8423

N719) in a mixed solvent of 1:1 acetonitrile and tert-butanol for
20 min. The dye-loaded electrodes were then rinsed with acetoni-
trile. The dye-loaded electrodes were sandwiched together with
thermally platinized FTO counter electrodes separated by 60-�m-
thick hot-melt spacers (Dupont, Surlyn). The internal space of the
cell was filled with an electrolyte solution containing an iodine
redox couple consisting of 1,1-methyl-3-propylimidazolium iodide
(PmII), I2, LiI, and tert-butylpyridine (TBP) in acetonitrile (AN).

2.3. Instrumentation

The morphology and dimensions were observed by a field
emission scanning electron microscope (FESEM) (JEOL, JSM-7000F)
operating at 10 keV, and a field emission transmission elec-
tron microscope (FETEM) (JEOL, JEM-2100F) operating at 200 keV.
The phases were characterized using a Bade D1 thin film X-
ray diffractometer. The thickness of the photoelectrodes was
measured by a Microfigure Measuring Surfcorder (Kosaka Lab-
oratory, ET3000). The surface area was determined with the
Brunauer–Emmett–Teller (BET) equation, using a Micromeritics
ASAP 2000 at 77 K. The overall energy conversion efficiency was
evaluated using a xenon lamp (Yamashita Denso, YSS-100A) with a
light intensity 100 mW cm−2 (AM1.5). The current–voltage char-
acteristics of the devices were scanned from 0 V to 0.9 V with
0.03 V/s sweep speed and 0.018 V step voltage. The incident light
intensity was calibrated with a standard silicon photodiode (Bunko
Keiki, BS-520). Evolution of the electron transport process in
the cell with different additives and concentrations was inves-
tigated through intensity-modulated photovoltage spectroscopy
(IMVS) and electrochemical impedance spectroscopy (EIS). The ac
impedance spectroscopy was carried out by an electrochemical
analyzer (Autolab, PGSTAT30).

3. Results and discussion

3.1. Characterization of tetrapod-like ZnO

Fig. 1 shows the morphology and the structure of the plasma
synthesized tetrapod-like ZnO nanopowders. A typical SEM image
shown in Fig. 1(a) illustrates that the ZnO nanocrystals were either
tetrapod shaped or rod-like. Fig. 1(b) displays a FETEM image taken
from the core center of a tetrapod ZnO, demonstrating that the
tetrapod ZnO contains four arms: one perpendicular to and three
parallel to the image.

The plasma gas flow rate affected the proportion of tetrapod-like
to rod-like of ZnO nanoparticles as well as the length of the tetrapod
arms of ZnO. Fig. 2 shows SEM images of ZnO obtained under dif-
ferent carrier gas flow rates. At a plasma gas flow rate of 70 slm and
input power of 70 kW, the arm length of the tetrapod ZnO nanocrys-
tals synthesized (L-ZnO) were in the range of 100–900 nm and with
an average length of 380 nm, as shown in Fig. 2(a). The L-ZnO con-
tained 45% tetrapod shaped ZnO. When the plasma gas flow rate
increased to 90 slm and the input power increased to 90 kW, the
arm length of the tetrapod ZnO nanocrystals (S-ZnO) decreased to
approximately 30–250 nm with an average length of 140 nm, as
shown in Fig. 2(b). The S-ZnO contained 65% tetrapod shaped ZnO.
The diameter of the ZnO nanoparticles, which did not change sig-
nificantly with changes in the carrier gas flow rate, was an average
of approximately 50 nm. Fig. 2(c) shows the XRD patterns of the L-
ZnO and S-ZnO nanopowders. All of the peaks could be indexed to

the hexagonal ZnO wurtzite structure. No diffraction peaks other
than ZnO could be found, indicating the high purity of the prod-
uct. The Brunauer–Emmentt–Teller (BET) method was performed
to determine the specific surface areas of the L-ZnO and the S-ZnO,
which were determined to be 10.9 and 18.0 m−2 g−1, respectively.
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ig. 1. (a) SEM and (b) TEM images of the tetrapod-like ZnO (L-ZnO) powder fabri-
ated by dc thermal plasma.

his implied that the S-ZnO had a higher dye adsorption ability
eading to an increase in light harvesting efficiency.

.2. The effects of thickness and morphology of tetrapod ZnO
hotoelectrodes on performance of DSSCs

The photocurrent–voltage (J–V) characteristics of DSSCs con-
tructed from these two tetrapod ZnO (S-ZnO and L-ZnO)
hotoelectrodes were measured under 100 mW cm−2 (AM1.5G).
he performance of the DSSC was greatly dependent on the thick-
ess of the ZnO photoelectrode. Fig. 3(a) shows the thickness
ependence of the short-current densities (JSC) of the two DSSCs.
he current density increased with the thickness for S-ZnO and L-
nO photoelectrodes. The current density became saturated when
hickness of the photoelectrode increased to 25 �m and 42 �m for
-ZnO and L-ZnO, respectively. In comparing of these two tetrapod
nO DSSC cells, the one composed of S-ZnO possessed a higher cur-

ent density. This was due to the significantly higher surface area
f the S-ZnO photoelectrode. Fig. 3(b) displayed the open-circuit
oltage (VOC) of the DSSCs. For both DSSCs, the VOC decreased with
n increase in the thickness of photoelectrode. The decrease in the
ate of VOC correlated to thickness was less significant for the S-ZnO
Fig. 2. SEM images of (a) L-ZnO and (b) S-ZnO; and (c) XRD profiles of L-ZnO (A) and
the S-ZnO (B).

than it was for the L-ZnO. The decrease in the VOC was generally
interpreted as higher charge recombination with a more severely
limited mass transport in thicker photoelectrodes. Fig. 3(c) shows
that the fill factor (FF) exhibited only a slight decrease with the
thickness of photoelectrode. FF is known to be determined by the
series resistance of the cell, including the resistances of the FTO,

the photoelectrode, the electrolyte, and the counter electrode. In
comparison, the FF of DSSCs constructed by 1D material should
be relatively higher than DSSCs composed of nanopowders due
to improved charge-collection efficiency [28–30]. The series resis-
tance of the tetrapod ZnO photoelectrode could be lower because
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ig. 3. The effect of ZnO photoelectrode thickness on photovoltaic characteristics o
urrent density (JSC), (b) open-circuit voltage (VOC), (c) fill factor (FF), and (d) overa
BP in AN.

he electrons were able to transport through its extended 1D arm
apidly. In addition, the tetrapod ZnO photoelectrode had large
ores allowing the ions in the electrolyte to diffuse more easily
o the counter electrode. Both factors resulted in higher FF for
SSCs with tetrapod ZnO photoelectrodes. The changes in FF and
OC values corresponding to changes in the thickness of the photo-
lectrode were less significant for the DSSC constructed by S-ZnO
han the one constructed of L-ZnO. This implied that the reduced
ize and the increased surface area of the S-ZnO did not sacrifice
he properties of electron transport. Fig. 3(d) shows the thickness
ependence of the overall conversion efficiency. The DSSC com-
osed of S-ZnO had a higher efficiency than the DSSC composed of
-ZnO. This could be attributed to the increase in surface area for
ye adsorption, without degradation in the properties of electron
ransport through the 1D structure of tetrapod ZnO. The thick-
ess of the photoelectrode for N719-sensitized tetrapod ZnO cell
as optimized at 26 �m for the S-ZnO DSSC. For the L-ZnO DSSC,

he optimized thickness of the photoelectrode was approximately
6 �m. The maximal cell conversion efficiency of the DSSCs was
.78% and 4.07% for the S-ZnO and L-ZnO DSSC, respectively.

To clarify the morphological effect of ZnO photoelectrodes on
he DSSC performance, electrochemical impedance spectroscopy
EIS) was used to characterize the electron transporting proper-
ies involved in these complex photovoltaic devices. Impedance

easurements were carried out by applying a dc open-circuit volt-
ge (VOC) with a 100 mW cm−2 (AM1.5G) illumination. Impedance

easurement of the cells was recorded in a frequency range from

0−2 Hz to 105 Hz with an amplitude of 10 mV. Fig. 4(a) shows
he equivalent circuit [31,32] based on a diffusion-recombination

odel. To extract the electron transport parameters in the ZnO
SSCs, impedance data were fit by the Nyquist plots (Fig. 4(b)). The
-sensitized solar cells based on L-ZnO and S-ZnO photoelectrodes: (a) short-circuit
gy conversion efficiency (�). Electrolyte: 0.1 M LiI, 0.05 M I2, 0.6 M PmII, and 0.5 M

ZnO DSSCs used for EIS possessed photoelectrodes with a thickness
of 25 �m (L). The circuit elements relating to ZnO photoelectrodes
included the electron transport resistance (Rw = rwL) in ZnO net-
work, the charge transfer resistance (Rk = rk/L) which related to
recombination of electrons at the ZnO/electrolyte interface, and
the chemical capacitance (C� = c�L) of the ZnO electrode. A number
of circuit elements were introduced to modify the equivalent cir-
cuit model. They included the series resistance (RS) of the FTO, the
impedance of the diffusion of I3− in the electrolyte (ZN), the charge
transfer resistance (RPt) and the interfacial capacitance (CPt) at the
Pt/electrolyte interface, the charge transfer resistance (RFTO) and
the interfacial capacitance (CFTO) at the exposed FTO/electrolyte
contact, and the resistance (RFZ) and the capacitance (CFZ) at the
FTO/ZnO interface. The electron transport parameters estimated
from Nyquist plots are listed in Table 1. They are the electron trans-
port resistance (Rw), charge transfer resistance (Rk), the electron
lifetime (�eff), the effective electron diffusion coefficient (Deff), and
the electron diffusion length (Leff) in the investigated tetrapod ZnO
photoelectrodes.

As revealed in Table 1, the electron transport resistance (Rw)
in S-ZnO was smaller than that of L-ZnO. The charge transfer
resistance (Rk) which related to recombination of electrons at the
ZnO/electrolyte interface in the S-ZnO device was larger than that
of L-ZnO. In combination, the Rk/Rw value of the S-ZnO device was
approximately twice that of the L-ZnO device. The higher Rk/Rw

value of S-ZnO suggested that a larger number of electrons were

injected in S-ZnO. This result may explain the higher observed JSC
of S-ZnO than that of L-ZnO. The dye loadings of the L-ZnO and
the S-ZnO films was examined by UV–vis spectroscopy (Fig. 4(c))
of the desorbed dye molecules in 10 mM aqueous NaOH solution.
The dye loading of the S-ZnO film was higher than that of the L-
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SSCs. (b) Nyquist plots of L-ZnO and S-ZnO DSSCs determined under an AM 1.5G
olar illumination of 100 mW cm−2. The thickness of the ZnO photoelectrode is
5 �m. Electrolyte: 0.1 M LiI, 0.05 M I2, 0.6 M PmII, and 0.5 M TBP in AN. (c) UV–vis
pectroscopy of desorbed dye from the ZnO electrodes.

nO. The value of keff was estimated from the frequency at the
op of the central arc (ωmax = keff). The ωmax values were 28.36 Hz
nd 108.70 Hz for the S-ZnO and the L-ZnO devices, respectively.
his means that the recombination rate constant (keff) of the S-
nO device was lower than that of the L-ZnO one. It is interestingly
o note that the electron life time (�eff = 1/keff) was extended in

he S-ZnO device with respect to the L-ZnO one. This explains the
igher observed VOC in the S-ZnO DSSCs. According to the relation:
eff = (Rk/Rw)L2keff, the estimated effective electron diffusion coeffi-
ient (Deff) of the S-ZnO device was lower than that of the L-ZnO one,
ue to a the lower keff of the S-ZnO device. The smaller Deff of S-ZnO

able 1
erformances and electron transport properties of the L-ZnO and S-ZnO DSSCs determine
pectroscopy (EIS) analysis. The thicknesses of photoelectrodes are 25 �m.

ZnO DSSC � (%) JSC (mA cm−2) VOC (V) FF Rw (

L-ZnO 3.52 8.59 0.63 0.65 2.21
S-ZnO 4.78 10.79 0.66 0.67 1.36
Fig. 5. The effect of TBP on the complex plane plots of the S-ZnO DSSCs deter-
mined by IMVS measurement with an incident dc light (�max = 455 nm) intensity
of 15 mW cm−2. The thickness of the S-ZnO photoelectrodes is 25 �m. Electrolyte:
0.1 M LiI, 0.05 M I2, 0.6 M PmII in AN with and without 0.5 M TBP.

DSSC may be explained by the fact that the injected electrons had to
move through more contacts or grain boundaries due to the shorter
arms of the tetrapod. It was relatively difficult to achieve a high elec-
tron transport rate in S-ZnO. The effective electron diffusion lengths
(Leff) were estimated by relation: Leff = (Deff × �eff)1/2 as 93.32 �m
and 65.20 �m for the S-ZnO and the L-ZnO DSSCs, respectively. The
effective electron diffusion length Leff in both the S-ZnO and L-ZnO
devices significantly exceeded the film thickness of tetrapod ZnO
(6–46 �m), indicating that most of injected electrons had reached
the FTO before recombination occurred. The large value of Leff was
also consistent with an increase in JSC obtained by increasing the
thickness of both the S-ZnO and L-ZnO films.

3.3. The effect of TBP electrolyte additive

Additives added in electrolyte can enhance the efficiency of
DSSCs. Electrolyte additive TBP adsorbs on TiO2 surfaces and hin-
ders the approach of I3− to TiO2 surfaces, resulting in suppressed
recombination. The electronegative TBP also lowers the conduction
band, resulting in a substantial increase in the VOC of the TiO2-based
DSSCs [23,33]. The effect of commonly used electrolyte additives for
TiO2-based DSSCs, i.e. tert-butylpyridine (TBP), on the performance
of the S-ZnO DSSCs is presented in this section. In order to study
the effect of the TBP additive in electrolyte on the electron transport
property, intensity-modulated photovoltage spectroscopy (IMVS)
was applied to measure the electron life time under open-circuit
conditions with a 15 mW cm−2 illumination. The IMVS measured
the modulation of photovoltage in response to the modulation fre-
quencies of the incident light, which could be expressed as polar
coordinates in the complex plane plots.

Fig. 5 shows the IMVS plots of the S-ZnO DSSCs with and with-
out the TBP additive. The mean electron life time could be obtained
from the IMVS plot by the equation �n = 1/2�fmin, where fmin is the

frequency at the lowest imaginary component in the IMVS plots
[34,35]. The electron life time and the corresponding cell perfor-
mance data are listed in Table 2. The value of �n of the device
without TBP additive was less than that with TBP additive, which
meant that electrons were lost rapidly in the DSSC without TBP.

d by photocurrent density–voltage characteristics and electrochemical impedance

�) Rk (�) �eff (ms) Deff (×10−3 cm2 s−1) Leff (�m)

15.04 9.20 4.62 65.20
18.95 35.26 2.47 93.32
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Table 2
The effect of TBP on photovoltaic performances and electron life time of DSSCs.
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at the electrodes. The concentrations of I− and I3− were expected
to affect the performance of DSSC. Fig. 7 depicts the influence of
the concentration of I2 on various parameters of DSSCs obtained
through optimized S-ZnO thickness of photoelectrode 25 �m. The

Fig. 6. (a) Dependence of short-circuit current density (JSC), open-circuit voltage
Electrolyte � (%) JSC (mA cm−2)

0 M TBP 3.46 9.38
0.5 M TBP 4.10 8.94

his could be attributed to the adsorption of TBP on S-ZnO surfaces
nd the suppression of recombination, which was expected from
he higher VOC value of the S-ZnO DSSC containing TBP. Although
he JSC of the DSSC with TBP was sacrificed slightly, the VOC and
F were improved. Consequently, the overall conversion efficiency
as enhanced by the addition of TBP.

.4. The effect of lithium cations in electrolytes

In previous research, cations were found to adsorb on the surface
f TiO2 or intercalate the TiO2 lattice, which change the energetic
f the TiO2 [22]. It is worthy to investigate the effect of additives, in
articular lithium cations on performance of ZnO-based DSSCs. The
oncentration of the TBP additive was fixed at 0.5 M, while the con-
entration of Li+ (LiI) was varied over the range of 0–0.1 M. Fig. 6(a)
hows the effect of LiI concentration in electrolyte solutions on JSC,
F, VOC, and � of S-ZnO DSSCs. It is apparent that the concentration
f Li+ had a significant influence on JSC. The JSC initially increased
rom 9.01 to 11.01 mA cm−2 with an increase in the concentration
f LiI from 0 to 0.05 M. The JSC was saturated with additional LiI.
he effect of Li ions is considered similar to that of TiO2-based
SSCs reported by Watson and Meyer [22]. That is, Li+ lowered

he conduction band of ZnO and promoted electron injection from
he excited state of dye molecules, which consequently resulted in
n increase in JSC.

The effect of Li+ on the electron transport characteristics of the
SSCs was investigated by using EIS under open-circuit condition
ith a 100 mW cm−2 illumination. The electron transport proper-

ies evaluated from EIS data and the correlated cell performances
re summarized in Table 3. The Li+ cations did not have a signif-
cant influence on Rw and Rk values. On the other hand, Fig. 6(b)
hows that the characteristic frequency peaks in the Bode plots had
hifted with the concentration of LiI. A typical Bode plot exhibits
hree characteristic frequency peaks which could be attributed
o the Nernst diffusion in the electrolyte, the electron transfer at
he ZnO/electrolyte interface, and the redox charge transfer at the
ounter electrode [36]. The frequency peak representing the elec-
ron transfer at the ZnO/electrolyte interface (1–103 Hz) initially
hifted to a lower frequency with an increase in the concentra-
ion of LiI, where it remained constant when the concentration of
iI was greater than 0.05 M. The inverse of the characteristic fre-
uency (1/ωmax) is equal to the electron life time (�eff) of the ZnO
hotoelectrode [37]. The correlation between JSC and �eff is shown

n Fig. 6(c), indicating that the electron lifetime initially increased
ith an increase in the concentration of LiI where it remained

lmost unchanged, with a further increase in the concentration of
iI (greater than 0.05 M). Without significant change of Rw or Rk,
eff becomes the dominating factor affecting JSC. These factors may
xplain the relatively good correlation between JSC and �eff.

Li+ ions do not have significant effect on VOC and FF. As for the
onversion efficiency, �, LiI concentration has a similar effect to that
f JSC. Therefore, the effect of Li ions on � can be attributed mainly
o JSC.
.5. Concentration effect of I2 in electrolyte

It was reported that the concentration of I− had no influence on
he performance of DSSC. The performance of the DSSC was domi-
ated by the concentration of I3−, not I− [24,25]. The redox couple in
C (V) FF fmin (Hz) �n (ms)

9 0.63 7.08 22.5
7 0.68 6.31 25.2

the electrolyte, normally I−/I3−
, transfers charge between the pho-

toelectrode and the counter electrode, resulting in redox reaction
(VOC), fill factor (FF) and overall energy conversion efficiency for S-ZnO-based DSSCs
on the concentration LiI of the electrolyte. (b) Bode plots of the impedance data of
the S-ZnO DSSCs with different concentrations of LiI. (c) Electron lifetime (�eff) and
short-circuit current density (JSC) vs DSSC containing different concentrations of LiI.
Electrolyte: LiI (0 M, 0.01 M, 0.03 M, 0.05 M, 0.10 M), 0.05 M I2, 0.6 M PmII, and 0.5 M
TBP in AN.
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Table 3
Photovoltaic performances, electron recombination rate constant (keff), and electron life time (�eff) evaluated by EIS.

Electrolyte � (%) JSC (mA cm−2) VOC (V) FF Rw (�) Rk (�) keff (Hz) �eff (ms)

0.
0.

J
J
i
i
t
I

I

c
H
s

I

c
s

F
a
P

T
T

0 M LiI 4.14 9.02 0.67
0.05 M LiI 4.68 11.14 0.65

SC of the DSSCs depended strongly on the concentration of I2. The
SC increased with an increase in the concentration of I2, exhibit-
ng a peak value at a concentration of 0.07 M I2, at which point,
t decreased dramatically with additional I2. A sufficient concen-
ration of I−/I3− redox couple is needed for the cell operation.
nteraction between I− and I3− is described by reaction (1).

− + I2 ↔ I3− (1)

An increase in I2 concentration led to an increase in I3− con-
entration. Therefore, JSC initially increases with I2 concentration.
owever, an excess of I3− tended to react with electrons at the

urfaces of ZnO photoelectrodes, according to reaction (2).
3
− + 2e− ↔ 3I− (2)

VOC and FF values declined slightly with an increase in the con-
entration of I2. The parameters estimated from the impedance
pectra are listed in Table 4. The electron transport resistance (Rw)

ig. 7. Photovoltaic characteristics of S-ZnO DSSCs as a function of I2 concentration: (a)
nd (d) overall energy conversion efficiency (�). The thickness of the S-ZnO photoelectro
mII, and 0.5 M TBP in AN.

able 4
he effect of I2 concentration on electron transport properties of ZnO DSSCs. The thicknes

I2 (M) Rw (�) Rk (�) keff (s−1)

0.01 0.40 23.99 24.77
0.03 1.23 20.88 31.18
0.05 0.94 9.73 39.78
0.07 1.89 7.08 74.39
68 1.26 19.01 64.58 15.48
65 1.36 18.95 52.64 19.00

(approximately 1 �) fluctuated with an increase in concentration
of I2. This indicated that the concentration of I2 had not signifi-
cantly affected the electron transport characteristics at the S-ZnO
photoelectrode. On the other hand, the recombination resistances
Rk decreased with an increase in concentration of I2. The decrease
in Rk indicated that the interfacial recombination of electrons had
increased, which was consistent with a decrease in the FF of the
DSSCs with increasing I2 concentration. This result suggests that
the enhanced interfacial recombination of electrons had decreased
electron density in ZnO, which could explain the decrease in VOC
with an increase in the concentration of I2. According to reaction
(1), the concentration of I3− at ZnO/electrolyte interfaces increased

with the concentration of I2 added to the electrolyte [38]. As a
consequence, the recombination rate constant with I3− (keff) in
the S-ZnO DSSC was raised. Therefore, the electron life time (�eff)
decreased with an increase in the concentration of I3−, as shown
in Table 4. The observed decline in VOC could also be attributed

short-circuit current density (JSC), (b) open-circuit voltage (VOC), (c) fill factor (FF),
de is 25 �m. Electrolyte: 0.1 M LiI, I2 (0.01 M, 0.03 M, 0.05 M, 0.07 M, 0.10 M), 0.6 M

s of the S-ZnO photoelectrodes is 25 �m.

�eff (ms) Deff (×10−3 cm2 s−1) Leff (�m)

40.36 9.23 192.98
32.07 3.31 103.02
25.14 2.57 80.45
13.44 1.74 48.32
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o a decrease in �eff values of DSSCs containing large amount
f I3−.

The effective diffusion coefficient (Deff) was calculated with a
xed thickness of S-ZnO photoelectrode 25 �m (L). The obtained
eff value decreased with the concentration of I2. Calculations based
n the aforementioned equation: Leff = (Deff × �eff)1/2, the Leff of
-ZnO DSSCs were found to decrease with the I2 concentration
ue to a decrease in Deff and �eff. The electron diffusion length
Leff) illustrated the competition between the recombination and
he collection of electrons. The Leff values had a declining trend
ith increases in I2 concentrations. Although all the estimated

eff values (48.32–192.98 �m) were longer than the thickness of
he ZnO photoelectrode (25 �m), JSC exhibited a peak value at a
oncentration of 0.07 M I2. This suggests that the collection of elec-
rons was efficient when Leff was approximately two times greater
han the film thickness of photoelectrode. The decrease in the
SC with the further addition of I2 was caused by the increase in
ecombination.

. Conclusions

We prepared two tetrapod-like ZnO nanopowders with dif-
erent morphologies using dc thermal plasma synthesis. The
hort-circuit current density and the efficiency of the S-ZnO DSSC
ad improved in comparison with L-ZnO DSSC, due to its increased
urface area and enhanced electron transport characteristics. The
lectron life time of the S-ZnO photoelectrode was significantly
rolonged compared with the photoelectrode composed of L-ZnO.
s for electrolyte additives, IMVS measurement revealed that TBP
ad prolonged the electron life time in ZnO DSSCs. The J–V char-
cteristics depend greatly on the concentration of LiI and I2. EIS
easurements illustrated that lithium cations (less than 0.05 M)

n electrolytes lengthen the electron life time of the S-ZnO DSSCs
nd consequently enhanced the corresponding short circuit current
alues. Furthermore, the electron life time and effective electron
iffusion length decreased with an increase in the concentration
f I3−. This led to slightly reduced VOC and FF, whereas the corre-
ponding JSC values increased significantly. Finally, we identify the
fficiency of the S-ZnO DSSC was improved because its effective
iffusion length was greater than the thickness of S-ZnO photo-
lectrodes.
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