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Abstract

The preparation of titania (TiO2), germania (GeO2) and binary TiO2–GeO2 oxide with different Ti/Ge ratio gels based on sol–gel method
with surfactant-assisted mechanism and their application for dye-sensitized solar cells (DSCs) were reported. The samples were calcined
and characterized by nitrogen adsorption porosimetry, X-ray diffraction (XRD) and morphology was investigated by field emission scanning
electron microscopy (FE-SEM). The XRD results suggested that germanium substituted for titanium in the TiO2 lattice because of the gradual
shift of 1 0 1 diffraction peak of anatase type of TiO2. The higher surface area from binary oxides samples was due to the added oxide acting
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s a crystal growth inhibiter. For the application for DSCs, the electrodes fabricated from binary oxides sample gave significant higher Jsc

hen compared to cell that fabricated by sample TiO2 electrode. The consequence effects of added germanium were analyzed and discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mesoporous film-based dye-sensitized solar cells (DSCs)
ave been developed since a light-activation mechanism sim-
lar to the plant photosynthetic process was applied to solar
ells [1]. Typical DSC is composed of a few micrometer thick
lm consisting nanocrystalline oxide covered with mono-

ayer of Ru-bipyridyl-based charge transfer dye, a redox
lectrolyte and a platinum metal electrode [2].

TiO2 is well-known semiconductor oxide with band gap
nergy of 3.0–3.2 eV regardless of its tetragonal structure
or both anatase and rutile. It is also well-known that band
ap illumination generates electron–hole pairs in TiO2. These
lectron–hole pairs can either recombine or move to the sur-
ace to react with species adsorbed on the surface, which is
nown to be the basis of photocatalysis [3], dye-sensitized
olar cells is the well-known application of TiO2 thin films.
he DSCs which based on highly porous nanocrystalline
lms of TiO2 are considerable attractive because of their

∗ Corresponding author. Tel.: +81 774 38 3502; fax: +81 774 38 3508.

rather high power conversion efficiency (10%), potential low
cost and high semiconductor stability [4].

Although dye-sensitization can be achieved with porous
films of non-TiO2 semiconductors with high band gap such
as SnO2 [5], Fe2O3 [6], ZrO2 [7], Al2O3 [8], ZnO [9], it has
never been reported to be as efficient as the TiO2 cells reported
by O’Regan and Grätzel [10]. In fact, nanostructured TiO2
is not perfect yet in that electron transport becomes more
difficult with the increase of photocurrent in the absence
of space charge layer [3]. The efficiency of DSCs is lim-
ited in part by back-reaction of photoinjected electrons with
triiodide ions in the electrolyte [11] and the presences of elec-
tron acceptors such as oxygen and iodine will lead to loss of
photogenerated electrons over the nanostructured semicon-
ductor electrolyte interface during the transport of the charge
transport of the electrons to the back contact [12]. Thus, pho-
togenerated charge recombination should be prevented for
enhanced efficiency because solely enlarging the oxide elec-
trode surface area is not sufficient. In this study, germanium
oxide was added to enhance the properties of TiO2 nanos-
tructured and would be an alternative approach to improve
E-mail address: s-yoshi@iae.kyoto-u.ac.jp (S. Yoshikawa). the photovoltaic efficiency.
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2. Experimental

2.1. Synthesis of pure TiO2, pure GeO2 and binary
TiO2–GeO2 oxides

Preparation processes of binary TiO2–GeO2 oxide solid
solution in this study are as follows. At first, the titania
(tetra-isopropyl-orthotitanate, TIPT) and germania precursor
(germanium nbutoxide, GeBt) were mixed together by vari-
ous concentration. The mixed metal precursors were firstly
modified by modifying agent (acetylacetone, ACA) in order
to obtain controllable sol–gel process. The ACA was slowly
added to mixed metal precursor in a molar ratio [ACA] = 1:1
to get clear yellow mixture. The organic surfactant (laury-
lamine hydrochloride, LAHC) was used as micellar assem-
blies template structure to fabricate the well-defined mixed
oxide nanocrystalline. The 0.1 M homogeneous LAHC solu-
tions (pH 4–4.5) were mixed with the modified precursors
in a molar ratio of [TIPT + GeBt]:[LAHC] = 4:1. After addi-
tions were completed, these mixtures were stirred at room
temperature for 1 h and further in an oven at 40 ◦C for 24 h
until a clear yellow solution was obtained. The reaction bot-
tles were then sealed and kept in an oven preheated at 80 ◦C
for 7 days to yield a gel. These gel samples were washed
by iso-propanol to remove the surfactant template. All syn-
theses were performed in a similar step to obtain the sample
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bis(2,2′-bipyridine-4,4′-carboxylic acid) ruthenium(II)]
(called N719) dye at least 24 h. The dye-adsorbed electrodes
were immediately assembled into thin layer, sandwich type
solar cells. The counter electrodes, thin platinum layer sput-
tered on FTO conduction glass plates were kept in contact
with these dyed electrodes. In order to prevent a direct contact
between the working and the counter electrodes which result
in the open-circuit voltage Voc reduction to <300 mV [12],
two stripes of 25 �m thick Surlyn (Dupont, Himilan 1702)
were inserted as spacer between them. A drop of redox elec-
trolyte composing of a 0.6 M dimethylpropyl-imidazolium
iodide solution, a 0.1 M lithium iodide (LiI) solution, a
0.05 M iodide (I2) solution and a 0.5 M 4-tert-butylpyridine
in acetonitrile was introduced to the gap between the counter
and working electrodes by the capillary force.

2.4. Characterization and measurement

Crystal structures of all samples were analyzed by X-ray
diffraction (XRD) (RIGAKU Rint-2100) which is generat-
ing monochromated Cu K� radiation with continuous scan-
ning mode at the rate of 2 ◦/min and operating conditions of
40 kV and 40 mA. BET surface area of synthesized samples
was recorded using nitrogen adsorption–desorption analysis
(BELSORP 18 PLUS) with all samples degassed at 200 ◦C
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hich have 0, 5, 10, 20, 30 and 100 mol% of germania added
named hereafter TiGeX, where X is the mol% of germania
dded into titania (e.g. TiGr10 is 10 mol% of GeO2 mixed
ith 90 mol% of TiO2)). For the pure component, ‘pure TiO2’

nd ‘pure GeO2’ will be used instead of TiGe0 and TiGe100,
espectively.

.2. Preparation of photoelectrodes

Conducting glass plates with fluorine doped tin oxide
FTO), sheet resistance 15 �/� were cleaned with acetone,
insed with distilled water and dried in 80 ◦C oven. The pho-
oelectrode was prepared by doctor blade coating. As for
he preparation of the starting coating gel, two longer rims
f conduction glass plate (2 cm × 10 cm) were covered with
dhesive tape (Scotch, ∼40 �m in thickness). Some drops of
ynthesized gel were applied to one of the bare edges of the
onducting glass, and used a glass rod sliding over the tape-
overed edges to spread the gel out evenly. The thickness of
he film can be adjusted by repetitive coating and sintering at
50 ◦C 10 min for each layer until obtained the desire thick-
ess. Finally, the coated electrodes were sintered at 450 ◦C
or 2 h before measuring film thickness and fabricating DSCs.

.3. Fabrication of dye-sensitized solar cells

After sintered in air at 450 ◦C for 2 h and left to be cooled
o 80 ◦C, the sintered electrodes were then immersed in
0 wt.% butanol and 50 wt.% acetonitrile mixed solution
f 0.3 mM [bis(tetrabutylammonium) cis di(thiocyanato)
or 2 h before the actual measurements.
The film thickness of coated electrodes was determined

y an Alpha-Step 200 apparatus (Tencor Instruments) and
he amount of adsorbed dye concentration was measured by
sing the solution of 0.1 M NaOH and ethanol (1:1 in volume
raction), in which the anchored dye from dyed electrodes
as desorbed. A shimadzu UV-2450 UV–vis spectrometer
as exploited to record absorption spectra of the samples

t room temperature. The sample morphology was observed
y a field emission scanning electron microscopy (FE-SEM,
EOL JSM-6500FE).

The photovoltaic properties were measured by using a
otentiostat (Bunko–Keiki Co., Ltd., Model HCSSP-25) irra-
iated with simulated solar light, A.M. 1.5, 100 mW/cm2

Bunko–Keiki Co., Ltd., Model CEP-2000).

. Results and discussion

.1. Characterization of binary TiO2–GeO2 oxide

Fig. 1 shows the results of XRD patterns of the pure TiO2,
ure GeO2 and binary TiO2–GeO2 oxides at different Ti/Ge
atio after heat treatment at 500 ◦C. For the pure TiO2, the
eaks characteristic of the anatase phase appeared and no
race of rutile phase was detected. For pure GeO2 sample, the
RD pattern exhibited hexagonal phase structure after heat

reatment at 450 ◦C. For binary TiO2–GeO2 oxide samples,
he XRD patterns from the sample TiGe5 to TiGe30 are in
greement with anatase type of TiO2 and peaks from GeO2
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Fig. 1. XRD patterns of the pure TiO2, GeO2 and TiO2–GeO2 with different
Ti/Ge ratios after heat treatment at 450 ◦C.

are not found in these samples. Fig. 2 shows the enlarged
XRD patterns around the peak of crystal plane (1 0 1) of pure
TiO2 and binary oxide samples. The gradual shifting of the
1 0 1 diffraction peak of the anatase type titania to a higher
2θ angle with increasing germanium content suggested the
substitution of titanium by germanium. It is because the ionic
radius of germanium (0.53 Å) smaller than that of titanium
(0.61 Å) [13]. The peaks of the sample which has germanium
content >10% were not shifted probably attributed to that
the germanium may not enter the TiO2 lattice, and it may
be present as GeO2 [13]. This GeO2 possibly presented as
amorphous phase, since the XRD peaks from GeO2 could not
be observed even the germanium content reached 30 mol%.

Table 1 shows the results of BET surface area measure-
ments. The binary TiO2–GeO2 oxides had much higher BET
surface areas than pure TiO2 and pure GeO2. The increase
of surface area with the amount of germanium content up to
10% was corresponding to the gradual shifting of the 1 0 1

F
m

Table 1
Surface area and amount of adsorbed dyes on electrodes

Sample BET surface
area (m2/g)

Amount of dye per
thickness of the electrodes
(10−8 mol/cm2 �m)

Pure TiO2 80 1.84
TiGe5 115 2.01
TiGe10 130 2.13
TiGe20 120 2.02
TiGe30 110 1.96
Pure GeO2 22 –

diffraction peak. As the germanium atom could not enter to
the lattice of TiO2, the surface area of sample which has ger-
manium content >10 mol% would be decrease.

3.2. Morphology of binary TiO2–GeO2 oxide film

Fig. 3a represents the SEM images of the surface mor-
phology and the cross section of sample TiGe10 film with
the four times repetitive coating after sintering at 450 ◦C for
2 h. The thicknesses of porous films are about 5 �m. This
SEM image shows a fine crack-free porous electrode with-
out a distinct cavity which can attribute to the advantages of
doctor-blading method and characteristic of gel sample. The
high magnification SEM images of pure TiO2 and TiGe10
films were shown in Fig. 3b and c, respectively. The particle
size distribution of pure TiO2 is in the range of 15–30 nm and
TiGe10 is 10–25 nm. The smaller in particle size of binary
oxide are due to the presence of germanium as GeO2 which
inhibits crystallite growth of a solid solution [13].

3.3. Photovoltaic characteristics

Fig. 4 shows the relation of photovoltaic characteristics
and oxide composition of DSCs fabricated using respective
binary TiO2–GeO2 oxides sample: (a) short-circuit photocur-
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ig. 2. Enlargement of the region around 25◦ 2θ of sample pure TiO2 and
ixed of different Ti/Ge ratios after heat treatment at 450 ◦C.
ent density (Jsc), (b) open-circuit voltage (Voc) and (c) con-
ersion efficiency (η). Each data point was the average of
ve cells and the thickness of each electrode sample was
ontrolled to be around 4 �m. Jsc and η were improved by
ncrease of the amount of germanium and had a maximum at
0 mol% mixed for sample TiGe10. The change in Jsc is cor-
esponding to the amount of adsorbed dye on electrode shown
n Table 1. In general, the amount of adsorbed dyes increases
he number of injected electrons in metal oxide electrodes,
eading to an increase of Jsc [14,15].

Although the amount of adsorbed dye of TiGe5 and
iGe20 samples were almost the same, the Jsc from these

wo samples were significantly difference. The addition of
ermanium could result in changes in electrode properties
epending upon the amount added. When the germanium
ontent is <10 mol%, the added germanium could serve as a
rystal growth inhibiter that can cause a higher surface area.
n contrast, if the amount of added germanium is >10 mol%,
distinctive decrease in Jsc of the binary oxides electrodes
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Fig. 3. FE-SEM images of (a) the cross section of sample TiGe10 electrode,
(b) and (c) surface morphology of the electrode fabricated by pure TiO2 and
sample TiGe10, respectively.

was observed. This corresponds to the property of pure GeO2
electrode. However, the results in Fig. 4b indicated that the
addition of germanium (up to 30%) does not affect the Voc.

Fig. 5 illustrates the dependence of Jsc on the thickness of
the film prepared by the sample pure TiO2 and TiGe10. It is
clear that the Jsc obtained from TiGe10 electrode is higher
than that obtained from pure TiO2 electrode. The increasing
of Jsc seems to get saturated with an increasing of thick-
ness. Furthermore, when the thickness of TiGe10 film >7 �m,
Jsc obtained from sample TiGe10 started to decrease. This
is probably due to the fact that, the charge recombination
between electrons injected from the excited dye to conduction
band of semiconductor and the I3

− ions in the electrolyte will
become more serious in thicker films, which is detrimental to

Fig. 4. Relation of photovoltaic characteristics and oxide composition. (a)
Short-circuit current density (Jsc), (b) open-circuit voltage (Voc) and (c) solar
energy conversion efficiency (η).

Fig. 5. Relationship between the short-circuit current density (Jsc) and thick-
ness of electrodes fabricated by sample pure TiO2 and TiGe10.
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electron collection on the back contact, and thus, photocur-
rent generation [16]. In other words, the electrons generated
at a distance farther from the interface between the electrode
film and conducting glass are getting lost by recombination
before they can reach the interface [2,17,18].

4. Conclusions

In summary, TiO2, GeO2 and binary TiO2–GeO2 oxides
from different Ti/Ge ratio gels were synthesized by sol–gel
method of surfactant-assisted mechanism. The XRD results
indicated that these binary oxides were solid solutions
because of the gradual shift of 1 0 1 diffraction peak of anatase
type of TiO2. The added germanium role was based on the
crystal growth inhibiter, which leading to smaller grain size
when compared to the sole metal oxide. The binary oxides
samples had higher surface area than the pure component,
which resulted in the higher amount of adsorbed dye con-
centration. The electrodes fabricated from sample TiGe5 and
TiGe10 gave significant higher Jsc when compared to those
of pure TiO2. The use of binary oxide as an electrode was
an alternative approach to enhance the efficiency of dye-
sensitized solar cell.
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