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Abstract Double-walled carbon nanotubes (DWCNTSs)
have been studied for counter-electrode application in dye-
sensitized solar cells (DSCs). Mesoporous TiO2 films are
prepared from the commercial TiO2 nanopowders by screen-
printing technique on optically transparent-conducting
glasses. A metal-free organic dye (indoline dye D102) is
used as a sensitizer. DWCNTs are applied to substitute for
platinum as counter-electrode materials. Morphological and
electrochemical properties of the formed counter electrodes
are investigated by scanning electronic microscopy and
electrochemical impedance spectroscopy, respectively. The
electronic and ionic processes in platinum and DWCNT-
based DSCs are analyzed and discussed. The catalytic
activity and DSC performance of DWCNTs and Pt are
compared. A conversion efficiency of 6.07% has been
obtained for DWCNT counter-electrode DSCs. This effi-
ciency is comparable to that of platinum counter-electrode-
based devices.
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Introduction

Dye-sensitized solar cells (DSCs) have been studied
intensively due to their advantages in economic, scientific,
and technical aspects since their conversion efficiencies
exceeded 11% [1-4]. Counter electrode plays a key role in
DSC. It helps the regeneration of redox couples in electrolyte
and makes the cell a complete circuit. Previous studies have
shown that platinum is superior toward tri-iodide reduction
in DSCs; however, cost and stability considerations neces-
sitate the development of alternative material [5]. Hence,
other materials are attempted to reduce production cost of
DSCs. Some carbonaceous materials such as nanosize
carbon powders, activated carbon, and graphite have been
employed as catalysts for counter electrodes to replace the
Pt electrode [6-8]. Catalytic activity toward /5 reduction
has been observed on these carbon-based counter electro-
des, but an overall energy conversion efficiency of the
device is below than that of conventional Pt counter-
electrode DSCs. Besides, nanocarbon counter electrode
poses additional risk to the stability of DSCs. Since the
electrodes made up of nanosize carbon powder, prolonged
exposure in corrosive /- /I; redox electrolyte may lead to
the detachment of loosely bounded particles from rest of the
electrode, promoting the dark current and degrading the
overall device performance [9].

Due to the high longitudinal conductivity, heat resis-
tance, as well as corrosion resistance and electrocatalytic
activity for tri-iodide (13’ ) reduction of carbon nanotubes
(CNTs), CNTs were thought to have some possibility to
replace platinum in the DSC and tested as counter electro-
des of the DSCs [10-13]. These materials have several
advantages over platinum. Platinum was found to degrade
over time while in contact with an iodide/triiodide liquid
electrolyte, reducing the efficiency of a DSC, whereas
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CNTs did not degrade [10]. Suzuki et al. [10] used single-
wall CNTs (SWCNTs) on the fluorine-doped tin oxide
(FTO) glass as the counter electrode, achieving a conver-
sion efficiency of 3.5%. Lee et al. [11] applied multi-wall
CNTs (MWCNTs) as counter electrodes, demonstrating a
conversion efficiency of 3.06%. In particular, Ramasamy et
al. [12] applied MWCNT films sprayed on FTO as the
counter electrode for DSC. The device exhibited high
performance with the energy conversion efficiency (1) of
7.59%, short-circuit current (Jsc) of 15.64 mA cm—2, open-
circuit voltage (Voc) of 0.783 'V, and fill factor (FF) of 0.62,
under a 1,000-W Xe arc lamp. The DSC efficiency was
raised to 7.7% by ball milling pretreatment of MWCNTSs
[13]. Double-walled CNT (DWCNT) is one of the
important members of CNT family. As an intermediate
state between SWCNT and MWCNT, DWCNT is predicted
to have better physical and chemical properties than
SWCNT and MWCNT [14-16]. For example, DWCNT
has much longer lifetime than SWCNT [16]. Chemical
functionalization on the surface of DWCNT can yield
exciting and important CNT-based materials while main-
taining the properties of the inner tube intact. However,
DWCNT is s less exploited material because it involves
much more critical synthesis conditions than MWCNT and
SWCNT. Nevertheless, synthesis of DWCNTs has been
achieved recently [17, 18]. Thus, DWCNTs are going to be
widely applied to investigate all kinds of photoelectric
devices in the near future due to their unique electric and
chemical properties. Good catalytic performance could be
expected from DWCNTs as the counter electrodes for
DSCs. Following our previous works focused on applying
various nanocarbon and CNT thin films to develop negative
electrodes for field emission displays (FEDs), flat field
emission lamps, and water purification systems [19-22], we
explored and developed applications of DWCNTs in DSCs
as counter electrodes in this work. Mesoporous TiO2 films
were processed from the commercial TiO2 nanopowders by
screen-printing technique. DWCNTs were deposited on
FTO substrates as counter electrodes. The internal resis-
tance of Pt and DWCNTs counter-electrode-based DSCs
were investigated through electrochemical impedance spec-
troscopy (EIS) measurement. Efficient DSCs using
DWCNTs as counter electrodes were fabricated. Their
efficiency was very close to that of platinum counter-
electrode-based devices.

Experimental
Preparation of counter electrode and characterization

Platinized counter electrodes were printed using a paste
based on H2PtCl6 dispersed in a mixture of terpineol and
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ethylcellulose. The printed layers were heated at 385 °C for
20 min [23]. DWCNT counter electrodes were prepared by
a similar way. The DWCNTSs (Shenzhen Nanotach Port Co.,
Ltd., Diameter<5 nm, length <20 pm, purity >90%, special
surface area >450 m°g ') were ground in a mixture of
terpineol and ethylcellulose. The obtained paste was
deposited on the cleaned FTO glass by the screen printing
method. Then, the printed DWCNT film was heated at
300 °C for 15 min to maintain good adhesion between the
DWCNT layer and the FTO substrate. It was found that if
the temperature of the printed DWCNT layer was higher
than 400 °C, the terpineol and ethyl cellulose was more
completely burned out; however, the DWCNT film was
easy to be peeled off from the substrate. Thus, there is
trade-off between increasing adhesion and increasing
electrical conductivity. Considering this trade-off, the
annealing temperature of 300 °C was used for preparing
DWCNT counter electrodes.

The prepared counter-electrode layers were characterized
by field emission scanning electron microscope (FESEM)
(JEOL, JSM-6700F). The thickness of the layers was
measured by a profilometer (Dektak 6M).

Photoanode fabrication and characterization

A viscous TiO2 paste was prepared based on a procedure of
[4]. Firstly, 1 ml acetic acid (AR, SCRC, China) and 6 g
TiO2 (P25, Degussa) powder were mixed in an agate
mortar. Secondly, 15 ml deionized water and 30 ml
anhydrous ethanol (AR, SCRC, China) were introduced
drop by drop into the agate mortar under continuous
grinding. Thirdly, the mixture was transferred into a beaker
with another 50 ml ethanol. After magnetic stirring and
ultrasonication, terpineol (AR, SCRC, China) and ethyl
cellulose (200cPas, SCRC, China) in ethanol was then
added into the beaker. The weight ratio of ethyl cellulose to
terpineol is 5 wt.%. Subsequently, alternating stirring and
sonication were carried out to get homogeneous slurry. At
last, the slurry was concentrated with a rotary evaporator to
remove the ethanol and finalized by thoroughly grinding.

The TiO2 working electrodes were prepared using the
above paste on FTO glass by the screen print technology.
The glass was previously ultrasonically cleaned in ethanol,
acetone, and deionized water, respectively. The FTO
substrates were treated with 50 mM TiCl4 aqueous solution
at 70 °C for 30 min in order to improve the adhesion and
mechanical strength of the nanocrystalline TiO2 layer to the
FTO layer [4]. A screen (30 um in thickness, 200mesh/
inch) was used to prepare the TiO2 films. The thickness of
the film was controlled by the printing times. The screen-
printed layer was dried in air at room temperature for
15 min and then kept at 100 °C for 10 min. Then, the film
was fired at 500 °C in air for 30 min.
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A metal-free organic dye (indoline dye D102) [24, 25]
was used as a sensitizer. The D102 dye was purchased from
Shanghai Green-Technology Co., Ltd. The dye was of high
purity (>98%) and high absorption coefficient (67,500 L
mol 'em™" at 501 nm). After sintering at 500 °C and
cooling down to 80 °C, the nanostructured TiO2 films were
immersed into the dye solution at room temperature for
15 h. The sensitizing dye solution contained 0.5 mM
indoline dye D102 in acetonitrile and tert-butyl alcohol
(volume ratio=1:1). A red color was developed after
immersion, indicating that chemisorption took place and
confirmed the dye grafting on the semiconductor surface.
The TiO2 electrodes were then rinsed with absolute ethanol
to eliminate the physisorbed dye, dried in air, and ready for
the next step use.

A cell holder equipped with clamps was used to press the
TiO2 working electrode and the counter electrode. A drop of
electrolyte solution (0.1 M Lil, 0.05 M 12, 0.6 M DMPII, and
0.05 M tert-buthylpyridine in 3-methyoxypropionitrile) was
introduced into the clamped electrodes. An adhesive tape
(approximately 40 pum thick, 3M Scotch) was placed
between the photoelectrode and the counter electrode to
avoid short-circuiting.

Photoelectrochemical characteristics of the DSCs were
analyzed by EIS [26]. The EIS spectra were measured with a

computer-controlled electrochemical workstation (CHI660B).
EIS of DSC was performed under constant light illumination
and open-circuit conditions. The measurement was carried on
the AC impedance analyzer from 0.1 Hz to 100 KHz with
perturbation amplitude of 10 mV. The photovoltaic perfor-
mance parameters of DSCs were measured under a simulated
illumination (Solar simulator, Newport Oriel 93194A) with a
light intensity of 60 mW cm—2. As reported by Gritzel M. in
[27], the DSC exhibited the highest overall efficiency with the
light intensity of 65 mW cm—2, whereas a slightly lower
efficiency value with an intensity of 100 mW cm 2. The area
of the dye-coated TiO2 electrode was 0.25 cm?2.

Results and discussion

Figure la and b shows FESEM images of DWCNT and Pt
electrodes deposited on FTO glass substrates, respectively.
The DWCNTs were twisted and connected to each other to
form a three-dimensional (3D) network structure with a
thickness of ~7.0 um as shown in Fig. la and b. A few
angstrom wide /; ions can easily diffuse into the pores and
get reduced, suggesting that DWCNT counter electrode had
high electrochemical active surface [28]. Figure lc and d
shows typical SEM images of the platinum film of the

Fig. 1 FESEM images of prepared counter-electrode layers deposited on FTO glass substrates. DWCNT (a, b), Pt (¢, d)
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electrode prepared by thermal decomposition. Uneven size
distribution was observed for Pt particles. The irregular and
rough crystalline structure under the platinum film due to the
fluorine-doped SnO2 layer coated on the glass sheet and the
5—15-nm-sized platinum clusters seemed mainly distributed
and aggregated in the gap between SnO2 particles on the
surface of FTO, as shown as in a Fig. 1d with a higher
magnification. The effect of the thickness of the Pt film on
the performance of DSCs was investigated in details by
Fang et al. [29]. Their results indicated that when the Pt
film thickness exceeded 100 nm, further Pt deposition had
no significant influence on improvement in the conductiv-
ity, charge-transfer resistance, and the catalytic activity. In
our work, the thickness of coated Pt was about 200 nm.

Figure 2 shows photocurrent voltage (/-V) curves of
DSCs fabricated with DWCNTs and Pt-based counter
electrodes, respectively, under a light intensity of
60 mW cm—2. Diode parameters (Jsc, Voc, FF, and 1) were
measured on multiple devices to obviate cell-to-cell fabrica-
tion differences. The average measured diode parameters for
DSCs based on both kinds of counter electrodes along with
statistics are summarized in Table 1. For all the DSCs made,
the thickness of the TiO2 layer was about 10 um. DSC with
DWCNTs as counter electrode showed 6.05% overall light to
electric energy conversion efficiency, which was quite
comparable to the performance (6.80%) of platinum
counter-electrode device, as listed in Table 1.

EIS has been widely used to investigate the interfacial
charge transfer processes occurring in DSCs [30-32]. In
order to understand the difference in /~V performance of
DSCs fabricated with DWCNT and Pt counter electrodes,
respectively, EIS measurement also carried out under
constant light illumination (60 mW cm—2) biased at open-
circuit condition. Figure 3 shows the impedance spectra of
DSCs fabricated with both kinds of counter electrodes. The
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Fig. 2 Photocurrent voltage (/~V) characteristics of DSCs fabricated
with DWCNTs- and Pt-based counter electrodes
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Table 1 Performance characteristics of DSCs fabricated using
DWCNTs- and Pt-based counter electrodes under 60 mW/cm2 along
with statistics

Counter Jsc Joc (V) FF 1 (%)
electrode (mAcm—2)

DWCNTs  10.75+£0.50  0.68+0.01  0.53+0.01  6.05+0.12
Pt 10.73£0.38  0.71+0.01  0.56+£0.02  6.80+0.08

obtained spectra were fitted with Z-View software (v2.9c,
Scribner Associate, Inc.) in terms of the equivalent circuit
shown in the inset of Fig. 3. In general, the EIS spectrum of
the DSC containing liquid electrolyte shows three semi-
circles in the measured frequency from 0.1 Hz to 100 KHz.
The ohmic serial resistance (Rs) in the high-frequency
region corresponds to the electrolyte and the FTO resis-
tance, while the resistances Rctl, Rct2, and Rdiff relate to
charge transfer processes occurring at the counter electrode
in high-frequency region, at the TiO2/dye/electrolyte
interface, and in Nernstian diffusion within the electrolyte
in the low frequency range, respectively [31, 32]. The
Nyquist plot (Fig. 3a) showed that the value of the Rs
(29.58 Q cm?2) of the DSC fabricated using DWCNTs as
counter electrode was a slightly smaller than the Rs
(29.83 Q cm2) of the Pt-based DSC. Rs in the high
frequency range is mainly due to the sheet resistance of the
transparent conductive oxide (TCO) and increases directly
proportional to the sheet resistance of TCO [33]. DSCs
fabricated with DWCNT and Pt counter electrodes were
made by the same type of FTO. Both Rs values were very
close due to the high longitudinal conductivity of DWCNT.
However, the value of Rctl of the DWCNTs-based DSC
was 12.93 Q cm?2. This value was much larger than that of
Pt-based DSC, 3.50 Q cm2.
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Fig. 3 Impedance spectra of DSCs fabricated with DWCNT- and Pt-
based counter electrodes. The fop inset shows the equivalent circuit
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Electrical equivalent circuits have been developed in order
to rationalize the charge transfer and transport phenomena that
take place in the DSCs [30-32]. However, the interpretation
of these phenomena in terms of resistive and capacitive
elements is not straightforward due to the complexity
inherent to these photo-electrochemical cells. Previous
studies have shown that a counter electrode usually affects
the performance of cell in three aspects: The first is the
electrical property or sheet resistance; the second is the
electrochemical property or catalysis efficiency, which is
usually determined by the inverse of charge transfer
resistance; and the last is the optical property or reflection
of illumination [33-35]. The redox reaction resistance Rctl at
the counter electrode, the resistance Rdiff of carrier transport
by ions in the electrolyte, and resistance Ry due to the sheet
resistance of TCO contribute to the internal series resistance
of the cell. These resistances bring negative effect on the fill
factor and energy conversion efficiency. DSCs fabricated
with DWCNT and Pt counter electrodes had quite similar
Rdiff or Rs values because they involved the same electrolyte
and FTO. Nevertheless, DWCNT-based DSC showed a
higher resistance Rctl. The higher value of Rctl led to the
higher internal series resistance and resulted in the lower fill
factor and the smaller energy conversion efficiency of the
DWCNT-based cell shown in Fig. 2 and Table 1. The higher
value of Rctl also indicated that the electrochemical property
or catalysis efficiency of DWCNT is poorer than that of Pt.

Figure 4 shows the corresponding Bode phase diagrams
of the DSCs fabricated with DWCNT and Pt counter
electrodes, respectively. Generally Bode phase diagram
contains three characteristic frequency peaks, which are
assigned in the order of increasing frequency, to Nernst
diffusion impedance of the redox species in the electrolyte,
diffusion, and recombination of electrons in TiO2 conduc-
tion band and charge transfer process at counter electrode/
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Fig. 4 Bode phase plots of DSCs with DWCNTs- and Pt-based
counter electrodes

electrolyte interface. From Fig. 4, a strong left shift of the
middle-frequency peak (corresponding to the TiO,/dye/
electrolyte interface) is noticed with DWCNTs as counter
electrode compared to the case of Pt as counter electrode.
This reveals an increase of the electron lifetime in the
semiconductor at the same bias voltage in DSC based on
DWCNTs [32, 36]. The high-frequency peaks observed in
the Bode plots correspond to charge transfer at the counter
electrode. There is no significant change in the position of
the high-frequency peaks for both DWCNT and Pt counter
electrodes studied. The iodide/tri-iodide redox electrolyte is
highly corrosive and attacks electrodes. In the case of the
DWCNT-based DSCs, the DWCNTs film may be corrupted
by the electrolyte, and a small amount of DWCNT particles
has a chance to diffuse into the pores of TiO2 network to
improve the connectivity between the TiO2 particles, so as
to prolong the electron life time in the TiO2 film [37]. As a
result, the performance of DSC with DWCNTs as counter
electrode was very close to the devices using conventional
platinum as the counter electrode, as shown in Table 1 and
Fig. 2. The good functionality of DWCNTs as counter-
electrode can be attributed to their superior electric
conductivity and high electrochemical active surface.

The efficiency of DWCNT counter-electrode DSC was
higher than that of DSCs with SWCNT as counter electro-
des reported by Suzuki et al. [10] but lower than that of
cells with MWCNTs as counter electrodes reported by
Ramasamy et al. [12, 13]. The photovoltaic performance
was strongly affected by the specific surface areas of the
SWCNT materials [10]. In DSCs, the counter electrode
serves to inject charge into the electrolyte and catalyzes the
reduction of triiodide:

Iy +2¢ = 31

On the other hand, it also has to be well conducting and
exhibit a low overvoltage for the reduction of the redox couple
in order to carry the photocurrent over the width of each solar
cell. Hence, besides the specific surface areas, the adhesion
between the counter-electrode layer and the FTO substrate, the
work function and electron binding energy of CNTs also exert
an influence on the photovoltaic performance. The work
function of pure CNTs decreases in the proper sequence of
SWCNTs (4.8-5.1 eV), DWCNT (~4.5 eV), and MWCNTs
(~4.3 eV) [38-40]. Their electron-binding energy also
decreases in the sequence of SWCNT, DWCNT, and
MWCNT. Smaller work function and lower electron binding
energy may benefit the charge transfer in DSCs. From the
data shown in Table 1 and Fig. 2, the performance of
DWCNT counter-electrode DSC was poorer than the device
using conventional platinum as the counter electrode;
however, both kinds of devices demonstrated a very
comparable efficiency. Thus, DWCNT had a high electro-
chemical activity in the iodide/tri-iodide redox reaction.
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Conclusions

A low-cost DSC using DWCNT as counter electrode with an
energy conversion efficiency of 6.05% has been fabricated.
Mesoporous TiO2 films were prepared from the commercial
TiO2 nanopowders by screen-printing technique. A metal-
free organic dye (indoline dye D102) was used as a
sensitizer. DWCNTs were deposited on FTO as counter
electrodes. The internal resistance of platinum and DWCNTs
counter-electrode-based DSCs were studied by EIS. The
DWCNT electrode exhibited a similar DSC performance as
the conventional Pt counter electrode. The catalytic activity
and cell efficiency of DWCNTs and Pt was investigated and
compared. DWCNT has demonstrated a high electrochem-
ical activity in the iodide/tri-iodide redox reaction.
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