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Abstract: The modified expanded graphite (MEG) powder was used as some kinds of ma-
terials in terms of application. Expanded graphite (EG) prepared from natural graphite by 
chemical treatment, kept most excellent characteristics of natural graphite and overcame 
hard, fragile and some other defects of natural graphite. EG was usually used to improve the 
conductivities of some high polymer materials. The electrical conductive networks, in which 
electrons could move freely, finally formed when the distant among conductive particles 
have been shorten because of the increment of EG content and the electrical properties of 
composites, meanwhile, could be adjusted by changing EG content in a wide percentage 
range. We described that the expanded graphite is also an excellent material for antistatic 
and antielectromagnetic with some useful analytical data.

1. General 

Graphite is the most stable allotrope carbon, due to the carbon bonding involves sp2 (trigonal) 
hybridization. It consists of carbon layers (known as graphere layers) with covalent bonding 
within each layer. And, they are linked by a weak van der Walls interaction produced by 
a delocalized π-orbital [1]. The special sandwich structure and long distance between the 
carbon layers make it easy to insert atoms or molecules between the carbon layers. For the 
obtaining of porous expanded graphite (EG), they need heating of the graphite intercalation 
compounds (GICs), which induces the vaporization of the intercalated species and hence, 
a significant expansion of the material along the crystallographic c-axis occurs. The 
morphology and pore structure of EG can be determined by altering preparation conditions, 
and there are many reports on preparation procedures, pore structure and application of 
EG [2–4]. EG is a highly porous worm-like and very light material with typical apparent 
densities of 0.002–0.01 gcm−3, and is a material of growing importance because of numerous 
actual and potential applications in hydrogen storage [5], fuel cell [6], sensor [7], catalyst 
[8], biomedical materials [9] and adsorbent. The absorbing spaces of EG can be divided 
into two types. One is the wrapping absorption space (WAS) constructed by EG stacking 
on each other; the second is the pores in each EG worm-like segment [10].  
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Figure 1: SEM micrograph of expanded graphite [11].

Fig. 1a shows the SEM micrograph of EG. This is vermiform in shape with loose 
and porous structure that is due toopening of planar carbon networks wedged at the 
edge surface of crystallite by surface groups as a consequence of oxidation. The higher 
magnification (Fig. 1b) is clearly seen the graphite flakes interlayer spacing, due to separation 
of increased distance and leads into porous structure. In the expansion process, destruction 
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of graphite crystal structure causes consequence expansion in the c-direction. This scale is 
about hundred times and resulted in an enormous increase in volume as a consequence of 
sudden evaporation of intercalate. After expansion, EG emerges as a loose structure and 
porous material consisting of numerous graphite sheets of thickness in nanometers and 
micrometer in diameter. This structure is affect to EG physical properties with high surface 
area, corresponding to graphite nanosheets having thickness between 50–100 nm.

Figure 3: XRD patterns of (002) diffraction peaks of (a) EG-1 and (b) EG-2 as a function of milling 
time.[13]
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Figure 2: XPS survey spectra [12].

It is clear that the surface oxygen element content increased and the surface carbon 
element content decreased after the second oxidation from the X-ray photoelectron 
spectroscopy (XPS) analysis (Fig. 2). It also indicated that the polar groups containing 
oxygen element were introduced in the second oxidation [12]. 

2. Application

2.1 Milling properties : Microstructure Evolution Characterized by XRD

Fig. 3 shows the XRD patterns of (002) diffraction peaks of EG-1 (a) and EG-2 (b) after various 
milling times. The (002) diffraction peaks are broadened asymmetrically with increasing the 
milling time, similar to that found in ball-milled natural graphite [14,15]. This may relate 
to a reduction in the crystallite thickness in c-direction (Lc), or introduction of disordered 
graphene planes during the milling process [15]. For EG-1, two non-graphite peaks at 28.6 
and 35.6° appear after 60 h milling and become stronger with prolonging the milling time, 
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as shown in Fig. 3a. This seems to be a crystalline phase evolution of EG-1, but which is not 
the case for EG-2. The Lc is calculated by comparing the profile width of a standard profile 
(silicon power) with a sample profile. Therefore, the structural broadening is calculated by 
β=βobserved−βstandard [16]. It is well known that EG can be compressed into flexible graphite 
sheets having superior flexibility and compressibility [17]. Therefore, we assume that huge 
amounts of thin flexible graphite sheets are produced during the milling process due to the 
impact of milling balls on EG. According to Ref. [18], the expansion volume of EG increases 
with increasing the expansion temperature of expandable graphite from 600 to 1000 °C 
(here EG-1 and EG-2 exhibit expansion volumes of 70 and 250 ml/g, respectively), and 
the growth of pores inside the worm-like particles of EG at 1000 °C is far more complete 
compared with that at 600 °C. We believe that the flexibility of the thin flexible graphite 
sheets caused by ball milling is associated with the expansion volume and the growth of 
pores inside the EG particles, and the flexibility of the thin flexible graphite sheets of EG-2 
are higher than that of EG-1. Therefore, EG-2 exhibits lower Lc evolution degree than EG-1 
does during the milling process.

2.2 Polymer blending – mechanical properties

The stressestrain and impact tests were carried out on selected samples at room temperature 
after previous conditioning (see experimental). Fig. 4a and b shows the mechanical 
properties of neat PLA compared to composites in which the amount of nanofiller (EG) is 
up to 12%. On one hand, both stress (given as maximum tensile strength) and nominal strain 
at break of neat PLA are gradually decreasing in composites by increasing the percentage 
of EG. However, the lower tensile strength can be attributed to the inevitable aggregation 
and to the quality of dispersion that becomes poorer at higher percentage of nanofiller. 
When added with 4% EG, the resulting PLA-based compositions could lead to specific 
properties such as better abrasion resistance and lower static and dynamic coefficients 
of friction (further investigations are already considered) while maintaining acceptable 
tensile strength of about 45 MPa (Fig. 4a). On the other hand, high rigidity is another key-
property required for mechanical applications. It was reported that after the treatments 
with acids and chemical oxidants [19,20] the graphite sheets contain different functional 
groups such as ether, hydroxyl, carboxyl, etc. These functional groups are assumed to 
promote both physical and mechanical/chemical interactions between EG and the polyester 
matrix. Addition of a nanofiller (graphite) with high modulus (about 1 TPa [21]) leads to a 
significant reinforcing effect and the increase of rigidity of PLA (initial Young’s modulus 
of 2200 MPa) in direct correlation to EG percentage (Fig. 4b), whereas the nominal strain 
at break is decreased from 5.8% (neat PLA) to 2.1% (PLA-12% EG).
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Figure 6. (a, b): Evolution of tensile strength (a), Young’s modulus and nominal strain at break (b) 
for PLA compositions with different contents of EG (direct dosing). (Colour on the Web). [22] 

Figure 7: Influence ofEGthickness on contact resistance (PF, 10 wt%; expandedvolume, 150ml  
g−1) [23].



91

The effect of contact pressure on the contact resistance of composite plate and GDL 
was compared under the same thickness conditions as the EG layer (Fig. 7). Higher contact 
pressure will result in more contacting spots and larger contacting areas. Consequently, 
the contact resistance decreases as higher contact pressure is exerted [23]. The variation of 
contact resistance with the thickness of EG at different contact pressures was also studied. 
The reduction of contact resistance with increasing EG thickness is sharp when the EG 
layer is thin [23]. As the EG layer become thicker and thicker, the reduction slows down 
and eventually stops (Fig. 7). Below a certain thickness, it seems that the deformation of 
the EG layer is not enough to accommodate a full contact with GDL under a given contact 
pressure. A thicker EG layer permits larger deformation and better contact. But beyond a 
certain thickness, 40_min our experiments, full contact is realized and further increase in 
EG thickness makes no improvement. [23]

2.3 PEMFC-bipolar plate

Surface energy of bipolar plates is another important factor to affect cell performance, 
particularly at high current densities since water produced by the cathode reaction should 
be properly removed. The bipolar plate with low surface energy is readily flooded at the 
cathode side of a cell [24]. Contact resistance of three kinds of bipolar plates measured at 
various compaction pressures. Fig. 8. Static water contact angle of graphite plate, metal 
composite plate, and expanded graphite plate.energy of the material, water contact angle 
is measured. The lower the contact angle is, the lower is the surface energy of the material. 
Fig. 8 exhibits water contact angle of expanded graphite plates is bigger than that of pure 
graphite plates. Therefore, this expanded graphite bipolar plate can be applied in PEMFC.

Figure 8: Static water contact angle of graphite plate, metal composite plate, and expanded graphite 
plate. [25]
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Figure  9: Material properties of composite bipolar plates depending on pre-curing pressure: (a) 
electrical conductivity and density; (b) flexural strength and modulus. [26]

According to published paper [26], Fig. 9 presents material properties of composite 
bipolar plates according to the pre-curing pressure. There is no particular change of 
density regardless of the pre-curing pressure, and the electrical conductivity and flexural 
strength decrease only slightly as the pre-curing pressure increased. This means that the 
pre-curing pressure variation, in the 0.07–0.7MPa range, has an insignificant influence on 
the material properties of composite bipolar plates. Productivity and formability are also 
important matters. The preform pre-cured below 0.07MPa is likely to break because of a 
lack of compaction. Therefore, it is difficult to make a preform. As the pre-curing pressure 
increases from 0.07MPa, the density of the preform increases and finally reaches as high 
as 1.26 g cm−3 at 0.7MPa. [26]
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Figure 10: Material properties of composite bipolar plates depending on main curing time: (a) 
electrical conductivity and density; (b) flexural strength and modulus. [27]

The experimental method was similar to that of the procuring experiment. First, the 
main curing time was increased from 1 to 3 min at a constant stamping pressure of 10MPa. 
[27] Fig. 10 presents material properties of composite bipolar plates depending on the main 
curing time. At 1 min, the flexural strength is low owing to a lack of curing of the phenol 
resin. While the density is virtually constant, the flexural strength and electrical conductivity 
reach maxima at 2 and 3 min, respectively. The flexural strength changes very little above 
the main curing time of 2 min. Hence, a main curing time of 3 min is appropriate for this 
two-step (preforming and stamping) manufacturing process. Besides merely reducing the 
high-pressure moulding time compared with existing compression moulding, the perform 
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moulding technique removes the graphite/phenol dispersion process so that the moulds 
can always maintain the high temperature [27].

Figure 11: Life-time test of the single fuel cell using the expanded graphite bipolar plate at a constant 
current density of 500mAcm−2. [28]

Fig. 11 shows the short-term performance of the fuel cell, the fuel cell is operated over 
200 h at a constant current density 500mAcm−2 [28]. The performance does not degrade 
obviously, but it is not enough for fuel cell vehicles. The life-time of fuel cell should be 
over 5000 h if fuel cells are applied in vehicles [28]. Therefore, the durability examination 
is needed [28].

3. Conclusion

In this investigation, we describe about expanded graphite with expansion ratio of 75–100 cc/
gm prepared by chemical oxidation and rapid expansion at high temperature of GIC. Each 
data reported in the figures are an average value base of experimental results, which shows 
the repeatability in the propertiesof expanded graphite-based composite application. The 
composite with varying weight percentage of EG gives the different electrical conductivity, 
mechanical properties and bulk density. These composite have the critical weight percentage 
of filler content to achieve desired electrical conductivity and mechanical properties of 
bipolar plate as per DOE advanced series of target is found to be 50 wt%. The composite 
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bipolar plate with EG results in bulk density of 1.50 g/cm3, electrical conductivity 120 S/
cm, bending strength 54 MPa, Modulus w6 GPa and shore hardness 50. The lower value 
of modulus of EG plate as compared with graphite composite plate (>10 GPa) suggest that 
these plates are more flexible and can better withstand shock and vibration during mobile 
operation of PEM fuel cell. The flexible bipolar plates can also reduce contact resistance 
in fuel call stack.
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