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Abstract

The beneficial influence of incorporation of acid-treated and rutile TiO2 (r-TiO2)-modified multi-wall carbon na-
notubes (MWNTs) in TiO2 films on photocurrent–voltage characteristics of dye-sensitized solar cells (DSSCs) was
studied. Two different routes were adopted for the modification of acid-treated MWNTs (a-MWNTs) with r-TiO2.
The films and MWNTs were characterized by electron microscopy, energy dispersive X-ray spectroscopy, XRD and
Raman spectroscopy. In the case of incorporation of a-MWNTs with r-TiO2 modification, short-circuit photo-
current (Jsc) of the pertinent DSSC increased by 35% compared with that of a cell with bare TiO2 film. The open-
circuit voltage remained almost the same for all cases. The enhanced Jsc is explained by the increased surface area of
the film, enhanced cluster formation of TiO2 particles around a-MWNTs, and improved interconnectivity of TiO2

particles in the presence of a-MWNTs.

1. Introduction

Carbon nanotubes constitute one of the four allotropic
forms of carbon. Such tubes are in the form of a sheet
rolled into a cylinder-like structure and may have single
or multi walls. Carbon nanotubes have attracted inten-
sive attention in many applications, such as field-
emission displays [1], electrochemical energy storage
devices [2], molecular electronic devices [3], nanotube
actuators [4], and electrochemical capacitors [5] among
others.
Inclusion of carbon nanotubes in an inorganic TiO2

sol-gel matrix was reported by Vincent et al. [6]. Huang
and Gao have immobilized rutile TiO2 (r-TiO2) on
multi-wall carbon nanotubes (MWNTs) and studied the
relevant growth behavior [7]. Ago and colleagues have
fabricated photovoltaic devices using composites of
MWNTs and conjugated polymers [8]. Usui et al. have
prepared ionic gel electrolytes by dispersing MWNTs
into ionic liquid electrolytes, and achieved higher energy
conversion efficiency with corresponding dye-sensitized
solar cells (DSSCs), relative to those using bare ionic
liquid electrolytes [9].
It has been reported that the photovoltages of

DSSCs fabricated with anatase and r-TiO2 are compa-
rable at one-sun intensity (100 mW cm)2) [10, 11].
Compared to anatase TiO2, r-TiO2 has superior light
scattering properties because of its higher refractive

index and is chemically more stable and potentially
cheaper to produce [12]. Higher light scattering prop-
erties are beneficial from the perspective of effective
light harvesting. Hydrolysis of TiCl4 is the process
commonly used for obtaining highly porous r-TiO2

films for DSSCs. However, analyses by intensity-
modulated photocurrent spectroscopy along with scan-
ning electron microscopic data suggest that electron
transport is slower in the rutile layer than in the
anatase layer due to differences in interparticle con-
nectivity associated with particle packing density [10].
One possible way of achieving the promotion of
electron transfer through r-TiO2 film electrodes is to
utilize carbon nanotubes, which also act as light
scattering centers. The basis for this idea is the report
by Stéphan et al. that introduction of MWNTs in
poly(methyl methacrylate) polymers increased the con-
ductivity of the composite by 9 orders of magnitude
[13]. It has been reported that treating carbon nanotu-
bes with a concentrated acid mixture of H2SO4 and
HNO3 [14–17] and of H2SO4 and KMnO4 [18] results
in introducing carboxylic acid groups to the nanotubes
in addition to shortening them [19]. By analogy with
the fact that carboxylic acid groups of Ru(II)-based
dye molecules bond covalently to TiO2 in DSSCs, it is
assumed that MWNTs attached with carboxylic acid
groups can adhere more strongly to TiO2 particles than
untreated MWNTs.
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We have not found any reports on the influence of
acid-treated MWNTs (a-MWNTs) on the photovoltaic
properties of DSSCs. We have recently reported that
incorporation of single-wall carbon nanotubes (SWNTs)
in TiO2 film increased the short-circuit photocurrent
(Jsc) of DSSCs [20]. In this case the incorporation was
irregular; SEM analyses indicated that SWNTs were not
uniformly distributed in the TiO2 film and that some
portions of the SWNTs were not attached to the
nanocrystalline TiO2 particles.
In the present research we have preferred a-MWNTs

and studied their beneficial influence, with and without
r-TiO2 modification, when incorporated in P25 TiO2

films, on the photovoltaic properties of the pertinent
DSSCs. Incorporation of MWNTs was intended owing
to their relatively high conductivity (8 S cm)1 at room
temperature [8]), and modification of MWNTs with r-
TiO2 was aimed at utilizing the latter�s superior light
scattering property relative to anatase TiO2. Two types
of investigation are presented in this paper. First, a-
MWNTs were incorporated in P25 TiO2 films. In the
second investigation, r-TiO2 was grown on a-MWNTs
by two different methods using hydrolyzed TiCl4, and
these r-TiO2-encapsulated nanotubes were incorporated
in P25 films.

2. Experimental

Twenty mg of MWNTs (prepared by arc discharge, Iljin
Nanotech, 90% purity) were oxidized in 30 ml of
concentrated HNO3 by refluxing for 6 h in a silicone
oil bath maintained at 140 �C. The contents were filtered
through a 200 nm pore size PTFE membrane. The
filtrate was washed with a dilute NaOH solution and
distilled water, followed by drying it in an oven at
100 �C. The resulting powder was designated as a-
MWNTs.
In the first investigation, 0.5 mg of a-MWNT, which

had been dispersed in a small amount of water, was
mixed with 1.2 g of P25 to prepare TiO2 colloidal
mixture according to a procedure given elsewhere [21].
This colloidal mixture was coated on fluorine doped
SnO2 (FTO) conducting glass (Libbey-Owen-Ford Co.)
by using the doctor blade technique, and annealed at
450 �C for 30 min in air.
In the second investigation, r-TiO2 was grown on a-

MWNTs prior to mixing them with P25. The growth
was accomplished by two methods:
Method ‘‘a’’: 10 mg of a-MWNTs were suspended in

10 ml of 0.2 M hydrolyzed TiCl4 solution in a vial and
the contents were stirred for 3 days, centrifuged, washed
with distilled water and ethanol in sequence, and dried
at 100 �C for 16 h. The resulting powder was designated
as r-TiO2(0.2)/a-MWNTs.
Method ‘‘b’’ [7]: 10 mg of MWNTs were suspended in

7 ml of concentrated HNO3 and refluxed for 6 h in a
silicone oil bath maintained at 140 �C. The temperature
of the bath was cooled to 60–70 �C and 7 ml of 2.0 M

hydrolyzed TiCl4 was rapidly injected into the contents
under vigorous stirring condition. After 6 h the final
products were centrifuged, washed with distilled water
and ethanol in sequence, and dried at 100 �C for 16 h.
The resulting powder was designated as r-TiO2(2.0)/a-
MWNTs.
About 0.5 mg each of r-TiO2 immobilized a-MWNTs

obtained from the two methods were dispersed sepa-
rately in small amounts of water and mixed with 1.2 g of
P25 to prepare TiO2 colloidal mixtures. From these
pasty TiO2 colloidal mixtures, films were obtained on
FTO conducting glass as described in the first investi-
gation above.
For explanations in the following, we designate the

TiO2 film prepared in the first investigation as Film A,
the one with r-TiO2(0.2)/a-MWNTs as Film B, and
that with r-TiO2(2.0)/a-MWNTs as Film C. Nearly the
same TiO2 film thickness was maintained in all three
cases, this being 18 lm. The reason for these thick
films was to prevent MWNTs from protruding from
the films, which otherwise could have caused a short
circuit in the DSSCs. The TiO2 films thus obtained
were coated for 24 h at room temperature with dye in
absolute ethanol containing 0.3 mM of
[RuL2(NCS)2] Æ 2H2O, where L = 2,2¢-bipyridine-4,4¢-
dicarboxylic acid. After the dye adsorption, additional
non-bonded dye was removed by washing the dye-
coated TiO2 film with anhydrous ethanol. Thus a
monolayer of dye on TiO2 was ensured. Fabrication
of DSSCs was accomplished by the method given
elsewhere [21]. The electrolyte solution consisted of
0.6 M 1,2-dimethyl-3-hexylimidazolium iodide, 0.5 M 4-
tert-butylpyridine, 0.1 M LiI, and 0.05 M I2 in 3-
methoxypropionitrile.
TEM micrographs of the annealed powders were

obtained by a JEOL 1200EX to characterize the attach-
ment of TiO2 to MWNTs. Energy dispersive X-ray
(EDX) spectra were recorded with a Hitachi S-4300
microscope to visualize the distribution of MWNTs in
the TiO2 film. FTIR and XPS spectra were obtained
using a Bowman, Harman & Braun MB-series and an
SSI 2803-S X-ray photoelectron spectrometer, respec-
tively, to identify the formation of carboxylic acid groups
on a-MWNTs. Raman spectra were obtained using a
Jobin-Yvon T 64000 spectrophotometer to identify the
attachment of r-TiO2 to MWNTs. XRD measurements
were carried out using an MAC Science Co. MO3XHF
X-ray diffractomer with Cu Ka radiation. Scattering
intensities of the films were measured by utilizing an
Aminco-Bowman series-2 luminescence spectrometer
with a solid film holder. Photocurrent–voltage curves
were measured using a Keithley Model M236 source
measure unit. A 300 W Xe lamp with an AM 1.5 filter
(Oriel) was used to illuminate an active area of
0.4� 0.5 cm of the TiO2 electrode. An HP 8453A diode
array spectrophotometer was used to estimate the
amount of dye adsorbed to the TiO2 films and for
obtaining variable–potential spectra. Incident photon-
to-current conversion efficiency (IPCE) was measured
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with an Aminco-Bowman FA-256 luminescence spec-
trometer.

3. Results and discussion

FTIR and XPS spectra (not shown) identified the
attachment of carboxylic acid groups to acid treated
MWNTs (a-MWNTs). FTIR spectra of a-MWNTs
showed a C=O peak of the COOH groups at
1730 cm)1 and a broad OH peak around 3400 cm)1,
in addition to a C=C peak of MWNTs at 1600 cm)1.
XPS data of a-MWNTs showed that the relative area of
the peak at 289.0 eV [22] increased compared to that of
untreated MWNTs due to the COOH groups. XPS
analysis also indicated that the ratio of the atomic
concentrations of O1s to C1s increased from essentially
0% to approximately 6% due to the oxidation of
MWNTs by HNO3. On the basis of these results, the
presence of COOH groups in the a-MWNTs was
confirmed. As a result of the shortening and simulta-
neous functionalization with COOH groups by nitric
acid, a-MWNTs dispersed well in water [23]. Their good
miscibility with water is beneficial for the fabrication of
TiO2 film electrodes; otherwise they need to be dispersed
in an organic solvent such as DMF or N-methylpyrr-
olidine before being mixed with a P25 TiO2 aqueous
colloidal solution [20].
A crystalline phase of TiO2 in the annealed powders

of r-TiO2(0.2)/a-MWNTs and r-TiO2(2.0)/a-MWNTs
was identified by XRD spectra. Figure 1 compares
XRD patterns of r-TiO2/a-MWNTs with pristine
MWNTs. The peaks at 27.4, 36.1, 41.2 and 54.3�
(JCPDS 21-1276) in Figure 1(a, b) clearly represent the
crystalline phase of the immobilized TiO2 to be rutile. A
shoulder possibly arising from a-MWNTs is discernible

at about 26.1� in Figure 1(a, b), but is slightly shifted
from the corresponding peak of pristine MWNTs at
25.7� (Figure 1(c)) due to the changes occurring during
the refluxing process in concentrated HNO3 [7].
A TEM image in Figure 2(a) illustrates a-MWNT

surrounded by TiO2 particles of P25. The image was
obtained from annealed powder, which was produced
from a mixture of P25 and a-MWNTs, for portraying
the degree of attachment of P25 particles to a-MWNTs.
Figure 2(b, c) depict TEM images of annealed powders
of r-TiO2(0.2)/a-MWNTs and r-TiO2(2.0)/a-MWNTs,
respectively. Unlike the loose coverage of TiO2 particles
of P25 on the a-MWNT in Figure 2(a), a wrapping of
the tubes by r-TiO2 particles is observed in Figure 2(b,
c), indicating that the coverage on a-MWNTs with r-
TiO2 particles strongly depends on the preparation
method of the composite with TiO2 (P25 or rutile) and
a-MWNTs. It is interesting to note that the TiO2

assumes needle-like structure in Figure 2(b) and peanut-
like structure in Figure 2(c).
The a-MWNTs in TiO2 colloidal mixtures essentially

remained stable after annealing at 450 �C for 30 min in
air. Their distribution in the TiO2 films was visualized by
EDX analysis as shown in Figure 3, which shows the
typical mapping images of titanium, oxygen and carbon
of Film B, while the P25 film did not reveal the mapping
image of carbon. The results indicate relatively well-
distributed a-MWNTs in the Film B. Similar mapping
images to those of Film B were obtained for Films A
and C.
As a supplementary to TEM, Raman spectroscopy

was used to study adherence of r-TiO2 particles to
MWNTs. Figure 4(A) compares Raman spectra of r-
TiO2 immobilized a-MWNTs with that of pristine
MWNTs in the region between 120 and 1800 cm)1.
The Raman spectra confirm that TiCl4-produced TiO2
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Fig. 1. XRD patterns of powders of (a) rutile TiO2 (r-TiO2)(0.2)/acid-treated MWNTs (a-MWNTs), (b) r-TiO2(2.0)/a-MWNTs, and (c) pris-

tine multi-wall carbon nanotubes (MWNTs). R denotes rutile. All samples were annealed at 450 �C for 30 min in air.
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crystallizes as rutile on a-MWNTs [12], regardless of the
concentration of TiCl4. In Figure 4(B), an expanded
portion of Figure 4(A), the G-bands pertaining to the
E2g mode of MWNTs of r-TiO2(0.2)/a-MWNTs and r-
TiO2(2.0)/a-MWNTs powders show blue-shifts by 4 and
7 cm)1, respectively, with respect to that of pristine
MWNTs at about 1557 cm)1 [24]. These blue-shifts can
be attributed to the strain effects [25] at the a-MWNT/
TiO2 interfaces, which may influence the vibrational
frequencies. Incidentally, Figure 4(C), expansion of
Figure 4(A) in the 400–700 cm)1 region, reveals that
the Eg and A1g bands of r-TiO2(2.0)/a-MWNTs are
slightly blue-shifted relative to those of r-TiO2(0.2)/a-
MWNTs. All these Raman spectral changes of a-
MWNTs are due to the adherence of r-TiO2 particles
to a-MWNTs.
Figure 5 shows J–V curves of DSSCs made by

incorporating a-MWNTs, with and without r-TiO2

modification, in the TiO2 films, compared with that of
a cell fabricated with P25 film only. The results are
summarized in Table 1. Compared to a cell fabricated
with P25 film only, the cell with Film A shows a higher
Jsc by about 12%. Similarly the cells with Films B and C
show Jsc improvements of about 27 and 35%, respec-
tively. However, there are hardly any changes in open-
circuit voltage (Voc) and fill factor (FF) of the four cells.
As a result of mainly Jsc enhancements, the overall

energy conversion efficiency (g) has increased by 17, 24,
and 38% for the cells prepared with Films A, B and C,
respectively, with respect to that of the cell made with
P25 film only.
The essential reason for the enhanced Jsc is attributed to

increased surface area of the TiO2 films in the presence of
a-MWNTs. This can be verified bymeasuring absorbance
of desorbed dye from a TiO2 film. Enhanced quantity of
dye adsorption is indicative of enhanced surface area of
TiO2 film for a monolayer of dye on the TiO2 particles.
Absorbance measurements of the desorbed dye from
TiO2 films with and without a-MWNTs in Figure 6
indicate increased dye adsorption by about 40% in the
case of FilmA, and by 57 and 71% in the cases of Films B
and C, respectively, compared to that of the unmodified
P25 film. This suggests that the surface area of TiO2 films
for dye adsorption has increased in the order of surface
area of P25<Film A<Film B<Film C. The Jsc
increases are consistent with this order of increase of
surface area. The increased surface area of TiO2 filmswith
the incorporation of a-MWNTsmay be due to additional
adsorption sites gained from the adherence of TiO2

particles to a-MWNTs (Figure 1(a)), that are otherwise
not available when TiO2 particles aggregate themselves in
theP25film.Because of the finedistribution of a-MWNTs
in the TiO2 films, as can be understood from Figure 3, a
better dispersion of TiO2 particles in the film can be

( )

Fig. 2. TEM images of annealed powders of (a) acid-treated multi-wall carbon nanotube (a-MWNT) mixed with P25 particles, (b) rutile

TiO2 (r-TiO2)(0.2)/a-MWNTs, and (c) r-TiO2(2.0)/a-MWNTs.

Fig. 3. EDX mapping images of Film B: (a) titanium, (b) oxygen, and (c) carbon.
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visualized and hence additional adsorption sites for the
dye. We have verified in our previous work [26] that the
Ru(II) dye does not adsorb onto SWNTs. Therefore, we
do not attribute the increased surface area to
a-MWNTs. The adsorption of the dye is assumed to

be on TiO2 particles. The adsorption sites apparently
increased further with uniform immobilization of r-TiO2

on a-MWNTs, with respect to Film A. The difference in
Films B and C can be rationalized by considering that
the peanut-like r-TiO2 particles of Film C (Figure 1(c))
can lead to a larger surface area for the dye adsorption
than the needle-like r-TiO2 particles of Film B (Fig-
ure 1(b)).
The Jsc enhancements are supported by unfailing

higher IPCE values at all wavelengths over the visible
region (Figure 7(a)). The Jsc increase also arises from
enhanced light scattering by the TiO2 films with
a-MWNTs. Figure 7(b) shows that the TiO2 films with
a-MWNTs scatter more light intensity at the angle of
10� over the 400–800 nm region than the P25 film. The
reason for this may be favorable TiO2 cluster formation
induced by a-MWNTs in the films in the order of that of
P25<Film A<Film B<Film C, again in agreement
with the order of the Jsc increase. The enhanced light
scattering of Films B and C, compared to that of the
film P25 and Film A can be accounted for the higher
light scattering properties of r-TiO2 on a-MWNTs. The
variation in morphology and amount of r-TiO2 on a-
MWNTs, caused by the one order difference in TiCl4
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Table 1. Photovoltaic parameters of dye-sensitized solar cells

(DSSCs)a,b made with films A, B and C and with a bare P25 film

Electrodec Jsc/mA cm)2 Voc/V FF g/%

P25 7.41 0.69 0.56 2.88

Film A 8.38 0.68 0.59 3.40

Film B 9.44 0.68 0.56 3.60

Film C 10.02 0.69 0.58 4.04

aRadiant power was 100 mW cm)2.
bElectrolyte solution consisted of 0.6 M 1,2-dimethyl-3-hexylimidazo-

lium iodide, 0.5 M 4-tert-butylpyridine, 0.1 M LiI, and 0.05 M I2 in 3-

methoxypropionitrile.
cFilms A, B, and C were prepared each with 1.2 g of P25 added

respectively with 0.5 mg of a-MWNTs, r-TiO2(0.2)/a-MWNTs, and

r-TiO2(2.0)/a-MWNTs.
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concentration used, can explain the increased light
scattering of Film C compared with that of Film B.
The Jsc enhancement can also be explained by the

increase in interconnection among the TiO2 particles in
the TiO2 films prepared with a-MWNTs. Formation of
a-MWNT-induced clusters, as mentioned already, en-
ables increase in interconnection among the TiO2

particles in the film, relative to that among the particles
in the film without a-MWNTs. The increased intercon-
nectivity in turn increases the electrical conductivity of
the film in the presence of a-MWNTs. We have recently
verified through electrochemical impedance spectros-
copy that the resistance of SWCN-incorporated TiO2

film decreased conspicuously by a factor of three
compared to that of the unmodified TiO2 film [27]. We
have also noted that MWNTs are two-dimensional
electrical conductors, while infinitely long SWNTs
exhibit one-dimensional conduction [27]. In addition
to improved interconnectivity among TiO2 particles in
the films in the presence of MWNTs, the anchoring of
TiO2 particles to nanotubes can promote charge sepa-
ration, owing to the fact that carboxylic acid groups of
a-MWNTs are also able to attach themselves to TiO2

particles.
Using the spectroscopic technique developed by

Rothenberger et al. [28], further explanation is provided
for the Jsc enhancements. Figure 7(c) shows the absor-
bance at 800 nm as a function of applied potential with
reference to an Ag/AgCl electrode of film electrodes A,
B and C, and of an unmodified P25 film electrode, in
acetonitrile containing 0.2 M tetrabutylammonium per-
chlorate and 0.5 M LiClO4. It can be seen that the
absorbances in the case of Films A, B and C are clearly
more than that of a bare TiO2 film. Since absorbance is
proportional to the free electron density in the conduc-
tion band of TiO2 [28], the implication is a higher
electron transport in Films A, B and C. This suggests

that the surface electron trap sites are possibly blocked
by the improved interconnectivity among TiO2 particles.
The absorbance pattern of Films A, B and C is
consistent with their respective Jsc enhancements. Sup-
port for the blocking of surface electron trap sites is
gained from the transient photocurrents of the cells
made with Film B and P25 film, as typically shown in
Figure 8. The figure shows the rise and fall of the Jsc
recorded during one on-off cycle of illumination at
100 mW cm)2. The time required for the fall of the Jsc
by 90% in the case of DSSC with Film B is estimated to
be faster by about 0.15 s than that in the case of the cell
with P25 film. Similarly, the Jsc of the cell made with
Film C decreased faster by about 0.12 s compared to
that of the cell with P25 film (figure not shown).
Electrons trapped in the surface states appear to be
responsible for the slower photocurrent response in the
case of the DSSC with bare P25 film [29, 30].
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It is to be emphasized here that the performance of the
cell is not optimized with regard to film thickness, dye
purification and device architecture. This study focused
on the influence of a-MWNTs and r-TiO2/a-MWNTs,
when incorporated in P25 TiO2 film, on the photovoltaic
properties of the corresponding DSSCs. Comparative
measurements were made in this regard with reference to
a cell without a-MWNTs.

4. Conclusions

Incorporation of acid-treated multi-wall carbon nanotu-
bes (a-MWNTs) and of r-TiO2-modified a-MWNTs in
P25 TiO2 films yields considerably increased Jsc with the
same open-circuit voltage and fill factor for the pertinent
dye-sensitized solar cells, with respect to the unmodified
cell. The essential reason for the Jsc enhancement is
attributed to increased surface area of the films fabri-
cated in the presence of a-MWNTs. The Jsc increase also
arises from more favorable cluster formation in P25
TiO2 films in the presence of a-MWNTs or r-TiO2/a-
MWNTs than that in the absence of them. Improved
interconnectivity among TiO2 particles in the presence
of the a-MWNTs is seen as another reason for the Jsc
enhancements. Furthermore, prior adherence of r-TiO2

to a-MWNTs results in higher Jsc increases compared to
the case of bare a-MWNTs in TiO2 film. The Jsc of the
cell with a film having a-MWNTs immobilized by r-
TiO2 using 2.0 M TiCl4 is larger than that of a similar
cell where 0.2 M TiCl4 is used, which is attributed to the
morphology of r-TiO2 on a-MWNTs. The Jsc enhance-
ments are consistent with the increase in dye adsorption,
light scattering and potential-dependent optical absor-
bance of the respective cells.
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