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ABSTRACT A novel dye-sensitized solar cell (DSSC) architecture based on vertically aligned carbon nanofibers coated with a thin
nanoneedle-textured anatase TiO, film is demonstrated. An encouraging overall conversion efficiency of ~1.09% and a rather high
open-circuit voltage of ~0.64 V have been achieved. The efficient charge separation at the TiO,—CNF junction and the large outer
TiO, surface of this core—shell architecture provide new methods to tune the materials and interfaces in solar cells.
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INTRODUCTION

ew solar cell (SC) architectures that can be fabricated
N using nonconventional nanomaterials have attracted

extensive attention in recent years because of the
demand of photovoltaic technologies for large-scale energy
production (1—3). Dye-sensitized SCs (DSSCs) that were
originally constructed from a three-dimensional mesoporous
network of TiO, nanoparticles (NPs) have appeared as a very
promising low-cost technology (4). The ability to achieve an
overall power conversion efficiency up to 10.4 % (5) or even
higher has stimulated extensive studies focused on under-
standing electron transport and how to reduce the charge
recombination at the TiO, surface. One of the promising
methods is to use vertically aligned TiO, nanotubes (NTs)
(6, 7), ZnO nanowires (NWs) (8, 9), ZnO NTs (10), and Si
NWs (11, 12) as direct electron pathways to facilitate faster
transport. Here we report on a new architecture based on
the coaxial coating of TiO, nanoneedles on a vertically
aligned carbon nanofiber (VACNF) array. VACNFs are a
subset of multiwalled carbon NTs (MWCNTSs) grown by
plasma-enhanced chemical vapor deposition (PECVD) on
solid substrates (13). The electric field during PECVD growth
assists the vertical alignment and results in a uniform
nanobrushlike structure free-standing on solid substrates
(14—17). We demonstrate that the unique VACNF structure
can be used as a highly conductive nanostructured core to
collect electrons in a DSSC on which a nanoneedle-textured
anatase TiO, shell is coated as the charge separation barrier.
This architecture provides the capability of studying the
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effect of the electron collection and charge separation in the
DSSC processes by separately tuning the core—shell materials.

Recently, we demonstrated that a particulated anatase
TiO, film can be deposited on a VACNF array by a metal—
organic chemical vapor deposition (MOCVD) strategy to
form a coaxial core—shell NW array structure (13). Interest-
ingly, the TiO, particles in the film elongate into densely
stacked nanoneedles when the deposition time is increased
over 30 min. This provides a large TiO, outer surface, which
is desired for increasing dye adsorption. Photoluminescence
analysis indicates the complete fluorescence quenching of
TiO, excitation due to electron separation at the TiO, to
carbon nanofiber (CNF) heterojunction, which is homoge-
neously formed around each CNF (13). Here, we demon-
strate the successful fabrication of a DSSC using such a
nanostructured core—shell architecture. An encouraging
overall power conversion efficiency of 1.09% and a rela-
tively high open-circuit voltage (V,.) of 0.64 V have been
achieved. This provides a new architecture beyond TiO,/ZnO
core—shell NW arrays (18), which allows further study of the
effect of the materials and interface properties on electron
transfer in such structures.

EXPERIMENTAL SECTION

Preparation of DSSC Photoanodes. The preparation of DSSC
photoanodes in this study consists of three steps. First, the
fluorine-doped tin oxide (FTO) was deposited on 1.0-mm-thick
quartz slides with a size of 2 cm x 2 ¢cm by spray pyrolysis of
a mixture solution in air (19). The solution consisted of
SnCly - 5H,0 (2.80 @) dissolved in ethanol (40 mL), which was
then mixed with a saturated aqueous solution of NH4F (0.48 g),
followed by sonication for ~20 min. It was atomized by
compressed air at a pressure of 0.06 MPa through an airbrush
onto the substrate at 410 °C. After 45 min of deposition, a FTO
film of 15 um thickness was obtained with a sheet resistance
comparable to that of commercial FTO anodes from Solaronix.
Second, VACNF arrays were grown on the substrates at ~800
°C with a direct-current-biased PECVD system (AIXTRON)
following previously published procedures (14—17) using a 22-
nm-thick Ni catalyst film and a mixture of C;H, and NHj5 as the
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FIGURE 1. (a) Schematic of VACNF arrays coated with anatase TiO,
nanoneedles for DSSCs. (b) SEM image at a 45° perspective view of
an as-grown VACNF array. (c) TEM image of an as-grown CNF. (d)
SEM image at a 45° perspective view of the VACNF array after being
coated with anatase TiO, nanoneedles. (¢) TEM image of a CNF after
being coated with anatase TiO, nanoneedles.

gas precursors. Third, a TiO, layer was deposited on the VACNF
array via MOCVD using titanium isopropoxide vapor under 150
mTorr at 550 °C.

Fabrication and Characterization of DSSCs. The DSSCs were
prepared by immersion of the bare or TiO,-coated VACNF array
in a 0.2 mM ethanol solution of cis-bis(isothiocyanoto)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)ruthenium(ll) bis(tetrabutylammo-
nium) dye (N719, Solaronix) for 12 h. Sensitized anodes were
then bonded with thermally platinized FTO/glass cathodes with
a hot melt spacer (60 um thick, Solaronix). The electrolyte
(lodolyte AN-50, Solaronix) consisting of 50 mM triiodide, 0.1
M Lil, and 0.5 M 1,2-dimethyl-3-propylimidazolium iodide in
acetonitrile was filled in the cell by capillary forces. The cells
with an active area of 1 cm x 1 cm were tested under one sun
AM 1.5G simulated sunlight (300 W ozone-free Xe lamp,
Newport 67005 Lamp Housing). The current—voltage (/—V) data
were recorded with a potentiostat (model 440A, CH Instru-
ments) and validated with a standard Si SC to avoid the possible
error due to the additional power extracted from the potentiostat.

RESULTS AND DISCUSSION
VACNFs present an extraordinary vertical alignment

distinct from other CNT materials. As shown in Figure 1b,
each CNF free-stands on the substrate surface with the Ni
catalyst particle present at the tip. The diameter of CNFs can
be controlled from 50 to 100 nm, and the length can be
varied from a few micrometers to ~40 um. The well-defined
vertical alignment and lower growth temperature provided
by PECVD make VACNF arrays more attractive than ran-
domly stacked CNTs for SC applications. The intrinsic resis-
tivity of CNFs was previously found to be p = 0.4—7 mQ
cm (20—22), a few hundred times lower than that of ZnO
NW (~0.3—2.0 Q cm) (9), making them a better electron
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collector in NW-based DSSCs. The work function of CNFs is
presumably similar to that of graphite (at ~4.5—5.0 eV),
matching well with that of the commonly used transparent
conductive electrodes (TCEs) such as indium-doped tin oxide
(ITO) or FTO. The bamboolike structure shown in Figure 1c
is the characteristic signature of this material, differentiating
it from MWCNTSs. Under proper conditions (MOCVD for 60
min) (13), the TiO, film forms an interesting nanoneedle-
like texture uniformly wrapping around each CNF, as shown
by both scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images in Figure 1d,e, which
provides the desired large TiO, surface for dye adsorption
in DSSC fabrication.

So far, all VACNF arrays have been fabricated on opaque
substrates (mostly on Si) using PECVD (14—17). The SC
architecture shown in Figure 1a requires the growth of
VACNF arrays on TCEs. We prepared FTO electrodes on
quartz as substrates in this study. In the future, it is possible
to lower the PECVD growth temperature below ~500 °C,
i.e., the melting point of glass (the common photoanode
substrates) (14, 17).

Figure 1b shows a SEM image at a 45° perspective view
of an as-grown VACNF array of ~5 um in length with a rather
uniform vertical alignment. The density is ~1—2 x 10° CNF/
cm?, corresponding to an average nearest-neighbor distance
of ~300—400 nm. Such three-dimensional nanobrush struc-
tures offer sufficient open space for TiO, and dye molecule
deposition. As we reported before (13), TiO, forms a con-
formal particulated film of anatase crystal structure around
individual CNFs by the MOCVD process within ~30 min of
deposition. With a longer deposition time of ~60 min, the
TiO, particles elongated into nanoneedles stacked on the
CNF surface, with an average diameter of 10—15 nm and a
length of 50—100 nm (Figure 1d,e). This gives a much larger
surface area than the smooth ZnO NWs and TiO, NTs (5—8).
More dye molecules can be adsorbed, which is desired for
higher DSSC efficiency. All TiO, coatings in this study are
based on such a nanoneedle-textured structure fabricated
with a 60-min MOCVD process.

The strong light absorption by carbon materials (23, 24)
such as CNTs and CNFs in the UV—vis range has been a
concern in their applications as photoanodes in SCs. This
appeared not to be a significant factor for the VACNF
architecture, as demonstrated with transmission UV—vis—IR
optical spectroscopic measurements. Figure 2a shows the
transmittance spectra (Cary 500 UV—vis—near-IR spectro-
photometer, wavelength from 200 to 2200 nm) of the
homemade FTO/quartz substrate in comparison with the
commercial FTO/glass and ITO/glass electrodes as refer-
ences (Solaronix). The transmittance is similar in the visible
range among all samples, with a value between 63 % and
78 % . Higher transmittance is obtained with the homemade
FTO/quartz sample at both UV and IR regions, giving some
advantages for more light to pass through.

Figure 2b shows the transmittance spectra of the VACNF
arrays with lengths of 1, 2.5, and 5 um, respectively. The
I-um-long VACNF array shows rather high transmittance
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FIGURE 2. (a) Transmission optical spectra of a homemade FTO film
on quartz substrates in comparison with references, i.e., commercial
FTO and ITO films on glass substrates. (b) Transmission optical
spectra of VACNF arrays with lengths of 1, 2.5, and 5 um, respec-
tively. (c) Transmission optical spectra of 5-um-long as-grown
VACNEF arrays, after being coated with TiO, and further derivatiza-
tion with N-917 ruthenium dye molecules. The inset in part c shows
the configuration for measurements with the light shining perpen-
dicular to the substrate surface.

over the whole spectrum with a minimum transmittance of
~8.18% at a wavelength of ~320 nm. The transmittance
increases as the wavelength moves to the visible and IR
regions. As the length of the VACNF increases, the minimum
transmittance is lowered to 1.51 % and shifts to longer
wavelength at ~400 nm for 2.5 um VACNF arrays. It is
further lowered to 0.36 % at ~500 nm for 5.0 um VACNF
arrays. Even though the transmittance decreases as the
length of the CNF is increased, more than 0.36 % of light can
penetrate through the 5.0-um-long VACNF array in the
visible range. This indicates an optical penetration depth of
~5 um, only slightly smaller than the 10-um penetration
depth in conventional TiO, NP-based DSSCs (25).

The small light absorption by VACNF arrays is in drastic
contrast to other studies using random CNT networks later-
ally stacked on the substrate surface (26, 27) or high-density
entangled CNT vertical structures (28). This allows the use
of CNFs as thick as 5 um instead of a few hundred nano-
meters. A perfect VACNF array with ~100 nm diameter and
a density of 1 x 10? CNF/cm? should have a footprint only
accounting for about 8 % of the surface area. Therefore, 92 %
of the light should pass through a VACNF array of any length
if it shines perpendicularly to the surface. However, the
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produced VACNFs have small random tilt at an angle within
+10° from the surface normal, which generates a much
larger projected area on the substrate surface, in proportion
to the CNF length. Assuming that all CNFs are tilted in the
same direction by 10° from the surface normal, the pro-
jected footprint of 5-um-long VACNFs will cover nearly
100% of the surface, which is close to our experimental
results.

Interestingly, we found that the phototransmittance by
VACNFs can be significantly increased after coating with
TiO, and organometallic dyes, respectively. Figure 2¢c shows
the transmittance spectra of the 5-um-long VACNF array
at three different conditions. The wavelength of minimum
transmittance shifted from ~500 to ~300 nm, and the
minimum transmittance value is increased from ~0.36 %
to 0.60% after coating with TiO,. This may be attributed to
the strong scattering by the rough TiO, surface. The trans-
mittance in the visible range is increased even more. After
application of the dye molecules, the transmittance slightly
decreases over the entire spectrum with a minimum value
of ~0.50 %, attributing to the additional absorption by the
monolayer of dye molecules on the TiO, surface. In optimi-
zation of the DSSC efficiency, the TiO, surface should be
derivatized with dyes (29) or quantum dots (30) with higher
absorption coefficients so that the loss of photons due to CNF
absorption can be reduced.

The I—V characteristics of DSSCs constructed with an as-
grown VACNF array and a TiO,-coated VACNF as anodes are
shown in Figure 3a. The DSSC made of a TiO,-coated VACNF
array shows a short-circuit current (Jso) of 2.91 mA/cm? and
an open-circuit voltage (Vo) of 0.640 V. A fill factor (FF) of
58.2 % is obtained at the circuit voltage of 0.462 V, which
corresponds to a maximum overall efficiency (1) of 1.09%.
These performance parameters are close to those of the
DSSCs using vertical TiO, NTs (7), ZnO NWs/NTs (8, 9),
ZnO—TiO, core—shell NW structures (18), and non-TiCl,-
treated TiO, NPs (6) but better than those of the DSSCs
fabricated with TiO, NPs deposited on single-walled CNT
(SWCNT) scaffolds (27). To our surprise, even the DSSC
fabricated with an as-grown VACNF array presents photo-
voltaic effects with J = 0.216 mA/cm?, V,. = 0.550 V, FF =
20.7 % , and maximum efficiency 7 = 0.025 %, respectively.
Clearly, electrons can be directly transferred from ruthenium
dyes to CNFs, indicating the good electron collection capa-
bility of the VACNF template. The significantly enhanced
efficiency after coating of the bare VACNFs with the TiO, film
indicates that the TiO, layer is necessary as an energy barrier
for improving the separation of photoexcited electrons from
oxidized dye molecules (18). Electrons are then collected by
the highly conductive CNF cores, while the dyes carrying the
produced holes remain at the external TiO, surface and are
quickly reduced to the original state by reaction with iodide
ions in the solution. The rough surface of the TiO, nanon-
eedle texture is expected to provide a larger effective surface
area to support the dye absorption, approaching that of the
traditional TiO, NP-based DSSCs (4, 5).
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FIGURE 3. (a) Current—voltage characteristics of DSSCs constructed with as-grown VACNFs (black line) and TiO,-coated VACNFs (blue line).
The current density (Jmax in A/cm?) and voltage (Vimay in V) of the TiO,-coated VACNF SC at maximum conversion efficiency are shown in the
figure. (b) Photocurrent response (i.e., short-circuit current J;) of the DSSC constructed using TiO,-coated VACNFs during light ON—OFF cycles.
(c) Photovoltage response (i.e., open-circuit voltage V,.) during light ON—OFF cycles. (d) Photocurrent action spectra of DSSC. IPCE (%) =
1240]s/ALinc x 100, where Ji is the short-circuit current and Iy is the power of the incident light.

Law et al. (18) have previously demonstrated that apply-
ing a TiO; shell of 10—25 nm thickness on a ZnO NW array
core caused a dramatic increase in Voc and FF. This was
attributed to the suppression of the interfacial recombination
of the TiO, shells. An energy barrier of ¢, = 75—150 mV
was expected based on the likely doping difference between
the ZnO core and the TiO, shell. This radial field would
reduce the electron concentration at the outer surface of the
NW by a factor of exp(—¢n/RT), or roughly 20—300 times
smaller than the center of the NW. This concept can be also
applied in this study using the TiO, shell on the CNF core.
In previous studies (20, 21), we have demonstrated that all
CNFs present metallic properties similar to those of graphite.
The work function of CNF is expected to be similar to that
of graphite with a value of 4.5 to 5.0 eV. The difference
between the Fermi level of CNFs and the conduction band
edge of TiO, shell is expected to result in a potential
difference of —200 to —700 mV at the CNF—TiO, interface,
which is much larger than that at the ZnO—TiO, interface.
We expect that this large potential difference will be more
effective in suppressing the charge recombination at the
outer TiO, surface, as demonstrated by the much higher
energy conversion efficiency with the TiO,—CNF DSSC than
the CNF DSSC. The main potential advantage of
TiO,—VACNTF architecture is that it combines three desired
properties for a highly efficient DSSC, i.e., an efficient charge
separation with the TiO, shell as an energy barrier, a large
effective surface area by a nanoneedle-like TiO, texture, and
a fast electron transport through the highly conductive
metallic CNF core. This report demonstrates that a working
DSSC with reasonable efficiency can be fabricated with the
VACNF—TiO, core—shell architecture. The optimization of
the efficiency and the study of the charge-transfer rate at
each interface (particularly with time-resolved measure-
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ments) must to be carried out in the future to realize all of
these potentials.

In addition, we found that the short-circuit photocurrent
Jsc showed reproducible responses during ON—OFF cycles.
As illustrated in Figure 3b, the initial Js. of a DSSC with
TiO,—VACNEF architecture is ~2.75 mA/cm?. It monotoni-
cally decreases versus time when the light is turned on. The
photocurrent instantaneously drops to zero when the light
is turned off and is able to recover the previous level after
the light is turned back on. After about 30 s of light exposure,
Jsc becomes stabilized at a value of ~2.50 mA/cm?, which is
about 93 % of the initial value. It then remains at this level
for about 3 min, while the light is cycled between ON and
OFF every 10 s until the experiment is stopped. Stability tests
with longer time scales will be pursued in the future. In the
meantime, the open-circuit voltage V. showed very repro-
ducible responses during ON—OFF cycles, as seen in Figure
3c.

Furthermore, we evaluated the DSSC performance by
recording the incident photon-to-charge carrier conversion
efficiency (IPCE) at different incident wavelengths, as shown
in Figure 3d. The IPCE was calculated by IPCE (%) = 1240]s/
Aline X 100, where [ is the power of the incident light (26).
Clearly, an IPCE maximum at 515 nm correlates well with
the peak absorption of the ruthenium(l) dye. A maximum
photoconversion efficiency of 34 % was achieved, which is
comparable with that of DSSCs made of ZnO, NT arrays
(~35%) (10) but higher than that of TiO, NPs on SWCNTs
(~15% (26) to 25% (27)). This value, however, is likely
limited by the ruthenium(ll) adsorption on the surface of a
TiO,-coated VACNF array, which needs to be optimized in
the future. Quantitative characterization of the uptake of
ruthenium(ll) is in process.
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Our results not only indicate that the fabrication of
VACNF-supported TiO,—CNF core—shell DSSCs is feasible
but also demonstrate an encouraging /[—V characteristic. For
comparison, we also fabricated a DSSC with a 10-um-thick
film of TiO, NPs (15 nm diameter) using conventional
methods with the same dye (N719) and the same electrolyte.
We obtained similar /—V characteristics with slightly higher
energy conversion efficiency (7 = 1.86%) than the
VACNF—TiO, core—shell DSSC (y = 1.09%). This value is
lower than the state-of-the-art efficiency of 10.4 % reported
in the literature (5) but is comparable to that in another study
using TiO, NPs without TiCl, treatment (17). This side-by-
side comparison implies that the efficiency of our DSSCs is
not limited by the intrinsic material properties of the vertical
architecture. Optimization of the preparation conditions by
exploring various surface treatments is in progress to achieve
the intrinsic efficiency that this architecture may offer.

Even though not yet optimized, the performance of the
TiO,—VACNEF DSSCs has already surpassed that of other
DSSCs fabricated with CNTs. Our study is consistent with
the study by Kamat et al. using TiO, NPs on a dense
randomly stacked SWCNT network (26, 27) in showing that
CNTs or CNFs facilitate charge transport and improve DSSC
photocurrent generation. However, the open-circuit voltage
(Voc =~0.26 V) by Kamat et al. strangely decreased by more
than 30% compared to the traditional DSSCs made with
TiO, NPs alone (27). This was attributed to a significant
positive shift in the apparent Fermi level of SWCNT photo-
anodes. The high V.. (~0.65 V) in our study reported here
reveals that this is not due to the intrinsic properties of CNTs
or CNFs. Instead, the heterogeneous interfaces between the
SWCNT scaffold and the bulk TiO, NP layer may be the real
reason for the low V. in the previous study (27). The intact
coating of a uniform TiO, layer coaxially around each CNF
may facilitate a homogeneous TiO,—CNF interface and thus
enhance the performance.

CONCLUSIONS
In conclusion, we have demonstrated the successful

fabrication of DSSCs based on the architecture of VACNF
nanobrushs coated with a nanoneedle-textured anatase TiO,
film. The VACNF array was grown on a transparent electrode
consisting of a FTO film on quartz. Optical spectra indicate
that VACNF has much less light absorption because of the
vertically aligned structure. This ensures that the light can
reach a much larger volume of active photovoltaic materials.
TiO, coating and dye derivatization further enhance the
utilization of photons at the TiO, shell surface and reduce
the loss of photons by CNF absorption. The enhanced optical
depth allows the use of a 5-um-long VACNF array for DSSCs.
The I-V characterization under 100 mW/cm? sunlight gives
an encouraging overall conversion efficiency of 1.09% and
a rather high V,. of 0.64 V comparable to those of DSSCs
made with ZnO or TiO, NWs/NTs. This new core—shell
vertical architecture presents a large open spacing, allowing
homogeneous dye derivatization, quantum dots attachment,
and mediator/electrolyte access. The ability to separate
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multiple roles in a DSSC by integrating various materials on
the VACNF template provides new routes to investigating the
mechanisms in solar energy capture and conversion. Opti-
mization is in process to reach the intrinsic performance that
this architecture may offer.
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