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Carbon nanotubes (CNTs) have been recently fabricated into macroscopic films to improve their
practical applications in a wide variety of fields, e.g. electrode materials. In the current CNT electrodes
however, CNTs are typically interconnected to form networks or are aligned as lots of bundles, and the
resulting photovoltaic devices based on the CNT electrodes have typically shown low energy
conversion efficiencies. Here we report a new and general drying approach to make a well distributed
and aligned CNT film which exhibits a rapid charge separation and transport. As a demonstration, it
has been used as a counter electrode to fabricate dye-sensitized solar cells with an energy conversion

efficiency of 9.05%.

Introduction

Photovoltaics may represent a general and efficient approach to
solve the global energy crisis, and have attracted extensive
attention from both academia and industry for many years.
However, the development of inorganic photovoltaics has long
been hindered by complex fabrication and high costs. As a result,
increasing interest has been recently paid to dye-sensitized solar
cells which can be fabricated by an easy solution process with low
cost.** In this case, it is critically important to further increase
the cell efficiency. The conventional electrode materials based on
noble metals, such as platinum, have obvious limitations, e.g.
being expensive with limited supply on the earth, being prepared
by deposition under vacuum and being unstable during use.”
Therefore, a lot of effort has been used to discover new electrode
materials in replacement of platinum.

Carbon nanotubes (CNTs) represent one of the most prom-
ising candidates due to their combined advantages which include
high surface area, high stability, and excellent electrical and
electrocatalytic properties.”'® The CNT electrodes typically in
the format of film have been mainly prepared by coating CNT
dispersions onto substrates.'’’> As CNTs randomly aggregate
into network structures during the evaporation of solvents, it
remains challenging to control the film structure, and the
generated charges also have to transport among a large number
of crossed contacting points with low efficiency when randomly
dispersed CNT films are used as electrodes. To this end, aligned
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CNT sheets have been recently drawn from spinnable CNT
arrays and were expected to show promising applications for
efficient electrode materials.'***

However, we recently found that these sheets were composed
of a lot of CNT bundles. Fig. 1 shows a typical scanning electron
microscopy (SEM) image of a multi-walled carbon nanotube
(MWCNT) sheet. The MWCNTs are not uniformly dispersed in
the sheet. Therefore, it is difficult to control and improve the
MWCNT structure. Both the stability and electrical conductivity
also need to be improved. In addition, when the MWCNT sheet
was used as the counter electrode to fabricate dye-sensitized solar
cells, the resulting cells showed lower power conversion effi-
ciencies than the conventional platinum. Herein, we have
developed a new and general peeling approach to prepare well
distributed and aligned MWCNT films. These films showed a
much higher efficiency than both MWCNT sheets and platinum
as the counter electrode in dye-sensitized solar cells.

Fig. 1 Scanning electron microscopy (SEM) image of a MWCNT sheet.
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Experimental section

MWCNT arrays were grown by chemical vapor deposition with
Fe (1 nm)/Al,O5 (10 nm) as the catalyst at 750 °C.'5 Ethylene was
used as the carbon source and a mixture of Ar and H, was used as
the carrying gas. The flow rate ratios of Ar, H,, and C,H4 were
400, 25, and 75 sccm, respectively. The thickness of the MWCNT
array could be up to 4 mm. The synthesized MWCNTs showed a
diameter of ~10 nm. A tape was then used to touch the top edge
of an array to paste the desired MWCNTs which could be
transferred onto various substrates such as a glass slide, fluorine-
doped tin oxide and polymers. The MWCNT number density
was further increased after a solvent treatment by ethanol or/and
pressing treatment. As a comparison, MWCNT sheets were
obtained from spinnable MWCNT arrays with heights of 200—
300 pm. In a typical spinning process, a MWCNT ribbon was
first drawn from the CNT array and a microprobe was then used
to touch the ribbon to continuously pull it out of the MWCNT
sheet. The synthesis of the spinnable MWCNT arrays was
previously reported elsewhere. !¢

For application as the counter electrode in dye-sensitized solar
cells, the MWCNT films were transferred onto fluorine-doped tin
oxide glass (15 ohm per square) or flexible indium tin oxide on
polyethylene naphthalate (15 ohm per square), followed by
heating at 500 °C in argon for the first case and 150 °C in air for
the second case. In the case of platinum as the counter electrode,
it was coated onto fluorine-doped tin oxide glass by thermal
decomposition of H,PtCls.' The working electrode was
composed of a layer of nanocrystalline TiO, (diameter of 20 nm)
with a thickness of 14 um and a light-scattering layer of TiO,
(diameter of 200 nm) with thickness of 2 um prepared by screen
printing technology. The area of TiO, electrodes was 0.25 cm?.
The working electrode was heated to 500 °C for 30 min and
annealed in air. It was then immersed in aqueous 40 mM TiCl, at
60 °C for 25 min and washed with deionized water and ethanol,
followed by sintering at 500 °C for 30 min. After the temperature
was decreased to 120 °C, it was immersed into 0.3 mM N719
solution in dehydrated acetonitrile and tert-butanol (volume
ratio of 1: 1) for ~16 h. The N719-incorporated electrode was
carefully rinsed by dehydrated acetonitrile. The working and
counter electrodes with a Surlyn frame as the spacer were sealed
by pressing them together at a pressure of about 0.2 MPa and a
temperature of 125 °C. The redox electrolyte (composed of 0.1 M
lithium iodide, 0.05 M iodine, 0.6 M 1,2-dimethyl-3-propylimi-
dazolium iodide and 0.5 M 4-fert butyl-pyridine in dehydrated
acetonitrile) was introduced into the cell through the back hole of
the counter electrode. Finally, the hole was sealed with the Surlyn
and a cover glass. In the case of a flexible cell, a TiO, mixture
with 80% anatase and 20% rutile was added to ethanol with a
concentration of 20 wt%. The suspension was coated onto the
conducting substrate by a doctor blading method to produce the
working electrode.

The film thickness was measured by a Dektak 150 Step
Profiler. The structure was characterized by scanning electron
microscopy (Hitachi FE-SEM S-4800 operated at 1 kV). Raman
measurement was performed on a Renishaw inVia Reflex with
excitation wavelength of 514.5 nm and laser power of 20 mW.
The electrical conductivity was obtained by a physical property
measurement system (KEITHLEY 2182A nanovoltmeter with

6221A DC and AC current source). The resistivity change under
bending was monitored by Agilent 34401A digital multimeter.
The dye-sensitized solar cells were measured by recording J-V
curves with a Keithley 2400 Source Meter under illumination
(100 mW cm~?) of simulated AM 1.5 solar light coming from a
solar simulator (Oriel-Sol3A 94023A equipped with a 450 W Xe
lamp and an AM 1.5 filter). The stray light was shielded by a
mask with an aperture which was a little smaller than the
working electrode. Cyclic voltammetry and electrochemical
impedance spectroscopy were performed on a CHI 660a elec-
trochemical workstation.

Results and discussion

Fig. 2 shows schematically the preparation of the well distributed
and aligned MWCNT film. MWCNT arrays were first grown by
a chemical vapor deposition process with thicknesses of milli-
meters (Fig. S1T). Rows of MWCNTSs were then peeled off from
the top edge of a MWCNT array by a normal tape and trans-
ferred onto the desired substrate. The MWCNT number density
of the cross section in the as-prepared film was typically ~1 x
10" cm™2. The MWCNT number density corresponds to the
plane perpendicular to the MWCNT-aligned direction in this
work, it can be further increased and tuned by solvent or/and
pressing treatments. Fig. 3 shows scanning electron microscopy
(SEM) images of the MWCNT films with increasing MWCNT
number densities of ~1 x 10" cm™2, ~1 x 10" em ™2, ~3 x 10!
ecm ™2 and ~4 x 10'"' cm™2 The MWCNTs were well distributed
and aligned before and after treatments. Fig. S27 shows a typical
Raman spectrum of the resulting MWCNT materials with high
quality.”® "5 The thickness of the aligned MWCNT film was
controlled by varying the contact width of the tape or/and the
above post-treatment. In this work, the MWCNT film has been
mainly prepared with the thickness range of 200 nm to 20 pum.
Due to the large surface area, the MWCNT film can be easily and
stably attached onto a wide variety of substrates such as glass,
fluorine-doped tin oxide and polymers through van der Waals
forces. For instance, Fig. S31 shows that a flexible MWCNT film
stabilized on poly (ethylene naphthalate) can be bent for more
than one hundred cycles without obvious structure changes
traced by SEM, i.e., the MWCNTs remained highly aligned and
attached on the polymer substrate.

Electrical conductivities of the MWCNT films were measured
along both length and width directions by a two-probe method.
The electrical conductivity increased with the increasing
MWCNT number density. For the as-prepared film with a
MWOCNT number density of ~1 x 10" cm™> (Fig. 3a), they were
~41 and ~6 S cm™! at room temperature, respectively. After the
ethanol and pressing treatments with a higher MWCNT number
density of ~4 x 10'" em~2 (Fig. 3d), the resulting MWCNT film
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Fig. 2 Schematic illustration of the preparation of the well distributed
and aligned CNT film.
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Fig. 3 SEM images of the well distributed and aligned MWCNT films
with increasing MWCNT number densities of ~1 x 10'® cm™2 (a), ~1 x
10" ecm™2 (b), ~3 x 10" em™2 (c), and ~4 x 10'' cm™2 (d) in the cross
section (the plane perpendicular to the MWCNT-aligned direction).

showed much improved conductivities of ~1150 and ~223 S
cm !, respectively. Compared with the length direction, the
lower conductivities in the width direction were mainly derived
from the higher contact resistance among MWCNTs.

To verify the potential application of these MWCNT films as
electrodes, particularly flexible electrodes, their electrical resis-
tance in two directions were carefully compared under bending.
Fig. 4a and b show that the resistance remained almost
unchanged when the MWCNT film on poly (ethylene naph-
thalate) was bent to 180° with different bending radii in a range
from 4 to 14 mm in both directions. Fig. 4c and d further indicate
that the resistance varies by less than 1% even after bending for
500 cycles in both directions. The MWCNT film showed much
higher resistance stability than a MWCNT sheet which can be
prepared only from lower arrays,'>'*?® and the resulting shorter
MWCNTs are more easily destructed under bending.

For use as the counter electrode in a dye-sensitized solar cell it
is also necessary to verify the catalytic activity of the MWCNT
film. To this end, cyclic voltammetry was performed for the
MWCNT film, MWCNT sheet and platinum in an acetonitrile
solution containing I,, Lil, and LiClO4 under the same condi-
tions.?! Two oxidation/reduction peaks in Fig. 5 clearly indicate
the catalytic capability for all three of the electrodes. The left pair
of peaks corresponds to the redox reaction in eqn (1) and the
right one corresponds to the redox reaction in eqn (2):
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Fig. 4 The electrical resistance of the MWCNT films on poly (ethylene
naphthalate) during the bending process. (a) and (c) A film being bent
along the length direction. (b) and (d) A film being bent along the width
direction. Here Ry and R correspond to the electrical resistance before
and after bending. The inserted images at (a) and (c) schematically show
the bending direction. One bent cycle means that a film is bent to 180°
(with a bending radius of 4 mm) and then recovered to the original state.

Generally, the catalytic activity of the electrodes is propor-
tional to the reduction peak current density and inversely
proportional to the peak-to-peak voltage separation both at the
left pair of peaks.?> Obviously, the reduction peak current density
of the MWCNT film is almost two times that of the platinum and
4 times that of the MWCNT sheet. At the same time, the peak-to-
peak voltage separation for the MWCNT film is 0.36 V,
compared with 0.42 V for the platinum and 0.70 V for the
MWCNT sheet. Therefore, the MWCNT film exhibited the best
capability for the reduction of 15~

Fig. S41 schematically shows a typical structure of the dye-
sensitized solar cell based on the MWCNT film as the counter
electrode. Fluorine-doped tin oxide deposited with titanium
oxide nanoparticles was used as the working electrode, and
cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato)
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Fig. 5 Comparison of electrocatalytic activities between the MWCNT
film (red line), MWCNT sheet (blue line) platinum (black line) electrodes.
The cyclic voltammetry was performed in an acetonitrile solution con-
taining | mM I,, 10 mM Lil, and 0.1 M LiClO,4 with a scan rate of
100 mV s~ ! through a three-electrode setup.
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ruthenium(1) bis(tetrabutylammonium) (also called N719, and
the chemical structure is shown in Fig. S51) was used as the dye.
The resulting dye-sensitized solar cells were expected to show a
high performance according to the working mechanism.?*-28
Fig. 6a compares the dye-sensitized solar cells by using the
MWCNT film, MWCNT sheet and platinum as counter elec-
trodes measured under AM 1.5 illumination. For a MWCNT
film with a thickness of 4 pm and MWCNT number density of
~2 x 10" cm~2 derived from an array with a height of 1.5 mm,
the resulting cell typically showed an open-circuit voltage (Voc)
of 0.74 V, a short-circuit current density (Jsc) of 18.02 mA cm >
and a fill factor (FF) of 0.67. Therefore, the energy conversion
efficiency (n) was calculated to be 9.00%. As a comparison, if the
counter electrode was replaced by the MWCNT sheet while the
other parameters such as the material used, the fabrication and
the structure were maintained the same, the cell showed Vo of
0.73 V, Jsc of 14.84 mA ecm~2 and FF of 0.58, which produces an
1 of 6.20%. As another comparison, when the platinum electrode
was used under the same conditions the derived cell exhibited a
Voc of 0.75 V, Jsc of 17.65 mA cm™* and a FF of 0.61, which
produces an 1 of 8.05%. Obviously, in the application as counter
electrodes, the MWCNT film shows the best performance.
Although it may not be very accurate to directly compare these
three kinds of electrodes as their conductivity, thickness, and
surface roughness could be different, this comparison did
provide a clue that such MWCNT films showed a good potential
for the application as counter electrodes in dye-sensitized solar
cells.

To better understand the high performance of the MWCNT
film, electrochemical impedance spectroscopy was used to
compare the cells based on the MWCNT film and platinum as
counter electrodes. As shown in Fig. 6b, the serial resistance (Rg)
is the combined resistance of electrolyte and electrode, while the
resistance of Rcti, Reta, and Ry (the real part of diffusion
impedance, i.e., Zyw) correspond to the electrochemical reaction
at the counter electrode in the high-frequency region, the charge
transfer at TiO,/dye/electrode interfaces in the middle-frequency
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Fig. 6 A comparison of the MWCNT film (red line) with the MWCNT
sheet (blue line) platinum (black line) as counter electrodes to fabricate
dye-sensitized solar cells. The MWCNT film used with a thickness of 4
pm and MWCNT number density of ~2 x 10! cm™ was prepared from
a MWCNT array with a height of 1.5 mm. (a) J-V curves of three typical
cells measured under AM 1.5 illumination. (b) Nyquist plots of the cells
at (a) (the inset image shows an equivalent circuit). The frequencies
ranged from 0.1 to 100 kHz with an applied voltage of —0.8 V. Here R,
Rct1, Rera, Zw, and CPE stand for serial resistance, charge-transfer
resistance at the counter electrode, charge-transfer resistance at TiO,/dye/
electrode interfaces, diffusion impedance, and constant phase element,
respectively.

region and the Warburg diffusion process of I7/I;™ ions in the
electrolyte in the low-frequency region, respectively.?*3! There-
fore, the catalytic capability can be directly reflected by Rct; (the
first semicircle at the high frequency). Here the MWCNT film
counter electrode exhibited the smallest Rcr;. Therefore, it
shows a higher catalytic activity than both platinum and the
MWCNT sheet. A smaller Rct; reduces the cell resistance to
improve both Jsc and FF. In other words, the higher cell effi-
ciency based on the MWCNT film should be derived from the
higher catalytic activity and higher electrical conductivity, which
are further closely related to the uniformly distributed structure
of the MWCNTs in the film.

The aligned MWCNT films with different thicknesses and
MWCNT number densities prepared from different heights of
used MWCNT arrays were compared for the resulting dye-
sensitized solar cells. All the other parameters were kept the same
when one was varied. In the case of different thicknesses, both
Jsc and FF increased with the increasing thickness from 0.5 to
4.0 um and then slightly decreased with the further increase of
film thickness to 10.2 um, while the Voc remained almost
unchanged in the investigated thickness range (Table 1). As a
result, the cell efficiency increases with increasing the thickness
from 0.5 to 4.0 um and then slightly decreases with further
increase of the film thickness. In other words, a film thickness of
4.0 um can effectively catalyze the redox reaction of I /I3~ ions.
The dependence of the cell parameters on the MWCNT number
density has been summarized in Table 2. Both Voc and Jsc
remained almost unchanged. However, the FF increases with the
increasing MWCNT number density up to ~2 x 10" cm~2 as the
contact resistances reduce with the decreasing distances among
the MWCNTs. A further increase in the MWCNT number
density to ~4 x 10'' cm~? has little effect on decreasing the
contact resistances as they remain almost unchanged with the
decreasing distances below a critical point. Therefore, the FF was
maintained to be almost the same. As a result, the cell efficiency
first increases and then remains unchanged with the increasing
MWCNT number density. As expected, the cell efficiency slightly
increases with increasing the height of the array used (Table 3).

The cell stability based on the MWCNT film was also studied
under AM 1.5 at room temperature. Fig. S6T presents the vari-
ation in the photovoltaic parameters of MWCNT film based dye-
sensitized solar cells with time at room temperature. It was found
that both Voc and Jsc were increased during the first 72 h and

Table 1 Parameters of the dye-sensitized solar cells using the MWCNT
films with the same MWCNT number density of ~2 x 10" em™2 but
different thicknesses as counter electrodes measured under AM 1.5 illu-
mination. The MWCNT films were prepared from the same array with
height of 1.5 mm

Jsc (mA
Film thickness Voc (mV) cm %) FF 7 (%)
0.5 um 728 16.10 0.56 6.55
1.0 um 720 17.05 0.62 7.64
2.1 um 731 18.18 0.66 8.83
4.0 pm 737 18.02 0.67 8.96
6.2 um 741 18.23 0.67 8.85
8.6 um 734 17.57 0.68 8.71
10.2 pm 724 18.11 0.66 8.63
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Table 2 Parameters of dye-sensitized solar cells using the MWCNT
films with the same thickness of ~2 um but different MWCNT number
densities as counter electrodes measured under AM 1.5 illumination. The
MWCNT films were prepared from the same array with height of 1.5 mm

MWCNT number Jsc (mA

density Voc (mV)  cm™?) FF 1 (%)
~1 x 10" cm™ 736 17.69 0.58  7.49
~1 x 10" em™2 740 17.67 0.63  8.26
~2 x 10" cm™2 737 17.98 0.68 8.95
~3 x 10" em™2 742 17.78 0.68 898
~4 x 10" cm™2 738 18.11 0.67 891

Table 3 Parameters of dye-sensitized solar cells using the MWCNT
films which were prepared from arrays with different heights as
the counter electrodes measured under AM 1.5 illumination. The
thickness and number density of the films were the same as ~2 um and
~2 x 10" cm™2, respectively

Height of MWCNT Jsc (mA

array Voc (mV) cm™?) FF 7 (%)
1 mm 735 17.84 0.68 8.86
2 mm 741 18.18 0.66 8.91
3 mm 737 18.02 0.67 8.95
4 mm 740 18.23 0.67 9.05

then remained almost unchanged, while the FF was stable in the
tested duration. Similar phenomena has been observed in many
other solar cells.?”** A possible explanation is related to the fact
that it took time for the electrolyte to infiltrate into the nano-
material in the electrode and both Voc and Jsc were improved
during the infiltration process. For the cell based on the
MWCNT film, the infiltration was completed in ~72 h. As a
result, the cell efficiency was increased in the first 72 h and then
stabilized at ~9.05%.

The MWCNT film could also be used as a counter electrode to
fabricate flexible dye-sensitized solar cells. At this point, the
resulting cells using the MWCNT sheet and film have been
compared in Fig. 7. In the case of the MWCNT sheet, Ve, Jsc»
and FF were 0.68 V, 4.84 mA cm 2, and 0.37, respectively. n was
then calculated to be 1.22%. As a comparison, the cell based on

@ MWCNT film
@ MWCNT sheet

J(mA/cm?®)
o - N w H [¢,] [-;] ~

0 100 200 300 400 500 600 700 800
V(mV)

Fig.7 Typical J-V curves of a flexible dye-sensitized solar cell using the
MWCNT film (red line) and the MWCNT sheet (blue line) as the counter
electrode measured under AM 1.5 illumination. The used MWCNT film
with a thickness of 4 um and MWCNT number density of 2 x 10" cm™
was prepared from an array with height of 1.5 mm.

the MWCNT film as the counter electrode shows Voc, Jsc and
FF of 0.76 V, 5.44 mA cm 2 and 0.56, respectively, which
produces an 7 of 2.32%. Obviously, all three parameters of Voc,
Jsc and FF were improved. In particular, FF was improved by
~51% and n was increased by 90%. The difference can be
explained by the fact that, due to the more uniform distribution,
the MWCNTs in the film more effectively contact the substrate
compared with the MWCNT sheet. It should be noted that the
shape of the J-V curve for the MWCNT sheet was also different
from the MWCNT film due to a lot of series resistance between
the MWCNT sheet and substrate. As previously reported,
MWCNT sheets could not closely and tightly contact with the
substrate.'

Conclusions

In summary, a general approach had been developed to prepare
well distributed and aligned MWCNT films with high electrical
conductivity and high electrocatalytic activity. When they were
used as new counter electrodes to fabricate dye-sensitized solar
cells a high efficiency of 9.05% was achieved.
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