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a  b  s  t  r  a  c  t

Titanium  dioxide-multiwalled  carbon  nanotube  (denoted  as  TiO2–CNT)  nanocomposites  with  a  novel
rice-grains  nanostructure  are  synthesized  by  electrospinning  and  subsequent  high  temperature  sinter-
ing. The  rice  grain-shaped  TiO2 is  single  crystalline  with  a large  surface  area  and  the  single  crystallinity
is  retained  in  the  TiO2–CNT composite  as  well.  At  very  low  CNT  loadings  (0.1–0.3  wt%  of TiO2),  the  rice
grain  shape  remains  unchanged  while  at high  CNT concentrations  (8 wt%),  the  morphology  distorts  with
CNTs  sticking  out  of  the  rice-grain  shape.  The  optimum  concentration  of  CNTs  in  the  TiO2 matrix  for  best
performance  in  dye-sensitized  solar  cells  (DSCs)  is found  to be  0.2  wt%,  which  shows  a 32%  enhance-
ment  in  the  energy  conversion  efficiency.  The  electrochemical  impedance  spectroscopy  (EIS)  and  the
arbon nanotubes
omposite materials
ybrid materials
hotovoltaic devices

incident  photon-to-electron  conversion  efficiency  (IPCE)  measurements  show  that  the  charge  transfer
and collection  are  improved  by  the  incorporation  of CNTs  into  the  rice  grain-shaped  TiO2 network.  We
believe  that this  facile  one-pot  method  for  the  synthesis  of  the  rice-grain  shaped  TiO2–CNT  composites
with  high  surface  area  and  single  crystallinity  offers  an  attractive  means  for  the  mass-scale  fabrication  of
the  nanostructures  for  DSCs  since  electrospinning  is  a simple,  cost-effective  and  scalable  means  for  the
commercial  scale  fabrication  of one-dimensional  nanostructures.
. Introduction

Since the first report by Grätzel in 1991 [1],  dye-sensitized
olar cells (DSCs) have gained considerable attention as the next
eneration solar cells because of their advantages such as simple
on-vacuum fabrication, high efficiency to the tune of 11% [2],  ease
f large-scale production [2] and benefits comparable to that of
morphous silicon (Si) solar cells [3].  As the most extensively used
emiconductor in the application of DSCs, many morphologies and
abrication steps for TiO2 have been studied in the past two decades
or improving the device performance. Several new steps in DSC

abrication have been introduced such as incorporation of a com-
act hole-blocking layer of TiO2 on FTO (fluorine-doped tin oxide)
4], an additional scattering layer made of ∼400 nm TiO2 particles
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on top of the active TiO2 layer [5],  TiCl4 treatment [6],  and sensi-
tization of TiO2 with a mixture of dyes having different spectral
responses [7]. Doping of TiO2 with non-metals (e.g. nitrogen and
silica) has also been explored [8,9].

However, the transport of photo-injected electrons across the
TiO2 network is the major limiting factor in attaining higher overall
conversion efficiencies in DSCs. It is well known that the trans-
port of photo-injected electrons across the TiO2 network occurs
by diffusion and is strongly hindered by trapping and de-trapping
events at grain boundaries and particle surfaces. The random path
of photo-injected electrons in the TiO2 network increases the prob-
ability of their recombination with oxidized dye species or the
tri-iodide electrolyte and hence a rapid transport of the electrons
across the TiO2 network is desired for faster collection [10]. There-
fore, one dimensional (1-D) TiO2 nanostructures have attracted
the attention of scientists owing to their high surface area for dye
absorption [11], enhancing the light harvesting efficiency by scat-
tering more light at the red part of the solar spectrum [12], high

intrinsic electron mobility [13], and semi-directed charge trans-
port [14]. The use of 1-D nanostructures is supposed to shorten
the electron transport pathways and enhance the accessibility of
electrodes to the hole-transporting materials [15]. Several research
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fforts have happened/are ongoing in this direction, especially the
esign of one-dimensional oxide nanostructures such as nanofibers
random and aligned), nanowires, vertically oriented nanotubes
nd nanorods [16–18]. The transport and recombination studies
n the oriented nanotubes showed an enhanced suppression of
he recombination, while maintaining a relatively smooth charge
ransport [19].

Recently, incorporation of CNTs into TiO2 matrix has attracted
he attention of scientists as a possible means to increase the
fficiency of the DSC devices in view of the superior electronic prop-
rties and ease of surface functionalization of the former [20,21]. It
s demonstrated that incorporation of CNTs into the TiO2 matrix

ould enhance the conductivity of the TiO2 aggregates, which
ould facilitate faster electron transport across the TiO2 network

hus minimizing charge recombination. TiO2–CNT composites have
een used in DSCs by several groups [10,20–26].  Sawatsuk et al. [24]
chieved an efficiency enhancement of ∼60% by the incorporation
f non-functionalized CNTs into the TiO2 particles by ultrasonica-
ion (however, no I–V graph has been shown in the manuscript).

uduli et al. [23] observed that the efficiency of DSCs could be
ncreased by 50% when a few mg  of CNTs have been incorporated
nto the P-25 TiO2 particles by hydrothermal treatment. Enhance-

ents to much lower levels have been reported in TiO2-coated
NTs (by sol–gel method) by Kamat et al. [10,22], Lee et al. [20],
en et al. [25], and Jang et al. [26], respectively. TiO2–CNT nanocom-
osites could be fabricated through methods such as blending [27],
hemical vapor deposition [28], electrospinning [29–31],  physical
apor deposition [32], sol–gel [33] and hydrothermal [23].

Recently, we have found a methodology to fabricate uni-
ormly distributed, rice grain-shaped, single crystalline TiO2
ano/mesostructures of high surface area by electrospinning [34].
he rice grain-shaped TiO2 showed superior activity than the com-
ercially available P-25 TiO2 in photovoltaics and photocatalysis

34,35]. The methodology was extended further in fabricating rice
rain-shaped TiO2–CNT nanocomposites with superior photocat-
lytic and Li-ion battery properties [36,37]. In the present work,
he electrospun TiO2-MWCNT (denoted hereafter as TiO2–CNT)
anocomposites with various wt% of CNTs were employed in the
pplication of DSCs as photoanodes. The composite was structurally
haracterized by spectroscopy and microscopy. Photovoltaic char-
cteristics were analyzed by current–voltage (I–V) and incident
hoton-to-current conversion efficiency (IPCE) measurements.
harge transport through the TiO2–CNT network was analyzed by
lectrochemical impedance spectroscopy (EIS). Systematic studies
ith devices having various amounts of CNTs incorporated into the

iO2 network showed a 32% enhancement in the efficiency of DSCs
hen the CNT concentration was 0.2 wt% (in comparison to the

mount of TiO2). IPCE and EIS revealed insights into the enhanced
ransfer of the photoexcited electrons across the TiO2 network and
aster collection at the FTO. We  believe that the simple fabrication
f high performance TiO2–CNT nanocomposite with the interest-
ng morphology of rice grains by electrospinning could be widely
mployed in DSC applications, photocatalysis, self-cleaning mem-
ranes, etc.

. Experimental

.1. Materials

Titanium (IV) isopropoxide (TIP, 97%), polyvinyl acetate
PVAc, Mn  = 500,000), N,N-dimethyl acetamide (DMAc, 99.8%),

itanium(IV) chloride (TiCl4, 99%), chloroplatinic acid hexahy-
rate (H2PtCl4·6H2O), isopropyl alcohol, lithium iodide, iodine,
-tert-butylpyridine, 1-propyl 2,3-dimethyl imidazolium iodide,
cetonitrile, and tert-butanol were from Aldrich (Steinheim,
Photobiology A: Chemistry 231 (2012) 9– 18

Germany) and used as received. Multiwalled carbon nanotubes
(CNTs, purity > 98%, outer diameter between 10 and 20 nm and
length between 1 and 2 �m)  were purchased from Shenzhen Nan-
otech Port Co., Ltd. (Shenzhen, China). Acetic acid (99.7%) was
from LAB-SCAN Analytical Sciences, Thailand. Methanol (CHRO-
MASOLV, Aldrich), ethanol (absolute, Fischer scientific, Leices-
tershire, UK) and acetone (AR grade, Fisher Scientific, UK) were
used as received. Fluorine-doped tin oxide (FTO, 1.5 cm × 1 cm,
sheet resistance < 25 �/�) was from Asahi Glass, Japan. N3
dye ((cis-bis(4,4′-dicarboxy-2,2′-bipyridine)dithiocyanato ruthe-
nium(II)) was purchased from Solaronix (Switzerland) and used as
received. The FTO plates were cleaned in water, acetone and ethanol
successively and dried at 80 ◦C in an oven. Millipore water was used
in all experiments.

2.2. Rice grain-shaped TiO2–CNT composites by electrospinning

The electrospinning solution was prepared from PVAc, DMAc,
acetic acid, TIP and COOH functionalized CNTs using a typical pro-
cedure previously reported by us [36]. Briefly, a few milligrams of
the COOH functionalized CNTs were dispersed in 10 mL  DMAc by
sonication for 3 h. The PVAc (1.2 g) was then added into the solution
with stirring. After stirring for 15 min, 2 mL of glacial acetic and 1 mL
of TIP, respectively, were added. The solution was kept under stir-
ring for 12 h when the dark viscous solution became homogeneous.
The solution was then subjected to electrospinning using a com-
mercial machine (NANON, MECC Japan) with an applied voltage of
25 kV, working distance of 14 cm and a flow rate of 1.0 mL/h. The
humidity level inside the electrospinning chamber was  maintained
around 50%. The electrospun fibers were collected on an aluminum
foil which was wrapped around a rotating drum. The deposited
fibers were removed in the form of a freestanding sheet and were
sintered at 450 ◦C for 3 h with a ramping rate of 2 ◦C/min to get the
rice grain-shaped composites. The amount of CNTs in the electro-
spinning solution was adjusted in such a manner to get 0.1, 0.2,
and 0.3 wt%  against TiO2. Electrospinning was  also done without
CNTs for a comparison of the results with the bare rice grain-shaped
TiO2.

2.3. Fabrication of dye-sensitized solar cells (DSCs)

Clean (cleaned using water, acetone and ethanol successively
and dried in an oven at 80 ◦C) FTO plates were treated with
50 mM TiCl4 aqueous solution at 70 ◦C for 30 min, followed by
twice screen-printing and one time doctor-blading of the TiO2 (rice
grain-shaped) paste on an area of ∼0.25 cm2. The paste was pre-
pared by dispersing 100 mg  rice grain-shaped TiO2 into 100 �L
polyester with 12 h sonication [38]. The film was heated at 450 ◦C
in air for 30 min, treated with TiCl4 solution and sintered again
at 450 ◦C for 30 min. The TiO2 electrodes were immersed in a
1:1 volume mixture of acetonitrile and tert-butanol solution of
a ruthenium-based dye [RuL2(NCS)2·2H2O; L = 2,2′-bipyridyl-4,4′-
dicarboxylic acid (0.5 mM,  N3 Solaronix)] for overnight, washed
with acetonitrile and dried in vacuum. The counter electrode was
prepared by spin-coating H2PtCl4 (50 mM in isopropyl alcohol)
on an FTO substrate and sintered at 390 ◦C in air for 30 min.
Acetonitrile containing 0.1 M lithium iodide, 0.03 M iodine, 0.5 M
4-tert-butylpyridine, and 0.6 M 1-propyl 2,3-dimethyl imidazolium
iodide was used as the electrolyte. Cell fabrication was completed
by firmly clamping the two  electrodes with an adhesive tape
(45 �m)  as the spacer film.
2.4. Characterization and measurements

The morphology of the as-spun fibers and the sintered nanos-
tructures was investigated by scanning electron microscopy (SEM)
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ig. 1. SEM images of the as-spun TiO2–CNT (0.2 wt%)–PVAc (A) and TiO2–PVAc n
espectively, revealing the rice grain-shaped morphology.

Quanta 200 FEG operated at 5–15 kV and JEOL JSM-6701F
perated at 5–15 kV, respectively). The fine structure was  inves-
igated by transmission electron microscopy (TEM, JEOL 3010,
perated at 300 kV). The XRD patterns and Raman spectra were
ecorded using a Siemens D5005 X-ray diffractometer employ-
ng Ni-filtered CuK� radiation and a Dilor model OMARS 89-Z24

icroprobe spectrometer, using an Ar+ ion laser at 514.5 nm
avelength, respectively. UV–vis spectra were measured using a

himadzu UV-3600 UV-Vis-NIR spectrophotometer after ultrason-
cally dispersing the materials in methanol and infrared spectra

ere acquired using a NEXUS 670 spectrometer after dispersing
he materials in a KBr matrix. The BET measurement was  car-
ied out using a NOVA 4200E Surface Area and Pore Size Analyzer
Quantachrome, USA). X-ray photoelectron spectroscopy (XPS) was
erformed with an ESCALab220i-XL electron spectrometer from
G Scientific. Monochromatic Al K� X-ray (h� = 1486.6 eV) was
mployed for analysis with an incident angle of 30◦ with respect to
urface normal. Photoelectrons were collected at a take-off angle of
0◦ with respect to surface normal. The analysis area was approxi-
ately 400 �m in diameter while the maximum analysis depth lies

n the range of 4–10 nm.  Survey spectra and high-resolution spec-
ra were acquired for surface composition analysis and for chemical
tate identification, respectively. Charge compensation was  per-
ormed by means of low energy electron flooding and further
orrection was made based on adventitious C1 s at 285.0 eV using
he manufacturer’s standard software. The photocurrent–voltage
I–V) curves and the electrochemical impedance spectra (EIS) were

easured by XES-151 S solar simulator (San-Ei, Japan) under AM1.5
 condition and an Autolab PGSTAT30 integrated with a poten-

iostat, respectively. EIS spectra of DSCs were measured at a bias

oltage of 0.67 V under dark. Incident photon-to-electron con-
ersion efficiency (IPCE) was measured using an IPCE evaluation
ystem for dye-sensitized solar cells (Bunkoh-Keiki Co. Ltd., CEP-
000).
bers (C). The sintered TiO2–CNT nanocomposite and TiO2 are shown (B) and (D),

3. Results and discussion

3.1. Morphological and structural characterization

Fig. 1A and C shows the smooth, continuous and randomly ori-
ented as-spun fibers of TiO2–CNT (0.2 wt%)–PVAc and TiO2–PVAc
composites, respectively, obtained by electrospinning. The aver-
age diameter of the as-spun fibers was ∼200 nm. Fig. 1B and D
shows uniformly distributed rice grain-shaped nanocomposites of
TiO2–CNTs and TiO2 obtained from the as-spun nanofibers by sin-
tering at 450 ◦C for 3 h. Sintering results in near collapse of the
continuous fiber morphology with the concomitant appearance
of the excellently interconnected rice grain-shaped TiO2 [34]. It
has already been confirmed that the rice grain-like morphology
resulted due to the microscale phase separation between TiO2 and
the PVAc (owing to the poor solubility of TiO2 in the latter) dur-
ing the solvent evaporation stage in the sintering process [34,35].
Evaporation of the polymer during the sintering process gave high
porosity to the rice grain-like composites (see BET results below)
and some of them were hollow as well. The average dimensions of
the sintered nanostructures were 450 nm in length and 150 nm in
diameter. It must be noted that the rice grain morphology was not
because of the incorporation of CNTs into the TiO2 network [35]. The
excellent connectivity between the rice grain-like nanostructures
could be beneficial in improving the electron transfer of photo-
injected electrons in the TiO2 network compared to the spherical
particles [34,35].  It is known that for slightly elongated particles,
the number of contacts per particle (within a region of diameter
equal to twice the shortest thickness of the particle) is greater than
for spherical particles as long as the aspect ratio is less than ∼20

[39] (the aspect ratio in the present case is ∼3). The 1D nature
of elongated particles has a greater effect for particles of greater
elongation, packing and contact effects are only greatest for slightly
elongated particles [40] (such as the rice grain-shaped structures).
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Fig. 2. A comparison of the shapes of TiO2–CNT (0.2

ue to the evaporation of polymer during the high temperature
intering process, the rice grain nanostructures were porous with

 high surface area of ∼62 m2/g for the composite (with 0.2 wt% of
NTs) and ∼60 m2/g for the TiO . The slightly higher surface area
2
f the composite could be due to the presence of small amounts
f the CNTs as the latter is known to have extremely high surface
reas [41]. For the intuitive understanding of the nomination of

Fig. 3. SEM image (A), TEM image (B), SAED pattern (C), and lattic
 composites (A) with that of genuine rice grains (B).

rice grain morphology, a comparison of the shapes of TiO2–CNT
nanostructures with that of genuine rice grains is provided in Fig. 2

The morphologies were further investigated by HR-TEM. Fig. 3A
shows a resolved SEM image of the rice grains-like TiO –CNT
2
(0.2 wt%) composite nanostructures and Fig. 3B shows a high-
resolution TEM image of a single nanostructure. Images A and B
in Fig. 4 show the respective images of the rice grain-shaped TiO2

e-resolved image (D) of TiO2–CNT (0.2 wt%) nanocomposite.
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Fig. 4. SEM image (A), TEM image (B), SAED pattern (C), a

when the electrospinning was done in the absence of CNTs). It
as found that when the CNTs loadings in TiO2 were low (between

.1 and 0.3 wt%) the rice grain morphology was retained for the
iO2–CNT composite. High-resolution images indicate that both
iO2 and TiO2–CNT nanostructures were made of spherical par-
icles with diameter between 15 and 20 nm.  Figs. 3C and 4C,
espectively, show selected area electron diffraction (SAED) pat-
erns of the nanocomposite and the TiO , indicating the single
2
rystallinity of the TiO2 in both. In coincident with the SAED pattern,
he lattice-resolved images showed a perfect 0.35 nm lattice spac-
ng corresponding to the anatase structure of TiO2 (Figs. 3D and 4D,

Fig. 5. SEM (A) and TEM (B) image, respectively, of TiO2–C
tice-resolved image (D) of TiO2 rice grain nanostructure.

respectively). For low loadings of CNTs (0.1–0.3 wt%), no CNTs were
visible even in high-magnification TEM images. However, at high
CNT loadings (8 wt%), the CNTs were seen sticking out of the com-
posite with a visible destruction of the rice grain-like morphology
(SEM and TEM images in Fig. 5).

Fig. 6 shows the XRD patterns of TiO2–CNT (0.2 wt%) nanocom-
posite and the TiO2 nanostructures. As indicated by the SAED and
the lattice-resolved images, the XRD patterns also revealed the

presence of single-crystalline anatase TiO2. The peaks in the pat-
tern at 25.28 (1 0 1), 37.80 (0 0 4), 48.18 (2 0 0), and 54.09 (1 0 5)
clearly represent the anatase phase of TiO2 (PCPDFWIN # 211 272).

NT nanocomposite with high CNT content (8 wt%).



14 Z. Peining et al. / Journal of Photochemistry and 

T
s
s
t
o
o
t
o
A
C
t
t
p
b
t
o
s
f
[
h
r
o

F

Fig. 6. XRD patterns of TiO2 and TiO2–CNT (0.2 wt%) nanocomposite.

he peaks corresponding to CNTs were not obvious in the XRD
pectrum of the composites and is primarily because of two rea-
ons: (a) overlap of [0 0 2] reflection of the CNTs at 26.4◦ [42] with
he [1 0 1] reflection of anatase at 2� = 25.3◦ [23], (b) low intensity
f the CNTs resulted from its low concentration compared to that
f TiO2 (0.2 wt% against TiO2). A comparison of the UV–vis spec-
ra (Supporting Information, SI-1) showed a shift of the absorption
nset from UV (for TiO2) to the visible region (for TiO2–CNT) [36].

 comparison of the Raman spectra (SI-2) of the functionalized
NTs and the TiO2–CNT showed lowering of the D/G ratio implying
he robustness of CNTs in the composites [36]. The fabrication of
he composite involves sintering at 450 ◦C for ∼3 h and during this
rocess, the disordered amorphous carbon (responsible for the D
and in Raman spectrum) generated out of the acid-assisted func-
ionalization gets burned-off, resulting in a more fraction of the
rdered graphitic carbon (responsible for G band in the Raman
pectrum) [36]. Raman spectrum also showed signatures of COOH
unctionalized CNTs and their incorporation into the TiO2 network

36]. Detailed characterization of the TiO2–CNT nanocomposites
ave been done before using spectroscopies [36] and hence are not
epeated in this paper. However, XPS spectra are presented as an
bvious proof for the inclusion of CNTs into the TiO2 matrix.

ig. 7. XPS spectra of TiO2 (A) and TiO2–CNT (0.3 wt%) (B); and high-resolution XPS spect
Photobiology A: Chemistry 231 (2012) 9– 18

The XPS survey spectrum of the rice grain-shaped TiO2 and
TiO2–CNT (0.3 wt%) composites are shown in Fig. 7A and B, respec-
tively. The elemental composition is assigned in the spectra itself.
While the C1 s peak was  negligible in the case of TiO2 (which indi-
cates that there was  no carbon related impurities left in TiO2 due
to polymer degradation), a prominent one can be seen in the case
of the composite (marked with dotted circles). As both the sam-
ples were sintered under similar conditions, it can be concluded
that the C1 s peak in TiO2–CNT composites came directly from the
CNTs and not as a result of impurity from the polymer decomposi-
tion process. Fig. 7C and D shows the high-resolution XPS spectra
of Ti 2P of TiO2 and the composite, respectively. The binding ener-
gies of Ti 2P3/2 and Ti 2P½ in bare TiO2 were centered at 459.40 eV
and 465.16 eV, respectively, corresponding to a spin–orbit coupling
of 5.76 eV [43]. However, the same for TiO2–CNT was slightly up-
shifted to 459.44 and 465.22 eV, respectively (minor differences
less than 0.1 eV), which implies that the Ti in the TiO2–CNT com-
posites is in a slightly different chemical environment than that
in TiO2, indicating the chemical interaction between TiO2 and the
CNTs (that is primarily between the surface OH groups of the TiO2
and the COOH groups of the functionalized CNTs) [44]. In the high-
resolution spectrum of C 1 s (Fig. 7E), the main peak at 284.7 eV
could be assigned to C C and C C bonds. The broad peak ranging
from 284 eV to 292 eV was deconvoluted into three other peaks at
286.7 eV, 287.6 eV, and 288.2 eV, respectively [43,44].  The minor
peaks from 286 to 289 eV could be due to the presence of oxidized
components from the CNTs. Fig. 7F shows the high-resolution XPS
spectrum of the O 1 s peak of the composite. The spectrum can also
be deconvoluted into four peaks. The main peak at 530.5 eV could
be ascribed to the O 1 s of TiO2. The minor peaks at 532.3, 532.7
and 533.1 eV, respectively, could be due to the presence of undis-
sociated H2O molecules/ OH groups on TiO2 surfaces [43,45]. Thus
the XPS data indicate the oxidation of CNTs and their successful
incorporation into the TiO2 network.

3.2. Photocurrent–voltage (I–V) characteristics

In order to study the DSC performance of the rice grain-shaped

TiO2 nanostructure as well as the effect of incorporation of the CNTs
into them, a series of DSCs were fabricated with the rice grain-
shaped TiO2 nanostructures and the TiO2–CNT composites with
different CNT concentrations as the electrodes. The thickness of the

ra of Ti 2p peak of TiO2 (C) and TiO2–CNT (D), C 1 s (E) and O 1 s (F) of TiO2–CNT.
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ig. 8. I–V characteristics for CNTs-incorporated TiO2 electrode in DSCs and cross-
ectional SEM image showing the thickness of the electrodes (inset image).

lectrodes was maintained at 11 �m for all the electrodes (see the
nset of Fig. 8) as this was found to be the ideal thickness for DSCs

ith the materials [35,38].
The I–V characteristics of the different electrodes are presented

n Fig. 8 and the results are summarized in Table 1. From the results,
e can see that when the concentration of CNTs was increased from

 to 0.2 wt%, the efficiency of the DSCs increased from 4.63% to
.12%, with the short-circuit photocurrent density (Jsc) enhanced
rom 9.40 mA/cm2 to 11.98 mA/cm2, the open-circuit photovolt-
ge (Voc) increased from 0.815 V to 0.82 V, and the fill factor (FF)
mproved from 0.60 to 0.62. The increase in efficiency was primarily
ue to increase in Jsc as the increases in Voc and FF were marginal. As
n increase in Jsc is usually attributed to increase in dye-loading, the
umber of dye molecules present in the two electrodes were esti-
ated by desorbing them using 0.02 M NaOH solution (50% (v/v)

n water–ethanol mixture). The number of dye molecules present
n TiO2 electrodes was quantified (from the UV–vis spectra of the
esorbed dyes given in Fig. 9A) to 1.61 × 10−7 mol/cm2 and that on
he TiO2–CNT to 1.41 × 10−7 mol/cm2. Thus it is obvious that the
obust increase in Jsc from 9.4 mA/cm2 to11.98 mA/cm2 and hence
he increase in efficiency was not due to an increase in dye-loading
n the electrodes (in fact there was a reduction in the number of
ye molecules), but due to a strong role played by the CNTs in
nhancing the conductivity of the TiO2 electrode. With the high
lectron mobility [46], the CNTs dispersed into the TiO2 matrix
acilitate faster transport of photoexcited electrons (from the dye)
cross the TiO2 network and collection at the electrode surface (a
chematic of the processes is shown in Fig. 10)  [10,22],  thereby
ncreasing the photocurrent density and minimizing the recom-
ination at grain boundaries. This is further reflected in the IPCE
pectra shown in Fig. 9B. From the IPCE traces, we can see that for
he DSC with the 0.2 wt%  CNTs, the peak of the IPCE was  enhanced
rom 44% to 57% corresponding to an increase of ∼30%. The most
mportant factors contributing to the IPCE are the light harvesting

fficiency, and charge separation and collection yields [47,48]. The
ontribution due to the first parameter is negligible because of the
early similar dye-loadings in the TiO2 and TiO2–CNT samples. As

able 1
hotovoltaic parameters for CNTs-incorporated TiO2 electrodes in DSCs.

CNT (wt%) Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%)

0 9.40 ± 0.15 0.815 ± 0.015 0.60 ± 0.02 4.63 ± 0.25
0.1  10.45 ± 0.1 0.820 ± 0.01 0.62 ± 0.02 5.34 ± 0.25
0.2  11.98 ± 0.1 0.820 ± 0.01 0.62 ± 0.02 6.12 ± 0.25
0.3 11.22 ± 0.1 0.798 ± 0.01 0.61 ± 0.02 5.48 ± 0.25
Photobiology A: Chemistry 231 (2012) 9– 18 15

the normalized IPCE spectra retain similar shape, the wavelength-
independent charge separation can partially account for the IPCE
maxima difference, probably due to dissimilar yields of electron
injection. Further, the equilibration of electrons between TiO2 and
CNTs (the Fermi level equilibration) results in a transfer of a fraction
of electrons from TiO2 to the CNTs and this stabilizes the photoin-
jected electrons (charge separation) thus minimizing the rate of
excitons recombination [22]. Additionally, as faster electron trans-
port across the TiO2 network and minimization of back electron
transfer are known to influence the IPCE results; it can be con-
cluded that the 30% enhancement of the IPCE in the present case
comes as a direct consequence of all the above contributing factors
[23].

However, when the CNTs concentration was further increased to
0.3 wt%, the efficiency of the DSCs started to decrease. The energy
conversion efficiency decreased from 6.12% to 5.48%, with the Jsc

decreased from 11.98 mA/cm2 to 11.22 mA/cm2, the Voc decreased
from 0.82 V to 0.798 V, and the FF decreased from 0.62 to 0.61. This
trend was  seen with still further increase in the CNT concentrations
in TiO2. This could be because of the following reasons: (a) the con-
duction band of CNT (−4.5 eV) is more negative than the conduction
band of TiO2 (−4.2 eV) [49] and increase in the CNT concentration
in the composite would cause a shift in the apparent Fermi level of
the composite to more positive potentials due to charge equilibra-
tion between the systems (Fig. 10)  [22], which induces a slightly
decrease of the Voc from 0.82 V to 0.798 V in the present case, (b)
high concentration of CNTs in the electrodes makes it less optically
transparent and hence the light harvesting of N3 dye would be chal-
lenged, and (c) a reduction in the effective dye-loading on the TiO2
electrode [23] by the excess CNTs (this was verified in the present
case with dye-desorption measurements in Fig. 9A).

A comparison of our results with the literature attempts in sim-
ilar directions is outlined below. Lee et al. [20,21] and Yen et al. [25]
synthesized TiO2-coated CNTs and TiO2–CNT, respectively, through
sol–gel and sonication-assisted mixing routes. The Voc observed
in the composites (∼0.63 V, 0.78 V and 0.73 V, respectively) and
the best efficiencies (∼5% and ∼4.6%, respectively) reported were
lower than that in the present case (0.82 V and 6.12%, respectively).
Muduli et al. [23] reported the synthesis of TiO2–CNT composites
by hydrothermal route and observed an efficiency enhancement
of ∼50% compared to P-25 (the Jsc before and after incorporating
CNTs was 14.9 mA/cm2 and 21.9 mA/cm2, respectively). However,
the Voc and FF reported in the case were much lower (0.7 V and ∼0.5,
respectively) than that in the present case. The Voc observed in the
present case was higher than that in yet another literature attempt
where the CNTs were mixed with TiO2 via sonication [24]. This
is consistent with our general experimental observation that the
DSCs with the rice grain-shaped TiO2 consistently showed higher
Voc than the nanoparticle systems [35]. When the nanostructures
were directly electrospun on FTO plates (however, this is very chal-
lenging as most of the electrodes crack during sintering owing to
volume shrinkage associated with the polymer evaporation), we
have noted a record Voc of 0.96 V as the fabrication of photoanode by
this manner ensures excellent morphology retainment, connectiv-
ity and natural compact packing of the nanostructures [34,39,40].
The 1-D TiO2–CNT composite in the present case is single crystalline
and can ensure better connectivity between the nanostructures
which thus facilitate a smooth charge transport through the TiO2
network.

3.3. Electrochemical impedance spectra (EIS)
To get an insight into the better charge transport and collec-
tion in the DSCs with the TiO2–CNT composite, EIS measurements
were performed. EIS of different of electrodes were measured in
the frequency range of 30 kHz–0.05 Hz under dark condition. In a
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ig. 9. UV–vis spectra of dye detached from TiO2 and TiO2–CNT electrodes (A); IPC
nd  Bode phase plots of all the electrodes (D).

ypical Nyquist plot, there are three semicircles; the ones at low
nd high frequency regions represent electrochemical reaction at
he Pt counter electrode and the diffusion process of I−/I3− ions

n the electrolyte, respectively. The low frequency semicircle was
bsent in the present case (even at low bias voltages) due to the
arge charge transport resistance shown by the TiO2. The semi-
ircle at the intermediate (middle) frequency corresponds to the

ig. 10. Energy band diagram illustrating the charge injection and charge transport from
NT  network, and the equilibration of the Fermi levels (from Ef to Ef*).
lectrodes of TiO2 ad TiO2–CNT (0.2 wt%) (B); Nyquist plot of all the electrodes (C);

charge recombination resistance at the TiO2/dye/electrolyte inter-
face which is a most important parameter affecting the efficiency
of DSC devices [50–52]. The larger the charge recombination resis-

tance, the lower the charge recombination rate will be. As shown
in the spectra in the Fig. 9C, the semicircle at the intermediate fre-
quency increased as the CNTs concentration was  increased from
0 to 0.2 wt%. This indicated a higher resistance for recombination

 excited sensitizer into TiO2 and to the conductive glass without (a) and with (b)
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hich implies that the charge recombination between the injected
lectrons and the electron acceptors in the redox electrolyte was
emarkably retarded [53]. This is in agreement with the enhanced
hotocurrent density seen in the I–V characteristics which is further
eflected in the Bode phase plots shown in Fig. 9D. The characteris-
ic frequency peaks shifted to lower frequencies with the increase
n CNTs concentration from 0 to 0.2 wt% and then shifted back to
igher frequency when the CNT concentration was increased to
.3 wt%. Through a correlation of frequency maximum (fmid) to
he electron lifetime (�e) of photoexcited electrons in TiO2 films
54] by using the equation, �e = 1/(2�fmid), we can see that com-
ared to the electron lifetime of 7.6 ms  in TiO2 (fmid = 20.8 Hz), the
.2 wt% TiO2–CNT composite showed a higher electron lifetime of
7 ms  (fmid = 5.9 Hz). This implied that the electrons live longer in
he TiO2–CNT network [22], further implying the reduced recom-
inations. It must also be noted that in the Bode phase plots of
iO2–CNTs (with 0.2 and 0.3 wt% CNTs), an additional peak also
merges at higher frequency and the intensity of which increases
ith increase in the amount of CNTs in TiO2 (evident in the case of

he 0.3 wt% CNTs). Though the exact reason for the origin of the sec-
nd peak is not clear to us at the moment, however, the trend is an
ndication of the shift of the peak maximum to higher frequencies

hen the CNT content in TiO2 is large enough. This trend may  cor-
elate well with the systematic changes in photovoltaic parameters
ith increase in CNTs observed above.

. Conclusions

The rice-grain shaped TiO2–CNT nanocomposites with high sur-
ace area and single crystallinity (for TiO2) were fabricated by
lectrospinning. The nanostructures were characterized by spec-
roscopy and microscopy. DSCs fabricated using the materials
aving systematically varied CNT concentrations in TiO2 matrix
howed that the photovoltaic parameters increased with increases
n CNT concentrations, reach a maximum and then decreased. It was
ound that the optimum concentration of CNTs in TiO2 matrix for
est DSC performance was 0.2 wt%, which produced an efficiency
nhancement of 32% when compared to bare TiO2. The benefi-
ial effect of CNTs in the charge transport, collection and overall
mprovement of efficiency has been confirmed by I–V, IPCE and
IS investigations. We  believe that the simple and cost-effective
abrication of the novel composite would find a host of applica-
ions in other areas as well namely photocatalysis, self cleaning

embranes, photonic crystals, etc.
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