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The main aim of this study is to use a carbon fiber composite board to replace the traditional
graphite board. Because a carbon fiber composite has high mechanical strength and corrosion
resistance and other desirable properties, we fabricate it into a current collector for use in a fuel
cell. We use phenolic resin and flake graphite powder combined with carbon fiber plain weave to
fabricate the carbon fiber composite current collector, which is carbonized in a high-temperature
furnace at 800 °C. In this method, the resin, which has poor conductivity, is removed to increase
the conductivity of the current collector. The electrical conductivity is measured using a four-
point probe surface resistance machine and the flexural strength is measured using a universal
material testing machine. In addition, the same characteristics of carbon fiber composite
materials fabricated with different carbonization times are then discussed. Finally, the carbon
fiber composite current collectors are assembled in single cells for performance testing.

1. Introduction

Current collectors play an important role in fuel cells. They should have the functions of
transmitting gaseous fuel, conducting electricity, and dissipating heat.() Traditionally, they have
been fabricated of metal or graphite. Although metal current collectors have good electrical
conductivity and ductility, their corrosion resistance is poor, reducing their service life. Current
collectors made of graphite have good conductivity and corrosion resistance, but their stress
strength is low, which causes problems in their production and use. Carbon fiber composites
have good mechanical strength and corrosion resistance, but because the resin in the composites
is a poor conductor, their conductivity is poor. To improve the conductivity of carbon fiber
composites, we can add a conductive powder or remove the resin. Kuan et al. used carbon
nanotube powder added to phenolic resin to coat a carbon fiber cloth and a high-temperature
furnace to carbonize a carbon fiber bipolar plate at 600 °C. They showed that a fuel cell with a
carbon fiber bipolar plate assembly carbonized three times has excellent performance superior to
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that of a fuel cell with a graphite current collector.’?) Kakati et al. added conductive particles
such as natural graphite and carbon black to phenolic resin. The mixed solution was added to
carbon fibers to fabricate carbon fiber composites by heatpressing. The natural graphite and
carbon black form a conductive channel, thereby increasing conductivity.®) Li et al. fabricated a
current collector by adding different proportions of expanded graphite powder and phenolic
resin, with added resin contents of 15, 20, and 25%. They showed that the higher the resin
content, the lower the corrosion rate, and the lower the resin content, the higher the mechanical
strength.) Resin is the main reason for the poor conductivity of carbon fiber composites.
Therefore, in previous studies, high-temperature carbonization or ion etching was performed to
remove phenolic resin and increase the conductivity of carbon fiber composites. Kim et al. used
propane and acetylene to carbonize carbon fiber composite plates at temperatures of 1000 and
3000 °C, respectively. They found that the longer the carbonization time, the lower the surface
contact resistance. However, the permeability of the current collector increased and the
mechanical strength decreased with increasing carbonization time.®) Nair et al. conducted
experiments on different types of phenolic resins such as maleimide functional and novolac
resins. The resins all had the same residual carbon content under the experimental conditions of
700 °C carbonization for 2 h and 900 °C carbonization for 2 h.) Di et al. etched a carbon fiber
composite board in a solution of chromium trioxide and sulfuric acid. As the temperature and
time increased, some carbon fibers were exposed on the surface of the board. They found that
the resistivity of a carbon fiber composite material can be improved by immersing it in the
etching solution at 70 °C for 15 min.(”) Lee et al. used the soft layer method to remove resin from
the surface of a composite material to expose the fibers, thereby reducing the contact resistance.
A tighter fiber arrangement requires a higher pressure (20 MPa) to effectively squeeze the resin,
while a pressure of only 3 MPa is required for a looser fiber arrangement.®) In this study, we
developed a carbon fiber current collector for use in proton exchange membrane fuel cells. The
current collector has high conductivity, corrosion resistance, and mechanical strength. In the
following, we described the materials, production process, and test method of our carbon fiber
current collector.

2. Materials and Methods
2.1 Matrix

Carbon fiber composite materials are composed of a matrix and a reinforcement material.
Common matrix materials are epoxy and phenolic resins. Resins can be divided into
thermosetting resins and thermoplastic resins according to their curing characteristics. The
former are liquid at room temperature that solidify when they reach their curing temperature,
whereas the latter are solid at room temperature and become plastic when exposed to heat, hence
their name. In this study, the phenolic resin shown in Fig. 1 was used as the matrix and the
curing temperature was 150 °C.
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Fig. 1. (Color online) Phenolic resin.

2.2 Reinforcement material

In this study, we used carbon fiber plain weave as the reinforcement material of the carbon
fiber composite. Carbon fibers have high strength and temperature resistance. Each carbon fiber
is composed of thousands of smaller carbon fibers with a diameter of about 5-8 um. The plain
weave was fabricated by interweaving the warp and weft yarns upward and downward. A carbon
fiber cloth is shown in Fig. 2.

2.3 Conductive particles

A carbon fiber cloth has good conductivity in the horizontal direction because the interwoven
carbon fibers form conductive paths. However, the poor conductivity of the resin will hinder the
transmission of electrons and increase the resistance. Therefore, it is necessary to add a
conductive substance to the resin to form a conductive channel between the layers to increase the
conductivity in the vertical direction. In this study, flake graphite powder was added to the resin
to increase the conductivity. The flake graphite powder is shown in Fig. 3.

3. Experimental Process
3.1 Production of carbon fiber composite board

The carbon fiber cloth was cut to an appropriate size. The weights of the resin and flake
graphite powder were based on the weight of the carbon fiber cloth. A homogenizer with a
rotation speed of 480 rpm was used to uniformly mix the methanol-added phenolic resin and
flake graphite powder, where methanol was added to reduce the viscosity of the phenolic resin to
facilitate uniform mixing. The production of the carbon fiber prepreg is shown in Fig. 4. We
used a spatula to coat the evenly mixed solution on the carbon fiber cloth, which was then left to
dry. We cut the carbon fiber cloth to the size of the mold and stacked it layer by layer. When
stacking, a roller was used to squeeze out the air. The stacked carbon fiber prepreg was placed in
a mold, then sent to a heat pressing machine for heat pressing. The pressure, temperature, and
time used for heat pressing were 150 kg/cm?, 150 °C, and 30 min, respectively. The heat pressing
process is shown in Fig. 5. After the heat pressing process was completed, the thus fabricated
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Fig. 2. Carbon fiber cloth. Fig. 3.  Flake graphite powder.

Fig. 5. (Color online) Heat-pressing process.

carbon fiber composition board was removed from the machine and left to cool to room
temperature.

3.2 Production of carbon fiber composite current collectors
The shape and size of the current collector were drawn using AutoCAD. A CAD file was

imported into the engraving software to set the engraving path. Then, we sent the file to a
computer numerical control (CNC) engraving and milling machine for engraving to form the



Sensors and Materials, Vol. 33, No. 11 (2021) 3935

carbon fiber composite current collector shown in Fig. 6. To improve its conductivity, the current
collector was placed in a high-temperature furnace filled with nitrogen for carbonization. The
carbonization temperature used in this study was 800 °C and the carbonization time was 30 min.
The carbonization process is shown in Fig. 7. After carbonization, the collector was removed
from the furnace and left to cool. Increasing the number of carbonizations can further increase
the conductivity of the current collector. Therefore, the current collector was repeatedly soaked
in the resin then heat-pressed as described above.

3.3 Stress tests

A universal material testing machine was used for mechanical strength testing, and flexural
stress tests were performed on test pieces that had been carbonized 0—3 times in accordance
with the ASTM D790 specifications.”®) The test pieces had a length of 130 mm, a width of 13
mm, and a thickness of 2.5 mm. The universal material testing machine and test pieces are
shown in Fig. 8.

Fig. 6. Carbon fiber composite current collector. Fig. 7. (Color online) Carbonization process.

:

@) (b)

Fig. 8.  (Color online) (a) Universal material testing machine and (b) test pieces.
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3.4 Surface resistance tests

In this study, the surface resistances of the carbon fiber composite current collectors were
measured using the four-point probe surface resistance testing machine shown in Fig. 9. The unit
is ohm per square (2/sq). Current collectors with different carbonization times were measured at
10 points to observe the effect of carbonization on their surface resistance.

3.5 SEM images

We performed thermal field-emission scanning electron microscopy (FE-SEM) to observe
the surface of the carbon fiber board. From the SEM image, we could observe the distributions
of phenolic resin and flake graphite powder on the carbon fibers before and after carbonization.

3.6 Fuel cell performance test

We evaluated the performance of the single fuel cell with the carbon fiber composite current
collector shown in Fig. 10. The composite current collector was carbonized 0—3 times. During
the performance test, the anode supplied hydrogen with a flow rate of 300 sccm, the cathode
supplied oxygen with a flow rate of 600 sccm, the gas was humidified and heated to 50 °C, and
the load was applied by a constant voltage. The related data were measured using voltage and
current sensors, and then performance curves were drawn for further analysis.

Fig. 9.  (Color online) Four-point probe surface resistance testing system.

Fig. 10. (Color online) Exploded image of fuel cell with carbon fiber composite current collector.
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3.7 Performance test of pasted copper current collector

We examined the effect of conductive paths on the back of the carbon fiber composite current
collector on the performance of the fuel cell. To achieve this, copper foil tape was attached to the
back of the carbon fiber composite current collector. An exploded image of the fuel cell with the
carbon fiber composite current collector and back-pasted copper is shown in Fig. 11. The
performance test was the same as that in Sect. 3.6 and was carried out with a closed or open end
plate, where the open end plate was open on the cathode side and the oxygen participating in the
reaction was taken naturally from air.

4. Results

The results of the flexural strength test are shown in Table 1. According to the results, the
uncarbonized carbon fiber composite board has the largest stress. As the number of
carbonizations increases, the flexural stress decreases. The stress of the carbon fiber composite
board with 0 to 3 carbonizations exceeds 25 MPa, meeting the US Department of Energy (DOE)
2020 target.19 However, the average stress of the carbon fiber composite plate specimens
carbonized twice is lower than that of the specimens carbonized three times. It is speculated that

Fig. 11. (Color online) Exploded image of fuel cell with carbon fiber composite current collector and back-pasted
copper.

Table 1

Maximum flexural strengths of current collectors.

Test No. Uncarbonized One carbonization Two carbonizations Three carbonizations
(MPa) (MPa) (MPa) (MPa)

1 467.5 73.5 342 53.6

2 448.2 68.7 47.5 38.6

3 497.2 63.5 40.6 39.9

4 452.9 62.4 33.0 45.6

5 482.8 50.84 51.3 60.4

6 397.2 69.3 38.3 38.4

Average 457.7 67.5 40.8 46.1
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this is because the carbon fiber composite plate is repeatedly immersed in phenolic resin, which
increases its stress strength. The results of four-point probe surface resistance measurements are
shown in Table 2. According to the results, the surface resistance of the uncarbonized carbon
fiber current collector is the highest. As the number of carbonizations increases, the surface
resistance decreases. SEM images of the carbon fiber board obtained before and after
carbonization are shown in Fig. 12. According to the SEM images, the surface of the carbon
fiber composite board before carbonization is covered with phenolic resin. The carbon fibers on
the surface of the carbon fiber composite board are exposed after carbonization, and the flake
graphite powder is distributed between the fiber layers. The results of the performance tests are
shown in Fig. 13. The uncarbonized carbon fiber composite current collector has the lowest
performance, and the performance improves with the number of carbonizations. The carbon
fiber composite current collectors carbonized two and three times have similar performance
characteristics; thus, it is speculated that the best performance can be achieved by performing
carbonization twice. The performance test results of the current collector with back-pasted
copper show that increasing the back-side conductivity can improve the performance. The closed
cell has higher performance characteristics than the open cell as shown in Fig. 14. This is
because the closed cell supplies oxygen, whereas the open cell draws oxygen from air owing to
the difference in oxygen density.

Table 2
Surface resistances of carbon fiber composite current collectors. (Unit: mQ/sq)

Test point
Test sample 1 2 3 4 5 6 7 8 9 10
Uncarbonized 312.01 280.53 299.76 356.39 320.54 203.39 236.54 28543 312.57 331.24
One carbonization 88.56 277.88 99.43 107.36 141.21 142.55 177.51 154.63 11479 90.51
Two carbonizations 4278 32.08 46.54 36.79 46.24 36.41 32.08 4451 4785 30.02
Three carbonizations 46.18 5541 4315 46.56 4426 3398 3452 43.65 4479 3241

Carbon fiber

Graphite

Resin powder

(b)

Fig. 12. (Color online) SEM images obtained (a) before and (b) after carbonization.
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collectors after different

We developed planar carbon-fiber-based fuel cell current collectors, which were assembled in

single-cell proton exchange membrane fuel cells to experimentally evaluate their performance

characteristics. It was found that carbonization strongly affected the characteristics of the

current collectors. The performance of the current collector carbonized twice was the same as

that of the current collector carbonized three times, meaning that two carbonizations were

sufficient for the carbon fiber composite current collectors. By pasting the back of a current

collector with copper, it was shown that increasing the conductivity of the back of the current

collector can improve its performance.
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