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Abstract

Proton exchange membrane fuel cells (PEMFCs) 
are expected to become clean energy sources for 
transportation applications. Their bipolar plates, which 
are crucial parts of PEMFCs, significantly affect the 
durability, power-generation performance, and cost of 
PEMFCs. Thus, much effort has been made to improve 
the durability and performance of bipolar plates and 
reduce their costs. To improve the corrosion resistance 
and interfacial contact resistance (ICR), which affect 
the durability and characteristics of bipolar plates, 
Kobe Steel has been developing coated titanium using 
an unprecedented film and process since 2004. This 
paper reviews the recent development of carbon-polymer 
composites and coated metals, considered materials 
for bipolar plates, while focusing on their corrosion 
resistance and ICR. Also described is Kobe Steel's effort 
to develop film for titanium bipolar plates.

Introduction

 Since the Industrial Revolution began in the mid-
eighteenth century, the human race has produced 
various forms of energy by burning fossil fuels to 
enrich people's lives. On the other hand, greenhouse 
gases such as carbon dioxide, which are emitted 
into the atmosphere in large quantities as generative 
products, are causing global warming. This problem 
threatens the survival of the human race by driving 
up the average global temperature. Hence, efforts to 
achieve carbon neutrality, moving toward zero net 
greenhouse gas emissions, are rapidly accelerating 
worldwide. In Japan, the government declared 
in October 2020 that it aims to be carbon neutral 
by 2050.1) Hydrogen plays a critical role in carbon 
neutrality. It is used for fuel cells, which are clean 
power generation systems that only emit water 
produced by the reaction of hydrogen and oxygen 
and essential products driving decarbonization. In 
particular, proton exchange membrane fuel cells 
(PEMFCs) have been used for automobiles,5) thanks 
to their low-temperature operation, quick start, high 
energy efficiency, compact size, and light weight.2)-4) 
Their development is underway to reduce costs 
further and promote widespread use.
 Among the components making up an 

automotive PEMFC, bipolar plates are estimated 
to account for 80% of the PEMFC's weight, 50-65% 
of its volume, and 35-40% of the PEMFC's total 
cost.6) Since they are required to perform various 
functions, they are positioned as one of the essential 
components of PEMFCs, and efforts are being made 
to reduce costs and improve performance.
 This paper reviews recent research and 
development trends in bipolar plates, which are 
vital components of automotive PEMFCs, focusing 
mainly on interfacial contact resistance (hereinafter 
referred to as "ICR") and durability, and also 
describes Kobe Steel's latest efforts in bipolar plate 
development.

1.	 PEMFC's structure and characteristics required 	
	 for bipolar plate

 Fig. 1 schematically shows the structure of a 
PEMFC. A PEMFC comprises stacks of basic units 
called cells, surrounded by dotted squares. Each 
cell consists of a polymer electrolyte membrane 
coated with platinum catalyst on both sides 
and gas diffusion layers (hereinafter referred to 
as "GDLs") on both sides, which are sandwiched 
between bipolar plates from the outside. Conductive 
carbon paper or carbon cloth is used for the GDLs 
to distribute hydrogen and oxygen uniformly 
on the platinum catalyst surface and to conduct 
electrons. The power generation voltage per cell 
is approximately 0.6 to 1 V,7)-9) and to obtain high 
output, 300 to 400 cells are usually stacked for 
passenger car applications.10), 11) Since two bipolar 
plates are required per cell, the number of bipolar 
plates_ranges from 600 to 800.
 As shown in Fig. 1, a bipolar plate discharges 
water generated by flowing hydrogen and 
oxygen and also serves as a channel for cooling 
water flowing on the opposite side of the fuel gas. 
Therefore, channels must be formed on it by press 
forming or other means. The bipolar plate must 
also have high thermal conductivity because the 
cooling water plays a role in maintaining the PEMFC 
temperature at an appropriate level by removing 
the excess heat generated in the power generation 
process. In addition, since the bipolar plate serves 
as a current collector that collects and conducts 
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electrons generated by the decomposition of 
hydrogen on the platinum catalyst, the resistance, 
or ICR, of the surface in contact with the GDL must 
be low. Furthermore, the inside of a PEMFC is a 
corrosive environment of acid with a pH of 2 to 
3.12), 13) Thus, the bipolar plate is also required to 
have corrosion resistance. In the case of automotive 
applications, not only lightweight but also thinning 
of the bipolar plate is necessary because PEMFCs 
are often mounted in a limited space, for example, in 
passenger cars.14) They must also be strong enough 
to withstand automobiles' vibrations and mechanical 
shocks.8)

 Thus, bipolar plates are required to have many 
functions and characteristics, as well as a low cost. 
As shown in Table 1, the US Department of Energy 
(hereinafter referred to as "DOE") has set 2025 target 
values for the cost and characteristics required 
for bipolar plates for transport equipment,15) and 

research and development are being conducted 
to achieve these target values. As a result of many 
research and development efforts, two promising 
materials have been identified: carbon-resin 
composite materials and surface-treated metals.

2.	 Bipolar plate materials

2.1		 Carbon-resin composite material

 A carbon-resin composite is a material in which 
a resin is mixed with more than a set amount of 
conductive carbon fillers to improve electrical 
conductivity by the phenomenon of rapid network 
formation among fillers based on the percolation 
theory24). Those fillers include graphite powder,16), 17) 
expanded graphite powder,16), 19), 20) carbon fibers,16)-18) 
carbon black,17), 18) carbon nanotubes,17), 18), 21) and 
graphene.22), 23) Although its electrical conductivity, 
thermal conductivity, and material strength are 
inferior to those of metals, it has excellent corrosion 
resistance. Therefore, it has already been put into 
practical use in stationary fuel cells, where long-
term durability is required, and there is little need 
to reduce size and weight through strength and 
thinning.25) In automotive applications, it is suitable 
for large commercial vehicles and buses with enough 
space for installation, even if the bipolar plate is 
thickened to ensure strength.14), 26)

 The resin materials used as a base can be 
classified into two types: thermosetting resins 
such as phenol resin,16), 19) epoxy resin,17), 18) and 
vinyl ester resin;28) and thermoplastic resins such 
as polyethylene resin, polypropylene resin, 
polyphenylene sulfide resin,20), 27) polyvinylidene 
fluoride resin,28), 29) and polyphenylene sulfide 
resin.30) Thermosetting resins are cured by increasing 
the crosslink density through the polymerization 
reaction by heating and thus have high strength and 
heat resistance. It also has the advantage of being 
easy to increase electrical and thermal conductivity 
because it can be mixed with more carbon filler 
thanks to its low viscosity. On the other hand, it 
has the disadvantages of low toughness and low 
productivity compared with thermoplastic resin, due 
to its low impact resistance and long reaction time. 
Thermoplastic resin softens when heated to or above 
its glass-transition temperature or to a temperature 
at or above the melting point, and generally has 
lower creep strength and heat resistance than 
thermosetting resin. Another disadvantage is that it 
is difficult to add a large amount of carbon filler due 
to its high viscosity. On the other hand, it has the 
advantages of high toughness and impact resistance. 
It also enjoys high productivity, since it quickly 

Fig. 1	 Schematic diagram of a proton exchange membrane 
fuel cell (PEMFC) stack

Table 1  DOE technical targets for bipolar plates
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solidifies when cooled below its melting point or 
glass-transition temperature.
 Although the characteristics thus differ between 
the resin types, the common issues are compatibility 
with regards to conductivity, material strength, 
and the hydrogen-gas leakage barrier property. 
The carbon filler must be added in 35 to 85 wt.% to 
increase conductivity. Although the conductivity 
increases with the amount of carbon filler added, 
the strength and hydrogen-gas leakage barrier 
property decrease due to the aggregation of carbon 
fillers and void formation caused by the resin not 
covering the carbon filler completely.31), 37) Carbon-
resin composite materials are mainly formed into 
bipolar plate shapes by compression or injection 
molding; however, a resin-rich layer with low 
carbon filler composition is formed on the surface, 
resulting in a significant increase in ICR.14), 31) For 
this reason, several methods have been investigated, 
including a method to remove the resin-rich layer 
using Ar plasma or by mechanical polishing,32), 33) a 
method to prevent the formation of a resin-rich layer 
by inserting a soft film such as fluoride ethylene-
propylene copolymer between the carbon-resin 
composite and the mold during molding,34) and a 
method of forming a graphite film on the surface 
by inserting graphite foil between the mold and the 
carbon-resin composite and performing compression 
molding.35) The features of the manufacturing 
method of carbon-resin composite materials and 
bipolar plates are summarized by A. Tang et al.,36) S. 
Porstmann et al.,14) and N. Saadat et al.,37) and these 
references should be consulted.

2.2		 Metallic materials

 The high strength of metals enables weight 
reduction by thinning, and channels can be 
easily formed by press forming. In addition, its 
high electrical and thermal conductivity and the 
absence of hydrogen gas leakage problems make 
it a strong candidate material for bipolar plates in 
PEMFCs. However, due to the high temperature, 
high humidity, and acidic corrosive environment 
inside PEMFCs, metal ions dissolve due to 
corrosion and penetrate the platinum catalyst 
layer as well as polyelectrolyte membrane, 
poisoning them and reducing their output and 
leading to power generation failure in the worst 
case.8), 15) In addition, the ions of transition metals 
such as Fe, Co, and Cu act as catalysts for the 
Fenton reaction, which generates OH radicals that 
destroy the solid polymer electrolyte membrane 
in PEMFC.15), 38) For this reason, metals such as 
aluminum,39), 40) copper,41), 42) stainless steel,43)-57) and 

titanium58)-68) have been considered. However, in 
consideration of corrosion resistance, these have 
been reduced to corrosion-resistant metals, i.e., 
stainless steel and titanium.14) A Google scholar 
search of English papers on corrosion resistance 
and contact resistance for the five years from 2017 
to 2021 shows 64 for stainless steel and 23 for 
titanium, compared with 9 for aluminum and 4 
for copper. In particular, stainless steel has been 
the most widely considered because it has a lower 
base material cost than titanium. On the other 
hand, although titanium is more expensive than 
stainless steel, it shows high corrosion resistance 
in high temperatures, high humidity, and acidic 
atmospheres.8) Thus, it has less elution as metal 
ions and less toxicity to solid polymer electrolyte 
membrane and platinum catalyst.69) Furthermore, its 
low density, approximately 60% of that of stainless 
steel, contributes to the weight reduction of PEMFC. 
Stainless steel and titanium exhibit corrosion 
resistance thanks to an oxide film called passivation 
film with a thickness of several to 10 nm. However, 
this film brings high electrical resistance on the 
surface, resulting in high ICR, low power generation 
efficiency, and in the worst case, power generation 
failure. Therefore, the practical application of 
metallic bipolar plates depends on developing 
an inexpensive surface treatment technology that 
combines corrosion resistance and conductivity.

3.	 Surface treatment technology for metallic bipolar 	
	 plates

 Regardless of the type of base material, the 
surface treatments under consideration are classified 
as follows: i) nitride44), 51), 61) and carbide63), 64) films 
of group 4a, 5a, 6a elements in the periodic table; 
ii) films of amorphous carbon49) ,  53) ,  68) and 
graphene62), 66); iii) conductive oxide films57); iv) films 
that are diffusion-processed such as chromizing56) 
and nitriding60); v) films of noble metals,48) 4a, 5a 
group metals70), 71) or Ni-P plated65) metals; and vi) 
resin films containing conductive nanoparticles.72) 
Except for v) and vi), the films are conventional 
hard films, most of which are deposited by 
existing methods. The rest are those in which 
multilayering of these films attempted to improve 
adhesion,43), 54) pinhole reduction to improve 
corrosion resistance,50), 55) and doping of elements to 
improve corrosion resistance and ICR.43), 47), 73)

 Table 2 and Table 3 summarize the results of 
ICR and polarization current measurements before 
and after the polarization testing for the main 
surface treatments of stainless steel and titanium 
over the last five years. The types of films studied 
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Table 2	 A summary of the results of corrosion tests and ICR measurements of coatings for stainless steel bipolar plates in 
the main literature in the past 5 years

Table 3	 A summary of the results of corrosion tests and ICR measurements of coatings for titanium bipolar plates in the main 
literature in the past 5 years
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during that period have not changed significantly 
compared with those of the five years before that, 
and the main objective has been to improve the 
performance of films. In polarization testing, which 
evaluates the elution of metal ions from bipolar plate 
materials, i.e., corrosion resistance, the components 
and composition of the evaluation solutions are 
mainly evaluated under stricter conditions than 
those shown in Table 1 for the DOE's 2025 target 
evaluation conditions. Nevertheless, surface-treated 
stainless steel and titanium meet the current targets 
of DOE for corrosion. The corrosion current lower 
than that of the untreated base material, indicating 
that the surface treatment is effective in improving 
corrosion resistance. On the other hand, since there 
is no provision in DOE's goal to measure the ICR 
after polarization testing, most of the literature 
measures only the initial ICR before polarization or 
measures the ICR after a few hours of polarization 
in a corrosive environment more severe than DOE's 
conditions. Selecting films with ICR that is stable 
in the PEMFC environment for metallic bipolar 
plates is vital. Hence, to compare the film's stability, 
a 0.5 kmol/m3 aqueous solution of sulfuric acid 
containing 0 to 5 ppm of fluorine ions, the most 
frequent evaluation condition in Tables 2 and 3, 
was prepared. In this aqueous solution, the ICR 
increment ΔICR per 1 h was calculated by taking 
the difference between the ICR after polarization 
and the ICR before polarization and dividing it 
by the polarization time for the film polarized at 
an electric potential of 0.6 VvsSCE. The results are 
shown in Table 2, Table 3, and Fig. 2. Although this 
is a rough estimation of the trend, ΔICR tends to be 
large for nitride and carbide and small for the films 
of amorphous carbon and graphene. The conductive 
carbon material is used as a resin-carbon composite 
material with high durability, but it also shows 
excellent characteristics as a film in terms of ICR 
stability.
 It should be noted that the DOE's durability 
target for 2025 for an 80 kW class fuel cell vehicle is 

set at 8,000 h.15) To accurately evaluate the durability 
time of films for metallic bipolar plates, it will be 
necessary to set appropriate acceleration evaluation 
conditions and develop evaluation techniques to 
predict long-term ICR changes.

4.	 Kobe Steel's approach

4.1 	 Kobe Steel's approach to bipolar plate material 	
		  development

 Kobe Steel has been developing surface treatment 
technology for bipolar plates using titanium as the 
base material since 2004. Titanium is characterized 
by its high corrosion resistance and resistance to 
elution even at high electric potentials. W. Li et 
al. deposited a film of amorphous carbon on the 
surface of SUS316L and grade 2 titanium.68) They 
observed the surface after 1 h of holding in an 
aqueous solution at 70℃ of 0.5 kmol/m3 sulfuric 
acid, with the addition of 2 ppm of fluorine ion, at 
an electric potential of 1.4 VvsSCE, simulating the 
start-up and shutdown of a fuel cell vehicle. As a 
result, they reported that pitting was observed in the 
pinhole defects of amorphous carbon in SUS316L, 
while no pitting was observed in titanium. This 
suggests that titanium is insensitive to elution, even 
with pinholes. On the other hand, the present author 
observed cracks in the graphite layer after the press-
forming of graphite-coated titanium.77) E. Haye et al. 
applied biaxial tension simulating press-forming on 
a film of CrN deposited on the surface of SUS316L. 
They reported cracks in the CrN, and approximately 
11% of the SUS316L base material was exposed.51) 
As mentioned in the previous section, most of the 
films under consideration are hard, brittle films. 
Therefore, press forming after surface treatment is 
considered to cause cracks in the surface-treated 
layers of both titanium and stainless steel, exposing 
the base material. However, from the viewpoint 
of reducing the production cost of bipolar plates, 
precoat treatment, in which surface treatment is 
performed before press forming, is advantageous, 
as pointed out by S. Porstmann et al.14) and J. M. 
Huya-Kouadio et al.26) Precoating can increase 
productivity by the continuous surface treatment 
of coils, allowing fuel-cell manufacturers to simply 
press-form bipolar plates. This eliminates the need 
for time-consuming handling of each bipolar plate 
after pressing for transport to the surface treatment 
process and subsequent surface treatment. Since 
titanium is corrosion-resistant, pinholes and 
exposure to the base material are considered 
acceptable. Thus, it is highly feasible to shorten the 
film deposition or precoating time, which may result 

Fig. 2	 Amount of increase per hour in ICR of each coating 
by cathode polarization
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in thinner films with more pinholes. On the other 
hand, precoating stainless steel is difficult because 
the base material exposure increases the risk of 
degrading power generation performance due to the 
elution of the base material.
 In addition, conventional development has 
been dominated by using existing film and film 
deposition technologies to reduce the cost of 
surface treatment. Against this backdrop, Kobe 
Steel has been developing unique surface treatment 
technologies with the goal of precoat titanium, 
considering that conventional technologies have 
limitations in performance improvement and 
production cost reduction. The following is a brief 
description of surface treatment technologies 
developed by Kobe Steel.

4.2		 Titanium material surface-treated with noble 	
		  metals

 Titanium alloy with a mixed film of noble metal 
and titanium oxide,74), 75) and Au-coated titanium 
with a nano-level thickness of Au film76) have been 
developed using noble metals such as Pd, Pt, and 
Au, which are resistant to elution in the fuel cell 
environment and maintain conductivity.
 Making a composite coating of noble metal-
titanium oxide comprises dissolving titanium by 
immersing a titanium alloy containing noble metal 
in a nitric hydrofluoric acid solution to concentrate 
the noble metal on the surface and performing 
oxidation treatment in low oxygen partial pressure. 
The thin film is approximately 50 nm thick, ensuring 
conductivity by the noble metals. Ti-0.15 wt.% Pd 
alloy was immersed in an aqueous sulfuric acid 
solution at 80℃ and pH 2 for 1,000 h. Its ICR was 
approximately 5 mΩ・cm2 before and after the 
immersion with almost no change. The power 
generation test incorporating the PEMFC showed 
excellent power generation performance equivalent 
or superior to that of graphite bipolar plates.75)

 Since titanium-noble metal alloy contains 
noble metal in the titanium matrix, unnecessary 
noble metal that does not contribute to the ICR 
leads to higher costs. Au-coated titanium is a 
cost-effective way to reduce costs by eliminating 
unnecessary noble metals as much as possible. This 
is pure titanium coated with a 5 to 20 nm thick 
Au film deposited by sputtering followed by 
heat treatment in a vacuum. Generally, the film is 
deposited after removing the passivation film on 
the titanium surface to ensure the adhesion of the 
film. The drawbacks are that the passivation film, 
which provides corrosion resistance to titanium, is 
removed and that the removal of this film takes a 

long time. Hence, a film of Au is deposited without 
removing the passivation film. A part of the oxygen 
in the passivation film is diffused and absorbed 
into titanium by vacuum heat treatment, changing 
it to oxygen-deficient conductive titanium oxide. 
This increases the conductivity and improves the 
adhesion of Au by diffusing Au into the titanium 
oxide layer. The ICR remained at approximately 4 
mΩ・cm2 after 1,000 h of application of 0.65 VvsSCE 
electric potentials in an aqueous solution of sulfuric 
acid at 80℃ and pH 2, showing excellent durability. 
The PEMFC power generation test showed excellent 
performance equivalent to or better than that of 
graphite bipolar plates.

4.3		 Graphite-coated titanium material77)

 The noble metal-based film in the previous 
section has the disadvantage of a high production 
cost due to the high price of noble metal and the 
time-consuming vacuum process. Hence, graphite-
coated titanium has been developed to reduce costs 
by adopting an atmospheric process without using 
noble metals. Aqueous paint containing graphite 
powder is applied to both sides of the titanium 
foil. The graphite layer is formed by stretching the 
graphite powder into a film by passing it through 
a roll press (Fig. 3). Finally, a TiC adhesion layer is 
formed at the interface between the graphite layer 
and titanium by heat treatment that also serves as 
strain relief annealing of titanium. The ICR hardly 
increased and was maintained at approximately 4 
mΩ・cm2 even after applying the electric potential 
of 0.65 VvsSCE for 1,000 h in an aqueous solution of 
sulfuric acid at 80℃ and pH 2, exhibiting excellent 
durability.

Fig. 3	 Process of graphite coating on titanium and 
structures of graphite layers before and after roll 
press
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Conclusions

 The bipolar plate is a critical component that 
dramatically affects the performance, life, and cost 
of PEMFCs. Efforts are underway to improve the 
performance and reduce the cost of carbon-resin 
composite material and surface-treated metal, which 
are candidates for bipolar plate materials. The major 
challenges in the case of carbon-resin composites 
are compatibility between the material strength/
hydrogen leakage barrier and bulk resistance/
contact resistance, and in the case of metals, the 
development of surface treatment film that achieves 
long-term durability at a low cost. Since titanium can 
be precoated and has excellent corrosion resistance, 
it is a promising material with the potential for 
cost reduction through increased bipolar plate 
productivity and long-term durability.
 Kobe Steel has been developing a unique surface 
treatment technology for titanium for many years, 
aiming at durability and cost reduction. As a result, 
the company has developed precoat type nano-
Carbon composite coat (NC) titanium and realized 
its mass production. NC titanium is used as bipolar 
plate material in the MIRAI (trademark of Toyota 
Motor Corporation), a fuel cell vehicle launched in 
December 2020. Kobe Steel will strive to continue 
its efforts for further performance improvement and 
cost reduction and contribute to carbon neutrality 
through the prevalence of fuel cell vehicles.
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