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a b s t r a c t

A photoelectrode consisting of titania hollow spheres for dye-sensitized solar cells (DSSCs) is prepared
by a paste method and the effect of the nanostructure on the performance of DSSCs with non-volatile
electrolytes is investigated. The structure of the hollow sphere (HS) electrode with a large pore size and
a high porosity allows highly viscous non-volatile electrolytes to penetrate the electrode thoroughly.
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Furthermore, its outstanding light-harvesting efficiency and long electron diffusion length make the
efficiency of the DSSCs with the HS electrode comparable with those of a conventional nanocrystalline
electrode, in spite of the smaller amount of the adsorbed dye, when oligomer electrolytes are used. The
results show that the structure of a photoelectrode highly improves the performance of the device and
the HS electrode is an effective structure for the use of non-volatile electrolytes in DSSCs.
ight-harvesting
lectron diffusion

. Introduction

In the past two decades, the dye-sensitized solar cell (DSSC) has
rawn much interest owing to its low production cost and thereby

ts capability to replace conventional solar cells [1–11]. Extensive
esearch on each component of DSSCs, including sensitizers [3–5],
lectrodes [6–8], and electrolytes [9,10] has been performed to
nhance their performance and, as a result, an energy-conversion
fficiency of over 11% has been demonstrated [11]. For the practical
pplication of DSSCs, long-term stability, as well as high efficiency,
s required. Nevertheless, volatile solvent electrolytes that are com-

only used in DSSCs with a high efficiency have a restriction on
uaranteeing the stability due to the evaporation or leakage of
olvent. While stable non-volatile electrolytes such as ionic liq-
ids [12,13], oligomers [14,15] conducting polymers [16] and hole
onductors [17] have been examined as alternatives to a volatile
olvent, employing these materials to DSSCs is limited in terms of
fficiency compared with the use of volatile solvent electrolytes.
ne of the possible reasons for this drawback could be the struc-
ure of photoelectrodes that generally is not suitable for highly
iscous, non-volatile electrolytes to penetrate the nanopores in
hotoelectrodes. Accordingly, it is possible that the electrodes with
structure suitable for non-volatile electrolytes may considerably
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improve the performance of DSSCs. Recently, the novel structures of
a photoelectrode have been reported through the use of nanowires
[18,19], nanotubes [20,21], and hollow spheres [22,23]. In particu-
lar, electrodes containing a hollow structure have shown significant
potential to yield an outstanding light-harvesting efficiency [22,23].
Moreover, the hollow structure of the electrodes would have an
additional advantage in that the large porosity would provide good
permeability for non-volatile electrolytes with high viscosity. Low
area density and significant defects such as cracks, however, pre-
vent the hollow structure electrodes from exhibiting a performance
comparable with that of conventional nanocrystalline (NC) elec-
trodes [22].

This study reports the preparation of electrodes consisting of
TiO2 hollow spheres (HS electrodes) by means of a paste method.
The HS electrode shows high area density and desirable thickness
without cracks. Application of the HS electrode to DSSCs with non-
volatile electrolytes yields superior light-harvesting efficiency and
long electron diffusion length. To the best of our knowledge, this is
the first demonstration that the structure of HS electrodes improves
the efficiency of DSSCs with non-volatile electrolytes.

2. Experimental
2.1. Preparation of TiO2 hollow spheres

For the preparation of the polymer templates for hollow spheres,
110 g of purified styrene was added to 1000 g of deionized water

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s-slee@kist.re.kr
dx.doi.org/10.1016/j.jpowsour.2009.03.075
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Fig. 1. SEM images of (a) synthesized PS, (b) TiO2-coated PS and (c) TiO

nd mechanically stirred at 350 rpm under a nitrogen atmosphere.
he temperature of the solution was maintained at 70 ◦C. Poly-
erization was initiated by adding 0.5 g of ammonium persulfate

24]. After 30 h of polymerization, the reaction was stopped by
apid quenching and the residual monomer was removed through
ialysis using cellulose tubular membranes (Membrane Filtration
roducts, T2). To construct a TiO2 shell on the polystyrene (PS)
phere, 25 g of the aqueous solution containing the prepared PS
pheres (3.5 wt%) was mixed with 125 g of 0.2 M titanium chloride
olution and stirred at 53 ◦C for 90 min. The product was repeatedly
ashed by centrifuging and coated again by the same method to

ncrease the shell thickness. After freeze-drying, the TiO2-coated
articles were sintered at 500 ◦C for 30 min at a heating rate of
◦C min−1 to remove the PS template and form a hollow structure.

.2. Fabrication of DSSCs

A paste for the fabrication of the HS electrode was prepared
y mixing TiO2 hollow spheres with terpineol, ethyl cellu-
ose, lauric acid and ethanol, and then evaporating of ethanol
23]. Commercial TiO2 paste (18NR-T, STI) was used for the NC
lectrode. The fabrication methods of the photo and counter elec-
rodes have been described previously [25–27]. Ti(IV) bis(ethyl
cetoacetato)-diisopropoxide solution was spincoated on transpar-
nt fluorine-doped tin oxide glass (Pilkington, TEC-8, 8 � sq−1)
nd annealed at 500 ◦C for 15 min to form a blocking layer. To
ontrol the thickness of the photoelectrodes, the substrates were
overed on two parallel edges with tape. The paste for each elec-
rode was cast on the blocking layer using a doctor blade and heated
equentially at 150 ◦C for 30 min and at 500 ◦C for 15 min. The sin-
ered electrodes were immersed in ethanol containing 0.5 mM of
urified dye (N719, Solaronix) for 24 h. A platinum layer on the

ounter electrodes was fabricated by spincoating H2PtCl6 solution
nd then heating at 400 ◦C for 20 min. The photo and the counter
lectrodes were sealed with a thermal adhesive film of thickness
5 �m, and then filled with an oligomer electrolyte of poly(ethylene
lycol dimethyl ether) (molecular weight = 250 g mol−1) containing
w spheres, (d) TEM image and (e) XRD pattern of TiO2 hollow spheres.

0.8 M 1-butyl-3-methylimidazolium iodide, 0.1 M iodine and 0.1 M
N-methylbenzimidazole.

2.3. Characterization

Scanning electron microscopy (SEM) (FEI, Nova 200 NanoSEM)
and transmission electron microscopy (TEM) (Philips, CM30) were
used to observe the morphology of the spheres and electrodes.
The crystallinity of the TiO2 hollow spheres was investigated by
means of X-ray diffraction (XRD) (Rigaku, D/MAX-2500). The thick-
ness of the electrodes was obtained by using a surface profiler
(KLA-Tencor, Alpha-Step IQ). The pore-size distribution of the hol-
low structure and the nanocrystalline electrode was obtained by
Brunauer–Emmett–Teller (BET) measurements (Bel Japan, Belsorp-
max) and the reflectance of each electrode was detected using a
UV–vis spectrometer (Jasco, V-670) with an integrating sphere. The
electron diffusion coefficient, lifetime and diffusion length in each
electrode were estimated by stepped light-induced transient mea-
surements of photocurrent and voltage [28,29]. A diode laser with
a wavelength of 635 nm was operated at a voltage of 3.00 V and
stepped down to 2.90 V. The laser intensity was varied by using
ND filters. J–V curves of the prepared DSSCs were measured under
AM 1.5 G illumination (100 mW cm−2). The active areas were in
the range of 0.26 ± 0.01 cm2 for all of the cells. Incident-photon-to-
current conversion efficiency (IPCE) data from 400 to 800 nm were
obtained using a specially designed IPCE system for DSSCs (PV Mea-
surements Inc.) [23]. To measure the amount of adsorbed dye on the
photoelectrodes, the sensitizer was desorbed using a 0.1 M NaOH
solution in water and ethanol (50:50, v/v) and absorption spectra
of the solution were detected by a UV–vis spectrometer [23].

3. Results and discussion
3.1. TiO2 hollow spheres

Hollow spheres are generally prepared by coating polymer tem-
plates with metal or inorganic materials and then eliminating the
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electrodes is only 8.62 mA cm−2. However, considering the amount
of the dye adsorbed on the HS electrode (0.343 × 10−7 mol cm−2)
compared with that of the NC electrode (1.104 × 10−7 mol cm−2),
it is concluded that the current density is enhanced by using the
HS electrode. Fig. 5 exhibits the IPCE spectra of the DSSCs with HS
Fig. 2. SEM images of HS electrode: (a) top and (b) cross-sectional view of el

emplates [30,31]. Considering the light scattering effect and sur-
ace area of the photoelectrode in DSSCs, the diameter of hollow
pheres is controlled to the submicron level, especially in the range
f 400–500 nm. Emulsion polymerization is frequently used to fab-
icate submicron polymer spheres in order to obtain spherical,
ize-controlled and monodispersed particles [32]. A SEM image of
S spheres prepared by emulsifier-free emulsion polymerization is
hown in Fig. 1(a). Hexagonal packing of the PS spheres confirms
hat the PS particles are monodispersed and their size is approxi-

ately 540 nm. Negative surface charge, originated from an anionic
nitiator (ammonium persulfate) in the emulsion polymerization,
elps the TiO2 nanoparticles to adsorb easily on the surface of the
S particles [31,33]. Coating TiO2 nanoparticles on the surface of
he PS spheres was conducted by a simple method, i.e., mixing and
tirring PS spheres with TiCl4 solution while heating, that enables
he preparation of a large amount of coated particles. The spheres
ere coated twice to ensure maintenance of the hollow structure
efore removing the templates (Fig. 1(b)). The coated particles were
intered at 500 ◦C for 30 min to remove the PS template and also
o improve the crystallinity and the connectivity of TiO2 particles.
nalysis by SEM and TEM (Fig. 1(c) and (d)) confirm that the TiO2
ollow spheres are well constructed and the diameter and the shell
hickness are approximately 430 and 30 nm, respectively. An XRD
attern of the TiO2 hollow spheres is presented in Fig. 1(e). It shows
hat the crystalline phase is an entirely anatase form and the crys-
alline size is estimated as 15.1 nm from the Scherer equation [23].

.2. Photoelectrode consisting of TiO2 hollow spheres

A paste containing the hollow spheres was prepared for the
abrication of the HS electrodes. As reported previously [22], a
esirable morphology of the HS electrode is difficult to prepare. By
ontrast, the paste method used here provides crack-free electrodes
ith high area density and suitable thickness, and also enhances

he connectivity between the spheres. Ethyl cellulose was selected
s a binder to improve the connectivity between the TiO2 hollow
pheres. The amount of a medium such as terpineol was adjusted
o control the viscosity of the paste and the thickness of the elec-
rodes. Lauric acid was added to the paste to reduce aggregation
etween the spheres. The paste was cast on to transparent con-
ucting oxide substrates that had been pre-coated with a blocking

ayer, which plays a significant role in improving the interconnec-
ivity between the HS electrode and the substrate and prevents
lectron recombination [34]. After applying the paste with a doc-
or blade, HS electrodes were constructed by annealing. Fig. 2(a)

nd (b) illustrates the morphology of the HS electrodes made by
he paste method. It is seen to be crack-free and has a desirable
hickness (12 ± 0.5 �m).

The pore-size distribution and surface area of the HS and
C electrodes were determined from BET measurements. The HS
e. White scale bars of inlet at (a) and (b) represent 5 and 1 �m, respectively.

electrode has large pores (peak: 51.8 nm), more so than the NC
electrode (peak: 14.0 nm), while the surface area of the former
(61.9 m2 g−1) is smaller than that of the latter (90.9 m2 g−1) (Fig. 3).
For electrodes with a similar thickness, the area density of the HS
electrode is lower (0.84 mg cm−2) than that of the NC electrode
(1.65 mg cm−2). Accordingly, it can be expected that the overall
pore volume in the HS electrode is larger than in the NC elec-
trode. The larger pore volume will allow non-volatile electrolytes
with high viscosity to penetrate more easily into the HS electrode.
As shown in the UV–vis reflectance spectra for each electrode
with and without N719 dye adsorption (Fig. 4), the HS electrode
exhibits much higher reflectance than the NC electrode. Although
the reflectance decreases significantly in the range of 400–600 nm
after dye adsorption, the HS electrode still has large reflectance at
long wavelengths (over 600 nm) (Fig. 4(b)). The former is supposed
to scatter light better than the latter. The scattered light appears to
increase the amount of electrons generated in the photoelectrode.

3.3. Photovoltaic performance

The HS and NC electrodes were applied to DSSCs that con-
tained an oligomer [poly(ethylene glycol dimethyl ether), molecular
weight = 250 g mol−1] electrolyte. The performance is listed in
Table 1. The energy-conversion efficiency of the DSSCs with the
HS electrode was 4.30%, which is about 87% of that with the NC
electrode (4.95%). This difference mainly originates from the short-
circuit current density (JSC). The current density of the DSSCs with
NC electrodes is 11.90 mA cm−2 while that of the DSSCs with HS
Fig. 3. Pore-size distribution of HS and NC electrodes.
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Fig. 4. Diffused reflectance spectra of HS and NC electrodes (a) without and (b) with
adsorption of N719 dye.
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Fig. 5. IPCE spectra of DSSCs based on HS and NC electrodes.

nd NC electrodes. The IPCE data also suggest that the HS electrode
ncreases the current density. Although the amount of adsorbed dye
n the HS electrode is one-third of that in the NC electrode, the IPCE
alue of the HS electrode is comparable with that of the NC elec-
rode at over 650 nm. Therefore, it can be expected that one of the
easons for the relatively high current density of the HS electrode

s its light-scattering effect in the long wavelength region.

Another possible reason for the high current density is the elec-
ron lifetime in HS electrodes. The higher open-circuit voltage (VOC)
nd fill factor (FF) of the DSSCs employing the HS electrode suggest

able 1
roperties of HS and NC electrodes and performance of DSSCs employing each electrode.

amples Thickness [�m] Area density [mg cm−2] Adsorbed d

ollow 12.0 ± 0.5 0.84 0.343
anocrystalline 12.1 ± 0.1 1.65 1.104

a Amount of adsorbed dye is divided by active area not volume because value per unit a
Fig. 6. Electron (a) diffusion coefficient, (b) lifetime and (c) diffusion length in HS
and NC electrodes of DSSCs with oligomer electrolytes. Thickness of each electrode
controlled in the range of 7–9 �m.

that the recombination between the electrons in the HS electrode
and I3− ions in the electrolytes is suppressed due to the smaller
surface area of the HS electrode compared with that of the NC
electrode. To obtain the electron lifetime directly, transient mea-
surements of photocurrent and voltage were conducted. Reliable
data are obtained only when the thickness of the photoelectrodes
is thinner than the electron diffusion length. Therefore, the thick-

ness of the electrodes for transient measurements was controlled
in the range of 7–9 �m. Although the thickness of the electrodes
is not equal to that of the cells used at J–V measurements, the
electron transport properties will not be largely changed by the

ye [×10−7 mol cm−2]a VOC [V] JSC [mA cm−2] FF � [%]

0.720 8.62 0.691 4.30
0.703 11.90 0.592 4.95

rea has much correlation with the area density.
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ig. 7. J–V curve of DSSC containing HS electrode with oligomer electrolytes. Thick-
ess of HS electrode is about 16.0 �m.

lectrode thickness. While there is no significant difference in the
lectron diffusion coefficient, HS electrodes have longer electron
ifetime than NC electrodes (Fig. 6(a) and (b)). This brings longer
lectron diffusion length in the former (∼14.5 �m) than the lat-
er (∼11.0 �m) (Fig. 6(c)). The longer electron diffusion length of
he HS electrode implies that its small surface area and amount of
dsorbed dye can be improved by increasing the electrode thick-
ess. While the electrode with a thickness of over 12 �m does not
esult in an increase of the cell efficiency in the case of NC elec-
rodes due to their short electron diffusion length (the data are not
hown here), the maximum efficiency is produced when the thick-
ess of the HS electrode is about 16.0 �m. The J–V curve of a DSSC
ith a HS electrode of thickness 16.0 �m is given in Fig. 7. The JSC

ncreases to 9.93 mA cm−2 without a considerable decrease of VOC
nd FF compared with the data of the thinner HS electrode (Table 1).
n addition, the cell efficiency is almost identical to that of a cell with
NC electrode.

Using volatile electrolytes, a relatively large efficiency differ-
nce between HS and NC electrodes is observed (Fig. 8), while the
S electrode with optimized thickness shows an efficiency equal

o that of the NC electrode when oligomer electrolytes are used.
his suggests that the structure of the electrodes influences per-
eation of the electrolytes. In other words, penetration of the

ligomer electrolyte with poor permeability is facilitated by the

S electrode in contrast to the NC electrode. The high porosity of

he HS electrode benefits the use of viscous electrolytes and ulti-
ately improves the performance of DSSCs that employ oligomer

lectrolytes.

ig. 8. J–V curves of DSSC with HS and NC electrodes employing a volatile
olvent electrolyte. Volatile solvent electrolyte is comprised of 0.7 M 1-butyl-
-methylimidazolium iodide, 0.03 M iodine, 0.5 M tert-butylpyridine and 0.1 M
uanidine thiocyanate in acetonitrile/valeronitrile (v/v = 85/15) solution. Thick-
esses of HS and NC electrodes are about 16.0 and 12.1 �m, respectively.
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4. Conclusions

HS electrodes have been introduced into DSSCs employing
oligomer electrolytes and the effect of the electrode structure on
the cell performance has been investigated. The paste method is
useful to fabricate HS electrodes with a high area density, desir-
able thickness and no cracks. It is found that the large pore size and
the high porosity of the HS electrode benefit penetration of the
oligomer electrolyte. Moreover, the outstanding light-harvesting
efficiency and long electron diffusion length of the HS electrode
elevate its current density and thereby compensate for its small
amount of adsorbed dye. These effects result in the efficiency of
DSSCs with the HS electrode being comparable with that of a NC
electrode when oligomer electrolytes are employed. Consequently,
HS electrodes will be a promising means to improve the perfor-
mance of DSSCs containing other non-volatile electrolytes as well
as oligomer electrolytes.
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