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ABSTRACT A50% enhancement in the conversion efficiency (4.9—7.37 %) is realized in dye-sensitized solar cells using hydrothermally
synthesized TiO,—multiwalled carbon nanotube (MWCNT) nanocomposites as compared to hydrothermally synthesized TiO, without
MWCNT and Degussa P25. Several characterizations have been employed to reveal the nature of the modification imparted to the
MWCNTs under hydrothermal processing conditions and the resulting TiO,—MWCNT conjugation through —COOH groups. Efficient
charge transfer in the nanocomposite and efficient electron transport by MWCNT (significantly higher incident-photon-to-current
conversion efficiency) are suggested to be the possible reasons for the enhancement.
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INTRODUCTION

ye-sensitized solar cells (DSSCs) represent a key

class of cell architecture that has emerged as a

promising candidate for the development of next-
generation solar cells (1, 2). With suitable engineering and
optimization of the nanostructure for its optical, electrical,
and morphological properties, its porosity, light-harvesting
characteristics, etc., these cells have been shown to deliver
fairly high power efficiencies (1, 3, 4). This, compounded
with the low materials/processing cost and the ease of
manufacturing, has led to significant efforts in recent years
to improve their performance. The efficiency of collection
of the photogenerated carriers at the two electrodes is a
critical factor in the device performance. It is determined
by the competition between the electron transport to the
anode and the electron transfer to I°~ ions in the electrolyte.
In order to improve the efficiency of DSSCs, various ideas
have been pursued. These include deposition of a thin
tunneling barrier layer on the substrate (5—7), incorporation
of an ultrathin layer of insulating oxide on the surface of the
mesoporous film of TiO, (8), concurrent use of different dyes
for cosensitization (9), post-treatment using a TiCl, precursor
(10, 11), etc. A bilayer structure involving an additional light-
harvesting layer is also employed widely because it confines
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the incident light within the electrode, enhancing the pho-
tocurrent density (12—14). One of the major bottlenecks that
often limit the performance of these solar cells is the
efficiency of electron transport across the nanoparticulate
network because the interparticle interface scattering en-
countered during the electron transit effectively enhances
electron recombination before their efficient collection at the
electrode surface. It is to reduce such undesirable effects
dramatically that suggestions have been made and experi-
mented upon using extended charge-carrier pathways such
as nanotubes, nanorods, flowers, etc., as integrated ele-
ments of the cell architecture (15, 16). Either such geometric
forms can be added in a simple physical mixture with
nanoparticulates that eventually get sintered together by
adequate thermal processing or nanocomposites of ex-
tended and particular structures can be preformed and used
for making the cells. The latter one is an attractive proposi-
tion because it gives avenues to engineer the structural and
electrical characteristics of the interfaces during the synthe-
sis protocol itself. Several attempts have been made using
both strategies, and enhancements in efficiencies have been
realized (3, 4). One category of an extended quasi-1D
material that has attracted considerable attention in this
regard is carbon nanotubes (CNTs) for its good and control-
lable electrical characteristics and compatible band line-ups
with metal oxide nanosystems of interest such as TiO,, ZnO,
etc. (17—=27).

Chen et al. synthesized CNT—TiO, nanocomposites by
hydrolysis wherein the formation of TiO, and its compound-
ing with TiO, happened almost simultaneously with inter-
face formation via polar oxygenated groups, though these
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authors did not report on photovoltaic or photocatalytic
measurements (28). Lee et al. used nanocomposites of
preprocessed multiwalled CNTs (MWCNTSs) with carboxylic
acid groups and TiO, nanoparticles (NPs) synthesized via a
sol—gel process for DSSCs and obtained a conversion ef-
ficiency of 4.97 % with a 0.1 wt % CNT (24). Kamat and co-
workers have done significant work on nanocomposites of
single-walled CNTs (SWCNTs) with TiO, in the context of
photovoltaic and photocatalytic applications. They have
demonstrated efficiency enhancements and have also elu-
cidated the attendant mechanisms of photoinduced charge
separation and carrier transport to the collecting electrodes
(17—19). Yen et al. used a modified acid-catalyzed sol—gel
method to synthesize MWCNT—TiO, nanocomposites and
examined them for DSSC performance. They emphasized
the importance of optimum CNT loading to realize an
efficiency of 4.62 % (21). Lee et al. have also realized a DSSC
efficiency of 5.02% using MWCNT—TiO, nanocomposites,
which projects improvement by ~50 % over the case without
MWCNT (23). More recently, Sawatsuk et al. have shown
improvement in the efficiency of DSSC by almost 60 % by a
simple mixing process (29).

In the present work, we have employed a hydrothermal
route to synthesize TiO,—MWCNT nanocomposites and
have realized a significant enhancement in the power con-
version efficiency of DSSCs (7.4 %). Using various charac-
terizations, we analyze the possible origin of the observed
effects. It is useful to mention here that the hydrothermal
process, in which the chemical reaction could take place
under autogenerated pressure upon heating, is efficient to
achieve a crystalline phase at relatively low temperatures
(30, 31). It is suggested that the high pressure can render
denser materials with fewer defects and good crystallinity
as compared to other milder routes.

EXPERIMENTAL SECTION

Materials. Chemical agents were purchased from Aldrich Co.,
and RuL,(NCS),/(TBA), (N719; L = 2,2"-bipyridine-4,4’-dicar-
boxylic acid and TBA = tetrabutylammonium) was purchased
from Solaronix Co. and used as received. MWCNTS (95 % purity)
having diameters of 20—40 nm and lengths of 5—15 um were
obtained from Monald Tech (India). A fluorine-doped SnO,
(FTO) electrode (sheet resistance = 8 ohm/O; transmittance =
77 % in the visible range) was obtained from Pilkington TEC
Glass. For the preparation of reference DSSCs, commercial TiO,
was obtained from Degussa (P25). High-purity water (Milli-Q,
Millipore) was used for all experiments. The FTO electrodes
were washed with acetone, ethanol, and deionized (18.2
ME - cm) water in an ultrasonication bath for 15 min with a final
wash in isopropyl alcohol.

Preparation of a TiO,-MWCNT Nanocomposite. The
TiO,—MWCNT nanocomposite was prepared by using a hydro-
thermal method. Titanium isopropoxide (2 mL) was hydrolyzed
by adding a sufficient amount of deionized water, and then a
few milligrams of MWCNT was added to the above solution,
followed by sonication for 5 min. The solution was then
transferred to a Teflon-lined autoclave vessel along with 3 mL
of H,SO,4 (1 M). This autoclave vessel was kept at 175 °C for
24 h. The resulting product was washed thoroughly with deion-
ized water and dried at 50 °C in a dust-proof environment to
produce a grayish powder of TiO,—MWCNT nanocomposite.
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FIGURE 1. XRD patterns of TiO, (short dotted line) and
TiO,—MWCNT (solid line) nanocomposite.

Characterization. Various techniques such as X-ray diffrac-
tion (XRD; Philips X’Pert PRO), Raman spectroscopy (Horiba
Jobin Yvon LabRAM HR System), transmission electron micros-
copy (TEM), field-emission scanning electron microscopy (FE-
SEM; Hitachi S-4200), and FT-IR spectroscopy (Perkin-Elmer
Spectra One) were used to characterize the samples. The
formation of TiIO,—MWCNT nanocomposite films was carried
out by the doctor blade method, and the films were then
annealed at 450 °C for 30 min. The thickness of TiO,—MWCNT
nanocomposite films was ~12 um. For sensitization, the
TiO,—MWCNT nanocomposite films were impregnated with 0.5
mM N719 dye in ethanol for 24 h at room temperature. The
sensitizer-coated TiO, films were washed with ethanol.

Measurements. The /—V characteristics were measured by
irradiation with 100 mW/cm? (450 W xenon lamp, Oriel Instru-
ments), 1 sun AM 1.5, simulated sunlight as a solar simulator
in the presence of a water filter. The current was measured
using a Kiethley 2400 source. The electrolytes were used with
0.6 M 1-hexyl-2,3-dimethylimidazolium iodide, 0.1 M Lil, 0.05
M I, and 0.5 M 4-tert-butylpyridine in methoxyacetonitrile.
Measurements of the incident-photon-to-current conversion
efficiency (IPCE) were carried out without bias illumination with
respect to a calibrated Melles-Friot silicon diode. IPCE was
measured by changing the excitation wavelength (photon-
counting spectrometer, ISS Inc., and Kiethley 2400 source
meter).

RESULTS AND DISCUSSION

Crystal Structure of a TiO,—MWCNT Nano-
composite. Figure | compares the XRD patterns for TiO,
NPs and a TiO,—MWCNT nanocomposite synthesized by a
hydrothermal route. The peaks in Figure 1 at 25.28 (101),
37.80 (004), 48.18 (200), and 54.09 (105) (PCPDFWIN # 21 1
272) clearly represent the anatase TiO, phase with a tiny
amount of the (110) rutile phase contribution (PCPDFWIN
#211276) observed at 27.22. The 100 % XRD peak intensity
for CNT (PCPDFWIN # 411 487) is expected at 26.38 (002),
which is not apparent because of its small amount in the
composition of TiO,—MWCNTs [as well as its low Z as
compared to the dominant TiO, (high 2)], but the same can
be clearly elucidated by Raman analysis as discussed later.
Asindicated in the inset, we did see a tiny but definitive shift
in the XRD peak positions, possibly suggesting strain (and
particle size) effects originating in the integration between
the TiO, NPs and the MWCNT surface. It also suggests that
our process leads to real integration across the interface
rather than the formation of a mere mixture, as we bring
out more conclusively via Raman and FT-IR analysis.
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FIGURE 2. Raman spectra for MWCNTs (dashed line), TiO, (short
dotted line), and a TiO,—MWCNT nanocomposite (solid line). The
inset shows a specific region of the data on an expanded scale.

The Raman spectra for TiO, and TiO,—MWCNT nano-
composite powders are shown in Figure 2. The Raman
spectrum for the case of pure TiO, shows clear signatures
atabout 397.2,514.6, and 641 cm™!, as expected (32), while
for the pure MWCNT case, the Raman features are observed
at 1325 and 1571.5 cm™!, as reported (25). As seen from
the inset, clear signatures of MWCNTSs are also noted in the
TiO,—MWCNT nanocomposite spectrum, along with those
for TiO, in that spectral region. Interestingly, the main three
features (397.2, 514.6, and 641 cm™') in the Raman spec-
trum representative of anatase TiO, are broadened in the
case of the TiO,—MWCNT nanocomposite sample as com-
pared to the only TiO, case. Such a broadening can occur
because of strain gradients originating from interface inte-
gration or particle size distribution and has been observed
in other nanocomposite systems with MWCNT (29, 33). In
thin films, it is well-known that strain effects can extend to
several nanometers into materials (critical thickness) de-
pending on the lattice misfit. In the present case, one has a
molecular substrate on which the TiO, NPs are getting
chemically anchored. It is difficult to define strain in precise
terms in this organic—inorganic complex interface system.
However, given the nanoscopic nature of the particles, which
leads to a higher concentration of surface atoms and at-
tendant phonon softening, one could expect strain gradients
to extend almost over the particle dimension, which in our
case is around 8—10 nm. We believe that in addition to
strain the Raman line broadening could occur because of the
particle size distribution. Indeed, in the present case, be-
cause the MWCNT concentration is small, it is possible that,
in addition to heterogeneous nucleation on the MWCNT
surface, some NPs could grow via homogeneous nucleation
and may have a different size distribution. Admittedly, more
work will be needed to resolve the precise origin of the
broadening.

Morphological Characterization. Figure 3a shows
the TEM image of TiO, NPs synthesized by the hydrothermal
process without incorporation of MWCNT. The mean particle
size is about 8—10 nm and the particles are faceted, sug-
gesting good crystallinity, as expected in a hydrothermal
process. Figure 3b shows the TEM image of MWCNTSs used
in the experiment, indicating its dimensions (diameter ~
20—40 nm and length ~ 5—15 um). The integration be-
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tween MWCNT and TiO, NPs discussed above can be
visualized from the FE-SEM data shown in Figure 3c. A very
uniform growth with excellent TiO, NPs coverage can be
clearly seen. As will be discussed next, the hydrothermal
processing environmental surface modifies MWCNTSs to
enable such growth. We now address the issue of the
possible modification imparted by the hydrothermal treat-
ment used to prepare the nanocomposite to examine the
possible routes for interface integration of growing TiO, NPs
on its surface.

FT-IR Spectra. Figure 4A shows the FT-IR data of (a)
pristine MWCNTs, (b) TiO, NPs, (c) hydrothermally pro-
cessed MWCNTs, and (d) TiO,—MWCNT nanocomposites.
The bonding between Ti—O is clearly represented in the
region near 500 cm™!. It is interesting to note from the black
and red arrows in this region that the mean position of the
signature shifts from about 520 cm™" in the TiO, case to
about 612 cm™! for the TiO,—MWCNT composite. This can
be attributed to different size distributions and possible
levels of strains in the two cases. Interestingly, only in the
casesofhydrothermally processed samplesinvolving MWCNT
(namely, MWCNT and TiO,—MWCNT) do we note clear
signatures centered near 1143 and 1735 cm™'. The signa-
ture near 1143 cm™' is in the fingerprint region and, hence,
difficult to assign uniquely. However, the occurrence of the
signature near 1735 cm™' (see the circled region) with a
contribution in the region of around 3400 cm™" (OH stretch,
which also overlaps with other contributions) together indi-
cate the presence of a =COOH group only in the hydrother-
mally processed cases involving MWCNT (35). From Figure
4B, it can be noted that in the TiO,—MWCNT nanocomposite
the same signature appears a bit shifted to 1745 cm™,
suggesting the effect of conjugation of TiO, on the modified
MWCNT surface. Other characteristic bands including the
sharp one near 1380 cm™' are generated because of differ-
ent mineralizer residues used in the hydrothermal process.
In light of this result, we now address the issue of possible
modification imparted by the hydrothermal treatment used
to prepare the nanocomposite to examine the possible
routes for interface integration of growing TiO, NPs on its
surface.

Because the —OH group on the Ti precursor and the C—O,
C=0, and O—C=0 groups opened up on the surface of
MWCNTs due to hydrothermal treatment, properly inte-
grated nanocomposites can form naturally through some
physicochemical actions involving van der Waals force,
hydrogen bonding, and other bonding types. For example,
the —OH group on the Ti precursor may possibly react with
the —OH and —COOH groups on the MWCNT surface in
removing H,O contained in wet fresh composites. Thus, the
bonding of the form C—O—Ti or O=C—0O—Ti might form
through the dehydration reaction among the groups on the
two materials (28). As indicated in Figure 4B, the shift of the
carbonyl group (C=0) from 1735 cm™' (in hydrothermally
processed MWCNTSs) to 1745 cm™" (in TiO,—MWCNT nano-
composites) indicates the interaction of the carboxylate
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FIGURE 4. FT-IR data for the (a) pristine MWCNTSs, (b) TiO, NPs, (c)
hydrothermallyprocessed MWCNTSs, and (d) TiO,—MWCNT nanocomposites.

group with the Ti precursor. In Figure 5, we present a
schematic of the suggested process.

We evaluated the performance of the TiO,—MWCNT
nanocomposite as an electrode for photovoltaic application
by recording the IPCE at different incident wavelengths of
light. As a reference cell, commercial TiO, films were
prepared by P25 (Degussa). Figure 6 shows IPCE spectra as

www.acsami.org

VOL. 1 « NO. 9« 2030-2035 « 2009

Hydrothermal
Treatment

FIGURE 5. Schematic of the functionalization of MWCNTs under
hydrothermal treatment and the attachment of functionalized
MWCNTs with TiO, NPs (R belongs to MWCNTS).

a function of the wavelength for the P25 and TiO,—MWCNT
samples, which was calculated from the equation IPCE (%)
= 1240/sc/APin, where Jsc is the short-circuit current density,
A is the wavelength of the incident light, and Py, is the power
of the incident light. The absolute IPCE for TiO,—MWCNTs
is significantly higher than that for P25 over the entire
wavelength region, which is in good agreement with the
observed higher short-circuit photocurrent density (/sJ), as
shown later. Both of these electrodes exhibit an IPCE
maximum corresponding to the absorption maximum of the
Ru" complex. The IPCE response at all wavelengths is
enhanced from ~47 % to ~70% as a result of the introduc-
tion of MWCNT scaffolds in the mesoscopic TiO, film.
Factors controlling the IPCE in DSSCs have been discussed
in detail by several research groups (18). Suppressing the
back electron transfer and improving the electron transport
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FIGURE 6. IPCE data for TiO,—MWCNT nanocomposites as compared
to the corresponding P25 data.
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FIGURE 7. J—V characteristics for a TiO,—MWCNT nanocomposite
as compared to the corresponding cases of P25 and hydrothermally
synthesized TiO, NPs without MWCNT.

Table 1. Performance Parameters of DSSCs
Fabricated with P25, Hydrothermally Synthesized
TiO, NPs without MWCNT, and TiO,—MWCNT
Nanocomposite Powder

name Voc (V) Jsc (mA/cm?) fill factor (FF) efficiency ()
Degussa P25 0.61 14.9 0.52 4.75
TiO, 0.70 14.33 0.51 4.90
TiO,—MWCNT  0.70 21.9 0.49 7.37

within the nanostructured TiO, film [which directly increases
the short-circuit current (Jsc)] are regarded as the two most
important factors controlling the overall IPCE of the cell.
Enhancement in the photoconversion efficiency in the
present experiments suggests that charge collection and
transport in these films are considerably improved by
incorporating MWCNTs in the network in the form of
integrated nanocomposites.

The cell performances of the DSSCs based on the
MWCNT—TiO, nanocomposite electrodes were measured
under 1 sun AM 1.5 simulated sunlight with an active area
of 0.25 cm?. Figure 7 and Table | compare the jJ—V charac-
teristics for DSSCs prepared with the nanocomposite elec-
trodes MWCNT 0.2 wt %), TiO, NPs, and P25. It can be seen
that for the case of the nanocomposite, jsc is about 22
mA/cm?, which is almost 47 % higher than that for P25 and
53 % higher than that for TiO, NPs. The open-circuit voltage
(Vo) is 0.70 V (same as that compared to TiO, NPs) and 0.61
V for P25. As a result, the energy conversion efficiency of
the cells made from our nanocomposite is 56 % higher
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FIGURE 8. Absorptions of solutions containing dye detached from
the TiO, (short dotted line), TiO,—MWCNT nanocomposite (solid
line), and P25 (dashed line) films (all with 1 cm? area) in 10 mL of
H,O with 1 mM KOH.

(=7.37 %) than that for P25 (=4.73 %) and 51 % higher than
that for TiO, NPs (=4.9%). It is useful to mention here that
the weight percent of MWCNT, for which the results are
given here, is roughly near optimum from the standpoint of
efficiency. The efficiency was seen to fall by almost a factor
of 2 upon increasing the weight percent of MWCNT to 0.5 %
(presumably because of the adverse dye loading effect
discussed later). A plot of the power conversion efficiency
as a function of the MWCNT concentration has been given
in Figure SI-1 in the Supporting Information.

Figure 8 shows absorptions of solutions containing dye
detached from the TiO, (short dotted line), TiO,—MWCNT
nanocomposite (solid line), and P25 (dashed line) films (all
with 1 cm? area) in 10 mL of H,O with I mM KOH. We can
calculate from Figure 8 the dye loadings of the P25, TiO,,
and TiO,—MWCNT nanocomposite films, which are 4.5 x
1078,4.1 x 1078, and 3.37 x 1078 mol/cm?, respectively. It
is interesting that, although the dye loading of the
TiO,—MWCNT nanocomposite is less as compared to P25
and TiO, NPs, the energy conversion efficiency of the cells
made from the nanocomposite is higher than both. This can
be attributed to an improved charge-carrier transport af-
forded by MWCNT and possibly a lower recombination as
well. We believe that the effective molecular and thereby
electronic coupling realized in our hydrothermal synthesis
process is responsible for the significant enhancement of the
conversion efficiency.

CONCLUSIONS
In conclusion, high (~7.4%) conversion efficiency is

realized in DSSCs based on a hydrothermally synthesized
TiO,—MWCNT nanocomposite. This represents a ~50 %
improvement vis-a-vis cells made with hydrothermally syn-
thesized TiO, without MWCNT or Degussa P25 powder. FT-
IR data suggest that the —COOH groups open up on the
surface of MWCNT under hydrothermal processing condi-
tions and these conjugate with the Ti precursor to yield a
composite. This integral conjugation appears to be effective
in the charge-transfer process. Although MWCNT appears
to reduce dye loading to some extent, the efficient charge
transfer from TiO, to MWCNT and the efficient electron
transport by the latter appears to help to improve the
efficiency by 50 %.
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