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Single Walled Carbon Nanotube Array as Working
Electrode for Dye Solar Cells
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Abstract - A new working electrode for dye solar cells has been
fabricated incorporating an array of dye sensitised single walled

carbon nanotubes on an indium tin oxide coated glass substrate as

a replacement for the titania used in conventional dye solar cells.
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L INTRODUCTION

Since they were first reported by Iijima and co-workers in
1991 [1] carbon nanotubes have attracted interest across a
diverse range of fields including, but not limited to,
microelectronics [2], medicine [3], energetic materials [4],
polymers [5], energy storage [6] and recently, light
harvesting [7-10]. Single-walled carbon nanotubes
(SWCNTs) display excellent electrical conductivity in the
longitudinal direction but conduct poorly through their
sidewalls.
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Figure 1: Reaction pathway beginning with ITO coated glass (upper left)
which is hydroxylated (middle left) and carbon nanotubes are added (lower
left). To these are attached an ethylenediamine linker (lower right) which
facilitates the attachment of the dye sensitizer (upper right).
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Coupled with their very large surface area to volume ratio
this makes them good candidates as scaffold material for the
photoactive sensitiser in dye solar cells (DSCs) based on the
O’Regan/Gréatzel  architecture [11]. Furthermore, it is
suggested that a nanoporous network of SWCNTSs has the
potential to provide a greater surface area for dye
attachment than the mesoporous titania currently employed
as the scaffold in DSCs.

II.  RESULTS AND DISCUSSION

The cell electrodes use SWCNTs functionalised with
carboxyl groups using a well established technique [12].
The carboxylated SWCNTs are covalently bound by ester
bonds to previously hydroxylated indium tin oxide (ITO) in
the presence of dicyclohexylcarbodiimide (DCC) coupling
agent to produce ITO-SWCNT. The SWCNT
functionalised substrate is then sensitised with the ‘N3’
ruthenium dye [13] [cis- bis(4,4’ -dicarboxy -2,2° -
bipyridine)  dithiocyanato  ruthenium(Il)] via an
ethylenediamine linker to produce ITO-SWCNT-N3 as
shown in Fig. 1. The amidic addition of ethylenediamine to
the SWCNTs and subsequent attachment of the ruthenium
dye to the resultant free amine is catalysed by both DCC and
dimethylaminopyridine (DMAP).
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Figure 2: (a) Tapping mode AFM image of single-walled carbon

nanotubes on an indium tin oxide coated glass substrate.
representation of the image shown in (a).

(b) 3D

AFM images of the electrode surface (Fig. 2) show that
the SWCNTSs are present on the surface predominantly in
the vertical orientation, although some horizontally aligned
SWCNTs are evident. Vertical orientation of SWCNTs
greatly increases the surface area available for dye
attachment. The preference for electron transfer down a
SWCNT rather than through its sidewall also means that
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electron conduction between the dye and the ITO is
favoured over reduction of the electrolyte at the SWCNT
surface. In DSCs employing titania, reduction of the
electrolyte  via  photo-generated electrons at the
titania/electrolyte interface is one of the most significant
drawbacks and it is suggested that using SWCNTs instead
may reduce the likelihood of this type of back reaction
occurring.

The attachment of the dye to the diamine functionalised
SWCNT electrode is verified UV-Visible spectroscopy (Fig.
3). Peaks observed at 380 nm and 505 nm are characteristic
of the two types of metal to ligand charge transfer (MLCT)
between the ruthenium complex centre and its dual
bipyridine and thiocyanate ligands. Due to the very small
quantity of SWCNTSs on the electrode surface the amount of
ruthenium dye present is correspondingly small hence the
observation of c.a. 1% absorbance peak height in Fig. 3(a).
The position of the MLCT bands at 380 nm and 505 nm in
Fig. 3(a) is shifted slightly from those at 405 nm and 525
nm in Fig. 3(b). This is due to the effect of the
dimethylsulphoxide (DMSO) solvent used to obtain the
absorption spectrum of the ruthenium dye compared to the
dye sensitised electrode for which the absorption spectrum
was obtained in air.
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Figure 3: Comparison of UV-Vis difference spectrum produced by
subtracting the spectrum of ITO-SWCNT from that of ITO-SWCNT-N3
with the UV-Vis spectrum of the N3 ruthenium dye showing characteristic
MLCT bands.

The new working electrodes were incorporated into
complete DSCs employing a platinum coated fluorine tin
oxide (FTO) counter electrode (Fig. 4). The electrolyte used
was a solution of 3-methoxypropionitrile containing 1-
propyl  3-methylimidazolium iodide, iodine and
benzimidazole, also known as ‘robust’ electrolyte. The
iodide/triiodide redox couple allows for the refilling of
photo-generated holes at the working electrode whilst the
addition of benzimidazole has been shown to increase
photovoltaic performance in titania-based DSCs [14].
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Cells incorporating the new SWCNT-based working
electrode produce an appreciable photoresponse under
illumination with simulated sunlight. The light used was a
quartz arc lamp producing 25 mW cm™ at the cell surface
and light entered the cell through the working electrode.
Tests were performed at 25 °C and since light was
channelled to the cell via a fibre optic cable, no heating of
the cell was observed during the course of experiments.
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Figure 4: Schematic of DSC incorporating dye-sensitised SWCNT
working electrode.

Current-voltage data was collected on a Keithley 236
Source Measure Unit and recorded using a custom Digital
Instruments” LabView virtual instrument. The dye
sensitised SWOCNT cells produced an open circuit
photovoltage (Voc) of 43 mV, a short circuit current density
(Jsc) of 2.8 pA ecm™ and the fill factor of the J/V curve was
0.28. This modest photoresponse, coupled with the minimal
fill factor indicate (a) considerable electron hole
recombination within the cell and/or (b) a significant
mismatch between the energy levels of the various cell
components, upon which the performance of DSCs is highly
dependent. Of course, the quantity of photoactive material
on the surface is miniscule compared to that in conventional
DSCs so it was not expected that the power generated would
be comparable. Further work will involve developing
strategies for increasing the number of SWCNTs on the
surface to allow for the attachment of more dye.

Importantly, in contrast to DCSs using a titania scaffold
for dye adsorption, the observed photocurrent of the
SWCNT-based DSC flows in the reverse direction. In
titania-based cells the excited dye injects photo-generated
electrons into the conduction band of the titania with the
resultant holes in the dye being filled by oxidation of
trilodide to iodide. In these SWCNT-based cells, photo-
generated electrons must reduce the iodide to triiodide with
resultant holes being refilled by electrons returning from the
external circuit via the ITO and SWCNTs. This reversal of
the direction of photocurrent is certainly a result of a
substantial difference in the potential of SWCNTs
conduction band(s) compared to that of titania and suggests
a markedly different mechanism of electron transfer within
and between the components of the DSC. This effect and
the electronic basis for it are currently being investigated.



Another noteworthy observation is that cells fabricated
from working electrodes containing only SWCNTSs produce
a significant photoresponse without any sensitisation by
photoactive dye. In fact, the SWCNT-only cells produce a
Voc of47mV, aJgc of 2.0 pA cm? and a fill factor of 0.28.
This means that photo-generated charge separation is
occurring within the SWCNTs and that iodide is being
reduced to triiodide at the surface or, more likely the open
ends, of the SWCNTs. The generation of excitons within
SWCNTs when illuminated by light is one of ‘the unique
electrical and optical properties of SWCNTs’ so often
mentioned in the introductions of SWCNT-related
publications but these excitons are very tightly bound and
usually decay rapidly via phonon emission long before they
can be exploited. The fact that the observed photocurrent of
the SWCNT-only cell is ~71 % of that produced by the dye
sensitised cell shows that whilst dye sensitisation does
increase photoresponse it is the action of the SWCNTSs that
accounts for most of the power generated. Furthermore, the
reduction of Vgc from 47 mV to 43 mV upon dye
sensitisation implies (a) a reduced ability of the cell to
maintain charge separation (likely due an increased back
reaction of electrons from triiodide to SWCNT and/or ITO —
effectively a short circuit) and/or (b) the dye introducing an
electronic state between the SWCNT and the
iodide/triiodide thus reducing the maximum obtainable
voltage.

III. CONCLUSION

Solar cells based on the O’Regan/Gra tzel architecture
were fabricated from working electrodes incorporating an
array of dye sensitised SWCNTs as a replacement for the
conventional mesoporous titania scaffold. The morphology
of the electrode was shown to consist of SWCNTs aligned
predominatly in the vertical orientation with respect to the
surface. Dye sensitisation via an ethylenediamine linker
was confirmed by UV-Visible spectroscopy. The
photovoltaic performance of cells containing the new
working electrode was measured showing an appreciable,
though modest, photoresponse. The source of the low
power generated compared to conventional titania-based
DSCs is largely due to far less photoactive material being
present on the electrode surface. Additionally, a markedly
reduced fill factor indicates substantial electron hole
recombination the cells . Nevertheless, the observation of a
photocurrent in both the dye sensitised and SWCNT-only
cells reported in this work is promising for future low cost,
minimal material use solar cell applications if the
underlying mechanism of action is further understood and
improved.
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