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Abstract: Proton exchange membrane fuel cell (PEMFC) powered automobiles have been recognized to be the ultimate solution to replace tra-
ditional fuel automobiles because of their advantages of PEMFCs such as no pollution, low temperature start-up, high energy density, and low
noise. As one of the core components, the bipolar plates (BPs) play an important role in the PEMFC stack. Traditional graphite BPs and com-
posite BPs have been criticized for their shortcomings such as low strength, high brittleness, and high processing cost. In contrast, stainless steel
BPs (SSBPs) have recently attracted much attention of domestic and foreign researchers because of their excellent comprehensive perform-
ance, low cost, and diverse options for automobile applications. However, the SSBPs are prone to corrosion and passivation in the PEMFC
working environment, which lead to reduced output power or premature failure. This review is aimed to summarize the corrosion and passiva-
tion mechanisms, characterizations and evaluation, and the surface modification technologies in the current SSBPs research. The non-coating
and coating technical routes of SSBPs are demonstrated, such as substrate component regulation, thermal nitriding, electroplating, ion plating,
chemical vapor deposition, and physical vapor deposition, etc. Alternative coating materials for SSBPs are metal coatings, metal nitride coat-
ings, conductive polymer coatings, and polymer/carbon coatings, etc. Both the surface modification technologies can solve the corrosion resist-
ance problem of stainless steel without affecting the contact resistance, however still facing restraints such as long-time stability, feasibility of
low-cost,  and mass  production process.  This  paper  is  believed to  enrich the  knowledge of  high-performance and long-life  BPs applied for
PEMFC automobiles.

Keywords: automobile application; proton exchange membrane fuel cell; stainless steel bipolar plates; corrosion resistance; contact resistance

  

1. Introduction

Proton  exchange  membrane  fuel  cell  (PEMFC)  automo-
biles are considered to be a potential solution to replace tradi-
tional fuel automobiles because of their advantages, e.g., no
pollution, low temperature start-up, high energy density, and
low  noise.  Recently,  many  countries  have  formulated  the
number of years for banning the sale of traditional fuel auto-
mobiles  due  to  carbon  dioxide  emissions,  and  put  PEMFC
automobile  into  trial  operation  in  some  regions.  However,
due to the high cost  of  fuel  cell  related materials  and com-
ponents, the commercialization process of PEMFC automo-
biles is still a long way off [1–3].

PEMFC  mainly  uses  perfluorosulfonic  acid  based  solid
polymer  as  electrolyte  and  commercial  Pt/C  or  Pt–Ru/C as
electrocatalysts [4–5], which are then used for the fabrication
of membrane electrode assembly (MEA). Generally, hydro-
gen is used as fuel, oxygen or air is used as oxidant [3,6], and
graphite plate or metal plate with gas flow channel is used as
bipolar plates (BPs). The PEMFC stack is the core of fuel cell
powered  automobile  engine,  and  the  BPs  are  the  key  com-

ponent of the PEMFC stack in addition to the MEA. The BPs
account  for  more  than  70%  of  the  total  weight  and  nearly
50% of the total  cost.  They are mainly used to collect con-
duction current, separate oxidant and reductant, and support
MEA. The principle of PEMFC is shown in Fig. 1, and the
specific electrochemical reaction equations are shown below
[7–8]:
Anodic reaction: H2→ 2H++2e− (1)

Cathodic reaction: 1/2O2+2H++2e−→ H2O (2)

Total reaction: H2+1/2O2→ H2O (3)
When the PEMFC is  running,  the temperature is  around

60–80°C, BPs face more complex reduction (anode) and ox-
idation  (cathode).  The  oxidation  reaction  of  the  anode  will
produce H+, which will lead to the decrease of the pH of the
electrolyte solution, and the degradation of perfluorosulfonic
acid group will also produce H+ and F–. BP are very easy to
interact with the above ions in the PEMFC, which will inev-
itably lead to electrochemical or chemical corrosions [6,9].

At present,  the BPs materials studied are mainly divided
into three categories as shown in Fig. 2 [10]: (1) graphite ma- 
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terials (nonporous graphite and artificial graphite), (2) com-
posites (polymer/carbon composites and polymer/metal com-
posites),  and (3)  metal  materials  (coated and uncoated)  [7].
Different BPs materials have different physical and chemical
properties as listed in Table 1 [11].

(1) Graphite BPs.
Graphite  materials  include  graphite,  molded  carbon  ma-

terials,  and expanded (flexible) graphite. Traditional BP are
made of dense graphite (only nano and micropores) and ma-
chined into gas channels. Graphite has the advantages of ex-
cellent  chemical  stability,  good  conductivity,  thermal  con-
ductivity,  strong corrosion resistance,  and low density [12].
However, the graphite BPs has disadvantages of high brittle-
ness, poor strength, large limitations, and easy damage when
the PEMFC is running, and the graphite material also has a
large porosity, which will lead to the leakage of fuel gas and
oxidizing gas. In order to ensure the strength requirements of
BP  and  reduce  gas  permeability,  the  minimum plate  thick-
ness  is  3–5  mm,  resulting  in  lower  volume  specific  power
and  specific  energy  density  when  used  in  vehicle  applica-
tions [13].

 

Table 1.    Comparison of physical and chemical properties of BPs of different materials [11]

BPs material Chemical
stability

Electrical
conductivity

Thermal
conductivity

Corrosion
resistance

Mechanical
strength Machinability Cost

Graphite BPs Good Good Good Strong Weak Hard High
Metal BPs Good Good Good Weak Good Easy Low

Composite BPs Good Fair Fair Strong Good Hard High
 

(2) Composite BPs.
Composite BPs is composed of two or more materials. It

has the advantages of graphite and metal BPs. It  can be di-
vided  into  composite  structure  and  composite  BPs.  Gener-
ally, the carbon plate or graphite plate with flow field chan-
nel is prepared by injection molding or roasting process with
a thin layer of metal or other high-strength conductive mater-
ials  as  the  separation  plate.  It  has  the  advantages  of  small
volume,  high  strength,  and  good  corrosion  resistance,  and
can  significantly  improve  the  specific  power  of  fuel  cell
stack.  However,  it  also  has  the  disadvantages  of  poor  con-
ductivity,  poor  mechanical  properties,  and  complex  manu-
facturing process [14].

(3) Metal BPs.
Metal  BPs  have  become  the  trend  of  BPs  research  be-

cause of their low price and excellent physical and chemical
properties.  Aluminum, nickel,  titanium, stainless  steel  (SS),
and  other  metal  materials  can  be  used  to  produce  the  BPs
[15–16].  The  above  materials  not  only  have  high  strength,
good plasticity, good conductivity and heat conduction abil-
ity, reduced energy loss, and good tightness which will com-
pletely separate fuel and oxidizing gas,  but also are easy to
process, and can be manufactured in batch with a low cost,
thin thickness, and high-volume specific power, and specific
energy density [7].

Overall,  metal  BPs can overcome some shortcomings of
graphite BPs, which can be made very thin with three-dimen-
sional  channels,  and  thus  can  greatly  improve  the  volume
specific power and specific energy density of the fuel cells.
The current mainstream fuel cell stacks for vehicle applica-
tions  are  turning  to  metal  BPs.  The  development  of  light-
weight, low-cost fuel cell metal BPs are of great significance
to the performance improvement of fuel cell for vehicle ap-
plications [3].

Among all kinds of metal BPs, the industry generally be-
lieves  that  SS  is  an  ideal  BPs  material  for  vehicle  applica-
tions [12,17]. The advantages of using surface treated stain-
less steel BPs (SSBPs) are as follows: (1) the manufacturing
and processing technology of SS is mature and low-cost; (2)
SS with a thickness of 0.2 mm can have sufficient mechanic-
al strength and compact structure and reduce the volume of
the stack. (3) Austenitic SS containing chromium and nickel
has good corrosion resistance. As listed in Table 2, austenitic
SS has been applied as the BPs due to improved conductivity
and  corrosion  resistance  [18].  Previous  reports  also  have
shown that austenitic SS such as 304 and 316L are the most
suitable materials for the BPs [17]. The SSBPs using stamp-
ing, high-speed laser welding, and high-performance coating
have been initially used in the vehicle fuel cell system, which
has greatly decreased the cost of BPs and improved the per-
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Fig. 1.    Working principle of proton exchange membrane fuel
cell.
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Fig. 2.    BPs classification: (a) graphite BPs, (b) composite BPs,
and (c) metal BPs [10].
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formance of fuel  cell  vehicles [19].  Both domestic and for-
eign research institutions and companies have attached great
importance to this and carried out extensive research. Gener-
al Motors (GM), Honda, Ford, etc. have invested a lot of re-
search efforts in metal plate fuel cells, and GM has even be-
gun to plan to manufacture SSBPs in China to make technic-
al reserves for large-scale manufacturing of fuel cells.

However,  SSBPs  are  prone  to  corrosion  in  the  working
environment of PEMFC. Hermann et al. [11] studied a vari-
ety of alloy BPs such as SS, titanium, aluminum, and nickel.
The  results  show  that  the  release  of  metal  ions  exchanges
with  protons  in  the  proton  exchange  membrane,  increases
proton conduction resistance, and affects the performance of
the  fuel  cells.  Mehta  and  Cooper  [20]  also  found  that  dis-
solved metal ions will diffuse into membrane, resulting in the
decrease of conductivity of membrane. In addition, the BPs

near  the  cathode  side  is  easy  to  oxidize,  resulting  in  an  in-
crease in contact resistance. The research of Brady et al. [21]
shows that Cr in SS can improve corrosion resistance, but the
Cr2O3 oxide layer formed on the surface will cause large in-
terface resistance. Corrosion products will change the hydro-
phobic performance of the plate surface, which causes local
water  on  the  surface  of  the  plate  to  be  partially  enriched,
hindering the transportation of reactants, and reducing the ef-
ficiency  of  the  PEMFC  [22].  In  summary,  the  use  of  SS
based BPs in PEMFC has an adverse impact on the MEA and
other components. Therefore, it is very important to study the
surface modification and coating technology of SS materials
as well as the corrosion mechanism and evaluation system of
SSBPs. This puts forward the urgent demand of “solving the
corrosion resistance problem of SS without affecting the con-
tact resistance” to the research field.

 

Table 2.    Comparison of physical and chemical properties of metal BPs

BPs material Chemical
stability

Electrical
conductivity

Thermal
conductivity

Corrosion
resistance

Mechanical
strength Machinability Cost

Austenitic stainless steels Good Good Good Strong Strong Hard Low
Ferritic stainless steels Good Good Good Weak Weak Hard Low

Aluminum alloys Weak Good Good Weak Weak Easy Low
Copper alloys Good Good Good Good Weak Easy High
Nickel alloys Fair Fair Fair Strong Strong Hard High

Titanium alloys Good Good Good Strong Strong Hard High
Amorphous alloys Good Good Good Strong Fair Easy High

 
 

2. Corrosion mechanism of SSBPs

The essence of metal corrosion is the process of chemical
or  electrochemical  reactions  occurring  on  the  surface  of
metals due to the interaction between the material itself and
the  working  environment,  resulting  in  changes  of  the  relat-
ively stable structure of the atoms inside the metal and fur-
ther  changes  in  the  properties  of  the  metal.  As  shown  in
Fig.  3,  the  corrosion  process  and  corrosion  mechanisms  of
SSBPs  are  divided  into  three  categories  [23–24]:  chemical
corrosion, electrochemical corrosion, and physical corrosion.
The corrosion forms of SS mainly include overall corrosion,
intergranular  corrosion,  pitting corrosion,  crevice corrosion,
stress corrosion, corrosion fatigue, and high temperature cor-
rosion. 

2.1. Stress corrosion

SSBPs  are  generally  obtained  by  cutting,  stamping,  and
etching.  The internal  stress caused by stamping and cutting
and the etching acid environment are important inducements
for the surface defects of BPs, which inevitably lead to a vari-
ety of defects, such as vacancies, grain boundaries, disloca-
tions, and secondary defects even with coatings. On the cath-
ode,  these  micro  defects  will  be  the  origin  of  corrosion,
which lead to reduced output power or premature failure. On
the  cathode,  these  defects  may  capture  hydrogen  atoms  in
cathode,  and  make  functional  groups  or  atoms  segregate
around them, resulting in the increase of local oxygen or hy-
drogen concentration  and the  uneven distribution  of  hydro-

gen in the material. SS metal is prone to “hydrogen embrit-
tlement” during long-term service in hydrogen containing en-
vironment, resulting in irreversible hydrogen damage such as
internal  crack  and  hydrogen  bubble.  At  the  same  time,  the
contact  resistance  increases  and  the  tank  voltage  increases.
Meanwhile,  during the assembly of BPs, the external stress
will strengthen, and the hydrogen in the material will interact
with the stress field, resulting in the origin of hydrogen em-
brittlement  near  the  micro  defects.  Through  the  first  prin-
ciple calculation, the process of hydrogen entering the metal
is simulated. It is found that the increase of isostatic pressure
reduces the energy barrier that hydrogen atoms need to over-
come to enter the metal subsurface, as shown in Fig. 4.

The hydrogen embrittlement of BPs needs to be solved ur-
gently. Some studies show that the hydrogen embrittlement
trend of materials is Ti > Ta > Nb > Zr > graphite [11]. Hy-
drogen  embrittlement  can  be  also  improved  by  using  gold-
plated materials on the cathode side, but the cost is high [25]. 

2.2. Chemical and electrochemical corrosion

According to previously reported literatures [26–27], cor-
rosion  of  the  SSBPs  is  spread  mainly  by  crevice  corrosion
and pitting corrosion. Pitting is a local corrosion that is relat-
ively concentrated in a small part of the metal surface. Pitting
corrosion of SS mainly occurs in aqueous solution contain-
ing halogen ions, such as Cl−, Br−, F−, etc. and becomes espe-
cially  serious  in  an  acidic  environment.  Pitting  corrosion is
caused  by  the  destruction  of  passive  film  by  active  ions.
Weak  parts  of  passive  film  on  SS  surface,  such  as  surface
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iron  particles,  surface  attachments,  inclusions,  and  inter-
metallic compounds, are prone to pitting corrosion [28]. The
rapid increase of micro “rust holes” on the surface of SS is
the root  cause of  large-scale  corrosion failure  of  SS,  which
results  in  a  significant  increase  in  the  contact  resistance,
eventually causes the BPs to fail prematurely [23].

As shown in Fig. 5, the pitting process can be divided into
three  stages  [27–29]:  (1)  pitting  nucleation;  (2)  pitting
growth; (3) re-passivation of etched holes. On the first stage,
the aqueous solution containing halogen ions could enter the
subsurface through holes or looseness. Both the chemical and
micro-electrochemical corrosion occur. On the second stage,
the  corrosion  hole  will  continue  to  develop.  Both  chemical
and electrochemical corrosion together will result in the sub-
surface matrix ulceration in the pitting micro-region, and the
ulcer area expands outward to peel off the coating from the
substrate. The corrosion hole may turn to the third stage and
stabilize due to the re-passivation film, and the corrosion hole
will stop developing. Therefore, pitting control in the re-pas-
sivation stage can reduce the harm of pitting corrosion.

There are many models and theories on the development
mechanisms of pitting corrosion of SS. These theories can be
roughly divided into passive film damage theory and adsorp-
tion theory. Electrochemical or chemical passivation can be
formed in both the non-coated and coated SSBPs. The con-
tact  resistance  is  significantly  related  to  the  thickness  and
composition of the oxidation layer. As the contact resistance
increases, more thermal energy is generated and less electric-
al  energy is  output  [3].  Further  research  found that  for  SS-
BPs, alloying elements such as nickel, chromium, and man-
ganese have an impact on the passivation layer. However, a
passivation  layer  will  reduce  the  conductivity  of  the  BPs.
Thus, it is significant to control the electrochemical or chem-
ical passivation evolution in long-term PEMFC working en-
vironment. 

3. Evaluation methods of SSBPs

Table 3 shows the performance indexes that should be met
by  BPs  used  for  PEMFC  by  the  Department  of  Energy
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Fig. 3.    Schematic diagram of metal BPs corrosion.
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(DOE), which mainly include electrical conductivity, contact
resistance,  thermal  conductivity,  corrosion  rate,  hydrogen
permeability,  and  other  performance  indexes  [15,30].  It  is
noteworthy  that  the  corrosion  current  density  of  metal  BPs
should be less than 1 µA·cm–2,  while the contact  resistance
should be less than 10 mΩ·cm–2. Both the evaluation meth-
ods of the corrosion properties and the contact resistance of
the BPs are summarized in the review.

The pitting corrosion is the main corrosion type of the SS-
BPs of an actual fuel cell. Therefore, it is particularly import-
ant to evaluate the pitting corrosion. After the SSBPs are in-
stalled into the fuel cell, the fluctuation of the working cur-
rent of the fuel cell far exceeds the change value of the corro-
sion current of the BPs. Therefore, the actual life of the BPs
cannot be characterized by parameters such as corrosion cur-
rent during the operation of the actual fuel cell. When the ac-

tual fuel cell is running, its power curve is affected by many
factors, and the attenuation of power curve as an evaluation
index of BPs life cannot be accurately explained [26]. There-
fore, there are few reports on the life evaluation methods of
BPs. Researchers [31–32] once adopted a special Nafion tube
reference  electrode  and  studied  the  corrosion  behavior  and
life evaluation of PEMFC SSBPs. A micropore was opened
in the BPs flow field, the Nafion tube was sealed at the posi-
tion  of  the  hole,  and  the  reference  electrode  and  the  BPs
formed an electrochemical system through the liquid film on
the surface of the BPs. The change of corrosion potential of
BPs during actual fuel cell operation was studied. Although
the modified method can measure the corrosion potential to
characterize  the  corrosion  performance  of  the  BPs,  the  test
process and method are complex and cumbersome. In partic-
ular, this method has extremely strict requirements for seal-

Table 3.    Performance index of BPs of proton exchange membrane fuel cell [15,30]

Tensile
strength
-ASTMD638

Flexural
strength
-ASTMD790

Electrical
conductivity

Corrosion
rate

Contact
resistance

Hydrogen
permeability

Mass
power
ratio

Density-
ASTMD792

Thermal
conductivity
-ASTMD-
256

Impact
strength
-ASTMD-
256

>41 MPa >59 MPa >100 S·cm–1 <1 µA·cm–2 <10 mΩ·cm–2
<2 × 10–6

mol·m−1

s−1·Pa−0.5
<1 kg·kW–1 <5 g·cm–3 >10

W·(m·K)–1
>40.5
J·m–1
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Fig. 5.    Schematic diagram of corrosion mechanism of stainless steel passive film: (a) before passive film breakdown, (b) passive film
damage begins. And three possibilities of (d) pitting corrosion: (c) weak passive film, (e) partially passive film, and (f) strong passive
film.
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ing, and is also of difficult operation and high cost. However,
the advantage is that it realizes the in-situ measurement of the
corrosion resistance parameters of the BPs during the actual
fuel cell operation. As shown in Table 4, the pH value in the
fuel cell environment is between 3.0–7.0, while in the cath-
ode environment it is about 3.0–5.0 and about 5.0–7.0 in the
anode environment. 

3.1. Electrochemical performance test

Electrochemical  performance  is  mainly  analyzed  by  po-
tentiodynamic  polarization  test  and  potentiostatic  polariza-
tion test. A typical test device is shown in Fig. 6. A tradition-
al three electrode system was used, in which graphite served
as the counter electrode (CE), saturated calomel electrode as
the  reference  electrode  (RE),  modified  SS  as  the  working
electrode (WE), and 0.5 M H2SO4 + 2 ppm F− as the electro-
lyte solution to simulate the solution environment of fuel cell
[16].

Corrosion  reactions  include  the  transfer  of  electrons  and

ions between metals and solutions. In the absence of external
potential or external power supply, the surface corrosion re-
action usually occurs at the potential when the oxidation rate
and reduction rate reach electrochemical equilibrium. Poten-
tiodynamic polarization test is a means to quickly obtain the
corrosion  resistance  of  materials  in  corrosive  solution.  Be-
fore the start of potentiodynamic polarization test, the sample
was stabilized at open circuit potential for about 40 min until
the voltage fluctuation is  less  than 10 mV·s−1,  the scanning
speed was 0.333 mV·s−1, and the scanning voltage range was
−0.1 V vs. OCP to 0.65 V vs. SCE. The equilibrium potential
(corrosion potential, Ecorr) and equilibrium current (corrosion
current, icorr)  can  be  measured  by  electrochemical  polariza-
tion test. Ecorr and icorr are widely used as indicators of corro-
sion  resistance  of  materials.  Typical  polarization  curve  of
bare 316L SS is  shown in Fig.  7.  By extrapolating the tan-
gential  lines  of  anode  and  cathode  polarization  curves,  the
corrosion current and corrosion potential can be determined,
and the Tafel slope can be obtained.

 
Table 4.    Test conditions of SSBPs in literature

Reference Measured pH value Notes

Work-1 [33] 3.4–7.0 Cathode, T (temperature) = 70°C, RH 100%
Anode, T = 70°C, RH 100%

Work-2 [34] 3.8–5.1 T = 75–82°C, RH variable
Work-3 [35] 3.0–7.0 T = 30/60/90°C, dew point
Work-4 [36] 4.0–6.0 T = 50/70/90°C, RH = 35%/60%/100%, pH value 1.5

 

 
 

Active (channeled)

area of BPP
H2SO4

Counter electrode

(graphite)

Reference electrode Working electrode

(BPP sample)

CE

RE

WE

Potentiostat

H2/O2

gas

Fig. 6.    Schematic diagram of three electrode system device.
 

Although  potentiodynamic  polarization  test  can  quickly
evaluate  the  corrosion  resistance  of  materials,  it  cannot  re-
flect  the  performance  of  materials  during  long-term  opera-
tion.  Therefore,  in  order  to  more  comprehensively  evaluate
the long-term stability of materials in corrosive environment,
the voltage under actual working conditions is applied to test
the corrosion resistance of materials. In the potentiostatic po-
larization test, the constant temperature water bath is used to
control the solution temperature of 70°C, and −0.1 V vs. SCE
is  applied  by  the  electrochemical  workstation  in  the  simu-
lated fuel cell anode environment, blowing hydrogen into the
solution through the hydrogen generator for 12 h. In the sim-
ulated  fuel  cell  cathode  environment,  the  electrochemical
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workstation applies 0.6 V vs. SCE, blowing oxygen into the
solution through an oxygen cylinder for 12 h [8].

Under  the  working  conditions  of  PEMFC,  SSBPs  are
prone to be corroded and dissolved. The dissolved metal ions
will poison the catalysts and the membranes [15]. Thus, after
the potentiostatic polarization test, the element analysis of the
electrolyte solution will be necessary to measure the content
of metallic ions such as Fe2+ released from different SSBPs.
Generally, the changes of metallic ions content in electrolyte
solution  are  analyzed  by  inductive  coupled  plasma  (ICP)
emission spectrometer, and the corrosion degree of SSBPs is
relative with the increase of the concentration of metal ions.

Impedance technology is an advanced method to study the
performance  of  energy devices  such  as  fuel  cells,  batteries,
and  supercapacitors  (UCS)  [37].  By  exploring  the  imped-
ance parameters in a wide range of frequencies, the internal
process of energy devices can be associated with relevant op-
erating conditions. It can measure the response voltage by ap-
plying a small sinusoidal current signal, potentiostatic meth-
od or galvanostatic method, or vice versa. Before the test, the
samples exposed to the solution were stabilized under open
circuit potential (OCP) for 40 min, and then electrochemical
AC impedance study (EIS) was carried out at 10 mV amp-
litude from 0.01 Hz to 100 kHz [8,38]. 

3.2. Contact resistance test

In proton exchange membrane fuel cells, BPs are usually
in contact with gas diffusion layers such as carbon paper or
carbon cloth. The contact resistance or interface contact res-
istance (ICR) should be minimized to improve the efficiency
of fuel cell [39]. The ICR of the selected coating samples was
tested to select the best samples for long-term corrosion test
and actual fuel cell test. The measurement technology of ICR
is  recorded  in  detail  in  document  [8,11].  The  measurement
scheme is described below. As shown in Fig. 8, the sample
for ICR measurement (bare or coated on both sides) is loc-
ated between two sheets of carbon paper, which is pressed on
the sample by a pair of gold-plated metal collector plates. A
controllable uniform contact pressure is applied to the metal
plate at the top. The external circuit provides 1 A current to
two copper plates through a constant current source, and with
the  gradual  increase  of  voltage  strength,  a  high-precision
multimeter  is  used to  measure  the  total  voltage drop of  the
whole circuit under different pressures.

The total resistance Rtotal in the circuit includes: (1) contact
resistance RCu/C between gold-plated copper plate and gas dif-
fusion layer carbon paper, (2) contact resistance RC/S between
carbon paper and BPs, (3) body resistance RCu of gold-plated
copper plate, (4) body resistance RC of carbon paper, (5) body
resistance Rs of sample, (6) total resistance RO of external cir-
cuit,  and (7) the measurement area A of sample. Before the
test, place a piece of carbon paper between two gold-plated
copper plates and calculate the pre-total resistance Rpre-total in
the circuit according to Ohm’s law:
Rpre-total = 2RCu+RC+2RCu/C+RO (4)

Rtotal = 2RCu+2RC+RS+2RCu/C+2RC/S+RO (5)
Compared with the contact resistance, the volume resist-

ance of carbon paper and sample is ignored when incorporat-
ing Eq. (4) into Eq. (5), the following equations are obtained:
RC/S = (Rtotal−Rpre-total)/2 (6)

ICR = (Rtotal−Rpre-total)/2×A (7)
 

3.3. Other evaluation methods

Stainless steel surface treatment technologies include non-
coating  or  coating  surface  modifications.  No  matter  which
technology  is  adopted,  microstructure  (thickness,  compact-
ness, defects, etc.) and material composition (elemental com-
position, crystal structure, etc.) of SS surface in micron- even
nano-scale  closely  affect  the  corrosion  resistance  and inter-
face contact resistance of SSBPs, as well as the prediction of
metal dissolution rate or residual life [23].

Scanning  electron  microscopy  (SEM),  X-ray  photoelec-
tron spectroscopy (XPS), and X-ray diffraction (XRD) were
used  to  analyze  the  microstructure  and  composition  of  the
coating or passive film of SSBPs, respectively. There is usu-
ally a negative correlation between corrosion resistance and
interface contact resistance. Generally, SEM or transmission
electron microscopy (TEM) was used to characterize the mi-
crostructure  and  the  cross-sectional  morphology  of  the  SS-
BPs. The compactness and defects of the coating or passive
film of SSBPs were judged from nano-scale to micro-scale,
and the coating thickness could also be measured at the mi-
cro-scale  even  nano-scale  through  the  cross-sectional  mor-
phology. Furthermore, energy dispersive spectrometer (EDS)
was used to analyze the changes of elements before and after
the surface modification of the SSBPs, and the thickness of
the coating was analyzed by the changes of the relative con-
tent  of  elements  in  the  cross-sectional  EDS  line  scanning
spectrum. XPS was used for qualitative and semi-quantitat-
ive analysis of the surface of the SSBPs. The information of
elemental composition, chemical state, and molecular struc-
ture on the coating surface can be obtained from the peak po-
sition and peak shape of XPS spectrum, and the element con-
tent or concentration on the coating surface can be obtained
from the peak intensity.

Meanwhile,  it  is  reported that  the hydrophilicity and hy-
drophobicity of the modified SS surface will change signific-
antly, which will affect the gas diffusion, water management,
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and electron transport of the channel field, and thus, further
directly  affect  the  performance  and  durability  of  fuel  cells
[20].  Contact  angle  test  equipment  is  used  to  measure  the
contact angle of the droplet on the surface of the SSBPs be-
fore and after the surface modification. The contact angle can
reflect  the  wettability  properties  of  the  SSBPs  interfaces.
Generally,  the  greater  the  contact  angle,  the  more  hydro-
phobic  the  SSBPs  interfaces,  while  the  smaller  the  contact
angle, the more hydrophilic the SSBPs interfaces.

The in-situ electrochemical  study of the coatings or pas-
sivation  film  stability  in  micro-  or  even  nano-scale  are  of
great significance to comprehensively evaluate the corrosion
resistance of SSBPs and predict the metal dissolution rate or
residual life. The in-situ electrochemical characterizations, e.
g., EIS, cyclic voltammetry (CV), and potentiostatic polariz-
ation test, etc. were carried out in a simulated PEM fuel cell.
The  simulated  electrolyte  solution  (0.5  mol·L−1 H2SO4 +  2
ppm F−) with pure O2 gas was pumped to simulate the cath-
ode environment of PEMFC and high-purity H2 gas to simu-
late the anode environment of PEMFC [40–41]. In addition,
the changes of conductivity and pH value of electrolyte solu-
tion are monitored at regular intervals during the polarization
process. At the same time, the changes of metal ions content
in  electrolyte  solution are  analyzed by ICP Emission Spec-
trometer. The dynamic and in-situ simulation of real gas-li-
quid mixing operating parameters in PEMFCs by adding dif-
ferent  variables,  such  as  different  temperatures  (60−80°C),

different operating voltages (0.6−1.0 V), different F− ion con-
centrations,  and  pH  values  on  the  SSBPs  will  significantly
promote the researches and help explore the corrosion beha-
vior  and  durability  of  different  SSBPs,  and  provide  a  new
standard and reference for the life test of SSBPs. 

4. Surface modification technologies of SSBPs 

4.1. Non-coating surface modification technologies
 

4.1.1. Pickling and passivation of SS
The corrosion resistance and contact resistance of SS de-

pends largely on the composition and structure of the passiv-
ation  layer  formed  on  its  surface,  and  the  composition  and
structure of the passivation layer are made of SS. Several re-
searches have shown that SS with a high content of Cr, Mo,
and  N  have  good  corrosion  resistance  and  stable  output
power, and both the presence of Cr and Mo is of importance
for lower contact resistance [41–43]. As shown in Fig. 9, it is
also confirmed that the passive film on the surface of SS is a
compound of Cr. With the increase of chromium content in
SS, the corrosion resistance of SS is improved. However, fur-
ther  work  is  still  needed  to  evaluate  the  feasibility  of  low-
cost, and mass production process. The natural oxide film on
the surface of the SSBPs will protect the SS from further cor-
rosion, but it will increase the contact resistance between the
BPs and the electrode. If the passive film thickens with time,
the contact resistance will also increase with time [28,33,44].

 
 

(a)

(b)

(c)

80

60
40

M
as

s 
/ 

%

30

20

10

0 2 4 6
Position / nm

8 10 12

Deposited C

Passive film

Passive film

Matrix 10 nm

Matrix

Deposited C

1 nm

Fig. 9.    (a) Cross-sectional and (b) high-resolution TEM images and (c) EDS line profiles of major matrix elements on the surface.
Reprinted from Corros. Sci., 52, E. Hamada, K. Yamada, M. Nagoshi, N. Makiishi, K. Sato, T. Ishii, K. Fukuda, S. Ishikawa, and T.
Ujiro, Direct imaging of native passive film on stainless steel by aberration corrected STEM, 3851-3854, Copyright 2010, with per-
mission from Elsevier.
 

SS treated with oxidizing medium will form uniform and
dense oxide film on its surface, and the corrosion rate is sig-
nificantly lower than that before treatment. The principle of
passivation can be explained as follows: passivation is due to
the electrochemical or chemical reaction between SS and ox-
idizing medium, resulting in a thin and dense oxide film with

good coverage and strong adhesion on the metal surface, that
is, “passivation film”. Although the SS placed in the air will
also have the formation of oxide film, but the protection of
this film is not perfect. Generally, thorough cleaning, includ-
ing alkali cleaning and pickling, and then passivation, can en-
sure  the  integrity  and  stability  of  the  passivation  film,  and
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form a complete and uniform passivation film on the surface
of  SS,  so  as  to  improve  the  aesthetics  and corrosion  resist-
ance of materials and prolong the service life of SS. One of
the purposes of pickling is to create favorable conditions for
passivation treatment and ensure the formation of high-qual-
ity passivation film. Through pickling and passivation treat-
ment, the oxides of iron and iron are preferentially dissolved
than the chromium oxides and chromium, and the chromium
poor layer is removed, resulting in the enrichment of chromi-
um on the surface of SS, which greatly improves the stability
of corrosion resistance and prolongs the time of metal rust-
ing. The nitric acid passivation solution suitable for SS pas-
sivation is a general passivation solution, which can be pre-
pared into nitric acid passivation solution with different pro-
portion and concentration according to different types of SS
to be passivated. The corrosion resistance and mechanism of
SS nitric acid passivation film were studied in 3.5wt% NaCl
solution  [18].  It  was  found  that  the  existence  of  a  certain
amount of hydrogen and oxygen in the film can improve the
self-repair ability of the passivation film, which is an effect-
ive way to improve the corrosion resistance of SS. The pas-
sivation film is a dense oxide film composed of oxides or hy-
droxides of iron, chromium and nickel. As shown in Fig. 10,
the main components of the inner bottom layer near the sub-
strate interface are NiO, FeO, and Cr2O3,  which can protect
metals. Another important reason for the enhancement of pit-
ting corrosion resistance of 316L SS after passivation is that
there is  excess negative charge on the passivation film sur-
face, which shows the characteristics of p-type semiconduct-

or, effectively preventing the diffusion and adsorption of cor-
rosive anions in solution to the material surface [44–45].

The transformation of SS from activated state to passive
state  is  a  complex process.  Nitric  acid  has  strong oxidative
ability, which can not only oxidize the dissolved ferrous ions
and replaced hydrogen atoms, but even produce atomic oxy-
gen. When nitric acid oxidation takes place, atomic oxygen
will be chemically adsorbed on the iron surface. In chemical
adsorption, atomic oxygen has the characteristics of electron
absorption and metal has the characteristics of electron loss.
Therefore, atomic oxygen can seize electrons from the metal
to form O2– ions, further form oxides and a dense oxide film
on the surface of SS, which becomes a resistance layer for ion
migration and diffusion,  and leads to  the passivation of  the
matrix.  Similar  to  other  passivation  processes,  SS  must  be
neutralized in a weak alkaline solution after nitric acid pas-
sivation  treatment  to  remove  the  local  residual  dilute  nitric
acid on the film surface to prevent its corrosion and damage
to the passivation film. If neutralization treatment is not car-
ried out, the resulting corrosion will be more serious than that
without passivation treatment [46–47].

Although the stability of SS surface in corrosive medium
has been improved, its matrix properties have not changed, so
the  passivation  of  SS  is  only  a  surface  phenomenon.
Moreover, the passivation film covers the surface of the sub-
strate and is not constant. The outer layer of the passivation
film dissolves  in  solution  at  a  certain  rate,  and  at  the  same
time repairs the damaged surface film layer at a certain speed.
Only when the repair speed is greater than or equal to the rate
of dissolution, the passivation film can play a long-term pro-
tective role [45,48]. 

4.1.2. Electrochemical polishing of SS
Electrochemical  polishing  (EP)  is  to  obtain  a  flat  and

bright surface by using the uneven dissolution caused by the
difference  of  metal  surface  roughness  through  the  electro-
chemical  reaction  process  [49].  In  the  process  of  EP,  the
raised  areas  dissolve  rapidly  due  to  the  ionization  reaction
caused by the high electric field strength. When these areas
are gradually leveled, the whole surface dissolves the same,
and a  bright  metal  surface  with  good surface  quality  is  ob-
tained. Generally, the rough metal workpiece is used as the
anode  and  the  insoluble  metal  is  used  as  the  cathode.  As
shown in Fig. 11 [50], the two poles are immersed into the
polishing  solution  of  the  electrolytic  cell  at  the  same  time,
and a current is passed to produce selective anodic dissolu-
tion, so as to achieve the effect of electrochemical modifica-
tion of  the surface brightness.  After  the metal  workpiece is
electrified in the electrolytic cell, many reactions will occur
on the surface, mainly including metal dissolution, oxide film
formation and dissolution, oxygen precipitation and other re-
action processes, including: (1) discharge dissolution of met-
al  surface  elements:  Me → Men+ + ne−;  (2)  passive  film is
formed  on  the  metal  surface:  Me  + nOH− →  0.5Me2On+
0.5nH2O + ne−; (3) oxygen precipitation: 4OH− → O2 + 2H2O
+ 4e−

. Through  the  above  electrochemical  reaction  process,
the elements in the rough area of the SS surface will be pref-
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erentially  dissolved,  and  finally  the  whole  surface  will  be
bright and shiny [51].

As shown in Fig. 12, Lee and Lai [52] studied the corro-
sion resistance of 316L SS before and after EP. X-ray photo-
electron  spectroscopy  (XPS)  results  shown  in Table  5
showed  that  the  oxide  film formed  by  EP  has  significantly
higher atomic Cr/Fe ratio and film thickness than the natur-
ally grown passive oxide film formed on the surface of un-
treated 316L SS [49]. Due to the increase of oxide film thick-

ness and relative Cr enrichment, the overall corrosion resist-
ance and pitting potential of the treated 316L SS surface have
been significantly improved. In addition, another reason for
the  improvement  of  corrosion  resistance  after  EP  is  to  re-
move  the  surface  micro  strain  generated  in  the  previous
sample/component manufacturing and finishing processes.

The  polishing  quality  of  electropolishing  surface  largely
depends on electropolishing parameters under the condition
that the electrolyte composition is the volume mixture of sul-
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furic  acid  and  phosphoric  acid.  Compared  with  the  voltage
and temperature parameters,  the current has the greatest  in-
fluence  on  the  polishing  quality  of  the  polished  surface
[50–52]. Han and Fang [53] studied electropolishing of 316L
SS in a sulfuric acid-free electrolyte composed of phosphoric
acid,  glycerol,  and  distilled  water.  It  is  determined  that  the
limiting current density increases with the increase of water
concentration, the material removal rate increases obviously,
and the surface roughness decreases obviously. By selecting
appropriate  polishing  conditions,  the  polished  surface  en-
riched with some elements can be obtained, especially for SS,
which is very beneficial to the corrosion resistance and elec-
trochemical nitriding modification of SS.

In summary, the uncoated SSBPs have significant advant-
ages  in  terms  of  production  cycles  and  processing  costs,  a
series  of  studies  have  shown  that  their  comprehensive  per-
formance still does not meet the needs of the application. In
order  to  improve  the  corrosion  resistance  of  SSBPs  while
maintaining their electrical conductivity, the metal substrate
must  be  surface  modified,  so  coated  metal  BPs  are  extens-
ively studied. 

4.2. Coating surface modification technologies
 

4.2.1. Electrochemical surface modification
Some noble metal (such as Au, Ag, etc.) coatings can be

electrochemically  deposited  on  SSBPs,  which  will  un-
doubtedly improve the conductivity and corrosion resistance
of  the  BPs.  Wind et  al. [15]  electroplated  gold  coating  on
316L  SSBPs.  The  research  shows  that  its  electrochemical
performance  is  basically  no  different  from  that  of  graphite
BPs. However, some works found that in the initial stage, the
electrochemical performance of the gold-plated BPs is simil-
ar  to  that  of  graphite,  but  its  performance  decays  rapidly.
Therefore, the precious metal coating technology still needs
to be improved to enhance the bonding strength between the
coating and the matrix alloy [54–55]. Yan et al. [56] treated
SS  by  surface  silver  plating.  The  test  results  show that  the
contact  resistance  after  modification  is  significantly  lower
than that without modification, and its performance is close
to  that  of  graphite  BPs.  However,  the  disadvantage  of  pre-
cious metal coating is its high cost, which is difficult to meet
the requirements of commercialization, so it has little practic-
al value.

Meanwhile,  the  surface  composition  of  SS  can  be  also
electrochemically altered. As shown in Fig. 13, Wang et al.
[57] electrochemically nitride AISI446 steel in 0.1 M HNO3

+ 0.5 M KNO3 solution. XPS analysis showed that NH3 was
formed on the surface and a deep nitride layer was formed in-
side. Therefore, the surface layer of SS modified by electro-
chemical nitriding is composed of nitrogen-containing oxide
film. Nitride steel shows very low ICR (about 18 mΩ·cm2 at
140 N·cm−2) and excellent corrosion resistance in simulated

PEMFC  environment.  Pugal et  al. [58]  formed  an  electro-
chemical nitriding surface on 316L SS by using an aqueous
solution containing 0.1 M HNO3 and 0.5 M KNO3 at room
temperature  and  at  a  constant  potential.  Nitrides  confirmed
by XPS that the formed nitrides exist in the form of mixed ni-
trides, CrN, Cr2N, and nitrogen doped oxides. The corrosion
behavior  of  untreated  and  nitride  SS  was  studied  in  0.5  M
H2SO4 and 2 ppm HF. For the nitride SS, the ICR matches
the value required by the DOE.

Electrochemical  surface  modification  provides  an  eco-
nomical way to change the surface of SS and is very prom-
ising for fuel cell BPs. Although the electrochemical surface
modification treatment of SSBPs can meet the requirements
of fuel cell in terms of conductivity and corrosion resistance,
because  the  thickness  of  deposited  layer  is  generally  in  the
nanometer level, and the corrosion resistance of nitriding film
has not been reported in the literature during long-time oper-
ation,  it  is  necessary  to  carefully  study  the  performance  of
BPs under the actual working conditions of fuel cell. 

4.2.2. Vapor deposition surface modification
Currently,  compound  coating,  e.g.,  transition  metal

carbides,  nitrides  and  borides,  etc.  are  mainly  deposited  on
the surface of BPs by physical vapor deposition (PVD) and
chemical  vapor  deposition  (CVD),  which  can  greatly  im-
prove its corrosion resistance. It is a very promising thin-lay-
er metal plate modification method.

(1) PVD method.
The PVD method shown in Table 6 [59–60], has become

the mainstream BPs surface coating modification technology
due  to  its  non-polluting  environment,  fast  deposition  rate,
ability for synthesis of a variety of metal compounds and a
simple process. The PVD method refers to the use of gas dis-
charge technology under vacuum conditions, so that the tar-
get material evaporates and the evaporated material and gas
are ionized, using the acceleration of the electric field, so that
the resulting plasma is deposited on the substrate.

Mansoor and co-workers [61] coated a layer of alloy with
good  corrosion  resistance  (Mo  ≥  6wt%,  N  ≥  21wt%,  Cr  ≥
23wt%) on the surface of metal Al, and then coated a layer of
TiN coating on the surface of the alloy coating. Similar to the
corrosion characteristics of TiN coating on the surface of SS,
this double-layer coating corrosion-resistant alloy layer will
be passivated in contact  with the corrosion medium of TiN
layer, which improves the corrosion resistance of the whole
system. The most favorable point is that it will not reduce the
conductivity of the system as shown in Fig. 14. Fu et al. [17]
plated  CrxN  coating  on  316L  by  pulse  bias  arc  ion  plating
technology. By adjusting the volume flow of nitrogen, three
different coatings were obtained. It was found that the gradi-
ent film was prepared in the process of increasing the volume
flow of  nitrogen  from 25  to  100  sccm Cr0.49N0.51–Cr0.43N0.57

coating shows good performance. When the assembly force

Table 5.    XPS analysis results of SS before and after electropolishing [52]

Sample Cr2O3 / wt% FeO / wt% Fe / wt% Fe2O3 / wt% Cr2O3/Fe2O3 ratio / wt% Cr/Fe ratio / at%
Original specimen 24.63 6.88 0 25.4 0.97 0.76
Polished specimen 36.48 0 2.31 14.09 2.58 2.22
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is 0.8–1.2 MPa, the contact resistance is 7.9–11.2 mΩ·cm2.
The corrosion potential is 200 mV higher than that of the un-
modified SS. In the simulated fuel cell working environment
(0.5 mol·L−1 H2SO4 + 5 ppm F−), the corrosion current dens-
ity is 0.1 µA·cm−2, the contact angle of the modified BPs is
90.5°, which is conducive to the water management of fuel cell.

(2) CVD method.
Laser  CVD provides  chemical  vapor  deposition by laser

induction.  It  makes full  use of  the advantages of  high laser
energy density and fast heating speed, which greatly speeds

up  the  deposition  speed,  low  deposition  temperature,  and
high film purity, but it cannot avoid the problem of high cost.
Song et al. [62] prepared TiN ceramic films by this method,
which has broad application prospects as shown in Fig. 15.

Plasma enhanced chemical vapor deposition (PECVD) is
another surface modification technology to stimulate gas to
produce  low-temperature  plasma and enhance  the  chemical
activity of reactants, so as to realize the growth of thin films.
It has the advantages of low deposition temperature, little in-
fluence  on  the  substrate  structure,  dense  film  with  few  pin

Table 6.    Types and principle of PVD technology [59–60]

Parameter Type Basic process
Vacuum
evaporation
(heating
mode)

Resistance, electron beam, laser, inductive,
cathodic arc

The coating material is heated and evaporated in a vacuum container at a
pressure of 1.33 × (10−3–10−4) Pa. The evaporated atoms or molecules are as
direct as light from the evaporation source to the vaporated workpiece, and do
not collide with other atoms or molecules to reach the workpiece on the way.

Sputtering
deposition

High frequency induction, 2-3-4 poles,
magnetic control, radio frequency magnetron,
direct current sputtering, triode sputtering

Sputtering is to generate argon ion (Ar+) by glow discharge of argon under
vacuum, and bombard the cathode under the action of strong electric field, so
that the atoms of cathode target are evaporated and sputtered to the substrate
surface to form a film layer.

Ion plating
Resistance heating, hollow cathode, multi arc
ion plating, magnetron sputtering ion plating,
ion beam assisted deposition, reactive ion
plating, ion cluster beam deposition

The basic characteristics of ion plating are that under low pressure (10−1–10
Pa) vacuum, the gas or plating material is partially ionized by gas discharge,
and then the gas or plating material ions are controlled to bombard the
substrate to deposit the gas or plating material ions and their reaction products
on the substrate.
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holes, strong adhesion between film and substrate, wide ap-
plication range, etc. However, it also has the disadvantages of
high cost, strong light radiation, harmful gas and so on.

In addition, CVD also includes some other chemical va-
por deposition technologies, such as low pressure and atmo-
spheric  pressure,  ultra-high  vacuum,  hot  filament  chemical
vapor deposition, etc., which have their own advantages and
disadvantages. 

4.2.3. Thermochemical surface modification
Chemical  surface  heat  treatment  is  also  called  chemical

heat  treatment.  For  a  heat  treatment  process,  steel  or  alloy
workpieces are placed in an appropriate medium for heating
and insulation so that one or more elements penetrate into its
surface layer to change its chemical composition and struc-
ture  in  order  to  obtain  the  required  properties.  Carburizing,
nitriding,  nitrocarburizing,  and  carbonitriding  are  widely
used  in  the  surface  modification  of  metal  BPs.  Thermal
growth of chromium and nitride in PEMFC environment can
maintain very low interface resistance. Because the thermal
nitriding  method  is  processed  at  a  high  temperature  of
800–1100°C, the whole metal surface can participate in the
reaction to produce a defect free surface layer.

Wang et al. [63] treated AISI 304 SS by thermal diffusion
modification technology. Physical tests show that this meth-
od significantly reduces the ICR between SS and carbon pa-
per,  thus improving the electrochemical performance of the
sample. Moreover, under the working potential of anode and
cathode, the corrosion current density decreases with the in-
crease of Cr content in the sample. However, under the con-
dition  of  constant  potential,  the  ICR  is  high,  which  cannot
achieve the expected effect. Nam and Lee [64] electroplated
chromium layer on the surface of 316L SS before nitriding,
and studied the products under different nitriding conditions
as shown in Fig. 16. It  is found that increasing temperature
and decreasing N2 pressure is conducive to the formation of
Cr2N, and decreasing temperature and increasing N2 pressure
is conducive to the formation of CrN. The interfacial contact
resistance and corrosion resistance of Cr2N is better than that
of Cr2N + CrN. The metal  BPs coated with Cr2N has great
potential application value. 

4.2.4. Thermal spraying surface modification
Hung et al. [65] prepared carbide based coating on SS sur-

face  by  high-speed  thermal  spraying  technology.  The  fuel
cell prepared with this modified BPs basically has no energy
attenuation in the experimental test up to 1000 h. The results
show that its output performance has great advantages com-
pared with graphite composite BPs. Gago et al. [66] used this
technology  to  prepare  titanium  coating  on  the  surface  of
stainless steel, and systematically studied the effects of tem-
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perature, nozzle type, feed rate, and other factors on the per-
formance of BPs. It was found that titanium coating signific-
antly reduced the corrosion current and had a good applica-
tion prospect.

El-Khatib et al. [67] sprayed Al powder on the surface of
316L SS by supersonic spraying. The test results showed that
the corrosion rate of the modified BPs was one order of mag-
nitude lower than that of the BPs before treatment, indicating
that  the  conductivity  of  the  modified  BPs was  significantly
improved. With the thickening of the coating, the corrosion
rate  decreases.  The  analysis  results  show  that  the  electro-
chemical properties of the modified BPs may be related to the
matrix  composition  and  coating  thickness,  but  the  experi-
mental  results  show that  the  corrosion current  of  the  modi-
fied BPs in the cathode environment is too high, which has
exceeded  the  application  requirements  of  PEMFC,  indicat-
ing that if the supersonic spraying method is considered to be
directly  applied  to  PEMFC,  the  technology of  matrix  com-
position and coating thickness still needs to be improved. 

4.2.5. Ion plating surface modification

Zhang et al. [68] plated CrN/Cr multilayer film on 316L
SS substrate by pulse bias arc ion plating as surface modified
BPs. The experimental results showed that the interface con-
ductivity of BPs plated with CrN/Cr multilayer film has been
greatly improved. The results of potentiodynamic and poten-
tiostatic tests in simulated PEMFC environment showed that
the BPs plated with CrN/Cr multilayer film has good corro-
sion resistance.

Fu et  al. [17]  deposited  a  dense  Cr  nitride  gradient  film
(CrxN) on 316L SS by pulse bias arc ion plating process. The
results show that the ICR of the modified plate is 6–7 times
lower than that of the untreated plate, the corrosion current is
reduced by 2 orders of magnitude, and the contact angle with
water is improved as shown in Fig. 17. The modified 316L
SS shows good corrosion resistance. It is proved that nitride
gradient film can not only significantly improve the conduct-
ivity and corrosion resistance of SSBPs, but also reduce the
surface energy of the sample. 

4.2.6. High energy micro arc alloying surface modification
Ren et  al. [69] prepared a dense TiC coating on 304 SS
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by high energy micro arc alloying technology.  The process
has the advantages of low cost and simple operation. Due to
the  metallurgical  bonding,  the  bonding  force  between  the
base  metal  and  the  surface  coating  is  very  strong,  and  the
properties of the coating and the substrate are similar due to
their  small  heat  affected  zone.  The  test  results  show  that
the coating still maintains high corrosion resistance stability
after  soaking  in  1  M H2SO4 solution  for  30  d.  The  experi-
mental results measured at PEMFC cathode working poten-
tial  also  show that  the  coating  has  good  corrosion  resistive
stability. 

5. Surface coating materials of SSBPs 

5.1. Carbon materials

Fu et al. [70] prepared three different carbon based coat-
ings on 316L SS by pulse bias arc ion plating: pure C layer,
Cr–C  layer,  and  C–Cr–N  layer.  Through  the  tests,  it  was
found  that  the  contact  resistance  between  the  pure  C  layer
and C–Cr–N layer was too large, while the SS modified by
C–Cr showed the best conductivity and corrosion resistance.
Under the assembly force of 0.2–1.5 MPa, the contact resist-
ance is 6.86–8.72 mΩ·cm2. In the simulated fuel cell work-
ing environment  (0.5  M H2SO4 +  5  ppm F−,  25°C),  the  SS
coated with C–Cr was subjected to potential polarization test.
It was found that passivation occurred at 0.1–0.8 V vs. SCE,

and the passivation current density was 0.1 µA·cm−2, which
is 2 orders of magnitude lower than that of the untreated SS.
The passivation current density increased to 101.25 µA·cm−2

in air atmosphere at 70°C.
Feng et  al. [71]  prepared  3 µm  thick  dense  amorphous

carbon layer on 316L SS by closed field balanced magnetron
sputtering ion plating. When the assembly force was 1.2–2.1
MPa, the contact resistance was 8.3–5.2 mΩ·cm2, while the
contact resistance of graphite was 10.4–5.4 mΩ·cm2. The an-
ode  passivation  current  density  was  3.56 µA·cm−2 after  the
potential test under the simulated fuel cell working environ-
ment (0.5 M H2SO4 + 2 ppm HF, 80°C), and the cathode po-
larization current density was 2.4 µA·cm−2 after the polariza-
tion test under constant potential for 8 h, but it was always in
a protective state under the anode environment. At the same
time, Yi et al. [12] prepared an amorphous carbon layer on
304 SS by the same method, made BPs with the modified SS,
assembled into 40 cm2 single cell, and investigated the per-
formance and durability of the stack as shown in Fig. 18. The
test  results of single cell  showed that when the cell  voltage
was 0.6 V, its output power was 923.9 mW·cm−2, which was
3.02 times that of the unmodified 304 SSBPs cell, The max-
imum  power  density  of  the  modified  cell  was  1150.6
mW·cm−2.  After  200  h  test,  it  was  found  that  the  perform-
ance  degradation  of  single  cell  with  the  modified  BPs  was
only 1/7 of that of the single cell with the unmodified BPs. In

 

(b)

Potential / V vs. SCE

C
u

rr
en

t 
d

en
si

ty
 /

 (
A

·c
m

−2
)

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

10−2

−0.4 −0.2 0.0 0.2 0.4 0.6 0.8 1.0

S1
S2
S3
Bare SS316L

(d)

Time / h

0 1 2 3 4 5 6 7 8 9 10

−6.5

−6.0

−5.5

−5.0

−4.5

−4.0

S1

Bare SS316L

(a)

(c)

20 μm

20 μm

Lg
[i 

/ 
(A

·c
m

−2
)]

Fig. 18.    Surface morphology of bare SS316L (a) and crenec coated SS316L (b) samples as anode after potentiostatic test in simu-
lated  PEMFs  environment.  (c)  Polarization  curves  of  the  bare  and  Cr–N–C  coated  SS316L  samples.  (d)  Potentiostatic  curves  ac-
quired from the bare and Cr–N-coated SS316L samples  as  simulated anodic.  Reprinted from J.  Power Sources,  236,  P.Y.  Yi,  L.F.
Peng, T. Zhou, J.Q. Huang, and X.M. Lai, Composition optimization of multilayered chromium-nitride-carbon film on 316L stain-
less steel as bipolar plates for proton exchange membrane fuel cells, 47, Copyright 2013, with permission from Elsevier.

G.Y. Liu et al., Process and challenges of stainless steel based bipolar plates for proton exchange membrane fuel cells 1113



the performance test of 100 W short reactor, the output power
density was 873.3 mW·cm−2 at 1.8 V. Through 48 h durabil-
ity test, the stack maintained good stability.

Lee et  al. [72]  prepared  C60  nanographite  coating  on
316L  SS  by  ion  plating  method,  and  its  contact  resistance
was measred to be 12 mΩ·cm2 under the assembly force of
150  N·cm−2,  which  remained  low  contact  resistance  even
after the corrosion test. The potentiodynamic test was carried
out  in  a  simulated  fuel  cell  working  environment  (0.5  M
H2SO4 + 2 ppm HF, 80°C), and the corrosion current density
was 0.05 µA·cm−2 under the hydrogen supply of the anode,
which was two orders of magnitude lower than that of the un-
modified  SS.  The  corrosion  current  density  of  the  cathode
under air was 0.23 µA·cm−2. Under the potentiostatic polariz-
ation test, the modified SS still showed good corrosion resist-
ance. 

5.2. Metal materials

In  addition  to  the  electrochemically  deposited  noble
metals  on  SS  mentioned  above,  niobium,  nickel,  etc.  have
also  been  used  for  coating  materials.  Wang et  al. [73]  and
Weil et al. [74] proposed a concept of rolling coating of ma-
terials and plated niobium on 304 SS. It was found that the
niobium coating on the surface of 304 SS formed oxide and
was passivated under acidic conditions, so it had good corro-

sion resistance. The research shows that the metal coated ma-
terials are expected to reach DOE corrosion rate technical in-
dex 1 µA·cm−2 as shown in Fig. 19. Feng et al. [75] plated
niobium on 316L SS by ion implantation technology. The ion
implantation time was 0.5 h, 2 h, and 5 h. Under the simu-
lated  working  environment  of  proton  exchange  membrane
fuel cell (0.5 M H2SO4 + 2 ppm HF, 80°C), the SS after ion
implantation for 2 h showed the best performance. The pas-
sivation  current  density  under  potentiodynamic  test  was  6
µA·cm−2.  After 8 hours of potentiostatic polarization test of
−0.1 V vs.  SCE simulated cathode,  the polarization current
density  was  0.03–0.07 µA·cm−2.  However,  when  the  as-
sembly  pressure  was  1.5  MPa,  the  contact  resistance  was
greater than 200 mΩ·cm2. At the same time, Feng et al. [76]
implanted  nickel  ion  into  316L SSBPs  by  ion  implantation
technology.  After  the  modification,  the  corrosion resistance
of SS was enhanced and its contact resistance was reduced.
Especially  when  the  nickel  ion  implantation  dose  was  3  ×
10−7 cm−2,  the corrosion potential  increased from −0.3 V to
−0.05 V under the simulated fuel cell working environment,
and the passivation current density decreased from 11.26 to 7
µA·cm−2 at the cathode potential of 0.6 V. Although the con-
tact resistance was reduced, it is still higher than the technic-
al index of DOE of 10 mΩ·cm2. With the increase of injec-
tion dose, the defects of nickel rich layer became more and
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more  obvious,  the  corrosion  current  density  increased,  and
the corrosion resistance decreased. 

5.3. Metal carbon/nitrogen materials

The  nitrogen/carbide  of  many  transition  metal  elements
such as titanium and chromium have good corrosion resist-
ance  and  high  conductivity.  Recently,  they  have  been  ap-
plied to the surface modification of SS matrix by researchers. 

5.3.1. Nitrogen/titanium carbide materials
Li et al. [77] carried out electrochemical tests on the 316L

SS plated with TiN. In the simulated PEMFC environment, it
was found that a small part of TiN coating was eroded after
1000 h of oxygen and 240 h of hydrogen, while the untreated
316L SS was passivated in both cases. TiN coating showed
good corrosion  resistance  and  conductivity.  Cho et  al. [78]
carried out similar work. Firstly, the flow channel was etched
on 316L SS by chemical etching, and then TiN coating was
prepared by hollow cathode discharge ion plating. The TiN
modified 316L SSBPs, unmodified 316 SSBPs, and graphite
BPs were assembled into a single cell to compare the fuel cell
performance. When the initial voltage was 0.6 V, the current
densities of the cells were 996, 796, 896 mA·cm−2,  respect-
ively. Compared with the unmodified BPs, the service life of
the BPs modified by TiN is significantly longer, and the con-
tact resistance of the modified 316 BPs is close to that of the
graphite  BPs.  Wang  and  Northwood  [79]  prepared  15 µm
thick  TiN  coating  on  316L  SS  by  plasma  enhanced  PVD
technology as shown in Fig. 20. After the modification, the
corrosion potential increased from −0.26 V vs. SCE to 0.16 V
vs.  SCE.  Under  the  simulated  anode  environment  (0.5  M
H2SO4,  70°C,  hydrogen  atmosphere),  the  corrosion  current

density at a constant potential of −0.1 V decreased from − 10
to −40 µA·cm–2, but the cathode corrosion current density in-
creased  from  5  to  25 µA·cm−2 at  0.6  V  constant  potential.
SEM analysis showed that pitting corrosion occurred on the
surface of the sample, resulting in serious local corrosion. At
the  same  time,  the  contact  resistance  reached  100  mΩ·cm2

when the assembly force was 1.56 MPa. 

5.3.2. Nitrogen/chromium carbide materials
Fu et al. [17] plated CrxN and TiAlN coating on 316L by

pulse  bias  arc  ion  plating  technology.  By  adjusting  the
volume  flow  of  nitrogen,  three  different  coatings  were  ob-
tained.  It  was  found  that  the  gradient  film  Cr0.49N0.51–
Cr0.43N0.57 coating  prepared  in  the  process  of  increasing  the
volume flow of nitrogen from 25 to 100 sccm showed good
performance.  In  the  process  of  assembly  force  of  0.8–1.2
MPa, the contact resistance was 7.9–11.2 mΩ·cm2. The cor-
rosion potential was 200 mV higher than that of the unmodi-
fied  SS.  In  the  simulated cell  working environment  (0.5  M
H2SO4 +  5  ppm  F−),  the  corrosion  current  density  was  0.1
µA·cm−2, and the contact angle of modified BPs was 90.5°,
which was conducive to the water management of fuel cell.
You et  al. [80]  also  investageted  the  effect  of  cermet  sub-
strate characteristics on the microstructure and properties of
TiAlN coatings.  Zhao et  al. [81]  systematically  studied  the
corrosion behavior of SSBPs after chromium carbide plating
in simulated cell working environment. The XPS test results
showed  that  Cr3C2,  Cr2O3,  FeOOH,  and  other  substances
were formed on the surface of chromium carbide plated SS,
forming a dense barrier layer, which improved the corrosion
resistance  of  316L  SS  to  a  certain  extent.  In  the  simulated
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fuel cell anode environment, its pitting potential was 0.7 V.
After  the  modification,  its  pitting  corrosion  resistance  was
improved. In the simulated fuel cell cathode working envir-
onment, pitting corrosion occured, and it was verified that the
development rate of pitting corrosion was controlled by the
dissolution of surface coating. 

5.4. Conductive polymer materials

Since DeBerry [40] applied polyaniline coating to the sur-
face  of  SS  in  1985,  conductive  polymer  materials  have  at-
tracted  more  and more  attention  because  of  their  high con-
ductivity and good corrosion resistance.

Zhang  and  Zeng  [82]  studied  the  corrosion  behavior  of
polypyrrole  coating  doped  with  sodium  dodecyl  sulfate  in
simulated PEMFC environment. Joseph et al. [83] prepared
polypyrrole and polyaniline coatings on 304 SS by electro-
chemical  deposition.  It  was  found  that  304  SS  coated  with
polymer showed low corrosion current density, and the con-
tact resistance was very close to graphite material under cer-
tain assembly force.  However,  there is  no data to show the
changes of coating properties under a long-term test. García
and Smit [84] found that although the 304 SSBPs plated with
polypyrrole had excellent corrosion resistance and the corro-
sion current  density could be reduced to 0.2 µA·cm−2,  with
the increase of time, SEM analysis showed that the coating
decomposed and then the corrosion current density increased.
Wang and Northwood [85] first sprayed gold on the surface
of 316L SS, and then prepared polypyrrole coating by elec-
trochemical deposition. The potential test was carried out un-
der the simulated fuel cell working environment, and the cor-
rosion current density was 5.46 µA·cm−2. At the cathode con-
stant  potential  of  0.6  V  vs.  SCE,  the  polarization  current
density was about 7 µA·cm−2.  At the anode constant poten-
tial of −0.1 V vs. SCE, the modified steel plate was in cath-
odic  protection  state.  Although  the  corrosion  resistance  of
conductive polymer coating is good in a short time, due to the
defects of polymer coating, its actual corrosion resistance in
fuel  cell  environment  needs  to  be  investigated  for  a  long
time. 

6. Conclusions and perspectives

Currently, proton exchange membrane fuel cell (PEMFC)
automobiles  have  attracted  the  attentions  of  major  auto-
mobile  manufacturers  and R&D institutions with their  high
efficiency and near-zero emissions. While, price and life are
the two important factors that have plagued the industrializa-
tion  of  PEMFC  for  a  long  time.  Especially  for  the  bipolar
plates (BPs) and their coating are very important. Even now,
the graphite BPs dominate the traditional PEMFC products.
The  stainless  steel  bipolar  plates  (SSBPs)  can  greatly  im-
prove the power density and performance of PEMFC, and re-
duce  mass  production  costs,  which  is  favored  by  PEMFC
automobile companies. The working environment of SSBPs
for PEMFC is very harsh, which seriously affects its corro-
sion resistance and conductivity, and their working stability

can be improved by changing the material composition and
surface  modification.  Presently,  the  surface  modification
technologies mainly include both the non-coating and coat-
ing technical routes based on SSBPs, e.g., substrate compon-
ent  regulation,  thermal  nitriding,  electroplating,  ion  plating,
chemical  vapor  deposition,  and  physical  vapor  deposition,
etc.  And  the  surface  coating  materials  mainly  include  e.g.,
metal  coatings,  metal  nitride  coatings,  conductive  polymer
coatings,  and  polymer/carbon  coatings,  etc.  In  general,  the
development  trend  of  SSBPs  technology  has  gradually  be-
come a hotspot in research from the traditional monometallic
film layer to the direction of multi-component and composite,
especially  the  composite  film  layer  prepared  by  combining
metal and carbon materials. It is worth pointing out that the
quality  evaluation  system of  SSBPs after  surface  modifica-
tion and coating is of importance. The performance and life
of  SSBPs mainly depend on the corrosion resistance of  the
plates. Except for a few precious metals, the corrosion resist-
ance of  most  metals  and alloys  (such as  chromium, nickel-
chromium alloys, stainless steel, etc.) depends on the protect-
ive  effect  of  the  passivation  film  formed  on  their  surfaces.
Thus, not only the standard characterization of the corrosion
resistance and interface contact resistance of SSBPs, but also
further analysis and characterization of the surface coatings
in view of micro-nano-view scale are of great significance for
evaluating the corrosion mechanism of SSBPs, and predict-
ing the dissolution rate or residual life of SSBPs. 
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