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Abstract

In this full reported, we summarized all the work done, which can be divided
into two different sections: 1) supercapacitor and 2) dye-sensitized solar cell. First
section is about fabricating the composite polyaniline/multiwall carbon nanotube
(MWCNT) film and testing its electrocapacitance. Three methods are employed for
coating the composite polyaniline/MWCNT film on the stainless steel: 1) the
electrospinning, 2) the electrophoretic depsotion (EPD) and 3) the slurry paste. We
did not succeed in depositing the composite film by the electrospining. This is due
the low dissolve ability of polyaniline. The composite films prepared by the
electrophoretic deposition have a short life time only ~10 charge-discharge cycles.
Whereas, the slurry paste composite polyaniline/MWCNT film provides the longer
charge-discharge cycles (over 300 cycles) and the higher specific capacitance than the
EPD method. The 0.4 g CNT + 0.2 g MWCNT film delivers the highest specific
capacitance of ~50 F/g. The increase of the specific capacitance with the addition of
the polyaniline is attributed to the high redox reaction of polyaniline.

In the second section, we had studied the performance of the dye-sensitized
solar cell on three different areas: 1) TiO, film prepared by the electrophoretic
deposition, 2) carbon film prepared by the electrophoretic deposition and 3) carbon
film prepared by the slurry paste. It is found that the optimal TiO, thickness prepared
by the EPD technique is ~ 14 um, which delivers the highest energy conversion
efficiency ~ 3%. The longer deposition duration of the carbon film by EPD is found
to induce more magnesium particles formation on the carbon nanotube film, and the
incorporation of magnesium particles is found to degrade the solar cell efficiency.
The carbon film prepared by the slurry paste generates higher efficiency than the EPD
carbon films. This should be attributed to the carbon film prepared by the slurry
pasted is better adhering to the substrate than the EPD method.
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Section 1: Electrocapacitance of the multiwall carbon nanotube films

Introduction

The increasing of pollution and decreasing of oil reservation have attracted
researchers to find an alternative energy resource, which do not affect and cause the
pollution to the environment. Various types of non-polluted energy resources have
been considered and tested for the alternative future energy resources such as solar
cell, fuel cell. In addition to the energy problem, one associated problem to this is the
energy storage device in storing energy for the later used. An example, solar cell can
generate energy only in the daytime, but at night, it does not be able to do so.
Therefore, it is necessary to store this solar cell energy for the nighttime used. The
recent study found that the supercapacitor can store a larger amount of energy and
have a longer discharge time than the dielectric capacitor. Thus, the supercapacitor
could be one of the possible solutions to the energy storage devices.

As present the amount of the portable devices is kept increasing. The portable
devices require a fast charging and high-energy storage device, which can be
complement by the supercapacitor. The new development of hybrid automobile,
which is a combination of gas and electricity as energy resources, also requires the
fast charging and high-energy storage device. Here, with the widely applications of
supercapacitor, researchers have explored various ways in improving the
supercapacitor capability. It is observed that the increase of the electrode surface area

will increase the specific capacitance [1]. Thus, by creating the electrode which have

large surface, it should increase the spemﬁc capacitance of the electrode. There are
many techniques, which are currently used in enhancing the electrode surface. For
examples, growing in alumina template, using nanotube or nanoparticle. Many types
of materials are been tested as the supercaparitor such as metal oxide (RuO,),

Although, the RuO, electrode provides the highest specific capac1tance as compared \\\
to other materials, its production coat is very high. Other materials such as the \\

conductive polymer and carbon nanotube are shown a great potential as the
supercapacitor electrode. Thus, in this work, we are interested in fabricating the
composite conductive polymer (polyaniline, PANi) and multiwall carbon nanotube
film for the supercapacitor electrode.

There are many methods in preparing the composite polyaniline/carbon
nanotube film such as polymerization of PANi on carbon nanotube, electrodeposition

investigated three different techniques in fabrrcatrng the composrte carbon

nanotube/polyaniline film: 1) electrospinning, 2) electrophoretic deposition and 3)
slurry pasted. In addition to the fabricating capacitor electrode, we had also built the
simple capacitance tester in roughly analyzing the electrode capacitance.

Results and discussion
1) Design a simple capacitance tester (a constant current charge-discharge
measurement)

We had built a simple charge-discharge system for estimating the film
capacitance. The reason that we had to build this charge-discharge system because
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AUTOLAB system is at another university, which is far from Khon Kaen University
so it will save our time and money in roughly analyzing the film capacitance. The
simple charge-discharge system is illustrated in Fig. 1. Briefly description of this
setup is that an interested capacitor is connected to a resistor and a variable voltage
supplier. The output voltage will be supplied from a national instrument (NI) card,
which is controlled by a homemade program writing with VB 6. During the charge-
discharge measurement, the voltage over the resistor (R) and the capacitor are
measured. The voltage over R is used to calculate the current flow through the
system. Since R and C are connected in series so that the current flow through R and
C is equal. During the charging process, the output voltage from the supplier will
continually increase in keeping a constant current flow through R and C. Whereas,
during the discharge process, the output voltage from the supplier continually reduces
in maintaining the constant discharge current through the capacitor.

-
A1 ™
~

05MHS0, :““.-'”:: _—— Composite film
SR

Capacifor

™ From NI card

Fig. 1: The schematic of the charge-discharge setup.

2) Fabrication of polyaniline nanofiber

We tried to fabricate the polyaniline nanofibers. However, we did not success
in forming the polyaniline nanofibers. We obtained the discontinuous droplet rather
than a continuous nanofiber. This believes to be due to a non-well dispersion of
polyaniline in solvent (chloroform). We had used the polyaniline emerald base My,
~5000 and My, ~300,000 dissolved in chloroform at the polyaniline solution at 1 wt%,
5 wt% and 10 wt% in chloroform, but none of them were able to form fiber.

After the more literature review, we found that the way in generating
polyaniline nanofiber have two possible approaches. The first way is by using the
easy spun polymer solution such as polystyrene as the main polymer with a small



addition of polyaniline. By this method, the percentage of polystyrene was found to
be much greater than polyaniline in order to be able to spin as nanofibers. The large
addition of a non-conductive polymer would reduce the film conductivity and lower
the electrode specific capacitance. Therefore, the addition of non-conductive polymer
may not be a good choice for fabricating the supercapacitor electrode. The second
method is by using a highly concentrated H,SO4 acid as a polyaniline solvent because
polyaniline dissolves well in the high concentrated acid. However, to spin the
polyaniline nanofibers from the highly concentrated H,SO4 acid solution is a
dangerous task, and it may cause the damage to the electrospinning system. Thus, we
decided not to continue fabricating the capacitor electrode by electrospinning. We
switched to the new method, which is the electrophoretic deposition (EPD).

2) Fabrication of polyaniline/multiwall carbon nanotubes by electrophoretic
deposition (EPD)

The EPD setup consists of 1) a conductive substrate, 2) a solution, 3) a counter
electrode and 4) power supplied as shown in Fig. 2. The electrophoretic deposition
uses an electric field to attract a charged particle from solution to a conductive
substrate.  Thus, in order to deposit polyaniline and mulltiwall carbon nanotubes
(MWCNTs) on the substrate by this EPD technique, the interested particle surfaces
must compose of either negative or positive charges. A negative charge can be
introduced to MWCNTs surface by an acid modification. To modify carbon
nanotubes, MWCNTs will be dipped in the mixed H,SO4:H,NOs5 at ratio volume ratio
of 3:1 for 30 min. Then, MWCNTs are filtered and rinsed with DI water for
removing acid of the nanotube surface.

DC supply

. ounter electrode
Stainless steel

Zo PANI solution

\4

Fig. 2: The schematic of the electrophoretic deposition setup.

After the surface modification process, carboxylic group forms on the CNTs
surface. This carboxylic group exhibits a small negative charge, but it is not that
strong. Thus, we adding Mg(NOs),"6H,0 into the CNTs solution (methanol as
solvent) to increase the charge strength. The Mg*" will surround carboxylic groups
and enlarge the CNTs charge strength. After the addition of Mg(NO;), 6H,0, a lot of



CNTs are deposited on the negative electrode (stainless steel type 304). Since
polyaniline exhibits a small positive charge so polyaniline should be attracted to the
CNTs carboxylic groups or Mg**, and be deposited on the stainless steel with CNTs
during EPD process. Therefore, by this EPD method, we obtained a composite
polyaniline/carbon nanotube film coated on the stainless steel.

The capacitance of the polyaniline/MWCNT films is tested by the cyclic
voltamogram (CV) and the constant current charge-discharge measurement. The
cyclic voltamogram result is shown in Fig. 3 and the constant charge-discharge result
is shown in Fig. 4. The CV and charge-discharge results show that this composite
film (polyaniline/MWCNT) could store energy. But, the CV and charge-discharge
results show a non-ideal supercapacitor behavior. For the ideal supercapacitor, the
CV curve should exhibit a square like shape, and the charge-discharge curve should
be a triangle. The non-ideal behavior should be due to a high contact resistance
between a polyaniline/carbon nanotube and a stainless steel surface, i.e. the
polyaniline/carbon nanotube film is not well attached to the stainless steel

]l CV scan at 10 mV/sec
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Fig.3: The CV scans of the composite polyaniline/carbon nanotube film prepared
by EPD from a 0.004g polyaniline + 0.04g MWCNTs + 0.005
Mg(NOs3),"6H,0 in 40 mL methanol.
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Fig. 4: The charge-discharge curves of the composite polyaniline/carbon nanotube
film prepared from a 0.004 g polyaniline + 0.04 g MWCNTs + 0.005 g
Mg(NO3),'6H,0 in 40 mL methanol at a current density 2 mA/cm?.

However, we found that this composite polyaniline/MWCNT film prepared by
EPD method cannot sustain many charge-discharge cycles. After ~10 cycles, we
found a lot of carbon nanotubes falling into the electrolyte (0.5 M H,SOj). The short
life time of the film should be due to the not well attachment of the film to the
stainless surface. Thus, the electrophoretic deposition may not be an appropriated
technique for preparing the composite film for using as the capacitor electrode.

3) Fabrication of the composite polyaniline/MWCNT film by the slurry paste

We found that the polyaniline/MWCNT film prepared by the electrophoretic
deposition can be sustained a charged-discharged only ~10 cycles. Thus, the other
technique should be used to prepare the composite film. The slurry paste is a
common used method in preparing the carbon nanotube film. In order to link
nanotubes to the substrate, polymers such as PVF or PVDF are mixed with the carbon
nanotube slurry for binding nanotubes to the substrate. We observed that the film
prepare by this slurry paste technique has a much longer life time than the EPD film.



In this section, we studied the influence of the polyaniline/carbon nanotube
ratio to the electrochemical capacitance. Five different ratios between polyaniline and
carbon nanotube (0 wt.%, 7 wt.%, 14 wt.%, 21 wt.% and 29 wt.% of PANi) are
prepared and tested.

Scanning electron microscopy (SEM)

SEM was used to analyze the surface morphology of the composite films and
SEM images are shown in Fig. 5. It sees that the different polyaniline (PANi)
concentration films result in a different film structure. The low PANiI percentage
film has more carbon nanotubes exposed surface than the high PANi percentage
films. This should be due to coverage of polymer on the CNTs surface. In addition,
the polymer size seems to increase with the PANi concentration.

[ ———
—ay .- e

_
Fig. 5: SEM images of the composite polyaniline (PANi)/carbon nanotube film; a) the
0 wt.% PAN:I film, b) the 7 wt.% PANi and ¢) the 14 wt.% PAN.



Cyclic voltamogram (CV) result

The cyclic voltamogram was performed on the composite PANi/carbon
nanotube film prepared by the slurry paste. Figure 6 shows the CV result of the
composite electrode at a scan rate of 10 mV/s by using the 0.5 M H,SO4 as the
electrolyte. The Pt plate and the Ag/AgCl electrode are used as the counter electrode
and as the reference electrode, respectively. It sees that the current of the composite
films is much larger than that of the stainless steel, meaning that the composite film
can store energy much greater than the pure stainless steel. The carbon nanotube film
stores energy by a double layer mechanism, where PANi stores energy by a redox
reaction. The CV curve of the 14% PAN:I film is more like a rectangular shape than
the pure carbon, which implies that the small addition of PANi improves the electrode
become more an ideal capacitor. The 14% PAN:i film exhibits the oxidation peak at
~0.55 V and the reduction peak at ~0.4 V. However, the further increase of the PANi
percentage is found to deduct the current respond, as observed in Fig. 6. The 29%
PANI film has a lower current and the curve is deviated to the non-ideal capacitor as
observed in Fig. 6. The decrease of the current density and the deviation of CV curve
should be attributed to the reduction of the film conductivity. This is because PANi
has a lower conductivity than the carbon nanotube.

—— Stainless steel

0% PANI
- —— 14% PANI
0.0006 4 29% PAN|
0.0004
0.0002
g /
S 0.0000- 7
5
O  0.0002
-0.0004
-0.0006
-0.0008 , : , : , : : : :
0.0 0.2 0.4 0.6 08

Voltage (V)

Fig. 6: The cyclic voltamogram of the stainless steel, the 0 wt.% PANi film, the 14
wt.% PAN:I film and the 29 wt.% PAN:I film as the working electrode. The
Pt plate and the Ag/AgCl electrode are used as the counter electrode and the
reference electrode, respectively.



Charge-discharge measurement

Charge-discharge was also performed to estimate the capacitance and the
durability of the composite electrodes. The charge-discharge was performed at a
constant current 5 mA/cm”. If the composite film has a high capacitance, then its
charging and discharging times should be long. The capacitance of the film is
calculated from the following equation:

C=TAt/AV,

Where, I is a constant current (A), At is a charging or discharging time (s) and
AV is the different voltage (V). It is observed from Fig. 7 that by adding PANi 14
wt.%, the charging-discharging time has significantly increased as compared to the 0
wt.% film, which means that the capacitance value is also greatly improved.
However, too large PANi loading results in a dramatically decrease of the charge-
discharge time and a higher IR drop on the charge-discharge curve. An increase in
the IR drop suggests the increase of the film resistance. The charge-discharge result
is agreed well with the CV result. To identify that the change of the film capacitance
is governed by the film resistance, the electrochemical impedance spectroscopy (EIS)
was used to analyze the film resistance.

Constant current = 0.35 mA

0% PANiI
08 ——— 11% PANi
14% PANI
—— 21% PANI
29% PANI
0.6
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Fig. 7: The charge-discharge curves of the 0 wt.%, 11 wt.%, 14 wt.%, 21 wt.% and 29
wt.% PANi films at a constant current 0.35 mA (or 5 mA/cm?).



Electrochemical impedance spectroscopy (ELS)
EIS was used to estimate the film resistance from the two symmetry electrodes

with the 0.5 M H,SOy as the electrolyte. EIS was operated from the frequency range
of 100 kHz to 0.10 Hz. The impedance result (Fig. 8) shows that these films have
about the same series resistance (R;) (~20-25 Ohm), but the charge transfer resistance
(Rey) is largely vary from one film to another film. The series resistance should be
due to the contact resistance between film and the substrate. The charge transfer
resistance (R.) is the resistance reducing the electrons transferring rate through the
film to the electron collector (substrate). It sees in Fig. 8(a), R increases with the
PANi percentage, meaning that the film resistance increases with the PANi
percentage. The 0 wt.% PANi film has the lowest R (25 Ohm), but the 29 wt.%
PANi film has the highest R (~1500 Ohm). The increase of the charge transfer
resistance with the amount of PAni is consistence with the decrease of the CV curve

and the charge-discharge time.
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Fig. 8: a) The electrochemical impedance spectroscopy of 0 wt.%, 11 wt.%, 14 wt.%,
21 wt.% and 29 wt.% PAN!I films scanning from a 100 kHz to 0.1 Hz and b)
the zoom-in image of a).

We repeated preparing the composite film by the slurry paste and tested the
film capacitance with the constant current charge-discharge measurement, as shown
in Fig. 9. The specific capacitance of the electrodes is estimated from the charge-
discharge curve with the following equation:

C = (I AY/(AV-m),

Where, m is the mass of the film (g). The similar trend is still observed that is with
the small addition of PANI, the specific capacitance is increased, but with the large
amount of PANI, the specific capacitance is decreaseed. From Fig. 9, it sees that the
0.4 g CNT + 0.2 g MWCNT film and the 0.5 g CNT + 0.1 g MWCNT film exhibit the
specific capacitance ~ 62 F/g and ~ 55 F/g, respectively, at the first discharge cycle.
However, the specific capacitance decreases with the number of the discharge cycles.
After ~ 100 cycles, the specific capacitance is more stable. Here, we found that the
slurry paste composite PANi/carbon nanotube films can stand discharge at least 300
cycles.

10



Beside, the polyaniline composition, the composite MnO,/CNTs films were
also prepared and examed as the potential use of supercapacitor. It is reported that the
metal oxide surface is commonly cover by hydroxyl groups, which is an electroactive
group. Thus, by mixing with carbon nanotube, the film specific capacitance should be
enhanced. However, we found that the addition of MnO, has a small effect on the
specific capacitance. The addition of MnO, 0.05 g increases the specific capacitance
to ~15-17 F/g. The low capacitance, the composite MnO, film may be due to the low
redox reaction or the well particle dispersion.

discharge =1 mA

¢ 0.6 g CNTs

2 0.25gCNTs + 0.35 g
PANi

0.4 g CNTs + 0.2 g PANi

0.5 g CNTs + 0.1 g PANi

x 0.5 g CNTs + 0.05
MnO2

e 0.55g CNTs + 0.05 g
cycles number MnO2

Fig. 9: The plot of the specific capacitance of six different electrodes versus the
discharge cycles.

We also repeated analyzing the surface morphology of the composite
polyaniline/MWCNT films and the composite MnO,/MWCNT films by SEM (shown
in Fig. 10). It is no CNT detect on the film surface, which may be due to MnO,
covering the nanotube surface. This may be a reasattributed to the low dispersion of
the polymer and MnO, with CNTs resulting in the reduction of the specific
capacitance.

11



Fig. 10: SEM images of a) the CNT film (0.6 g CNT), b) the polyaniline/CNT film
(0.4 g CNT + 0.2 g PANiI) and c) the MnO,/CNT film (0.55 g CNT + 0.05 g
MIlOz).

Conclusion

In this section, we tried to fabricate the composite polaniline/MWCNT film by
three different methods: 1) the electrospinning, 2) the electrophoretic depsotion and 3)
the slurry paste. We could not fabricate film by the electrospining. We could
prepared the composite films by the electrophoretic deposition and the slurry paste.
The composite film prepared by EPD has a short life time only ~10 cycles. The slurry
paste composite polyaniline/MWCNT film provides the long life time (over 300
cycles) and the high specific capacitance. The 0.4 g CNT + 0.2 g MWCNT film
delivers the highest specific capacitance of ~50 F/g. The increase of the specific
capacitance with the addition of the polyaniline is attributed to the high redox reaction
of polyaniline.

12



Section 2: Dye-sensitized solar cell

Introduction

Dye-sensitize solar cell (DSSC) has been intensively studied because of its
simple structure, low fabrication cost, promising light harvesting efficiency and
environmental friendliness. DSSC is thought as the next generation solar cell, which
exhibits a potential alternative to conventional silicon solar cell. The high energy
conversion efficiency of dye-sensitized solar cells is accomplished through the use of
a high porous semiconductor film coated with a monolayer dye-sensitizer as the

nanoparticle is commonly used semiconductor because it delivers the highest energy
conversion efficiency among semiconductors (ZnO, Nb,Os, WOs, Iny,Os, SnO,)
[14,15,16,17]. TiO; particles will server as the electron-transporting medium between

STyl 12 PATLCICS WL SCIVEL a5 e CICCTon-iransporting mediuin betweeh -

(
S
N \[gnau:

(

Electrons from the electron collector will flow through the external load reaching the
counter electrode, and undergo the reduction with tri-iodide (/; + 2e"— 3/77) by

help of the catalyst film. The dye-sensitized solar cell consists of three main
important parts: the working film, the electrolyte and the catalyst film (counter
electrode). Thus, to optimize solar cell efficiency, these all three parts have to be
miximized.

There are various ways in preparing TiO, electrodes such as sputtering,
thermal evaporation, doctor-blade and electrophoretic. Recently, electrophoretic
deposition (EPD) has a great deal of attention because it has a fast deposition rate,
simple apparatus, no restriction on the substrate shape, and no binder required. Thus,
a sample can be prepared from any kind of conductive substrate shape, and the EPD
technique can be adapted to mass production processing. In addition, the
electrophoretic deposition does not require a high temperature during the deposition
process so that it is possible to prepare a thick TiO, film on a flexible conducting

plastic [18,19.20). .

Grinis et al. have used an electrophoretic TiO; film as a working electrode of a -

compression, the DSSC performance is further improved. This is because the TiO, =

nanoparticles are more connected to each other resulting in better electron transport to
the conductive substrate. However, the effects of the deposition voltage and
deposition duration on the film surface morphology and the energy conversion
efficiency of a DSSC have not been characterized in details. Therefore, in this
section, we first have investigated the effects of the deposition voltage and deposition
duration on the film morphology and the solar cell energy conversion efficiency.
Platinum (Pt) film is commonly used as the DSSC counter electrode because
of its good catalytic activity, but Pt is an expensive material. Other cheaper materials
have been studied as the alternative DSSC catalyst such as carbon black, carbon
nanotubes or conductive polymers [22,23,24,25.26].  Carbon nanotubes are

EREyEREyES | YT TR T -

as good catalytic activity, good conductivity, high thermal stability, high aspect ratio
and comparatively lower price than Pt. Thus, by switching to carbon nanotube
counter electrode, the DSSC production cost should be minimized. Beside the DSSC
application, carbon nanotubes have also been tested for many applications such as
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composite material, biosensor, field emission or supercapacitor

[27,28,29,30,31,32,33%4).

Carbon nanotube films are fabricated by various methods such as chemical
vapor deposition, arc discharge, -electrophoretic deposition or slurry paste

[29,30,31,32,33,34,35]. The electrophoretic deposition (EPD) and the slurry paste are

simple methods in preparing the low temperature carbon film. To coat carbon |

nanotubes (CNTs) on the conductive glass by EPD, the nanotube surface must have a
charge surround the nanotube surface. The acid treatment (H,SO4:HNOs) is
commonly used in introducing a negative carboxylic group on the nanotube surface.
A small amount of modified carbon nanotubes can be deposited on an anode surface
by EPD, but the film quality is not that homogeneous. With a small addition of
Mg(NOs),"6H,0 into the carbon nanotube solution, the nanotube deposition rate and
the film homogeneity are significantly improved. This is because Mg ions surround
the negative CNT surface and strengthens the electrostatic attraction force between
carbon nanotubes and the cathode. The electrophoretic carbon nanotube film has
been tested for many applications such as in biosensors, supercapacitors and field

emissions ~ [18,19,36,37,38,39).  However, there is no report in using the

electrophoretic carbon nanotube film as the DSSC counter electrode. Here, in thisj\ﬁ\\\
section, we secondly explored the possibility of using the electrophoretically

MWCNT film as the DSSC counter electrode. The effects of the carbon nanotube film
thickness and the amount of magnesium loading on the carbon films to the solar cell
performance were exam.

In addition to the electrophoretic deposition of carbon nanotubes film for the
DSSC application, the slurry was also employed. The slurry paste is used polymers
such as Polyvinyl Fluoride (PVF) or Polyvinylidene Fluoride (PVDF) as binders.
Carbon nanotube film is dried at the low temperature (80 °C — 100 °C) for certain
period up to 24 h. However, not many studies characterize the effect of heating
duration and acid modification on the DSSC performance. Thus, thirdly, we had
tested the possibility of using the slurry pasted carbon nanotube film as the DSSC
counter electrode. Additionally, the suitability in applying carbon nanotube films
coated on the conductive plastic as the flexible DSSC counter electrode is also
investigated.

Results
2.1 Fabrication of TiO; films by the electrophoretic deposition for the DSSC
working electrode

SEM image of TiO, films

TiO, film is prepared by the electrophoretic deposition. The setup of the
eelctrohoretic system is shown in Fig. 2. The surface morphology of the TiO, films
was analyzed by SEM, as shown in Fig. 11. SEM analysis reveals that the TiO;
surface was comprised of a number of cracks. The size of cracks was found to be on
the micrometer scale, and the length of cracks seemed to depend on the deposition
voltage and deposition duration. The length of cracks on the TiO; films prepared at 5
V for 1 min was about 1-5 pum, as observed in Fig. 11(a). However, the length of
cracks on the film prepared at 5 V for 2 and 8 min was remarkably long being even
greater than 100 um, as shown in Figs. 11(b) and 11(c), respectively. Many reasons
have been proposed for the mechanism of crack formation in the inorganic film such
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as a rapid evaporation of the solvents from the film surface during the drying process,
a decrease of TiO; particle bonding strength as the film thickens, and a mismatch of
the thermal expansion between the FTO substrate and the TiO, film [40,41,42]. The
film prepared at 20 V for 8 min had the largest crack length compared to other films,
as observed in Fig. 11(g). Microcracks formed on the TiO, film prepared by EPD

It was observed that different deposition conditions would cause a difference RV\

on the film surface. An increase in the deposition voltage and deposition duration also
significantly increased film thickness as illustrated in Fig. 12(a). The thickness of the
TiO; film prepared at 20 V for 8 min was ~25.3 um, whereas the thickness of the
TiO, film prepared at 5 V for 1 min was only ~5.0 um. The plot of the deposition rate
vs. the deposition voltage (Fig. 12(b)) exhibited an increasing trend with a function of
the deposition voltage for all three-deposition times. However, the deposition rate
shows a decreasing trend with the deposition duration, as observed in Fig. 12(b). The
reduction of the deposition rate with the prolonged deposition duration may be due to
an agglomeration of TiO; particles in the solvent, which consequently lowered the
particle diffusion rate. The reduction of the TiO, deposition rate was also due to the
formation of an insulating layer on the conducting glass surface as more TiO,
particles deposited on the substrate.

Solar cell efficiency

The solar cell characteristic of the dye coated TiO, films as the working-
electrodes were analyzed at an irradiation of a 100 mW/cm? under a standard air mass
(AM) 1.5 global filter. In Fig. 13, the current density-voltage curves show that the
open circuit voltage (Vo) and the short circuit current density (Ji) of the TiO; films
prepared at the 5 V for 1, 2 and 8 min were 0.70, 0.69 and 0.68 V, and 4.26, 5.70 and
6.93 mA/cm’, respectively. The fill factor (FF) and energy conversion efficiency (1))
of the TiO, films prepared at the 5 V for 1, 2 and 8 min were 0.68, 0.66 and 0.65, and
2.03, 2.60 and 3.06%, respectively. Hence, the Ji. and 1 values increased with an
increase of the TiO, deposition duration. This was because the film thickness of the
longer deposition duration was larger than that of the shorter deposition duration, as
shown in Fig. 12(a).
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Fig. 11: Top and side view SEM images of the TiO, film prepared by the EPD
technique at various deposition voltages and duration times: (a) 5 V for 1
min, (b) 5 V for 2 min, (¢) 5 V for 8 min, (d) 5 V for 8§ min (high
magnification), (e) 20 V for 1 min, (f) 20 V for 2 min, (g) 20 V for 8 min,
(h) 20 V for 8 min (high magnification).
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Fig. 12: (a) Plot of the TiO; thickness vs. the deposition voltage at various deposition
times: 1, 2 and 8 min, (b) plot of the TiO, deposition rate vs. the deposition
voltage at various deposition times: 1, 2 and 8 min.
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Fig. 13: The J-V characteristics of the DSSC assembled of TiO, films deposited at 5
V for three different deposition duration times, (a) 1 min, (b) 2 min, and (c)
8 min as the working-electrode.

The plot of the short circuit current density and the energy conversion
efficiency vs. the film thickness (Figs. 14(a) and 14(b)) showed a dependent
relationship with the TiO, thickness. From Figs. 14(a) and 14(b), the curve fitting of
Jsc and n vs. the film thickness can be divided into two distinctive regions. The first
region is at film thickness below 14 um and the second region is at film thickness
above 14 pum. In the first region (below 14 pm), the Js. and n values increased with
the TiO, thickness. The increase of J. and n with the TiO, thickness should be due to
more TiO, nanoparticles being available for dye coating. To confirm this, the amount
of absorbed dye on the TiO, film was analyzed by a UV-Vis adsorption spectroscopy.
Figures 14(a) and 14(b) show a plot of the amount of absorbed dye on the TiO, film
vs. the film thickness. It was observed that the amount of absorbed dye increases with
the TiO, thickness; implying that there were more dye molecules absorbed on the
thicker film than on the thinner film. This should contribute to the thicker film
containing more TiO, nanopariticles than the thinner film. However, the Ji, and 0
values in the second region (above 14 um thick) were reduced as the film became
thicker even though the amount of dye loading increases, as observed in Figs. 14(a)
and 14(b). The more dye molecules absorbed on the thicker TiO, film should
generate more free charge carriers resulting in a higher conversion efficiency than the
thinner film. In contrast, it was observed that above 14 um thickness, the Js. and 1
values decreased with the increase of the TiO, thickness and the amount of absorbed
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dye. The reduction of J;. with the film thickness suggests the decrease of the amount
of free generated electrons reaching the conductive substrate. The degradation of the
DSSC conversion efficiency in the second region (above 14 um) should be due to the
high carrier recombination. The decrease of V, from 0.70 V to 0.65 V (Fig. 14(c)),
and FF from 0.68 to 0.66 (Fig. 14(d)) with the increase of the film thickness further
supports a higher carrier recombination with TiO, thickness.

I 4.0 e
(a) o fLx10” E 35/ (b) 14107 £
— = S A =
5 | g = o
6 oo 125107 2 3] .' e, 12x107 &
T 6 & toxto” 2 S 2] o | 2 L0x107 £,
3 Wl Tla 10° T S20l—e® | Tge 10" 3
2 " - | 8.0x10° 22 . ;. 8.0x10" g
E 4l . ‘ = s . =
= E | I (XS TR ';\ : e oox10"
o %/x\ﬁ | U leoxtet B9 1O 5 ol 4.0x10* é
| oy = 0.54 AN ! 5 2
0 . . “I-I l.lrl"l i 2.0x10 E 0.0 _ . "I-l prr'l . 2.0x10 §
0 5 10 15 20 25 30 g 5 10 15 20 25 30 €
Thickness (pm) < Thickness (um) <
0.74 1.0
072{ (©) - (d
0.701 Q“ E A“-- -hAA A
< 0.68 L RN Y £ 0.61 &
= Vi 5
2% 0.661 > & 2 04)
0.64 =
= 0.2
0.62
0.60 R —— 0.0 ———
5 10 15 20 25 30 ¢ 5 10 15 20 25 30
Thickness (pm) Thickness (pum)

Fig. 14: Plot of (a) the current density (Js) and the amount of absorbed dye, (b) the
energy conversion efficiency (1) and the amount of absorbed dye, (c) the open
circuit voltage (Vo) and (d) the fill factor (FF) and the curve fittings vs. the
Ti0O, thickness.

2.2 Fabrication of carbon nanotube films by the electrophoretic deposition for
the DSSC counter electrode

SEM images of TiO, and MWCNT films

TiO, and multiwall carbon nanotube films were coated on the FTO substrate
by EPD, as shown in Figs. 15 and 16, respectively. The thickness of TiO, film
estimated from the cross-section SEM image is about 20 pm.
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Table 1: The summaries of the film thicknesses, short-circuit photocurrent density
(Jsc), open-circuit photovoltage (V,.), fill-factor (FF) and efficiency (1) of
the dye-sensitized solar cells as using the conductive glass, magnesium film
and carbon nanotube (with and without Mg(NO3),"6H,0) films as counter
electrode.
Sample Type of counter electrodes Film Jse Ve Fill Factor Efficiency
thickness (mA/cmz) V) (FF) m)
(pm)
Sample 1 Conductive glass 0 0.08 0.59 0.12 0.01%
Sample 2 Magnesium film N/A 0.23 0.66 0.16 0.02%
Sample 3 WO-Mg-0.02-g-CNT-4- min N/A 0.42 0.58 0.09 0.02%
Sample 4 WO-Mg-0.04 g CNT-4-min N/A 0.96 0.61 0.13 0.08%
Sample 5 W-Mg-0.02-g-CNT-1-min 0.5 3.22 0.71 0.31 0.71%
Sample 6 W-Mg-0.02-g-CNT-4-min 5.7 2.20 0.69 0.43 0.65%
Sample 7 W-Mg-0.04-g-CNT-1-min 2.0 3.71 0.67 0.43 1.08%
Sample 8 W -Mg-0.04-g-CNT-4-min 10.1 2.55 0.67 0.48 0.81%
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Fig. 15: (a) Top view and (b) cross-section view of TiO; film prepared by EPD.
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Fig. 16: Top and cross-section SEM images of (a) a W-Mg-0.02-g-CNT-1-min film,
(b) a W-Mg-0.02-g-CNT-4-min film, (c) a W-Mg-0.04-g-CNT-1-min film
and (d) a W-Mg-0.04-g-CNT-4-min film.

The thickness of W-Mg-CNT films (with Mg(NOs),"6H,O carbon nanotube
films), estimated from the cross-section SEM images (Fig. 16(a)-16(d)), is
summarized in Table 1. It is observed that at the same carbon nanotube
concentration, the 4-min (4 minutes deposition duration) CNT films are thicker than
the 1-min films. Similarly, at the same deposition duration, the larger carbon nanotube
concentration (0.04 g CNTs) films are thicker than the lower carbon concentration
(0.02 g CNTs) films. Hence, the carbon film thickness increases with the deposition
duration and the carbon nanotube concentration. Since carbon nanotubes having a
high aspect ratio, the surface area of carbon nanotube film should be larger than that
of a smooth film. Therefore, the surface area of CNT film and the interfacial area
between the electrolyte and the CNT electrode are expected to increase with the film
thickness, which would subsequently strengthen the dye-sensitized solar cell
performance.
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3.2 The performance of DSSCs

The DSSC performance using the conductive glass, magnesium film, WO-
Mg-CNT (without Mg(NO;),"6H,0 carbon nanotube) films and W-Mg-CNT films as
the counter electrode was analyzed with a solar simulator at a light intensity of 100
mW/cm?, and the photocurrent-photovoltage (J-V) result is presented in Fig. 17. The
short-circuit photocurrent density (Js), open-circuit voltage (V.), fill factor (FF) and
efficiency () are calculated from the J-V curves, and they are listed in Table 1. It is
found that the conductive glass, magnesium film and WO-Mg-CNT films deliver a
very low efficiency as compared to W-Mg-CNT films because the film surfaces
contain no catalyst. The efficiency of the WO-Mg-0.04-g-CNT film is larger than the
WO-Mg-0.02-g-CNT film and the magnesium film, which may be due to a small
amount of CNT deposited on the conductive glass. In case of CNT films prepared
from the CNT plus Mg(NOs),'6H,O solution, the trend of the efficiency behaves
unexpected because at the same CNT concentration, the longer deposition duration
films (thicker CNT films) have a lower efficiency than the shorter deposition duration
films (thinner films). However, at the same deposition duration time, the DSSC
efficiency of the higher CNT concentration (0.04 g CNT) films is larger than the
lower concentration (0.02 g CNT) films. Notice that for the W-Mg-CNT film
thickness prepared at the same deposition duration, the 0.04-g CNT concentration
films are thicker than the 0.02-g CNT concentration films. Hence, the DSSC
efficiency increases with the CNT film thickness through the increased CNT
concentration, but decreases with the film thickness through the longer deposition
duration. The degradation of the solar cell efficiency with a function of the deposition
duration should be caused by particle accumulation on the carbon nanotube surface,
as observed in Fig. 16.
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Fig. 17: Plot of the photocurrent density (J) versus the photovoltage (V) of the dye-
sensitized solar cells using the conductive glass, the magnesium film and the
electrophoretically carbon nanotube films as counter electrode.
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EDX result (Fig. 6) detects the existence of magnesium on the W-Mg-CNT
films. Therefore, the incorporated particles, which cover the nanotube surface, are
magnesium. The increase in magnesium particles’ size with the deposition duration
should be attributed to an additional deposition of free Mg®" ions. The amount of free
Mg?** ions in the low CNT concentration solution should be larger than in the high
CNT concentration solution. This is because the lower CNT concentration has less
available nanotubes for Mg®" ions to attach to than the higher CNT concentration.
This is further supported by the larger magnesium particles on the W-Mg-0.02-g-CNT
films than on the W-Mg-0.04-g-CNT films. In addition, EDX also observes a small
amount of Ni loaded on carbon nanotube films. This Ni should have adhered to
carbon nanotubes during the nanotube fabrication process.

— = — Conductive glass

—+— W-Mg-0.02-g-CNT-1-min

—+— W-Mg-0.02-g-CNT-4-min

—+— W-Mg-0.04-g-CNT-1-min
W-Mg-0.04-g-CNT-4-min

Intensity (a.u)

Energy (keV)

Fig. 19: EDX spectra of the conductive glass and carbon nanotubes films prepared at
four different deposition conditions.
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The amount of magnesium coated on W-Mg-CNT films is estimated from the
integrated ratio of Mg peak (Im,) over C peak (Ic) of EDX spectra as listed in Table 2.
It seems that the Ivy/Ic intensity ratio increases with the deposition duration, but
decreases with the carbon nanotube concentration. This means that the percentage of
incorporated magnesium on carbon films increases with the deposition duration, but
decreases with the carbon concentration. For clarifying the influence of magnesium
incorporation on the DSSC performance, the values of the solar cell efficiency (1) and
the short-circuit photocurrent density (Js) are plotted versus the Iv,/Ic intensity ratio,
as presented in Fig. 20. Both 1 and J,. curves show a decreasing trend with a function
of the Ivy/Ic intensity ratio, implying that the larger amount of magnesium coated on
the W-Mg-CNT films will lower the DSSC efficiency and the photocurrent density.
The reduction of 1 and J;. may be limited by the coverage of magnesium particles on
the CNT surface lowering the exposed CNT surface to the electrolyte.
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Fig. 20: Plot of the solar cell efficiency (1) and the short-circuit photocurrent density
(Jsc) versus the Iv/Ic intensity ratio. The result reveals that n and J
decrease with the increase in the amount of incorporated magnesium.
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Table 2: The summaries of the integrated area of C peak (Ic) and Mg peak (In,) of
EDX spectra, and the Iv,/Ic intensity ratio of W-Mg-MWCNT films.

Integrated Integrated Ing/Ic

MWCNT sample area of C area of Mg intensity
peak (Ic) peak (Img) ratio
W-Mg-0.02-g-CNT-1 min 77 50 065
W-Mg-0.02-g-CNT-4 min 273 230 0.84
W-Mg-0.04-g-CNT-1 min 255 72 0.28
W-Mg-0.04-g-CNT-4 min 429 169 0.39

3.3) Fabrication of carbon nanotube films by the slurry paste for the DSSC
counter electrode

In this part, we investigated two different DSSC systems: 1) Glass DSSCs and
2) Flexible DSSCs.

1) Glass DSSCs

The surface morphology of TiO, and carbon nanotube films coated on the
conductive glass is characterized by SEM, and images are presented in Fig. 21 and 22,
respectively. The cross-section image of TiO, film (Fig. 21b) clearly shows three
different layers; 1) a dense-TiO, layer ~0.5 pum, 2) a porous transparent TiO, layer
~5.5 um and 3) a scattered TiO, layer is ~3.2 um. The amount of dye molecules
adsorbed on the TiO; films, a TiO, area of 0.49 cmz, was analyzed by the UV-visible
spectrometer. Figure 23 shows the absorbance spectra of three desorbed dye solutions
of TiO,/FTO samples. All three absorbance spectra exhibit close absorbance value;
meaning that the TiO, thickness should be close to one another. Hence, it can be
inferred that the consistence TiO, thickness is possible prepared by the doctor blade
technique. The amount of dye loaded on the TiO, films is calculated via the
following equations:

Ag = SACZ, (1)
and M=cV. 2)

Where, A4, and ¢ are the absorbance value and the specific absorbance (M'-cm™) as a
function of wavelength, respectively. c is the desorbed dye concentration (M), / is the
thickness of the standard corvette glass (1 cm), V' is the volume of the dye solution (10
ml), and M is the amount of dye molecules adsorbed on the TiO, films (mol). By
using the specific absorbance at A = 300 nm, &3p9 = 5.7x10* M'lcm'l, the amount of
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dye molecules is about 5.32x10°%, 5.25x10° and 4.86x10® mol (average 5.14x10™ +
0.25x10® mol). Here, the amount of dye adsorbed on three TiO, films are about the
same.

Scattered-TiOy

ubstrate

[ransparent-TiOy o8 [FTOS

Dcnsc-TiOz

Fig. 21: (a) The top view and (b) the cross-section view SEM images of TiO,/FTO
film.
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Fig. 22: (a) The low and (b) high magnification SEM images of the non-modified
MWCNT/FTO film annealed for 6 h. (c) The low and (d) high
magnification SEM images of the modified MWCNT/FTO film annealed for
6h.

28



0.50

0_45_. —eo— Sample 1

1 —u— Sample 2
0.40 4

] —A—Sample 3
0.354
0.30
0.25
0.20]
0.15
0.10; gl\__.. glglf\
0.05-

0.00 T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Wavelength / nm

Absorbance / a.u.

Fig. 23: The absorbance spectra of the desorbed dye solutions of the TiO,/FTO
samples in the 10 ml of 0.1 M NaOH and ethanol at volume ratio of 1:1.

The thickness of the MWOCNT film coated on the conductive glass
(MWCNT/FTO) estimated from the cross-section SEM images (Fig. 22) is ~33-65
pm. Owing to the high CNT aspect ratio and the high carbon film porosity, the
interfacial area between the electrolyte and the counter electrode should increase upon
the carbon nanotube film thickness, which subsequently elevating the solar cell
efficiency. The DSSC performance was analyzed with the solar simulator, and the
photocurrent density (J)-photovoltage (V) curves are presented in Fig. 24(a). The
short-circuit current density (Ji), open-circuit voltage (Vo), fill factor (FF) and
efficiency (1) are extracted from the J-V curves and are listed in Table 3. As shown
in Table 3, the Pt DSSC generates the highest energy conversion efficiency (3.9%)
among the counter electrodes. This should be attributed to the better catalytic activity
of the Pt film over the carbon nanotube films. To monitor the effects of the acid
treatment and the heating duration of MWCNT films on the solar cell performance,
the efficiency value is plotted versus the heating duration, as shown in Fig. 24(b).
The result reveals that the 6 h annealing duration delivers the maximum efficiency for
both the non-modified (2.73%) and modified (3.46%) carbon nanotube DSSCs.
However, further annealing time is found to suppress the solar cell efficiency. The
degradation of the cell efficiency upon the increase annealing period could be
attributed to the deformation of polymer binder causing the deduction of the nanotube
connectivity and the carbon film conductivity. Consequently, this will moderate the
electron-transferring rate to tri-iodide and the solar cell efficiency.
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Treatment Heating time Active area Voe Jee o
conditions Counter electrode h (em?) ™) (mA. /em?) FF n (%)
N-2h-CNT/FTO 2 0.49 0.58 7.29 0.41 1.73
. N-4h-CNT/FTO 4 0.49 0.68 7.06 0.49 2.38
Non-modified
CNTs N-6h-CNT/FTO 6 0.49 0.72 7.92 0.48 2.73
N-8h-CNT/FTO 8 0.49 0.70 8.31 0.44 2.58
N-12h-CNT/FTO 12 0.49 0.71 7.67 0.48 2.63
M-2h-CNT/FTO 2 0.49 0.68 7.56 0.61 3.15
M-4h-CNT/FTO 4 0.49 0.72 8.57 0.53 3.31
Modified
CNTs M-6h-CNT/FTO 6 0.49 0.73 9.34 051 3.46
M-8h-CNT/FTO 8 0.49 0.75 9.78 0.44 3.21
M-12h-CNT/FTO 12 0.49 0.72 7.39 0.54 2.86
- Pt/FTO - 0.49 0.67 9.82 0.59 3.90
Table 3: Summary of the open-circuit (V,), short-circuit (Js), fill-factor (FF) and

efficiency (n) of the DSSCs as using the Pt, non-modified and modified CNT/FTO
films as the cell counter electrode.
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Fig. 24: (a) Plot of the photocurrent density (J) versus the photovoltage (V) and (b)
plot of the DSSC efficiency versus the heating time of the non-modified and
modified MWCNT/FTO samples.
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3.2 Flexible DSSCs

In previous section, we are successfully employing the low temperature
carbon nanotube films coated on the conductive glass (MWCNT/FTO) as the DSSC
counter electrode. Thus, it should be possible to apply the carbon nanotube film
coated on the conductive plastic (MWCNT/ITO/PEN) as the counter electrode. By
altering the substrate to the plastic type, the lower production cost, the lighter weight
and the flexibility DSSCs should be gained. However, the TiO, paste (PST-18NR
and PST-400C) is not appropriated in coating the TiO, film on the plastic substrate
because it contains polymers, which have to be removed at high annealing
temperature (400 °C — 500 °C). But, the plastic cannot sustain such a high
temperature. Grinis et. al. reported that by compressing TiO, film under a high
compression pressure, the TiO, nanoparticle connectivity is improved resulting in the
low TiO; film resistance and the high DSSC performance without a high temperature

annealing [AJ. Fredin et. al. simulation indicates the increase of the electron

diffusion coefficient and the photocurrent upon the decrease of the TiO; film porosity

Ti0, film on the conductive plastic substrate. The free polymer TiO; slurry, consisted
of 5 g TiO, (P25) in 20 ml isopropanol, is pasted on the conductive plastic and
pressed by the hydraulic pressure at the pressure ~510 MPa.

Figure 25(a) and 25(b) show the optical images of the un-pressed and pressed
Ti0, films, respectively. It observes that the pressed TiO, film is clearer than the un-
pressed film, which should be contributed to the denser of TiO, nanoparticles. The
top and cross-section morphologies of the pressed TiO, films are shown in Fig. 25(c)
and 25(d), respectively. The thickness of the pressed TiO, film estimated from the
cross-section SEM is ~1.6 um.

The amount of dye loaded on the pressed films is analyzed by UV-visible
spectrometer, and the result is presented in Fig. 26. Three absorbance spectra in Fig.
26 show the close absorbance value; meaning that the thickness of three
TiO,/ITO/PEN samples are about the same. Hence, with a carefully pasting, the
consistence TiO, thickness is possible prepared. Note that the solution volume in
desorbing dye of the TiO,/ITO/PEN films is 5 ml, which is a half of a volume of the
TiO»/FTO films (10 ml). By using egs. (1) and (2), and &390 = 5.7x10* M'cm™, the
average amount of dye coated on the pressed TiO./ITO/PEN films is ~2.79 x 10 +
0.20 x 10 mol. As expected, the amount of dye loaded on the TiO,/ITO/PEN films
is less than the TiO,/FTO films by ~46% because of the thinner TiO; film, as seen in
Fig. 25 and 21.

In case of the MWCNT/ITO/PEN films, there are prepared by same method as
the MWCNT/FTO films. The carbon film morphologies are characterized and shown
in Fig. 27. Interestingly, the low magnification images, Fig. 27(a) and 27(c), indicate
the very different structures between the non-modified and modified carbon nanotube
films. The modified CNTs is well spread on the ITO/PEN surface, whereas the non-
modified CNTs form the island-like structures on the ITO/PEN surface. The well
depositing of the modified CNTs on the ITO/PEN surface should be attributed to the
strong interaction between functional groups on nanotubes’ surface and the functional
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Fig. 25: (a) the optical image of the un-compressed TiO; film on ITO/PEN
conducting plastic substrate, (b) compressed TiO, film on ITO/PEN
conducting plastic substrate, (c) top view and (d) the cross-section view of
the compressed TiO,/ ITO/PEN film.
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Fig. 26: The absorbance spectra of the desorbed dye solutions of the TiO,/ITO/PEN
plastic samples in the mixture of 5 ml of 0.1 M NaOH and ethanol at volume

ratio of 1:1.
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Fig. 27: (a) The low and (b) high magnification images of the non-modified
MWCNT/ITO/PEN plastic film annealed for 6 h. (c) The low and (d) high
magnification images of the modified MWCNT/ ITO/PEN plastic film

annealed for 6 h.
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The performance of the flexible DSSCs, using dye/pressed-TiO,/ITO/PEN
film as the working electrode and MWCNT/ITO/PEN film as the counter electrode,
are tested, and the result is shown in Fig. 28. Js, V., FF and n are analyzed and
summarized in Table 4. Similar behavior to the glass solar cell, the efficiency of the
Pt cell is larger than the CNT cells, which further supports the better Pt catalytic
activity over the carbon nanotube catalytic activity. The plot of the cell efficiency
versus the heating time, Fig. 28(b), exhibits the increasing trend up to six hours and
the decreasing trend upon the heating duration similarly to the glass DSSCs. The
degradation of the performance above the 6 h heating period may be deducted by the
deformation of PVF binder. The efficiency of the flexible solar cells is lower than the
glass DSSCs for both the modified and non-mondified carbon nanotube DSSCs.
Three reasonable factors in limiting the flexible DSSC performance are: 1) the higher
sheet resistance of the conductive plastic (60 €)/sq) than the conductive glass (15
Q/sq), 2) the thinner TiO/ITO/PEN film (~1.6 pm) than the TiO»/FTO film (~5.5
um) and 3) the less amount of dye adsorbed on the TiO»/ITO/PEN film (2.79 x 10°*
mol) than the TiO,/FTO film (5.14x10® mol).

Heating time  Active area

Igﬁ:;g:f:: Counter electrode (h? (ed) Vo (V) ( m;/s:mz) FF 1 (%)
N-2h-CNT/ITO/PEN 2 0.49 0.78 223 0.16 0.28
Non-modified N-4h-CNT/ ITO/PEN 4 0.49 0.77 312 0.14 0.34
CNTs N-6h-CNT/ ITO/PEN 6 0.49 0.79 4.07 0.25 0.80
N-8h-CNT/ ITO/PEN 8 0.49 0.78 341 0.20 0.52
N-12h-CNT/ ITO/PEN 12 0.49 0.79 273 0.19 0.40
M-2h-CNT/ ITO/PEN 2 0.49 0.79 397 0.50 1.16
Modified M-4h-CNT/ ITO/PEN 4 0.49 0.78 4.64 0.37 1.35
CNTSs M-6h-CNT/ ITO/PEN 6 0.49 0.81 4.60 0.57 2.11
M-8h-CNT/ ITO/PEN 8 0.49 0.81 4.59 0.46 1.70
M-12h-CNT ITO/PEN 12 0.49 0.80 3.62 0.50 1.44

- Pt/ ITO/PEN - 0.49 0.79 5.10 0.61 247

Table 2: Summary of the open-circuit (Vo), short-circuit (Js), fill-factor (FF) and
efficiency (n) of the DSSCs as using the Pt, non-modified and modified
CNT/ITO/PEN films as the cell counter electrode.
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Fig. 28: (a) Plot of the photocurrent density (J) versus the photovoltage (V) and (b)

plot of the DSSC efficiency versus the heating time of the non-modified and
modified MWCNT/ITO/PEN plastic samples.
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Conclusion

In this section, we had studied three different parts: 1) TiO, film prepared by
the electrophoretic deposition, 2) Carbon film prepared by the electrophoretic
deposition and 3) Carbon film prepared by the slurry paste. We found that the longer
deposition of TiO, films by EPD will induce cracks on TiO; film, and the optimum
TiO2 thickness for the DSSC application is about 14 um. The longer deposition of
the carbon film by EPD also induces more magnesium particles form on the carbon
nanotube film, and the magnesium particles low the solar cell efficiency. The carbon
film prepared by the slurry paste is found to produce high solar cell efficiency than
the carbon film prepared by EPD.
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Future work

It sees that the composite polyaniline/carbon nanotube films exhibit a great
potential for both supercapacitor and the dye-sensitized solar cell applications. By
using polymer, PVF, as a binder, the performance of the supercapacitor and the solar
cell is highest as compared to the other preparation techniques. However, PVF is not
a conducting polymer so that it may retard the film conductivity resulting in the still
low performance of the supercapacitor and the dye-sensitized solar cell. PEDOT:PSS
is a conductive polymer, which exhibits strong potential for the supercapacitor and the
dye-sensitized solar cell. Therefore, one interest future work is to apply PEDOT:PSS
as the polymer binder. The ratio of PEDOT:PSS and nanotube should be
investigated in detail in order to obtain the optimum condition for both supercapacitor
and dye-sensitized solar cell appllications. One other interesting work is to deposit
the thin polyailine film on the carbon nanotube film by the electrochemical and test it
as the supecapacotor electrode and the dye sensitized solar cell counter electrode.
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Nanocrystalline TiO, films were deposited on a conducting glass substrate by the electrophoretic deposition
technique. It was found that the thickness of TiO, film increased proportionally with an increase in
deposition time and deposition voltage. However, as the deposition duration or deposition voltage increased,
the film surface was more discontinuous, and microcracks became more evident. The characteristic of the

dye-sensitized solar cell using TiO, film as a working electrode was analyzed. The results of the energy

Keywords:

Electrophoretic deposition
Titanium dioxide
Dye-sensitized solar cell

conversion efficiency and the photocurrent density exhibited a relationship dependent on the TiO, thickness.
Curve fitting of energy conversion efficiency vs. TiO, thickness revealed the optimum solar cell efficiency
~2.8% at the film thickness of ~14 pm.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSC) have been an intensive research
topic due to their promising light conversion efficiency and low produc-
tion cost. Since O'Regan and Grdtzel [1] discovered the dye-sensitized
solar cell in 1991, the efficiency of the dye-sensitized solar cell has much
improved compared to those first reported in O'Regan and Gratzel's work.
The recent highest efficiency reported in the literature is more than 10%
[2]. At present, various wide band gap materials are used for fabricating
the working electrode such as TiO,, ZnO, SnO, and Nb,Os [1-6]. TiO, is
one of the widely used materials for preparing the DSSC working
electrode because it provides a high energy conversion efficiency [7-12].

There are various ways in preparing TiO, electrodes such as
sputtering, thermal evaporation, doctor-blade and electrophoretic.
Recently, electrophoretic deposition (EPD) has a great deal of
attention because it has a fast deposition rate, simple apparatus, no
restriction on the substrate shape, and no binder required. Thus, a
sample can be prepared from any kind of conductive substrate shape,
and the EPD technique can be adapted to mass production processing.
In addition, the electrophoretic deposition does not require a high
temperature during the deposition process so that it is possible to
prepare a thick TiO, film on a flexible conducting plastic [13-15].

It has been reported that TiO, nanoparticles can be deposited on a
conducting substrate by electrophoretic deposition [15,19-23]. Grinis et
al. have used an electrophoretic TiO, film as a working electrode of a
DSSC[20]. They observed that with the addition of film annealing or film
compression, the DSSC performance is further improved. This is because
the TiO, nanoparticles are more connected to each other resulting in
better electron transport to the conductive substrate. However, the

* Corresponding author. Tel.: +66 43 202222 39x2248; fax: +66 43 202374.
E-mail address: samukpi@kku.ac.th (S. Pimanpang).

0040-6090/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2009.02.129

effects of the deposition voltage and deposition duration on the film
surface morphology and the energy conversion efficiency of a DSSC have
not been characterized in details. Therefore, in this work, we have
further investigated the effects of the deposition voltage and deposition
duration on the film morphology and the solar cell energy conversion
efficiency. Possible causes are discussed in this work.

2. Experimental details

In this experiment, an FTO (F-SnO, coated glass, sheet resistance
15 /07, Solaronix SA) was used as a conducting substrate for both the
working electrode and counter electrode. The TiO, films were prepared
on the conducting substrate by EPD. The schematic setup of EPD is
shown in Fig. 1. The TiO, suspension consists of 0.5 g nanocrystalline

+ gold electrode

FTO substrate

TiO, suspension

Fig. 1. Schematic of the electrophoretic deposition (EPD) setup.
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TiO, powder (P25, 20 nm, Degussa,Germany) and 0.04 g lodine (I,)
(Aldrich, 99.8%) in 50 mL of Acetylacetone (Aldrich, 99.5%). The TiO,
solution was sonicated for 30 min before the deposition. Gold sheet was
used as an anode, and the distance between the FTO substrate and the
anode was fixed at 1 cm. Various conditions such as deposition voltage at
5,10, 15 and 20V and deposition duration of 1, 2 and 8 min were used to
prepare the TiO; films. After EPD, the films were heated at 450 °C for 1 h
in ambient conditions to improve TiO, nanoparticle connection.

The post heated electrodes were immersed in the dye solution, cis-
bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium
(IN)-bis-tetrabutylammonium (N719 dye, 5x10~* M in ethanol,
Solaronix SA), for 24 h at room temperature. The sputtered Pt on FTO
substrate was used as the counter electrode. The working electrode and
counter electrode were sandwiched and filled with the liquid electro-
lyte, which consisted of 0.5 M Lil, 0.1 M I, and 0.5 M tert-butylpyridine
(TBP) in 3-methoxypropionitrile. A 60 um thick polymer film (Solaronix

Fig. 2. Top and side view SEM images of the TiO, film prepared by the EPD technique at various deposition voltages and duration times: (a) 5V for 1 min, (b) 5V for 2 min, (c) 5V for
8 min, (d) 5V for 8 min (high magnification), (e) 20 V for 1 min, (f) 20 V for 2 min, (g) 20 V for 8 min, (h) 20 V for 8 min (high magnification).
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SA) were used as a spacer and a sealant between the working and
counter electrodes. The active area of the solar cell was 1.0 cm?.

The photocurrent-voltage of these samples was measured with a
super solar simulator (WACOM, Class A) system under 1 sun at an air
mass (AM) 1.5 global filter (100 mW/cm?). The surface morphologies
and film thickness were characterized by scanning electron micro-
scopy (SEM, LEO, SEM 1450VP, UK) with operating at 20.0 kV. The
amount of absorbed dye on the electrophoretically TiO, film was
estimated by UV-Vis absorption measurement (UV-160A, SHI-
MADZU). The absorbed dye was desorbed from the TiO, samples by
soaking in 15 mL of a mixed solution of 0.1 M NaOH and ethanol at a
volume ratio 1:1.

3. Results and discussion
3.1. TiO, surface morphology

The surface morphology of the TiO, films was analyzed by SEM, as
shown in Fig. 2. SEM analysis reveals that the TiO, surface was com-
prised of a number of cracks. The size of cracks was found to be on the
micrometer scale, and the length of cracks seemed to depend on the
deposition voltage and deposition duration. The length of cracks on
the TiO, films prepared at 5 V for 1 min was about 1-5 pm, as observed
in Fig. 2(a). However, the length of cracks on the film prepared at 5 V
for 2 and 8 min was remarkably long being even greater than 100 um,
as shown in Fig. 2(b) and (c), respectively. Many reasons have been
proposed for the mechanism of crack formation in the inorganic film
such as a rapid evaporation of the solvents from the film surface
during the drying process, a decrease of TiO, particle bonding strength
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Fig. 3. (a) Plot of the TiO, thickness vs. the deposition voltage at various deposition
times: 1, 2 and 8 min, (b) plot of the TiO, deposition rate vs. the deposition voltage at
various deposition times: 1, 2 and 8 min.
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Fig. 4. Plot of the current density vs. the deposition time at 5, 10, 15 and 20 V for 8 min
samples: (a) the current density curves of whole 8 min deposition duration time, and
(b) the zoom-in current density curves of the first 60 s deposition duration time.

as the film thickens, and a mismatch of the thermal expansion
between the FTO substrate and the TiO, film [16-18]. The film
prepared at 20 V for 8 min had the largest crack length compared to
other films, as observed in Fig. 2(g). Microcracks formed on the TiO,
film prepared by EPD were also reported by other groups [19,21-22].

Beside the formation of microcracks on the sample surface, the
TiO, surface was covered with nanopores, which were uniformly
distributed on the surface as observed with a high magnification SEM
images (Fig. 2(d) and (h)). The presence of nanopores on the film
should have a huge advantage to a dye-sensitized solar cell
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Fig. 5. The J-V characteristics of the DSSC assembled of TiO,, films deposited at 5 V for
three different deposition duration times, (a) 1 min, (b) 2 min, and (c) 8 min as the
working electrode.
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application. This is because nanopores would allow dye molecules to
penetrate deeply into the TiO, film resulting in more dye absorbed on
the TiO, film and a larger interfacial area between the working elec-
trode and the electrolyte.

It was observed that different deposition conditions would cause a
difference on the film surface. An increase in the deposition voltage and
deposition duration also significantly increased film thickness as illus-
trated in Fig. 3(a). The thickness of the TiO, film prepared at 20 V for 8 min
was ~25.3 um, whereas the thickness of the TiO, film prepared at 5 V for
1 min was only ~5.0 um. The plot of the deposition rate vs. the deposition
voltage (Fig. 3(b)) exhibited an increasing trend with a function of the
deposition voltage for all three-deposition times. However, the deposition
rate shows a decreasing trend with the deposition duration, as observed
in Fig. 3(b). The reduction of the deposition rate with the prolonged
deposition duration may be due to an agglomeration of TiO, particles in
the solvent, which consequently lowered the particle diffusion rate.

The reduction of the TiO, deposition rate was also due to the
formation of an insulating layer on the conducting glass surface as more
TiO, particles deposited on the substrate [24]. The rising of the film
resistance as the TiO film gets thicker accompanies a decreasing depo-
sition current density as shown in Fig. 4. Fig. 4 reveals that the current
density of the 20 V deposition voltage was higher than that of the 5, 10
and 15 V deposition voltages. This implies that the high deposition volt-
age promotes more TiO, particles deposited on the substrate. Hence, the
current density result (Fig. 4) agrees well with the film thickness result
(Fig. 3(a)). Basu et al. [25] similarly observed decreasing deposition rate
of Zirconia particles with the deposition time at a fixed applied voltage.

3.2. Solar cell efficiency
The solar cell characteristic of the dye coated TiO, films as the

working electrodes were analyzed at an irradiation of a 100 mW/cm?
under a standard air mass (AM) 1.5 global filter. In Fig. 5, the current
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density-voltage curves show that the open circuit voltage (V,.) and
the short circuit current density (Js.) of the TiO, films prepared at the
5V for 1, 2 and 8 min were 0.70, 0.69 and 0.68 V, and 4.26, 5.70 and
6.93 mA/cm?, respectively. The fill factor (FF) and energy conversion
efficiency (7)) of the TiO, films prepared at the 5 V for 1, 2 and 8 min
were 0.68, 0.66 and 0.65, and 2.03, 2.60 and 3.06%, respectively.
Hence, the Ji. and 7) values increased with an increase of the TiO,
deposition duration. This was because the film thickness of the longer
deposition duration was larger than that of the shorter deposition
duration, as shown in Fig. 3(a).

The plot of the short circuit current density and the energy
conversion efficiency vs. the film thickness (Fig. 6(a) and (b)) showed
adependent relationship with the TiO, thickness. From Fig. 6(a) and (b),
the curve fitting of /s and 1) vs. the film thickness can be divided into two
distinctive regions. The first region is at film thickness below 14 pm and
the second region is at film thickness above 14 um. In the first region
(below 14 um), the Js. and 7 values increased with the TiO, thickness.
The increase of Jsc and 1) with the TiO, thickness should be due to more
TiO, nanoparticles being available for dye coating. To confirm this, the
amount of absorbed dye on the TiO, film was analyzed by a UV-Vis
adsorption spectroscopy. Fig. 6(a) and (b) shows a plot of the amount of
absorbed dye on the TiO-, film vs. the film thickness. It was observed that
the amount of absorbed dye increases with the TiO, thickness; implying
that there were more dye molecules absorbed on the thicker film than
on the thinner film. This should contribute to the thicker film containing
more TiO, nanoparticles than the thinner film. However, the J,. and 1)
values in the second region (above 14 um thick) were reduced as the film
became thicker even though the amount of dye loading increases, as
observed in Fig. 6(a) and (b). The more dye molecules absorbed on the
thicker TiO, film should generate more free charge carriers resulting in a
higher conversion efficiency than the thinner film. In contrast, it was
observed that above 14 um thickness, the J; and 1) values decreased with
the increase of the TiO-, thickness and the amount of absorbed dye. The
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Fig. 6. Plot of (a) the current density (Jsc) and the amount of absorbed dye, (b) the energy conversion efficiency (1) and the amount of absorbed dye, (c) the open circuit voltage (V)

and (d) the fill factor (FF) and the curve fittings vs. the TiO, thickness.
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reduction of [, with the film thickness suggests the decrease of the
amount of free generated electrons reaching the conductive substrate.
Hara et al. observed that the thick TiO, film contains more defects than
the thin film [26]. These defects would cause carrier recombination, and
subsequently lower the current density and the energy conversion
efficiency. Therefore, the degradation of the DSSC conversion efficiency
in the second region (above 14 um) should be due to the high carrier
recombination. The decrease of V. from 0.70 V to 0.65 V (Fig. 6(c)), and
FF from 0.68 to 0.66 (Fig. 6(d)) with the increase of the film thickness
further supports a higher carrier recombination with TiO, thickness.
The curve fittings of the current density and the energy conversion
efficiency vs. the film thickness, Fig. 6(a) and (b), respectively, suggest
that the optimum TiO, thickness should be ~14 pum, which will yield a
highest solar cell efficiency of ~2.8%. This means that to obtain the
highest energy conversion efficiency from this system, the thickness of
the TiO, film should be about 14 um. It is worth noticing that our
observation of the optimum TiO, thickness of 14 pm was close to the
optimum thickness (~15 um) reported by Kim et al. where their TiO,
films were prepared by a laser direct-write (LDW) technique [27].

4. Conclusion

Nanocrystalline TiO, films were prepared on FTO substrates by the
EPD technique. The film thickness correlated with increase of the
deposition voltage and deposition time. It was observed that the
amount and size of microcracks increased with an increase in film
thickness. The film deposited at 20 V for 8 min had the largest crack
size and the largest empty space compared to other samples. The
amount of absorbed dye was found to increase with the TiO,
thickness. The decrease of Ji. and 7 at above 14 pm TiO, thickness
may be due to an increase in carrier recombination. In this work,
through curve fitting of the DSSC efficiency vs. the film thickness, we
found that the optimum TiO, film thickness was ~14 pum with the
highest DSSC efficiency of ~2.8%.
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Multiwall carbon nanotube (MWCNT) films are prepared on a conductive substrate by electrophoretic
deposition. The thickness of MWCNT films is found to increase with the carbon nanotube concentration
and the deposition duration. Scanning electron microscopy and energy dispersive X-ray measurements
detect magnesium particles incorporated on the MWCNT films. The performance of dye-sensitized solar
cell using the electrophoretically MWCNT films as a counter electrode shows a relationship dependent on
the film thickness and the amount of magnesium loading. The increase in the magnesium loading on car-
bon films diminishes the solar cell efficiency. This is because magnesium particles cover the carbon nan-
otube surface reducing the nanotube catalytic sites and blocking electron transfer to tri-iodide (I3~) ions.
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1. Introduction

Since the discovery of dye-sensitized solar cell (DSSC) by
O’Regan and Gratzel in 1991 [1], the efficiency of DSSC has been
continuously improved. The highest DSSC efficiency reported in
the literature is ~10% [2]. With its promising efficiency, low pro-
duction cost and environmental friendliness, DSSC has received
a great attention as a possible alternative energy source. The lig-
uid dye-sensitized solar cell consists of three main parts which
are a working electrode, a liquid electrolyte and a counter elec-
trode. The working electrode is commonly fabricated of titanium
dioxide (TiO,) nanoparticles because TiO, nanoparticle provides
the highest energy conversion efficiency among other semiconduc-
tors (ZnO, NiO, SnO, ). The higher light adsorption coefficient of the
working electrode can be achieved through an introduction of dye
molecules onto the TiO, surface via monolayer chemisorption [2].
The liquid electrolyte consists of iodide (I7) and tri-iodide (I3~) as
aredox couple. In the case of the counter electrode, a platinum (Pt)
film is usually used as the DSSC counter electrode because Pt is a
very good catalyst. Beside Pt, other materials have also been tested
for a potential DSSC counter electrode such as carbon black and
carbon nanotubes (CNTs) [3-5].

Carbon nanotube is considered for use as the DSSC counter elec-
trode because of its unique properties such as good catalytic activity,
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E-mail address: samukpi@kku.ac.th (S. Pimanpang).

0379-6779/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2009.07.008

good conductivity, high aspect ratio, stability in ambient conditions
and being relatively cheaper than Pt. Therefore, by using carbon
nanotubes as the DSSC counter electrode, the DSSC production
cost should be minimized. There are several methods in prepar-
ing carbon nanotube and TiO, films such as screen-printing, doctor
blade, sputtering, chemical vapor deposition or electrophoretic
deposition. Electrophoretic deposition (EPD) is one technique that
can prepare both TiO, and carbon nanotube films on a conduc-
tive substrate. EPD uses an electrostatic force between a particle
and a substrate in attracting a particle of interest to the sub-
strate; implying that the surface of the particles of interest must
be enclosed by either positive or negative charges. The surface of
TiO, nanoparticles comprises of a negative hydroxyl group so that
it can establish the electrostatic attraction force with the substrate
and be deposited onto the substrate by the EPD method. The elec-
trophoretic TiO, film had been successfully applied as the DSSC
working electrode by many groups [6-9]. Grinis et al. observed that
with a multilayer deposition of TiO, film prepared by EPD com-
bined with high pressure compression, an efficiency of ~8% could
be accomplished [6].

In the case of carbon nanotubes (CNTs), its surface is not cov-
ered by any charge so it needs to be modified prior to use in
electrophoretic deposition. The acid treatment (H,SO4:HNO3) is
commonly used in introducing a negative carboxylic group on the
nanotube surface. A small amount of modified carbon nanotubes
can be deposited on an anode surface by EPD, but the film quality
is not that homogeneous. With a small addition of Mg(NOs ),-6H,0
into the carbon nanotube solution, the nanotube deposition rate
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Fig. 1. The optical images of (a) the conductive glass, (b) the magnesium film (EPD
in the Mg(NO3),-6H,0 solution for 4 min, (c) the WO-Mg-0.02-g-CNT-4-min film
(EPD in the without Mg(NO3),-6H,0+0.02 g CNT solution for 4 min), (d) the WO-
Mg-0.04-g-CNT-4-min film, (e) the W-Mg-0.02-g-CNT-4-min film (EPD in the with
Mg(NOs3),-6H,0+0.02 g CNT solution for 4min), (f) the W-Mg-0.02-g-CNT-4-min
film.

and the film homogeneity are significantly improved as seen in
Fig. 1. This is because Mg2* ions surround the negative CNT surface
and strengthen the electrostatic attraction force between carbon
nanotubes and the cathode. The electrophoretic carbon nanotube
film has been tested for many applications such as in biosensors,
supercapacitors and field emissions [10-16]. However, there is no
report in using the electrophoretic carbon nanotube film as the
DSSC counter electrode. Thus, in this work, we explored the pos-
sibility of using the electrophoretically MWCNT film as the DSSC
counter electrode. The effects of the carbon nanotube film thick-
ness and the amount of magnesium loading on the carbon films to
the solar cell performance were analyzed and discussed in detail.

2. Experimental

2.1. Modification of MWCNTs

Multiwall carbon nanotubes (MWCNTs) were purchased from
Chiang Mai University, Thailand. MWCNTs were modified by the
mixed acids (H,SO4:HNO3 at a volume ratio of 3:1) for 30 min at
room temperature prior to use in order to generate a carboxylic
group on the nanotube surface. Then, the carbon solution was
diluted with deionized water and filtered with filter paper. The
modified carbon nanotubes were rinsed with deionized water three
times and dried at 80°C at the ambient conditions.

2.2. Preparation of TiO, and MWCNT films

The FTO (F-SnO, coated glass, sheet resistance of 15 €2/,
Solaronix) was used as a substrate for coating both TiO, and
MWCNT films by EPD. The TiO, solution consists of 0.25g
nanocrystalline TiO, powder (P25, 20nm, Degussa, Germany)
and 0.0025g Mg(NO3),-6H,0 in 50ml of methanol. The TiO,
suspension was sonicated in an ultrasonic bath for 20 min before
EPD deposition. A stainless steel plate was used as an anode
electrode, and the distance between the anode and the FTO
substrate was fixed at 1 cm. The TiO, films were prepared at 10V
for 30s, and then films were annealed at 550°C for 1h at the
ambient conditions. The post-annealed TiO, films were immersed
in the dye solution, cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4'-
dicarboxylato)-ruthenium(II)-bis-tetrabutylammonium (N719,
Solaronix, 5 x 10~4 M in ethanol) for 24 h at room temperature.

MWCNT films were prepared from two different car-
bon nanotube concentrations: (1) 0.02g MWCNTs+0.005g
Mg(NO3);-6H,0 in 60 ml of methanol (called W-Mg-0.02-g-CNT
film) and 0.02 g MWCNTs in 60 ml of methanol (called WO-Mg-
0.02-g-CNT film), and (2) 0.04 g MWCNTSs + 0.005 g Mg(NO3 ),-6H,0
in 60 ml of methanol (called W-Mg-0.04-g-CNT film) and 0.04 g
MWCNTs in 60 ml of methanol (called WO-Mg-0.04-g-CNT film).
MWCNT films were deposited at 30V for two different deposition
durations (1 and 4 min), and annealed at 450 °C for 1 h. Magnesium
film was prepared from the 0.005g Mg(NO3),-6H,0 in 60 ml of
methanol solution at 30V for 4 min, and also annealed at 450°C
for 1h.

The dye-sensitized solar cell was assembled using TiO, film
as the working electrode and the conductive glass, magnesium
film, MWCNT film as the counter electrode with an active area
of 1cm x 1 cm. These two films were sandwiched together with a
60-pm thick Surlyn polymer film (Solaronix). A liquid electrolyte
was filled into the cell by capillary action through the plastic holes.
After electrolyte filling, holes were sealed for preventing electrolyte
evaporation. The liquid electrolyte was a mixture of 0.5 M Lil, 0.1 M
I, 0.5M tert-butylpyridine (TBP) in 3-methoxypropionitrile sol-
vent.

2.3. Film characterization

The optical camera (Sony, DSC-T20) was used to take an image
of the conductive glass, magnesium film and CNT films. The surface
morphology and thickness of TiO, and MWCNT films were charac-
terized by scanning electron microscopy (SEM, LEO, SEM 1450VP,
UK). The incorporated elements and chemical bonding on carbon

Fig. 2. (a) Top view and (b) cross-section view of TiO, film prepared by EPD.
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Fig. 3. Top and cross-section SEM images of (a) a W-Mg-0.02-g-CNT-1-min film, (b) a W-Mg-0.02-g-CNT-4-min film, (c) a W-Mg-0.04-g-CNT-1-min film and (d) a W-Mg-

0.04-g-CNT-4-min film.

nanotube films were analyzed by energy dispersive X-ray (EDX) and
Fourier transform infrared spectroscopy (FTIR, PerkinElmer Spec-
trum GX FT-IR/FT-Raman spectrometer). The integrated area of C
and Mg peaks of EDX spectra was estimated by Gaussian curve fit-
ting. The photocurrent-photovoltage of DSSCs was measured with
a super solar simulator (WACOM, Class A) system under 1 sun at an
air mass (AM) of 1.5 and a light intensity of 100 mW/cm?2.

3. Results and discussions
3.1. TiO, and MWCNT films characterization

TiO, and multiwall carbon nanotube films were coated on the
FTO substrate by EPD, as shown in Figs. 2 and 3, respectively. The
reason that TiO, particles and modified nanotubes were deposited
on the cathode is because their surfaces are surrounded by Mg2*
ions, which are generated from Mg(NO3 ),-6H,0. The positive Mg2*
ions attach to the TiO, and CNT surfaces at the negative hydroxyl
and carboxylic groups, respectively. The thickness of TiO, film
estimated from the cross-section SEM image is about 20 pm. As
observed from the top and cross-section SEM images (Fig. 2(a) and
(b)) the TiO, film is highly porous. The porosity structure of the
TiO, film should favor the DSSC application because dye molecules
would deeply penetrate into the TiO, film resulting in more dye
absorbed on the TiO5 film.

The optical image in Fig. 1(c) and (d) reveals that no nan-
otubes are deposited on the conductive glass without adding
Mg(NO3),-6H,0 into the carbon solution. After the addition of
Mg(NO3),-6H,0, there are a lot of CNTs deposited on the glass, as
observed in Fig. 1(e) and (f). This should be due to the increase
of the attraction force between nanotubes and the conductive
glass. The thickness of W-Mg-CNT films (with Mg(NOs),-6H,0
carbon nanotube films), estimated from the cross-section SEM
images (Fig. 3(a)-(d)), is summarized in Table 1. It is observed
that at the same carbon nanotube concentration, the 4-min (4 min
deposition duration) CNT films are thicker than the 1-min films.

Similarly, at the same deposition duration, the larger carbon nan-
otube concentration (0.04 g CNTs) films are thicker than the lower
carbon concentration (0.02 g CNTs) films. Hence, the carbon film
thickness increases with the deposition duration and the carbon
nanotube concentration. Since carbon nanotubes having a high
aspect ratio, the film surface area should be larger than that of a
smooth film. Therefore, the CNT film surface area and the interfacial
area between the electrolyte and the CNT electrode are expected
to increase with the film thickness, which would subsequently
strengthen the dye-sensitized solar cell performance.

3.2. The performance of DSSCs

The DSSC performance using the conductive glass, magnesium
film, WO-Mg-CNT (without Mg(NQO3),-6H,0 carbon nanotube)
films and W-Mg-CNT films as the counter electrode was analyzed
with a solar simulator at a light intensity of 100 mW/cm?, and the
photocurrent-photovoltage (J-V) result is presented in Fig. 4. The
short-circuit photocurrent density (Jsc), open-circuit voltage (Voc),
fill factor (FF) and efficiency (n) are calculated from the J-V curves,
and they are listed in Table 1. It is found that the conductive glass,
magnesium film and WO-Mg-CNT films deliver a very low efficiency
as compared to W-Mg-CNT films because the film surfaces contain
no catalyst. The efficiency of the WO-Mg-0.04-g-CNT film is larger
than the WO-Mg-0.02-g-CNT film and the magnesium film, which
may be due to a small amount of CNT deposited on the conduc-
tive glass. But, it is too low to be detected by the optical image.
In case of CNT films prepared from the CNT plus Mg(NOs),-6H,0
solution, the trend of the efficiency behaves unexpected because at
the same CNT concentration, the longer deposition duration films
(thicker CNT films) have a lower efficiency than the shorter deposi-
tion duration films (thinner films). However, at the same deposition
duration time, the DSSC efficiency of the higher CNT concentra-
tion (0.04 g CNT) films is larger than the lower concentration (0.02 g
CNT) films. Notice that for the W-Mg-CNT film thickness prepared
at the same deposition duration, the 0.04-g CNT concentration films
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Table 1

Summaries of the film thicknesses, short-circuit photocurrent density (Jsc), open-circuit photovoltage (Vo.), fill factor (FF) and efficiency (n) of the dye-sensitized solar cells
as using the conductive glass, magnesium film and carbon nanotube (with and without Mg(NOs ),-6H,0) films as counter electrode.

Sample Type of counter electrodes Film thickness (pm) Jsc (mA/cm?) Vo (V) Fill factor (FF) Efficiency, n
Sample 1 Conductive glass 0 0.08 0.59 0.12 0.01%
Sample 2 Magnesium film N/A 0.23 0.66 0.16 0.02%
Sample 3 WO-Mg-0.02-g-CNT-4-min N/A 0.42 0.58 0.09 0.02%
Sample 4 WO-Mg-0.04-g-CNT-4-min N/A 0.96 0.61 0.13 0.08%
Sample 5 W-Mg-0.02-g-CNT-1-min 0.5 3.22 0.71 0.31 0.71%
Sample 6 W-Mg-0.02-g-CNT-4-min 5.7 2.20 0.69 0.43 0.65%
Sample 7 W-Mg-0.04-g-CNT-1-min 2.0 3.71 0.67 043 1.08%
Sample 8 W-Mg-0.04-g-CNT-4-min 10.1 2.55 0.67 0.48 0.81%
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Fig. 4. Plot of the photocurrent density (J) versus the photovoltage (V) of the
dye-sensitized solar cells using the conductive glass, the magnesium film and the
electrophoretically carbon nanotube films as counter electrode.

are thicker than the 0.02-g CNT concentration films. Hence, the
DSSC efficiency increases with the CNT film thickness through the
increased CNT concentration, but decreases with the film thick-
ness through the longer deposition duration. The degradation of
the solar cell efficiency with a function of the deposition duration
should be caused by particle accumulation on the carbon nanotube
surface, as observed in Fig. 3.

SEM images (Fig. 3) reveal that number and size of addi-
tional particles increase with the deposition duration. To identify
the chemistry of these particles, FTIR and EDX measurements
are performed on carbon films and the results are illustrated
in Figs. 5 and 6, respectively. The FTIR spectrum of the con-

Absorbance(a.u.)

a

T ¥ T L T 5 T ¥ T . T . T * T
800 1000 1200 1400 1600 1800 2000 2200
Wavenumber (cm-1)

Fig. 5. FTIR spectra of (a) the conductive glass, (b) the magnesium film, (c) the WO-
Mg-0.04-g-CNT-4-min film and (d) the W-Mg-0.04-g-CNT-4-min film.

Energy (keV)

Fig. 6. EDX spectra of the conductive glass and carbon nanotubes films prepared at
four different deposition conditions.

ductive glass shows no significant absorbance peak. However,
after electrophoretic deposition of the conductive glass in the
Mg(NO3),-6H,0 solution for 4 min, two absorbance peaks appear
around 1441 and 1614 cm~!. The appearance of these peaks sug-
gests the formation of magnesium on the glass. The spectrum of
the WO-Mg-0.04-g-CNT film has no absorbance peak, which is sim-
ilar to the conductive glass spectrum. However, the spectrum of
the W-Mg-0.04-g—-CNT sample (Fig. 5(d)) shows two absorbance
peaks around 1441 and 1614 cm~!. This indicates that magnesium
should also have been deposited on the substrate along with carbon
nanotubes. However, the absorbance peaks on the W-Mg-0.04-g-
CNT film are not as prominent as the magnesium film; i.e. a lower
amount of magnesium on the carbon film than on the magnesium
film. It may be limited by the attachment of Mg2* ions onto non-
deposited carbon nanotubes. EDX result (Fig. 6) also detects the
existence of magnesium on the W-Mg-CNT films. Therefore, it is
justifiable to state that the incorporated particles, which cover the
nanotube surface, are magnesium. The increase in magnesium par-
ticles’ size with the deposition duration should be attributed to an
additional deposition of free Mg2* ions. The amount of free Mg?*
ions in the low CNT concentration solution should be larger than
in the high CNT concentration solution. This is because the lower
CNT concentration has less available nanotubes for Mg2* ions to
attach to than the higher CNT concentration. This is further sup-
ported by the larger magnesium particles on the W-Mg-0.02-g-CNT
films than on the W-Mg-0.04-g-CNT films and the FTIR result. In
addition, EDX also observes a small amount of Ni loaded on carbon
nanotube films. This Ni should have adhered to carbon nanotubes
during the nanotube fabrication process.

The amount of magnesium coated on W-Mg-CNT films is esti-
mated from the integrated ratio of Mg peak (Ivg) over C peak (I¢)
of EDX spectra as listed in Table 2. It seems that the Iyg/Ic intensity
ratio increases with the deposition duration, but decreases with
the carbon nanotube concentration. This means that the percent-
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Table 2
Summaries of the integrated area of C peak (Ic) and Mg peak (Ivg) of EDX spectra,
and the Ivg/Ic intensity ratio of W-Mg-MWCNT films.

MWCNT sample Integrated area Integrated area of  Iyg/Ic intensity

of C peak (I¢) Mg peak (Ivg) ratio
W-Mg-0.02-g-CNT-1-min 77 50 0.65
W-Mg-0.02-g-CNT-4-min 273 230 0.84
W-Mg-0.04-g-CNT-1-min 255 72 0.28
W-Mg-0.04-g-CNT-4-min 429 169 0.39
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Fig. 7. Plot of the solar cell efficiency (1) and the short-circuit photocurrent density
(Usc) versus the Ivg/Ic intensity ratio. The result reveals that  and Js. decrease with
the increase in the amount of incorporated magnesium.

age of incorporated magnesium on carbon films increases with the
deposition duration, but decreases with the carbon concentration.
For clarifying the influence of magnesium incorporation on the
DSSC performance, the values of the solar cell efficiency (1) and
the short-circuit photocurrent density (Jsc) are plotted versus the
Ivig/Ic intensity ratio, as presented in Fig. 7. Both 5 and Jsc curves
show a decreasing trend with a function of the Iyig/I¢ intensity ratio,
implying that the larger amount of magnesium coated on the W-
Mg-CNT films will lower the DSSC efficiency and the photocurrent
density. The reduction of 7 and Jsc may be limited by the coverage
of magnesium particles on the CNT surface lowering the exposed
CNT surface to the electrolyte.

Yoon et al. observed that the reduction/oxidation of iodide and
tri-iodide increases with the increase of the Pt surface area [17].
Thus, in analogy, the decrease of the CNT surface through the mag-
nesium particle coverage should minimize the CNT catalytic sites
and the reduction of I3~ (I3~ +2e~ — 317).Bandara et al. and Kumara
et al. found that a coated of a thin MgO layer on the TiO, nanopar-
ticles delays the electron recombination between TiO, and the
electrolyte because the MgO layer acts as an electron transfer bar-
rier [18,19]. Senevirathna et al. also observed that the thin MgO
layer coated on SnO, nanoparticles significantly reduces the elec-
tron recombination and greatly improves the DSSC efficiency from
1.74%t0 7.21%[20]. Thus, it can be inferred that the coverage of mag-

nesium particles on the carbon nanotube surface should decrease
the CNT surface and block the electron transfer from carbon nan-
otubes to the electrolyte resulting in a diminishing of the DSSC
performance. Here, it is worth mentioning that the DSSC efficiency
increases with the CNT thickness if no particles coated the carbon
nanotube surface. Therefore, the higher solar cell efficiency should
be possibly obtained if the surface of carbon nanotubes films is not
much covered by other particles.

4. Conclusion

Multiwall carbon nanotube films have been prepared on the F-
Sn0O, substrate by electrophoretic deposition. SEM, FTIR and EDX
measurements confirm the incorporation of magnesium particles
on MWCNT films. The performance of dye-sensitized solar cell
using carbon films as counter electrode shows a decreasing trend
with the amount of incorporated magnesium on the MWCNT film.
This is because magnesium particles cover the nanotube surface
limiting its catalytic sites and the electron transfer from CNTs to
the electrolyte.
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Abstract

The supercapacitor electrodes were fabricated from multiwall carbon nanotubes
(MWCNTs) and composite MWCNTs-polyaniline on a stainless steel. The capacitance of each
electrode was measured by the constant current charge-discharge measurement with the diluted
sulfuric acid (0.5 M H,SO,) as the electrolyte. It is found that the specific capacitance of the
polyaniline/multi-walled carborn nanotubes films (0.2 g Polyaniline + 0.4g MWCNTSs) provides
the highest specific capacitance (47 F/g). This is because the composite films use two
mechanisms, a double layer effect with MWCNTSs and a redox reaction with polyaniline, in

storing energy.
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Abstract

Modified and non-modified carbon nanotubes are coated on the conductive
glass and the conductive plastic by the slurry paste and are used as the counter
electrode of dye-sensitized solar cells (DSSCs). Scanning electron microscopes
indicate the well deposition of the modified and non-modified carbon nanotubes on
the conductive glass, while only the modified carbon nanotubes are well deposited on
the plastic substrate. The efficiency of the non-modified and modified carbon
nanotube glass DSSCs is ~2.73% and ~3.46%, respectively, and the efficiency of the
non-modified and modified carbon nanotube flexible DSSCs is ~0.80% and ~1.79%,
respectively. The low performance of the flexible DSSCs is attributed to the low

indium tin oxide conductivity and the thin TiO, film. The voltammogram results



suggest that the superiority of the modified carbon nanotube DSSCs is attributed to
the higher catalytic activity of the modified carbon nanotube films than the non-

modified carbon nanotube films.
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1. Introduction

Dye-sensitized solar cell (DSSC) has been intensively studied because of its
simple structure, low fabrication cost, promising light harvesting efficiency and
environmental friendliness. DSSC is thought as the next generation solar cell, which
exhibits a potential replacement to the conventional silicon solar cell. The high
energy conversion efficiency of dye-sensitized solar cells is accomplished through the
use of a high porous semiconductor film coated with a monolayer dye-sensitizer as
the working electrode, which was developed by O’Regan and Grétzel in 1991 [1].
TiO, nanoparticle is commonly used semiconductor because it delivers the highest
energy conversion efficiency among semiconductors (ZnO, NbyOs, WOs3, Iny0s,
SnO,) [2-5]. TiO; nanoparticles server as the electron-transporting medium between
dye-sensitizers and the electron collector (transparent conductive substrate).

Electrons from the electron collector will flow through the external load reaching the

counter electrode, and undergo the reduction with tri-iodide (/; + 2e”— 3177 ) by

help of the catalyst film. Therefore, the catalyst film (counter electrode) is an
important component of the DSSC device, which directly manipulates the cell
performance.

Platinum (Pt) film is commonly used as the DSSC counter electrode because
of its good catalytic activity, but Pt is an expensive material. Other cheaper materials
have been studied as the alternative DSSC catalyst such as carbon black, carbon
nanotubes or conductive polymers [6-10]. Carbon nanotubes are considered used as
the DSSC counter electrode because of its unique properties such as good catalytic
activity, good conductivity, high thermal stability, high aspect ratio and comparatively
lower price than Pt. Thus, by switching to carbon nanotube counter electrode, the

DSSC production cost should be minimized.



It is reported that the acid treatment can introduce functional groups: hydroxyl
group or carboxylic group, on the carbon nanotube surface. The presence of these
functional groups is found to enhance nanotubes’ catalytic activity [11-13]. Thus, by
using acid-treated carbon nanotube film as the DSSC counter electrode, the tri-iodide
reduction rate and the solar cell efficiency should be optimized. Carbon nanotube
films are fabricated by various methods such as chemical vapor deposition, arc
discharge, electrophoretic deposition or slurry paste [14-20]. The slurry paste is a
simple method in preparing the low temperature carbon film by using polymers,
Polyvinyl Fluoride (PVF) or Polyvinylidene Fluoride (PVDF), as binders. There are
not many studies characterizing the slurry pasted carbon nanotube film as the DSSC
counter electrode. In this present work, we explore the possibility of using the slurry
pasted carbon nanotube film as the DSSC counter electrode and the effect of the acid
treatment on the cell performance. Additionally, the suitability in applying carbon
nanotube films coated on the conductive plastic as the flexible DSSC counter
electrode is also investigated. To verify the factors influencing the DSSC
performance, scanning electron microscope, UV-visible spectrometer and cyclic

voltammetry are performed, and the detail analysis is discussed in this work.

2. Experimental
2.1 Modification of MWCNTs

Multiwall carbon nanotubes (MWCNTs) were purchased from Chiang Mai
University, Thailand. MWCNTs were modified by the mixed acids (H,SO,: HNOj at
a volume ratio of 3 : 1) for 30 min at room temperature prior to use in order to

generate a carboxylic group on the carbon nanotube surface. Then, the modified



carbon nanotubes were rinsed with deionized water for three times, filtered with filter
paper and dried at 80°C at the ambient conditions.
2.2 Preparation of TiO, and MWCNT films

2.2.1 TiO, film coated on the conductive glass substrate (TiO»/FTO)

The conductive glass (Fluoride doped Tin Oxide glass, FTO, sheet resistance
of 15 Q/sq, Solaronix), was used as a substrate for coating TiO, films. The dense
TiO, layer was span on the conductive glass from the Titanium diisoproxide
bis(acetylacetonate) solution, 1 mL of Titanium diisopropoxide (CicH2306Ti 75 wt.%
in isopropanol) in 20 mL isopropanol. The porous transparent TiO, film was coated
on the dense TiO; film by a doctor blade technique using the TiO, paste PST-18NR
(CATALYSTS & CHEMICALS IND. CO., LTD). A scattered TiO, layer was coated
on the porous TiO, film by the doctor blade using PST—400C (CATALYSTS &
CHEMICALS IND. CO., LTD). TiO; films were annealed at 500 °C for 1 h at the
ambient conditions, and the post annealed TiO, films were immersed in the dye
solution, cis-bis(isothiocyanato) bis(2,2'-bipyridyl-4,4’-dicarboxylato)-ruthenium(II)-
bis-tetrabutylammonium (N719, Solaronix, 5x10* M in Acetonitrile : tert-Butanol at
a volume ratio of 1:1) for 24 h at room temperature in the dark.

2.2.2 TiO; films coated on the conductive plastic substrate (TiO»/ITO/PEN)

The indium tin oxide coated on polyethylene naphthalate (ITO/PEN, sheet
resistance of 60 €/sq, Peccell Technologies, Inc.) was used as the conductive flexible
substrate. The TiO; slurry, mixture of 5 g TiO, (P25, 20 nm, Degussa, Germany) in
20 ml isopropanol, was carefully pasted on the ITO/PEN substrate and let it dry in the
air. Then, TiO, films were pressed by the hydraulic pressure (Model HP-10, T.M.C.
INDUSTRIAL CO.,LTD.) at the compression pressure ~510 MPa, called pressed

TiO; film. The pressed TiO, films were immersed in the N719 dye solution, 5x10°*



M in Acetonitrile : tert-Butanol at a volume ratio of 1:1, for 24 h at room temperature
in the dark.

2.2.3 MWCNTS films

MWCNT film was deposited on the conductive glass (MWCNT/FTO) and the
conductive plastic (MWCNT/ITO/PEN) substrates by the slurry paste. The carbon
slurry was a mixture of 0.6 g MWCNTs and 0.1 g PVF in 3 ml N-Methyl-2-
pyrrolidion (NMP). The carbon slurry was stirred by the magnetic stirrer for 30
minutes. The slurry was pasted on the conductive glass and plastic by a glass rod as
using scotch tapes as the thickness controller, and then films were dried at 80 °C for 6
h.

2.3 DSSC assemble

The glass dye-sensitized solar cell was assembled by using dye-TiO»/FTO film
as the working electrode and MWCNT/FTO film as the counter electrode with the cell
active area of 0.7 cm % 0.7 cm. These two electrodes were sandwiched together with
three layers of a 60-um thick Surlyn polymer film (Solaronix) as a plastic sealant and
a cell spacer. Three Surlyn film layers were applied because of the thick carbon film.
A liquid electrolyte was filled into the cell through the drilled hole on the counter
electrode. After electrolyte filling, the hole was sealed by a Surlyn polymer film
cover with a small piece of the glass slide.

In case of the flexible DSSCs, the dye-pressed-TiO./ITO/PEN films and the
MWCNT/ITO/PEN films were used as the working electrode and the counter
electrode, respectively, with the cell active area of 0.7 cm x 0.7 cm. The performance
of the flexible solar cells was measured at the open cell condition (unsealed condition)
because of the sealing difficulty. From our experience, we encountered many cells

shorting after the cell sealant. Three layers of a 60-um thick Surlyn polymer film



were used as a cell spacer. The liquid electrolyte, mixture of 0.6 M MPI (1-Methyl-3-
popylimidazolium iodide), 0.1 M Lil (Lithium iodide anhydraus), 0.05 M I, (Iodide),
0.5 M TBP (tert-Butylpyridine) and 0.0025 M LiCO; (Lithium carbonate) in
Acetonitrile, was used as the electrolyte for both glass and flexible DSSCs. The cell
performance was measured with a super solar simulator (WACOM, Class A) system
under 1 sun at an air mass (AM) of 1.5 and a light intensity of 100 mW.cm™.
2.4 Film characterization

The film morphology and the film thickness were characterized by scanning
electron microscopy (SEM, LEO, SEM 1450VP, UK). The amount of adsorbed dye
was estimated with a UV-visible spectrometer (UV-160A, SHIMADZU) by desorbing
dye of TiO, films in 10 mL (in case of TiOo/FTO films) and 5 mL (in case of
TiO,/ITO/PEN films) of a mixed 0.1 M NaOH and ethanol at a volume ratio 1:1. The
cyclic voltammetry (CV) was measured in a three-compartment cell with Autolab
system at a scan rate of 20 mV/s. The Pt plate (area ~0.385 cm?) and the Ag/AgCl
electrode were used as the counter electrode and the reference electrode, respectively.
The Pt and carbon films were taped with an insulating tape with an open area of 0.073

cm’ prior to the CV scan.

3. Results and discussion

3.1 Glass DSSCs

The surface morphology of TiO, and carbon nanotube films coated on the
conductive glass is characterized by SEM, and images are presented in Fig. 1 and 2,
respectively. The SEM results show that TiO, and carbon nanotube films are porous
structures. The cross-section image of TiO; film (Fig. 1b) clearly shows three

different layers: 1) a dense-TiO, layer ~0.5 um, 2) a porous transparent TiO, layer



~5.5 um and 3) a scattered TiO, layer ~3.2 um. The amount of dye molecules
adsorbed on the TiO, films, a TiO; area of 0.49 cmz, was analyzed by the UV-visible
spectrometer. Figure 3(a) shows the absorbance spectra of three desorbed dye
solutions of TiO,/FTO samples. All three absorbance spectra exhibit close
absorbance value; implying that the TiO; thickness should be close to one another.
The amount of dye loaded on the TiO, films is calculated via the following equations:
Ay = ¢gxcl, )

and M=cV. 2)
Where, A, and ¢ are the absorbance value and the specific absorbance (M'-cm™) as a
function of wavelength, respectively. c is the desorbed dye concentration (M), / is the
thickness of the standard cuvette glass (1 cm), V is the volume of the dye solution (10
ml), and M is the amount of dye molecules adsorbed on the TiO, films (mol). By
using the specific absorbance at A = 300 nm, 399 = 5.7x10* M'lcm'l, the amount of
dye molecules is about 10.86x10®, 10.71x10™® and 9.92x10™® mol/cm® (average
10.50x10 + 0.51x10™® mol/cm?). Hence, it can be inferred that the consistence TiO,
thickness is possible prepared by the doctor blade technique.

The thickness of the MWOCNT film coated on the conductive glass
(MWCNT/FTO) estimated from the cross-section SEM images (Fig. 2) is ~33-65 pum.
Owing to the high CNT aspect ratio and the high film porosity, the interfacial area
between the electrolyte and the counter electrode should be large, which subsequently
elevates the solar cell efficiency. The DSSC performance was analyzed with the solar
simulator, and the photocurrent density (J)-photovoltage (V) curves are presented in
Fig. 4(a). The short-circuit current density (Js.), open-circuit voltage (V,.), fill factor
(FF) and efficiency (1) are extracted from the J-V curves and are listed in Table 1. As

shown in Table 1, the Pt DSSC generates the highest energy conversion efficiency



(3.9%), while the non-modified and modified DSSCs deliver ~2.73% and ~3.46%,
respectively. The larger efficiency of the Pt DSSC should be attributed to the better
catalytic activity of the Pt film over the carbon nanotube films.

It has been reported that the presence of carboxylic groups on carbon
nanotubes’ surface strengthens the nanotube reactivity [11-13]. Therefore, the
emergence of functional groups on the modified carbon nanotubes may be an
explanation to the superior cell performance of the modified carbon DSSC. In
justifying this point, the cyclic voltammetry (CV) was conducted in a potential range
from -0.4 V to 1.0 V in the acetonitrile solution of 10 mM Lil, 1 mM I, and 0.1 M
LiClOy at the scan rate of 20 mV/s, and the CV result is illustrated in Fig. 5(a). The
voltammogram of the Pt film exhibits two oxidation peaks at 0.33 V and 0.66 V, and
two reduction peaks at 0.14 V and 0.53 V. Whereas, the carbon films do not manifest
any clear oxidation and reduction peak. Surprising, the voltammogram of Pt film is
lower than that of the carbon nanotube films, which contradicts to its superior
performance. Huang et. al. and Li et. al. also observed the larger CV current density
and the lower cell efficiency of the carbon film than the Pt film [21-22]. One
reasonable explanation to this is attributed to the excellent charge storing
characteristic of the carbon nanotube films as reported by many researchers [23-25].
The square-like shape of the carbon CV curves is an evident to the coexistence of the
electrochemical capacitance on the carbon nanotube films. Thus, the high current
density of the carbon nanotube films is likely due to the ions storing on the electrode
surface by the double layer effect rather than the redox reaction. The large electrode
capacitance will suppress electrons interacting with tri-iodide resulting in the lower
solar cell efficiency than the Pt DSSC, as seen in Table 1.

3.2 Flexible DSSCs



In section 3.1, we are successfully employing the low temperature slurry
pasted carbon nanotube films coated on the conductive glass (MWCNT/FTO) as the
DSSC counter electrode. Thus, it should be possible to apply the carbon nanotube
film coated on the conductive plastic (MWCNT/ITO/PEN) as the counter electrode.
By altering the substrate to the plastic type, the lower production cost, the lighter
weight and the flexibility DSSCs should be gained. However, the TiO, paste (PST-
18NR and PST-400C) is not appropriated in coating the TiO, film on the plastic
substrate because it contains polymers, which have to be removed at high annealing
temperature (400 °C — 500 °C). But, the plastic cannot sustain such a high
temperature.  Grinis et. al.[26] and Yamaguchi et. al.[27] reported that by
compressing TiO, film under a high compression pressure, the TiO, nanoparticle
connectivity is improved resulting in the low TiO, film resistance and the high DSSC
performance without a high temperature annealing. Fredin et. al.[28] simulation also
confirms the increase of the electron diffusion coefficient and the photocurrent upon
the reduction of the TiO, film porosity. Hence, the compression technique should be
a suitable approach in depositing TiO, film on the conductive plastic substrate. The
free polymer TiO, slurry, consisted of 5 g TiO; (P25) in 20 ml isopropanol, is pasted
on the conductive plastic and pressed by the hydraulic pressure at the pressure ~510
MPa.

Figure 6(a) and 6(b) show the optical images of the un-pressed and pressed
TiO, films, respectively. It observes that the pressed TiO, film is clearer than the un-
pressed film, which is contributed to the denser of TiO, nanoparticles. The top and
cross-section morphologies of the pressed TiO; films are shown in Fig. 6(c) and 6(d),
respectively. The thickness of the pressed TiO, film estimated from the cross-section

SEM is ~1.6 pm. It is worth mentioning that with too much TiO; slurry pasted on the

10



plastic surface, the TiO; film is not well adhered to the plastic, and it is easily peeled
of the substrate after the compression. With an appropriate amount of TiO, slurry
pasted on the plastic substrate, the pressed TiO; film is well attached to the plastic
surface.

The amount of dye loaded on the pressed films is analyzed by UV-visible
spectrometer, and the result is presented in Fig. 3(b). Three absorbance spectra show
the close absorbance value; meaning that the thickness of three TiO./ITO/PEN
samples are about the same. Hence, with a carefully paste, the consistence TiO,
thickness is possible coated on the plastic. Note that the solution volume in desorbing
dye of the TiO,/ITO/PEN films is 5 ml, which is a half of a volume of the TiO,/FTO
films (10 ml). Thus, the absorbance spectra in Fig. 3(a) and 3(b) cannot be directly
compared. By using equations (1) and (2), and &30 = 5.7x10* M'em™, the average
amount of dye coated on the pressed TiOo/ITO/PEN films is ~5.69 x 10® + 0.41 x 10"
¥ mol/cm®. As expected, the amount of dye loaded on the TiO,/ITO/PEN films is
much less than the TiO,/FTO films by ~46% because of the thinner TiO; film. In
case of the MWCNT/ITO/PEN films, there are prepared by same method as the
MWCNT/FTO films. The carbon film morphologies are characterized and shown in
Fig. 7. Interestingly, the low magnification images of the non-modified and modified
carbon nanotube films, Fig. 7(a) and 7(c), display the very different structures. The
modified CNTs are well spread on the ITO/PEN surface, whereas the non-modified
CNTs form the island-like structures on the ITO/PEN surface. The well depositing of
the modified CNTs on the ITO/PEN surface should be attributed to the strong
interaction between the functional groups of the nanotube surface and the ITO/PEN

surface [29-30].
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The performance of the flexible DSSCs, using dye/pressed-TiO,/ITO/PEN
film as the working electrode and MWCNT/ITO/PEN film as the counter electrode,
are tested, and the result is shown in Fig. 4(b). Js, Vo, FF and 1 are analyzed and
summarized in Table 1. Similar trend to the glass solar cell is observed as the
efficiency of the Pt cell is larger than the CNT cells. This further supports the better
catalytic activity of the Pt film over the carbon film. The efficiency of the flexible
solar cells is lower than the glass DSSCs for all three counter electrodes. Three
reasonable factors in limiting the flexible DSSC performance are: 1) the higher sheet
resistance of the conductive plastic (60 €/sq) than the conductive glass (15 €)/sq), 2)
the thinner TiOy/ITO/PEN film (~1.6 um) than the TiO,/FTO film (~5.5 pm,
transparent layer) and 3) the less amount of dye adsorbed on the TiO,/ITO/PEN film
(~5.69 x 10" mol/cm?) than the TiO,/FTO film (~10.50x10* mol/cm?).

The efficiency of the modified carbon nanotube flexible DSSC (~1.79%) is
higher than the non-modified carbon nanotube flexible DSSC (~0.80%). To identify
the factors in strengthening the modified carbon performance, the cyclic
voltammogram is conducted and the result is shown in Fig. 5(b). The voltammogram
curves present the larger current density of the modified carbon films than the non-
modified nanotube films. The Pt film yields the lower voltammogram curve than the
carbon films even though it produces the highest conversion efficiency. This could be
explained by the excellent charge storage characteristic of the carbon nanotubes
inducing ions storing at the electrode surface rather than the redox reaction. Two
oxidation peaks and two reduction peaks are detected on the Pt/ITO/PEN curve at
0.47 V and 0.85 V, and -0.06 V and 0.50 V, respectively. The modified and non-
modified carbon nanotube films have no clear oxidation and reduction peaks, as seen

in Fig. 5(b). The current density of the non-modified CNT films is detained by two
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reasons: 1) a low amount of carbon nanotubes coated on the ITO/PEN substrate and
2) no carboxylic groups formed on the MWCNT surface. The low amount of
MWCNTs coated on the plastic substrate should be the main issue attenuating the
oxidation/reduction current and the cell performance of the non-modified CNT films.
Hence, the presence of the functional groups promotes the flexible DSSC
performance through increasing the adhesion strength between nanotubes and indium

tin oxide.

4. Conclusion:

The low temperature carbon nanotube film coated on the conductive glass and
the conductive plastic substrates are able to use as the DSSC counter electrode. The
efficiency of the modified carbon nanotube DSSCs is larger than the non-modified
carbon nanotube DSSCs for both glass and plastic substrates. This is because the
modified carbon nanotubes are surrounded by the active carboxylic groups and the
better deposited on the substrates. The modified carbon nanotubes are well coated on
the ITO/PEN surface, whereas the non-modified carbon nanotubes form island-like
structure on the ITO/PEN surface. The efficiency of the modified carbon nanotube

glass and plastic solar cells are ~3.46% and ~1.79%, respectively.
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Table captions:
Table 1: Summary of the open-circuit (V,.), short-circuit (Jy), fill-factor (FF) and
efficiency (n) of the DSSCs as using the Pt, non-modified and modified

carbon nanotube films as the counter electrode.
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Figure captions:

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

(a) The top and (b) the cross-section SEM images of TiO,/FTO film.

(a) The low and (b) the high magnification SEM images of the non-modified
carbon nanotube film coated on the conductive glass (N-CNT/FTO). (c) The
low and (d) the high magnification SEM images of the modified carbon
nanotube film coated on the conductive glass (M-CNT/FTO).

The absorbance spectra of the desorbed dye solutions of (a) the TiO,/FTO
films in the 10 ml of 0.1 M NaOH and ethanol at volume ratio of 1:1 and (b)
the pressed TiO»/ITO/PEN films in the 5 ml of 0.1 M NaOH and ethanol at
volume ratio of 1:1.

Plot of the photocurrent density (J) versus the photovoltage (V) of (a) the
Pt/FTO, non-modified (N-CNT/FTO) and modified carbon nanotube (M-
CNT/FTO) glass DSSCs, and (b) the Pt/ITO/PEN, non-modified (N-
CNT/ITO/PEN) and modified carbon nanotube (M-CNT/ITO/PEN) flexible
DSSCs.

The cyclic voltammograms of (a) the FTO, Pt/FTO, N-CNT/FTO and M-
CNT/FTO and (b) the ITO/PEN, Pt/ITO/PEN, N-CNT/ITO/PEN and M-
CNT/ITO/PEN in the acetonitrile solution of 10 mM Lil, 1 mM I; and 0.1 M
LiClOy at the scan rate of 20 mV/s.

The optical image of (a) the un-pressed TiO,/ITO/PEN film and (b) the
pressed TiO/ITO/PEN film. (c) The top and (d) the cross-section SEM
images of the pressed TiO,/ITO/PEN film.

(a) The low and (b) the high magnification SEM images of the non-modified
MWCNT/ITO/PEN film. (c) The low and (d) the high magnification SEM

images of the modified MWCNT/ITO/PEN film.
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Fig. 1: Wasan Maiaugree et. al.



Fig. 2: Wasan Maiaugree et. al. .
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Fig. 4: Wasan Maiaugree et. al.
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Fig. 6: Wasan Maiaugree et. al.
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