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HIGHLIGHTS

» We studied dye sensitized solar cells with and without addition of carbon nanotubes.
» CNTs can improve both photoconversion efficiency and operational stability.

» Optimized CNT loading (0.03% wt.) maximizes cell performance.
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We report the improvement of the operational stability of dye-sensitized solar cells (DSSCs) by incor-
porating multi-wall carbon nanotubes (MWCNTSs) in conventional nanostructured semiconducting TiO;
photoanodes. DSSCs were prepared by adding various concentrations of MWCNTs (up to 1.0% wt.) to TiO;
anatase nanoparticles. Optimization of MWCNT concentration leads to photoconversion efficiency as
high as 4.1% as opposed to 3.7% for pure TiO, photoanodes. The performance of the solar cells was

measured for 10 consecutive days of continuous ambient light exposure. MWCNT addition results in the
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decrease of efficiency from 4.1% to 3.7%, while a decrease from 3.7% to 2.4% was recorded in pure TiO,
photoanodes. These results are encouraging toward the commercial exploitation of DSSCs.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The rapid depletion of fossil fuels and the escalation in envi-
ronmental pollution have prompted increased investigations in the
field of alternative energy sources [1]. In this context, photovoltaic
(PV) cells are being studied to satisfy the increasing power needs of
today’s society. Driven by advances in technology, power conversion
efficiencies of about 25% have been reached for Si single crystal-
based PV cells [2] and of 41% for triple-junction GalnP/GalnAs/Ge-
based cells under 364 times concentrated sunlight [3]. However, the

* Corresponding author. INRS-EMT, 1650 Boul. Lionel-Boulet, Varennes, Québec
J3X 1S2, Canada. Tel.: +1 (514) 228 6906; fax: +1 (450) 929 8102.
** Corresponding author. CNR, IDASC, SENSOR Lab, Via Branze 45, 25123 Brescia,
Italy.
E-mail addresses: alberto.vomiero@ing.unibs.it (A. Vomiero), rosei@emt.inrs.ca
(F. Rosei).

0378-7753/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpowsour.2013.01.075

performance of these cells is still lower than the predicted values.
Moreover, they make use of expensive materials and they employ
complicated and costly processing steps. A potentially inexpensive
alternative is represented by dye-sensitized solar cells (DSSCs),
firstly introduced by O’'Regan and Gratzel in 1991 [4].

A typical DSSC makes use of a photoanode based on a porous
layer of semiconducting titanium dioxide (TiO2) nanoparticles,
photosensitized by a dye (e.g. a ruthenium polypyridyl complex),
deposited on a conductive glass substrate. After sunlight absorp-
tion, the photo-generated electron in the dye is transferred to the
conduction band of the TiO, where it moves toward the back
contact to finally enter the circuit. The dye is then regenerated from
its oxidized form by electron transfer from iodide ions (I7) dis-
solved in the electrolyte that permeates the porous TiO, nano-
particles structure. The tri-iodide ions (I37) formed in the dye
regeneration process diffuse through the liquid electrolyte to the
cathode, where they are reduced back to 17, to complete the cycle.
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Optimized DSSCs have reached a considerable solar-to-electrical
power conversion efficiency of 12.3% at AM 1.5G [5]. This effi-
ciency, while currently limited to laboratory prototypes, is prom-
ising when compared to the 13—25% efficiency observed for Si PV
cells, thus opening the opportunity to effectively exploit the DSSC
technology [6]. However, several challenges still exist, e.g. related to
the performance stability of the cells operated for prolonged irra-
diation times.

Rapid recombination of photo-generated charge carriers limits
the efficiency of DSSCs [7]. Alternative materials or/and structures
able to improve DSSCs performance and their stability without
affecting the overall cost are a critical issue to make DSSC com-
mercially viable [8—12].

A few recent papers demonstrated that the use of carbon nano-
tubes (CNTs) can improve DSSC performance [13—18]. CNTs have
been successfully applied as counter-electrodes to decrease the
charge transfer resistance [13,17,19], in conjunction with TiO, hollow
spheres, to simultaneously obtain fast electron transport and
enhanced light scattering at the photoanode [15] or conformal
coating by TiO; nanoparticles to create preferential channels for
charge collection. There are two types of CNTs, multi-walled carbon
nanotubes (MWCNTSs) that are mainly conducting and single walled
CNTs (SWCNTs) that can be semiconducting or conducting [19].
Previous studies have shown that TiO,—CNTs heterojunctions
may inhibit the recombination of photogenerated charge carriers
[20,21]. Moreover, adding MWCNTs to TiO, nanoparticles improves
the dispersion of the nanoparticles in solution, promoting the for-
mation of a porous structure in the TiO; layer, in turn leading to
a higher surface area for efficient dye adsorption [22—24]. While
improved photoconversion efficiency has been demonstrated by
addition of CNTs to conventional photoanodes, an investigation of the
stability of the photoelectrochemical system is still lacking, and this is
critical for the practical exploitation of the DSSC technology [25,26].

In this work, we report on comparative studies carried out on
DSSCs based on TiO, photoanodes before and after addition of
different amounts of MWCNTs to TiO,. At the optimal MWCNT
concentration, we demonstrate improved performance and
operational stability of DSSCs.

2. Experimental
2.1. Materials

Anatase TiO, nanopowder (purity 99%, 20 nm diameter, Sigma
Aldrich) and commercial MWCNTSs (purity >95%, 20 nm diameter,
Sigma Aldrich) were employed to prepare the TiO, layer and the
TiO,—MWCNT composite layer. For the electrolyte, I, Lil, and ace-
tonitrile (Sigma Aldrich) were used as received. DSSCs (active area of
0.25 cm?) were fabricated on Fluorine-doped Tin Oxide (FTO)-coated
glass substrates and sensitized with a N719 dye (Sigma Aldrich).

2.2. TiOy and TiO,—MWCNTs photo-anode preparation and
characterization

The TiO, paste was prepared by dispersing the TiO, nanopowder
in ethanol. The TiO,—MWCNT composite paste was prepared by
mixing various concentrations of MWCNT (in the range 0.03—1.00%
wt.) with the TiO, nanopowder, dispersing the mixture in ethanol.
Both pastes were treated in an ultrasonic bath for 1 h and then
stirred for 30 min. The pastes were then printed on the FTO coated
glass by using the doctor blade method and the samples were
annealed at 450 °C for 30 min [4,27].

The morphology and structure of TiO; and TiO,—MWCNT layers
were investigated by scanning electron microscopy (SEM, JEOL 7401F)
and transmission electron microscopy (TEM, Philips CM200 200 kV).

2.3. Photoanode sensitization and DSSC preparation and
characterization

TiO, and MWCNT-TiO; layers were sensitized by a 20 hour-long
impregnation in 5-10* M ethanol solution of commercial N719
dye. Afterward, the layers were washed with ethanol to remove the
excess dye. A hole drilled on the counter electrode (platinized FTO
glass) was used to enable the injection of the electrolyte after cell
assembling. Anode and cathode were sealed together using a ther-
moplastic mask (Surlyn, 60 pm-thick, melting temperature 100 °C,
with a hole of 0.36 cm?) and a thermal press. The assembled DSSC
was filled with the electrolyte, under vacuum, using the counter
electrode hole. Two series of DSSCs, making use of TiO, and TiO,—
MWCNTs layers, were prepared.

In the following, we discuss the results related to the cells with
best performance for each series (at least three cells were prepared
for each MWCNT concentration), which are representative of the
general trends of the two series of photoanodes.

3. Results and discussion

SEM images of the TiO, nanoparticle layers show a complete
coverage of the substrate (Fig. 1a). Typically, low concentrations of
MWOCNTs incorporated into TiO, are not visible by SEM imaging

Fig.1. SEM image at 10 kV of TiO, nanoparticle layer prepared in this work (a) without
MWCNTs and (b) with 0.03% wt. MWCNTs; high magnification SEM image of TiO,
nanoparticles (c) without MWCNTs and (d) 1.0% wt. MWCNTs. (e) TEM bright field
image of TiO, agglomerates of nanoparticles connected to a MWCNT and (f) TEM bright
field image of TiO, agglomerates associated to different sites of a MWCNT. Samples (e)
and (f) make use of the same ratio of MWCNTSs/TiO; (0.03% wt. of MWCNTs) and the
TEM images were made at 200 kV.
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Fig. 2. (a) Proposed schematic description of the connection between TiO,—MWCNT composite and N719 dye molecule. (b) UV—vis absorption spectra obtained for N719 dye in
ethanol solution, MWCNTs dispersed in ethanol solution and 0.03% wt. MWCNTs dispersed in N719 dye solution.

[28]. TEM investigation on selected MWCNTSs partially covered by
TiO, aggregates indicates that simple or multiple connections of
aggregates of TiO, nanoparticles to MWCNTSs are possible (Fig. 1e
and f). TEM images suggest a good affinity between the TiO; and
the MWCNTSs, which is important in view of limiting the MWCNT
loading required to improve DSSC performance. MWCNTs improve
the roughness factor of the electrode and limit the charge recom-
bination of electron/hole (e~/h™) pairs [26]. Nevertheless, a high
loading of MWCNTSs causes light-harvesting competition that af-
fects the light absorption of the dye-sensitizer and consequently
reduces the cell efficiency. Moreover, excess of MWCNTs can result
in a less compact TiO; layer, in which large pores form at the micron
scale [28] or in the formation of quite disconnected aggregates of
MWCNTs covered in conformance by TiO, nanoparticles (see
Fig. 1d, sample 1.00% wt.).

Initially, we investigated the effect of the presence of MWCNTs
on the optical absorption properties of the dye to identify potential
detrimental effects on the DSSC performance. In this context, the
literature suggests the existence of connections between MWCNTSs
and N719 dye molecules [29,30] such that the connection between
the TiO,—MWCNTs composite and the N719 dye molecules could
be sketched as in Fig. 2a.

UV—visible absorption spectra were obtained from three
samples: N719 dye in ethanol solution, MWCNTs dispersed in
ethanol, and MWCNTs dispersed in the dye/ethanol solution
(Fig. 2b). N719 dye exhibits the typical three-peak absorption
fingerprint, while MWCNTs show an almost constant absorption
in the range 300—800 nm. The addition of MWCNTs in dye solu-
tion results in a slight and homogeneous enhancement of the
absorbance in the UV-—visible range, without any significant
modification of the absorption features (peak position and relative
intensity) that would suggest an interaction between the
MW(CNTs and the dye.

Fig. 3b displays the current density—voltage (J—V) curves of cells
fabricated with different MWCNT concentrations under AM 1.5G
irradiation. The device characteristics of these cells are reported in
Fig. 4. The best characteristics are found in the sample containing
0.03% wt. MWCNTs. At higher MWCNT concentrations, according to
literature [28] and to our findings on the morphology of the 1.00%
wt. composite system (see the comparison between Fig. 1c and d)

MWCNT addition induces the formation of cracks and holes in the
compact structure of the TiO, thick film, which results less compact
than the TiO, layer without MWCNT addition in terms of close
packing of TiO, nanoparticles.
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Fig. 3. (a)J—V curves for solar cells with different MWCNT concentrations, from 0% wt.
to 1.0% wt under AM 1.5G simulated solar light irradiation. (b) J-V curves for freshly
prepared DSSCs and for DSSCs after 10 days of irradiation. DSSCs made with conven-
tional TiO, photoanodes versus TiO,—MWCNTs photoanodes are tested and compared
under AM 1.5G simulated solar lights.
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Fig. 4. Functional properties of the solar cells reported in Fig. 3a as a function of the
MWCNT content. (a) Jsc and Vy, (b) FF, and 7.

The J—V curves obtained for freshly prepared DSSCs and for
DSSCs after 10 consecutive days of continuous ambient light irra-
diation are illustrated in Fig. 3b. DSSCs with MWCNT-TiO, pho-
toanodes exhibit a short circuit photocurrent density, Js., and an
open circuit voltage, Vo, of 8.30 mA cm 2 and 0.76 V, respectively,
while these values are 9.15 mA cm~2 and 0.72 V for conventional
DSSCs, based on TiO, photoanodes.

The power conversion efficiency, 7, was estimated as
1 = P5* /P, where PR = Jmax-Vmax is the maximum output
electrical power density, Jmax and Viax are the photocurrent density
and photovoltage generated by the cells at the peak power,

—@-TiO,*MWCNTs —TiO,

FF (%)

respectively, and P;, (100 mW cm~2) is the power density of the AM
1.5G simulated solar light. The best power conversion efficiency
was found to be 4.1% for DSSCs making use of MWCNTs and 3.7% for
conventional DSSCs. The moderate increase of the performance is
mainly due to the increased fill factor (FF, which is the ratio of
maximum obtainable power to the product of the open-circuit
voltage and short-circuit current) in the optimized solar cell (64%
with respect to 53% in pure TiO, photoanode) and V,. (0.76 V as
compared to 0.72 V), both ascribed to the improved charge col-
lection. The photocurrent density is negatively affected by the
addition of MWCNTs, due to their competitive light absorption
(Fig. 2), which causes partial loss of visible radiation. Such cir-
cumstance does not allow improving the photoconversion effi-
ciency as much as reported in Ref. [26], where the large increase of
photoconversion efficiency was related to a 48% enhancement of J.
In particular, in Ref. [26], the enhanced J. is mainly ascribed to the
reduced crystallite size induced by the presence of MWCNTSs during
the synthesis of TiO, nanoparticles through sol—gel, and con-
sequent enhancement of the roughness factor (i.e. the total surface
area per unit substrate area). Here instead, the size of TiO; nano-
particles is the same for all the samples, since MWCNTs are added
to nanoparticles after their synthesis, so the beneficial effect of size
reduction cannot be exploited.

The presence of MWCNTs is also expected to increase Vi in
DSSCs including Li™ in the electrolyte. In DSSCs, Li™ is usually added
to enhance Jsc [31—35]. Li* can occupy different sites of the MWCNT
surface and/or can be positioned inside an individual nanotube,
through end-cap or sidewall openings. Moreover, Li* intercalation
can occur in the MWCNT (through lattice defects or open nanotube
ends) [36—38]. As a consequence, the concentration of Li* within
the TiO, layer decreases in the presence of MWCNTSs, thus limiting
the detrimental effect of Li* on the location of the TiO; conduction
band edge (Li* causes a shift in the band edges toward more positive
values), thus improving V.. This observation is in agreement with
Voc values obtained for DSSCs with TiO,—MWCNTSs photoanodes.
The positive effect of MWCNTSs on V,, and FF largely compensates
their detrimental effect on Js, ensuring an overall improvement of
the power photoconversion efficiency (7) of the cells.
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Fig. 5. Time dependence of the figures of merit of DSSCs with and without MWCNTSs in the TiO, layer, under prolonged ambient light irradiation: (a) Vo, (b) Jsc, () FF, and (d) ».
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To study the effect of MWCNTs addition on DSSCs performance
over time, the cells were tested for a period of 10 consecutive days
under continuous ambient light. Fig. 5 illustrates the time evolution
of the figures of merit of the best cells of the two series (this evo-
lution being representative of the general trend of the two series of
devices we investigated).

The results indicate that adding MWCNTSs significantly improves
cell performance, mainly by stabilizing the Js (see Fig. 5b). As dis-
played in Fig. 5d, the efficiency of conventional DSSCs (i.e. without
MW(CNTs) rapidly decreases with time, from 3.7 to 2.3% after 10
days, mainly due to the strong decrease of Js.

A first hypothesis to explain the improved performance stability
of DSSCs making use of MWCNTs could be the formation of
MWCNTs-based conducting networks inside the photoanode,
which limits the recombination of the photo-produced charge
carriers. However, recent experimental findings highlight that the
limited long-term stability of N719 dye is the main cause for the
degradation of N719-based DSSCs [26]. In this respect, the effect of
MWCNTs on cell stabilization and their possible interaction with
N719 dye is still unclear. Further investigations are planned to gain
new insight on the factors that contribute to improve DSSC stability.

4. Conclusions and perspectives

In summary, the addition of MWCNTSs to TiO, nanostructured
photoanodes increases the power conversion efficiency and the
operational stability of the DSSCs. The low loading of MWCNTSs
limits light-harvesting competition between the dye-sensitizer and
the MWCNTs, which would be detrimental for the power conver-
sion efficiency of the operating device. At present, other semi-
conducting materials such as ZnO and TiO, nanohole [39,40] are
under investigation to test the general validity of our approach to
improve the overall operational stability of DSSC.
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