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Abstract

An investigation is made of the electrical properties of polypropylene/graphite (PP/G) composites as prospective replacements for the traditional
graphite bipolar plate in proton-exchange membrane fuel cells. The composites have relatively low electrical conductivities, i.e., up to 28 S cm™!
at 90 wt.% G. Combination of G with carbon black (CB) is an effective way to develop higher conductivity composites. The conductivity reaches
35S cm™! by combination of 25 wt.% CB and 55 wt.% G to 20 wt.% PP. This is five times the value at 80 wt.% G and 20 wt.% PP (7 Scm™!). Two
methods are mainly adopted for the preparation of composites, namely, melt compounding and solution blending. Solution blending of PP with
conductive fillers followed by moulding of the dried powder leads to higher conductivities compared with those of melt-compounded composites.
The combination of conjugated conducting polymers such as polyaniline (PANi) with the PP, G, and CB is also investigated. It is found that
composites containing PANi have lower conductivities than those of the neat composites. This decrease in conductivity is attributed to the poor

thermal stability of PANi.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Considerable attention has been given to the synthesis of
conductive polymer composites (CPCs) and to studies of their
properties to as replacements for traditional graphite bipolar
plates in proton-exchange membrane fuel cells (PEMFCs) [1-6].
These materials have low density and good corrosion resistance
in combination with good electrical conductivity that can be var-
ied over a wide range. Common conductive fillers such as carbon
fibre (CF), graphite (G), and carbon black (CB) have been intro-
duced to polymeric materials to change their electrical properties
to meet the optimum design requirements for bipolar plates.

Recent literature has showed some interesting progress in
polymer/G composite bipolar plates [7-13] of which some are
commercially available. The main processes to produce these
plates are compression moulding and injection moulding. Most
compression moulding methods start with a powder compound.
This powder is fed into a heated mould in which the compound
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will flow and fill the mould cavity. If a thermoplastic binder is
used, the mould has to be cooled to a temperature below the melt-
ing temperature of the binder before the plate can be removed.
The electrical conductivities of some polymer/G composites are
still below required that for bipolar plates. Polypropylene/G
composites (PP/G) are among the polymer/G composites that
have been used to produce bipolar plates [14—16]. Several meth-
ods of processing have been developed for composite bipolar
plates. Polypropylene is one of the most widely used polyolefin
polymers that can form dry mixtures suitable for compression
moulding when combined with G powder.

Because PP does not include any polar groups in its backbone,
itis thought that homogenous dispersion of the graphite layers in
PPis notrealized and thus arelatively low electrical conductivity
is obtained. Moreover, hardly any interaction occurs between PP
and chemically inert G layers [17]. Combination of G with other
conductive fillers such as CB has been shown to be an effective
way to develop higher conductivity PP/G composites [18,19].
Carbon black is an additive characterized by a smaller particle
size (10-50nm) than graphite. Combination of graphite pow-
der with a minor weight fraction of CB introduces a synergistic
effect, which results in a significantly higher conductivity than
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with single G filler at the same filling degree. The conductive net-
work built up by the binary filler system is assumed to consist of
highly dispersed CB particles bridged by G particles. Addition-
ally, CB presents a greater tendency to build up highly structured
aggregates and agglomerates that increase the probability of con-
tacts. Aggregates have a tendency to form network structures at
low concentration of the filler depending on the rheology of the
polymers during the mixing process and in post-processing step,
the wettability of particles by the polymer, solidification rates
after mixing, the degree of crystallinity of polymeric matrix, and
polymer—carbon black interactions [20-23].

Less attention has been given in the literature to the use
of conjugated conducting polymers such as polyaniline (PANi)
and polypyrrole (PPy) as conductive fillers in composite bipo-
lar plates. Among the conjugated conducting polymers, PANi
is known as having probably the best combination of stability,
conductivity and low cost [24-29]. Methods to produce PANi
containing composites [30-32] are classified into two groups: (i)
synthetic methods-based on aniline polymerisation in the pres-
ence of, or inside, a matrix polymer and (ii) blending methods
to mix a previously prepared PANi with a matrix polymer. The
use of PANi has been reported only for corrosion resistance
and conductive coatings for metallic bipolar plates [33]. PANi
is a hydrophilic conductive additive that has high surface free
energy, while the base polymer PP is hydrophobic and has rel-
atively low surface free energy. Thus, polar PANi is likely to
migrate towards the interface between PP and G so that it is
expected to fill the insulating gaps between the G particles and
hence improve the electron transport from G to PP. To improve
the miscibility of PANi and PP, dodecyl benzenesulfonic acid
(DBSA) has been used as a dopant and plasticizer for PANi and
it may also assist the compatibility of PANi and PP.

Two methods are mainly adopted in this work, namely, melt
compounding and solution blending, for the preparation of
composites to explore further the mechanism of conduction in
composites regardless of the optimum formulation or the opti-
mum processing conditions required to produce bipolar plates
for PEMFCs. Both methods have advantages and disadvantages:
the use of organic solvents in solution blending is not desir-
able because of health and environmental protection concerns
while it is rather difficult to obtain a homogenous material by a
dry-mixing process. The morphologies of PP/G composites as
well as the thermal stabilities of the PANi composites are also
investigated.

2. Experimental
2.1. Materials

Synthetic graphite powder used in this study had a density of
1.8 gcm™ an electrical resistivity of 1295 x 107° Qcm, and
an average particle size of 10 wm. It was supplied by GME
Carbon Sdn. Bhd., Malaysia. Carbon black N330 (HAF) was
also obtained from Cabot Sdn. Bhd., Malaysia, with the follow-
ing specifications: 30 nm particle size, 1.7-1.9 gcm™> density,
0.341 Q cm resistivity, and 254 m? g~ ! surface area. Polypropy-
lene (PP) grade Titan (600), 910 kg m~3 and 10 g/10 min, was

supplied by Polypropylene Malaysia Sdn. Bhd. For the synthe-
sis of PANi, the following materials were used. Aniline (Fisher,
99.8%) was vacuum distilled and stored at 3 °C before use.
Ammonium peroxydisulfate, APS (Fisher, 98%), DBSA (mix-
ture of C10—C13 isomers, Fisher), hydrochloric acid (Merck,
37%), and methanol were used as received. p-Xylene pure
(Fisher, 99%) was used in the solution blending method.

2.2. Synthesis of PANi

A processible PANi, doped and complexed with DBSA, was
synthesised by one-step oxidative polymerization of aniline as
follows [34,35]: Aniline (19 g) was added with stirring to a flask
(located in an ice bath) containing 200 ml of 1 M HCl and DBSA
in a selected mass ratio of DBSA:aniline =0.25. The oxidation
occurred by dropwise addition of APS (47.5 g),in 300 ml of 1 M
HCl to the aniline solution. This was conducted with stirring for
1 h at a temperature controlled around 5 °C, with further stirring
overnight at room temperature. A dark-green PANI suspension
was obtained and then filtered and rinsed with methanol and
distilled water (20:80, v/v) until the washing liquid was com-
pletely colourless. The wet product composite was dried under
vacuum at 80 °C for 6 h. This pathway was selected because it
was expected that the aniline-DBSA salt moieties of the poly-
mer would enhance its solubility, and hence the processibility,
while the aniline hydrochloride acid salt moieties would pro-
vide a good conductive structure for the resulting polymer. The
conductive salt exhibited an electrical conductivity of around
5Scm™! as a pressed pellet.

2.3. Preparation of composites

2.3.1. Melt compounding

The components of the composites, PP and conductive
filler/fillers (i.e., G, CB, and PANi), were mixed manually in a
small bucket before being melt compounded in an internal mixer
with a Haake torque rheometer at a temperature of 175 °C. The
rotational speed and the mixing time were set at 35 rpm and
10 min, respectively.

2.3.2. Solution blending

The polymer (PP) was dissolved in xylene at 140°C
and the conductive filler/fillers were intimately mixed with
the solvent—polymer solution. After thoroughly mixing the
filler/fillers with the solvent-polymer solution for 30 min, the
solvent—polymer solution containing the dispersed filler/fillers
was cooled to room temperature and left until the solvent was
evaporated. The resulting hardened, solid polymer which, con-
tained filler/fillers that were substantially uniformly dispersed,
was washed with methanol and vacuum dried.

2.4. Compression moulding

The composites, which were obtained by melt compounding
or solution blending, were pulverized to form a powder. The
powder was put in a mould, preheated in a hot pressing machine
for 10 min, and then hot pressed into discs of 25 mm diameter
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and 2 mm thickness at a temperature of 200 °C and a pressure of
75kg ecm™2 for 3 min for the purpose of electrical conductivity
measurements.

2.5. Characterization

2.5.1. DC conductivity measurements

The conductivities of the discs in the plane direction were
determined by means of a Jandel Multi Height Four-Point Probe
combined with a RM3 Test Unit, which had a constant-current
source and digital voltmeter designed especially for the four-
point measurements. The technique measured sheet resistance
in the range from 1 m$/sq up to 5 x 108 Q/sq and a volume
resistivity range from 1073 to 10°  cm. The system accuracy
was within 0.3%.

2.5.2. Thermal analysis

A Mettler, Toledo thermogravimetric analyzer (Model TGA
851e) was used to determine the thermal stabilities of the PANi
composites. The specimens in this test were scanned from 25 to
600 °C at a heating rate of 20 °C/min in the presence of nitrogen.

2.5.3. Morphological observations

The polished surface morphologies of the composites were
investigated with a variable-pressure scanning electron micro-
scope (VPSEM, Model LEO 1450VP) at an accelerating voltage
of 20 kV. The samples were gold-sputtered prior to SEM exam-
ination. Backscattered electrons were utilized to provide atomic
number contrast between the composite components.

Table 1

Log (conductivity, S/cm)

Graphite Content (wt.%)

Fig. 1. Log conductivity as function of G content for PP/G composites.

3. Results and discussion
3.1. Electrical conductivity

3.1.1. PP/G composites

The absolute values of the electrical conductivities of all
the composites are summarized in Table 1. The dependence of
the electrical conductivity of the PP/G composites on the filler
content is shown in Fig. 1. The reported values represented
the average of five readings. The results show the expected
trend of an increase in conductivity with an increase in filler
loading. The conductivity is raised from 107'*Scm™! (for
neat PP) to ~1073 Scm™! for PP with 40 wt.% G. As the filler

Absolute values of conductivities of PP/G, PP/G/CB, PP/G/PANi and PP/G/CB/PANi composites

G (wt.%) CB (wt.%) PANi (wt.%) o (S/cm), Melt compounding o (S/cm), Solution blending
40 0 0 1.33x1073 6.63 x 1072

50 0 0 5.84 %1073 1.88 x 107!

60 0 0 5.37 x1072 8.15x 107!

70 0 0 5.37 x 107! 4.89 x 10°

80 0 0 7.04 x 109 2.32 % 10!

35 5 0 570 x 1073 3.20x 107!

45 5 0 3.70 x 1072 1.02 x 10°

55 5 0 1.85 x 107! 2.25 x 100

65 5 0 1.01 x 109 8.60 x 10°

75 5 0 1.67 x 10! 273 x 10!

15 25 0 8.7 x 107! Not investigated
25 25 0 1.75 x 10° Not investigated
35 25 0 3.35 x 10° Not investigated
45 25 0 7.56 x 10° Not investigated
55 25 0 3.64 x 10! Not investigated
35 0 5 2.39 x 1074 2.45x1072

45 0 5 1.5 %1073 1.01 x 107!

55 0 5 1.14 x 1072 5.26 x 107!

65 0 5 2.59 x 107! 3.61 x 100

75 0 5 8.65 x 10° 2.00 x 10!

30 5 5 2.03 x1073 Not investigated
40 5 5 9.60 x 1073 Not investigated
50 5 5 1.37 x 107! Not investigated
60 5 5 1.02 x 10° Not investigated
70 5 5 1.30 x 10! Not investigated
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Fig. 3. SEM surface micrographs of PP/80 wt.% G at different magnifications.

concentration is increased further, the conductivity increases to
7Scm™! at 80 wt.% G. It is noticed that a higher concentration
of G is needed to create a conductive path throughout the entire
composite. This observation has also been reported by Thongru-
ang et al. [36,37] who found that the threshold loading level of
G to achieve measurable conductivity in HDPE was ~50 wt.%.

The scanning electron micrographs in Figs. 2—4 reveal that
graphite primary particles aggregate into larger clusters with low
aspect ratios. These tend to disperse more evenly into the poly-
mer matrix, thereby resulting in fewer particle—particle contacts
at a given loading level and, consequently, a lower conductivity
polymer composite. In other words, the filler particles do not
make contact with there nearest neighbours due to partial wet-
ting by the polymer. Dawson and Adkins [38] proposed that the
conductivity in G-filled polymers is regulated by inter-particle
electron transfer at low filler loadings and by intra-particle elec-
tron transfer at high filler loadings.

It was difficult, however, to prepare well-dispersed PP/G
composites with simple mixing techniques. The surface proper-
ties of the filler and polymer have a significant effect on the

conductivity of the composite by influencing the interaction
between them. How well the polymer wets the surface of the
filler can be quantified by the difference between the surface
energies of the two materials. Smaller differences between the
two surface energy values lead to better wetting of the filler by
the polymer. Better wetting means that larger amounts of the
polymer are coating the filler surface, which will alter the dis-
tribution of the filler within the matrix. This will increase the
percolation threshold and the overall resistivity of the compos-
ite because larger amounts of the filler are required before the
particles will come in to contact with each other. PP is hydropho-
bic and has relatively low surface free energy (~20-25 mJ/m?)
[39]. G s also strongly hydrophobic these may be a small differ-
ence between its surface energy and that of PP [40] which might
lead to partial wetting and hence lower conductivity. This would
explain why a somewhat larger difference between the surface
energy of the filler and the polymer is desirable.

On the other hand, the solution blended PP/G composites
have higher conductivities than the melt-compounded compos-
ites. It can be observed from Fig. 5 that the conductivity of

Fig. 4. SEM fracture micrographs of PP/G at: (a) 40 wt.% G, (b) 60 wt.% and (c) 80 wt.%.



428 R. Dweiri, J. Sahari / Journal of Power Sources 171 (2007) 424432

2 -
E 1
Lo
7]
g or
2z
R
S a4t
3 -
=
o
Q
> 2
ki / —&— Melt compounding
3r —#— Solution blending
'} '} L 1 1 J
30 40 50 60 70 80 90

Graphite content (wt.%)

Fig. 5. Log conductivity vs. G content for melt compounding and solution
blending of PP/G.

the composites increases from 7S cm™! for melt-compounded
PP/G to 23S cm™! for solution-blended PP/G at 80 wt.% filler
loading. The increase in conductivity may be attributed to the
better filler distribution within the polymer matrix as reported
by Radhakrisshnan et al. [41] and Bennion et al. [42].

3.1.2. PP/G/CB composites

Composites containing a constant composition of PP
(20 wt.%) and different compositions of G and CB have been
investigated and their conductivities are plotted in Fig. 6 as
a function of CB content. It is observed that the combination
of G with CB has a significant effect on the conductivity. The
maximum achievable conductivity is given by a combination
of 25 wt.% CB and 55 wt.% G. It has a value that is five times
higher than that of PP/G composites at the same filling degree
(i.e., from 7S cm™~! for PP/80%G to 36 Scm™! for PP/G/CB).
The conductivity of PP/G/CB starts to decrease on further addi-
tions of CB and this may be attributed to wetting limitations as
reported by Mighri et al. [14], who observed that no more than
18 wt.% CB could be incorporated to PP/G composites due to
such limitations. Moreover, it has been observed [43] that carbon
blacks have better affinity for polar than for non-polar resins.
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Fig. 6. Conductivity vs. CB content of PP/G/CB at 20 wt.% PP.
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Fig. 7. Effect of CB on conductivity of PP/G/CB.

The effect of CB on the conductivities of the PP/G com-
posites was further studied by varying the concentration of PP
from 20 to 60 wt.% and CB from 5 to 25 wt.%, as shown in
Fig. 7. The increase of conductivity is noticeable in all compos-
ites containing CB at all PP contents. Moreover, the difference
in the conductivity of PP/G and PP/G/CB composites con-
taining 25wt.% CB is more pronounced at low rather than
high filler (i.e., G and CB) concentrations. In other words, the
opp/G/CB/0pp/G ratio is much larger for composites at 40 wt.%
total filler loading than that at 80 wt.%. This difference becomes
much smaller for composites containing 5 wt.% CB.

Solution blending of PP/G/CB composites was also inves-
tigated and gave better conductivities than that of melt
compounding, as illustrated in Fig. 8. The content of CB in all
composites was 5 wt.%. The conductivity increased from 16 to
27 S cm™! by solution blending at 80 wt.% filling.

3.1.3. PP/G/PANi composites

The PANi was synthesized according to a method reported
in the literature [34,35] without investigating in the effect of
polymerization conditions on its conductivity. The polymeriza-
tion conditions were set by the reaction temperature, oxidant
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Fig. 8. Log conductivity vs. (G +CB) content for melt compounding and solu-
tion blending of PP/G/CB at 5 wt.% CB.
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Fig. 9. SEM micrographs of PANi pellets (a) before doping with DBSA and (b) after doing with DBSA.

amount, additional HCI solution, and DBSA:aniline ratio. The
resulting powders of PANi are homogeneous and form agglom-
erates with a solid rock shape and different sizes, as shown in
Fig. 9(a). Doping PANi with DBSA results in small aggregate
morphology, see Fig. 9(b).

The effect of PANi on the PP/G composites was first studied
by incorporating 2 to 10 wt.% of PANi in different composi-
tions of G at 20 wt.% PP. The data in Fig. 10 indicate a slight
increase in the conductivity of the PP/G composite when includ-
ing PANi up to 6 wt.%. This observation appears agree with
that of Taipalus et al. [44], who found a positive influence of
the PANi-complex on the electrical conductivity of long CF-PP
composites. These synergistic effects were explained by enrich-
ment of the PANi-complex at the interface between CF and PP.
The conductivity of the composites decreases markedly when
replacing G by more than 6 wt.% of PANi.

To study further the effect of PANi on the composites, 5 wt.%
PANi was added to PP/G and PP/G/CB composites at different
compositions of PP as illustrated in Fig. 11. Unlike the previous
results, the conductivity of PP/G is decreased by incorporating
5 wt.% PANi at different compositions of PP. The same decrease
in conductivity is also observed by adding PANi to PP/G/CB
composites.

Solution-blended PP/G/PANi has higher conductivity than
that of melt-compounded PP/G/PANi. This can be attributed to
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Fig. 10. Conductivity vs. PANi content of PP/G/PANi composites at 20 wt.%
PP.
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Fig. 11. Effect of PANi on conductivity of PP/G and PP/G/CB.

better distribution of graphite rather than to the addition of PANi.
More results are shown in Fig. 12.

Lastly, a comparison of the conductivities for all the compos-
ites is presented in Fig. 13. It appears that the solution-blended
composites lead to further improvement in electrical conduc-
tivity over that achieved by the melt-compounded process. The
PP/G/CB composites have the highest conductivities while
the PP/G/PANi composites showed the lowest conductivities.
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Fig. 12. Log conductivity vs. (G+PANi) content for melt compounding and
solution blending of PP/G/PANi at 5 wt.% PANi.
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Fig. 13. Comparison of conductivities of melt-compounded and solution-

blended PP/G, PP/G/CB, and PP/G/PANi composites.

The decrease in conductivity of composites containing PANi
requires further investigation.

3.2. Thermogravimetric analysis of PANi and PANi
composites

Thermogarvimetric analysis (TGA) is a useful technique for
characterizing the thermal stabilities of conducting polyaniline

composites. Thermogravimetic (TG) and derivative thermo-
gravimetric (DTG) plots for G, PANi, PP/G and PP/G/PANi
are given in Fig. 14. It is found that PANi undergoes three
weight loss processes. The first loss, located below 110°C, is
attributed to the evaporation of residual moisture and oligomers.
The second weight loss at 110-210°C can be related to the
decomposition of the DBSA dopant. The third and the final
weight loss at 210-495°C can be attributed to the degrada-
tion of the PANIi backbones [45]. The total mass loss for PANi
was 64.2%.

The derivative thermogravimetric curve for PANi has three
peaks, namely, a minor one at 50 °C and two major ones at 170
and 280 °C. For PP/G with a 60 wt.% G content, degradation
is observed in a single step up to 480 °C. Thereafter, a sharp
weight loss occurs in the material. For PP/G/PANi at 70 wt.% G
and 10 wt.% PANIi, minor peaks occur before the major one at
465 °C.

A step analysis of the composites was performed. The weight
losses at different temperatures are given in Table 2.

The PANi has unsuitably poor thermal stability to undergo
melt compounding. As a matter of fact, useful commercial
applications of PANi require a fine balance of conductivity,
processability and stability. Until recently, however, material
scientists have been unable to obtain all three properties simul-
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Fig. 14. TG and DTG of: (a) G, (b) PANI, (c) PP/G and (d) PP/G/PANi composites.
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Table 2
Percentage weight losses of composites at different temperatures
Sample Weight loss (%)

50°C 100°C 150°C 200°C 250°C 300°C 400°C 500°C 600°C
G 0.4 0.9 1.3 1.5 1.8 1.9 2.4 3.0 35
PANi 2.0 4.0 5.1 12.5 25.6 314 50.1 57.8 64.2
PP/G 0.0 0.04 0.09 0.09 0.09 0.09 0.09 16.3 16.3
PP/G/PANi 0.1 0.20 0.40 0.90 1.80 4.00 10.5 30.1 31.1

taneously and that might limit the use of ICPs with CB or G
as conductive additives in the thermoplastics industry, in addi-
tion to the undesirable properties of these materials at high
temperatures. The conductivity in PANi-complex blended with
thermoplastics depends on many factors such as the fraction
of PANi-complex, the processing temperature, the shear stress
applied, the viscosity of the matrix polymer, and the surface
activity of the PANi-complex.

4. Conclusions

The electrical properties of PP/G composites have been
investigated in an attempt to understand the mechanism of
conduction in these composites for application in bipolar plates
in PEM fuel cell. The conductivity of PP/G is relatively low
and to improve it, a homogenous dispersion of the graphite in
PP must occur. This is difficult, however, to obtain by a melt-
compounding process. Combining G with CB is an effective
way to develop higher conductivity composites. The best con-
ductivity results for the bipolar plate are obtained by combining
25 wt.% CB and 55 wt.% G with 20 wt.% PP. Solution blending
leads to further improvement in electrical conductivity com-
pared with melt compounding. Finally, investigations reveal that
composites containing PANi have lower conductivity. This is
attributed to the poor thermal stability of PANi to undergo melt
compounding.
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