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Abstract In this study, electrophoretic deposition (EPD)
was employed to fabricate multi-wall carbon nanotube
(MWCNT) counter electrodes (CEs) for dye-sensitized
solar cells (DSSCs). Firstly, raw MWCNTs were function-
alized by means of an acid mixture solution and then
subjected to EPD. The results obtained from Raman
spectroscopy, Fourier transform infrared spectroscopy,
field-emission scanning electron microscope, and cyclic
voltammogram demonstrated that the defects and open ends
on the MWCNTs can be obtained via chemical functionaliza-
tion and thus facilitate the enhancement in the electrocatalytic
activity for I3

− reduction of MWCNT CEs. In addition to
optimizing chemical functionalization of MWCNTs surface,
the optimal thickness of MWCNT CEs prepared by EPD
was also investigated. Additionally, consecutive cyclic
voltammetric tests demonstrated that the MWCNT CE
fabricated by EPD possessed excellent electrochemical
stability. In comparison with MWCNT CEs fabricated by
tape-casting approach, MWCNT CEs prepared by EPD
presented a superior adhesion between MWCNT deposits
and conducting glass substrates. Therefore, MWCNT CEs
fabricated by EPD can be of great potential for use in low-
cost plastic DSSCs.
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Introduction

In recent years, dye-sensitized solar cells (DSSCs) have
aroused intensive interests as a low-cost alternative to
conventional inorganic p–n junction photovoltaic devices
[1]. In order to further reduce the cost of DSSCs, the ways
in finding cheaper raw materials and simplifying the
fabrication procedure have been extensively considered. In
a DSSC, counter electrode (CE) plays an important and
indispensable role in collecting electrons from external
circuit and reducing I3

− to I− for the regeneration of
sensitizer after electron injection. The noble metal Pt is
widely used as a CE due to its superior electrocatalytic
activity, excellent electrochemical and chemical stability, as
well as high conductivity. Although the necessary amount
of Pt as an effective CE material is very low, ca. 10–
100 μg cm−2 [2, 3], a great deal of research has been
dedicated to the development of alternatives capable of Pt
CE using carbonaceous materials, such as graphite, activated
carbon, carbon black and carbon nanotubes (CNT) [4–11],
conducting polymer [12–15], and CoS CEs [16–19] in view
of the limited resources and expensive price of Pt.

Among the carbonaceous materials, the fast electron
transfer kinetics and the large surface area of CNTs have
attracted considerable interest for use as a CE in DSSCs
[20, 21]. Until now, various approaches have been
developed to fabricate CNT CEs, such as screen printing
[10], spray dry [6], doctor blade [8], and chemical vapor
deposition [11]. Most of the methods require a high
temperature treatment to remove the binder from the paste
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after the coating. Although Mei et al. [22] proposed a
binder-free method to fabricate MWCNT CEs for high-
performance DSSCs, two-step high temperature treatments
were still used in their study. The use of heat treatment
excludes the choice of flexible plastic substrates, and thus
the development of low temperature methods to fabricate
the CNT CEs is needed for flexible DSSCs.

In this study, electrophoretic deposition (EPD) was
employed to fabricate multi-wall carbon nanotube
(MWCNT) CEs for DSSCs at low temperature and to
explore methods for increasing their electrocatalytic activity
through film processing including chemical functionaliza-
tion degree and thickness of MWCNT deposits by means of
Raman spectra, field-emission scanning electron microsco-
py (FESEM), and cyclic voltammetry (CV) analyses.
Moreover, the adhesion and electrocatalytic ability of the
MWCNT CE fabricated by the EPD were in comparison
with those of the MWCNT CE prepared by a tape-casting
processing in this study.

Experimental

Raw MWCNTs (Golden Innovation Business Co.) were
refluxed in a 3:1 mixture of 98% H2SO4 and 78% HNO3 at
120 °C for a fixed time to functionalize the graphitic sp2

carbon into a –COOH functional group on the side walls of
the MWCNTs. The functionalized MWCNTs were further
filtered by suction filtration, washed thoroughly with
deionized water, and subjected to drying. The resulting
functionalized MWCNTs were suspended in a 1:1 mixture
of acetone and ethanol by ultrasonication for 2 h. The
aqueous MWCNT suspensions of 5 mg mL−1 concentrations
were used for the electrophoresis experiments. Cleaned
fluorinated tin oxide (FTO) glass substrates (NSG, 13 Ω/sq)
with a dimension of 15×20×2.2 mm and a Pt sheet (2 cm2)
were used as a working electrode and a counter electrode,
respectively. These two electrodes were positioned in parallel
with a distance of 0.7 cm apart from each other. A constant
potential of 18 V vs. open-circuit potential was employed for
the EPD. Subsequently, the resulting MWCNT CEs were
dried at 50 °C for 5 min. For comparison, a MWCNT CE
fabricated by tape-casting processing was also made in this
study. The MWCNT paste for the tape-casting processing
was composed of MWCNTs, an organic binder, and distilled
water [10]. A total of 0.16 g of (carboxymethyl)-cellulose
sodium salt was dissolved in 19.84 mL of distilled water. A
total of 1.13 g CNTs was then added to the binder solution
and then sonicated for 1 h. The resulting homogeneous
MWCNTs slurry was tape-casted onto a previously cleaned
FTO glass substrate followed by drying at 50 °C for 10 h in
air.

The TiO2 photoanodes were fabricated on the cleaned
FTO by screen printing technique. A 12-μm-thick layer as
an interlayer was first printed on the FTO glass substrate
and further coated by 2-μm-thick light-scattering anatase
TiO2 particles (Tripod Technology Co.). The detailed
fabrication procedure and composition of the TiO2 pastes
for screen printing was described elsewhere [23]. After
screen printing, the as-prepared TiO2 photoanodes were
heated at 450 °C for 2 h. When the temperature of the pre-
heated photoanodes was cooled down to 40 °C, they were
dipped into an ethanol solution containing 0.3 mM N719
dye (Everlight Chemical Industry Co.) for 4 h. The
sensitized TiO2 photoanodes were rinsed with ethanol and
then subjected to be dried under a cool air flow. The TiO2

photoanodes and various CEs were sealed with a thermoplas-
tic hot-melt surlyn (30 μm in thickness, Dupont), and the
electrolyte composed of 1M 1, 3-dimethylimidazoliumiodine,
0.5 M 4-tert-butylpyridine, 0.15 M iodine, and 0.1 M
guanidine thiocyanate in 3-methoxypropionitrile was injected
into the cell through the pre-drilled holes, which were further
sealed after electrolyte injection .

The carboxy groups on MWCNTs surface were analyzed
by Fourier transform infrared spectroscopy (FTIR) before
and after chemical functionalization. The degree of chemical
functionalization for MWCNTs was further evaluated using
Raman spectroscopy. The surface morphology of MWCNT
CEs was characterized by means of a FESEM (JSM-7000F).
The CVmeasurements were conducted using a 4-cm2 Pt sheet
as auxiliary electrode, a Pt wire as reference electrode, and
the as-prepared MWCNT CEs as the working electrode with
a total exposure area of 0.64 cm2 in a 3-methoxypropionitrile
solution consisting of 50 mM LiI, 10 mM I2, and 500 mM
LiClO4. The scan rate was set at 10 mV s−1 and data were
acquired in the potential interval ranging from −1.2 V to
1.2 V vs. Pt using a potentiostat (Solartron). The photocur-
rent density–voltage (I–V) characteristic was carried out
using a computer-controlled Keithley 2400 source meter
under illumination by a solar simulator (Yamashita Denso
YSS-150A). The active cell area and the incident light
intensity were controlled at 0.28 cm2 and 100 mW cm−2

(AM 1.5), respectively.

Results and discussion

Figure 1 shows the FESEM images of MWCNTs before
and after in the refluxed acid mixture solution. The
MWCNTs after refluxing in the acid mixture for 60, 90,
and 120 min were called MWCNT-A, MWCNT-B, and
MWCNT-C, respectively. It can be observed that the
diameter and length of MWCNTs slightly decreased and
became shorter with increasing reflux interval, respectively,
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especially on MWCNT-C. Chiang et al. [24] proposed a
successive and iterative process for MWCNTs in H2SO4/
HNO3 mixture, including the initial attack on active sites
and next the hexagon electrophilic attacks to generate new
defects and introduce more oxygen, thus resulting in the
MWCNTs becoming thinner and shorter. Consequently, the
fracture of MWCNTs can be attributed to chemical
functionalization. Chemical functionalization could generate
the defect- and disorder-inducedmodes in theMWCNTs, thus
increasing the intensity of the D peak, a phonon mode at
1,350 cm−1 in Raman spectra. The degree of functionaliza-
tion of MWCNT surface can be evaluated by comparing the
intensity of D band and G band ratio (ID/IG) of MWCNTs
after chemical functionalization. Consequently, Raman spec-
troscopy was conducted to evaluate the functionalization
degree for MWCNT films treated in different reflux times, as
shown in Fig. 2. The values of ID/IG ratio for each
functionalized MWCNT films are also listed in Fig. 2. It
can be found that the D band and G band can be clearly
observed at ~1,350 and 1,580 cm−1 for all MWCNTs. The
increase in ID/IG ratio of MWCNTs can be found with
increasing the reflux time, indicating that the density of
defects on MWCNTs increased and the conductivity
decreased. It should be noted that the highest ID/IG ratio
of 0.408±0.035 can be obtained in the case of MWCNT-C.
This indicates that the degree of functionalization on the
surface of MWCNTs can be controlled by reflux time in the
acid mixture solution.

The functional groups attached to the functionalized
MWCNTs were analyzed by means of FTIR spectroscopy.
Figure 3 presents the FTIR spectra of raw MWCNT and
functionalized MWCNTs. In Fig. 3a, the main absorption
bands were assigned as follows: the carbon–carbon single
bond (C–C) sketching vibrations at 1,581 cm-1, the carbon–
carbon double bond (C=C) stretching at 1,719 cm−1, and
alky CHx stretching at 2,850–2,950 cm−1. The appearance
of O–H bond in the raw MWCNTs represents that there was
some water absorption on the surface of raw MWCNTs. In
comparison with Fig. 3a, the absorption peaks of carbon–

Fig. 1 Top view FESEM
images of a raw MWCNT, b
MWCNT-A, c MWCNT-B, and
d MWCNT-C on FTO glass
substrates

Fig. 2 Raman spectrum of various MWCNTs
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oxygen double bond (C=O) and the oxygen–hydrogen
single bond (O–H) stretching at 1,711 and 3,382 cm−1 were
found on the surface of functionalized MWCNT-C, respec-
tively, as shown in Fig. 3b. This clearly indicates the
formation of a carboxylic group (–COOH) on the surface of
functionalized MWCNT-C.

Figure 4a presents the CV of MWCNT CEs with various
reflux times. The electrophoretic deposition was not success-
fully carried out for the unmodified MWCNTs due to the lack
of a carboxylic function group. Thus, the raw MWCNT CE
prepared by electrophoretic deposition was not considered in
Fig. 4. The relationship between the resulting cathodic peak
current densities and potentials and the reflux time for
various MWCNT CEs are also illustrated in Fig. 4b. The
increase in cathodic peak current density and the decrease in
cathodic potential with increasing the degree of functionaliza-
tion of the MWCNT surface can be noted. Banks et al. [25]
found that the graphite surface with a large quantity of edge
plane can provide faster electron transfer compared to that
with the basal plane. They also reported that the electro-

catalytic response of an edge plane on the graphite electrode
surface was similar to that of a MWCNT. Thus, the surface
defects formed after chemical functionalization can act as the
edge plane at a graphite surface. It can be suspected that
more edge planes can be formed on the MWCNT surface
while the degree of functionalization on the MWCNT surface
increases, thus resulting in the enhancement in electron
transfer from MWCNTs to electrolyte. Moreover, it can be
observed that MWCNTs tended to break when refluxing in
acid mixture solution (especially on MWCNT-C), and thus
more open ends of MWCNTs can be formed. The open ends
of MWCNTs can provide active sites for electrocatalytic
reaction, thus enhancing the electrocatalytic activity of
MWCNT films. Consequently, MWCNT-C with highest
electrocatalytic activity for reduction of I3

− to I− can be
obtained. The I–V measurements of DSSCs with MWCNTs
in different reflux times were conducted and illustrated in
Fig. 5. It can be observed that both of the short-circuit
photocurrent (Jsc) and open-circuit voltage (Voc) increased

Fig. 4 a CV of MWCNT-A, MWCNT-B, and MWCNT-C CEs at a
scan rate of 10 mV s−1. b The relationship between reflux times and
the cathodic peak currents and potentials. The thickness of the
MWCNT CEs was controlled at ~6 μm

Fig. 3 FTIR spectrum of a raw MWCNT and b MWCNT-C
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with increasing the reflux time; thus, enhanced conversion
efficiency of DSSCs assembled with MWCNT CEs can be
obtained from 2.16% (MWCNT-A) to 3.32% (MWCNT-C)
by controlling the functionalization degree of MWCNTs
surface. This is in accordance with the observation from CV
measurements.

Furthermore, the electrocatalytic activity of MWCNT-C
with different thickness values was investigated, as shown in
Fig. 6a. The relationship between the resulting cathodic peak
current densities and potentials of MWCNT-C CEs with
different thickness values are also presented in Fig. 6b. The
cathodic peak current density increased and the cathodic
potential decreased with the increase in the thickness of
MWCNT-C CEs, indicating that the electrocatalytic activity
of MWCNT-C CE can be further enhanced by increasing the
thickness. With the consecutive 50-cycle test, the CV did not
change but exhibited stable anodic and cathodic peak current
densities as shown in Fig. 6c. This indicates that the
MWCNT-C CE did not only possess good electrochemical
stability but was also attached firmly and uniformly on the
FTO substrate.

To further find out the optimal thickness of MWCNT-C
CEs, I–V measurements of DSSCs with MWCNT-C CEs in
different thickness values were carried out. Figure 7 summa-
rizes the relationship between the resulting photovoltaic
parameters obtained from I–V curves and the thickness of
MWCNT-C CEs. The value of Jsc is almost similar with the
increasing thickness of MWCNT-C CE. One interesting
result lies in the decrease in Voc with increasing the thickness
of MWCNT-C CEs, thus resulting in such a way that the cell
efficiency of DSSCs assembled with MWCNT-C CEs
initially increased and then decreased with increasing the
thickness of MWCNT-C CEs. Since the effect of the
thickness on Voc and FF was observed in the opposite
tendency, there was an optimum thickness of MWCNT-C CE

based on the aforementioned results. The highest efficiency
was obtained when the thickness of MWCNT-C CE was
controlled at ~4 to 5 μm. According to the previous study
reported by Murakami et al. [9], two possible explanations
can be proposed: one is adsorption of electrolyte, like 4-tert-

Fig. 5 Photocurrent density–voltage characteristics of MWCNT-A,
MWCNT-B, and MWCNT-C

Fig. 6 a CVof MWCNT-C CEs with various thicknesses at a scan rate
of 10 mV s−1. b The relationship between film thicknesses and the
cathodic peak currents and potentials. c Consecutive 50 CV of I−/I3

−

for MWCNT-C CE
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butylpyridine onto the carbon surfaces; the other one is
localized short circuiting between TiO2 layer and MWCNT
film. Depositing the thick MWCNT film can provide more
surface area, thus improving the electrocatalytic activity for
reduction of I3

− to I− and FF. It could lead to obtaining a
lower Voc and thus lowering the cell performance of DSSCs.

To further ascertain if the EPD is a feasible method to
fabricate NWCNT CEs, the MWCNT-C CE fabricated by
the EPD was compared with that prepared by the tape-
casting approach. The as-prepared MWCNT-C CEs were
subjected to the scotch tape test to evaluate the interface

adhesion between MWCNT-C film and FTO glass substrate,
as shown in Fig. 8. After the tape test, less amount of
MWCNT-C was detached from the CNT electrode by EPD

Fig. 9 CV of raw MWCNT and MWCNT-C CEs prepared by tape-
casting method, and MWCNT-C CE fabricated by EPD. The thickness
of all MWCNT CEs was controlled at ~17.5 μm

Fig. 8 Images of MWCNT electrodes prepared by a tape-casting and
b EPD after Scotch tape tests

Fig. 7 Variations of photovoltaic parameters with film thickness for the DSSC with the MWCNT-C CEs
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compared to that by tape-casting method. This indicates
that the adhesion between MWCNT-C film and FTO glass
substrate can be enhanced by EPD approach. Moreover, CV



was carried out and shown in Fig. 9 to compare the
electrocatalytic activity of raw MWCNT and MWCNT-C
CEs by tape-casting and EPD, respectively. Obviously, the
electrocatalytic activity of MWCNT-C CE by EPD was better
than that by tape-casting method. The MWCNT-C electrode
fabricated by tape-casting method had lower peak current
density and higher overpotential probably due to the use of
binder in the paste for coating MWCNT-C film on the FTO
glass substrate. It may result in some shielding effect on
MWCNT-C, thus lowering its electrocatalytic activity. In
addition to comparing with MWCNT-C CE fabricated by
EPD with tape-casting method, the electrocatalytic activity of
raw MWCNT CE was much poorer. This also confirms that
the electrocatalytic activity of MWCNTs can be enhanced by
means of chemical functionalization.

Conclusions

In summary, a simplified process for fabricating MWCNT
CEs at low temperature was successfully developed by using
chemical functionalization and EPD in this study. Raman,
FTIR, SEM, and CVmeasurements confirmed that the defects
and open ends can be obtained on the MWCNT surface via
chemical functionalization, thus facilitating the enhancement
in the electrocatalytic activity of MWCNTs. In addition, the
CV with the consecutive 50 cycles demonstrated that an
excellent electrochemical stability of the as-prepared
MWCNT CEs can be obtained. In comparison with the tape-
casting approach, the MWCNT CE fabricated by EPD
presented better adhesion and an electrocatalytic activity due
to the shielding effect onMWCNTs by the binder used in paste
for doctor blade. Although the cell efficiency of this kind of
MWCNT CE was still a little bit low, we believe that
MWCNT CE deposited by EPD could be of great potential
for use in low-cost DSSCs and open up new avenues for CEs
using flexible substrates when the MWCNTs with a larger
surface area can be further employed.
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