Office de la Proprieté Canadian CA 2483224 C 2005/12/27

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 483 224
Un organisme An agency of

d'Industrie Canada Industry Canada (12) BREVET CANADIEN

CANADIAN PATENT

13) C

(86) Date de depot PCT/PCT Filing Date: 2003/04/21 (51) CLInt.”/Int.CL." HO1M 8/24, HO1M 8/02

(87) Date publication PCT/PCT Publication Date: 2003/12/04 | (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2005/12/27 EDLUND, DAVID J., US
(85) Entrée phase nationale/National Entry: 2004/10/21 (73) E)rz_?gg[ﬁl',rel_/&v,w&esr:
(86) N° demande PCT/PCT Application No.: US 2003/012485

o o (74) Agent: SMART & BIGGAR
(87) N° publication PCT/PCT Publication No.: 2003/100900
(30) Priorité/Priority: 2002/05/21 (10/153,282) US

(54) Titre : ENSEMBLE DE PLAQUES BIPOLAIRES, PILES DE CELLULES ELECTROCHIMIQUES ET SYSTEMES DE

CELLULES ELECTROCHIMIQUES LES CONTENANT

(54) Title: BIPOLAR PLATE ASSEMBLY, FUEL CELL STACKS AND FUEL CELL SYSTEMS INCORPORATING THE

SAME

e e **Wmml“—-——-—-
&

1

—

I B

(57) Abréegée/Abstract:
A fuel cell assembly 16" Iincluding bipolar plate assemblies (60, 64) on opposite sides of MEA (62). The M

—A having anode (66),

cathode (68), an electrolyte (70) and catalysts (74, 76) each disposed between the electrolyte and a respective gas diffusion layer
(738). The bipolar plates having flow fields (87), namely anode flow fields 88" and cathode flow fields 90', with the flow fields having

one or more channels (92) defined at least in part by sidewalls (94) and bottom (96).

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191

.
._'r;- o
R s ViNENEE
A \
BTN .
N T n\'{\‘ -&:- o L~
. :l .l
ea

Sl / f

SO 177
&7 CIPO

0 NN

L RSN
4
3



WO 03/100900 Al

CA 02483224 2004-10-21

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
4 December 2003 (04.12.2003)

(51) International Patent Classification’: HOIM 08/02

(21) International Application Number: PCT/US03/12485

(22) International Filing Date: 21 April 2003 (21.04.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

10/153,282 US

21 May 2002 (21.05.2002)

(71) Applicant (for all designated States except US): IDAT-
ECH, LLC [US/US]; 63160 Britta Street, Bend, OR 97701
(US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): EDLUND, David, J.
[US/US]; 1698 Davenport, Bend, OR 97701 (US).

(74) Agent: D’ ASCENZOQO, David, S.; Kolisch Hartwell, P.C.,
520 S.W. Yamhill Street, Suite 200, Portland, OR 97204
(US).

PCT

(10) International Publication Number

WO 03/100900 Al

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD,
SE, SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, 7ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (Al, BE, BG, CH, CY, CZ, DE, DK, EL,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: BIPOLAR PLATE ASSEMBLY, FUEL CELL STACKS AND FUEL CELL SYSTEMS INCORPORATING THE SAME

2

A\ \

AV
A o

©
<

O .
gy

ALY
AN

(e,
N

@
¢
@
(L L 777

ARNYN
AN

(LT

2

DAY
DAY
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bipolar plate assemblies (60, 64) on opposite sides
of MEA (62). The MEA having anode (66), cathode
(68), an electrolyte (70) and catalysts (74, 76) each
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diffusion layer (78). The bipolar plates having flow
fields (87), namely anode flow fields 88’ and cathode
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BIPOLAR PLATE ASSEMBLY, FUEL CELL STACKS AND

FUEL CELL SYSTEMS INCORPORATING THE SAME
Technical Field

The invention relates generally to fuel cell systems, and more
particularly to bipolar plates for fuel cell systems and fuel cell systems incorporating

the same.

Background of the Invention

An electrochemical fuel cell 1s a device that converts fuel and an
oxidant to electricity, reaction product, and heat. Fuel cells commonly are configured
to convert hydrogen and oxygen into water and electricity. In such fuel cells, the
hydrogen is the fuel, the oxygen is the oxidant, and the water 1s the reaction product.

The amount of electricity produced by a single fuel cell may be
supplemented by connecting several fuel cells together. Fuel cells connected together
in series are often referred to as a fuel cell stack. Some fuel cell stacks include
membrane-electrode assemblies that aré separated by electrically conductive bipolar
plates that electrically connect a cathode of one fuel cell to an anode of another. The
plates also usually provide structural support to adjacent membrane-electrode
assemblies. Furthermore, the plates commonly provide fuel and an oxidant to
membrane-electrode assemblies while removing water and heat therefrom.

Summary of the Invention

The present invention is directed to a layered bipolar plate assembly
and to fuel cell stacks and fuel cell systems incorporating the same. In some
embodiments, the bipolar plate assembly includes a structural metal that provides
strength to the assembly and a conductive metal that provides favorable electrical
conductivity. In some embodiments, the structural metal is diffusion bonded to the
conductive metal to decrease the electrical resistance between the structural metal and
the conductive metal. A flow field established on the surface of the bipolar plate
assembly is present in some embodiments. The flow field may be established by
sacrificially etching the conductive metal with an etchant configured to etch the
conductive metal while leaving the structural metal at most substantially unetched.
Methods for forming the bipolar plate assemblies and fuel cell systems including fuel

cell stacks with the bipolar plate assemblies are also disclosed.



10

15

20

25

30

CA 02483224 2004-10-21

In accordance with one aspect of the invention, there is provided a fuel cell
stack, including a pair of end plates, a plurality of membrane-electrode assemblies arranged
in series between the pair of end plates, and a bipolar plate assembly. The bipolar plate
assembly 1s operatively interposed between adjacently situated membrane-electrode
assemblies, and includes a structural layer of a structural metal, a conductive layer of a
conductive metal intermetallically diffused to the structural layer, and a flow field at least
partially defined by the conductive layer. The structural metal and the conductive metal have
different compositions, and the structural metal has a higher strength-to-weight ratio than the
conductive metal. The conductive layer includes opposed first and second faces, and the first
face 1s intermetallically diffused to the structural layer where the first face abuts the structural
layer. The flow field extends from an opening in the second face toward the first face and
comprises of at least one channel from which the conductive metal has been removed to
define laterally spaced sidewalls and a bottom.

In accordance with another aspect of the invention, there is provided a fuel cell
stack, including a pair of end plates, a plurality of membrane-electrode assemblies arranged
between the pair of end plates, and a bipolar plate assembly operatively interposed between
adjacently situated membrane-electrode assemblies. The bipolar plate assembly includes a
structural core of a structural metal, and the structural metal includes at least one of titanium,
vanadium, and alloys thereof. The bipolar plate assembly further includes an anode
interfacing layer of a conductive metal joining the structural core at a first transitional region
extending across the anode interfacing layer, the first transitional region consisting essentially
of intermetallically diffused structural and conductive metals. The bipolar plate assembly
also includes a cathode interfacing layer of the conductive metal joining the structural core at
a second transitional region extending across the cathode interfacing layer, the second
transitional region consisting essentially of intermetallically diffused structural and
conductive metals. The structural metal and the conductive metal have different
compositions. The structural metal has a higher strength-to-weight ratio than the conductive
metal, and the conductive metal has a lower electrical contact resistance than the structural
metal.

In accordance with another aspect of the invention, there 1s provided a method
of constructing a bipolar plate assembly for use in a fuel cell stack. The method includes
providing a structural layer of a structural metal, and connecting a conductive layer of a

conductive metal to the structural layer, wherein the structural metal and the conductive metal
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have different compositions. The method further includes etching a flow field into the
conductive layer while leaving the connected structural layer unetched or substantially
unetched.

In accordance with another aspect of the invention, there 1s provided a method
of constructing a bipolar plate assembly for use in a fuel cell stack. The method includes
providing a structural layer of a structural metal, and cladding a conductive layer of a
conductive metal to the structural layer to produce a transition region in which the conductive
metal and the structural metal are intermetallically diffused together. The method further
includes establishing a flow field at least partially defined by the conductive layer.

In accordance with another aspect of the invention, there is provided a method
of constructing a bipolar plate assembly for use in a fuel cell stack. The method includes
providing a structural core of a structural metal, and cladding an anode interfacing conductive
layer of a conductive metal to the structural core to produce a transition region in which the
conductive metal and the structural metal are intermetallically diffused together. The method
further includes establishing an anode flow field at least partially defined by the anode
interfacing conductive layer, and cladding a cathode intertacing conductive layer of the
conductive metal to the structural core. The method also includes establishing a cathode tlow
field at least partially defined by the cathode interfacing conductive layer.

Other aspects and features of the present invention will become apparent to those
ordinarily skilled in the art upon review of the following description of specific embodiments of

the invention in conjunction with the accompanying figures.
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Brief Description of the Drawings

Fig. 1 is a schematic view of a fuel cell stack incorporating a pluralty
of bipolar plate assemblies according to the present invention.

Fig. 2 is a schematic view of a proton exchange membrane fuel cell.

Fig. 3 is a schematic fragmentary view of a plurality ot fuel cells, as
may be used in fuel cell stacks according to the present invention.

Fig. 4 is an exploded schematic view of a fuel cell, as may be used 1n
fuel cell stacks according to the present invention.

Fig. 5 is a schematic fragmentary view of a portion of a bipolar plate
assembly configured for use in fuel cell stacks according to the present invention.

Fig. 6 is a schematic fragmentary view of a portion of another bipolar
plate assembly configured for use in fuel cell stacks according to the present
invention.

Fig. 7 is a schematic fragmentary view of a portion of another bipolar
plate assembly configured for use in fuel cell stacks according to the present

invention.

Fig. 8 is a schematic fragmentary view of a portion of another bipolar
plate assembly configured for use in fuel cell stacks according to the present
invention.

Fig. 9 is a schematic fragmentary view of illustrative coolant units, as
may be used in fuel cell stacks according to the present invention.

Fig. 10 is a schematic cross section view of another bipolar plate
assembly configured for use in fuel cell stacks according to the present invention.

Fig. 11 is a schematic microscopic view of a portion of an unclad
bipolar plate assembly constructed according to the present invention.

Fig. 12 is a schematic microscopic view of a portion of a clad bipolar
plate assembly constructed according to the present invention taken along the line 11-
12 in F1g. 5.

Fig. 13 is a schematic view demonstrating a method of forming a

portion of a bipolar plate assembly by cladding a conductive layer to a structural

layer.
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Fig. 14 is a schematic view demonstrating a method of forming a
portion of a bipolar plate assembly by cladding two conductive layers to opposite
faces of a structural layer.

Fig. 15 is a schematic fragmentary view of a portion of a bipolar plate
assembly before a flow field has been etched into the bipolar plate assembly.

Fig. 16 is a schematic view of a portion of a bipolar plate assembly
after a flow field has been etched into a conductive layer of the bipolar plate
assembly.

Fig. 17 shows a method of constructing a bipolar plate assembly.

Fig. 18 i1s a schematic view of a fuel cell system that includes a fuel
cell stack with bipolar plate assemblies according to the present invention.

Fig. 19 is a schematic view of another fuel cell system that includes a
fuel cell stack with bipolar plate assemblies according to the present invention.

Fig. 20 is a schematic view of a fuel processor that may be used with

fuel cell systems according to the present invention.

Fig. 21 is a schematic view of another fuel processor that may be used

with fuel cell systems according to the present invention.
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Detailed Description and Best Mode of the Invention

Fig. 1 schematically depicts a fuel cell stack 10. Stack 10 includes end
plates 12 and 14 positioned on opposite ends of the stack. Stack 10 also includes a
plurality of fuel cells, or fuel cell assemblies, 16, which are physically arranged
between end plates 12 and 14. Each cell 1s individually configured to convert fuel and
an oxidant into an electric current. The fuel cells are electrically coupled 1n series,
although it is within the scope of the invention to couple the cells in parallel or 1n a
combination of series and parallel. When electrically coupled, the cells collectively
provide an electric potential dependent on the configuration of the stack. For
example, if all cells are electrically coupled in series, the electrical potential provided
by the stack is the sum of the cells’ respective potentials. Stack 10 is shown with
positive contact 18 and negative contact 20, across which a load 22 may be
electrically coupled. It should be understood that contacts 18 and 20 have been
schematically depicted in Fig. 1 and may be accessible from a variety of locations.
Similarly, the number of fuel cells 16 in any particular stack may vary, such as
depending upon the desired power output of the fuel cell stack.

The subsequently discussed bipolar plates, or bipolar plate assemblies,
constructed according to the present invention are compatible with a variety of
different types of fuel cells, such as proton exchange membrane (PEM) fuel cells, as
well as alkaline fuel cells, phosphoric acid fuel cells, and other fuel cells that utilize
bipolar plate assemblies. For the purpose of illustration, an exemplary fuel cell 16 1n
the form of a PEM fuel cell is schematically illustrated in Fig.2 and generally
indicated at 24. Proton exchange membrane fuel cells typically utilize a membrane-
electrode assembly 26 consisting of an ion exchange, or electrolytic, membrane 28
located between an anode region 30 and a cathode region 32. Each region 30 and 32
includes an electrode 34, namely an anode 36 and a cathode 38, respectively. Each
region 30 and 32 also includes a supporting plate 40, such as at least a portion of the
bipolar plate assemblies that are discussed in more detail herein.

In operation, hydrogen 42 is fed to the anode region, while oxygen 44
is fed to the cathode region. Hydrogen 42 and oxygen 44 may be delivered to the
respective regions of the fuel cell via any suitable mechanism from sources 46 and 48.
Examples of suitable sources 46 for hydrogen 42 include a pressurized tank, hydride

bed or other suitable hydrogen storage device, and/or a fuel processor that produces a
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stream containing hydrogen gas. Examples of suitable sources 48 of oxygen 44
include a pressurized tank of oxygen or air, or a fan, compressor, blower or other
device for directing air to the cathode region. Hydrogen and oxygen typically
combine with one another via an oxidation-reduction reaction. Although membrane
28 restricts the passage of a hydrogen molecule, it will permit a hydrogen 1on (proton)
to pass therethrough, largely due to the ionic conductivity of the membrane. The free
energy of the oxidation-reduction reaction drives the proton from the hydrogen gas
through the ion exchange membrane. As membrane 28 also tends not to be
electrically conductive, an external circuit 50 is the lowest energy path for the
remaining electron, and is schematically illustrated in Fig. 2. In practice, a fuel cell
stack contains a plurality of fuel cells with bipolar plate assemblies, as will be
discussed in more detail subsequently, separating adjacent membrane-electrode
assemblies. The bipolar plate assemblies essentially permit the free electron to pass
from the anode region of a first cell to the cathode region of the adjacent cell via the
bipolar plate assembly, thereby establishing an electrical potential through the stack
that may be used to satisfy an applied load. This net flow of electrons produces an
electric current that may be used to satisfy an applied load. At least one energy-
consuming device 52 may be electrically coupled to the fuel cell, or more typically,
the fuel cell stack. Device 52 applies a load to the cell/stack and draws an electric
current therefrom to satisfy the load. Illustrative examples of devices 52 include
motor vehicles, recreational vehicles, boats and other seacraft, tools, lights and
lighting assemblies, signaling and communications equipment, batteries and even the
balance-of-plant electrical requirements for the fuel cell system of which stack 10
forms a part.

In cathode region 32, electrons from the external circuit and protons
from the membrane combine with oxygen to produce water and heat. Also shown 1n
Fig. 2 are an anode purge stream 54, which may contain hydrogen gas, and a cathode
air exhaust stream 55, which is typically at least partially, 1f not substantially, depleted
of oxygen. It should be understood that fuel cell stack 10 will typically have a
common hydrogen (or other reactant) feed, air intake, and stack purge and exhaust
streams, and accordingly will include suitable fluid conduits to deliver the associated

streams to, and collect the streams from, the individual cells.
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Fig. 3 shows a schematic representation of a fragmentary portion 10’
of fuel cell stack 10. As shown, portion 10’ includes a plurality of fuel cell
assemblies, including fuel cell assemblies 16’ and 16”. Fuel cell assembly 16°
includes a membrane-clectrode assembly (MEA) 56 positioned between a pair of
bipolar plate assemblies 57, such as assemblies 58 and 60. Similarly, fuel cell
assembly 16” includes an MEA 62 positioned between a pair of bipolar plate
assemblies 57, such as bipolar plate assemblies 60 and 64. Therefore, bipolar plate
assembly 60 is operatively interposed between adjacently situated MEAs 56 and 62.
Additional fuel cells may be serially connected in similar fashion, wherein a bipolar
plate may be operatively interposed between adjacent MEAs. The phrase “working
cell” is used herein to describe fuel cells, such as cells 16’ and 16", that are
configured to produce electric current and typically include an MEA positioned
between bipolar plate assemblies.

Fig. 4 shows an exploded schematic view of fuel cell assembly 167,
which as discussed includes a membrane-electrode assembly (MEA) 62 positioned
between bipolar plate assemblies 60 and 64. MEA 62 includes an anode 66, a cathode
68, and an electron barrier 70 that is positioned therebetween. Electron barrier 70
may include any suitable structure and/or composition that enables protons to pass
therethrough and yet retards the passage of electrons to bias the electrons to an
external circuit. As an illustrative example, barmer 70 may include a membrane-
supported electrolyte that 1s capable of blocking electrons, while allowing protons to
pass. For example, in PEM fuel cells, electron barner 70 'may be a polymer
membrane 72 configured to conduct hydrogen cations (protons) and inhibit electron
flow, and as such may also be described as an ion exchange membrane. In an alkaline
fuel cell, electron barrier 70 may be an aqueous alkaline solution or membrane. For
phosphoric acid fuel cells, electron barrier 70 may be a phosphoric acid solution (neat
or diluted) or membrane.

For at least PEM fuel cells, the electrodes, such as anode 66 and
cathode 68, may be constructed of a porous, electrically conductive material such as
carbon fiber paper, carbon fiber cloth, or other suitable materials. Catalysts 74 and 76
are schematically depicted as being disposed between the electrodes and the electron
barrier. Such catalysts facilitate electrochemical activity and are typically embedded

into barrier 70, such as into membrane 72. Cell 16” will typically also include a gas
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diffusion layer 78 between the electrodes and catalysts 74 and 76. For example, layer
78 may be formed on the surface of the electrodes and/or the catalysts and may be
formed from a suitable gas diffusing material, such as a thin film of powdered carbon.
Layer 78 is typically treated to be hydrophobic to resist the coating of the gas
diffusion layers by water present in the anode and cathode regions, which may
prevent gas from flowing therethrough. It should be understood that it 1s desirable to
have a fluid seal between adjacent bipolar plate assemblies. As such, a variety of
sealing materials or sealing mechanisms 80 may be used at or near the perimeters of
the bipolar plate assemblies. An example of a suitable sealing mechanism 80 1s a
gasket 82 that extends between the outer perimeters of the bipolar plate assemblies
and barrier 70. Other illustrative examples of suitable sealing mechanisms 80 are
schematically illustrated in the lower portion of Fig. 3 and include bipolar plate
assemblies with projecting flanges 84, which extend into contact with barrer 70,
and/or a barrier 70 with projecting flanges 86 that extend into contact with the bipolar
plate assemblies. In some embodiments, it may be desirable for the cells to include a
compressible region between adjacent bipolar plate assemblies, with gaskets 82 and
membranes 72 being examples of suitable compressible regions that permit the cells,
and thus the stack, to be more tolerant and able to withstand external forces applied

thereto.

As shown in Fig. 4, bipolar plate assemblies 60 and 64 extend along
opposite sides of MEA 62 so as to provide structural support to the MEA. Such an
arrangement also allows the bipolar plate assemblies to provide a current path
between adjacently situated MEAs. Bipolar plate assemblies 60 and 64 are shown
with flow fields 87, namely anode flow fields 88 and cathode flow fields 90. Flow
field 88 is configured to transport fuel, such as hydrogen, to the anode. Similarly,
flow field 90 is configured to transport oxidant, such as oxygen, to the cathode and to
remove water and heat therefrom. The flow fields also provide conduits through
which the exhaust or purge streams may be withdrawn from the fuel cell assemblies.
The flow fields typically include one or more channels 92 that are at least partially
defined by opposing sidewalls 94 and a bottom, or lower surface, 96. It should be
understood that flow fields 88 and 90 have been schematically illustrated in Fig. 4 and
may have a variety of shapes and configurations. Similarly, the channels 92 1n a

given flow field may be continuous, discontinuous, or may contan a mix of
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continuous and discontinuous channels. Examples of a vanety of flow field configurations
are shown in U.S. Patent Nos. 4,214,969, 5,300,370, and 5,879,826.

As also shown in Fig. 4, the bipolar plate assemblies may include both anode
and cathode flow fields, with the flow fields being generally opposed to each other on
opposite faces of the bipolar plate assemblies. This construction enables a single bipolar
plate assembly 57 to provide structural support and contain the flow fields for a pair of
adjacent MEAs. For example, as illustrated in Fig. 4, bipolar plate assembly 60 includes
anode flow field 88 and a cathode flow field 90°, and bipolar plate assembly 64 includes
cathode flow field 90 and an anode flow field 88’. Although many, i1f not most or even all of
the bipolar plate assemblies within a stack will have the same or a similar construction and
application, it is within the scope of the invention that not every bipolar plate assembly within
stack 10 contains the same structure, supports a pair of MEAs or contains oppositely facing
flow fields.

Fig. 5 shows a schematic cross section of a bipolar plate assembly 57
constructed according to the present invention. As shown, bipolar plate assembly 57 includes
a structural layer 98 of a structural metal 100. As used herein, the term “metal” 1s meant to
include a pure metal, substantially pure metal, metal alloy, and/or a hybrid combination of at
least two of the preceding. Structural metal 100 typically 1s selected from metals with high
strength-to-weight ratios. An example of a suitable structural metal 100 i1s titanium, although
it is within the scope of the invention to use titanium alloys, vanadium, vanadium alloys, or
other metals that are relatively light and strong and which preferably are stable (unreactive)
within the operating parameters and environments encountered 1n fuel cell stack 10. Metals
with a high strength-to-weight ratio are selected to increase the strength of the fuel cells while
keeping the weight relatively low and the size of the fuel cell relatively small compared to
cells that utilize structural metals with lower strength-to-weight ratios. These metals may
additionally or alternatively be described as providing an equivalent strength, or structural
support, to the cells while having a comparatively lower weight than plates formed from
materials, such as stainless steel or even aluminum, with lower strength-to-weight ratios.
Titanium is particularly well suited because of 1ts favorable combination of high strength and

light weight. The thickness
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of structural layer 98 is selected according to a particular desired application. Thinner
structural layers 98 result in relatively lighter and smaller fuel cell stacks compared to
similarly configured stacks utilizing thicker structural layers of the same structural
metal. Thicker structural layers 98 result in fuel cell stacks with more structural
integrity than similarly configured stacks utilizing thinner structural layers of the
same structural metal. It has been found that a thickness between 0.01 and 0.1 inches
is suitable for most applications when titanium is selected as structural metal 100.
However, a structural layer thickness of less than 0.01 inches is within the scope of
the invention, as is a structural layer with a thickness that is selected to be greater than
0.1 inches, such as when increased strength 1s desired.

Bipolar plate assembly 57 also includes a conductive layer 102 of a
conductive metal 104. Conductive metal 104 typically is selected from metals with
low electrical contact resistances to facilitate an efficient current path between
adjacent MEAs. In particular, conductive metal 104 typically has a lower electrical
contact resistance than structural metal 100, and although not required, also typically
has a lower relative strength-to-weight ratio. An example of a suitable conductive
metal 104 is stainless steel, although it is within the scope of the invention to use
other metals with good electrical conducting properties. Stainless steel 1s particularly
well suited because of its favorable properties as an electrical conductor and its ability
to avoid forming oxide layers that may decrease surface conductivity. The thickness
of conductive layer 102 is selected according to a particular desired application.
Thinner conductive layers result in relatively lighter and smaller fuel cell stacks
compared to similarly configured fuel cell stacks utilizing thicker conductive layers of
the same conductive metal. As described below, in many configurations the thickness
of the conductive layer determines the depth of the flow field, and therefore 1s
selected to achieve a desired flow field depth. It has been found that a thickness
between 0.01 and 0.1 inches is suitable for most applications when stainless steel 1s
selected as conductive metal 104. However, a conductive layer thickness of less than
0.01 inches is within the scope of the invention, as is a conductive layer with a
thickness that is selected to be greater than 0.1 inches, such as when a deeper flow
field 1s desired.

In Fig. 5, a flow field 87 is schematically illustrated extending 1nto

conductive layer 102 of bipolar plate assembly 57. For example, depending upon the
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construction and orientation of the fuel cell stack in which plate assembly 57 1s used,
flow field 87 may be an anode flow field, a cathode flow field, or as discussed in
more detail herein, the flow field may form a portion of a cooling assembly, or
cooling unit. Although a variety of mechanisms, including stamping and coining,
may be used to form flow field 87 within the scope of the invention, a particularly
well-suited method is to chemically, or sacrificially, etch the flow field into the
conductive layer. The arrangement, pattern, locations of ingress and egress, and other
aspects of the flow field are highly customizable, and may be adapted to a particular
application. It should be understood that the bipolar plate assemblies, flow fields,
MEAs, and other aspects of the fuel cell stack are schematically depicted herein for
purpose of illustration. For example, in the illustrated embodiment, flow field 87
extends completely through conductive layer 102 but does not extend nto structural
layer 98. It is also within the scope of the invention that the flow field may not extend
completely through the conductive layer and that the flow field may extend partially
into the structural layer, such as indicated in dash-dot and dashed lines in Fig. 5.

In Fig. 5, bipolar plate assembly 57 also includes a second conductive
layer 108, although second conductive layer 108 may not be necessary for certain
applications. When present, second conductive layer 108 typically 1s made of
conductive metal 104, although it 1s within the scope of the invention that a different
metal may be used, as indicated in dashed lines at 104°. The metal selected tor layer
108 typically has a relatively low electrical contact resistance compared to structural
metal 100. In other words, conductive metal 104 preferably has a lower electrical
contact resistance than structural metal 100. For example, many stainless steels, such
as Type 304, 310 and 316 stainless steels have a lower electrical contact resistance
than titanium. When conductive layers are mounted on the opposing sides, or faces,
of the structural layer, the structural layer may be described as being a structural core.

As also shown in Fig. 5, a second flow field 87’ 1s set within the
second conductive layer, such as by being chemically etched, stamped, coined, or
otherwise configured to extend into the second conductive layer. As shown, the flow
field 87’ has the same configuration as flow field 87. It is within the scope of the
invention, that flow fields 87 and 87’ may have essentially the same configuration,
with differences largely being due to variances induced by the mechanism by which

the flow fields are created, or that the flow fields may have different configurations,
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such as with one of flow fields 87 and 87’ having a greater or smaller depth, width,
continuity, or number of channels per side. Examples of bipolar plate assemblies 57
with these configurations are schematically illustrated in Figs. 6 and 7. In Fig. 6, the
channels forming flow fields 87 and 87’ have different depths, as measured between
bottom 96 and the corresponding inlets 110 to the channels. In Fig. 7, flow fields 87
and 87’ have different widths, as measured between opposed sidewalls 94.

As still another option, flow fields 87 and 87’ may each include at least
one region 112 that is symmetrical with the corresponding region of the other flow
field, and at least one region 114 that 1s not symmetrical with each other, such as
schematically illustrated in Fig. 8. Fig. 8 also provides a graphical illustration of the
fact that the bipolar plate assemblies 57 that include opposed conductive layers 102
and 108 that extend on both sides of a structural layer 98 may, but are not required to,
further include a bridge, or electrically conductive linkage, or interconnect, 116 that
extends between the conductive layers and is formed from a material other than
structural metal 100. For example, linkage 116 may extend along at least a portion,
spaced-apart portions, or the entirety, of the perimeter of the layers, or at any other
suitable location. When present, linkage 116 will typically be formed from one of the
electrically conductive metals 104 and 104’, although others may be used. It should
be understood that any of the exemplary flow field configurations described and/or
illustrated above may include flow fields that extend into the corresponding
conductive layer, through the corresponding conductive layer but not into the
structural layer, or through the corresponding conductive layer and 1nto the structural
layer, such as described with respect to Fig. 5.

When the flow fields on each plate have the same or approximately the
same configuration, the plates will have symmetry between the opposing sides of
structural layer 98 and in some embodiments may be able to be assembled into fuel
cell stacks without requiring side-specific references. By this 1t 1s meant that a
particular side of the plate assembly may be used to support either a cathode or an
anode electrode, depending upon the orientation of the plate assembly relative to the
MEAs supported by the plate assembly. Alternatively, in some embodiments, 1t may
be desirable for the flow fields to have different configurations, such as to provide for
different flow patterns or cross-sectional areas between the anode-facing flow field

and the cathode-facing flow field. For example, flow field 87 may be adapted to
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deliver hydrogen fuel to an anode, while flow field 87° may be adapted to deliver
oxygen to a cathode while removing water therefrom. As used herein, a side of a
bipolar plate assembly that extends into, or bounds, the anode region of a fuel cell
may be referred to as an anode-side plate, or an anode-interfacing portion of the
bipolar plate assembly. Similarly, the side of a bipolar plate assembly that extends
into, or bounds, the cathode region of a fuel cell may be referred to as a cathode side
plate, or a cathode-interfacing portion of the bipolar plate assembly. Similarly, the
conductive layers from which the flow fields are formed may respectively be referred

to as anode-interfacing and cathode-interfacing layers.

Operation of fuel cell stack 10 may increase the temperature of the
stack. The increased temperature may have a negative effect on stack operation
and/or contribute to other undesirable conditions. It has been found that removing
excess heat from fuel cell stack 10 may improve the performance and increase the
reliability of the stack. Heat may be removed from the stack via cooling assemblies
120, which are adapted to deliver a heat exchange fluid into thermal communication
with the stack, whereby the fluid may remove heat from the stack, or alternatively add
heat to the stack. Illustrative examples of cooling assemblies 120 are shown 1n Fig. 9.
As the conduits may be utilized, in at least some embodiments, to provide heat to
stack 10, such as to thaw a frozen stack, the cooling assemblies may also be reterred
to as heat transfer conduits.

Fig. 9 shows a schematic representation of a fragmentary portion 10"
of fuel cell stack 10, with several illustrative examples of coo.ling assemblies 120
shown for purposes of illustration. At 122, a pair of bipolar plate assemblies 57 are
positioned similar to their expected position for a working cell, however, no
membrane-electrode assembly extends between the bipolar plate assemblies. Instead,
the plates abut and the flow fields of the plates define conduits 124 through which a
heat exchange fluid may be passed to selectively increase or decrease the temperature
of the bipolar plate assemblies (and often adjacent structures). Examples of suitable
heat exchange fluids include various gases and liquids, including air, water, o1l, and
glycols. The heat exchange fluid is typically pumped or otherwise propelled through
the conduits by a suitable delivery system. The flow rate of the heat exchange fluid
may be selectively controlled so that the heat exchange fluid has time to efficiently

absorb or deliver heat without becoming effectively saturated with or depleted of heat.
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Although schematically depicted as the same size as the flow field channels 1n
Fig. 9, it is within the scope of the invention that the bipolar plate assemblies may be
configured so that conduits 124 are selectively larger or smaller than the flow field channels

used in working cells. As an additional example, it may be desirable to use a different flow

~ field configuration for conduits 124, such as to select the path along which the heat exchange

fluid will travel as its temperature is selectively increased or decreased.

In Fig. 9, further examples of bipolar plate assemblies 57 are shown. As
shown at 126, the plate assembly includes opposing faces 128 that define a condut 124
extending along at least a substantial portion, if not all or approximately all, of the surfaces of
the faces. Although faces 128 are spaced-apart from each other, the plate assemblies remain
in electrical communication by linkages 116. A further example of a suitable cooling
assembly 120 is generally indicated at 130 in Fig. 9. As shown, bipolar plate assembly 57
includes at least one conduit 124 extending through the plate assembly, such as through 1ts
structural layer. Conduit 124 may extend in a linear and/or a nonlinear path, and cooling
assembly 120 may include more than one conduit 124 extending through a single bipolar
plate assembly. Similarly, when fuel cell stack 10 includes a cooling assembly 120, it may
include one or more different types of cooling assemblies. Furthermore, the frequency and
positioning of the cooling assemblies may vary within the stack, such as between each
working cell, between every other working cell, or periodically or irregularly spaced amongst
the working cells. It is within the scope of the invention to use other mechanisms to cool fuel
cell stack 10, such as those shown in U.S. Pat. Nos. 4,583,583 and 5,879,826.

Although primarily described and illustrated herein as including a monolithic
structural layer 98 having opposing faces that are sandwiched between a pair of conductive
layers 102 and 108, bipolar plate assemblies 57 according to the present invention may
include a pair of discrete, or even spaced-apart structural layers 98, such as shown in Fig. 10
at 57°. As shown, each structural layer forming bipolar plate assembly 57’ includes a face
132 upon which a conductive layer 102 is mounted, and the structural and/or conductive
layers are in electrical communication via an interconnect, or linkage 116. In the illustrated
embodiment, interconnect, or linkage(s) 116 may include any suitable structure for

conducting charge between an

13




CA 02483224 2004-10-21

WO 03/100900 PCT/US03/124835

10

15

20

25

30

anode region of a first working cell and a cathode region of a second working cell.
The bipolar plate assembly shown in Fig. 10 may be configured the same as the
previously described bipolar plate assemblies, and as such may include any of the
elements, subelements, materials of construction and/or variations discussed above.
The region between the internal faces 128 of the structural layers may be at least
partially filled with a metal or other material or materials and/or hollow, such as to
provide one or more conduits 124 for cooling assemblies 120.

Fuel cell stack 10 may include virtually any number of working cells
and cooling assemblies. The stack is capable of outputting relatively more electric
current as additional working cells are added to the stack. Similarly, the stack may
dissipate relatively more heat as more cooling assemblies are added. At the same
time, the stack can be made relatively smaller and lighter when fewer working cells
and/or cooling assemblies are used. The optimum compromise of size, weight,
energy output, and operating temperature may vary depending on the desired
application. As explained herein, it is within the scope of the invention to design a
fuel cell system for various applications, such as by selectively choosing the number
and arrangement of working cells compared to cooling assemblies and/or the
materials used to construct the bipolar plate assemblies.

As discussed, bipolar plate assemblies 57 according to the present
invention include a structural layer 98 upon which one or more conductive layers 102
and/or 108 are mounted. For example, and as shown by referring back to Fig. 5,
structural layer 98 is shown abutting conductive layer 102 at a first transitional region
134, and conductive layer 108 abuts structural layer 98 at a second transitional region
136. When the layers are physically mounted against each other, such as being
plated, adhered, welded or otherwise physically or mechanically secured together, the
transitional regions comprise the interface between the abutting surfaces ot the layers,
at which the composition of the bipolar plate assembly abruptly changes between
structural metal 100 and conductive metal 104 (and/or 104’). An example of such a
configuration is shown in Fig. 11. As shown, structural metal 100 1s schematically
illustrated with black dots, and conductive metal 104 (or 104’) 1s schematically
illustrated with white dots. To provide an additional graphical 1llustration of the fact

that the flow fields of bipolar plate assemblies according to the present invention may
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éxtend completely or partially through the corresponding conductive layers, Fig. 11 1illustrates
cach of these examples.

It is within the scope of the invention, however, that the structural and
conductive layer(s) may be secured together by a cladding process, in which case the
transition region extends within both the structural and the conductive layers as a result of the
cladding process, which causes intermetallic diffusion between the structural metal and the
conductive metal(s). This intermetallic diffusion is schematically illustrated in Fig. 12, in
which the comingling of the black and white dots schematically illustrates the mtermetallic
diffusion that has occurred between the metals, or layers, during the cladding process. In
contrast, compare Fig. 11, in which there is no diffusion, or comingling, of the metals, which
results in transition region 136 merely being the interface in which the structural and
conductive layers abut each other. In Fig. 11, the illustrated region of a bipolar plate
assembly shows a flow field channel 92 that includes a sidewall 94 and a bottom surface 96.
As a clarification, and as used herein, “cladding” is meant to refer to processes by which two
metals are secured together through a process that results in intermetallic diffusion of the
metals, typically with an overall reduction in thickness of the unclad layers. Securing the
conductive and structural layers together by cladding may also be referred to as diffusion
bonding the layers together. Non-exclusive examples of suitable cladding processes mnclude
roll cladding and explosive cladding. When bipolar plate assembly 57 includes a structural
layer 98 to which conductive layers 102 and 108 are clad, the conductive layers may be clad
using the same or different mechanisms.

A benefit of a cladding process is that it increases the electrical conductivity
between the structural and conductive layers when either of the layers is formed from a metal
that tends to oxidize and thereby form a surface oxide layer. For example, if structural layer
98 is made of titanium, a metal that forms a surface oxide layer that decreases the overall
electrical conductivity of structural layer 98, intermetallically diffusing the titanium structural
layer with a conductive layer exposes virgin titanium metal to the conductive metal, thereby
decreasing the effect of the titanium’s surface oxide layer. Cladding the metals also may
increase electrical conductivity even if no surface oxide layer 1s present.  The
intermetallically diffused metals are more intimately connected, and are better suited for

conducting electricity than unclad, or unfused, metals. Increasing the conductivity between
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the structural metal and the conductive metal is useful because the structural metal typically

has a relatively high strength-to-weight ratio compared to the conductive metal, and the

conductive metal typically has a more favorable electrical contact resistance
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compared to the structural metal. When clad together, the resulting bipolar plate
assembly enjoys the favorable strength and weight characteristics of the structural
metal, while simultaneously enjoying the favorable contact conductivity of the
conductive metal and the lowered resistance between the structural and conductive
metals. In particular, when titanium and stainless steel are used, the bipolar plate
assembly has strength-to-weight characteristics of titanium and electrical conductivity
characteristics of stainless steel without suffering greatly from the comparatively low
strength-to-weight ratio of stainless steel or the comparatively lower electrcal
conductivity of titanium, namely, titanium that has a surface oxide layer.

Fig. 13 shows a schematic representation of a cladding process 1n
which conductive layer 102 and structural layer 98 are clad, or intermetallically
diffused, together. Before cladding, conductive layer 102 and structural layer 98 have
a collective thickness t;. After cladding, conductive layer 102 and structural layer 98

have a collective thickness t,, which is less than t;. This contrasts other methods of

joining the layers such as via plating, welding, an adhesive, or physical abutment, in

which case t, may actually be greater than t; Fig. 14 graphically depicts a cladding
process in which conductive layers 102 and 108 are clad on opposite faces 132 of
structural layer 98. Although structural and conductive layers 98, 102 and 108 have
been illustrated in Figs. 13 and 14 (and elsewhere herein) as having the same
individual thicknesses, it is within the scope of the invention that the individual
thicknesses of these layers may vary.

Figs. 15 and 16 schematically depict a portion of bipolar plate
assembly 57 before and after a flow field 87 has been established. The following
discussion refers to flow field 87 in conductive layer 102, but 1t should be understood
that it also applies to a flow field in conductive layer 108, such as in embodiments of
assembly 57 that include conductive layers clad onto opposing faces of the structural
layer. When the structural and conductive layers are clad together, the flow field(s)
is(are) typically created in the resulting bipolar plate assembly after the layers are clad
together. However, in some embodiments of the invention, such as embodiments 1n
which the layers are not clad together, the flow fields may be created prior to joining
the layers together.

Regardless of whether the bipolar plate assembly includes clad or

unclad layers, an example of a suitable method for creating flow fields 87 1s to
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sacrificially etch conductive layer 102. Sacrificial etching is typically performed by
positioning an etching mask on the conductive layer and exposing the conductive
layer to an etchant configured to react with the conductive layer. The reaction causes
conductive metal that is not shielded by the etching mask to become disassociated
from the remaining conductive layer. In this manner, the mask controls what portions
of the conductive layer are etched. The etchant may be sprayed or otherwise applied
against the conductive layer and mask so that the conductive layer 1s exposed to fresh
etchant as the reaction takes place. The reaction with the conductive layer may be
facilitated by heating the etchant. It should be understood that varying the
concentration and composition of the etchant and/or the amount of time the
conductive layer is exposed to the etchant will affect the amount of the conductive
layer (and in some embodiments, the structural layer) that 1s removed. For example,
the conductive layer may pass on a conveyor under nozzles adapted to spray etchant,
and the size of the flow field channels resulting from the etchant spray may be
controlled by adjusting the speed of the conveyor.

Because the structural and conductive layers are formed from different
materials, it is within the scope of the invention that an etchant may be used that will
react with and thereby remove the conductive layer while being at least substantially,
if not completely, unreactive with the structural layer. A benefit of such a
construction and process is that the maximum depth of the flow fields 1s
predetermined by the thickness of the conductive layer. Therefore, in such an
embodiment, flow field(s) can be etched to a uniform depth without having to
precisely control the concentration and exposure time of the etchant; at least not to the
degree necessary when the bipolar plate assembly 1s formed from a single metal or a
generally uniform mixture of metals. In this latter scenario, even careful control of
these variables still makes it very difficult, if not impossible, to initially obtain
uniform flow field depths or other dimensions. For example, as the etchant removes
material from the bipolar plate assembly, the concentration of the etchant decreases.
Similarly, the temperature of the etchant and the corresponding region of the bipolar
plate assembly tends to increase during the etching process, as this is an exothermic
process and this change in temperature may affect the rate at which metal 1s removed

and/or the shape of the resulting tlow field.
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Returning to the selective etching discussed above, the etchant may
sacrificially etch all the way through the conductive layer, such as layers 102 or 108,
in a pattern controlled by the etching mask. However, because the etchant i1s
unreactive with structural layer 98, the depth of the flow field is limited to the depth
of the conductive layer. Therefore, the depth of the flow field is set to equal the depth
of the conductive layer. Aqueous ferric chloride has proven to be a suitable etchant
when the conductive layer is made of stainless steel and the structural layer i1s made of
titanium. Ferric chloride will etch through stainless steel while leaving titanium
unetched or at most substantially unetched. As used herein, “unetched™ 1s meant to
include no removal of metal from the structural layer, and de minimis removal, such
as removal of essentially only a surface oxide layer, while “substantially unetched” 1s
meant to refer to a comparatively smaller removal of metal from the structural layer
than would comparatively be removed from a conductive layer. For example, an
etchant that removes approximately 90% less material from structural metal 100 than
conductive metal 104 or 104’ during the same time period may be described as a
suitable etchant that will form a flow field in the bipolar plate assembly by removing
the conductive layer and leaving the structural layer substantially unetched.

It is within the scope of the invention to use etchants other than ferric
chloride, especially when the conductive layer is not stainless steel and/or the
structural layer is not titanium. In contrast, ferric chloride will dissolve completely
through a bipolar plate assembly formed completely from stainless steel or aluminum
unless the application of the etchant is controlled. Similarly, a bipolar plate assembly
that is completely formed from titanium requires an etchant, such as hydrofluoric acid
(HF), which is very toxic and therefore increases the cost, equipment and/or potential
risk of employing sacrificial etching to form the flow fields.

Fig. 17 shows, generally at 150, a method of constructing a bipolar
plate assembly for use in a fuel cell stack. Method 150 includes, at 152, providing a
structural layer of a structural metal, such as structural layer 98 of structural metal
100. As described above, the structural layer typically i1s between 0.01 and 0.1 inches
thick, although thicker or thinner layers may be used. The structural metal 1s usually
selected from metals with a high strength-to-weight ratio, such as titanium, vanadium,

and/or their alloys.
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The method further includes, at 154, connecting a conductive layer of a
conductive metal to the structural layer. The conductive layer is typically between
0.01 inches and 0.1 inches thick, although thicker or thinner layers may be used. The
conductive metal may be selected from metals with a low electrical contact resistance,
such as conventional stainless steels. In some embodiments, the connecting step
includes diffusion bonding the layers through a cladding process in which the metals
forming the layers are intermetallically diffused. It should be understood that the
connecting step may, but does not necessarily, include connecting a second
conductive layer to the structural layer, either at the same or a different time as the
first conductive layer.

The method further includes, at 156, etching a flow field into the
conductive layer (or the conductive layers, and either at the same time or at difterent
times) while leaving the connected structural layer at most substantially unetched. As
described above, a flow field may be established by sacrificially etching the
conductive layer with an etchant configured to react with the conductive layer. The
structural layer may be left unetched or at most substantially unetched by selecting an
etchant that does not easily react with the structural layer. In this way, the structural
layer is left at most substantially unetched, even when a flow field 1s etched all the
way though the conductive layer. As discussed, when the conductive metal 1s
stainless steel and the structural metal is titanium, ferric chloride may be used as an
etchant.

As discussed above, some fuel cell stacks utilize hydrogen gas as a
reactant, or fuel. Therefore, a fuel cell stack 10 according to the present invention
may be coupled with a source 46 of hydrogen gas 42 (related delivery systems and
balance of plant components) to form a fuel cell system. A fuel cell system according
to the present invention is shown in Fig. 18 and generally indicated at 210. As
discussed previously with respect to Fig. 2, examples of sources 46 of hydrogen gas
42 include a storage device 211 that contains a stored supply of hydrogen gas, as
indicated in dashed lines in Fig. 18. Examples of suitable storage devices 211 include
pressurized tanks and hydride beds. An additional or alternative source 46 of
hydrogen gas 42 is the product stream from a fuel processor, which produces
hydrogen by reacting a feed stream to produce reaction products from which the

stream containing hydrogen gas 42 is formed. As shown in solid lines 1n Fig. 18,
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system 210 includes at least one fuel processor 212 and at least one fuel cell stack
210. Fuel processor 212 is adapted to produce a product hydrogen stream 254
containing hydrogen gas 42 from a feed stream 216 containing at least one feedstock.
The fuel cell stack is adapted to produce an electric current from the portion of
product hydrogen stream 254 delivered thereto. In the illustrated embodiment, a
single fuel processor 212 and a single fuel cell stack 10 are shown; however, 1t 1s
within the scope of the invention that more than one of either or both of these
components may be used. It should be understood that these components have been
schematically illustrated and that the fuel cell system may include additional
components that are not specifically illustrated in the Figures, such as air dehivery
systems, heat exchangers, heating assemblies and the like. As also shown, hydrogen
gas may be delivered to stack 10 from one or more of fuel processor 212 and storage
device 211, and hydrogen from the fuel processor may be delivered to one or more of
the storage device and stack 10. Some or all of stream 254 may additionally, or
alternatively, be delivered, via a suitable conduit, for use in another hydrogen-
consuming process, burned for fuel or heat, or stored for later use.

Fuel processor 212 is any suitable device that produces hydrogen gas
from the feed stream. Examples of suitable mechanisms for producing hydrogen gas
from feed stream 216 include steam reforming and autothermal reforming, in which
reforming catalysts are used to produce hydrogen gas from a feed stream containing a
carbon-containing feedstock and water. Other suitable mechanisms for producing
hydrogen gas include pyrolysis and catalytic partial oxidation of a carbon-containing
feedstock, in which case the feed stream does not contain water. Still another suitable
mechanism for producing hydrogen gas is electrolysis, in which case the feedstock 1s
water. Examples of suitable carbon-containing feedstocks include at least one
hydrocarbon or alcohol. Examples of suitable hydrocarbons include methane,
propane, natural gas, diesel, kerosene, gasoline and the like. Examples of suitable
alcohols include methanol, ethanol, and polyols, such as ethylene glycol and
propylene glycol.

Feed stream 216 may be delivered to fuel processor 212 via any
suitable mechanism. Although only a single feed stream 216 is shown in Fig. 18, 1t
should be understood that more than one stream 216 may be used and that these

streams may contain the same or different feedstocks. When carbon-containing
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feedstock 218 is miscible with water, the feedstock is typically, but not required to be,
delivered with the water component of feed stream 216, such as shown in Fig. 18. When the
carbon-containing feedstock is immiscible or only slightly miscible with water, these
feedstocks are typically delivered to fuel processor 212 in separate streams, such as shown 1n
Fig. 19. In Figs. 18 and 19, feed stream 216 is shown being delivered to fuel processor 212
by a feedstock delivery system 217, which will be discussed in more detail subsequently.

In many applications, it is desirable for the fuel processor to produce at least
substantially pure hydrogen gas. Accordingly, the fuel processor may utilize a process that
inherently produces sufficiently pure hydrogen gas, or the fuel processor may include suitable
purification and/or separation devices that remove impurities from the hydrogen gas
produced in the fuel processor. As another example, the fuel processing system or fuel cell
system may include purification and/or separation devices downstream from the fuel
processor. In the context of a fuel cell system, the fuel processor preferably 1s adapted to
produce substantially pure hydrogen gas, and even more preferably, the fuel processor 1s
adapted to produce pure hydrogen gas. For the purposes of the present invention,
substantially pure hydrogen gas is greater than 90% pure, preferably greater than 95% pure,
more preferably greater than 99% pure, and even more preferably greater than 99.5% pure.
Suitable fuel processors are disclosed in U.S. Patent Nos. 6,221,117, 5,997,594, 5,861,137,
and U.S. Patent Application Publication No. US 2001/0045061 Al.

For purposes of illustration, the following discussion will describe fuel
processor 212 as a steam reformer adapted to receive a feed stream 216 containing a carbon-
containing feedstock 218 and water 220. However, it is within the scope of the invention that
fuel processor 212 may take other forms, as discussed above. An example of a suitable steam
reformer is shown in Fig. 20 and indicated generally at 230. Reformer 230 includes a
reforming, or hydrogen-producing, region 232 that includes a steam reforming catalyst 234.
Alternatively, reformer 230 may be an autothermal reformer that includes an autothermal
reforming catalyst. In reforming region 232, a reformate stream 236 is produced from the
water and carbon-containing feedstock in feed stream 216. The reformate stream typically
contains hydrogen gas and other gases. In the context of a fuel processor generally, a mixed

gas stream that
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contains hydrogen gas and other gases is produced from the feed stream. The mixed gas, or
reformate, stream is delivered to a separation region, or purification region, 238, where the
hydrogen gas is purified. In separation region 238, the hydrogen-containing stream 1s
separated into one or more byproduct streams, which are collectively illustrated at 240 and
which typically include at least a substantial portion of the other gases, and a hydrogen-rich
stream 242, which contains at least substantially pure hydrogen gas. The separation region
may utilize any separation process, including a pressure-driven separation process. In
Fig. 20, hydrogen-rich stream 242 is shown forming product hydrogen stream 254.

An example of a suitable structure for use in separation region 238 1s a
membrane module 244, which contains one or more hydrogen permeable membranes 246.
Examples of suitable membrane modules formed from a plurality of hydrogen-selective metal
membranes are disclosed in U.S. Patent No. 6,319,306. In the ‘306 patent, a plurality of
generally planar membranes are assembled together into a membrane module having flow
channels through which an impure gas stream is delivered to the membranes, a purified gas
stream is harvested from the membranes and a byproduct stream 1s removed from the
membranes. Gaskets, such as flexible graphite gaskets, are used to achieve seals around the
feed and permeate flow channels. Also disclosed in the above-identified application are
tubular hydrogen-selective membranes, which also may be used. Other suitable membranes
and membrane modules are disclosed in the above-mentioned patents and applications, as
well as U.S. Patent Nos. 6,562,111 and 6,537,352. Membrane(s) 246 may also be integrated
directly into the hydrogen-producing region or other portion of fuel processor 212.

The thin, planar, hydrogen-permeable membranes are preferably composed of
palladium alloys, most especially palladium with 35 wt% to 45 wt% copper, such as
approximately 40 wt% copper. These membranes, which also may be referred to as
hydrogen-selective membranes, are typically formed from a thin foil that is approximately
0.001 inches thick. It is within the scope of the present invention, however, that the
membranes may be formed from hydrogen-selective metals and metal alloys other than those

discussed above, hydrogen-permeable and
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selective ceramics, or carbon compositions. The membranes may have thicknesses that are
larger or smaller than discussed above. For example, the membrane may be made thinner,
with commensurate increase in hydrogen flux. The hydrogen-permeable membranes may be
arranged 1n any suitable configuration, such as arranged 1n pairs around a common permeate
channel as 1s disclosed 1in the above-mentioned patents and patent applications. The
hydrogen permeable membrane or membranes may take other configurations as well, such as
tubular configurations, which are disclosed in the above-mentioned patents and patent
applications.

Another example of a suitable pressure-separation process for use In
separation region 238 1s pressure swing adsorption (PSA). In a pressure swing adsorption
(PSA) process, gaseous impurities are removed from a stream containing hydrogen gas. PSA
1s based on the principle that certain gases, under the proper conditions of temperature and
pressure, will be adsorbed onto an adsorbent material more strongly than other gases.
Typically, it 1s the impurities that are adsorbed and thus removed from reformate stream 236.
The success of using PSA for hydrogen purification is due to the relatively strong adsorption
of common impurity gases (such as CO, CO,, hydrocarbons including CH4, and N;) on the
adsorbent material. Hydrogen adsorbs only very weakly and so hydrogen passes through the
adsorbent bed while the impurities are retained on the adsorbent material. Impurity gases
such as NHs, H,S, and H,O adsorb very strongly on the adsorbent material and are therefore
removed from stream 236 along with other impurities. If the adsorbent matenal 1s going to
be regenerated and these impurities are present in stream 236, separation region 238
preferably includes a suitable device that is adapted to remove these impurities prior to
delivery of stream 236 to the adsorbent material because it 1s more difficult to desorb these
impurities.

Adsorption of impurity gases occurs at elevated pressure. When the pressure
is reduced, the impurities are desorbed from the adsorbent material, thus regenerating the
adsorbent material. Typically, PSA is a cyclic process and requires at least two beds for
continuous (as opposed to batch) operation. Examples of suitable adsorbent materials that
may be used in adsorbent beds are activated carbon and zeolites, especially 5 A (5 angstrom)
zeolites. The adsorbent material is commonly in the form of pellets and it is placed in a
cylindrical pressure vessel utilizing a conventional packed-bed configuration. It should be

understood, however,
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that other suitable adsorbent material compositions, forms and configurations may be
used.

As discussed, it is also within the scope of the invention that at least
some of the purification of the hydrogen gas is performed intermediate the fuel
processor and the fuel cell stack. Such a construction i1s schematically illustrated in
dashed lines in Fig. 20, in which the separation region 238’ 1s depicted downstream
from the shell 231 of the fuel processor.

Reformer 230 may, but does not necessarily, additionally or
alternatively, include a polishing region 248, such as shown 1n Fig. 21. As shown,
polishing region 248 receives hydrogen-rich stream 242 from separation region 238
and further purifies the stream by reducing the concentration of, or removing, selected
compositions therein. For example, when stream 242 is intended for use 1n a fuel cell
stack, such as stack 10, compositions that may damage the fuel cell stack, such as
carbon monoxide and carbon dioxide, may be removed from the hydrogen-rich
stream. The concentration of carbon monoxide should be less than 10 ppm (parts per
million). Preferably, the system limits the concentration of carbon monoxide to less
than 5 ppm, and even more preferably, to less than 1 ppm. The concentration of
carbon dioxide may be greater than that of carbon monoxide. For example,
concentrations of less than 25% carbon dioxide may be acceptable. Preferably, the
concentration is less than 10%, and even more preferably, less than 1%. Especially
preferred concentrations are less than 50 ppm. It should be understood that the
acceptable maximum concentrations presented herein are illustrative examples, and
that concentrations other than those presented herein may be used and are within the
scope of the present invention. For example, particular users or manufacturers may
require minimum or maximum concentration levels or ranges that are different than
those identified herein. Similarly, when fuel processor 212 1s not used with a fuel cell
stack, or when it is used with a fuel cell stack that is more tolerant of these impurities,
then the product hydrogen stream may contain larger amounts of these gases.

Region 248 includes any suitable structure for removing or reducing
the concentration of the selected compositions in stream 242. For example, when the
product stream is intended for use in a PEM fuel cell stack or other device that will be
damaged if the stream contains more than determined concentrations of carbon

monoxide or carbon dioxide, it may be desirable to include at least one methanation
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catalyst bed 250. Bed 250 converts carbon monoxide and carbon dioxide 1nto
methane and water, both of which will not damage a PEM fuel cell stack. Polishing
region 248 may also include another hydrogen-producing device 252, such as another
reforming catalyst bed, to convert any unreacted feedstock into hydrogen gas. In such
an embodiment, it is preferable that the second reforming catalyst bed 1s upstream
from the methanation catalyst bed so as not to reintroduce carbon dioxide or carbon
monoxide downstream of the methanation catalyst bed.

Steam reformers typically operate at temperatures in the range of
200° C and 700° C, and at pressures in the range of 50 psi and 1000 psi, although
temperatures and pressures outside of these ranges are within the scope of the
invention, such as depending upon the particular type and configuration of fuel
processor being used. Any suitable heating mechanism or device may be used to
provide this heat, such as a heater, burner, combustion catalyst, or the hike. The
heating assembly may be external the fuel processor or may form a combustion
chamber that forms part of the fuel processor. The fuel for the heating assembly may
be provided by the fuel processing system, by the fuel cell system, by an external
source, or any combination thereof.

In Figs. 20 and 21, reformer 230 is shown including a shell 231 1n
which the above-described components are contained. Shell 231, which also may be
referred to as a housing, enables the fuel processor, such as reformer 230, to be moved
as a unit. It also protects the components of the fuel processor from damage by
providing a protective enclosure and reduces the heating demand of the fuel processor
because the components of the fuel processor may be heated as a unit. Shell 231 may,
but does not necessarily, include insulating material 233, such as a solid insulating
material, blanket insulating material, or an air-filled cavity. It is within the scope of
the invention, however, that the reformer may be formed without a housing or shell.
When reformer 230 includes insulating material 233, the insulating material may be
internal the shell, external the shell, or both. When the insulating matenal 1s external
a shell containing the above-described reforming, separation and/or polishing regions,
the fuel processor may further include an outer cover or jacket external the insulation.

It is further within the scope of the invention that one or more of the
components may either extend beyond the shell or be located external at least shell

231. For example, and as schematically illustrated in Fig. 21, polishing region 248
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may be external shell 231 and/or a portion of reforming region 232 may extend beyond the
shell. Other examples of fuel processors demonstrating these configurations are illustrated in
the above-mentioned references and discussed in more detail herein.

Although fuel processor 212, feedstock delivery system 217, fuel cell stack 10
and energy-consuming device 52 may all be formed from one or more discrete components, it
1s also within the scope of the invention that two or more of these devices may be integrated,
combined or otherwise assembled within an external housing or body. For example, a fuel
processor and feedstock delivery system may be combined to provide a hydrogen-producing
device with an on-board, or integrated, feedstock delivery system, such as schematically
1llustrated at 226 1n Fig. 18. Similarly, a fuel cell stack may be added to provide an energy-
generating device with an integrated feedstock delivery system, such as schematically
1llustrated at 227 in Fig. 18.

Fuel cell system 210 may additionally be combined with an energy-consuming
device, such as device 52, to provide the device with an integrated, or on-board, energy
source. For example, the body of such a device 1s schematically 1llustrated in Fig. 18 at 228.
Examples of such devices include a motor vehicle, such as a recreational vehicle, automobile,
boat or other seacraft, and the like, a dwelling, such as a house, apartment, duplex, apartment
complex, office, store or the like, or self-contained equipment, such as an appliance, light,
tool, microwave relay station, transmitting assembly, remote signaling or communication
equipment, etc.

Industrial Applicability

The invented bipolar plate assemblies, methods for forming the same, and fuel
cells and fuel cell stacks containing the same are applicable to the fuel processing, fuel cell
and other industries in which fuel cells are utilized.

It 1s believed that the disclosure set forth above encompasses multiple distinct
inventions with independent utility. While each of these inventions has been disclosed 1n its
preferred form, the specific embodiments thereof as disclosed and illustrated herein are not to
be considered in a limiting sense as numerous variations are possible. The subject matter of
the inventions includes all novel and non-obvious combinations and subcombinations of the
various elements, features, functions and/or properties disclosed herein. Similarly, where the

66 9

claims recite “a’”’ or “a first” element
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or the equivalent thereof, such claims should be understood to include incorporation
of one or more such elements, neither requiring nor excluding two or more such
elements.

It is believed that the following claims particularly point out certain
combinations and subcombinations that are directed to one of the disclosed inventions
and are novel and non-obvious. Inventions embodied in other combinations and
subcombinations of features, functions, elements and/or properties may be claimed
through amendment of the present claims or presentation of new claims in this or a
related application. Such amended or new claims, whether they are directed to a
different invention or directed to the same invention, whether different, broader,
narrower or equal in scope to the original claims, are also regarded as included within

the subject matter of the inventions of the present disclosure.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE

PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A fuel cell stack, comprising:

a parr of end plates;

a plurality of membrane-electrode assemblies arranged in series between
the pair of end plates; and

a bipolar plate assembly operatively interposed between adjacently
situated membrane-electrode assemblies, wherein the bipolar plate assembly includes a
structural layer of a structural metal, a conductive layer of a conductive metal
intermetallically diffused to the structural layer, and a flow field at least partially defined
by the conductive layer, wherein the structural metal and the conductive metal have
different compositions, wherein the structural metal has a higher strength-to-weight ratio
than the conductive metal, wherein the conductive layer includes opposed first and
second faces, wherein the first face is intermetallically diffused to the structural layer
where the first face abuts the structural layer, and further wherein the flow field extends
from an opening in the second face toward the first face and comprises of at least one
channel from which the conductive metal has been removed to define laterally spaced

sidewalls and a bottom.

2. The fuel cell stack of claim 1, wherein the structural metal

includes titanium.

3. The fuel cell stack of claim 1, wherein the conductive metal

includes stainless steel.

4. The fuel cell stack of claim 1, wherein the structural metal

includes titanium, and the conductive metal includes stainless steel.

5. The fuel cell stack of claim 1, wherein the conductive metal has a

lower electrical contact resistance than the structural metal.
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6. The fuel cell stack of claim 1, wherein the bipolar plate assembly
1s configured to conduct electrical charge from one of the membrane-electrode

assemblies to another of the membrane-electrode assemblies.

7. The fuel cell stack of claim 1, wherein the bipolar plate assembly
1s free from a surface oxide layer between the first face of the conductive layer and the
structural layer.

8. The fuel cell stack of claim 1, wherein the conductive layer is not

permeable to hydrogen gas or water other than through the flow field.

9. The fuel cell stack of claim 1, wherein the flow field includes a

sacrificially etched flow field channel.

10.  The ftuel cell stack of claim 9, wherein the conductive layer has a
thickness and the flow field has a depth that is equal to the thickness of the conductive

layer.

11. The fuel cell stack of claim 9, wherein the flow field channel

extends mto the conductive layer.

12. The fuel cell stack of claim 11, wherein the flow field channel
extends through the conductive layer and includes a bottom defined at least partially by

the structural layer.

13. The fuel cell stack of claim 12, wherein the flow field channel

extends into the structural layer.

14.  The fuel cell stack of claim 1, wherein the conductive layer is a
first conductive layer, and the bipolar plate assembly further includes a second
conductive layer of the conductive metal intermetallically diffused to the structural layer

opposite the first conductive layer.
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15.  The fuel cell stack of claim 14, wherein the bipolar plate assembly
further includes a second flow field at least partially defined by the second conductive

layer.

16. The fuel cell stack of claim 1, in combination with a source of

hydrogen gas adapted to deliver a stream of hydrogen gas to the fuel cell stack.

17. The fuel cell stack of claim 16, wherein the source includes a fuel

processor adapted to produce the stream of hydrogen gas from a feed stream.

18. The fuel cell stack of claim 17, wherein the feed stream includes

water and a carbon-containing feedstock.

19. The fuel cell stack of claim 18, wherein the fuel processor
includes a reforming region adapted to produce a mixed gas stream containing hydrogen
gas and other gases from the feed stream, and further wherein the stream of hydrogen gas

is formed from the mixed gas stream.

20. The fuel cell stack of claim 19, wherein the fuel processor further
includes a separation region that contains at least one hydrogen-selective membrane
adapted to separate the mixed gas stream into a hydrogen-rich stream containing at least
substantially pure hydrogen gas and a byproduct stream containing at least a substantial

portion of the other gases.

21. A fuel cell stack, comprising:

a pair of end plates;

a plurality of membrane-electrode assemblies arranged between the pair
of end plates; and

a bipolar plate assembly operatively interposed between adjacently
situated membrane-electrode assemblies, wherein the bipolar plate assembly comprises:

a structural core of a structural metal, wherein the structural metal

includes at least one of titanium, vanadium, and alloys thereof,
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an anode interfacing layer of a conductive metal joining the
structural core at a first transitional region extending across the anode interfacing layer,
the first transitional region consisting essentially of intermetallically diffused structural
and conductive metals, and

a cathode interfacing layer of the conductive metal joining the
structural core at a second transitional region extending across the cathode interfacing
layer, the second transitional region consisting essentially of intermetallically diffused
structural and conductive metals, wherein the structural metal and the conductive metal
have different compositions, wherein the structural metal has a higher strength-to-weight
ratio than the conductive metal, and the conductive metal has a lower electrical contact

resistance than the structural metal.

22.  The fuel cell stack of claim 21, wherein a portion of the structural
core is located on an anode-side plate, and another portion is located on a cathode-side

plate, and wherein a conduit is located between the anode-side plate and the cathode-side

plate.

23. The fuel cell stack of claim 21, wherein the structural metal

includes titanium, and the conductive metal includes stainless steel.

24.  The fuel cell stack of claim 21, wherein the anode interfacing

layer is not permeable to hydrogen gas.

25.  The fuel cell stack of claim 21, wherein the cathode interfacing

layer 1s not permeable to water.

26.  The fuel cell stack of claim 21, wherein the first transitional region

is free from a surface oxide layer between the anode interfacing layer and the structural

COrIc€.

27. The fuel cell stack of claim 21, wherein the second transitional
region is free from a surface oxide layer between the cathode interfacing layer and the

structural core.
31
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28.  The fuel cell stack of claim 21, wherein the bipolar plate assembly
further includes an anode flow field at least partially defined by the anode interfacing

layer.

29. The fuel cell stack of claim 28, wherein the anode flow field

includes at least one sacrificially etched channel.

30. The fuel cell stack of claim 28, wherein the anode flow field

comprises channels having a bottom extending toward the cathode interfacing layer,

generally opposed sidewalls and an opening opposite the bottom.

31. The fuel cell stack of claim 28, wherein the anode flow field

extends into the anode interfacing layer.

32. The fuel cell stack of claim 31, wherein the anode flow field
extends through the anode interfacing layer and includes a bottom defined at least

partially by the structural core.

33. The fuel cell stack of claim 32, wherein the anode flow field

extends into the structural core.

34.  The fuel cell stack of claim 21, wherein the bipolar plate assembly
further includes a cathode flow field at least partially defined by the cathode interfacing

layer.

35. The fuel cell stack of claim 34, wherein the cathode flow field

includes at least one sacrificially etched channel.

36. The fuel cell stack of claim 34, wherein the cathode flow field
comprises channels having a bottom extending toward the anode interfacing layer,

generally opposed sidewalls and an opening opposite the bottom.
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37. The fuel cell stack of claim 34, wherein the cathode flow field

extends into the cathode interfacing layer.

38. The fuel cell stack of claam 37, wherein the cathode flow field

extends through the cathode interfacing layer and includes a bottom defined at least

partially by the structural core.

39. The fuel cell stack of claam 38, wherein the cathode flow field

extends into the structural core.

40. A method of constructing a bipolar plate assembly for use in a fuel
cell stack, the method comprising;:

providing a structural layer of a structural metal,;

connecting a conductive layer of a conductive metal to the structural
layer, wherein the structural metal and the conductive metal have different compositions;
and

etching a flow field into the conductive layer while leaving the connected

structural layer unetched or substantially unetched.

41.  The method of claim 40, wherein connecting a conductive layer to

the structural layer includes connecting the layers via intermetallic diffusion.

42. The method of claim 41, wherein the conductive layer and

structural layer are connected via roll cladding.

43. The method of claim 41, wherein the conductive layer and

structural layer are connected via explosive cladding.

44. The method of claim 40, wherein the structural metal includes

titanium.

45. The method of claim 40, wherein the conductive metal includes

stainless steel.
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46. The method of claim 40, wherein the structural metal includes

titanium, and the conductive metal includes stainless steel.

47. The method of claim 40, wherein the flow field is etched with an
etchant selected to react with the conductive metal while leaving the structural metal at

most substantially unetched.

48. The method of claim 47, wherein the etchant includes ferric

chlonde.
49. The method of claim 47, wherein the etchant is selected to be

unreactive to the structural metal.

50.  The method of claim 40, further comprising connecting a second
conductive layer of the conductive metal to the structural layer and etching a second flow
field into the second conductive layer while leaving the connected structural layer at
most substantially unetched, wherein the conductive layer and the second conductive

layer sandwich the structural layer.

51. A method of constructing a bipolar plate assembly for use 1n a fuel
cell stack, comprising:

providing a structural layer of a structural metal;

cladding a conductive layer of a conductive metal to the structural layer to
produce a transition region in which the conductive metal and the structural metal are
intermetallically diffused together; and

establishing a flow field at least partially defined by the conductive layer.

52. The method of claim 51, wherein the structural metal includes

titanium.

53. The method of claim 51, wherein the conductive metal includes

stainless steel.
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54.  The method of claim 51, wherein cladding the conductive layer to
the structural layer reduces the collective thickness of the structural and conductive

layers.

55.  The method of claim 51, wherein cladding the conductive layer to
the structural layer includes roll cladding the structural layer and the conductive layer

together.

56.  The method of claim 51, wherein cladding the conductive layer to
the structural layer includes explosive cladding the structural layer and the conductive

layer together.

57.  The method of claim 51, wherein establishing the flow field

includes sacrificially etching the conductive layer with an etchant.

58. The method of claim 57, wherein the etchant includes ferric

chloride.

59. The method of claim 57, wherein establishing the flow field
includes sacrificially etching the conductive layer to form a flow field that extends

through the conductive layer.

60. The method of claim 59, wherein the conductive layer has a
thickness and the flow field has a depth that is equal to the thickness of the conductive

layer.

61. The method of claim 51, further comprising cladding a second
conductive layer of the conductive metal to the structural layer and establishing a second
flow field at least partially defined by the second conductive layer, wherein the

conductive layer and the second conductive layer sandwich the structural layer.

62. A method of constructing a bipolar plate assembly for use in a fuel

cell stack, comprising:
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providing a structural core of a structural metal;

cladding an anode interfacing conductive layer of a conductive metal to
the structural core to produce a transition region in which the conductive metal and the
structural metal are intermetallically diffused together;

establishing an anode flow field at least partially defined by the anode
interfacing conductive layer;

cladding a cathode interfacing conductive layer of the conductive metal to
the structural core; and

establishing a cathode flow field at least partially defined by the cathode

interfacing conductive layer.

63. The method of claim 62, wherein the structural metal includes
titanium.

64. The method of claim 62, wherein the conductive metal includes
stainless steel.

65. The method of claim 62, wherein the structural metal includes

titanium and the conductive metal includes stainless steel.

66.  The method of claim 62, wherein the establishing step includes

sacrificially etching the conductive layer.

67.  The method of claim 66, wherein the establishing step includes

sacrificially etching the conductive layer while leaving the structural layer unetched.
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Fig. 17
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