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A photocurrent was observed in a nanocomposite electrode
consisting of an unheated dye-doped titania gel and carbon
nanotubes. The electrode was prepared by the electrophoresis
of carbon nanotubes and a simple dip-coating with a titanium
isopropoxide sol containing fluorescein on ITO–glass plates at
room temperature. The shape of the photocurrent action spectra
was similar to that of the absorption spectrum of fluorescein.
The photocurrent was generated by excitation of the dye and
was enhanced by the carbon nanotubes.

Fine functional materials are required for the development
of high-quality electronic devices. Dye-sensitized solar cells
based on titania have been paid significant attention as new
energy generators.1 Carbon nanotubes (CNTs) and nanofibers
are promising materials having quantum characteristics.2–4 The
composition of these materials provides very interesting charac-
teristics for producing new and excellent devices.5–9 We previ-
ously investigated a photocurrent of an unheated titania gel
containing dispersed dye.10 In this study, a nanocomposite
consisting of such a dye-doped titania gel and CNTs has been
prepared by a simple low-temperature process, and its photo-
electric properties have been measured by simple techniques.

Glass plates coated with an ITO transparent electrode (AGC
Fabritech) were soaked in hydrochloric acid (1.0mol dm�3)
for 1 h and then rinsed with pure water. The electrolyte for the
electrical measurement consisted of a diethylene glycol solution
of iodine (5:0� 10�2 mol dm�3) and lithium iodide (0.50
mol dm�3).

The multiwalled CNTs (95% purity, Ilijin Nanotech) have a
diameter of 10–30 nm and a length of 10–20mm. In order to in-
crease their dispersibility into matrices, the CNTs were treated
with a concentrated H2SO4/HNO3 mixture (3/1 in volume) at
313K for 24 h and then rinsed with a copious amount of water.11

The sol–gel reaction system was prepared by mixing
5.0 cm3 of titanium tetraisopropoxide, 25.0 cm3 of ethanol,
0.21 cm3 of water, and 0.21 cm3 of concentrated nitric acid as
the catalyst for the sol–gel reaction. Fluorescein was dissolved
in the sol–gel system in which the concentration of fluorescein
was 1:0� 10�2 mol dm�3 (dye/Ti = 1/60). The dip-coated thin
films were made from the sol–gel systems reacting for one day to
prepare the electrodes in this study.

The acid-treated CNTs were deposited onto the ITO–glass
plates by electrophoresis at 5.0V for 1min in N,N-dimethyl-
formamide to form blackish transparent thin film (50–100 nm).
The dye-containing sol–gel reaction system was applied three
times (ca. 200 nm) on the CNT-coated and CNT-free ITO-glass
plates. The former is the nanocomposite of dye-doped titania gel
and CNTs.

The UV–vis absorption spectra of the prepared electrode

samples were observed in transmission using a spectrophoto-
meter (Shimadzu UV-2500). The iodine-based electrolyte was
allowed to soak into the space between the electrode sample
and the counter Pt electrode. Visible light of wavelengths longer
than 400 nm obtained from a fluorescence spectrophotometer
(Shimazdu RF-5300) with a 150-W Xe short arc lamp (Ushio)
was irradiated on the electrodes for the spectroscopy. Under
light irradiation, the short circuit currents of the electrodes
were measured by an electrometer (Keithley model 617). The
I–V curves of the electrodes were measured by a potentiostat
(Hokuto Denko HSV-100).

Figure 1 shows a comparison of the visible absorption and
photocurrent spectra of the fluorescein-doped titania gel and
the composite of it and the CNTs. The spectra of these films were
observed around 400–550 nm. A higher absorbance (ca. 1.3
times) was observed over the range from 300 to 600 nm in the
spectrum of the composite due to the CNT absorption. The pho-
tocurrent spectra of both films have a shape similar to the broad
absorption spectrum of fluorescein. The photocurrent values are
triply enhanced by the presence of the CNT films. Their peaks at
490–500 nm are assigned to the mixture of the anion and dianion
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Figure 1. (a) UV–vis absorption and (b) photocurrent spectra
of (1) the fluorescein-doped titania gel and (2) the composite
of it and CNTs.
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species of fluorescein, based on the spectra observed in wa-
ter.10,12 This correspondence indicates that the current electrons
were produced by a process consisting of the light absorption
of fluorescein and electron transfer from its excited states to
the titania gel. The enhanced photocurrent is not due to only
the CNT absorption because only a weak photocurrent was
observed in the composite of the dye-free titania gel and CNTs
similar to its dark current. It is noted that a photocurrent should
be generated even in the unheated dye-doped titania gel as re-
ported in a previous paper.10 It is possible that the conduction
band-like states are formed in the titania gel, which has an in-
complete structure of titanium dioxide containing many defects.

We theorize that the dye-doped titania gel consists of
amorphous, nanosized, and particle-like units having a semicon-
ductor-like band structure and that the quasi-conduction band
accepts an electron from the excited dye molecule. The electron
transfer efficiently occurs because the dye molecules are highly
dispersed into the titania gel network at a molecular level.
However, the electron must travel in the amorphous titanium
gel layer, which has low conductivity, in order to reach the
ITO electrode. The CNTs are coated with the dye-doped titania
gel layer in the composite, and the electron is easily injected
into the ITO electrode via the CNTs because of the excellent
bridge and interconnection between the titania gel and the ITO
electrode.5,6,8,10

Figure 2 shows the I–V curves of the dye-doped titania
gel and the composite of it and the CNTs. They were observed
during visible light irradiation (>400 nm, 2.0Wcm�2). The
photoelectric conversion parameters are shown in Table 1.
The short circuit photocurrent density (JSC) values of the compo-
site are remarkably higher than those of the dye-doped titania gel
relating the higher values of its photocurrent spectrum shown
in Figure 1. The open circuit voltage (VOC) of the composite,
however, is lower than the CNT-free film. This is due to the
charge recombination at the interface between the titania gel
and the CNTs.5a The short circuit between the CNTs and the

electrolyte also causes a decrease in VOC value, accompanied
by a decrease in the fill factor (FF). The enhancement of the
photocurrent due to the presence of the CNTs improved the
maximum power (Pmax) and quantum efficiency (QE) of the cell
by nearly seven and three times, respectively. Even though these
values are very low for use in a solar cell, a further improvement
is expected after crystallization of the titania gel by treatment at
low temperature, such as steam treatment.10,13

In conclusion, a photocurrent was observed in a nanocompo-
site electrode consisting of unheated dye-doped titania gel
and CNTs. The photocurrent was generated by excitation of
the dye and was enhanced by the CNTs.
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Figure 2. I–V curves of (1) the fluorescein-doped titania gel
and (2) the composite of it and CNTs.

Table 1. Photoelectric conversion properties of (1) the fluores-
cein-doped titania gel and (2) the composite of it and CNTs

Sample
JSC

VOC/V FF
Pmax

QE/%
/mAcm�2 /mWcm�2

1 2.8 0.30 0.51 0.43 0.095
2 65.4 0.14 0.32 2.91 0.033
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