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ABSTRACT: A novel dye-sensitized solar cell (DSSC) structure using vertically
aligned single-walled carbon nanotubes (VASWCNTs) as the counter electrode
has been developed. In this design, the VASWCNTs serve as a stable high surface
area and highly active electrocatalytic counter-electrode that could be a promising
alternative to the conventional Pt analogue. Utilizing a scalable dry transfer
approach to form a VASWCNT s conductive electrode, the DSSCs with various
lengths of VASWCNTSs were studied. VASWCNTSs-DSSC with 34 ym original
length was found to be the optimal choice in the present study. The highest
conversion efficiencies of VASWCNTSs-DSSC achieved 5.5%, which rivals that of
the reference Pt DSSC. From the electrochemical impedance spectroscopy
analysis, it shows that the new DSSC offers lower interface resistance between
the electrolyte and the counter electrode. This reproducible work emphasizes the
promise of VASWCNTs as efficient and stable counter electrode materials in
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DSSC device design, especially taking into account the low-cost merit of this promising material.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are a relatively new class of
thin film solar cells with promising high conversion efliciency at a
low cost. These solar cells utilize two main components: a photo
anode consisting of light-absorbing dye molecules adsorbed on a
semiconductor material, and an electrically conductive counter
electrode that catalyzes an electrolyte redox reaction to regener-
ate electrons for the dye molecules.' > Because these cells do not
utilize highly processed silicon for light harvesting, they may be
fabricated at much lower cost than traditional photovoltaic cells.
In this device, the counter electrode material choice is one of the
key factors in achieving a highly efficient DSSC device. A Pt thin
film deposited on a fluorine doped tin oxide (FTO) substrate
ty'plcally serves as the counter electrode in conventional
DSSCs.°~® While offering excellent electrical conductivity, cat-
alytic activity, and corrosion resistance, Pt is also an expensive
and relatively rare element. To lower materials cost and achieve
feasible large-scale production, an alternative counter electrode
material with excellent high conductivity as well as superior
electrocatalytic activity is highly desirable. Because of the low
cost, high durability, excellent catalytic activity, and electrical
conductivity, carbon-based materials have been utilized as effec-
tive alternative counter electrode for many years.””~'" Carbon

v ACS Publications ©2011 american chemical Society

3157

nanotubes and nanohorns,* carbon black,'® and graphite'" have all
been tested as potential counter electrodes. Traditionally, these
structures have been applied as 2D films, but this approach suffers
several drawbacks. The 2D structure limits the available catalytic
surface area of the carbon material, and electron transfer is less
efficient because the electrons must hop between the different
carbon structures within the film during transport. Vertically aligned
carbon nanotubes (VACNTS) present a solution to both of these
problems. Stemming from the high surface to volume ratio of
VACNTS’, this 3D structure has much higher available catalytic
surface area than any 2D film, and its vertical alignment allows direct
electron transport to occur through individual tubes, which will
eliminate the contact resistance encountered in 2D counter electro-
des. Proving the validity of this approach, a DSSC utilizing vertically-
aligned multi-walled carbon nanotubes (VAMWCNTS) counter
electrode was fabricated by J. G. Nam et al. and it was found that the
vertical alignment realized by low temperature chemical vapor
deposition (CVD) growth of VAMWCNTSs directly on FTO glass
clearly improved the fill factor (FF) thus corresponding cell efficiency
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Figure 1. Schematic of VASWCNTSs-DSSC.

as compared to the deposited 2D MWNT films.* Lee et al.® and
Ramasamy et al.'* further proved the efficiency was related to
the thickness of MWCNT as a result of variations in the charge
transfer resistance between the electrolyte and carbon nanotubes
(CNTs) interface.

Single-walled carbon nanotubes (SWCNTs) have smaller
diameters than multi-walled nanotubes while offering compar-
able or better electrical and catalytic properties. Vertically aligned
SWCNTs (VASWCNTs) therefore could provide even higher
catalytic surface areas than VAMWCNTs arrays, and have the
potential to offer superior catalytic performance.

In this spirit, dense VASWCNTs is an ideal material to be
utilized as a counter electrode due to their attractive features —
combining a high surface area counter electrode that is chemically
stable, with excellent electrical transport properties due to the one-
dimensional nature of the SWCNTs. Due to these reasons, there
have been a few reports of using SWCNTs as counter electrodes in
DSSC devices. Suzuki et al. reported on the casting of SWCNT's
films on FTO-glass and Teflon membranes to make counter-
electrodes for DSSCs, demonstrating conversion efficiencies of
3.5 and 4.5%, respectively,"* which was still appreciably lower than
that of traditional Pt based DSC (5.4%). In 2009, Lee et al.
achieved 4.03% conversion efficiency from adding SWCNTs to Pt
as the counter anode."* In 2010, an efficiency of around 8% by using
gel-coated binder-free SWCNT's were reported.” In the same year,
C. Wang’s group achieved 1.3037% by employing SWCNTs with
functional group deposition.' SWCNTS had also been applied on
different substrates in DSSC, i.., stainless steel'” and flexible PET
substrates."® All of the above had used wet processing methods
which involve dispersing SWCNT's in solvents then spraying or spin
coating the solution onto substrates to prepare the SWCNTs
counter electrode. Nonetheless, there remains significant variation
between the conversion efficiencies reported using different counter
electrode preparation approaches, making it difficult to assess the
promise of SWCNTS as a counter electrode material for DSSCs.

In this study, we employed high quality VASWCNTSs arrays as
counter electrodes for DSSC device design, demonstrating the use
of a dry-transfer of the SWCNT arrays to produce robust counter
electrodes on FTO-glass substrates (Figure 1). Compared with wet
processing methods, the dry method is simple, repeatable and easy
to control, offering high density of SWCNTSs arrays. Using this
scalable counter electrode fabrication approach, the conversion
efficiencies of 5.5% were obtained, yielding a competitive counter
electrode design to the expensive Pt electrode. Also we studied the
DSSC with various lengths of VASWCNTs as counter electrode. It
turned out that VASWCNTs with ~34 um original length pro-
duced the best result. On the basis of this study, we expect an
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Figure 2. Characteristics of a representative VASWCNTs array (a)
transfer VASWCNTs from silicon substrate to FTO (inserted picture:
three VASWCNTs counter eletrode); (b, ¢, e) SEM images of
VASWCNTs before transfer; (d) SEM image of VASWCNTs after
transfer. (f) TEM image of VASWCNTs.
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Figure 3. Raman spectra of VASWCNTs.

optimized SWCNT material to be an ideal candidate for low-cost,
scalable, and highly efficient DSSC device design in the future.

2. RESULTS AND DISCUSSION

Figure 2a is a picture showing the original growth substrate
being held by a tweezers to demonstrate the clean transfer from
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Table 1. I—V Parameters of VASWCNTs-DSSCs

as-grown lengths after-transfer lengths (#m) Voo (V)
reference N/A 0.7
15 um VASWCNTs ~1 0.725
22 um VASWCNTSs ~3 0.725
34 um VASWCNTs ~6 0.65
53 um VASWCNTSs ~7 0.675

current density (mA cm™?) FF (%) efficiency (%)
13.67 59 5.6
12.9 S1 4.8
14.88 49 §5.3
13.8 61 S.S
14.73 52 S.1
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Figure 4. -V curves of the reference and the VASWCNTs-DSSCs.

one surface to the next that was consistently observed in this study.
Inset in Figure 2a is an image of SWCNTs arrays transferred to
FTO-glass substrates prior to fabricating DSSC devices. The area
of the fabricated VASWCNTS counter electrode used in our DSSC
devices is typically ~0.11 cm’. Detailed, systematic studies of the
effect of SWCNT's array length suggested optimal device perfor-
mance at lengths of ~34 ym, prior to transfer of the VASWCNTs.
The characteristics of a representative SWCNT array, including
scanning electron microscopy (SEM, FEI Quanta 400 ESEM, FEI,
USA) imaging before (Figure 2b, ¢, e) and after (Figure 2d)
contact transfer to FTO are shown. High-resolution transmission
electron microscopy (TEM, JEOL 2010, JEOL, Japan) char-
acterization and Raman spectra are shown in Figures 2f and 3.
From the Raman characterization (633 nm excitation), it is
evident that the SWCNTs are of high quality, with a G/D
ratio ~10 suggesting a very low amount of defects of amorphous
carbon in the material. Also observable are some radial breathing
modes from the SWCNTs, depicting the wide range of diameters
present in the SWCNTs arrays. To characterize the SWCNT
material, we imaged as-grown and transferred SWCNT arrays
(Table 1). For example, prior to transfer of one of the
VASWCNTs arrays, the original lengths (controllably tuned
utilizing the known relation between the growth time and the
carpet heightw) were ~34 um. Following the transfer, the
lengths of the SWCNT's array were observed to be ~6 um due
to some compression by an applied shear-force that is placed on
the SWCNTSs array to facilitate transfer. This compaction effect,
although in a varying degree, was consistently observed in all
VASWCNTs array transfer processes with different original
lengths (Table 1). Typical measured carbon densities of this
material are ~60 mg/ cm>,*® with measured average SWCNTSs
diameters near 2.5 nm.”' These are determined utilizing a
combination of mass measurements, optical measurements,
and electron microscopy. This yields a ~7% dense material
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Figure S. Nyquist plots of the VASWCNTSs-DSSCs at different bias
voltages.

following growth. This means that following transfer the struc-
ture is, on average, ~40% dense, leading to better conduction
properties while still maintaining a high exposed surface area.

Figure 2e depicts a high magnification image of the SWCNT
array, showing the bundle structure (average bundle diameter
of ~20 nm) and the good alignment in the as-grown SWCNTs
array. Figure 2f shows TEM characterization of the SWCNT
material, after sonication in ethanol and drop casting onto a TEM
grid. Evident from these images are SWCNTs that have a
diameter range (2—4 nm) consistent with previous detailed
imaging and characterization reported elsewhere.'**!

To evaluate the DSSC performance, we tested one group of
reference DSSC with Pt used as counter electrode (with the same
area as VASWCNTs electrodes) and four groups of VASWCNTs-
DSSC with different SWCNT lengths. The characteristic I-V
plots of the devices are shown in Fig. 4 and the detailed
photovoltaic parameters are summarized in Table 1. For the
DSSCs made from VASWCNTSs with 34um original length, the
short-circuit current densities (J.) are measured to be 13.8 mA/
cm” yielding a total conversion efficiency of 5.5% (SWCNT area
of 0.11 cm?), with an open-circuit voltage (V,.) and FF of 0.66 V
and 61%, respectively. Based on Table 1, the efficiency of the
DSSC made from VASWCNTs with 34um original length
achieved the highest value, compared with other VASWCNTs-
DSSCs. An efficiency of 5.5% is also very close to the efficiency of
the reference DSSC fabricated following the same procedure as
described earlier but employed evaporated Pt as counter electrode,
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which is 5.6%. The difference between 5.5% and 5.6% is negligible,
because of the margin of error of estimates that go into the efficiency,
such as measuring dimensions of the DSSC device and reason-
able offset of the solar simulator. In other words, these two values
are the same within the accuracy of the measurement technique.

To further understand the important parameters in the operation
of the DSSCs, the electrochemical impedance spectroscopy (EIS)
analysis employing the ZView software were carefully conducted.
As clearly shown in Figure S, there are two semi-circles in the
Nyquist plots. After we fit the plots with the equivalent circuit
(insert in Figure S, where CPE 1 = Constant Phase Element #1;
DX 1= Extended Distributed Elements #1), the charge transfer
resistance (Rpt) of VASWCNTSs was found to be from S to 1022,
depends on their different lengths; while the Rpt of the reference
DSSC was around 30€2. This proves that the VASWCNTS offer
lower interface resistance between the electrolyte and counter
electrode, compared to the reference DSSC.

At the same time, the series resistance (Rs) of VASWCNTs-
DSSC is from 18 to 49 €2 depends on different lengths, while Rs
of the reference DSSC is around 16 2. The intrinsic resistance of
the VASWCNTSs have been measured (along their length) to be
near ~3 x 10~° Qm,*>** which should yield a significantly lower
resistance than 18 to 49 Q. Because the resistance of FTO is the
same in both VASWCNTs-DSSCs and the reference DSSC, it
can be assumed that the high resistance is directly related to the
mechanical contact between the VASWCNTSs and FTO glass
which could be further improved. However, it is notable that even
with this non-ideal condition, the DSSC devices fabricated in this
way still achieved 5.5% conversion efficiency, which is almost the
same to 5.6% in the reference DSSC, within the margin of error.

Meanwhile, important parameters including recombination
impedance and chemical capacitance were also analyzed for both
VASWCNTs-DSSCs and the reference DSSC, demonstrating a
non-negligible effect of VASWCNTs electrodes on photo anode
performances (see the Supporting Information). Furthermore,
measurement of monochromatic incident photon-to-electron
conversion efficiency (IPCE) of VASWCNTs-DSSCs confirmed
the sub-optimal performances of photo anodes (see the Support-
ing Information), suggesting the possibilities of increasing the total
conversion efficiency by improving the quality of photo electrodes.

Finally, it should be noted that a key advance in this study is
the integration of high quality VASWCNTSs into the DSSC
device design. In this architecture, the ultra-long VASWCNTSs
arrays (as shown in Figure 2c) allows direct contacts between
electrolyte and the FTO surfaces that is mediated by individual
SWCNT assembled in parallel. This allows charge transport
processes to be determined by intra-tube transport, as opposed
to ineflicient electron hopping processes that occur between
nanotubes”” and are likely to limit the performance of CNTs
electrodes prepared utilizing other techniques.

Therefore, the scheme developed in the current study made it
possible for the electrical resistance of the high surface area
electrode material to be significantly reduced, while also providing
a technique promising for scalable and cost-effective counter
electrode fabrication for DSSC devices. These results suggest that
VASWCNTs could eventually yield better performance compared
to Pt as a counter electrode material in DSSC device design.

3. CONCLUSIONS

In conclusion, we explored the performance of VASWCNTs-
DSSCs with various SWCNT lengths. This DSSC architecture

with ~34um VASWCNTs length was found to yield the optimal
counter electrode in our systematic study. Our experiments
determine that the VASWCNTs-DSSC has an efficiency of 5.5%,
comparable to 5.6% obtained with a reference Pt-DSSC. EIS
measurements determine that the electrolyte-VASWCNTS resis-
tance in this architecture is lowered by up to ~6x compared to
Pt, whereas the VASWCNTs-FTO interface has a higher resis-
tance due to the contact transfer process utilized here. Nonetheless,
our studies emphasize that future work focus on improving the
electrical interface between VASWCNTSs arrays and the back-
contact could yield DSSC device performance exceeding that
which can be obtained with a traditional counter electrode design,
while also providing a lower-cost alternative to Pt.

4. METHODS

To fabricate VASWCNTSs-DSSC devices, the VASWCNTSs were
grown in a water-assisted thermal chemical vapor deposition system at
750 °C utilizing atomic hydrogen catalyst reduction prior to growth.'?
The catalyst substrates consisted of 0.5 nm thick Fe films and subsequent
10 nm thick Al,O; films deposited onto Si. Following growth, the
carbonaceous interface between the catalyst and the SWCNTs was
etched using a 3—35 min vapor phase H,/H,O treatment at 750 °C, and
the SWCNT arrays were transferred by simple contact printing in a
manner described in detail elsewhere.”** In brief, the VASWCNTs
morphology enables strong van Der Waals interfacial adhesion with a
surface that it is placed in contact with compared to the interaction with
the growth substrate (where this interface has been etched). This allows
simple contact transfer in the framework of the “gecko effect” that is
performed in a fully dry state, and allows the VASWCNTs material to be
transferred to nearly any surface. This technique leaves the metal catalyst
behind on the growth substrate whereas the transferred SWCNTs are
clean and free of metal impurities. Evidence of this is clear in studies where
aligned SWCNT's are grown multiple times following contact transfer
from the same 0.5 nm thick catalyst layer.® As a result of its simplicity, this
technique is highly scalable and could be envisioned to take place in a roll-
to-roll, or large-scale industrial process, as such techniques are currently
being developed.* Following transfer, this counter electrode is assembled
into a modified DSSC architecture, as illustrated in Figure 1. Finally for the
fabrication of Pt reference electrodes, a CRC-150 sputter coater was
utilized to sputter Pt thin films with thickness of 20 nm and an average
RMS value of a few nm on FTO substrates.

The FTO glasses (Pilkington FTO glass Tec 8 &15 Glass, 2.2 mm of
thickness) were cleaned using an ultrasonic bath in a detergent solution,
consisting of DI water and 200 proof alcohol, and repeated twice. The
clean FTO glasses were screen-printed with TiO, paste. The paste for
the transparent TiO, layer (DSL 18NR-T, Dyesol) was printed four
times on the FTO glass plate. A diffusing layer (WER4-O, Dyesol) was
then formed once. The printed thickness was controlled to 12.5 xm by
successive printing. After each printing, each layer was dried at 125 °C
for 6 minutes and then sintered at 500 °C for 60 min in air. Anatase
structure was confirmed from the X-ray diffraction (XRD) result. The
sintered photo electrode was immersed in the N719 (Ruthenium, RuL,-
(NCS),): 2 TBA (L = 2,2/ -bipyridyl-4,4’-dicarboxylic acid; TBA = tetra-n-
butylammonium), B2 N719, Dyesol) solution (3 x 10™* mol/L) for 24 h
at room temperature.

The photo electrode and counter electrode were stacked and sealed
with a sealant (1170 Series, 25 and 60um, Solaronix) at 125 °C for 20 s
twice. The electrolyte solution, with a composition of 50 mM I,,
500 mM Lil, 500 mM 4-tert-butylpyridine (TBP), and 2-methoxypro-
prionitrile (MPN) as the solvent, was injected into the cell and sealed
using additional sealant.

To characterize the performance of DSSC devices with VASWCNT's
as the counter-electrode material, we performed testing under standard
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conditions (AM 1.5, 100 mW/cm?) at 25 °C using a solar simulator
(Oriel) calibrated using a reference silicon cell (calibrated at NREL,
Oriel). Electrical impedance measurements were tested using a 608C
electrochemical analyzer workstation (CH Instruments, Austin, Texas).
The frequency range is from 0.05 Hz to 100,000 Hz, while the magnitude
of the modulation signal is S mV. Z-View software (v2.9¢, Scribner
Associates Inc.) was utilized to fit the experimentally measured spectra
with the appropriate equivalent circuit.

B ASSOCIATED CONTENT

© Ssupporting Information. Four figures, including a semi
logarithmic plot of the recombination impedance (R.), a semi
logarithmic plot of the chemical capacitance (Cut), a plot of the
apparent electron lifetime (7n) and the monochromatic incident
photon-to-electron conversion efficiency (IPCE) of VASWCNTs-
DSSC. This material is available free of charge via the Internet at
http://pubs.acs.org.
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