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Electroconductive expanded graphite—polyimide composite
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Expanded graphite—polyimide composites for fuel cells
containing from 0 to 23 wt% expanded graphite were
produced by direct compression molding after pre-mixing
the binder and filler. The percolation threshold in this system
was determined to be 2.5%, while the corrosion current was
3x1072 uA cm2, and the composites were thermally stable
up to 400°C.
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Hydrogen power represents a modern approach to finding clean
energy sources. Fuel cells are attractive for use in a variety of
systems, including power supplies in the automotive and military
applications, due to their high efficiency, significant power, low
operating temperatures and fast start-up.*

An important element of fuel cell technology is bipolar plates.
They are responsible for the quality of electrical contact between
individual cells, uniform distribution of fuel and oxidizer, heat
removal and mechanical strength of the fuel cell stack structure.
To meet the functional requirements, ideal bipolar plates should
have the characteristics of high thermal/electrical conductivity,
corrosion resistance, low density, good mechanical properties,
low cost and easy processing.? However, currently produced bipolar
plates have drawbacks such as poor corrosion resistance and
conductivity, high manufacturing cost and short service life.? It is
well known that bipolar plates for low temperature proton exchange
membrane fuel cells can be metal, graphite or composite. Each
material finds its application depending on the task at hand. For
example, metal bipolar plates have good electrical conductivity
and bending strength but are prone to corrosion, while graphite
bipolar plates have low density but are brittle.* Polymer—graphite
composite bipolar plates have low cost and good corrosion
resistance.®> The electrical conductivity of a composite material
is determined by the conductive filler, and the mechanical properties
(bending strength, compression), chemical resistance in aggressive
media and heat resistance are determined by the polymer binder
(matrix).16-8

To produce polymer composite materials (PCMs), carbon-based
fillers (e.g., graphene, carbon nanotubes), which have excellent
electrical and thermal properties, are usually added to the polymer
matrix.>10 Thermally expanded graphite (EG) is a promising
three-dimensional carbon filler with electrically conductive
properties’12 and has a wide range of applications such as
sensors, batteries, 3 supercapacitors!4 and additive manufacturing
of functional materials.’®> EG particles consist of packs of
graphene layers ranging in size from 10 to 200 nm; the length of
the “‘worms’ can reach hundreds of micrometers. The degree of
expansion determines the bulk density of EG, which can vary
from 1 to 100 g dm™3.

© 2024 Mendeleev Communications. Published by ELSEVIER B.V.
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Both thermosetting and thermoplastic resins are used as polymer
binders. Compared to thermoplastic binders, the use of thermosetting
ones is due to the technological simplicity of obtaining an electrically
conductive material. A peculiarity of thermosetting binders is a
large number of functional groups capable of polycondensation and
the formation of a rigid three-dimensional matrix, which determines
high strength, thermal and chemical properties. The most common
are hot-curing epoxy resins and phenol-formaldehyde resins.
But their application is most often limited to operating temperatures,
which do not exceed 120-160 °C. To eliminate this disadvantage
and make it possible to operate electrically conductive materials at
temperatures above 200 °C in aggressive environments, thermo-
setting polyimide binders are used.'6

Bismaleimide monomers contain two reactive maleimide
groups, which can undergo homopolymerization and copolymeriza-
tion to form a densely cross-linked polymer network (glass
transition temperature 250-300°C), which determines their
improved thermal and mechanical properties.’” Thus, the goal of
this work is to obtain composites based on EG and a high-
temperature polyimide binder (PI), which would be characterized
by a low content of filler and improved thermal and electrical
properties. For this purpose, PCMs with different EG contents
were prepared. The structure of the initial EG and the resulting
EG-PI composites was studied by scanning electron microscopy
(SEM).T The electrical resistance of the composites was determined
and discussed in terms of the percolation theory. Their thermal
properties and resistance to electrochemical corrosion were studied
in detail.

To obtain PCM samples, thermosetting bismaleimide of the
ITEKMA SB332 brand was used. Thermally expanded graphite
produced by Silur LLC, grade EG-M, with a bulk density of
5 g dm~3 was used as an electrically conductive filler. The binder
was mixed with the electrically conductive filler using the solution
method.* PCMs were prepared by direct compression molding

T SEM images of the materials under study were obtained using a Quanta
200 scanning electron microscope in the backscattered electron imaging
mode.

* For details, see Online Supplementary Materials.
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Figure 1 (a) Graph of volume resistance of the EG-PI composites vs. EG
content. Inset: SEM image of the EG-PI composite. (b) Graph of the logarithm
of the specific electric resistance of the EG-PI composites vs. the logarithm
of the difference between the volume fraction of the conductive filler (C)
and the percolation threshold (C,). (c) TGA curves of (1) PI, (2) EG and
(3) EG-PI. (d) Evans diagram of the EG-PI composite.

after pre-mixing of the binder and filler* In this work, the
electrochemical characteristics of PCM were obtained® in an
electrolyte solution of H,SO, (pH 3) + 0.1 ppm HF.

The electrical resistivity p of the PCM, measured using a
conventional four-point probe conductivity measurement device,
is shown in Figure 1(a) as a function of the expected EG content
in the EG-PI composites. The dependence of conductivity on the
EG contentisrepresented in Figure S1 (see Online Supplementary
Materials). The morphology of the PCM was studied using SEM
[Figure 1(a), inset]. The character of the curve allows us to distinguish
three sections: a high-resistance section in which the resistivity of
the system changes slightly, a section of maximum change p (C)
and an interval of minimum electrical resistance, which fully
corresponds to the percolation theory and allows us to analyze
the process of percolation cluster formation in the system under
consideration.® The percolation transition concentration C is
defined as the point of intersection of the straight lines approximating
the decreasing part of the p (C) characteristics and the low-resistance
branch of the experimental curve. For the EG-PI composite, the
percolation transition occurs at a filler content of 2.5% [see
Figure 1(a)]. A stable conductivity value of ~100 Scm™ is
observed at an EG content above 18 wt%.

Similar C, values were obtained for composites of EG with epoxy
resin’® and coal ash.2® The percolation mechanism is described
by a power law, which represents the dependence of the material
resistance on the concentration of the conductive component.
When the probability of filling the network elements is below the
threshold at which a change in the state of the system occurs,
network properties may be unconnected or isolated, and above the
threshold, cohesive clusters appear, forming continuous regions.
The dependencies are described by the following equation (1):

p(C)~po(C-Cy), €]

where p, is the specific electrical resistance of the electrically
conductive component, C and C, are the arbitrary and critical

§ All tests were performed using an Electrochemical Instruments P20
CV potentiostat (see Online Supplementary Materials).

concentrations of the electrically conductive phase, respectively,
t is the critical conductivity index, which is usually related to the
dimensionality of the object.?! The critical index t, determined
by the tangent of the angle of slope of the straight line, is equal
to 2.5 [Figure 1(b)]. The obtained value of tis typical for systems
described by the percolation theory.?

In addition, the percolation threshold depends on the geometry
of the conductive phase particles.® Worm-shaped particles of EG
have pronounced geometric anisotropy. The length-to-diameter
ratio for the EG particles in the composite is 100-300. This shape
of particles allows the formation of a greater number of contacts
between them and is a significant advantage compared to spherical
or ellipsoidal particles.®

The thermal stability of EG-PI composites is critical when
they are used at elevated temperatures. For example, for fuel cells it
is extremely important to maintain the rigidity and accuracy of the
geometry of the bipolar plates in the face of possible localized
overheating during fuel cell operation. The thermal stability of the
EG-PI composite was investigated. Figure 1(c) shows the TGA curves
of EG, Pl and EG-PI composite containing 5% filler. EG, obtained
through intense chemical and thermal exposure, is characterized
by a rather low oxidation onset temperature of 190 °C. The weight
loss of EG at 190-430 °C is associated with the thermal decomposi-
tion of a large number of surface oxygen-containing functional
groups, such as quinone, carboxyl, hydroxyl, etc.’® Further weight
loss at a temperature of 430-650 °C occurs due to the combustion
of carbon. The thermal decomposition of Pl and EG-PI composite
begins at 425°C. Such high thermal stability of the polymer
composite may be due to the insulation of the EG surface by the
polymer component and its low mass fraction in the composite.
Thus, the resulting composites meet the requirements of increased
thermal stability.

When using composites as bipolar plates of fuel cells, a
necessary condition is their high corrosion resistance. To determine
the corrosion current of composite materials, stationary potentio-
static polarization curves were obtained, plotted in semi-logarithmic
coordinates (Evans diagram) [Figure 1(d)]. The calculated value of
the corrosion resistance is 3x 1072 uA cm™2, which is significantly
lower than the U.S. Department of Energy (DOE) requirement of
0.1 pA cm=2 (Table 1).23

In conclusion, the EG-PI composites were prepared by direct
compression molding after preliminary mixing of the Pl binder
and the EG filler using a solution method. The conductivity of
the composite is determined by a conductive network of EG
particles. The percolation threshold of the composites is 2.5 wt%.
The structural feature, i.e., the high aspect ratio of the EG particles,
plays an important role in the formation of the conductive network
within the PI matrix. High thermal stability up to 400°C and
extremely low corrosion current of 3x1072 uA cm™2 allow us to
consider this EG-PI composite containing 5 wt% EG as a promising
material for the manufacture of bipolar plates of fuel cells.

The work was carried out within the framework of the
strategic project ‘Hydrogen Energy Systems’ of the Development
Program of SRSPU (NPI) as part of the implementation of the
strategic academic leadership program ‘Priority-2030°.

Table 1 Technical parameters of bipolar plates.

Corrosion current/pA cm=2

Data Electrical Flexural

o 1
source  conductivity/S cm Anode Cathode strength/MPa
DOE2  >100 -b <0.1 >34
Thiswork 260 -b 3x107? 390

aReference 23. P No active peak.
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Online Supplementary Materials
Supplementary data associated with this article can be found

in the online version at doi: 10.1016/j.mencom.2024.04.010.
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