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Abstract:

Proton exchange membrane (PEM) fuel cells offer exceptional potential for a clean, efficient, and
reliable power source. The bipolar plate (BP) is a key component in this device, as it connects each cell
electrically, supplies reactant gases to both anode and cathode, and removes reaction products from the cell.
BPs has primarily been fabricated from high-density graphite, but in recent years, much attention has been
paid to develop the cost-effective and feasible alternative materials. Recently, two different classes of materials
have been attracted attention: metals and composite materials. This paper offers a comprehensive review of the
current researches being carried out on the metallic and composite BPs, covering materials and fabrication
methods. In this research, the phenomenon of ionic contamination due to the release of the corrosion products
of metallic BP and relative impact on the durability as well as performance of PEM fuel cells is extensively
investigated. Furthermore, in this paper, upon several effective parameters on commercialization of PEM fuel
cells, such as stack cost, weight, volume, durability, strength, ohmic resistance, and ionic contamination, a
material selection is performed among the most common BPs currently being used. This material selection is
conducted by using Simple Additive Weighting Method (SAWM).

Highlights:

Materials, properties, Platings, Plating methods, stamping process and ionic contaminations of
metallic bipolar plates. Material selection upon eleven bipolar plate materials using the Simple Additive
Weighing Method (SAWM) approach.
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I.  An Introduction to PEM Fuel Cells:

The global climate changes produced by greenhouse gases emissions such as CO,, NO, and SO, that
are ongoing throughout the world pose a progressively higher demand for replacing today’s fossil fuel based
energy production by less pollutant technologies [1,2]. Among the alternative energies available proton
exchange membrane (PEM) fuel cells have been considered to power transportation vehicles such as
automobiles and buses due to their high power density, relatively quick start-up, low operating temperatures and
low greenhouse gas emissions [3]. The use of lightweight metals for fuel cell bipolar plates is attractive for
automotive use. High corrosion resistance and electrical conductivity requirements for fuel cell components,
however, preclude most uncoated metals from use. Careful selection of alloy coatings and their constituents can
reduce or control the electrochemical corrosion potential and corresponding corrosion rate of the alloy coating.
New low-cost alloy coatings are being developed for Aluminium that possess the requisite high corrosion
resistance and high electrical conductivity. Our current development efforts include novel electrolytic alloys and
conductive polymer coatings for Aluminium to achieve desired fuel cell component lifetime goals. All main
vehicle manufacturers like General Motors, Ford, Toyota and Peugeot are developing fuel cell cars. Honda
launched the first commercial fuel cell car, the FCX Clarity, in the United States market during 2008 summer
[4]. Nevertheless, to completely achieve the automotive industry requirements PEM fuel cells have to overcome
some intrinsic limitations mainly related to durability and cost compared to conventional internal combustion
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engines [5]. Proton exchange membrane (PEM) fuel cells have attracted much attention recently due to the
increasing awareness of Environmental factors and limited energy resources [1] (Fig. 1). PEM fuel cells are
devices that convert chemical energy of a fuel directly into electrical energy while allowing for high efficiency,

zero emission and low working temperature (70-90°C) compared to traditional power sources [2]. Thus, PEM
fuel cells are one of the most promising power sources in transportation applications, since the use of fossil fuel
and concomitant emission to the environment can be reduced [3]. However, currently PEM fuel cells are primarily
employed for research and demonstration applications due to remaining barriers of reliability, endurance, mass,
and cost that hinder their widespread commercial adoption [4].

——
Fig. 1. Schematic figure of PEM fuel cell components.

Bipolar plates (BPs) which are the key multifunctional component in PEM fuel cells constitute over
80% of the weight, 30% of the total cost and almost all of the volume in a typical fuel cell stack [5,6]. The
functions of BPs [6,7] include the following:

(1) Separating the individual fuel cells,

(2) Connecting the cathode side of one cell to the anode side of the other one with good conductivity,

(3) Feeding the reactive gases to the anode side (hydrogen gas) and cathode side (oxygen gas) via flow

channels,

(4) Removing the heat and reaction products (water).

Hence, high electrical conductivity, high gas impermeability, good mechanical performance, good
corrosion resistance and low cost are required for practical applications of BP materials [8]. Based on department
of energy (DOE) criteria [9,10], BPs should achieve some properties as follows:

Through-plane electrical conductivity >100 Scm—l;

Interface contact resistance (ICR) < 30 mUcm? [11];
Chemical stability in the slightly acidic water pH <4;

Corrosionresistance <16 mAcm—2 [11];
Highthermal conductivity >10 W(mK)—L [12];

Low permeability to hydrogen and oxygen <2 x 106 cm?’(cmzs)*1 [11];
Flexural strength >59 MPa and

Impact strength >40.5 Jm—1 [11,12].

AN N N NN N NN

BPs has traditionally been fabricated from high-density graphite on account of its superior corrosion
resistance, chemical stability, high thermal conductivity and availability. However, due to its molecular
structure, it exhibits poor mechanical properties, high manufacturing cost, and it is difficult to work with. Never
the- less, graphite has established itself as the benchmark material for fabrication of bipolar plates, against
which all other materialsare compared [1,6]. However, it is not suitable for either transportation applications that
require good structural durability against shock and vibration or large-scale manufacturing because of its poor
mechanical strength. The thickness of the graphite plates cannot be reduced, resulting in bulkiness and heaviness
[13]. Asaresult, recent studies have moved away from graphite in the direction of developing and optimizing more
cost effective materials such as metals and composites.
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Metallic materials are another choice for BPs because of their good mechanical strength, high
electrical conductivity, high gas impermeability, low cost, and ease of manufacturing [14-17]. The most
advantage of metallic BPs is stampability and reducing the thickness plate to about 1 mm. Stainless steel is
considered one of the promising candidates in BPs. On account of its self-passivating ability, stainless steel is
usually encapsulated by a passive film which can prevent the bulk materials from further corrosion. The
thickness of the passive film is typically in the range of 1-3 nm, which is affected by the environment and steel
grade. Althoughthe passive film candecrease the corrosion rate of stainless steel, it will significantly increase ICR
between the BP and carbon paper [18]. In a PEM fuel cell, the stainless steel will also experience passivation, but
the thickness and the composition of the passive film will depend on the composition of the stainless steel and
the surroundings such as pH values, applied potential, and ions in the solution [8,14,18-20]. In addition, the
passive film will dissolve and reformwhen the environment conditions change leading to release metallicionsand
contamination.

Recently, polymer carbon composite BPs have been investigated due to their lower cost, less weight, and
higher corrosion resistivity in comparison with available materials such as graphite or metallic BPs [21]. The
disadvantages of composite BPs are non-stampability, lower electrical and mechanical properties than those of
metallic BPs. In this article, areview will be performed on the metallic and composite BPs in respect of materials,
properties, and fabrication methods. Since BPs must possess the combined advantages of both metals and graphite
composites in the fuel cell technology, various methods, and techniques are being developed to combat metallic
corrosion and eliminate the passive layer formed on the metal surface that causes unacceptable power
reduction and possible fouling of the catalyst and the electrolyte. The main objective of this study is to explore the
possibility of producing efficient, cost- effective and durable metallic BPs that were capable of functioning in
the highly corrosive fuel cell environment. In order to commercialize the PEM fuel cells, the BP type should
be selected based on the commercial parameters such as weight, volume, and performance. In the literature, a
comparative evaluation between the metallic and composite BPs focusing on commercial parameters has not yet been
performed.

There are some review papers on materials and manufacturing methods of BPs. Tibbetts et al. [22] in
many Yyears ago (2007) has summarized the wide variety of composite properties and fabrication methods
achieved with vapor-grown carbon nano fiber /polymer composites. V. Mehta and J.S. Cooper [23] in many years
ago (2003) have been published one review on materials, fabrication, and coating methods of membrane electrolyte
assembly (MEA) and composite, graphitic, and metallic bipolar plates. S. Karimi et al. [24] recently (2012) were
investigated materials and fabrication methods of metallic bipolar plates. This paper offers a comprehensive
review of the current researches being carried out on metallic bipolar plates, covering materials and fabrication
methods. R. Sengupta et al. [25] in some years ago (2011) have published a review of the mechanical and electrical
properties of graphite and modified graphite reinforced polymer composites. Here, the blending and
polymerization methods of polymer-based carbon composite with an interest in nano fillers such as grapheme,
carbon nano tube, and expanded graphite were investigated. However, the main subject of this paper is general,
without regard to composites BP.

In the mentioned papers the ionic contaminations have not be investigated. In addition, a comparison
between composite and metallic BP from the viewpoint of commercialization interests (such as cost, volume,
weight, and durability) would be necessary. This paper reviews the last findings about materials (different
polymers and fillers used for composite BPs and different substrates and coatings used for metallic BPs) and
production methods (compression and injection molding in composite BPs and stamping and hydro forming
methods in metallic BPs), as well as ionic contamination were investigated. In this paper, a material selection is
also performed between metallic and composite BPs from the viewpoint of commercial parameters. M.C.
Oliveira et al. [26] recently (2012) employed the Ash by approach for selecting materials for the manufacturing
of bipolar plates for PEM fuel cells.

The selection process was divided into two distinct parts; material selection of polymer graphite
composite BPs and for metallic based ones. These routes were defined based on the different attributes relevant
to each type of material. The procedure was based on the development of a trade-off strategy based on the
evaluation of the corresponding Ashby charts. The approach is that different objectives should be defined for
different classes of materials (composite and metallic BPs), because the drawbacks of composite BPs is not
comparable with metallic BPs. The objectives for selecting polymer graphite composites are to maximize the
flexural strength and to maximize the electrical conductivity of the BP, while the objectives for selecting the
metallic bipolar plates are to minimize the corrosion current density and to minimize ICR.The material selection
is reasonable but in this method, there is not any comparison between composite and metallic BPs. On the other
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hand, only a limited number of objectives (electrical conductivity, ICR, corrosion current density, and flexural
strength) have been investigated. In this research, a material selection is performed among several commercial
composite and metallic BPs currently being used in the viewpoint of some commercial parameters include stack
cost, weight, volume, durability, flexural strength, ICR,corrosion current density, and ionic contamination. This
material selection was conducted by using a new approach upon simple additive weighting method.

1. Materials

BP materials are broadly divided into metallic and carbon-based BPs. Initially, carbon-based BPs,
particularly high-density graphite, dominated the R&D activities and other applications [24]. This stemmed
from the excellent chemical and electrical properties of graphite in the harsh operating PEM fuel cell
environment. However, its use was mainly limited to stationary and laboratory settings, where lightweight and
low volume plates were not critical. Additionally, the high cost of machining gas channels and the material’s
inherent brittleness retarded its use in terrestrial applications, including the mobile and transportation fields,
where cost-effective mass production processes are highly desired and often mandatory [27,30].

As a result, metallic BPs have recently attracted the attention of the scientific community. Metals
(excluding noble metals) may seem to exhibit most the desired characteristics, including high thermal and
electrical conductivity, low gas permeability, ease of manufacturing and relatively low cost. However, they have
a number of disadvantages such as chemical instability in the corrosive environments of PEM fuel cells, leading
to corrosion and the formation of a thin oxide layer on their surface. The former can poison the solid polymer
electrolyte as well as the catalyst layer by releasing corrosion by products (Fe*" Cr**, Ni*" etc.), while the latter
can significantly increase ICR between metallic plates and gas diffusion layers, resulting in inferior fuel cell
performance. A number of processes have been proposed to improve the corrosion resistance and ICR of
metallic BPs. These include the application of a thin, conductive protective layer on the surface of the metallic
plates as well as other surface modification techniques. In addition to a large number of publications on different
types of BPs, several review papers have been published on the material type, and manufacturing processes [22,
24, 31, 33]. In the next section, the state-of-the-art advances upon materials and fabrication are introduced.

2.1. Polymer-based Carbon Composite BPs

Usually these composites include two constituents; polymer as a binder (matrix) and filler as
reinforcing materials. In the next part, the polymers and fillers used for BPs are introduced.

2.1.1. Polymers

Both thermoplastic and thermo set resins may be employed in production of composite BPs [31,34].
Regardless of the nature of the polymer, the preparation of BPs requires a fairly large proportion of fillers, and
will eventually cause wetting problem [35]. If the difference in the surface energies between the polymer and
the fillers is low, then the polymer should efficiently wet the fillers, allowing an increase in the filler
concentration, before porosity appears in the composite. Dhakate et al. [36] also proposed that polymers
containing polar groups favour the conductive paths, thereby enhancing the electrical conductivity of the
composite [37]. The polymers applied for manufacturing BPs can be divided into two kinds; thermoset and
thermoplastic polymers. Here, the specifications of these polymers are reviewed.

2.1.1.1. Thermo sets

The components of thermo set usually include the resin, hardener, solvent, some additives such as
plasticizer, dispersant, and so on. Thermosets in comparison to thermoplastics usually have higher strength,
creep resistance, and lower toughness [38]. Thermosets are more brittle than thermo plasts. In high temperature

fuel cells, that fuel cell works at temperature as high as 120°C; thermosets can maintain their dimensional and
thermal stabilities better than thermoplastics. Another benefit of thermosets is that at temperatures higher than
glassing temperature, that curing process is initiated, the viscosity is lower than that of thermoplastics and thus
those can be loaded with higher level of conductive fillers. This fact aids in enhancing electrical conductivity,
mechanical strength and decreasing porosity of themoset based composites. Various types of thermoset resins
have been studied as possible matrix for composite BPs. Three types of thermosets are mostly described in the
literature for the fabrication of BPs: epoxy [39,40], phenolic [9,36,41-45] and vinyl ester [46-49]resins. Some
thermo set resins are liquid at room temperature (vinyl esters in styrene solution [49,50] and some resins are
dissolved in a solvent [10,36]). Epoxy resins are either as liquid or solid powder shape including a resin and
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hardener [51]. Phenolic resins which currently are more attractive to be used for BPs, are available in two
compositions; Resole and Novalac [9]. Novolac is produced by the reaction of formaldehyde with an excess
amount of a phenol or a phenol derivative in the presence of an acid catalyst. However, resole is produced by
the reaction of a phenol or a phenol derivative with an excess amount of formaldehyde in the presence of a base
catalyst. In novalac resin, in order to complete curing reaction, another agent such as hexa methylene tetramine
containing methylol groups is needed, however, for resole this extra agent is not necessary [52]. The different
natures of polymers (powder or liquid types) enable to apply various methods of processing, that each system
presents some advantages and disadvantages. The use of liquid resin enables the incorporation of high filler
content in composite. It should be noted that in the case of the powder form, usually no solvent is used but the
compound is often powdery shape and thus its moulding is difficult. Another disadvantage is the time cycle,
which can be very long, because a post-curing is often necessary to reduce the residual solvent content.

2.1.1.2. Thermo Plastics

Many authors have also investigated the use of thermoplastics for this application [50,53-57]. At first
glance, these materials seem less competitive, because they can commonly incorporate fewer amounts of fillers
than thermo set resins due to higher viscosity. However, a short cycle time associated with solvent free process
may overcome this drawback. Different thermoplastics have been tested for BPs applications and the most used
is polypropylene (PP) [50,53-57]. It combines a low cost, good processing conditions, and mechanical
properties. Poly vinylidene fluoride (PVDF) is also envisaged [37,58-62] because it shows a series of unusual
properties of interest for the applications: good barrier properties, chemical inertness, good mechanical
properties, and moisture resistance. Some studies concern poly phenylene sulfide (PPS) [63-68], which has good
mechanical properties and may be prepared with high filler contents. The other thermoplastic polymers used for
BPs are as follows: polyethylene [69], polyether ether ketone (PEEK) [70], polyethylene tetra phthalate
(PET) [63], poly phenylene oxide [71], nylon [72], and liquid crystalline [71,73].Thermo set polymers usually
escape some gases, during curing reactions, such as hydrogen, ammonia and H,O vapour. Therefore, during
preparation process of composite, the composite is better to be maintained under the high pressure for a long
time so that the produced gases can be released and gas pores can be closed as possible. The time and
temperature of this delay can be specified by the isothermal and non-isothermal analyses of Differential
Scanning Calorimetry (DSC) and Thermo-Gravimetry Analysis (TGA).Thermoplastics do not have curing
reactions, thus no gas porosity is created due to gas release. However to achieve a stable state, the die containing
thermoplastic composites should be cooled to below the glassing temperature of polymer.

2.1.1.3. Moulding Methods

In order to manufacture the composite BP, different methods have been applied. Slurry [42,74,75],Wet
Lay [43,67,76], solid-state shear pulverization [74], hot compression [38,77,81], and injection moulding
[54,71,82,84] methods are the common methods for producing the BPs. Typically hot compression moulding
seems to produce plates with higher electrical and thermal conductivity and dimensional stability [29].
However, successful injection moulding of BPs has been demonstrated. In injection moulding usually the die
cannot be maintained at high temperature under the constant pressure while, in the hot compression it is
possible. The maintaining of system at constant temperature and pressure is very critical for thermo set polymers
to remove the gases released from the curing of the polymer, thereby decreasing the composite porosity.
Another drawback of the injection molding is that the maximal filler content incorporated in the formulation is
much lower than that of compression molding. Because, in injection molding the viscosity should be so low that
the material can properly flow. The final properties of composite are strongly dependent on the processing
conditions and particularly on the flow direction in the mold. In injection molding, there is more preferred
orientation of fillers along the flow direction than compression molding. In contrast to compression moulding,
in injection molding some materials are wasted within the single or double-extruder die. Regarding the above
mentioned, the hot compression molding is still the most common method for the BP production, especially for
thermo set-based composite BPs.

2.1.2. Fillers

Polymers are commonly electrical insulators; therefore, the conductivity is enhanced by adding
conductive fillers. Two types of fillers may be considered, based on either metallic conductors, or the
derivatives of carbon. Although the metallic conductivity may be very high, most of studies in the literature
concern the carbon fillers. There are few studies [34, 85] (and references therein) concern BPs made of polymer-
based metal composite and this can be explained by the fact that this solution could hardly compete for this
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application. There are some limitations in combining the metal and polymer. In addition, low corrosion
resistivity and high density of metals can be mentioned as two major factors limiting the usage of metals in
composite BPs. The most common carbon fillers used for manufacturing composite BPs in literature are
graphite, expanded graphite, and carbon fibre (Fig. 2). Below, some common carbon fillers utilized in
manufacturing BPs are separately reviewed.

2.1.2.1. Graphite

The most commonly used BP material is graphite [78, 79, 86]. Graphite is the crystalline form of the
carbon, apart from Diamond and fullerenes. It exhibits either metallic properties, such as thermal and electrical
conductivities or non-metallic properties, such as inertness, high corrosion resistance, and lubricity. Usual
properties of graphite and other fillers are presented in Table 1. The graphite is micro-sized filler presenting a
low specific surface and an aspect ratio close to one and therefore induces little mechanical properties
improvement. Layered structure has a c-axis lattice constant of 0.66 nm and there are no reactive surface groups
on the graphite layers [36]. Fig. 2 a and b shows the morphology of pure graphite particles and fracture surface
of polymer/G composite, respectively. The electrical conductivity of P/G composites is rather high compared to
other carbon fillers. Graphite particle contains some graphene layers that connect together by weak wander
Waals bond. Therefore electrical conductivity of through-plane is very lower than in-plane of each graphite
particle. Electrical conductivity of graphite is in order of 104 Scm_1 at room temperature [36,87]. Graphite has
excellent corrosion resistance. However difficulty in machining and its brittleness is the biggest weakness of
graphite to be employed in BPs [88,90] that due to which, BP requires a thickness of the order of several
millimetres, and causes the fuel cell stack to be heavy and voluminous [42,91]. Graphite has also a very low
density about 2g/cm3.

2.1.2.2. Expanded Graphite

The natural graphite flakes could be intercalated by modification with various chemical species to form
the graphite intercalation compounds named expandable graphite. Conventionally, the expandable graphite is
heated in a muffe oven at a temperature higher than 8000C to produce the expanded graphite (EG) [92-94].
Recently, microwave irradiation is widely used to heat the expandable graphite, because it can provide a clean
and cheap alternative approach compared with the conventional heating method. The expandable graphite
subjected to only 30 s of microwave irradiation is expanded and exfoliated up to 200 times along the c-axis
direction (Table 1) [95]. Fig. 2 ¢ and d shows the morphology of pure EG particles and fracture surface of
polymer/EG composite, respectively. The high expansion of EG induces a modification of spacing between
graphite layers, thereby a reduction of the density between 10_3 and 10_2 gcm_3, whereas the surface area and
mean aspect ratio may increase to 40 m2 g_1 and 15, respectively [21]. Moreover the electrical properties are
improved, since a conductivity of 12,500 Scm_1 is measured by Celzard et al. [92]. Further exfoliation in a
solvent leads to creating graphite nano platelets [7]. The “paper” materials based on graphite nano platelets
have been reported with conductivities as high as 350 Scm_1 [96] much above the needs for the BPs
applications. EG, in recent researches [25, 36, 41, 44, 97,109], has been widely employed in the composition of
composite BPs, because of its high electrical conductivity and its high aspect ratio that dramatically decreases
percolation threshold in composite BPs [41,110]. But increasing filler loading in composite BPs can
considerably decrease the mechanical strength; therefore the filler loading should be optimized by another filler
such as CF [79,110].
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Fig.2.SEM micrographs of fillers: (a) graphite, (b) P/G composite, (c) 'e>.<panded graphite, (d)
P/EG composite, (e) carbon fiber, and (f) P/CF composite [79].

2.1.2.3. Carbon Fibers.

Carbon fiber (CF) is described as a synthesized material of carbon containing at least 90% carbon.
Carbon Fibers can be produced from a number of precursors including, rayon, pitch, and poly acrylo nitrile
(PAN). Poly acrylo nitrile is currently the main precursor used to produce high performance PAN-based carbon
fibers (Table 1). It is usually obtained by the controlled pyrolysis of appropriate polymeric fibers. It essentially
consists of three main steps: spinning, stabilization (oxidation), and carbonization. The first step in this process
is the polymerization of PAN. After polymerization, the material is spun, most commonly by using the wet-
spinning technique, to obtain the PAN fibers. Next, the fibers are heat treated at relatively low temperature (200-

300°C) under tension in an oxidative atmosphere in which cyclization, dehydrogenation, and oxidation are the
main reactions taking place. This step changes the chemical structure of the PAN fibers causing them to become
thermally stable, in order to retain their shape and structure during carbonization. In other words, the
stabilization process converts the thermoplastic PAN fibers into a non-plastic compound that is capable of
withstanding the high heat treatment temperatures involved in the next step [71,111]. The stabilized PAN fibers
are then converted into carbon fibers by undergoing a process called carbonization, which involves heat

treatment, up to 1500°C, in an inert atmosphere under low tension.

During this process all elements other than carbon are eliminated and a graphite-like structure is
formed [112]. After the carbonization process, the carbon fibers are sometimes heated under tension in an inert

atmosphere, typically at about 2000-2500°C and sometimes up to 3000°C, to perfect the structure or graphitize
the fibers. Following the final heat treatment, most carbon fibers undergo surface treatments to improve their
adhesion with a desired polymer matrix [112].Carbon fibers are used in composites with a lightweight matrix.
Compared to graphite, carbon fibers, which are also micronized fillers, present a high aspect ratio highly
desirable for strength and stiffness, at the expense of a lower intrinsic conductivity [37].Fig. 2 e and f shows the
morphology of pure CF filaments and fracture surface of polymer/CF composite, respectively. Using carbon
fiber in composite BPs leads to increasing the mechanical strength due to high strength and module of CF, as
well as increasing the electrical conductivity of the composite because of high electrical conductivity [42, 44,
51, 95,113,116]. The more the aspect ratio of CF is, the less percolation threshold of composite BP will be [44,
78, 79,117]. However, by increasing aspect ratio the porosity value increases, thereby increasing hydrogen
permeability. Increasing filler loading intensifies this defect due to agglomerating the high-aspect-ratio CFs. The
solution to this difficulty, is augmenting wetability of CF by polymer, as well as using this filler with loading up
to 30 wt% [78, 79,110].
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2.1.2.4. Carbon black

Carbon black (CB) is another form of elemental carbon, which has to be synthetically produced (Table
1). It has traditionally been used as a pigment for inks, coatings, and paints, as well as an additive to reinforce
rubber products. There are five processes by which carbon blacks have been made: lampblack, impingement,
acetylene, thermal, and furnace processes. Today the majority of the carbon blacks are made by either the

furnace or the acetylene gas is introduced into a reactor that has been preheated to 800°C.

Tablel: Physical and mechanical specifications of common carbon fillers used for
composite BPs. P.L: Particle Length; D: fiber Diameter; S.T: Sheet thickness.

Property Graphite EG CF CB MCNT Graphene Ref
Dansity (gem ™) 2-22§ 1.7 1.79-1.909 1L.7-1.9 1.8-2 0.03-0.1
Particle size 6-100 Mm 100-150 oheet L: 10-100 Mm 30-100 nm Li10-1000 Mm
mickmess dismeter D410 Mm D: 3-50 nm
1 mm® [6
Specihic aurface aren 6.5.20 100 0.27-0.98 1250 150-250 2675
l“l:l A‘l
Apact ratio Clom 10 1 =100 Dia: 6-30 M 1.3-20 1000-30,000 Thickness. 0345 nm
din:1-20 Mm
E. conductivity a-axes: 2.5 x 10* a-axes2.5 x 10* 508 10-100 =t e 20,000 in-plane
(Sem™) Goaxen: 8.3 (22 coanen: B3 (22
Thermal Co
250470 W imK)"!
Volume cm’ - 2-10 uil 480-510

Qoo g~
Tansile strength Flaxural: .10 MPa Nil 1000-4000 NPa Nit 130 OPa

99 99.5 PMe? 99.5 95
Caben content 901 99.5 Meds 99.5 95

()

P.L: Particle Length; D: fiber Diameter; S.T: Sheet thickness.

At this temperature, the acetylene undergoes exothermic decomposition and the reaction produces
temperatures at the carbon black surface in excess of 2500°C, with carbon black formation most likely taking

place in the 800-2000°C range. Acetylene blacks typically have intermediate particle size, relatively high
crystallinity (when compared to other carbon blacks) and very high structure. They also exhibit low reactivity
and have low surface oxygen. The properties of this carbon black have made it a popular choice for applications
that require chemical inertness or high electrical and thermal conductivity [3]. Carbon black is in the form of
pellets that are 100 mm to 2 mm in size. Upon mixing into a polymer, these pellets are easily separated into
primary agglomerates 30-100 nm long. This material efficiently imparts electrical conductivity at relatively low
filler loadings. This highly branched, high surface area carbon black structure allows it to contact a large amount
of polymer resulting in improved electrical conductivity at low carbon black concentrations [3]. Although based
on carbon, carbon black differs from graphite and carbon fibers; it is composed of aggregates having complex
configurations, quasi graphitic structure, and colloidal dimensions [118]. Compared to graphite or carbon fibers,
carbon black presents a complex morphology that could fill the holes left with the previous fillers. Carbon black
can be used in composition of composite BPs [44,51], however its low mechanical and electrical properties limit
its applications in commercial BPs.

2.1.2.5. Carbon Nano Tubes (CNT)

CNT is the carbon containing a tubular structure, 1-50 nm diameters, and 1 mm to few centimetres
length [119]. Consequently, their aspect ratio can be very large.CNTs can be found now in a commercial form
of multiwall (MWNT) or in the laboratories as single wall (SWNT) [120]. The nano tubes have induced a very
large scientific interest since their discovery, because of their unique physical properties. The main properties of
these fillers are presented in Table 1. With a very large elastic modulus, CNTs are known as effective
reinforcing agents. Depending on their molecular structures, CNTs with small diameters show either semi-
conducting or metallic behaviour. CNTSs are substantially used in catalyst layer of PEM fuel cells as platinum
support sites. CNTs, due to high aspect ratio, can considerably ease the formation of conductive network,
thereby decreasing percolation threshold more than other fillers [86]. But, the CNTSs are so expensive fillers that
cannot satisfy the DOE criteria related to BP cost (<5 $(kW)_1). However, this filler, due to high aspect ratio,
has a synergetic effect on other fillers, provided that the agglomeration of CNTs through the polymer can be
well controlled. Therefore, using this filler in low filler loading up to 1 wt% has been investigated [51,121,122].
Dhakate et al. investigated the improvement of the properties of polymer/G composite BPs by incorporating
nanostructure filler. This involves the incorporation of different vol % of MWNTSs in graphite polymer
composite BPs. It has been found that by inclusion of 1 vol% of MWNTSs in graphite composite plate, the
electrical and thermal conductivity of nano composite increased by 100%. Oliveira et al. [123] made a polymer-
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based composite by using graphite and MWNT. It was revealed that the corrosion current density (ICorr) of
composite in different CNT weight percentages was lower than DOE criteria (i.e. 1 mAcm_2). The
incorporation of 2 wt% of MWNTSs provided the best compromise between through-plane electrical conductivity
and corrosion resistance. The formation of MWNT agglomerates can be responsible for depressing the
corrosion resistance and the electrical conductivity.

2.1.2.6. Graphene

Recently, graphene has attracted both academic and industrial interest, because it can produce a
dramatic Improvement in properties at very low filler content. The modification of graphene/graphene oxide and
the utilization of these materials in the fabrication of nano composites with different polymer matrices have
been explored [124-129]. Different organic polymers have been used to fabricate graphene-filled polymer nano
composites by a range of methods. In the case of modified graphene-based polymer nano composites, the
percolation threshold can be achieved at a very lower filler loading. Graphene is another allotrope of carbon in
which carbon atoms are arranged in a regular hexagonal pattern (Table 1). Graphene can be described as a
single-atom thick layer of the mineral graphite (many layers of graphene stacked together effectively form
crystalline flake graphite) [124]. Among its other well-publicized superlative properties, it is very light, with a
1m2 sheet weighing only 0.77mg.Graphene is extraordinarily strong (the strongest material ever known or
tested), supernaturally light, and electrically super conductive. But, the high production costs has limited its use
in BPs. Kakati et al. [130] used graphene as a minor filler in the Composition of composite BPs. The composite
of phenolic resin,64 wt% G, 5 wt% CB, 5 wt% CF, 1 wt% Graphene was found to be optimum for the
composite BPs. It was revealed that the reinforcement with 1% graphene significantly improved the electrical
conductivity of BPs. The properties of the graphene reinforced composite BPs fulfilled all the target values.
Therefore, due to high electrical conductivity and mechanical properties, it can be claimed that graphene is
superior filler for using in composite BPs. The only handicap of graphene is its high price. Table 1 shows the
physical and mechanical properties of different carbon allotropes commonly used for composite BPs.

2.1.3. Properties of Composite BPs

Polymer/Carbon composite is a promising alternative to both metal and pure graphite BPs, and has the
advantages of low cost, ease in machining or in situ moulding of complex flow fields during processing, good
corrosion resistance, and light weight [37,42,44,131]. Table 2 lists the composition, production method, and
properties of several polymer-based carbon composite BPs so far reported in the literature [231-234]. Mehta et
al. [23] have performed extensive studies on design and materials of PEM fuel cell, and reported the state-of-
the-art development of BPs by various processes. Mighri et al. [54] developed electrically conductive
thermoplastic blends for injection and compression moulding of BPs using carbon-filled PP and PPS. They
studied the properties of the BPs up to 60 wt% loading of the fillers (natural graphite, conductive carbon, and
CF). The BPs showed good flexural strength of around 50 MPa for PP samples and 84 MPa for PPS samples.
However, the electrical conductivity of the composite was below 1 Scm_1. Wolf and Porada [54] used liquid
crystal polymer (LCP) as binder and CB and CF as fillers to develop the composite. He claimed that the
developed composite has sufficient mechanical strength and low hydrogen permeability to be used as BPs.
However, the reported average electrical conductivity was only 5.6 Scm_1. Radha krishnan et al. [132] studied
the effect of processing conditions on the electrical properties of the BPs.

They used PPS and polyether sulfone (PES) as binder with natural graphite powder to prepare the
composite by compression moulding process. In the process, they used both solution blending and powder

mixing process. They reported that heat treatment of the samples at 100°C for few hours led to a significant
change in electrical conductivity of the samples. However, the reported electrical conductivity of the composite
was in the order of 10 Scm_1. Thus, they have suggested that a third additional conducting component may
provide high electrical conductivity of the composite. Yin et al.[133] studied the electrical and mechanical
properties of PF resin/graphite composite BPs and optimized the process conditions of the compression
molding. The best conductivity and bending strength of the plate were reported as 142 Scm_1 and 61.6 MPa,

respectively. This result was obtained in 15% resin content and compression molding at 240°C for 1 h. They
have also used nano fillers of CNTs to enhance the mechanical strength of the composite [134]. They reported
that reinforcement with 3% CNT improves the mechanical strength of the BPs from 50 to 68.6 MPa.
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Table2: Brief description of materials and properties of different composite BPs reported in literature.

Fillar Matrix Production method Through-plens slectrical Thermal Flawural Faf
conductivity (Scm_]) conductivity strength
[WmK)™’] Ps)
Miesc cerbon micro besd Acrylamids Gelcasting, = neer net-shape 20 3 24 [228]
forming
1 vol% CHNT, 65 %G Phenclic resin Compression molding 30 13 35 [21]
L1l SG/VCB/CF 35 wi%polypropylane Injection melding 15.6 - 50 [53]
5 vol#%CF end 25 %CE Phenolic resin (Movalac) Compression molding 250 (in-plans) T4 =]
80 wthG PPE Compression molding 112 (in-plans) 52 [21]
55 wile, 25% CB P Solution blending end 36.4 - 57
compression molding
60 wtWMNG, 3%CE, 5%CF Phencl formeldshvde resin Compression molding o2 55.18 [44]
80% Activated cerbon snd CF Peolyphenylens slfide (PP3) 40 MPa mmd 400 °C. 133.7 38.8 MPa [114]
80 wt¥ TizSiCy Polyvinylidens fleoride (PVDF) - 28.83 240 MPa [220]
CNT DPET/PVDF {6 velt CNT) - 0.059 31 MPa [230]
Expended G, G flaks Phenol Max 150 °C 250 50 MPa [#1]
CE, G Epoxy resin (bisphenol - 5 {in 45 vol% Carbon) No report [231]
A-type or cesol novelek-type)
EC Noveolac type phenolic resin Hot press =120 54 MPa [232
B0 wol¥e Phenolic Compression molding =150 60 MPa [34]
(Matural Gigymthatic.. GCE/CF)
65% (CB/CF/synthetic @) Polypropylene Injection 156 (through-plane) No report [43]
1200 (in-plane)
L:L:1I{G'CEB/CF) Poly Propylene Hot Processing 19 47.7 MPa [233]
50 HEG Epoxy Hot Processing 200300 - 72 MPa [10]
84 wi% graphite hiodified phenol resin Hot Procassing T8.8 21 175 [234]
SIGFACET: carbon - Compression molding 230 (in-plane) - 40 [41]
Catbon =20 20 (in-plene) 40 [121]
Schmmk: cerbon =20 20 (in-plene) =40 [121]
Fual call store: cerbon 20 - =40 [121]

(Natural G/synthetic G/CB/CF)

(a) (b)
Fig. 3. a) The schematic of a sandwiched composite bipolar plate,
b) SEM microstructures of the composite [80].

As the organic matrix is added to carbon-based fillers, the consequent increase of mechanical strength
is inevitably accompanied by a reduction of electrical conductivity. In this regard, a careful balance between
these two properties must be ascertained. Present article’s author [38,77-79,81] has conducted an in-deep study
on electrical conductivity and mechanical properties of phenolic resin/CF/G/EG composites. He investigated the
effect of each filler on the composite by adding 10-80 wt% of filler in single filler composites. In addition, he
found the synergetic effect of two fillers together by manufacturing double-filler and triple-filler composites.
Finally, he developed a new triple-filler composite that consists of phenolic resin, 45 wt % G, 10 wt % EG, 5 wt
% CF, and a thin CF cloth (Fig. 3). The results showed that this composite has flexural strength 74 MPa,
toughness 39 Jm_1, electrical conductivity 101 Scm_1, thermal conductivity >9 W(mK)_1, and porosity <5 vol
%. The author [80] assembled a single cell PEM fuel cell by this composite and achieved a maximum power
density 810 mWecm_2.

Fig.4 a and b exhibits the developed composite BP with serpentine type gas flow channels and the
assembled single cell during performance test, respectively. In addition, in another work [110] the author
introduced a new approach on electrical conductivity of polymer-based carbon composite by providing a new
equation that properly predicts the electrical conductivity of polymer based composites.Kinumoto et al. [135]
considered the thermal and electrochemical durability of carbonaceous composite plates made from graphite

powders and a resin in order to use in BPs. The results of TGA-DTA test under air up to 600°C showed a

significant weight loss over 300°C, but the hydro phobicity was decreased after heating at 80°C for 192 h. The
carbonaceous composite plates were electrochemically degraded under PEM fuel cell condition especially in
unitized regenerative fuel cell condition.
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2.2. Metallic Bi-Polar Plates

In recent years, metallic BPs have been attracting the attention of the research community because of
their desirable characteristics, such as high electrical conductivity, formability and manufacturability, gas
impermeability, and superior mechanical properties [8,136]. Metallic BPs offer higher strength, toughness, and
shock resistance than those of graphitic and composite BPs, and their excellent mechanical properties allow for
fabrication of thinner plates. Although, metals offer many advantages, they are more susceptible to corrosion,
which can adversely affect their performance and durability [24,137]. It is important to note that corrosion can
take place both at the anode and cathode of an operating PEM fuel cell. At the anode, the protective metal oxide
layer can be reduced as a result of the presence of a reducing environment, leading to unwanted hydride
formation and dissolution of the metal in water. This problem is amplified by the addition of water vapour to the
incoming fuel stream. This can potentially increase the risk of PEM contamination and can adversely affect the
activity of the catalyst layer. At the cathode, the existence of oxidizing environment can substantially increase
the corrosion rate of metallic BPs, leading to performance losses and even premature failure of the whole stack.
Up to now, several surface modification techniques have been proposed and various corrosion-resistant coatings
have been developed to minimize these effects [33]. So far, stainless steels, aluminium alloys, titanium alloys,
nickel alloys, copper alloys, and metal-based composites have been used in bipolar plate fabrication [24].

Prototype one-cell PEM fuel cell stack with Graphite bipolar/end plates
(left hand side), Aluminum Bipolar/end plates coated with Gold (Au)
(middle side) and Pure Aluminum Bi-Polar/end plates (right hand side).
SCANNING ELECTRON MICROSCOPE IMAGES OF Bi-
POLAR PLATES

SEM image of Pure Aluminum Bipolar Photomicrogr: "Ph‘ of Gold-
plates without surface modification Plated Aluminum
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Fig. 4.Photographs of: a) a composite BP with serpentine-type gas flow channel,
b) single PEM fuel cell of composite BP

The Researches have mainly been focused on iron-based alloys, especially stainless steels, because of
their low cost and abundance. In this study, the metal materials, coatings, and production methods of metallic
BPs will expansively be investigated. In addition, the ionic contamination originated from the metallic BP
corrosion will be studied. Although there is a plenty of information on the corrosion resistance of metallic BPs,
long-term tests are often missing on most part of the literature reports. It must be considered that even if the BP
presents ICorr slightly higher than the DOE target (1 mAcm_2), it is not necessarily true that its behaviour will
not be acceptable during long term operation. The overall performance must take into account the fuel cell
output, which, in turn, depends also on ICR and contamination of the membrane with metal ions produced by
the corrosion processes. The search for coatings or surface modification treatments that are capable of
increasing the BP corrosion resistance and simultaneously decrease the contact resistance is a very well-
established trend. The main challenges are to produce defect-free coatings, stable passive films or nitride layers
that are able to protect the metallic substrate from the fuel cell harsh environment [138]. Table 3 lists the
substrates, coatings, and measured properties (ICRs and corrosion resistivities) of several metallic BPs reported
in the literature.

Here, the investigations of metallic BPs are divided to two parts:

1) Stainless steels and their coatings;
2) Aluminium, Nickel, and other nonferrous alloys and their coatings.

2.2.1. Stainless Steels and Platings
Typically, stainless steels (SS) consist of two categories;

» Austenite stainless steels (AISI SS300) and
»  Ferritic stainless steels (AISI SS400).

The former type contains a higher Ni, thereby higher formability. It should be emphasized that Cr, Ni,
and Mo elements can create the passivation layer upon SS surface, while, the passivation current is significantly
reduced with the addition of columbium and titanium as trace metals. Occasionally, the trace elements have the
same or even a greater influence than that of major elements.

2.2.1.1. Un-Plated Stainless Steels.

Most studies on metallic BPs belong to stainless steels due to low cost and abundance. Wang [14]
compared the ICR and ICorr of ferritic stainless steels with SS316L.The ICR order was from 100 to 200
mUcm? as follows:

SS444 > SS436 > SS441 > SS434 > SS316L > SS446.

While, the ICorr Order in anode condition was as follows (mAcm_2): SS444 (50) > SS436 (60) >
SS434 (200) > SS441 (300). Based on Nikiforov et al. [139] research, the 1Corr of SS316L, SS321, and SS347
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are 0.26 10 4,0.8 10 5,and 1.58 10 5 mAcm_2, respectively. Usually ICRs of the bare austenite SS are
usually upper than 100 mUcmz2 in anode and cathode conditions of the PEM fuel cell environment [15,140].
Therefore, it can be concluded that the bare SSs cannot satisfy DOE criteria and they should be coated with a
thin, conductive and protective layer to be used as BP. Yang [141]et al. investigated the corrosion behaviour of
SS316L in simulated PEM fuel cell cathode environments with different H,SO, concentrations by
electrochemical techniques. It was revealed that by increasing H,SO, concentration from 0 to 1 M, ICorr
increased from 0.84 to 640 mAcm_2 and ICR increased from 10 to 50 mUcm2. It was revealed that ICR
between SS316L and carbon paper decreases with the increase of H,SO, concentrations and increases with the
thickness of the passive film. However, ICR for all the H,SO,4 concentrations are higher than US DOE 2015
targeted value. This showed that SS316L needs to be coated with a thin conductive and a protective layer.

2.2.1.2. Carbon-Containing Platings.

The carbon films also seem to be suitable coatings on SS. Feng et al. [142], deposited an amorphous
carbon film on SS316L by close field unbalanced magnetron sputtering. The results obtained from the potentio
dynamic, potentio static, ICP, and SEM analyses consistently demonstrated that the corrosion resistance was
significantly improved by the carbon film. In particular, the current densities under the cathode operation,
potential were reduced from 11.26 mAcm_2 to 1.85 mAcm_2. Tests showed that the carbon film is stable and
greatly reduces the corrosion rate of the SS316L. In addition, the contact angle of water droplet on the uncoated
SS316L was much smaller than that of the carbon coated one suggesting that the carbon coated SS is more
hydrophobic. This property substantially eases eliminating the water droplets produced in cathode side, thereby
inhibiting water flooding in fuel cell stack. The results of the ICR test showed that ICR of carbon coated
SS316L changes from 10.2 to 5.2mUcm2, by increasing clamping pressure from 90 to 210 Ncm_2,that is much
lower than ICR with bare SS316L (380 mUcmz2). The high ICR of bare SS is related to the formation of the
chromium oxide layer naturally coated the SS surface in the atmospheric environment. This research
demonstrated that carbon coated SS316L BPs could reduce the volume and cost of PEM fuel cells and increase
their performance and durability. However, the final assessment upon carbon coated SS strongly depends on the
results of long time fuel cell tests that there are few reports on this case.

It has been reported that the carbon film coating on SS is facilitated by Ni interlayer [143]. Chung et al.
[143] coated nickel layer to catalyze the carbon deposition upon SS304 plate. Afterwards, a thin layer of carbon

was covered with substrate (at 680°C under C,H,/H,) [144]. Analyses indicated that the carbon film displays
double layer structures, i.e. the highly ordered graphite layer at the carbon/Ni interface and the surface layer
mainly containing disarranged graphite structures. It was specified that the surface morphologies of carbon
deposits remarkably depend on the concentration of carbonaceous gas. Both corrosion endurance tests and PEM
fuel cell operations showed that the carbon film revealed excellent chemical stability similar to high-purity
graphite plate, which successfully protected SS304 substrates against the corrosive environment in PEM fuel
cell.

All ICR values have been reported in clamping pressure =z150 Ncm—2; the
common environment for the corrosion tests in the most researches is: 0.5 M H2S04 p

some ppm of F~ at z70 0 C; “anodic condition” was provided via hydrogen purging and
“cathodic condition” was provided via oxygen purging; PVD and CVD are abbreviation of
Physical and Chemical Vapor Deposition; ICP is abbreviation of Inductively coupled
plasma. Therefore, it can be predicted SS/Ni/carbon plates may practically be used instead of the commercial
graphite plates in the application of PEM fuel cell. In another work, a series of Cr containing carbon films were
deposited on SS316L substrates as BPs for PEM fuel cell [145]. Doping Cr in carbon film would considerably
influence the sp3 and sp2 carbon atom content (the higher content of sp3/sp2 ratio of carbon atoms, the higher
ICR value). With the aid of the surface Cr-containing carbon film, ICR and corrosion resistance of the SS316L
substrate are greatly improved. The SS316L substrate coated with Cr0.23C0.77 film Exhibited the lowest ICR
(2.8 mUcm2) and the highest corrosion resistance (9.1 _10 2 mAcm_2) in simulated corrosive conditions of
PEM fuel cell. The above researches indicate that the carbon bearing films can be suitable alternative
platings for stainless steels to be used for metallic BPs.
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Table 3: Brief description of materials and properties of different metallic BPs reported in literature.
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2.2.1.3. Chromium Containing Platings

Chromium Nitride (CrN) is one of the suitable and famous coating layers to be coated on stainless
steels, because it considerably decreases the I1Corr and ICR [146,147].Park et al. [148] have studied on the
effects of a CrN/Cr coating layer on the durability of SS430 metal BPs under a fuel recirculation system of
DMFCs. It was revealed that the CrN/Cr coating layer decreased ICR from 2000 mUcm2 (for bare SS430) to 4
mUcm2 (for CrN/Cr coated SS430). ICorr was about 10_5 mAcm_2 in bare SS430 and 10_7e10_6 mAcm_2 in
coated one. Brady et al. [146,147,149] attempted to obtain low ICR and high corrosion resistance by nitridation
of Cr-bearing alloys, such as NieCr alloys and ferritic high-Cr stainless steels. CVD and PVD are two
economically favourable methods for making protective layers on stainless steel. Surface modification by
thermal nitridation is one of the solutions for decreasing ICorr and ICR of BPs to form a mixed nitride/Cr
nitride/oxide structure on the surface of the stainless steel [146,147]. However, high-temperature thermal
nitridation (about 900 _C) produces non-continuous and discrete external Cr-nitrides, thereby creating Cr-
depleted regions and decreasing corrosion resistance [150,151]. On the other hand, nitridation in high
temperature leads to creating the precipitates such as CrN, Cr,N and TiN, as well as Cr-depleted regions that is
more conductive than passive film (chromium oxide) [152,154]. It means that the nitridation in very high
temperature would decrease ICR.

Consequently, nitridation in high temperature is associated chiefly with the fact that the formation of
Cr-nitrides leads to a loss of Cr from the matrix, thereby reducing the corrosion resistance of stainless steels
[155,156]. However, un-continuous and discrete Cr-nitrides resulted from the nitridation at high temperature,
would have a positive effect on decreasing ICR, because inhibits the creating the continuous passive film
(chromium oxide phases). On the other hand, decreasing nitridation process temperature may severely decrease
atomic diffusion, decrease the coating thickness, and produce insufficient value of the precipitates such as CrN,
Cr2N and TiN. These can lead to increasing corrosion current density and ICR.Therefore, it is anticipated that
the temperature of nitridation should be optimized. There are few researches upon optimizing the nitridation
temperature, but some of these researches verify the mentioned statements. Below, some of these researches are
investigated. The results of research of Lee et al. [151] almost verify the mentioned claims. They performed

thermal nitridation in two temperatures (at 700°C and 900°C) on 446M stainless steel. They found that after
nitridation, ICR of stainless steel significantly decreased. They explained that nitridation leads to the formation
and exposure of Cr nitrides, such as the CrN, on the surface of stainless steel and these precipitates help reduce

the contact electrical resistance. In addition, the polarization curves revealed that the coated steel at 700°C has

excellent corrosion properties under PEMFC operating conditions, whereas the coated steel at 900°C has
relatively poor properties. They explained that the low temperature nitridation of stainless steel produces a
protective CrN/Cr,O5 layer, which protects the base metal from corrosive attacks. It was specified that ICR
value, ICorr in simulated anode condition, and ICorr in simulated cathode condition for nitrided SS446M at low
temperature is 6 mUcm2,1 10 6 Acm_2,and 1 _ 10 _7 Acm_2, respectively, which are much lower than that
of the bare SS446M.

Tian et al. [157,158] reported that ICR could be reduced to 10 mUcm2 by plasma nitriding (at 370°C
for 2 h) of SS316L as well as SS304L, However 1Corr was more than 10 mAcm_2 that is not acceptable. They

anticipated that conducting the coating process at high temperature (370°C) could lead precipitating more CrN
precipitates, thereby more extensive chromium depletion and lower corrosion resistivity. In an attempt, Hong et
al. [156] tried to optimize the temperature of nitriding process of SS316L. They performed the coating process

at different temperatures 257, 317, and 377°C by using inductively coupled plasma. It was revealed the least
value of ICR was achieved at 317°C (13mUcm2), whereas, the least value of corrosion current density was
achieved at 257°C (3.43 _10_6 Acm_2 at 0.6 V). These results verify this claim that the temperature of coating

process should be optimized to decrease either ICR or corrosion current density. It was revealed that using high-
density plasma nitiriding could reduce the process temperature, so that Cr depletion was not significant.

In another study, Yang et al. [159] clearly stated the advantages of low-temperature chromizing

treatment on SS316L (for 180 min at 900°C in Ar atmosphere) to produce mainly Cr-carbide and Cr nitride
coating. The substrates were pre treated by Shot peening to active surface and reduce chromizing temperature.
Results showed that chromized SS316L exhibits ICorr 3 _ 10 7 Acm_2 and ICR value 23 mUcm2 that are
respectively, about four orders and three times lower than those of bare SS316L. Bai et al. [160,161] used low-
temperature pack chromization to form a uniform and dense chromized coating on 1045 steel using a rolling pre
treatment.
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The results showed that the main constituent phases of the coating were carbides and the minor phases
were chromium-ferric nitrides and oxides. The maximum power density of the cell manufactured with this
metallic BP was higher than that of graphitic BP. It was concluded that the performance of chromized carbon
steels is comparable to that of graphite or noble metals for the application of BPs in PEM fuel cell. Furthermore,
the overall cost of chromized carbon steel BPs is much lower than that of graphite or noble metals. In another
work, Hung [5] studied on coating chromium carbide on aluminium and SS316 substrates. The results of the
study showed that chromium carbide coatings have relatively low ICR and moderate corrosion resistance in
comparison to other metals. In addition, the result of the 1000 h lifetime testing of a single cell containing

coated aluminium BPs, at cell temperature 70°C under cyclic loading condition, showed minimal power
degradation (<5%) due to metal corrosion [5]. Nam [162] investigated the electrochemical behaviour of multi-
coatings of CrN/TiN on SS316L. This study examined CrN/TiN coatings on SS316L deposited at three
thickness ratios of CrN/TiN by using RF-magnetron sputtering. The electrochemical studies indicated that
coating at CrN/TiN thickness ratio of 1:9 had very high protective efficiency 0.76 mAcm_2) [162]. Feng et al.
[3] co-implanted the Ni-Cr layer upon SS316L via ion implantation method and presented that ICR value
decreases from 380 (for as-received SS316L) to 200 mUcm2 (for NiCr-coated SS316L after polarization in
anode condition).Moreover, the ICP results showed that Fe is selectively dissolved in all cases.

2.2.1.4. Nitrogen-Containing Platings

One of the other most common coatings on stainless steels is TiN. Zhang et al. [163] investigated the
use of TiN-coated SS304 as BP. Two surface coating techniques, pulsed bias arc ion plating and magnetron
sputtering, are adopted to prepare the TiN-coated stainless steel. Both the TiN and Ti2N/TiN coatings provided
low ICR, 25 and 26 mUcm2, respectively, and low ICorr, 0.0131 and 0.0145 mAcm_2, respectively. However,
the long-term test is necessary for better validation. Yoon et al. [164] evaluated a number of protective coatings
deposited on stainless steel substrates (SS304, SS310, and SS316) by electroplating and physical vapor
deposition (PVD) methods. The coatings include Gold (2 nm, 10 nm, and 1 mm thicknesses), Titanium,
Zirconium, Zirconium Nitride (ZrN), Zirconium Niobium (ZrNb), and Zirconium Nitride with a Gold top layer
(ZrNAu). The results showed that Zr-coated samples satisfied the DOE target for corrosion resistance at both
anode and cathode sides in typical PEM fuel cell environments in the short-term. However, the ICR values of
bare SS316L (300mUcm?2), Zr-coated SS (1000mUcm2), ZrN-coated SS (160 mUcm2), ZrNAu-coated SS (6
mUcm2), 2-nm-Au-coated SS (80mUcm2), 10-nm-Au-coated SS (4mUcm?2), and 1-mm-Au-coated SS
(5mUcmz2) indicated that although Zr is a suitable anti-corrosion coating, it greatly increases the ICR. Moreover,
Au or Au-containing coatings can beneficially reduce ICorr and ICR to lower than DOE criteria, provided that
the thickness of gold coating to be higher than 10 nm (particularly for the cathode side).The above results
indicate that CrN or nitrogen containing coatings, performed in the low temperatures, are two favourable
coatings upon stainless steel BPs of PEM fuel cells.

2.2.1.5. Ni-P Electro less Plating

One of the appropriate techniques for coating the layers on the BPs is an electro less plating method. In
order to increase corrosion resistivity, Ni-P coating on stainless steels is commonly utilized in industry.
Although, this coating method is very simple and just needs a homogenous solution bath at constant temperature
and pH, this method does not seem cost effective due to using the expensive organic materials [165]. It should
be emphasized that the thickness uniformity of coating for electro less method is more than that of other
methods such as electro plating. Lin et al. [166], employed electro less plating method to cover a Ni-P layer
upon SS316L. The potentio static test for the Ni-P deposits prepared under the optimal condition was performed
in a simulated anode working environment (0.5 M H,SO,4 p 10 vol % methanol). The test results showed a
negative corrosion current at all times indicating the cathodic protection of SS during the test. Even after 10 h
potentio static treatment, no metal ions were found in the test solution. In addition, the result of a performance
test demonstrated that stainless steel BPs coated by Ni-P layer obtained a lower bulk resistance and an enhanced
cell performance in comparison with commercially available plates. The Ni-P coating on SS316L by using Cu-
interlayer demonstrated a higher output current compared to the commercial PEM fuel cell, with w18% growth
in performance, but ICorr is higher than DOE criteria. Fetohi et al. [167] studied on coating of Ni-P and Ni-Co-
P on Aluminium alloy 5251 by electro less and electroplating methods. 1Corr of Ni-Co-P coated plate was
improved by four times with respect of that at the bare AA5251 substrate. The least ICorr by electro less and
electroplating methods were related to Ni-Co-P (3.21 _ 10 5 Acm_2) and Ni-P (1.13 _ 10 _7 Acm_2),
respectively. The electro less method resulted in an ICR value as high as 114 mUcm?2 that is twice the amount of
that for coating by electroplating (54 mUcm?2). The results of this research showed that Ni-P platings are not
suitable for usage in BPs.
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2.2.1.6. Noble-Metal Platings

Other compounds that are suitable to be coated on SSs in order to provide a conductive and protective
layer are noble metals such as gold, silver, and platinum. Silver is well known for its excellent electrical
conductivity, high corrosion resistance, and relatively low cost. Feng et al. [168] used ion implantation
technique for coating a thin layer silver on SS 316L. The potentio static tests revealed a significant decrease in
ICorr from 10 to 0.7 mAcm_2 after Ag implantation. In addition, the test showed that ICR value improved from
312 to 78mUcm2. The results showed that the overall reduction in ICR by ion implantation depends on the
value of precipitated silver nano particles in the implanted layer, the passive layer thickness, and amounts of
metallic phase of silver and nickel. In addition, the coating method, coating process conditions (especially
temperature), surface pre-treatment, and the coating thickness can obviously affect the coating quality, thereby
ICR value.

2.2.1.7. Other Platings

Feng et al. [169] investigated the corrosion behaviour and ICR of Nb-implanted SS316L. The
electrochemical results revealed that the passivation current density of the Nbim planted SS316L decreases in
the simulated PEM fuel cell environment (even lower than 1 mAcm_2). The ICP results showed that Nb-
implantation significantly reduces the dissolution rate. The depth profiles of XPS analysis indicated that a
passive film is formed with a new composition consisting mainly of niobium oxide. Our results suggest that Nb-
implantation with proper Nb concentration can significantly improve the corrosion resistance and the electrical
conductivity of SS316L in the simulated PEM fuel cell environments.In this study, the ICR test has not been
performed. Another idea in decreasing ICorr and ICR, is the doping of a special element on the surface layer to
modify the oxide layer conductivity and corrosion inhibition properties of the passive films. Lavigne et al. [170]
used the cerium element in order to dope into the SS316L surface, because this element either increases
electrical conductivity or increases corrosion resistivity of oxide layer [171,172]. They modified the steel
surface by maintaining the steel in a solution containing CeOgS, and Na,SO, for 2 h. The results showed that the
measured current densities of Ce-modified SS are much lower than DOE criteria. Furthermore, an important
diminution of ICR was obtained from 152 mUcm?2 for SS316L to 33 mUcm?2 for modified SS, which indicates
to this fact that cerium can increase charge carrier density in the passive film, thereby the passive layer
conductivity. However, to ensure the results the long term tests are necessary.

2.2.2. Non Ferrous alloy and Platings

Table 3 lists the substrates, coatings, and obtained results of the contact resistance and corrosion tests
for ferrous and nonferrous alloys studied in literature. Regardless of the price, it is predictable that the Ni-based
alloys such as Hastelloy, Incoloy and monel alloys are better candidates for metallic BPs than ferrous alloys,
because these alloys contain a higher corrosion resistivity and formability, as well as lower ICR than those of
ferrous alloys. However, Ni-based alloys usually are much more expensive than ferrous alloys and this limits
their application in commercial BPs. Aluminium alloys are suitable from the viewpoint of the cost, weight,
accessibility, and stampability. However, they have a weaker corrosion resistivity and mechanical strength in
comparison to SSs. Although titanium alloys have a lower weight, contain higher price, lower corrosion
resistivity, and lower stampability by comparison with SSs. As mentioned above, a comprehensive evaluation
needs to be provided considering all advantages and disadvantages of candidate materials for BPs.

2.2.2.1. Aluminium and Alloys

Barranco et al. [173] examined two Nitride Platings (CrN and ZrN) deposited on Al-based (Al-5083)
BPs via cathodic arc evaporation PVD. Potentio dynamic analysis showed that Al-CrN coated samples exhibit
better corrosion resistance than the ZrN/CrN coatings at the anode and cathode simulated environments.
Typically, the multilayer-coated BPs seems to become more fragile than the monolayer of that. One of the paths
to decrease corrosion rate of metallic BPs is the coating of metals by a thin polymer-based composite layer. Lee
et al.[174] developed an Al-based BP coated with a thin layer of polypropylene/carbon black composite. They
used carbon paper and CB as interlayer to decrease ICR between composite and Al layer. They reported the ICR
value lower than 21 mUcm2 and ICorr lower thanl mAcm_2 after a long time. However, the bond strength
between layer and substrate is doubtful. On the other hand, the high thickness of composite BPs increases
volume and weight of the stack.Mawdsley et al. [175] also coated polymer-based composite on Al by wet
spraying followed by heat treatment. The composite contains ethylene tetra fluoro ethylene as polymer and TiC
and graphite powders as fillers. In-plane electrical conductivity, cathodic corrosion resistance, flexural strength,
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and flexibility tests related to the aluminium plate showed that the composite coated aluminium plates met the
DOE targets for BPs. The targets for through-plane area specific resistance and anodic corrosion resistance were
not met DOE targets due to the spraying process producing an undesirable layered microstructure and also a
microstructure with connected porosity and pinholes.

2.2.2.2. Nickel based Alloys.

Brady et al. [147] have studied three commercial alloys namely, Hastelloy G-30 (Ni=30%;Cr=15%;Fe=
5.5%;M0=2.5%;W=5%;C0=2%;Cu=1.5%;Nb), Hastelloy G-35 (Ni=33.2%;Cr=8.1%;Mo=2%Fe) and AL29-4C
(Fe=29%Cr=4%;M0=0.3%;Ni=0.5%(Ti p Nb)). Nitridation of the commercial Ni-Cr base alloys G-30 and G-
35, and the ferritic stainless steel AL29-4C, resulted in a significant reduction in ICR values, in the range of 10
mUcm?2 (at 150 Ncm_2).Nitridation also yielded corrosion resistant surfaces, with anodic current densities less
than 1 mAcm_2 up to 0.9 V. It was possible to form semi-continuous CrN surface layers on G-30, G-35, and
AL29- 4C by nitridation. It seems that the only drawback of this commercial metallic Bps is their high price that
limits their applications.Nikiforov et al. [139] investigated the corrosion resistance of some bare metals. It was
revealed that the 1Corr of SS316L, SS321,SS347, Inconel625, Incoloy825, HastelloyC-276, Tantalum, and Ti

were 26, 8,15.8, 4, 6.4,4.8,1.26 10 2, and 1260 mAcm_2 (at 120°C),respectively. The results for SS316L,
SS321, SS347, Inconel625,Incoloy 825, and HastelloyC-276 at 80°C were 12.6, 20, 50, 0.1, 4, and 0.8

mAcm_2, respectively. It can be seen at 120°C only Ta, and in at 80°C Inconel 625 and Hastelloy C-276 can
satisfy the DOE criteria (1 mAcm_2). Ta has the best corrosion resistivity, but this metal is very expensive, that
is beyond the DOE criteria. HastelloyC-276 and Inconel 625 are the suitable metals for BPs. It should be
emphasized that in the viewpoint of commercial parameters, the stainless steels especially SS316L are the best
candidates for BPs due to lower price and more abundance. The formability of SS316L is higher than other
metals such as Ti that this property helps to stampability. However, this metal needs to be coated by high
conductive and corrosion resistance materials.

2.2.2.3. Titanium Alloys

Titanium is a lightweight metal (density 4.51 g cm_3), with hexagonal close packed (HCP) structure,
that is naturally coated with a non-conductive oxide layer. It should be emphasized that in comparison to other
metals with FCC structure (e.g., Ni and SS316L), Ti has a lower formability, thereby weaker stampability [176].
In addition, the non-conductive oxide layer coated on the Ti surface considerably increases ICR. Researchers
have attempted to improve the Ti performance by coating the conductive and corrosion resistance layers
[176,177]. In an attempt [177], Tie Ag film was coated on Ti substrate by pulsed bias arc ion plating method
that resulted in ICR as low as 4.3 mUcm2. ICorr of Ti/TieAg was approximately 10 mAcm_2 that is higher than

DOE criteria. Feng et al. [178] conducted low (100°C) and high temperature (370°C) nitrogen plasma
immersion ion implantation to improve the corrosion resistance and ICR of titanium sheets. Icorr and ICR for
different samples are as follows: bare Ti (1.45 mAcm_2 and 82 mUcm2), high-temperature-coated Ti (0.22
mAcm_2 and 12 mUcm2), and low-temperature-coated Ti (0.86 mAcm_2 and 440 mUcm2). It can be seen that
the low-temperature-coated Ti samples exhibited poorer corrosion resistance and interfacial contact conductivity
than the untreated titanium. These phenomena can be related to high porosity content between layer and
substrate at low-temperature-coating process. In addition, these data should be verified by long-term test.

2.2.3. Stamping and Hydro forming of Metallic BPs

Nowadays, the metallic sheet BPs with sustainable coating are promising candidates to replace
conventional graphitic, polymer based composite, or machined thick metallic plates due to their ability to be
stamped up to very low thickness as low as 0.051 mm [176,179,181]. Another advantage of the metallic BPs is
that those can be welded by laser welding process [182,183]. The stamping and hydro forming processes are two
viable solutions for mass production of micro-channel arrays on large thin plates to fabricate BPs for PEM fuel
cell applications [176,184]. Fig. 5 compares the method of performing these processes together. However, the
stamping or hydro forming processes accompany two main defects:

1) Rupture of material during forming process;
2) Uneven flow distribution in practical operation.

The depth of the slot on the channel rib should be optimized to eliminate the uneven flow distribution
and to obtain high reaction performance. In one research work, Peng et al. [184] found that the depth of the slots
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is more sensitive to the flow distribution. Flow distribution could be achieved by the optimization design of the
depth of slots. Large upper transition radius and draw angle of the die design could relieve contraction force,
avoid sheet rupture, and improve the formability of BP. The stamping and hydro forming processes have low in-
plate and between-plate variations with the maximum variation of less than 4.1% and 3.4% for stamping and
hydro forming processes, respectively [176]. The hydro formed BPs generally yield lower surface roughness
values at the channel peaks when compared to the stamped BPs. In addition, hydro forming provides BPs with
lower dimensional variations than the stamping process [176]. Two issues should be figured out during the
micro forming process and high production rate of BPs. One issue is the dimensional error resulted from
manufacturing technology [185,186] controlled by tools adjustment and amendments on process parameters
[176,183,187]. The other one is the shape error due to springbuck in stamping process, thermal stress in welding
process, on-uniform clamping pressure, and flexibility of ultra thin sheet [24,182,188,189]. In fact, a proper and
uniform pressure distribution on GDL is essential for PEM fuel cell operation. Both the dimensional error and
the shape error contribute to uneven assembly stress distribution, thereby uneven flow distribution affects the
contact performance between BP and GDL. Dimensional error, including height variations of channels and ribs,
surface roughness, and so on, has drawn wide attention. Mahabunphachai et al. [190] addressed the formability,
surface topography, and dimensional quality of metallic BPs fabricated by stamping and hydro forming
technologies.

(a)

Stamping l F

Fig. 5. The schematic of stamping and hydro forming processes.

They claimed that hydro forming provides BPs with lower dimensional variations. In another study
[191], they pointed out that both channel spacing and channel number have considerable impact on the hydro
formability of multi-channels. Pekeret al. [192] investigated the variation of surface topography during long-run
micro-stamping of BPs, and established a relationship between surface topography and the change of contact
corrosion resistance. The attempts of Avasarala and Haldar [193,194] indicate that the impact of BP’s surface
topography on the ICR between BP/GDL interfaces is significant. Liu et al. [194] reported the effect of
dimensional error including the height of BP channels and ribs on GDL pressure distribution in the PEM fuel
cell. Indeed, coating materials, coating techniques, and the sequence of the coating process (i.e., coating before
or after forming process) affect the corrosion resistance [195]. Dur et al. [196] found that mean Icorr of SS316L
for un-deformed, hydro formed, and stamped samples changes from 7, 8, to 9 mAcm2. Mahabunphachai et al.
[176] showed that the stamping and hydro forming process affect the corrosion characteristics of the deformed
plates. This study reported that the corrosion resistance decreases with decreasing stamping speed and
increasing hydro forming pressure rate. The results showed that the manufacturing processes (i.e., stamping and
hydro forming) would generally degrade the corrosion resistance when compared to un deformed blanks [195].
It was observed that specifically the lower stamping speed results in more surface scratches and damages, which
in turn, gives the decrease in corrosion resistance [195]. The surface treatment before coating can substantially
affect bonding strength and coating life [197]. Yun [197] found that treatment of the metallic plates by electro
polishing prior to deposition of a surface metal coating is very effective at inhibiting corrosion. Results showed
that the electro polished stainless steel plates experience almost no chemical dissolution, while the mechanically
polished steel plates undergo significant degradation. Brady et al. [198] have studied on many commercial BPs
such as Hastelloy G-30, G35, SS 2205, 316L, etc. They reported that austenitic SS have a higher stampability
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than ferritic SS. They found an interesting relation between the weight percentages of Cr, V, and Ni in SS with
corrosion resistivity, stampability, and cost, as follows:

Increasing corrosion resistivity: CrT’J ,TNi +
Increasing stampalzility: Cr+ i T

Decreasing cost: W . Mi

The stampability of metals, in addition to their composition, depends on their lattice structure. SS304
and SS316L were observed to possess better formability when compared to other alloys such as SS430 and Ti
[176]. Usually, the alloys with FCC structure (e.g. Ni based alloys and austenitic SS) exhibit better formability
in comparison to BCC structure (e.g. ferritic SS) and HCP structure (e.g. Ti based alloys).In a comprehensive
research, Turan et al. [199], investigated on the effects of manufacturing and coating process sequence (Coating-
then-forming and forming-then-coating), forming method (hydro forming and stamping), PVD coating type
(CrN, TiN and ZrN), coating thickness (0.1, 0.5 and 1 mm) on ICR and corrosion resistivity of metallic BPs for
PEM fuel cells. In addition, ICR tests were also conducted on the BP plates both before and after exposure to
corrosion to disclose the effect of corrosion on ICR.Based on the results, coated-then-formed BP samples
exhibited similar or even better ICR performance than formed-then-coated BP samples. In CrN coating case,
coating before forming resulted in lower ICR compared to the reverse order, coating after forming.
Nevertheless, all the ICR values acquired for the CrN coated samples were extremely higher than the required
level of BP materials. In this research, it was specified that the TiN coated samples exhibited the best ICR
performance in current study meeting DOE targets. ICR values of formed-then-coated BP samples were
recorded smaller than that for coated-then-formed BPs. In this research, it was revealed that the TiN coating has
a high vulnerability to corrosion exposure and the ICR values of TiN coated samples significantly increase after
exposure to corrosion. In respect of ZrN coated samples, the results showed an improved ICR performance
compared to bare SS316L samples, as expected, and desired from coating application. Nevertheless, the ICR
values related to ZrN, TiN,and CrN coatings were not low enough to meet the DOE target. It was specified that
the process sequence was not significantly effective on ICR behaviour of ZrN coated plates in both before and
after corrosion test. A vital advantage of ZrN coating was that ZrN coated samples showed similar ICR
performance after and before exposure to corrosion conditions. In summary, metallic coated then-formed BP
samples exhibited similar even, in some cases, better performance than formed-then-coated BP samples in terms
of ICR. Thus, it can be concluded that continuous coating of unformed strips prior to forming (stamping or
hydro forming) of BP samples seemed to be favourable.

2.2.4. lonic contaminations in metallic BPs
The contaminants in fuel cell system are divided into three parts including:

1) Fuel impurities (CO, CO,, H,S, and NH5);
2) Air pollutants (NOx, SOx, CO, and CO,);
3) Cationic species (Fe3" and Cu2etc.)

Resulting from the corrosion of fuel cell stack system components such as end plates, fuel cell piping,
and especially metallic BPs. It was found that even trace amounts of impurities present in either fuel or air
streams or fuel cell system components could severely poison the anode, membrane, and cathode, particularly at
low-temperature operation, which would result in dramatic performance drop [200]. It was reported that only the
third part of contaminations in PEM fuel cell is related to metallic BP contaminations that will be surveyed
[200]. The effects of ionic contamination of BP on decreasing the performance are divided into some parts:

1) Decreasing proton conductivity, increasing ohmic resistance and reactant crossover of membrane

[201,202];

2) Decreasing the mechanical and chemical stability of the membrane;

3) Formation of oxide layers with high resistivity [201];

4) Catalyst poisoning [85]; and

5) Inhibiting oxygen transport by decreasing hydro phobicity, thereby performance degradation

[200,203].Hung performed a 1000 lifetime test on the pair of Cr3C225%NiCr coated aluminium and

graphite composite single cells at 70 ©C under cyclic loading condition.

The performance curve showed the minimal power degradation (<5%) was possibly caused by
impurities leaching to the reactants and metal corrosion of uncoated components such as fittings, back plates,
and manifolds. Surface characterization in this study showed that corrosion resistant coating or sealing is needed
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to be applied upon manifolds, inlets, and outlets where the aluminium is not covered by the thermal spray
coating, because humidified reactant gases can oxidize the aluminium and carry aluminium oxide particles to
other areas of the cell. EDX analysis of this study showed the possibility of partial dissociation of Ni from the
Cr3C2-25% NiCr coating which indicated that less Ni is preferred in the corrosion resistant coating.

The metallic BP contaminations and their effects on performance during lifetime tests have been
investigated by other researches [53, 85,143,148,200-202,204-216]. Wind et al. [11] investigated the effects of
coating materials on reducing metallic ions in membrane electrolyte assembly (MEA). Strong acidic
environment in PEM fuel cell stemming from per fluoro sulfonic acid membrane dissociates metal ions, e.g., Fe,
Cr and Ni ions, from metallic BP to contaminate polymer electrolyte and Pt catalyst. The decrease in proton
conductivity and catalyst activity eventuate in the collapse of PEM fuel cell performance [143]. Sulek et al.
[204] investigated four ions including Fe, Ni, Cr (as the major elements in stainless steel BPs [205]), and Al (as
the cheapest and lightest metallic BPs). Metal ions were provided by using the solutions of hydrated metal
sulfates,FeSO4, NiSO,, Cr, (SO4)s and Al,(SO4)3. The membranes were contaminated with metal ions by
immersing the membrane in the metal ion solution for 24 h with stirring. The ranking of the four transition
metals tested in terms of the greatest reduction in fuel cell performance was as follows: Al3* >>Fe2* > Ni2",
Cr3".

In another research [213], Ni-50Cr alloy (with and without CrN plating) and SS316L were subjected to
4000 h lifetime test under the anodic and cathodic conditions. The results showed no increase in ICR and also
little dissolution of coated Ni-50Cr (w3 ppm Ni). It was revealed that the ICR of Ni-50Cr, nitrided Ni-50Cr, and
SS316L were 25, 7, and 90 mUcm2, respectively in clamping pressure of 150 Ncm_2. Cheng et al. [200] in a
review paper outlined all sources of membrane contamination. Collier et al. [207] cited the presence of Fe3”,
Cu2™ and other cations in a unit cell MEA after 10,000 h of operation. They mentioned that almost all cations
exhibit higher affinity to the sulfonic groups in the polymeric membrane than Hp.When other cations exchange
for protons in the polymer structure, the amount of water in the cell is reduced. Kelly et al. [208,209]
investigated the influence of Fe3*, Cu2” and Ni2" concentration (in ppm) on the Nafion membrane conductivity.
A little effect was observed for up to 10 ppm of the ionic species. There was a huge drop of membrane
conductivity when the cation concentration reached 100 ppm. This effect was most intense for Fe3p
contamination. This behaviour was explained through the findings of Okada et al. [210]. They stated that
membrane dehydration is caused by the lower hydrophilicity of cationic impurities in comparison to Hp.The
foreign ion displaces one Hp for each charge on its structure. Consequently, its mobility is lower than that of
Hp, accounting for a further decrease of ionic conductivity. This mechanism was depicted in a study of Shi and
Anson [211].

They conducted a series of Experiments with many different cations replacing protons in Nafion
structure. Suitable coating such as nitriding can properly decrease the metallic-ion dissolution. Brady et al. [212]
studied on nitriding the surface of Fe-23Cr-4V alloy. Stable high frequency resistance behaviour was observed
over the course of 500 h single-cell fuel cell testing at 0.3 Acm_2. Post-test analysis of the MEAs indicated low
levels of metal ion contamination, less than 1 mgecm_2. Undoubtedly, the long-term-test of the metallic BPs in
PEM fuel cell environment, can so much better clarify durability status of them. Mele et al. [214] performed a
long-term test (1000 h of operation of a single-cell PEM fuel cell on both anodic and cathodic conditions) to
exhibit localized corrosion effects at the interface with the rubber gasket and the C-paper GDL, apparently due
to material coupling and type of gas feed. They observed severe localized attack developed at the cathodic BP.
They also indicated the peculiar localized corrosion effects, that can be described as crevice corrosion, resulting
from the coupling SS304 to carbon-based GDL. In this research, the impact of typical ionic contaminants (CI_
and F_) on crevice corrosion has been investigated too. It was revealed that Cl_ions are found to be the most
aggressive in terms of crevice corrosion, whereas the effect of the F_ on crevice corrosion is negligible in the
absence of Cl_ and exhibits an inhibiting action in its presence, yielding narrower current density loops and
more anodic protection potential values. As far as ion effects are concerned, the same ranking was found to
apply both in the absence and in the presence of a crevice-former, regardless of the material it consists of Park et
al. [205] showed that the corrosion test results in the short term can differ from the long term (1074 h)
performance test in a real cell. In this research, a comparison between SS430 and SS316L was performed in the
viewpoint of the performance curve, over-potential values (consisting of activation, ohmic, and concentration),
water contact angle (indicating the water remaining in cathode side), and ion contamination. It was revealed that
although SS430 has a lower corrosion resistance than SS316L, SS430 has a lower over-potentials and
contamination, higher water contact angle and higher maximum power density than those of SS316L in both the
short and long-term-performance tests of the real cell.
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Generally, the performance degradation of the cells is attributed to two major factors: the
contamination of MEA caused by the release of metal ions and the loss of catalyst activity caused by the
growth of Pt particles. The degradation is also exacerbated by the corrosion and transformation of the land
sections that are in contact with the electrodes. The cell has the difficulty of expelling the produced water and,
as a result, the performance of the cathode is degraded. Thus, the performance degradations of the cells during
the long term test are largely attributed to an increase in the activation and concentration losses (mact and mcon)
other than the ohmic loss (mohmic).Metallic single cells can accommodate integrated terminal design which
provides 18% average savings in hydrogen consumption and eliminates the need for extra current collector
plates [5]. Integrated terminal design is not recommended for graphite composite plates due to their weak
mechanical strength and unsecured contact between the graphite BP and the terminal. In comparison to
composite BPs, metallic BPs can withstand higher cell clamping pressure, which can improve the ICR value. It
was observed 11.6% average savings of hydrogen consumption in the cell clamping pressure 250 Ncm_2, in
comparison to the 140 Ncm_2 standard clamping pressure for graphite composite plates [5].However, the
durability of MEA can be an issue. Because higher clamping pressure closes the GDL porosity and decreases
the pores for crossing the reactant gases, thereby decreasing performance [38].

1. Material Selection

Up to now, it was revealed that considering especially transportation applications, metallic BPs in
respect of the composite ones are more resistant to mechanical shocks and vibrations that could lead to cracking
and leaking of reactant gases. On the other hand, the stampability of metallic bipolar plates helps to decrease
stack volume of PEM fuel cell, thereby increasing their application in portable systems. The electrical
conductivity of metallic BPs may reach up to 1000 times that of composite ones [206]. In addition, they present
easy manufacturability at low cost, which increases their competitiveness in the fuel cell market. However, a
significant handicap that may decrease metallic BPs’ performance is the susceptibility to corrosion in the acid
and humid environment of PEM fuel cells. Metals operating in the fuel cell with a pH of 2-4 and temperatures

around 80°C may suffer dissolution. The ions leached may poison the membrane electrode assembly (MEA),
thereby decreasing the output power of the fuel cell. Consequently, as the metallic ion dissolution increases, the
fuel cell efficiency would decrease due to the increase of ohmic resistance and ICR. These effects offset the
advantage of high electrical conductivity. The problems outlined above may be overcome or minimized by
protecting metallic BPs from the corrosive fuel cell operating conditions with thin layer coatings [206].
Regarding metallic and composite BP deficiencies, it is necessary to quantify the advantages and disadvantages
of each of the BP materials. In other words, the advantages and disadvantages of each one should be quantified
and then by using a suitable formulation, an exact analysis will be performed on composite and metallic BPs. In
this research, using a simple method of material selection, one commercial BP, one composite BP, and five
metallic BPs are examined with simple additive weighting method (SAWM). Objectives (properties) considered
in this material selection were as follows: electrical conductivity, ICR, flexural strength, ICorr, ionic
contamination, stack volume, stack weight, and stack price. These are the parameters mostly identified by DOE
for the commercialization of fuel cells. These mentioned factors or BP properties are defined as “objectives”
of the material selection. Seven materials were selected as “alternatives” of BP as follows:

Table 4: The cost analysis of different composite and metallic BPs.

Cost type Composite | Al/CrN Hastelloy/N | Incoloy | SS316 | 316L/CrN | Schunk
625/N L/C

Substrate material cost | 1 0.9 5 5 15 1.5 0.8

[$(plate) ~1]

Processing cost [$(plate)~ | 183 1.07 1.07 1.07 1.07 | 1.07 18.3

gtoating cost [$(plate)_1] None 6.18 6.18 6.18 6.18 6.18 None

Total cost [$(plate) 1] 19.3 8.15 12.25 1225 [875 |[875 19.1

Total stack cost of BP | 772 326 490 490 350 350 764

[$(kw)~1]

Total stack cost [$(kw)—1] | 1803 760 1143 1143 | 816 816 1782

v' P/45G/10EG/5CF/CC composite: this composite is the author’s developed composite BP [79,81] that its
properties properly satisfy DOE criteria.
v Schunk BP: a typical commercial composite BP
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SS316L/CrN: this plate is the most attractive candidate for commercial BPs

SS316L/amorphous carbon: this material is ideal BP but the coating process seems difficult

AI/N: Al is the cheapest and lightest metallic BP and contains excellent formability

Incoloy625/N: this metal has ICR and ICorr lower than DOE criteria [139]

Hastelloy C (G-35)/N: this nitrided Nickle-based metal [147] has very low ICR and ICorr (Table 3),
however its drawback is only the high price.

ANENENENEN

3.1. Procedure

There are some approaches reported upon material selection of BPs [24,26,85,217,221]. The developed
approach in this research is based on the SAWM. Based on the present approach, a parameter as “Overall
grade number” is obtained indicating the degree of suitability of material for using in BP of PEM fuel cells.
The mentioned parameter is derived from the following relation:

Overall grade number = -[— 2 x Stack cost- 1

X (Stack volume- 2

X (Stack weight)- 2

X (Corrosion current density)- 3

X (ICR)- 1 x (lonic contamination)

x 1 x (Flexural strength) + 1

X (Electrical conductivity) (D)
It can be observed that the lower Overall grade number of material is, the more suitable the material is for using
in BP. It is supposed that each BP with MEA (membrane electrode assembly) area of 14 cm _ 14 cm can
produce a power as high as 25 W [38,80,81]. Thus, for manufacturing a stack with a power of 1 kW, forty BPs
are needed to be connected together. Now, each objective can be measured according to the following steps:

3.1.1. Stack Cost

Stack cost calculation was performed based on the Hung’s procedure [5]. Table 4 shows the
determining process of the stack cost for seven alternatives. The total stack cost is the sum of substrate material
cost (carbon and polymer costs for composite BPs and bare metal cost for metallic BPs), processing cost
including stamping (for metallic BPs) and hot compression (for composite BPs), CNC machining (for composite
BPs), and coating cost (for metallic BPs).It is assumed that the cost of BPs is 30% of the total stack cost. The
necessary data was extracted from Refs. [24,26,85,217,221].

3.1.2. Stack volume

The thicknesses of metallic and composite BPs were considered 0.2 and 2 mm, respectively. It should
be mentioned that the manufacturing method for the metallic BP was considered stamping, while the
manufacturing method for composite and graphitic BPs was hot compaction.
3.1.3. Stack weight

This parameter is a sign of the density of BP and other parts of PEM fuel cell stacks such as GDL, back
plate, membrane, collector plate, etc. In this analysis, the density and the thickness of the other parts (except the
BP) were considered 2 gcm_3 and 0.3 mm, respectively. The density of different BPs has been listed in Table 5.
3.1.4. Corrosion Current Density

All ICorr data were derived from literature (Table 5) [23-30]. The environment composition of the
cathode side of the PEM fuel cell (wherein the composition is not mentioned) is supposed: 0.5 M Sulphuric
Acid and 2 ppm Hydro Fluoric Acid.
3.1.5. Flexural strength, electrical conductivity, ICR

These three data for composite BPs have been derived from experimental tests described in another

article [80], however, these data for metallic and graphitic BPs have been extracted from other researches cited
in Table 5 [5,17,24,147,222,225].
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Table 5: The properties (objectives) values of different composite and metallic BPs.

Eipolar platz typa Deensity ICR El Comductivity Flerural Lee Stack weight Steck volume Stack coat Tomic
zem™  (mUem® (Sem ™) atrangth (mAcm™) [=kW) '] fem’ (X% ] [y | Contemination no.
MPg)
DCE <5 <20 =100 =60 <1 At leaat At least 3F e
Compoz ita 1.7 10 101 71 <1 T84 451 1544 1
Schunk 10 100 a0 1= 86.2 45l 1528 1
S3316L/CN [24] 8 30 13 x10% 334 1.3 41728 9.8 700 0.5
SB316L/C [224] 8 B3 13 x10* 334 0.06 41728 8.8 700 0.5
AVCHN [213] 7 & 36 = 10° 483 e 22.344 9.8 652 0.2
Hastelloy/W [147] 0 o 76092 700 05 47.824 8.3 080 03
Incoloy 623 [135] 214 17 7751 350 1 436 9.8 e80 0.1

The bold digits are related to the best material on that property.
3.1.6. lonic Contamination

For ionic contamination factor, there is not a valid data in the literature. Therefore, an ionic
contamination number was defined for each objective. Table 5 presents the measured or extracted values of
objectives (properties) for all seven alternatives. The bold digits are related to the best material on that property.
After determining objective values, the values related to each objective are sorted from 0 to 1.Afterwards,
weighting factor values were considered for each objective. These values were selected based on the role and
importance of each objective in commercialization of PEM fuel cells and the degree of emphasis of DOE on the
objective. The mentioned objectives considered in this material selection were as follows: electrical
conductivity, ICR, flexural strength, ICorr, ionic contamination, stack volume, stack weight, and stack price.
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Fig. 6.A comparison among the performance curves of a single cell made from a polymer
based carbon composite BP, graphitic BP, and some metallic BPs [79].

These parameters are important from the different aspects and can be divided into three categories:

1) Effective parameters on the performance (electrical conductivity,ICR, and ionic contamination)

2) Effective parameters on the durability of cell: flexural strength,ICorr

3) Effective parameters on commercialization of PEM fuel cells: stack volume, stack weight, and stack price

3.1.7. Multiplication Factor

It can be seen in Overall grade number formula, a multiplication factor has been considered for each
factor. These multiplication factors corresponding to ICR, electrical conductivity, flexural strength, ICorr, stack
weight, stack volume, stack cost, and ionic contamination are _3, 1,1, 2, 2, 1, 2, and _1, respectively. The
multiplication factors of other parameters were defined based on the degree of importance and effects on
performance, commercialization and durability. It can be seen that the highest value is attributed to the ICR
factor. The importance degree of ICR can be shown by Fig. 6. This figure compares the performance curves of
different BP materials [79]. Here, the effective parameters on I-V curve are electrical conductivity of BP and
ICR. It can be seen that in spite of higher through-plane electrical conductivity of metallic bipolar plates (such
as Ti, SS316L, and SS430) with respect to graphitic bipolar plate (z1000 S/cm) and composite bipolar plate (103
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S/cm), the performance of graphitic and composite BPs are very higher than metallic BPs. This fact is due to the
high ICR value in the metallic BPs, because of natural oxidative cover on them. Therefore, It should be
attempted to decrease the ICR value by coating a suitable layer on them. In this material selection, | supposed
that ICR of BP is the most important property in comparison to other objectives. Thus, the highest
multiplication factor was attributed to ICR and other multiplication factors were selected based on their effect
on performance, durability, and commercialization of PEM fuel cells. It should be mentioned that the selection
of multiplication factors is implicit and is based on my individual findings from literature.

3.2. Discussion on Material Selection

It should be emphasized that the volume, weight, and cost of stacks are effective factors in
commercialization of PEM fuel cells (Table 5). BPs includes the major part of weight and volume of stacks.
Based on Table 5, the lowest stack weight is related to AI/CrN. The cost order between seven alternatives
introduced in this material selection is as follows: Composite > Schunk > Hastelloy/N > Incoloy625 >
SS316L/CrN > SS316L/C > Al/CrN.It can be seen that the composite BPs contains the cost value much more
than the metallic BPs especially Al/CrN. This finding conflicts with Planes’ finding [37] and agrees with
Hung’s finding [5]. Planes et al. [37] reported that the composite BPs are cheaper than metallic BPs, however
Hung believes that the CNC machining of channels substantially enhances the cost value of composite. Cost is
one major factor that has impeded the introduction of fuel cells as primary energy sources into different sectors
of the economy.
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Fig. 7. The overall grade number of the different bipolar plate materials.

Accordingly, identifying opportunities for cost reduction in the material and manufacture of the
different components of PEMFCs, as well as improving their life expectancy, can significantly increase their
chance of becoming a major player in the energy market. Table 5, also indicates that carbon-coated SS316L
exhibits the lowest value of corrosion current density in the acidic environment of PEM fuel cell. Fig.7 .properly
shows the Overall grade number values of different alternatives based on equation no.1. It should be mentioned
that the lower Overall grade number depicts the most suitable material for using as BP. Fig. 7 shows that the
composites have the greatest value of Overall grade number. This indicates that the composites are suitable only
for use in laboratory application not as commercial BPs. The Overall grade numbers in metallic BPs are as this
order:

SS316L/C < Hastelloy (G-30)/N < Al/CrN < Incoloy625 < DOE < SS316/CrN.

As above order, the least of Overall grade number is related to SS316L/C containing the properties
beyond the DOE criteria. The Overall grade number of SS316/CrN is much more than SS316/C. The large
difference is as a result of the difference between ICR and ICorr.The carbon coating is much more conductive
than CrN-coating. Moreover, ICorr of SS316/C (0.06 mAcm_2) is lower than that of SS316/CrN (1.3 mAcm_2).
It can also be observed that after SS316L/C,the N-coated Hastelloy(G-30) is the best candidate for BP. The
Selected materials in this material selection are in close agreement with the commercial materials utilized in
industry for bipolar plates. Based on literature [147,224], the most favourite materials for commercial BPs are
coated SS316L and coated Hastelloy C.
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V. Conclusions

Because of its high efficiency, low-temperature operation, high power density, and relatively fast start
up, the proton exchange membrane fuel cell offers the potential for a near-zero emission power source for
transportation, mobile, and stationary applications. However, for such power sources to become main stream
and gain a sizable share of the market, they must be able to compete with other power sources in the terms of
size, weight, cost, performance, and durability. Bipolar plates are one of the critical device of PEM fuel cells
contain the major part of weight, volume, and cost of fuel cell stacks. This research was an attempt to
investigate the state-of-the-art materials currently used for bipolar plate of PEM fuel cell. In the literature, the
metallic and polymer-based composite bipolar plates have replaced the graphite ones. Therefore, in this article a
comprehensive investigation upon the properties and performance of metallic and composite bipolar plates was
introduced. In respect of composite bipolar plates, the common polymer and filler materials as well as their
properties, production methods of composite BPs, ICR values between composite BP and GDL, and the
mechanical as well as electrical properties of composites were completely evaluated. In the case of metallic
bipolar plates, the substrate materials, properties (especially in respect of ICR and corrosion resistivity),
coatings, coating methods, challenges of stamping process, and ionic contaminations were inclusively
investigated. The literature review showed that the metallic BPs, in comparison to composite BPs, offer higher
strength and electrical conductivity, better formability and manufacturability, lower gas permeability, and better
shock resistance. Furthermore, their unique mechanical properties allow the fabrication of thinner plates,
thereby reducing the stack weight, volume, and cost. However, they are, more susceptible to corrosion, which
can adversely influence their performance and durability.

The ionic contamination is another concern resulted from the corrosion of metallic bipolar plates. This
problem has necessitated the need for the application of corrosion resistant coatings to eliminate or reduce the
corrosion rate. Most researches have been focused on the iron based alloys, such as stainless steels, because of
their low costs; however, more recently, considerable efforts have been expended to use the Ni-based alloys as
the material of choice for fabricating bipolar plates. Coatings such as nitridation, CrN, and amorphous carbon
are the most well-liked coatings for ferrous alloys. Nevertheless, to precisely assess the performance of plated
metallic bipolar plates in the stack, more researches would be required upon long time tests. The polymer-
based carbon composite BPs in spite of lower electrical conductivity, non-stampability, and weaker mechanical
properties in comparison to the metallic BPs, contain higher corrosion resistivity, higher durability, lower
density, and lower ionic contamination. Material selection results on seven common bipolar plate materials
indicated that the least values of stack cost, volume, weight, ICR, contamination, and ICorr were related to
carbon-coated SS316L. However, after that Hastelloy (G-30)/N was the next candidate material to be utilized in
BPs.
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