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Fabrication of CNT Dispersion Fluid by Wet-Jet Milling Method
for Coating on Bipolar Plate of Fuel Cell
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Water based carbon nanotube (CNT) dispersion was produced by wet-jet milling method. Commercial CNT was originally
agglomerated at the particle size of less than 1mm.Thewet-jetmilling process exfoliatedCNTs from the agglomerates and dispersed
them into water. Sedimentation of the CNTs in the dispersion fluid was not observed for more than a month. The produced CNT
dispersion was characterized by the SEM and the viscometer. CNT/PTFE composite film was formed with the CNT dispersion in
this study. The electrical conductivity of the composite film increased to 10 times when the CNT dispersion, which was produced
by the wet-jet milling method, was used as a constituent of the film. Moreover, the composite film was applied to bipolar plate of
fuel cell and increased the output power of the fuel cell to 1.3 times.

1. Introduction

Carbon nanotubes (CNTs) have attracted considerable atten-
tion due to their exceptional electronic, mechanical, optical,
and chemical properties [1, 2]. Because of these superior
properties, CNTs have been widely studied as candidate
materials for use in cold cathodes for field emission display
(FED) technology [3, 4], electrochemical sensors [5], and
hydrogen storage materials [6]. Moreover, CNTs are ideal
filler materials for polymers due to their exceptional strong
mechanical property and high electrical conductivity [7,
8]. It has been reported that addition of 1 wt.% multiwall
CNTs into polystyrene resulted in 36–42% and 25% increase
in elastic modules and break stress [8]. Improvements of
mechanical properties by addition of CNTs into polymers
have been reported by various studies [9–13]. On the other
hand, high electrical conductivity of CNT modifies various
polymer to be electrically conductive, because CNTs form
continuous conducting networks in the polymer [9, 11, 14].
These composite polymers arewidely fabricated bymixture of
CNT and polymer in a suitable solvent [8, 15, 16]. Therefore,

fabrication of a well-dispersed and long-term stable CNT
dispersion in various liquid medium is critical to improve
the characteristics of the CNT composite polymer, such as
the mechanical properties and the electrical conductivity.
Moreover, the CNT dispersion is also required to be low
viscosity, because the CNTs in the low viscosity dispersion are
able to uniformly disperse in polymer by mixing process.

CNT dispersion is fabricated by various methods such
as sonication [17, 18], centrifugal mixing [19], high speed
stirring [20], and ball milling [21].These fabricationmethods
successfully disperse single wall or multiwall CNTs in various
liquid medium such as water, organic solvent, and ionic
liquid. Moreover, this fabricated CNT dispersion was applied
to the formation of the CNT composite polymers.

Wet-jet milling method is recently employed to disperse
CNTs in various liquid medium [22–26]. The electrical
and mechanical properties of the CNT composite polymer,
which was formed from this CNT dispersion, have been
reported. Sekitani et al. reported that single-walled carbon
nanotube (SWNT) was dispersed in ionic liquid by the
wet-jet milling method [22]. The produced CNT dispersion
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achieved forming the electrically conductive rubber with
the conductivity of more than 100 Scm−1. Moreover, the
rubber-like stretchable active-matrix display was constructed
by using the conductive rubber dispersing the CNTs. These
reports show that the wet-jet milling method exfoliates
aggregated CNTs and disperses the exfoliated CNTs into the
liquid medium without shortening CNT length.

In this study, CNTs were dispersed in water by wet-
jet milling method. The produced CNT dispersion was
investigated by the SEM and the viscometer. Moreover,
the CNT/PTFE composite film was formed with the CNT
dispersion fluid. The electrical conductivity of the composite
film was evaluated. From these evaluations, the dispersion
process of the CNTs by the wet-jet milling method and the
correlation between the viscosity of CNT dispersion and
the electrical conductivity of the CNT/PTFE composite film
are discussed. Moreover, the CNT/PTFE composite film was
coated on bipolar plates of fuel cell. Influence of the film
coating on the output power and the inner impedance of the
fuel cell is discussed.

2. Experiments

2.1. Preparation and Characterization of Aqueous MWCNT
Dispersion. Multiwall carbon nanotube (MWCNT),Nanocyl
NC7000 (Nanocyl S.A., Sambreville, Belgium), was used as a
constituent of the dispersion fluid.The CNT and a dispersant
were added into water and mixed by planetary centrifugal
mixer (Thinky Co.) for 30min. Polyoxyethylene (100) stearyl
ether (Brij S100, Sigma-Aldrich) was used as the dispersant.
The concentrations of both the CNT and the dispersant
were 1 wt.%. The CNT was dispersed into water using high-
pressure wet-jetmilling equipment (Nano-Jet Pal, JN 5, Jokoh
Co., Japan).

Figure 1 shows schematic diagram of a dispersion unit
of the wet-jet milling equipment. The dispersion unit is
composed of two inlets and one outlet.There is a small nozzle
with the diameter of 0.1mm at the connection point. The
CNT suspension was flowed into both inlets at high pressure
of 50MPa and was passed through the nozzle at high speed.
The streams of the CNT suspension from two inlets collided
with each other at the nozzle. By this process, the CNTs,
which had been originally agglomerated in the suspension,
were exfoliated to individual CNTs and were dispersed into
the water. The CNT dispersion, which was drained from the
outlet by this process, was flowed into the inlets as 2nd time.
The wet-jet milling process was performed up to 70 times.

The rheological characteristics of the CNT dispersion
fluids were measured using a Sine-wave Vibro Viscometer
(SV-10, A&D, Japan) at 24∘C. Moreover, the size of CNT
particles in the dispersion fluid was observed by scanning
electron microscopy (SEM) (FE-SEM S-4800, Hitachi High-
Technologies Co.). For the SEMobservation, the CNTdisper-
sion fluid was dropped on silicon substrate and was dried as
sample preparation.

2.2. Preparation and Characterization of CNT/PTFE Com-
posite Film. CNT/PTFE composite film was formed from
CNT and polytetrafluoroethylene (PTFE) dispersion fluids.

CNT suspension
or dispersion

inlets

CNT dispersion
outlet

Nozzle
∅0.1mm

Figure 1: Schematic diagram of a dispersion unit of the wet-jet
milling equipment.

The CNT dispersion was produced by the wet-jet milling
method.The separateCNTandPTFEdispersionsweremixed
and stirred by ultrasonic agitation for 20min. This mixed
fluid was applied to glass substrate by doctor blade method.
The sample was dried in the atmosphere for 30min then
heated at 350∘C for 5min. The CNT/PTFE composite film
with the thickness of 10–20𝜇m and the CNT concentration
of 25wt.% was formed by this process. The electrical con-
ductivity of the CNT/PTFE composite film was measured
using four-point probemethod (R6243 voltage current source
monitor, Advantest, Japan).

2.3. Fabrication of Fuel Cell Using Bipolar Plates Coated
with CNT/PTFE Composite Film. TheCNT/PTFE composite
film with the CNT concentration of 25wt.% was applied to
stainless steel (316SS) bipolar plates of fuel cell. The polymer
electrolyte fuel cell (PEMFC) was assembled with the bipolar
plates, which were coated with the CNT/PTFE composite
film. Nafion 117 was used as the polymer electrolyte of the
PEMFC. The anode and the cathode electrodes contained
platinum catalyst, which was supported on acetylene black
powder at the loading of 0.25mg/cm2. Carbon paper was
used as gas diffusion layer.Themembrane electrode assembly
(MEA) was 4 × 4 cm2 in the size. Humidified hydrogen and
oxygen gases were flowed into the anode and the cathode
electrodes, respectively, both at 1000mL/min. Characteri-
zation of the output power and the inner impedance was
performed to the fuel cell.

3. Results and Discussions

3.1. Production of CNT Dispersion Using Wet-Jet Milling
Method. Figure 2 shows photographs of (a) CNT suspen-
sion without applying wet-jet milling process and (b) CNT
dispersion produced by using wet-jet milling method. The
suspension of CNT without applying the wet-jet milling
process showed sedimentation of CNT at the bottom of the
bottle. Dispersed CNTs in the supernatant seem to be few in
number, because it was transparent. On the other hand, the
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Figure 2: Photograph for (a) the CNT suspension without using
wet-jet milling process and (b) the CNT dispersion with using wet-
jet milling process.

sample, which applied the wet-jet milling process, did not
show sedimentation of CNT for more than a month, even
if the processing times number was 1. This result indicates
that the wet-jet milling process allows dispersing the CNT
into water. Moreover, the produced CNT dispersion is stable
although the CNT concentration has high value of 1 wt.%.

Figure 3 shows SEM images of CNT suspension (a) before
and (b) after mixing using planetary centrifugal mixer. The
CNT suspension before the mixing showed large agglom-
erates of CNT with the size of up to 1mm. The size of
the agglomerates was decreased to 300 𝜇m by applying the
planetary centrifugal mixing. However, the individual CNT,
whichwas exfoliated from the agglomeration of CNT andwas
dispersed in water, was not observed for both samples.

Figures 3(c)–3(f) show SEM images of the CNT disper-
sion after wet-jet milling at various processing numbers. The
CNT dispersion, which was produced by 1 time of the wet-jet
milling process, contained the CNT particles with the size of
200𝜇m, as shown in Figure 3(c).This particle sizewas smaller
than that of the sample after the planetary centrifugal mixing.
The region besides the CNTparticles showed a rough surface,
which is different from the surface of silicon substrate. High
magnification SEM observation showed that the individual
CNTs existed on the silicon substrate. Therefore, the wet-jet
milling process is considered to exfoliate the CNTs from the
agglomerated CNT.

The size and the number of CNT particles decreased
with an increase in the number of the jet-milling processes.
CNT particles were not observed for the samples above
the processing times number of 30. The roughness of the
region existing in the individual CNTs also decreased with
an increase in the processing number. Above the processing
times number of 30, the surface was smooth enough not
to be observed by the low magnification SEM investigation,
although the exfoliated single CNTs existed on the substrate.
The smooth surface indicates that the exfoliated single CNTs
were uniformly dispersed in water by using the wet-jet
milling method.

Figure 4 shows high magnification SEM images of CNT
dispersion (a) before and (b) after applying 70 times of
wet-jet milling processing. The CNTs in both samples were
approximately 25 nm in the diameter and 1.5 𝜇min the length.
From both SEM images, drastic changes of the diameter and
the length were not observed. This investigation indicates
that the wet-jet milling process has no effect on degrading,
defecting, or the size of CNT.

Figure 5(a) shows the dependence of the wet-jet milling
processing times number on the viscosity of CNT dis-
persion. This figure also shows the viscosity of the CNT
suspension without applying the wet-jet milling process. The
CNT suspension without the wet-jet milling process showed
low viscosity of 1.9mPa⋅s. The viscosity of CNT dispersion
increased to 48mPa⋅s by applying wet-jet milling process
once. However, the viscosity decreased to 2mPa⋅s with an
increase in the wet-jet milling processing times number up
to 70.

TheCNT/PTFE composite filmwas formedwith theCNT
dispersion. Figure 5(b) shows the dependence of the wet-jet
milling processing times number, which was carried out to
produce the CNT dispersion, on the electrical conductivity
of the CNT/PTFE composite film. No electrical conduction
was observed for the composite film, which was formed using
the CNT suspension without applying the wet-jet milling
process, although the CNT was contained in the film. On the
other hand, the electrical conduction was observed for the
CNT/PTFE composite film formed with the CNT dispersion,
which was produced by the wet-jet milling method. At 1 time
of the wet-jet milling process, the composite film showed the
electrical conductivity of 2.7 S/cm.The electrical conductivity
of the CNT/PTFE composite film was within the range of
2-3 S/cm up to 6 times of the wet-jet milling process. The
electrical conductivity increased to 14 S/cm by applying the
process at 8 times. With increasing the processing number
from 8 to 70 times, the electrical conductivity gradually
increased up to 22 S/cm.

The suspension without the wet-jet milling process con-
tains the large agglomerates of CNTs. Few individual CNTs
are contained in the suspension, although the planetary
centrifugalmixing is carried out.This CNT suspension shows
the low viscosity similar to pure water, because the CNT
agglomerates with the size of 300 𝜇m contribute low external
specific surface and cause the low viscosity of the CNT
suspension [27]. The agglomerated CNTs do not form an
electrical network in the CNT/PTFE composite film, because
high percolation threshold, at which electrical conduction in
composite film was formed [28], is required. Therefore, the
composite film containing them has no electrical conduction.

The wet-jet milling process exfoliates individual CNTs
from the agglomerates, in addition to a decrease in the num-
ber and the size of agglomerates. The dispersion containing
the individual CNTs, which is formed by the jet-milling
process of 1 time, shows high viscosity of 48mPa⋅s. The
increase of the viscosity results from an increase in external
specific surface of CNT [27], which is due to the decrease of
agglomerate size and the exfoliation of individual CNTs by
the jet-milling process. On the other hand, the viscosity of
the CNTdispersionwas decreased by applying the jet-milling
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Figure 3: Lowmagnification SEM images of CNT in the suspension (a) before mixing and (b) after mixing using planetary centrifugal mixer.
SEM images of CNT in the dispersion after wet-jet milling process at various processing numbers, (c) 1 time, (d) 4 times, (e) 30 times, and
(f) 70 times.
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Figure 4: High magnification SEM images of CNT in the dispersion (a) before and (b) after the wet-jet milling process of 70 times.
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Figure 5: (a) Viscosity of CNT dispersion formed by the wet-jet milling process at various processing numbers and (b) electrical conductivity
of the CNT/PTFE composite film. The CNT/PTFE composite film was formed from the CNT dispersion, produced by the wet-jet milling at
various processing numbers.
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Figure 6: Dependence of the current on (a) the output voltage and (b) the output power for the fuel cells assembled with the bare stainless
steel bipolar plate (without coating) or the stainless steel bipolar plate coated with the CNT/PTFE composite film.

above 2 times. The decrease in the viscosity indicates that
the CNTs are uniformly dispersed in the water by applying
the wet-jet milling process, because high shearing makes the
nanotubes align with the flow direction, thus making the
viscosity decrease [29].

The electrical conductivity of the CNT/PTFE composite
film increases to 22 S/cm with an increase in the process time
of the wet-jet milling, which is used for producing the CNT
dispersion. The wet-jet milling process uniformly disperses
CNTs in the water. Therefore, it is possible to distribute the
CNTs in the CNT/PTFE composite film uniformly, when
the CNT dispersion, which applied the jet-milling at higher
process time, is used as a constituent of the composite film.

The uniform distribution of the CNTs in the composite film
increases the electrical conductivity of the film, even if the
CNT in the film has the same concentration.

3.2. Coating of CNT/PTFE Composite Film on Bipolar Plates
of Fuel Cell. TheCNT/PTFE composite filmwas formedwith
the CNT dispersion, which was produced by the jet-milling
process, and was applied to the stainless steel (SS) bipolar
plate of fuel cell. Figure 6(a) shows the dependence of the
current on the output voltage for the fuel cells assembled with
the bare SS bipolar plate (without coating) or the SS bipolar
plate coated with the CNT/PTFE composite film. Both fuel
cells showed the same open voltage of 1 V.The output voltage
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Figure 7: Cole-cole plots for the impedancemeasurement of the fuel
cells assembled with the bare stainless steel bipolar plates or those
coated with the CNT/PTFE composite film.

decreased with an increase in the current. The decrease of
output voltage is originated from the IR drop, which occurred
by the current flows in the inner resistance of the fuel cell.

Figure 6(b) shows the dependence of the current on the
output power for the fuel cells. The fuel cell assembled with
the bare SS bipolar plate showed the maximum output power
of 140mW/cm2. The coating of the CNT/PTFE composite
film increased the maximum output power to 180mW/cm2,
which is 1.3 times higher than that of the bare SS bipolar plate.

Figure 7 shows the cole-cole plots for the impedance
measurement of the fuel cells assembled with the bare SS
bipolar plates or those coated with the CNT/PTFE composite
film. The fuel cells showed a semicircular curve in the neg-
ative imaginary impedance (−𝑍img) region. The line shapes
for these fuel cells were almost the same. The semicircular
curve was shifted to lower value on the real impedance
(𝑍real) axis by the coating of CNT/PTFE composite film. The
inner impedance of fuel cells is briefly assumed to consist
of a capacitance (𝐶), a parallel resistance (𝑅

𝑝

) against the
capacitance, and a series resistance (𝑅

𝑠

) against the parallel
circuit of the capacitance, because the cole-cole plot for
fuel cells shows the semicircular curve [16, 30]. The shift of
cole-cole plot indicates that the coating of the CNT/PTFE
composite film on the bipolar plate decreases the series
resistance from 340mΩ to 260mΩ. The series resistance
is originated from contact resistance between bipolar plate
and MEA and proton conductivity in Nafion film and so
forth [31]. Coating of the electrically conductive CNT/PTFE
composite film decreases the contact resistance resulting in
the series resistance. In the previous report [16, 30], the CNT
dispersion was formed by using the ultrasonic homogenizer.
The CNT/PTFE composite film, whose conductivity was
5 S/cm at the CNT concentration of 25wt.%, was formed
using the CNT dispersion and was applied to the bipolar
plates of fuel cell. As a result, the coating of composite film
increased the maximum power of fuel cell to 1.2 times. On

the other hand, the CNT/PTFE composite film, which was
prepared in this study, increases the maximum power to 1.3
times, which is higher than that of previous report, because
the electrical conductivity of this film has higher value of
22 S/cm. The wet-jet milling method achieves increasing the
output power of fuel cell by forming electrically conductive
CNT/PTFE film and applying it to the bipolar plate.

4. Summary

The CNT dispersion was successfully formed by the wet-jet
milling method. The dispersion had features such as time
stability and low viscosity, although the CNT dispersion has
high CNT concentration of 1 wt.%. The CNT/PTFE compos-
ite film shows the high electrical conductivity of 22 S/cm,
when the CNT dispersion, which is produced by the wet-
jet milling method, is used as a constituent of the composite
film. These results are because the wet-jet milling process
exfoliated individual CNTs from the CNT agglomerates and
disperses them to the water uniformly.

The highly conductive CNT/PTFE composite film was
applied to the bipolar plate of fuel cell. The coating of the
composite film increased the output power of fuel cell to 1.3
times, because of a decrease in the contact resistance between
bipolar plate and MEA. The improved output power results
from forming good CNT dispersion as a constituent of the
CNT/PTFE composite film by the wet-jet milling process.
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