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Abstract: To improve the conductivity and flexural strength of bipolar plates for proton-exchange
membrane fuel cells, multi-filler-reinforced composites were prepared using graphite, multiwalled
carbon nanotubes (MWCNTSs), chopped carbon fibers (CCFs), and phenolic resin (PF). The effects
of CCF content (0-6 wt.%) and MWCNT content (0-8 wt.%) on the flexural strength, electrical con-
ductivity, interfacial contact resistance (ICR), density, hydrophobicity, and corrosion behavior of
the composites were investigated. Results showed that the addition of a small number of CCFs
(£4 wt.%) effectively improved the flexural strength but slightly reduced the electrical conduc-
tivity and increased the ICR of the graphite/PF/CCF composites. Further addition of MWCNTSs
(<6 wt.%) significantly improved the electrical conductivity and ICR of the graphite/PF/CCF/MWCNT
composites, while maintaining high flexural strength. When the composites were filled with 4 wt.%
CCFs and 2 wt.% MWCNTs, their electrical conductivity, flexural strength, ICR under 1.38 MPa,
and contact angle were 272.8 S/cm, 43.1 MPa, 1.19 mQ-cm?, and 101.5°, respectively. Compared
to unreinforced composites, the electrical conductivity was reduced by 27.2%, the flexural strength
was increased by 65.1%, and the composite possessed favorable hydrophobicity as well as corrosion
behavior. This work reveals that CCFs and MWCNTs can effectively cooperate to improve composites’
electrical and flexural strength properties.

Keywords: fuel cell; multi-filler composites; carbon fibers; multiwalled carbon nanotubes; electrical
conductivity; flexural strength; interfacial contact resistance

1. Introduction

Proton-exchange membrane fuel cells (PEMFCs) have been increasingly employed
as energy source equipment in transportation and household applications due to their
high power density, low environmental pollution, quiet operation, and low operating
temperature [1]. The bipolar plates (BPs), an essential part of PEMFCs, are typically di-
vided into graphite, metal, or graphite/polymer composite BPs, according to the different
material schemes adopted [2]. Pure graphite bipolar plates, typically fabricated with car-
bon, graphite powder, or graphitized resin, have gained more attention because of their
excellent electrical conductivity and corrosion resistance. Nevertheless, graphite bipolar
plates require high-temperature processing above 2500 °C for graphitization, dramatically
increasing both the time and economic cost of the process [3]. Metal bipolar plates exhibit
outstanding electrical conductivity and excellent gas permeability performance. Unfortu-
nately, metal corrodes quickly in the acidic environment of PEMFCs, which can lead to the
poisoning of catalyst particles when dissolved metal ions enter the membrane. Moreover, a
passivation film easily forms on a metal surface. This film increases the contact resistance,
resulting in a decrease in the performance of the fuel cell [4]. Graphite/polymer composite
bipolar plates are mainly made of resin and graphite, offering good corrosion resistance,
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excellent processing performance, low cost, and good gas permeability of lower than

1x107° cm?-(s71-cm?) ! under a hydrogen or argon atmosphere [5]; however, as the
conductive filler for graphite composite plates, though graphite has high conductivity, its
brittle nature leads to the unsatisfactory mechanical performance of the composite. There-
fore, many researchers focused on solving the contradiction between electrical conductivity
and mechanical properties to simultaneously obtain high electrical and mechanical strength
properties [6].

To achieve the mentioned goals, the current research focuses on the addition of differ-
ent conductive fillers into the graphite/resin system, the reinforcement material including
carbon nanotubes (CNTs) [7-15], carbon fibers [2,16-20], graphene [18,21,22], and carbon
black [17,18]. Among them, multiwalled carbon nanotubes (MWCNTs), which are tube-
shaped carbon with a diameter measuring on the nanometer scale, have been considered
one of the best reinforcement candidates due to their high aspect ratio, excellent mechanical
and electrical conductivity, and thermal conductivity properties [23]. Several pieces of
research have studied the effect of MWCNTSs on graphite/resin composites [7-15]. Shu
et al. added MWCNTs into their composites and studied their effect in high-, medium-, and
low-crystallinity polypropylene (PP) [7]. The bulk electrical conductivities of composites
with various MWCNT contents all exceed 100 S-cm ™!, and the flexural strength of the
MWCNTs/low-crystallinity PP nanocomposite bipolar plate with 8 phr of MWCNTs was
approximately 37% higher than that of the original nanocomposite bipolar plate. Further-
more, they modified MWCNTs [8,9], studying the influence of modified MWCNTs on the
performance of the composites. The flexural strength and the bulk electrical conductivity
of the MWCNTs/polypropylene nanocomposites were improved by 59% and 505%, re-
spectively, with modified MWCNTs at a content of 8 phr. Ha et al. added MWCNTs into
a polypropylene/polyethylene polymer blend sol and used the prepared sol to infiltrate
woven carbon fiber [10] and non-woven carbon felt [11] substrates. Their results showed
that MWCNTs effectively improved the electrical conductivity of carbon fiber composites.
Pattarakamon et al. [12] prepared MWCNT-reinforced graphite/phenolic resin composites
with wet and dry methods, respectively. Their composite with 1.0 wt.% MWCNTs via
the dry method provided the highest electrical conductivity and optimum mechanical
properties, meeting the DOE material requirement for bipolar plates in PEMFC. In Hu’s
research [13], he developed high-performance polyvinylidene fluoride/graphite/ MWCNT
composites with segregated conductive networks. Segregated synergistic conductive net-
works were observed in the composite after adding MWCNTs, and the composite BP with
5 wt.% MWCNTs exhibited an electrical conductivity of 161.57 S/cm and area-specific
resistances of 7.5 mQ-cm?. Kang et al. prepared their composite material with different
types of graphite (synthetic graphite, natural graphite, or expanded graphite (EG)), and
further modified the EG composite with carbon nanotube sheets (buckypapers) or multi-
walled carbon nanotubes (MWCNTs) [15]. To sum up, the above work added MWCNTs
as reinforcement fillers and investigated the content, modification method, dispersion
method, and dispersion situation of MWCNTs in the graphite/polymer composite sys-
tem. The results show that MWCNTs, as a carbon material with high performance, can
effectively improve the electrical conductivity and slightly increase the flexural strength of
the composites.

Chopped carbon fibers (CCFs) are another type of carbon material and have gained
much attention due to their good electrical and thermal conductivity, excellent mechan-
ical properties, high strength, and high modulus along the axial direction [16]. Kakati
added CCFs to natural graphite/phenolic resin/carbon black [17] and further introduced
graphene material into the system [18], finding that the increase in CCF content increased
the flexural strength but slightly reduced the electrical conductivity at a CCF content above
5 wt.%. Joong prepared natural graphite/epoxy resin composites reinforced with CCFs
and concluded that the composites’ plane conductivity, flexural strength, and modulus
increased and then decreased with increasing CCF content [19]. In the study of Bo [20],
CCFs treated with three methods were selected as a reinforcement. The composite with
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CCFs treated with the Fenton reagent for 2 h at a mass content of 4 wt.% exhibited an
electrical conductivity, flexural strength, and maximum power density of 240 S/cm, 36 MPa,
and 662.75 mW-cm 2, respectively. Sepehr [2] successfully prepared phenolic resin (PF)
composites with graphite, CCFs, and expanded graphite. As presented above, previous
research studied the effect of CCFs—the added reinforcement filler—on the performance
of composites. Their results show that the addition of CCFs can effectively improve the
flexural strength of composites without a significant reduction in electrical conductivity.

To fully use different carbon materials with various sizes, shapes, and performance
advantages, achieving ultra-thin bipolar plates with high strength and high conductiv-
ity, many recent studies have used multi-conductive fillers to prepare composites for
PEMFCs [24-27]. Radzuan et al. designed a multi-filler composite system by adding MWC-
NTs [24] to milled carbon fibers (MCFs)/PP/graphene composites. Dongjie added a small
number of MWCNTs to CCFs-reinforced PP [25], effectively enhancing the mechanical
properties of the composite. Furthermore, microscale CCFs and nanoscale MWCNTs suc-
cessfully coexisted in the polypropylene matrix, forming multiscale conductive networks,
significantly promoting the electrical conductivity of the composite material. Ramirez-
Herrera studied the mechanical and corrosion resistance characteristics of their multi-filler
system with PP/MWCNTs/carbon nanofibers (CNFs) [26]. In the prepared nanocompos-
ites, combined additions of MWCNTs and CNFs allowed for the production of hybrid
nanocomposites with increased strength, preserving their processability even at a total
filler content (up to 30 wt.%). In the work of Fatih [27], CFs/epoxy composite laminates
were modified with MWCNT superconductor materials to overcome conductivity issues.
As described above, compared with that of a single-reinforcement-filler system, the perfor-
mance of composites can be effectively improved by introducing multi-reinforcement fillers
with multiscale and multi-dimension filler construction; however, the multi-reinforcement-
filler system mainly adopts MCFs or a high-content resin, and its electrical conductivity is
generally not high enough, which makes it challenging to meet the electrical conductivity
requirements of bipolar plates. Sirawit [28] fabricated multi-filler composites of graphite,
two-dimensional graphene, and MWCNTs, and his results showed that, with the addition
of CNTs, the composites’ thermal conductivity and electrical conductivity were improved.
Avijit et al. developed multi-conductive-filler composites using carbon black (CB), carbon
fiber (CF), and graphene (GP) reinforcement materials with novolac phenol formaldehyde
resin (NPFR) [29]. In conclusion, there are few reports on adding MWCNTs and CCFs
simultaneously to graphite/resin composites with high-content conductive fillers to pre-
serve their excellent properties. On the other hand, because of the large specific surface
area, the high-performance MWCNTs and CCFs are easy to aggregate under the effect of
van der Waals forces. Their effective dispersion is the main difficulty in preparing these
multi-filler composites.

In this study, with the addition of CCFs and MWCNTs into the graphite/phenolic
resin composites, multi-conductive-filler composites containing graphite/CCF/MWCNT
were prepared. The effects of the content of CCFs and MWCNTs on the composites’ flexural
strength, electrical conductivity, ICR, density, contact angle, and corrosion current density
were investigated. In this composite system, graphite, MWCNTs, and CCFs were used
simultaneously as conductive fillers to fully utilize the performance advantages of different
carbon materials. By optimizing the compositions of composites, a bipolar plate composite
with improved electrical conductivity and mechanical properties was obtained.

2. Materials and Methods
2.1. Materials

Graphite was used as the main conductive filler (Qingdao Dongkai Co., Ltd., Qingdao,
China, type: natural flake graphite, particle diameter: 25 pm, carbon content: 99.9 wt.%).
The thermosetting PF was used as the binder (Jinan Dahui Chemical Technology Co.,
Ltd., Jinan, China, Model 2123A, particle size: 75 um, free phenol content: 1.86%). CCFs
and MWCNTs were used as reinforcement materials. The CCFs with a diameter of 6 um,
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tensile strength of 4900 MPa, and length of 0.5 mm were purchased from Toray Industries.
MWCNTs with a length of 10-30 um, a diameter of 10-20 nm, and a purity over 95% were
purchased from Nanjing Xianfeng Nanomaterial Technology, Nanjing, China.

2.2. Sample Preparation

Raw materials, PF, CCFs, and MWCNTs were weighed according to the compositions in
Table 1. The MWCNTs were dispersed in an ethanol solution (400 mL, concentration > 99.7%)
with an ultrasonic crusher for 0.5 h, and then, 1/4 graphite powder was added. After
that, the slurry was mixed using an electromagnetic stirrer for another 0.5 h and dried at
80 °C in a vacuum oven for 12 h to obtain the homogeneous graphite/ MWCNT mixture.
The PF and CCFs were added into an ethanol solution (200 mL, concentration > 99.7%)
and then dispersed with an ultrasonic cleaner for 5 min. Then, 3/4 graphite powder was
added, and the slurry was mixed with an electromagnetic stirrer for 0.5 h and dried at 80 °C
for 12 h to obtain the homogeneous graphite/PF/CCF mixture. The graphite/MWCNT
mixture and graphite/PF/CCF mixture were fully crushed and carefully screened through
125 pm screens until no visible mixture was left on the mesh to produce the final composite
powder. The test sample was made using compression molding. The 10 g and 5 g mixed
powders were weighed to prepare circular and rectangular samples, respectively. The powder
was poured into the mold and pressed by a hot press machine (Wuhan Qien, Wuhan, China,
Qixing, R-3202) for 50 min at 200 °C under 30 MPa, and the sample was obtained after cooling.
Samples for electrical conductivity are fabricated into a cylinder with a 50 mm diameter and
2 mm thickness, and, for flexural strength, a rectangle with 50 mm x 12.6 mm x 1.2 mm.

Table 1. Compositions of the composites.

Materials
Sample Graphite Content PF Content CCF Content MWCNT Content
Iwt.% Iwt.% Iwt.% wt.%
CCFOMWCNTO 85 15 0 0
CCF2MWCNTO0 83 15 2 0
CCFAMWCNTO 81 15 4 0
CCFeMWCNTO 79 15 6 0
CCF4AMWCNT2 79 15 4 2
CCFAMWCNT4 77 15 4 4
CCFAMWCNT6 75 15 4 6
CCFOMWCNTO0 85 15 0 0

2.3. Characterizations

The conductivity test of the composites was performed using a four-probe apparatus
(Suzhou Jingge, Suzhou, China, Model ST 2258C) according to GB-T 20042.6-2011 [30].
The flexural strength test of the composites was conducted with a three-point bending
method according to GB-T13465.1-2014 [31]. The test was performed using a universal
testing machine (Instron, Norwood, MA, USA, Model 3365) with a support span of 30 mm
and loading speed of 5 mm-min~!. The morphologies of the composite samples were
characterized using scanning electron microscopy (SEM, HITACHI, Tokyo, Japan, Model
54800) with magnifications of 1000 and 500. The crystal structures of the raw material and
prepared composites were analyzed using X-ray diffraction (XRD, Bruker AXS Germany,
Karlsruhe, Germany, Model D8 Advance) with Cu-k« radiation (A = 0.15418 nm), with
an acceleration voltage of 40 kV, acceleration current of 30 mA, scanning angle of 26 from
5° to 80° in steps of 0.02°, and a scan rate of 6°min~!. The sample density was tested
using the Archimedes method according to GB-T 20042.6-2011 [30]. The interfacial contact
resistance (ICR) was tested using experimental equipment and schemes based on Ha’s
work [32]. A low-resistance measuring instrument was connected to the two gold-plated
copper electrodes through wire clamps, and a constant current of 1 A was applied to the
driving terminal of the wire clamps. During the test, the test sample was first placed



Energies 2024, 17, 1603

50f 16

between two gas diffusion layers (SGL, 28BC), and these three components were then
placed together between two copper electrodes to obtain the electrical resistance value,
Rj. Then, a single GDL was placed between the two copper electrodes, and the electrical
resistance value, Ry, was measured. The compression pressure (0.2-1.8 MPa) was applied
to the copper electrodes through a universal tester (Instron, Norwood, MA, USA, Model
3365). The ICR of composites can be calculated using the tested values, R; and Ry, via
Equations (1)—(4):

Ry = 2R + 2R pje—cp + 2Rcp + 2Rppcp+ Ry, 1)

Ry = 2R + 20c1e—cp + Rep, 2)

ASR = Ry, +2-ICR = Ry — Ry — Rep, (©)
ASR — Ry,

ICR = Rypcp = ——5—, (4)

where R, was the bulk resistance of the copper electrode, R,j, ., was the interfacial contact
resistance between the copper electrode and the carbon paper, R, was the bulk resistance of
the GDL carbon paper, Ry, was the interfacial contact resistance between the composite
and the carbon paper, and ASR was the area-specific resistance of the composite material for
the bipolar plate, which consisted of the area-specific bulk resistance of the composite, Ry,
and the interfacial contact resistance between the composite and the carbon paper, ICR.

The bulk density of the sample was tested using the Archimedes method. The hy-
drophobicity of the prepared composites was estimated with the surface contact angle. The
surface contact angle was measured using a contact angle measuring instrument (Shimadzu,
Kyoto, Japan, JY-82B Kruss DSA). An electrochemical test of a typical three-electrode system
built in a glass cell was employed to evaluate the corrosion performance of the prepared
composites. The sample was used as a working electrode, Pt mesh as a counter electrode,
and Ag/Agcl electrode as a reference electrode. The test sample was immersed in 0.5 M
H,S0; at 70 °C. Air and hydrogen were purged to simulate anode and cathode conditions,
respectively. Potentiodynamic tests were performed with an electrochemical workstation
(Shanghai Chenhua Instruments, Shanghai, China, CHI 660E) from —1 V to 1 V with a
scanning rate of 2 mV/s.

3. Results and Discussion
3.1. XRD Analysis

As shown in Figure 1, an XRD analysis examined the micro-structures of the graphite
and MWCNT raw materials in addition to the prepared CCF- and MWCNT-reinforced PF
composites. The crystal structures of graphite and MWCNTs are confirmed in Figure 1a.
As phenolic resin and CCFs lack a crystalline structure, their properties could not be
determined through the XRD analysis. MWCNTs reflected carbon (C) contents at the
20 of 25.94°. Graphite showed the strongest peak corresponding to the (002) plane, and
there were also peaks matching (110) and (004) diffraction planes. As for the graphite/PF,
graphite/PF/CCEF, and graphite/PF/CCF/MWCNT composites, they all exhibited the
strongest peaks corresponding to the (002) plane and also matched graphite at the (101)
and (004) planes in Figure 1b. It can be concluded that hot-pressing treatment and the
addition of CCFs as well as MWCNTs have little effect on the crystal structure type of the
composites; however, the intensity of the strongest peak of the composite corresponding to
the (002) plane decreased obviously when the CCFs of the non-crystal structure were added
instead of the same amount of graphite (Figure 1b), indicating that the crystallinity of the
composite decreased. After introducing MWCNTs with a crystal structure to the system,
the intensity of the strongest peak of the composite increased (Figure 1b), indicating that
the crystallinity increased. This phenomenon demonstrates that adding different carbon
materials affects the crystallinity of the composites. It can be inferred that the crystal
properties of the materials used for preparing composite plates will affect the properties of
the final composite.
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Figure 1. XRD diffraction patterns of (a) graphite and MWCNT raw materials; (b) CCF- and MWCNT-
reinforced PF composites.

3.2. Flexural Strength of Composites

As shown in Figure 2, the flexural strength of graphite/PF composites reinforced with
different contents of CCFs and MWCNTs according to the compositions shown in Table 1
was tested.
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Figure 2. Flexural strength of CCF- and MWCNT-reinforced PF composites.

As shown in Figure 2, when the added CCF content increased, the composite’s flexural
strength first increased significantly and then decreased. When the content of CCFs was
4 wt.%, the maximum flexural strength of the composite was 39.7 MPa, which was 52.1%
higher than for the one without CCFs (26.1 MPa). It can be concluded that CCFs successfully
join the composite system, and a slight amount of CCFs (2-4 wt.%) can effectively enhance
the flexural strength of the composites. The result can be seen in Figure 3, which shows
SEM images of the fractured cross-section morphology of CCE- and MWCNT-reinforced PF
composites. Figure 3b shows that a small number of CCFs were evenly dispersed among
graphite particles. These CCFs, which possessed high strength and modulus along the
axial direction, were bonded to graphite particles through PF resin, which could withstand
greater external forces and prevent the fracturing as well as deformation of composites,
thus improving flexural strength. In addition, using CCFs of a large specific surface area
instead of graphite particles of a small specific surface area increased the interface contact
area between carbon material and resin as well as the load required for fracture failure, also
favoring flexural strength; however, when the CCF content was further increased to 6 wt.%,
the flexural strength was significantly reduced, even lower than that of the composites
without CCFs. This was because CCF agglomerations appear (Figure 3c) due to the large
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specific area of CCFs. These CCFs became close to each other and could not be in close
contact with graphite particles or resins, resulting in voids (Figure 4c) and a reduction in
density. On the other hand, compared with the short CCFs at the fracture surface with
4 wt.% CCFs (Figure 3b), the length of exposed CCFs at the fracture surface with 6 wt.%
CCFs were significantly increased (Figure 3c). At this time, CCFs, with a large specific
surface area, reduced the thickness of the resin wrapped on the surface of the carbon
material, reducing the bond strength between the carbon material and resin interface and
harming the flexural strength. Therefore, MWCNTs were further added to the composite
with CCFs 4 wt.%, which showed the highest flexural strength, to optimize its performance.

T TN 1t Sy
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Figure 3. SEM images of the fractured cross-section morphology of CCF- and MWCNT-reinforced PF
composites. (a) CCFOMWCNTO, (b) CCFAMWCNTO, (c) CCEF6MWCNTO, and (d) CCFAMWCNT? at
a magnification of 500; () CCFAMWCNT?2 and (f) CCFAMWCNTS at a magnification of 10,000.
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Figure 4. SEM images of the horizontal surface morphology of CCF- and MWCNT-reinforced
PF composites (a) CCFOMWCNTO, (b) CCFAMWCNTO, (c) CCF6MWCNTO, (d) CCFAMWCNT4,
(e) CCFAMWCNTS, and (f) CCFAMWCNTS at a magnification of 300.

As shown in Figure 2, the flexural strength of graphite/PF/CCF/MWCNT composites
increased slightly in the fluctuation and remained at a high level with increasing MWCNT
content (0-8 wt.%). When the MWCNT content was 4 wt.%, the flexural strength of the
composite was the highest at 43.1 MPa, 65.1% higher than that without CCFs and MWC-
NTs, and 8.6% higher than that with 4 wt.% CCFs but no MWCNTs. The enhancement
resulting from added MWCNTs was lower than that of CCFs. Due to the good dispersion
condition, these high-strength MWCNTs successfully coexisted and collaborated with
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CCFs (Figure 3e), which connected ingredients in the composites and favored flexural
strength. Moreover, nanoscale MWCNTs could be inserted into spaces between other car-
bon materials, even MWCNTs aggregated at 8 w.% (Figure 3f), to reduce voids and increase
material compactness (as shown in the SEM images of the horizontal surface morphology
of composites in Figure 4d,f), finally improving flexural properties. Nevertheless, adding
MWCNTs might also have disadvantages in terms of flexural strength. The specific surface
area of MWCNTs was much larger than that of graphite particles. With the addition of
MWCNTs, the contact area between the conductive fillers and PF resin increased, and the
thickness of the resin was reduced. Thus, the insufficient resin could not fully wrap the
carbon material, reducing the interfacial bonding strength. When these weak bonding
interfaces were subjected to bearing a load, compared to the shorter CCFs at the fracture
surface of a composite with 4 wt.% CCFs (Figure 3b), more and longer CCFs were pulled
out (Figure 3d), reducing the flexural strength of a composite when 2 wt.% MWCNTs were
further added.

3.3. Electrical Conductivity of Composites

Figure 5 illustrates the electrical conductivity of the prepared CCF- and MWCNT-
reinforced PF composites. As Figure 5 shows, compared with composites without CCFs, the
electrical conductivity of the composite decreased slightly from 214.4 S/cm to 188.4 S/cm
after 2 wt.% CCFs were added, reducing it by 12.1%. This was because CCFs’ amorphous
structures produced lower electrical conductivity than graphite particles with highly crys-
talline structures did [33]. When the amount of CCFs increased, the composites” electrical
conductivity slightly changed. This phenomenon could be attributed to the fibrous struc-
ture of CCFs and the reduced thickness of resin due to the large specific surface area of
CCFs (Section 3.2). The fibrous structure of CCFs can effectively connect graphite par-
ticles and the thicker resin to form conductive networks, reducing the low-conductivity
CCFs’ hindrance effect on the system’s current flow even when CCF aggregation appears
at 6 wt.%.
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Figure 5. Electrical conductivity of CCF- and MWCNT-reinforced PF composites.

When MWCNTs were added, the electrical conductivity of the composite was greatly
improved (Figure 5). The composites’ electrical conductivity with 2 wt.% MWCNTs and
4 wt.% CCFs was 272.8 S/cm, which was 41.3% higher than that of the composites with
4 wt.% CCFs but no MWCNTs, and 27.2% higher than that of the composites without any
CCFs and MWCNTs. MWCNTs were a typical conductive material with nanoscale and
one-dimensional structures [18]. As shown in Figure 3e, the body of filamentous MWCNTs
was stretched and was well dispersed, adhering to the rod-like structure surface of CCFs.
These well-dispersed numerous linear MWCNTs could effectively connect both graphite
particles and CCFs, increasing the effective conductive networks in the composites. The
new MWCNTs’ conductive channels, which work together with the conductive CCFs and
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graphite, reduce the resistance to electron transport in the composite, improving its electri-
cal conductivity. On the other hand, MWCNTs, with large specific surface areas, reduced
the thickness of the PF resin layer wrapped on the fillers, as mentioned in Section 3.2,
favoring the electron tunneling effect between conductive particles, which also improved
the electrical conductivity. The electrical conductivity was almost unchanged when the
MWCNT content increased from 2 wt.% to 6 wt.%; however, the electrical conductivity was
significantly reduced when the MWCNT amount was further increased to 8 wt.%. As seen
from Figure 3f, MWCNTs in the composite were evidently intertwined and agglomerated
in this situation. These MWCNT agglomerations hindered the conductive networks” wide
divergence, reducing the composites” electrical conductivity regardless of the improvement
in their compactness (Figure 4f).

3.4. ICR of Composites

The ICR between the bipolar plate and gas diffusion layer (GDL) adds an ohmic drop,
almost equivalent to the membrane’s. It can cause severe losses during cell performance
if not paid enough attention [34]. The ICR of the prepared graphite/PF/MWCNT/CCF
composites was evaluated under compression pressure from 0.2 to 1.8 Mpa in Figure 6.
As can be seen from Figure 6, the ICR of the composite increased after the addition of
CCFs. This result occurred because the added CCFs decreased the electrical conductivity
of the composites, as shown in Figure 5, resulting in lower electrical conductivity on the
composite surface. When the CCF content increased, the ICR of the composites decreased
gradually. The maximum ICR of composites occurred when the CCF content was 2 wt.%,
reaching 2.58 mQ)-cm? at 1.38 MPa. The ICR was mainly determined by the electrical
conductivity and morphology of the composite surface. Though the electrical conductivity
of the composites changed little when the CCF content increased from 2 wt.% to 6 wt.%, as
shown in Figure 5, the number of exposed CCFs on the surface of the composites increased
(as the SEM morphology of composites in Figure 4a—c showed). These exposed CCFs could
be sufficiently contacted with the GDL, which would increase the practical contact areas
between the composite and GDL and make it easier for electrons to pass through the contact
surface between these two parts, thus improving the interface conductivity.
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Figure 6. ICR of CCF- and MWCNT-reinforced PF composites. (a) under compression pressure from
0.2 to 1.8 Mpa. (b) under compression pressure of 1.38 MPa.

When the MWCNT content increased from 0 to 6 wt.%, the ICR of the composite
decreased (Figure 6) due to the improved electrical conductivity of the composites, as
shown in Figure 5; however, when the MWCNT content further increased to 8 wt.%, the ag-
gregation of MWCNTs caused a significant decrease in the electrical conductivity (Figure 5)
and then decreased the ICR of the composite, resulting in poor interfacial conductivity.
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As shown above, the addition of CCFs and MWCNTs had a significant effect on the
ICR of composites, but the ICR of the prepared composites under 1.38 MPa was still less
than 3 mQ-cm?, and favorable interfacial conductivities were maintained.

3.5. Density of Composites

The density of bipolar plates is a critical property in reducing the weight and cost
of PEMFCs. Figure 7 shows the density of the prepared CCF- and MWCNT-reinforced
PF composites. As seen from Figure 7, when the amount of CCFs increased, the density
of composites gradually decreased due to the lower density of CCFs than the graphite
particles. Furthermore, CCFs tended to agglomerate (Figure 3c) as their content grew
greater, resulting in more pores and voids appearing in the composites.
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Figure 7. The density of CCF- and MWCNT-reinforced PF composites.

When MWCNTs were added, with the increase in MWCNT content (2—-6 wt.%) the
density of the composite decreased at first (Figure 7), owing to the lower density. When the
content of MWCNTs reached 8 wt.%, the density of the composite recovered slightly. At
this time, the surface voids of the composite were reduced compared to the one with 6 wt.%
MWCNTs (Figure 4e,f). This phenomenon might be because the high-content, nano-sized
MWCNT particles (even after agglomerates) had filled large voids among other carbon
materials, which increased the compactness, thus improving the density of the composite.

In addition, although the density of CCFs was similar to that of MWCNTs, the influence
of CCFs on the density of a composite was obviously more significant. This result might be
attributed to the nanoscale one-dimensional structure of MWCNTs, which made it possible
for MWCNT to fill the gap between large-sized graphite and CCFs. This filling effect
improved the porosity, thus increasing the density.

3.6. Hydrophobicity Behavior of Composites

The fuel cells generate water via electrochemical reactions at the cathode. Due to the
low temperature of the fuel cell (70-80 °C), the produced water exists mainly in the form of
liquid water. Once the liquid water adheres to the bipolar plate and cannot be removed in
time, it will block the flow channel and cause the uneven distribution of reaction gas, which
will increase the concentration loss, thus reducing the output performance. Therefore,
hydrophobic behavior is an essential property of the bipolar plate. Hence, the contact angle
of graphite/PF/MWCNT/CCF composites was tested as shown in Figure 8.

Figure 8 indicates the contact angle of graphite/PF/MWCNT/CCF composites with
different CCF contents and MWCNT contents. As shown in Figure 8, when the content of
CCFs increased, the contact angle of the composite did not change significantly and stayed
around 99°, showing rather good hydrophobicity. A good-hydrophobicity composite could
expel the liquid water in the GDL and flow channel, favoring the transmission of the
reactant gas into the catalyst layer and participating in the electrochemical reaction there,
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which will benefit the performance of the fuel cell. When 2 wt.% MWCNTs were added, the
composites” contact angle scarcely changed; however, when the MWCNT content increased
to 4 wt.%, the contact angle decreased clearly, and the lowest value was 90.7°. This was
because, compared with non-polar graphite particles, MWCNTs contained a large number
of hydrophilic groups (such as carboxyl groups) on the surfaces, which showed stronger
hydrophilicity. For composites with lower contact angles, the ability of bipolar plates to
absorb water from the GDL decreased, which might lead to difficulty in water transfer [4],
insufficient reactant gas transfer, and degradation in output voltage performance. When
the MWCNT content increased from 4 wt.% to 8 wt.%, the contact angle of the composite
increased gradually, indicating better hydrophobicity. This improvement in hydrophobicity
might be caused by the increased number of conductive fillers exposed to the composite
surfaces [13].
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Figure 8. The contact angle of CCF- and MWCNT-reinforced PF composites.

3.7. Corrosion Behavior

Corrosion behavior under fuel cell working conditions is an essential criterion of bipo-
lar plate materials, which is usually tested with electrochemical experiments. As the results
of the potentiodynamic test purged with air and hydrogen in Figure 9 show, when the CCF
content increased from 0 to 6 wt.%, when purged with air, the corrosion current density
of the composite increased from 0.813 pA-cm~2 to 2.122 pA-cm~2; when purged with
hydrogen, the corrosion current density of the composite increased from 0.342 pA-cm~2 to
1.843 pA-cm~2. The addition of CCFs reduced the corrosion performance of the composites.
This might be due to the better corrosion behavior of graphite than CCFs. Additionally,
the added CCFs reduced the density of composites (Figure 7) and increased their porosity,
resulting in more active sites on the composites’ surfaces; however, the increase in corrosion
current density was slight because of the small number of added CCFs.

As the results of the potentiodynamic test in Figure 10 show, when the MWCNT content in-
creased from 0 wt.% to 6 wt.%, the corrosion current density of the graphite/PF/CCF/MWCNT
composites increased; when purged with air, the corrosion current density increased from
1.672 pA-cm~2 to 6.124 pA-cm~2; and when purged with hydrogen, the corrosion current
density increased from 0.728 tA-cm~2 to 3.817 pA-cm 2. When the content of MWCNTs
was less than 4 wt.%, the increase in the corrosion current density of the composite was
minimal; when the content of MWCNTs increased from 4 wt.% to 6 wt.%, the corrosion
current density of the composite sharply increased. It could be concluded that the added
MWCNTs were harmful to the corrosion performance, which might also be due to the
better corrosion behavior of graphite and the increase in density (Figure 7) and active sites
of the composite; however, when the content of MWCNTs increased from 6 wt.% to 8 wt.%,
the corrosion current density of the composite decreased. As shown in Figure 7, in this
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situation, the density of composites increased (Figure 7) because of the supplementary role
of MWCNTS5, thus reducing the active sites for corrosion reactions.
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Figure 10. (a,b) Potentiodynamic polarization curves of graphite/PF/CCF/MWCNT composites in
0.5 M HpSOy electrolyte at 70 °C, purged with air and hydrogen, respectively; (c,d) corrosion current
density of the composites.

4. Conclusions

In this study, multi-conductive-filler composites with graphite, CCFs, and MWCNTs
were successfully prepared. The effects of CCF content and MWCNT content on the flexural
strength, electrical conductivity, ICR, density, hydrophobicity, and corrosion behavior of the
composites were investigated. The results showed that the addition of a small number of
CCFs (<4 w.%) could effectively improve the flexural strength owing to the well-dispersed
CCFs, which had a high strength and modulus, being firmly bonded to graphite particles
through PF resin, and due to their large specific surface area increasing the interface con-
tact area between the carbon material and resin. Additionally, a small number of CCFs
(<4 wt.%) reduces the density of a composite and maintains its good hydrophobicity as
well as corrosion behavior; however, it was not beneficial for the electrical conductivity and
the ICR. The reduction in electrical conductivity is mainly caused by the lower electrical con-
ductivity of CCFs; however, when the content of CCFs exceeds 6 wt.%, the flexural strength
of the composite decreased significantly because of the appearance of CCF aggregations
and reduced thickness of the resin wrapped on the surface of the carbon material. At the
optimum CCF content of 4 wt.%, the flexural strength of the composite increased by 52.1%,
the electrical conductivity decreased by 10.0%, the ICR increased by 100.0%, and the density
reduced by 2.0%. MWCNTs were further added based on the optimum content of CCFs.
When the content of MWCNTs was less than 6 wt.%, the electrical conductivity and ICR
properties of the composite were obviously improved, and the flexural strength was slightly
increased. This may be because the body of filamentous MWCNTs was stretched and was
well dispersed, adhering to the rod-like structure surface of CCFs. In terms of the electrical
properties, the added well-dispersed numerous linear MWCNTs increased the effective
conductive networks in the composites, which worked together with the conductive CCFs
and graphite, reducing the resistance to electron transport in the composite. Furthermore,
MWCNTs, with large specific surface areas, reduced the thickness of the PF resin layer
wrapped on the fillers, favoring the electron tunneling effect between conductive particles,
thus improving its electrical conductivity and ICR. Regarding the flexural strength, the
high-strength and high-module MWCNTs and CCFs would bear the load together. Addi-
tionally, nanoscale MWCNTs could be inserted into spaces between CCFs and other carbon
materials to reduce voids and increase material compactness, ultimately improving the
flexural properties; however, the hydrophobicity of the composites obviously decreased
when the MWCNT content was 4—6 wt.%. With 2 wt.% MWCNTs and 4 wt.% CCFs, the
electrical conductivity of the composite was 272.8 S/cm, the flexural strength was 43.1 MPa,
the ICR was 1.19 mQ-cm? under 1.38 MPa, the contact angle was 101.5°, and the corrosion
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current density was 2.545 pA-cm~2 and 0.828 wA-cm~2 when the test was purged under
air and hydrogen, respectively. It can be seen that the cooperation of CCFs and MWCNTs
can effectively improve the performance of a composite, and bipolar plate composites with
improved electrical conductivity as well as mechanical strength are obtained.

In our future work, the gas permeability will be further tested to obtain a more
comprehensive and accurate understanding of the prepared composites.
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