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(57) ABSTRACT 

This invention provides a fuel cell ?oW ?eld plate or bipolar 
plate having ?oW channels on faces of the plate, comprising 
an electrically conductive polymer composite. The compos 
ite is composed of (A) at least 50% by Weight of a conduc 
tive ?ller, comprising at least 5% by Weight reinforcement 
?bers, expanded graphite platelets, graphitic nano-?bers, 
and/or carbon nano-tubes; (B) polymer matrix material at 1 
to 49.9% by Weight; and (C) a polymer binder at 0.1 to 10% 
by Weight; Wherein the sum of the conductive ?ller Weight 
%, polymer matrix Weight % and polymer binder Weight % 
equals 100% and the bulk electrical conductivity of the How 
?eld or bipolar plate is at least 100 S/ cm. The invention also 
provides a continuous process for cost-eifective mass pro 
duction of the conductive composite-based ?oW ?eld or 
bipolar plate. 
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FIG.10: Effect of conductive ?ller type and proportion on 
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HIGHLY CONDUCTIVE COMPOSITES FOR FUEL 
CELL FLOW FIELD PLATES AND BIPOLAR 

PLATES 

[0001] The present invention is based on the research 
results of a project supported by the US Department of 
Energy SBIR-STTR Program. The US government has 
certain rights on this invention. 

FIELD OF THE INVENTION 

[0002] The present invention provides a highly electrically 
conductive composite material for use in a fuel cell bipolar 
plate or ?oW ?eld plate. 

BACKGROUND OF THE INVENTION 

[0003] A proton exchange membrane (PEM) fuel cell is 
typically composed of a seven-layered structure, including 
(a) a central PEM electrolyte layer for proton transport; (b) 
tWo electro-catalyst layers on the tWo opposite primary 
surfaces of the electrolyte membrane; (c) tWo fuel or gas 
dilfusion electrodes (GDEs, hereinafter also referred to as 
di?‘users) or backing layers stacked on the corresponding 
electro-catalyst layers (each GDE comprising porous carbon 
paper or cloth through Which reactants and reaction products 
di?‘use in and out of the cell); and (d) tWo ?oW ?eld plates 
(or a bi-polar plate) stacked on the GDEs. The ?oW ?eld 
plates are typically made of graphite, metal, or conducting 
composite materials, Which also serve as current collectors. 
Gas-guiding channels are de?ned on a GDE facing a ?oW 
?eld plate or, more typically, on a ?oW ?eld plate surface 
facing a GDE. Reactants (e.g., H2 or methanol solution) and 
reaction products (e.g., CO2 at the anode of a direct metha 
nol fuel cell, and Water at the cathode side) are guided to 
?oW into or out of the cell through the ?oW ?eld plates. The 
con?guration mentioned above forms a basic fuel cell unit. 
Conventionally, a fuel cell stack comprises a number of 
basic fuel cell units that are electrically connected in series 
to provide a desired output voltage. If desired, cooling 
channels and humidifying plates may be added to assist in 
the operation of a fuel cell stack. 

[0004] In one common practice, a fuel ?oW ?eld plate and 
an oxidant gas ?oW ?eld plate are separately made and then 
assembled together to form a bipolar plate (one side of a 
bipolar plate serving as a negative terminal and the other 
side as a positive terminal, hence the name). In some cases, 
an additional separator is sandWiched betWeen the tWo ?oW 
?eld plates to form a three-layer bipolar plate. It Would be 
highly advantageous if the ?oW ?led plates and the separator 
can be mass-produced into an integrated bipolar plate 
assembly. This could signi?cantly reduce the overall fuel 
cell production costs and reduce contact ohmic losses across 
constituent plate interfaces. The bipolar plate is knoWn to 
signi?cantly impact the performance, durability, and cost of 
a fuel cell system. The bipolar plate, Which is typically 
machined from graphite, is one of the most costly compo 
nents in a PEM fuel cell. 

[0005] Fluid ?oW ?eld plates or bipolar plates have open 
faced channels formed in one or both opposing major 
surfaces for distributing reactants to the gas dilfuser plates 
Which are the anode and cathode backing layers, typically 
made of carbon paper or fabric. The open-faced channels 
also provide passages for the removal of reaction products 
and depleted reactant streams. Optionally, a bipolar plate 
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may have coolant channels to manage the fuel cell tempera 
ture. A ?oW ?eld plate or bipolar plate should have the 
folloWing desirable characteristics: high electrical conduc 
tivity (e.g., preferably having a conductivity no less than 100 
S/cm), loW permeability to fuel or oxidant ?uids, good 
corrosion resistance, and good structural integrity. 

[0006] Conventional methods of fabricating ?uid ?oW 
?eld plates or bipolar plates require the engraving or milling 
of ?oW channels into the surface of rigid plates formed of a 
metal, graphite, or carbon-resin composite. These methods 
of fabrication place signi?cant restrictions on the minimum 
achievable fuel cell thickness due to the machining process, 
plate permeability, and required mechanical properties. Fur 
ther, such plates are expensive due to high machining costs. 
The machining of channels into the graphite plate surfaces 
causes signi?cant tool Wear and requires signi?cant process 
ing times. 

[0007] Alternatively, ?uid ?oW ?eld plates can be made by 
a lamination process (e.g., US. Pat. No. 5,300,370, issued 
Apr. 5, 1994 to Washington, et al.), Wherein an electrically 
conductive, ?uid impermeable separator layer and an elec 
trically conductive stencil layer are consolidated to form one 
open-faced channel. Presumably, tWo conductive stencil 
layers and one separator layer may be laminated to form a 
three-layer bipolar plate. Such laminated ?uid ?oW ?eld 
assemblies tend to have higher manufacturing costs than 
integrated plates, due to the number of manufacturing steps 
associated With forming and consolidating the separate 
layers. They are also prone to delamination due to poor 
interfacial adhesion and vastly different coe?icients of ther 
mal expansion betWeen a stencil layer (typically a metal) 
and a separator layer. 

[0008] A variety of composite bipolar plates have been 
developed, Which are mostly made by compression molding 
of polymer matrices (thermoplastic or thermoset resins) 
?lled With conductive particles such as graphite poWders or 
?bers. Because most polymers have extremely loW elec 
tronic conductivity, excessive conductive ?llers have to be 
incorporated, resulting in an extremely high viscosity of the 
?lled polymer melt or liquid resin and, hence, making it very 
di?icult to process. Bi-polar plates for use in PEM fuel cells 
constructed of graphite poWder/?ber ?lled resin composite 
materials and having gas ?oW channels are revieWed by 
Wilson, et al (US. Pat. No. 6,248,467, Jun. 19, 2001). 
Injection-molded composite-based bipolar plates are dis 
closed by Saito, et al. (US. Pat. No. 6,881,512, Apr. 19, 
2005 and US. Pat. No. 6,939,638, Sep. 6, 2005). These 
thermoplastic or thermoset composites exhibit a bulk con 
ductivity signi?cantly loWer than 100 S/cm (the US Depart 
ment of Energy target value), typically not much higher than 
10 S/cm. 

[0009] Besmann, et al. disclosed a carbon/carbon compos 
ite-based bipolar plate (US. Pat. No. 6,171,720 (Jan. 9, 
2001) and US. Pat. No. 6,037,073 (Mar. 14, 2000)). The 
manufacture process consists of multiple steps, including 
production of a carbon ?ber/phenolic resin preform via 
slurry molding, folloWed by a compression-molding step. 
The molded part is then pyrolyZed at a high temperature 
(1,500o C.-2,500o C.) to obtain a highly porous carbon/ 
carbon composite. This is folloWed by chemical vapor 
in?ltration (CVI) of a carbon matrix into this porous struc 
ture. It is Well-knoWn that CVI is a very time-consuming and 
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energy-intensive process and the resulting carbon/carbon 
composite, although exhibiting a high electrical conductiv 
ity, is very expensive. 

[0010] Instead of using pyrolyZation and CVI to produce 
carbon/carbon composites, Huang, et al. (US Patent Appli 
cation Pub. No. 2004/0229993, Nov. 18, 2004) discloses a 
process to produce a thermoplastic composite With a high 
graphite loading. First, polymer ?bers, such as thermotropic 
liquid crystalline polymers or polyester, reinforcing ?bers 
such as glass ?bers, and graphite particles are combined With 
Water to form a slurry. The slurry is pumped and deposited 
onto a sieve screen. The sieve screen serves the function of 
separating the Water from the mixture of polymer ?bers, 
glass ?bers and graphite. The mixture forms a Wet-lay sheet 
Which is placed in an oven. Upon heating to a temperature 
su?icient to melt the polymer ?bers, the Wet-lay sheet is 
alloWed to cool and have the polymer material solidify. 
Upon solidi?cation, the Wet-lay sheet takes the form of a 
sheet material With reinforcement glass ?bers held together 
by globules of thermoplastic material, and graphite particles 
adhered to the sheet material by the thermoplastic material. 
Several of these sheets are then stacked, preferably With 
additional graphite poWder interspersed betWeen sheets, and 
compression-molded in a hot press. After application of heat 
and pressure in the press, one or more formed bipolar plates 
are obtained, Where the bipolar plates are a composite of 
glass ?bers, thermoplastic matrix and graphite particles. 
There are several drawbacks associated With this composite 
composition and method: 

[0011] (1) The fabrication process is tedious, consisting of 
many manual operations, and is not readily amenable to 
mass production. 

[0012] (2) The composition requires heating the mixture 
above the melting point of the thermoplastic material 
tWicei(a) the ?rst time being to melt out the thermo 
plastic solid, alloWing the melt to How to the contact 
points betWeen reinforcement ?bers so as to bond the 
?bers together When the thermoplastic is cooled and (b) 
the second time to melt the thermoplastic so as to Wet the 
remaining reinforcement ?bers and graphite poWders and 
form the matrix of a structural composite plate When the 
thermoplastic solidi?es. Since engineering thermoplastics 
typically have a high melting point (e.g., >220o C. for 
polyester), it Would take some time to heat up to that 
temperature and take some time to cool it doWn. The cycle 
times are long and the process is energy-intensive. 

[0013] (3) With this process, it appears di?icult to achieve 
a graphite proportion above 50% (and, hence, conductiv 
ity above 100 S/cm) Without interspersing additional 
graphite poWder betWeen layers of stacked preform sheets 
(an operation called “dry-lay”) prior to compression 
molding. This is evidenced by FIG. 2 of Huang’s appli 
cation, Which indicates that all samples With the resulting 
conductivity greater than 100 S/cm Were prepared by a 
combined Wet-lay (slurry molding) and dry-lay proce 
dure. Such labor-dependent operations make the Whole 
process time-consuming and labor-intensive. Dry-laid 
graphite poWder betWeen layers, although imparting high 
electrical conductivity to the composite, tend to form 
graphite-rich interfacial layers Which are brittle and Weak 
and tend to compromise the mechanical integrity of the 
resulting composite laminate. 
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[0014] The How ?eld plate or bipolar plate should be 
constructed from inexpensive starting materials, materials 
that are easily formed into any plate con?guration, prefer 
ably using a continuous molding process, and materials that 
are corrosion resistant in loW temperature fuel cells and that 
do not require further processing such as high temperature 
pyrolyZation treatments. Any laminated or multi-layer plate 
should have adequate bonding betWeen layers to ensure 
structural integrity and reduced contact resistance (reduced 
poWer loss due to joule heating). 

[0015] Accordingly, a primary object of the present inven 
tion is to provide a highly conductive composite composi 
tion and a fuel cell ?oW ?eld plate or bipolar plate from this 
composition that can be made With a continuous process, 
Which is suitable for mass production. The resulting fuel cell 
component is highly conductive and, hence, can be used as 
a current collector in a fuel cell With reduced contact 
resistance. 

[0016] Another object of the present invention is to pro 
vide a highly conductive composite material for fuel cell 
bipolar plates Which can be made Without involving high 
temperature treatments. 

[0017] Still another object of the present invention is to 
provide a highly conductive composite material for fuel cell 
bipolar plates Which can be made Without involving melting 
and cooling a thermoplastic tWice. 

[0018] Another object of the present invention is to pro 
vide a highly conductive composite material for fuel cell 
bipolar plates Which is based on a thermoset resin that can 
be molded With a fast cycle. 

[0019] Another object of the present invention is to pro 
vide a process for continuously producing a highly conduc 
tive composite-based ?oW ?eld plate or bipolar plate. 

SUMMARY OF THE INVENTION 

[0020] This invention provides a fuel cell ?oW ?eld plate 
or bipolar plate having ?oW channels on faces of the plate, 
comprising an electrically conductive polymer composite. In 
one preferred embodiment, the composite is composed of 
(A) at least 50% by Weight of a conductive ?ller, comprising 
at least 5% by Weight reinforcement ?bers, expanded graph 
ite platelets, graphitic nano-?bers, and/ or carbon nano-tubes 
(this at least 5% is based on the total Weight f the composite); 
(B) thermoplastic at 1 to 49.9% by Weight; and (C) thermo 
set binder at 0.1 to 10% by Weight; Wherein the sum of the 
conductive ?ller Weight %, thermoplastic Weight % and 
thermoset binder Weight % equals 100% and the bulk 
electrical conductivity of the How ?eld or bipolar plate is at 
least 100 S/cm and, preferably, at least 200 S/cm. The 
thermoset binder resin has the advantage that it can be 
quickly cured so as to hold the reinforcement elements 
together, typically Without a need to be heated to a high 
temperature and then cooled doWn sloWly. The resulting 
preform is very easy to handle during subsequent molding 
operations. The thermoset resin is selected from the group 
consisting of unsaturated polyester resins, vinyl esters, 
epoxies, phenolic resins, polyimide resins, bismaleimide 
resins, polyurethane resins, and combinations thereof. A 
fast-curing or ultraviolet-curable resin is preferred. 

[0021] The conductive ?ller comprises a conductive mate 
rial selected from the group consisting of graphite poWder, 
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carbon/graphite ?bers, metal ?bers, carbon nano-tubes, gra 
phitic nano-?bers, expanded graphite platelets, carbon 
blacks, metal particles, and combinations thereof. This ?ller 
may comprise some non-conductive ?bers, such as glass 
?bers and polymer ?bers, for the purpose of reinforcing or 
strengthening the composite Without signi?cantly reducing 
the electrical conductivity. Preferably, the thermoset binder 
is at 0.1 to 5% by Weight and the thermoplastic is at 10 to 
40% by Weight. This composition is such that reinforcement 
?bers, carbon nano-tubes, graphitic nano-?bers, and/or 
expanded graphite platelets (those reinforcement elements 
having a high aspect ratio, such as a high length/thickness 
ratio or length/diameter ratio) form an overlapping, contigu 
ous-strand backbone structure. Preferably, these high aspect 
ratio elements are bonded together by the thermoset resin 
binder, or a combination of the thermoset binder and ther 
moplastic, to form a shape-retaining backbone. This shape 
retaining backbone or “preform” makes it easily handleable 
for subsequent molding, embossing and/or stamping opera 
tions to form a ?oW ?eld or bipolar plate. 

[0022] In another preferred embodiment, the composite 
comprises an electrically conductive polymer composite 
having: (A) at least 50% by Weight of a conductive ?ller, 
comprising at least 5% by Weight reinforcement ?bers, 
expanded graphite platelets, graphitic nano-?bers, and/or 
carbon nano-tubes; (B) a polymer matrix material at 1 to 
49.9% by Weight; and (C) a polymer binder at 0.1 to 10% by 
Weight; Wherein the sum of the conductive ?ller Weight %, 
polymer matrix material Weight % and polymer binder 
Weight % equals 100% and the bulk electrical conductivity 
of the ?oW ?eld plate or bipolar plate is at least 100 S/cm. 
In this case, the polymer matrix material is not a pure 
thermoplastic; instead, it may comprise a material selected 
from a thermoset resin, an interpenetrating netWork, a semi 
interpenetrating netWork, an elastomer, or a combination 
thereof. The polymer binder can be advantageously selected 
from thermoset resins, but it does not have to be a thermoset 
resin. For instance, it can be a thermoplastic provided that 
heating and melting the thermoplastic to a high temperature 
(e.g., >200o C.) is not required. It is convenient to have a 
binder comprising a Water soluble polymer. VaporiZation of 
Water alloWs the polymer to precipitate and bond to the 
reinforcement elements quickly. In one further preferred 
embodiment, the plate has a major surface having a skin 
layer less than 100 pm in thickness and having a polymer 
volume fraction less than 20%, preferably less than 10%. In 
other Words, the skin layer is preferably composed of at least 
80% conductive ?ller and more preferably at least 90% 
conductive ?ller. Such a skin layer prevents the formation of 
a resin-rich skin layer that otherWise has a high, dominating 
electrical resistance. 

[0023] Still another preferred embodiment of the present 
invention is a process for producing a fuel cell ?oW ?eld 
plate or bipolar plate that has the aforementioned charac 
teristics. The process comprises (A) continuously or inter 
mittently feeding and moving a sheet of porous substrate 
(e.g., a Web), preferably from a drum or roller, toWard a 
desired direction With the substrate having through-thick 
ness pores; (B) mixing and feeding a conductive ?ller, a 
polymer binder (preferably a fast-curing thermosetting resin 
or fast-solidifying thermoplastic), a polymer matrix material 
(thermosetting, thermoplastic, elastomer, interpenetrating 
netWork, semi-interpenetrating netWork, etc.) and a carrier 
?uid (Water or compressed air) onto the porous substrate and 
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directing the carrier ?uid to substantially ?oW through the 
pores, leaving behind a layer of a solid mixture of the ?ller, 
binder and matrix material on the substrate; (C) moving the 
substrate forWard to alloW the solid mixture layer to go 
through a compaction stage (e.g., betWeen a pair of com 
paction rollers); and (D) heating and consolidating the solid 
mixture and generating ?oW channels on a surface (or tWo 
surfaces) of the solid mixture layer to form the desired ?oW 
?eld or bipolar plate. The step of heating and consolidating 
preferably comprises a step of embossing or matched-die 
molding the mixture layer. 

BRIEF DESCRIPTION OF THE DRAWING 

[0024] FIG. 1: A sectional vieW of a prior art PEM fuel cell 
consisting of a membrane electrode assembly (MEA) sand 
Wiched betWeen tWo ?oW ?eld plates 21, 23. 

[0025] FIG. 2: A sectional vieW of a fuel cell stack 
consisting of tWo fuel cell units connected in series through 
a bipolar plate 19. 

[0026] FIG. 3: A sectional vieW of (a) a bipolar plate 71 
having ?uid ?oW channels 79, 83 formed on its tWo opposite 
surfaces; (b) a ?oW ?eld plate 7111 having ?oW channels 79a 
formed on one of its major surfaces. 

[0027] FIG. 4: (a) Schematic of a slurry molding- or 
directed ?ber/binder spray-based process for producing a 
preform to a ?oW ?eld plate; (b) the resulting ?oW ?eld plate 
41 having coolant channels 38, 38x; (c) schematic of a 
continuous process for producing highly conducting ?oW 
?eld plates or bipolar plates; (d) another version of a 
continuous process for producing highly conducting ?oW 
?eld plates or bipolar plates; and (e) the preform, With all 
ingredients held in place by a binder resin, may be collected 
on a roller and molded later. 

[0028] FIG. 5: (a) Schematic of a preform comprising 
reinforcement elements (e.g., ?bers) preferably forming a 
backbone of contiguous strands; (b) reinforcements ele 
ments 33a, 33b, 330 are bonded by resin binder 35a, 35b. 

[0029] FIG. 6: (a) Schematic of tWo matting ?oW ?eld 
plates each With half of the coolant channels; (b) the tWo 
plates, after being molded With the thermoset resin cured, 
are combined to form a bi-polar plate With coolant channels. 

[0030] FIG. 7: (a) Schematic of tWo matting preform 
sheets being stacked and molded in a matched-die pressing 
process With molding pins being inserted to produce coolant 
channels; (b) the resulting integral bipolar plate With built-in 
coolant channels. 

[0031] FIG. 8: A sectional vieW of stacked fuel cells using 
a series of bipolar plates in accordance With the present 
invention. 

[0032] FIG. 9: Results of theoretical calculations on the 
effect of the presence of a skin layer on the conductivity of 
a ?ller-polymer composite, (a) the effect of skin layer 
resistivity and thickness; (b) the effect of skin layer resis 
tivity, thickness and core layer conductivity. 

[0033] FIG. 10: The effect of conductive ?ller type and 
proportion on the ?exural strength of the phenolic matrix 
composite material. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] As shoWn in FIG. 1 and FIG. 2, a fuel cell typically 
comprises a pair of ?uid distribution plates (also referred to 
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as ?uid ?oW ?eld plates) 21 and 23, Which are positioned on 
opposite sides of a membrane electrode assembly 8. Plate 
21, Which serves as a fuel distribution plate, is shaped to 
de?ne fuel ?oW channels 22 facing toWards anode diffuser 
10. Channels 22 are designed to uniformly deliver the fuel 
to the di?‘user, Which transports the fuel to the anode catalyst 
layer 16. An input port and an output port (not shoWn), being 
in ?uid communication With channels 22, may also be 
provided in ?oW ?eld plate 21 so that carbon dioxide (in a 
DMFC) can be WithdraWn from channels 22. 

[0035] FloW ?eld plate 23 is shaped to include ?uid 
channels 24 for passage of a quantity of gaseous oxygen (or 
air). An input port and an output port (not shoWn) are 
provided in plate 23, Which are in ?uid communication With 
channels 24 so that oxygen (or air) can be transported 
through the input port to the cathode dilfuser 12 and cathode 
catalyst layer 18, and Water and excess oxygen (or air) can 
be WithdraWn from channels 24 through the output port. 
Plate 23 is electrically conductive and in electrical contact 
With cathode dilfuser 12. It can be used as a uni-polar plate 
(the positive terminal of the electrical current generated by 
the fuel cell unit) or as a part of a bi-polar plate (if integrated 
With fuel ?oW ?eld plate 21). ShoWn in FIG. 2 is a fuel cell 
stack that consists of tWo fuel cell units. On the tWo opposite 
sides of the stack are tWo separate ?oW ?eld plates 21a, 2311. 
Between the tWo MEAs (8a and 8b) is a bipolar plate 19, 
Which can be vieWed as tWo ?oW ?eld plates integrated into 
one single component. 

[0036] The preparation of a bipolar plate (71 in FIG. 3(a) 
containing surface ?oW ?eld channels 79, 83 on tWo oppo 
site major surfaces) or a ?oW ?eld plate (71a in FIG. 3(b) 
having ?oW ?eld channels 7911 on only one major surface) 
begins With the fabrication of a porous preform from a 
conductive ?ller. This ?ller preferably comprises at least 5% 
by Weight reinforcement ?bers (glass ?bers, polymer ?bers 
or, preferably carbon/ graphite ?bers), expanded graphite 
platelets, graphitic nano-?bers (GNFs), and/or carbon nano 
tubes (CNTs). These reinforcement elements have very high 
aspect ratios (length-to-thickness or length-to-diameter 
ratios) and, hence, are more amenable to the formation of a 
backbone structure. This backbone structure is typically 
characterized by having the elements forming a netWork of 
contiguous strands bonded by a binder polymer. This back 
bone structure, possibly With other conductive ingredients, 
makes a “preform” Which is su?iciently rigid to enable 
subsequent molding operations. The conductive ?ller may 
comprise a conductive material selected from the group 
consisting of graphite poWder, carbon/graphite ?bers, metal 
?bers, carbon nano-tubes, graphitic nano-?bers, expanded 
graphite platelets, carbon blacks, metal particles, and com 
binations thereof. Some of these elements (e.g., poWder or 
metal particles) have a loWer aspect ratio, but they could 
impart good electrical conductivity to the resulting compos 
ite. 

[0037] The elements of a preform (such as reinforcement 
?bers, expanded graphite platelets, graphitic nano-?bers, 
and/or carbon nano-tubes) Will be bonded by a thermoset 
binder at 0.1 to 10% by Weight. The thermoset resin binder 
is selected from the group consisting of unsaturated poly 
ester resins, vinyl esters, epoxies, phenolic resins, polyimide 
resins, bismaleimide resins, polyurethane resins, and com 
binations thereof. A selected amount of thermoplastic, at 1 to 
49.9% by Weight; preferably in the form of short ?bers or 
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?laments (e. g., nylon ?ber, polyester ?ber, or polypropylene 
?ber) may also be incorporated in the preform during the 
preform fabrication process. Any thermoplastic, preferably 
those that can be easily made into ?brous form, can be used 
as part of the present composition. This thermoplastic mate 
rial Will be melted during the subsequent molding operation 
and ?ll the interstices betWeen reinforcement elements. 
Upon solidi?cation, the thermoplastic becomes the matrix 
material of the resulting conductive composite. 

[0038] Several fabrication techniques can be employed to 
fabricate a conductive preformia monolithic body having 
a desired porosity. In one preferred embodiment of the 
present invention, the porous preform material is made to an 
appropriate shape by a conventional slurry molding tech 
nique using chopped or milled carbon ?bers of various 
lengths. In another preferred embodiment, the porous pre 
form can be made by using a ?ber/binder spraying tech 
nique. In yet another preferred embodiment, the preform 
may be made by adding ?ne-scale conductive ?llers (such as 
nano-scaled graphene plates (NGPs), sub-micron graphite 
poWder particles, graphitic nano ?bers (GNFs), carbon 
blacks, metal nano particles, and carbon nano-tubes (CNTs)) 
to a pre-made ?ber mat. These methods can be carried out 
as folloWs: 

A. Slurry Molding Route: 

[0039] An aqueous slurry is prepared Which comprises a 
mixture of carbon ?bers having lengths typically in the 
range of about 0.1 mm to about 10 mm and about 0.1 Wt % 
to about 10 Wt % thermoset resin poWder binder (e.g., 
phenolic resin). In addition to carbon ?bers, other conduc 
tive ingredients such as metal ?bers, CNTs, GNFs, NGPs, 
expanded graphite plates, carbon blacks, metal particles, or 
a combination thereof can be a part of the slurry. A desired 
proportion of a thermoplastic (in poWder, granule, or, pref 
erably, ?brous or ?lamentous form) is also added to the 
slurry. The slurry is forced through a sieve or mold screen of 
a desired mesh siZe to trap the solids, thus producing a Wet 
monolithic, Which is subsequently dried at a temperature of 
less than 80° C. This mold screen is a part ofa mold 37 (FIG. 
4(a)) Which, along With optional molding pins (e.g., 392 in 
the Z-direction and 39x in the X-direction as de?ned in FIG. 
4(a)), helps de?ne the fuel or oxidant transport and distri 
bution channels 35 and optional coolant channels (e.g., 38, 
38x in the resulting preform 41, FIG. 4(b)). Alternatively, 
these channels can be produced at a later stage during the 
subsequent composite molding. 

[0040] The initial porosity of the preform, in the slurry 
molded and dried condition, is typically in the range 
50-90%. If necessary, the dried monolith preform is further 
densi?ed. The phenolic resin binder is cured in a shaped 
steel mold at a temperature in the range of about 120° C. to 
about 160° C., preferably about 130° C. (su?icient to cure 
the thermoset binder, but not high enough to melt the 
thermoplastic). Other alternative types of binder material 
(such as fast curing epoxy resins and ultraviolet curable 
resins) may be used, Which serve to provide rigidity or some 
integrity to the resulting preform (FIG. 5(a)) prior to ther 
moplastic matrix material consolidation. 

[0041] In the above example, only about 0.1 Wt % to about 
10 Wt % binder resin (more typically about 0.5 Wt % to 3 Wt. 
%) Was typically used for the primary purpose of providing 
a desired level of rigidity to the ?ber preform, prior to the 
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next step of thermoplastic matrix consolidation. The rein 
forcement elements 33a, 33b, 33c (?bers, plates, etc.) are 
bonded together by the thermoset binder 35a, 35b, as 
illustrated in FIG. 5(b). These reinforcement elements pref 
erably form an overlapping, contiguous-strand backbone 
structure, as illustrated in FIG. 5(a), Which is a preferred 
form of the “preform”. The backbone structure may com 
prise glass ?bers, high-strength polymer ?bers (e.g., aro 
matic polyamide and ultra high molecular Weight polyeth 
ylene), ceramic ?bers and the like for the sole purpose of 
providing structural integrity to the preform. HoWever, they 
are not electrically conductive materials. 

B. Fiber/Binder Spraying Route: 

[0042] The directed ?ber spray-up process utiliZes an 
air-assisted chopper/binder guns (or ?ber/binder spraying 
guns) Which convey carbon ?bers (and/or other reinforce 
ment elements) and a binder to a molding tool (e.g., a 
perforated metal screen shaped identical or similar to the 
part to be molded). In addition to carbon ?bers, other 
conductive ingredient such as metal ?bers, carbon nano 
tubes, graphitic nano-?bers, nano-scaled graphene plates, 
expanded graphite plates, carbon blacks, or a combination 
thereof (plus thermoplastic ?bers or granules) can be a part 
of the air-driven stream of preform ingredients that impinges 
upon the metal screen. This shaped screen is a part of a mold 
37 (FIG. 4(a)), Which also contains molding pins (e.g., 392 
in the Z-direction and 39x in the X-direction as de?ned in 
FIG. 4(a)). These pins Will help de?ne the fuel or oxidant 
transport/distribution channels 35 and optional coolant 
channels (e.g., 38, 38x in the resulting preform 41, FIG. 
4(b)). The chopped ?bers may be held in place on the screen 
by a large bloWer draWing air through the screen. Once the 
desired thickness of reinforcement has been achieved, the 
chopping system is turned off and the preform is formed by 
polymeriZing or curing the binder. The binder resin does not 
have to be added to the mixture during the ?ber/ ?ller 
bloWing step; instead, it can be bloWn into the preform once 
all the reinforcement elements are in place. The binder can 
be an ultraviolet-curable resin or other fast-curing resins. 
Once stabiliZed, the preform is cooled and removed from the 
screen. It may be noted that the coolant channels or ?uid 
?oW ?eld channels can be built in the bipolar plate or How 
?eld plate at a later stage using matched-die molding, for 
instance. The surface ?oW channels may also be created by 
embossing. 
C. Fiber Mat Route: 

[0043] This route may begin With provision of a highly 
porous ?ber mat, Which is basically composed of carbon 
and/or glass ?bers bonded at their points of contact by a 
binder. The mat has interconnected interstices or voids 
betWeen ?bers. Slurry molding- or directed ?ber bloWing 
type procedure is then used to add thermoplastic ?bers/ 
poWders and ?ne-scaled (preferably nano-scaled) conduc 
tive elements such as CNTs, NGPs, GNFs, graphite 
poWders, metal nano particles and carbon black) into the 
voids of the ?ber mat to produce a preform. Glass or carbon 
?ber mats are commercially available. They typically con 
tain some pre-applied binder resin to impart rigidity and 
strength to the mat. 

[0044] Each one of the above three routes can be imple 
mented as a continuous process. For instance, as shoWn in 
FIG. 4(c), the process begins With pulling a Web 86 (porous 
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sheet) from a roller 84. The moving Web receives a stream 
of slurry 88 (as described in the above-described Slurry 
Molding Route) from above the Web. Water sieves through 
the Web With all other ingredients (a mixture of ?llers, 
binder, thermoplastic ?bers, etc.) remaining on the surface 
of the Web being moved forWard to go through a compaction 
stage by a pair of compaction rollers 90a, 90b. Heat may be 
supplied to the mixture before, during, and after compaction 
to help cure the thermoset binder for retaining the shape of 
the resulting preform. The preform then goes through 
embossing or matched-die molding by a pair of embossing 
rollers or matting mold platens 92a, 92b to create ?oW 
channels on one or both major surfaces of the preform, 
Which is also consolidated to become a How ?eld plate or 
bipolar plate. Preferably, the moving Web 86a is separated 
from the preform 91 and collected by a Winding roller 8411. 
It is also preferred that the mold platens 92a, 92b are 
replaced by a pair of embossing rollers (not shoWn). Alter 
natively, the compaction rollers 90a, 90b may also serve as 
embossing rollers for creating ?oW channels. In this latter 
case, the mold platens 92a, 92b Will not be needed. A cutting 
device may be installed to separate individual plates in-line. 

[0045] Similar procedures may be folloWed for the case 
Where the mixture 88 of ?llers, binder and thermoplastic is 
delivered to the surface of a moving Web 86 by compressed 
air, like in a directed ?ber/binder spraying route described 
above (FIG. 4(c)). Air Will permeate through the Web With 
other solid ingredients trapped on the surface of the Web, 
Which are conveyed forward. The subsequent operations are 
similar than those involved in the slurry molding route. 

[0046] Alternatively, as indicated in FIG. 4(d), a continu 
ous ?ber mat 87 may be pulled from a roller 84. A mixture 
89 of ultra-?ne ?llers and thermoplastic poWders is then 
delivered, either through slurry pouring or directed spraying, 
to enter the macro pores of the ?ber mat structure. Com 
paction rollers 90a, 90b also help to Work the mixture into 
the pores of the mat. The resulting preform is then 
embossed/molded into ?oW ?eld plates or bipolar plates. 
Embossing or molding may involve heating the preform to 
melt out the thermoplastic resin and cure the thermoset resin 
binder, and then cooling the structure doWn to room tem 
perature. 

[0047] Alternatively, as schematically shoWn in FIG. 4(e), 
the preform 91, With all ingredients held in place by the 
thermoset binder, may be stored ?rst (e.g., Wrapped around 
a roller 93). At a later time, the preform may then be cut and 
?t into a mold (if so desired, a plurality of layers of cut 
preform may be stacked together) for consolidation of the 
plate and formation of surface ?oW channels and, possibly, 
coolant channels. 

[0048] If coolant channels are needed, they can be created 
during the molding process in several Ways. For instance, 
during the How ?eld plate molding process, the mold surface 
may be shaped to produce a part of a channel groove (e.g., 
52a in FIG. 6(a)). TWo matting ?oW ?eld plates may then be 
positioned together to form a bipolar plate 54 (FIG. 6(b)) 
having complete coolant channels (e.g., 52). 

[0049] Preferably, coolant channels are built into a bipolar 
plate When it is molded. For instance, as schematically 
shoWn in FIG. 7(a), tWo composite preform sheets 6311 or 
63b may be molded betWeen a pair of matched molds (61a, 
61b) and a number of molding pins 67. Upon completion of 
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the molding procedure, these pins, pre-coated With a mold 
release agent, may be pulled out of the composite structure 
to obtain an integral bipolar plate 54 (FIG. 7(b)) With built-in 
coolant channels 67a. Optionally, coolant channels may be 
?tted With connectors, preferably before the resin matrix 
material is solidi?ed. FIG. 8 shoWs back-to-back ?oW ?eld 
plates that are fabricated as one monolithic component 54, 
With coolant channels 52 formed as complete channels 
Within the component, as Well as reactant channels 60 & 62. 
The tWo outer surfaces of bipolar plate 54 are stacked 
against respective diffuser layers 56, 58 (preferably made of 
carbon paper), Which are in turn connected to catalyst-coated 
membrane (e.g., 70) to complete a fuel cell stack. 

[0050] The type and proportion of the conductive ?ller are 
preferably chosen in such a Way that the bulk conductivity 
of the resulting resin mixture is greater than 100 S/cm and 
further preferably greater than 200 S/cm. The US Depart 
ment of Energy conductivity target for composite bipolar 
plates is 100 S/cm. 

[0051] As indicated earlier, the conducting ?ller material 
may be selected from carbon ?bers, metal ?bers, metal 
particles (preferably nano-scaled), carbon nano-tubes 
(CNTs), graphitic nano-?bers (GNFs), nano-scaled 
graphene plates (NGPs), carbon blacks, or a combination 
thereof. Individual nano-scaled graphite planes (individual 
graphene sheets) and stacks of multiple nano-scaled 
graphene sheets are collectively called nano-siZed graphene 
plates (NGPs). The structures of these materials may be best 
visualiZed by making a longitudinal scission on the single 
Wall or multi-Wall of a nano-tube along its tube axis direc 
tion and then ?attening up the resulting sheet or plate. These 
nano materials have strength, stiffness, and electrical con 
ductivity that are comparable to those of carbon nano-tubes, 
but NGPs can be mass-produced at loWer costs. They can be 
produced by reducing the expanded graphite particles to 
much smaller siZes (100 nanometers or smaller). The prepa 
ration of other nano-scaled carbon-based materials, includ 
ing CNTs, GNFs, and carbon black, is Well-knoWn in the art. 
They are all commercially available, along With nano-scaled 
metal particles. 

[0052] It may be noted that the matrix material does not 
have to be a thermoplastic and the binder resin does not have 
to be a thermoset. The matrix material can be a thermoset 
(including an interpenetrating network), a thermoplastic, a 
thermoplastic elastomer, a combined thermoset/thermoplas 
tic (e.g., a semi-interpenetrating network), a rigid rubber or 
elastomer. A thermoset resin matrix can be advantageous 
since a molded part can be separated from a mold as soon as 
curing is achieved to a desired extent; no cooling is required. 
By contrast, cooling is required of a thermoplastic matrix 
composite after hot molding. Thermoplastic melts are also of 
higher viscosity and more dif?cult to process. 

[0053] Hence, another preferred embodiment of the 
present invention is a fuel cell ?oW ?eld plate or bipolar 
plate having ?oW channels on faces of the plate, comprising 
an electrically conductive polymer composite having: (A) at 
least 50% by Weight of a conductive ?ller, comprising at 
least 5% by Weight reinforcement ?bers, expanded graphite 
platelets, graphitic nano-?bers, and/or carbon nano-tubes; 
(B) a polymer matrix material (not a pure thermoplastic) at 
l to 49.9% by Weight; and (C) a polymer binder at 0.1 to 
10% by Weight; Wherein the sum of the conductive ?ller 
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Weight %, polymer matrix material Weight % and polymer 
binder Weight % equals 100% and the bulk electrical con 
ductivity of the How ?eld plate or bipolar plate is at least 100 
S/cm, typically or preferably greater than 200 S/cm. 

[0054] The binder resin serves a primary function of 
rapidly bonding together the reinforcement ?bers and other 
conductive elements to produce a preform that is rigid 
enough for easy handling. With that purpose in mind, other 
types of polymer can be used as a binder. For instance, a 
Water-soluble polymer like poly (vinyl alcohol) and poly 
ethylene oxide can be dissolved in Water or a mixture of 
Water and ethanol. The resulting solution can be used as a 
dispersing medium for the slurry in the process of slurry 
molding of the preform. In the case of compressed air 
assisted directed ?ber spraying process, a dilute polymer 
Water solution may be bloWn through the stacked ?bers/ 
?llers (preform) With Water and alcohol being quickly 
removed With heat. The remaining polymer residues Will 
serve to bond together the reinforcement elements. 

[0055] In one preferred embodiment, the polymer matrix 
material comprises a material selected from a thermoset 
resin, an interpenetrating netWork, a semi-interpenetrating 
netWork, an elastomer, or a combination thereof. This matrix 
material is preferably added to the preform in a solid poWder 
form. Even a thermosetting resin With a proper degree of 
curing can be made into a poWder form (e.g., epoxy, 
phenolic, and polyimide resins). These poWders may be 
incorporated to a preform using any of the above three 
routes: slurry molding (Wet-lay), directed ?ber/binder spray 
ing, and ?ber mat. Again, conductive ?ller may comprise a 
conductive material selected from the group consisting of 
graphite poWder, carbon/ graphite ?bers, metal ?bers, carbon 
nano-tubes, graphitic nano-?bers, nano-scaled graphene 
plates, carbon blacks, metal particles, and combinations 
thereof. Preferably, the conductive ?ller is at 50 to 75% by 
Weight, Which gives a good balance of electrical conductiv 
ity and mechanical properties (strength, stiffness, and ?ex 
ibility). The preform may be composed of reinforcement 
?bers, carbon nano-tubes, graphitic nano-?bers, and/or 
expanded graphite platelets that form an overlapping, con 
tiguous-strand backbone structure or a mat. These reinforce 
ment elements are bonded together by the polymer binder 
material at their points of contact. The ?nal consolidation 
process involves heating to cure the resin and impressing the 
How channels and other surface features to the composite for 
forming the ?nal plates. 

[0056] The present invention also provides a fuel cell or a 
stack of fuel cells that comprises a highly conductive ?oW 
?eld plate or bipolar plate component as de?ned in any of 
the aforementioned preferred embodiments. The resulting 
fuel cell system is of loWer costs (due to their amenability to 
mass production) and better performance (due to loWer 
contact resistance and internal resistance and, hence, higher 
voltage). 

[0057] Conductivity measurements can be made by using 
the four-point probe method on small-siZed plate samples. 
Table 1 summarizes the parameters and properties of the 
samples prepared in the present study. These examples have 
clearly demonstrated the superior electrical conductivity of 
the presently invented composite compositions and the 
composite-based ?oW ?eld plate or bipolar plate products. 
These conductivity values are far superior to those of most 
of prior art bipolar plates. 










