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Abstract: Attaining  a  decarbonized  and  sustainable  energy  system,  which  is  the  core  solution  to  global  energy  issues,  is  accessible
through the development of hydrogen energy. Proton-exchange membrane water electrolyzers (PEMWEs) are promising devices for hy-
drogen production,  given their  high efficiency, rapid responsiveness,  and compactness.  Bipolar plates account for a relatively high per-
centage of the total cost and weight compared with other components of PEMWEs. Thus, optimization of their design may accelerate the
promotion of PEMWEs. This paper reviews the advances in materials and flow-field design for bipolar plates. First, the working condi-
tions of proton-exchange membrane fuel cells (PEMFCs) and PEMWEs are compared, including reaction direction, operating temperat-
ure, pressure, input/output, and potential. Then, the current research status of bipolar-plate substrates and surface coatings is summarized,
and  some typical  channel-rib  flow fields  and  porous  flow fields  are  presented.  Furthermore,  the  effects  of  materials  on  mass  and  heat
transfer and the possibility of reducing corrosion by improving the flow field structure are explored. Finally, this review discusses the po-
tential directions of the development of bipolar-plate design, including material fabrication, flow-field geometry optimization using three-
dimensional printing, and surface-coating composition optimization based on computational materials science.

Keywords: bipolar-plates; flow design; mass and heat transfer; corrosion; water electrolyzers; fuel cells

  

1. Introduction

Hydrogen energy is a secure, economical, and nonpollut-
ing  energy  source.  Since  the  1990s,  hydrogen  energy  has
been considered a critical and indispensable element of a de-
carbonized, sustainable energy system [1]. The complete pro-
cess  of  obtaining  hydrogen  energy  is  usually  divided  into
three  steps:  energy  conversion,  transportation,  and  storage
[2]. To date, 96% of hydrogen production capacity is “gray
hydrogen” from fossil  fuels,  and carbon-free “green hydro-
gen” production can be fulfilled by inputting renewable en-
ergy sources in electrolyzing water systems. The current situ-
ation  of  green  hydrogen  production  being  more  expensive
than gray hydrogen production will change as the cost of re-
newable  energy  decreases  and  electrolyzers  become  more
cost-effective [3–4].

The  current  commercial  water  electrolysis  technology  is
performed below 100°C. Two types of commercial  electro-
lyzers  are  used  in  the  industry:  alkaline  water  electrolyzers
and  proton-exchange  membrane  water  electrolyzers  (PEM-
WEs)  [5].  Alkaline  electrolyzer  technology  is  more  mature
and  cheaper  than  that  of  PEMWEs  but  performs  poorly  at
fluctuating potentials and high-power densities [6]. By con-
trast, PEMWEs can compensate for the disadvantages of al-

kaline  electrolyzers.  The  improvement  of  the  cost-perform-
ance ratio is critical to promoting PEMWEs technology in the
long term.

Fig. 1 schematically shows the basic working principle of
PEMWEs and proton-exchange membrane fuel cells (PEM-
FCs).  Since  they  have  a  similar  structure,  the  following  is
presented  as  an  example  of  PEMWEs  only.  The  physico-
chemical processes occurring inside PEMWEs in their oper-
ating state mainly include reactant transport, electrochemical
reactions,  proton  and  electron  conduction,  product  elimina-
tion, heat generation, and heat dissipation. PEMWEs are as-
sembled  from  bipolar  plates  and  membrane  electrode  as-
sembly (MEA). A MEA contains cathode/anode porous dif-
fusion  layers,  cathode/anode  catalytic  layers,  and  a  proton-
exchange membrane. The general MEA possesses a symmet-
rical structure with the membrane as the axis. Bipolar plates
perform prominent  functions,  including  facilitating  gas  and
liquid flow, providing structural support for MEAs, and con-
ducting  electric  currents.  For  PEMWE  stacks,  the  bipolar-
plate weight is approximately 70% of the total weight and the
bipolar-plate  costs  around  50%  of  the  remaining  expenses
excluding  membranes  and  catalysts  [7].  Developers  aim  to
improve several property parameters to meet the demand for
performance optimization of bipolar plates; such parameters 
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include  interfacial  contact  resistance  (ICR)  [8–10],  thermal
conductivity  [11],  electrical  conductivity  [12–14],  mass
transfer capability [15–18], and corrosion resistance [19–21].
The U.S. Department of Energy (DOE) proposed a develop-
ment plan for the bipolar-plate technology applied in PEM-
FCs [22–23].  The plan mainly  requires  a  bipolar-plate  ICR

below  10  mΩ·cm2 and  a  corrosion  current  density  below
1 µA·cm−2 in  2025 [24].  Designing excellent  bipolar  plates
requires  detailed  investigation  into  several  key  aspects:  a
structural  design that  has  a  decisive effect  on hydrothermal
management, material selection that assures corrosion resist-
ance at high potentials, and cost containment.
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Fig. 1.    Schematic of the basic working principle of (a) PEMWEs system and (b) PEMFCs system.
 

PEMWEs and PEMFCs have similar structures. However,
their bipolar plates are not directly interchangeable. In PEM-
WEs, the decomposition of water into hydrogen and oxygen
occurs when an electric current pass through the electrolyte;
in PEMFCs, the reaction of hydrogen and oxygen generates
electrical energy [25]. Different work environments and elec-
trochemical  conditions  impose  distinctive  requirements  on
bipolar-plate  design.  In  addition,  material  and  flow-field
design need to be coordinated in bipolar-plate design to en-
sure the compatibility between materials and flow fields and
optimize  the  performance  and  efficiency  of  PEMWEs  and
PEMFCs.  In  this  regard,  the  corrosion  resistance  and  con-
ductivity of materials and the uniformity and flow character-
istics of the flow field must be considered.

The  increasing  prevalence  of  the  concept  of  low carbon
brought  into  sharp  focus  the  design  work  of  bipolar  plates,
which serve as key components of PEMWEs. Although sep-
arate  reviews  of  bipolar  plates  for  PEMWEs  and  PEMFCs
have been published, those that compared the operating prin-
ciples  and  design  requirements  are  a  few.  Meanwhile,  no
study has analyzed the interaction of material  selection and
flow-field design in bipolar-plate design. Hereinto, this paper

reviews  the  research  progress  of  bipolar-plate  design  based
on previous studies in terms of material selection and flow-
field design. Substrates and coatings are presented for mater-
ial  selection,  and  traditional  channel-rib  flow fields,  porous
flow fields,  and  other  novel  structures  for  structural  design
are presented. In addition, analysis is conducted on the differ-
ences in service conditions between PEMWEs and PEMFCs
bipolar plates and the potential interaction between material
selection and flow-field design. This review aims to provide
guidance to material and fluid engineers involved in bipolar-
plate design. 

2. Differences  in  working  conditions  of  PEM-
WEs and PEMFCs

PEMWEs and PEMFCs exhibit a structural similarity that
can be attributed to their similar composition and not only to
their same membrane technology design. These devices have
symmetrical structures with a membrane as the axis, and both
consist  of  a  membrane  electrode  and  two  bipolar  plates.
However, the components used for PEMFCs cannot be used
directly on PEMWEs given their different service conditions,
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including reaction direction, operating temperature, pressure,
input/output, and potential.

(1) Reaction direction.
Differences  in  service  conditions  stem  from  the  various

internal reactions. PEMWEs utilize electrical energy to split
water into oxygen and hydrogen. This reaction absorbs heat,
which  ultimately  produces  hydrogen  [26–27].  Although
PEMFCs  convert  hydrogen  and  oxygen  into  electrical  en-
ergy and water, the reaction is exothermic. The ultimate goal
of this process is to generate electricity [28].

(2) Operating temperature.
PEMWEs typically operate at low temperatures of around

50–80°C [29–30],  and PEMFCs can operate  at  higher  tem-
peratures  of  around  80–120°C  [31–32].  A  high  operating
temperature  allows  PEMFCs  to  operate  efficiently  and  in-
duce fast reaction rates. Although studies have been conduc-
ted on the operation of high-temperature PEMWEs, the com-
mercialization of this technology remains distant [33–34].

(3) Pressure.
A  single  PEMWE  requires  atmospheric  pressure  under

average  operating  conditions  [35–36],  whereas  an  efficient
single PEMFC preferably operates at a pressurized environ-
ment  of  1  ×  106–3  ×  106 Pa  [37–39].  As  for  commercial
products, the increased operating pressure is inevitably intro-
duced  in  multiple  cell  integrations  of  PEMWEs  and  PEM-
FCs.  The  delivery  pressure  of  PEMWE  stacks  from  Nel
Company in Norway is between 1.38 × 107 and 3 × 107 Pa,
depending on the rate of hydrogen production.

(4) Input and output.
Most  of  the  current  PEMWEs  and  PEMFCs  operate  at

temperatures below 100°C, and thus,  the water inside them
mainly exists in liquid form. The PEMWE inlet is all liquid
water, and the PEMFC inlet is all gas. Both exclude the two-
phase  flow at  the  outlet  [40–41].  The  increase  in  flow rate
guarantees the reactant supply for electrochemical reactions
in  the  catalytic  layers.  However,  evident  wastage  is  sub-
sequently produced as some reactants are expelled from the
outlet before they can react. The inlet of PEMFCs exhibits a
lower flow rate compared with that of PEMWEs due to eco-
nomic and safety considerations for hydrogen [42–45].

(5) Potential.
The potential difference in bipolar plates of PEMWEs is

consistently higher compared with that of PEMFCs. PEMFC
bipolar plates have potential in the range of 0.2–1 V [46–48].
The PEMWE electrolysis reaction involves a critical theoret-
ical  potential  of  1.23 V [7].  The improvement  of  hydrogen
production capacity can be attained by further increasing the
electrolysis  potential.  Consequently,  the  increased  demand
for the durability of bipolar plates at high potential has been
proposed in terms of PEMWE development.

Bipolar-plate  products  for  PEMFCs  cannot  be  used  dir-
ectly  on  PEMWEs.  Although  information  can  be  obtained
from the PEMFC bipolar-plate design, unresolved issues that
require  the  attention  of  research  and  development  staff  re-
main. In comparison with PEMFCs, PEMWEs are evolving
toward higher potentials and larger sizes, which present chal-

lenges  in  terms  of  manufacturing  processes  and  flow-field
design for larger-scale applications. 

3. Types of materials 

3.1. Base materials

The widely used graphite bipolar plates are made of com-
posite materials consisting mainly of graphite flakes and res-
in binder.  They possess good electrical  conductivity,  corro-
sion  resistance,  and  dimensional  stability.  However,  their
limitations lie in their mechanical strength, surface finish, and
operating  temperature  range.  On  the  other  hand,  metal  bi-
polar plates have gained considerable attention as an alternat-
ive  to  graphite  plates.  These  materials  are  usually  made  of
stainless  steel  (SS),  titanium,  or  other  metal  alloys  and  are
manufactured  through  various  processes,  such  as  stamping,
machining,  or  electroforming.  Compared  with  graphite
plates, metal plates offer higher mechanical strength and ro-
bustness and better temperature resistance. These advantages
have led to a growing interest in metal bipolar plates for fuel-
cell applications [7]. 

3.1.1. Graphite bipolar plates
The manufacturing process of graphite bipolar plates be-

comes complicated in batch manufacturing; however, graph-
ite bipolar plates remain more convenient to use in new flow-
field  verification  process  than  metal  bipolar  plates  that  re-
quire die stamping [49]. This application is one of the reas-
ons why high-density graphite has been used in bipolar plates
for  the  longest  time.  In  addition,  the  inherent  properties  of
graphite materials, such as their excellent electrical conduct-
ivity and corrosion resistance, significantly contribute to their
performance. With the increased demand for PEMWE work-
ing conditions,  pure  graphite  plates  can no longer  meet  the
service requirements. At 1.8 V, the oxidization of carbon pro-
duces  carbon  dioxide,  which  in  turn  leads  to  a  gradual  de-
crease  in  conductivity  [50].  Based  on  the  development  of
graphite  plates,  the  proposed  carbon-containing  composite
material is a feasible solution for applications in high poten-
tial environments. At this stage, the solution must address the
issues  of  improving  the  binder  conductivity,  boosting  the
conductivity and corrosion resistance of fillers, and ensuring
stability at high potentials. Given that bipolar plates operate
in a stacked condition, a firm bond between the filler and the
matrix is required. As shown in Fig. 2(a)–(b), graphite/grap-
hene-filled polybenzoxazine composites possess good mech-
anical  properties.  The  interior  of  aniline-based  benzoxazine
monomer (BA-a) resin exhibits a substantially low melt vis-
cosity,  which  facilitates  excellent  wetting  properties  of  the
fillers. As a result, the filler and the matrix exhibit a robust in-
terfacial adhesion. The performance of the composite materi-
al is also influenced by factors such as the filler particle size,
filler  aspect  ratio,  weight/volume  ratio  during  mixing,  and
synergistic  effect  between  different  fillers  [51–52].  Expan-
ded graphite, with its good thermal conductivity, low density,
low cost,  and stability,  is the ideal substrate compared with
other carbon materials. The corrosion current density reaches
79.8 µA·cm−2 for  expanded-graphite  (EG)  bipolar  plates,
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which indicates  that  the  upper  limit  of  the  performance  for
pure carbon materials did not satisfy the DOE 2025 require-
ments  [53].  As  displayed  in Fig.  2(c),  phenolic  resins,  as
polymer fillers, considerably reduce corrosion current dens-
ity by preventing intergranular corrosion. 

3.1.2. Metal bipolar plates
Metallic  materials  ensure  the  long-term  operation  of  bi-

polar plates under acidic conditions because the generation of
a passivating film on the metal surface prevents further sub-
strate dissolution [54]. However, the generation of passivat-
ing films increases the ICR and leads to an increased ohmic
loss of the PEMWE system [55]. SS and titanium, which can
generate passivate films, are currently the dominant materi-
als used in metal bipolar plates.

SS bipolar plates have the advantages of excellent mech-
anical properties, good impact resistance, and low cost, and
the disadvantages include high density and insufficient corro-
sion resistance at  high potentials  [56].  For  the  316L SS bi-
polar plates in Fig. 3(a1), the contact angle of less than 90°
indicates a hydrophilic surface [57]. As shown in Fig. 3(a2)–
(a3),  the  corrosion  current  density  and  ICR  at  150  N·cm−2

measured  7.643 µA·cm−2 and  44.29  mΩ·cm2,  respectively.
The ICR of 316L SS is lower than that of graphite materials
due to the difficult conduction of electricity through the met-
al passivate film (Table 1). Through the application of addit-
ive  manufacturing  techniques,  the  surface  condition  and
structure of metal bipolar plates can be optimized to improve
electrical conductivity and durability. The three-dimensional
(3D)-printed 316L bipolar plates have ICR that comply with
the requirement set by DOE, which is less than 10 mΩ·cm2

[65].  Given  the  high  density  of  dislocations  in  their  micro-
scopic cell structure, 3D-printed 316L SS bipolar plates can
resist  corrosion  under  hydrogen-rich  conditions.  Although
positive  enhancement  of  corrosion  resistance  is  acquired  in
SS via 3D printing technology, such a result remains insuffi-
cient to meet the requirements of DOE 2025 on the corrosion
current density [66].

Titanium  and  aluminum  alloys  are  less  dense  than  SS.
Lightweight-alloy  bipolar  plates  can  be  used  to  greatly  re-
duce  the  weight  of  an  entire  stack.  On  the  anode  side  of
PEMWEs, the oxide film produced on the aluminum and ti-
tanium  plates  increases  the  ICR.  Aluminum  bipolar  plates,
which must be guaranteed to be 100% nonporous, have high
coating requirements. Otherwise, the ionic conductivity will
be  affected  when  aluminum  reaches  the  proton-exchange
membrane  after  dissolution  [67].  Compared  with  that  ob-
tained when using aluminum, the ICR produced via the oxid-
ation of titanium surface is smaller, which ensures that titani-
um as a substrate is conductive and noncorrosive to a certain
extent. Ti4O7 has an electrical conductivity of 1.0 × 105 S·m−1

[68].  Therefore, titanium-alloy bipolar plates have desirable
prospects  for  application  on  the  anode  side  of  PEMWEs.
However,  titanium  is  prone  to  embrittlement  in  hydrogen-
containing cathode environments [69].  For the TA1 bipolar
plates in Fig. 3(b1), the contact angle of less than 90° indic-
ates a hydrophilic surface. Shi et al. [58] considered the dif-
ferences  between  cathodic  and  anodic  conditions  when
measuring ICR and corrosion currents and observed that the
material’s performance was superior in the former case. As
presented  in Fig.  3(b2)–(b3),  the  corrosion  current  density
in  the  simulated  cathodic  environment  and  the  ICR  at
140 N·cm−2 measured 1.084 µA·cm−2 and 176.9 mΩ·cm2, re-
spectively. The destruction of the passivate firm on the titani-
um  surface  resulted  in  the  formation  of  unprotected
titanium–fluoride  compounds.  Although  TA1  exhibited  a
better corrosion current density than 316L SS, it still failed to
meet the requirements of DOE 2025. Current metal materials
cannot meet DOE requirements without considering surface
treatment, except precious metal substrates that are not con-
sidered due to their high cost. 

3.2. Coating materials

Developers  have  modified  the  metal  substrate  surface  to
ensure the prolonged service life of bipolar plates under work
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potential.  The surface condition of bipolar plates can be af-
fected  by  acidic,  high-temperature,  and  hydrogen-rich  or
oxygen-rich conditions, which ultimately lead to increases in
the corrosion current density and ICR. A minority of bipolar
plates without surface treatment can meet the requirements of
DOE  2025  [70].  Excellent  surface  treatment  is  required  to
simultaneously ensure corrosion resistance and improve the
electrical conductivity of bipolar plates.  Based on composi-
tional differences, coatings on bipolar plates can be classified
as metallic, carbon-based, and polymer coatings. 

3.2.1. Metal and compound coatings
Metal  coating  materials  include  metal  nitride,  metal

carbide, metal oxide, precious metal, and alloy coatings. Pre-
cious  metals  are  chemically  inert  with  good  electrical  con-
ductivity  [71].  Research  has  been  conducted  on  316L  SS
covered  with  Pt  [72]  and  Au  coatings  [73].  However,  the
plating of metal monomers should be carried out carefully to
avoid  the  unevenness  of  the  substrate  surface,  which  in-
creases risk of localized corrosion.  As shown in Fig.  4(a1),
3D-printed 316 L SS bipolar plates were coated with 1 µm
gold layer after polishing treatment, which reduced the ICR
to 6.4 mΩ·cm2 at the pressure of 1.45 MPa [59]. As shown in
Fig. 4(a2), the gold layer ensured the stable corrosion resist-
ance of the substrate at high potentials but failed to meet the
DOE requirements. Although precious metal coatings are ex-
tremely  stable  at  high potentials,  their  high cost  diminishes
the feasibility of large-scale commercialization.

Initially, metal oxide coatings were formed directly on the

surface of metal substrates, but their corrosion resistance and
electrical conductivity were inadequate. The addition of Nb
and Ta to TiO2 can change a part of Ti4+ into Ti3+, which im-
proves the conductivity of TiO2 coatings [74–75]. The Ti4O7

coating  has  an  ICR  of  approximately  5  mΩ·cm2,  which  is
comparable  to  that  of  precious  metal  coatings  [68].  Metal
carbide  coatings  are  not  only  relatively  inexpensive  to  pre-
pare but also form dense and uniform films on SS substrates.
Carbide  coatings  exhibit  good  hydrophobicity  at  the  inter-
face of contact with the solution and strong bonding capabil-
ity with the metal matrix, as shown in Fig. 4(b1) [60]. Metal
nitrides feature excellent electrical conductivity and thermal
stability. The investigation of TiN films on bipolar plates is
still  pending,  concentrating  on  the  effect  of  the  preparation
process on the coating microstructure. The use of unreason-
able process parameters can lead to cratering defects on the
surface of TiN films (Fig. 4(c1)) [61]. As displayed in Fig. 4
(b2)  and  (c2),  nitride  and  carbide  coatings  meet  the  DOE
2025  requirements  for  corrosion  current  density.  The  two
combinations  of  coatings  and  substrates  have  the  best  pro-
spects  for  commercialization due to  their  high performance
and simple structure (Table 1).

The coating surface must be uniform and smooth because
a nonuniform surface may lead to defects and crevice corro-
sion.  Nanocoatings  have  been proposed to  fulfill  the  above
requirements. These materials can effectively prevent corros-
ive ions from penetrating the metal substrate while ensuring
good electrical conductivity. Tetrakis (dimethylamino) titani-
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um-TiN thin films prepared through plasma-enhanced atom-
ic layer deposition methods exhibited excellent corrosion res-
istance because the films formed on the 316L substrate sur-
face were free of corrosive impurities or pinholes. At a com-
pression force of 127 N·cm−2, the ICR was reduced success-
fully  from  35.868  to  15.239  mΩ·cm2 [76].  Dense,  defect-
free, and well-adhered nanocrystalline β-Nb2N coatings were
fabricated on a 430 ferritic SS. The ICR of bipolar plates with
coatings  was  less  than  10 mΩ·cm2 after  500 h  of  potentio-
static polarization [77]. By employing a double-cathode glow
discharge  plasma technique,  a  novel  electrically  conductive
Ta2N  nanoceramic  coating  was  fabricated  through  reactive
sputter  deposition  [78].  The  coating’s  microstructure  com-
prised fine equiaxed Ta2N grains with an average grain size
of 13 nm. Small grains mean a great number of grain bound-
aries, which not only causes difficulty for corrosive media to
penetrate  the  coating  but  also  allows  for  smooth  electron
transport  within  crystals.  An  identical  technique  was  em-
ployed  to  fabricate  ZrN  thin  films  with  a  grain  size  of  ap-
proximately  15  nm  [79].  ZrN-coated  bipolar  plates  main-
tained  their  electrical  conductivity  and  corrosion  resistance
after  5  h  of  potentiostatic  polarization.  Meanwhile,  MAX-

phase  material  coatings  have  the  electrical  conductivity  of
metals and the durability of ceramics, such as Ti2AlC [80].

Multilayer or composite coatings can be used to solve the
problem  of  bipolar-plate  durability  under  sudden  potential
changes due to start-stop conditions. Composite coatings can
incorporate metal particles with excellent electrical conduct-
ivity. When 316L SS was used as the substrate, the Au/TiN
composite coating demonstrated superior electrical conduct-
ivity and corrosion resistance than the standard TiN coating
[81]. The improvement in the ICR was most pronounced at
the  Au  surface  coverage  of  4%–6%  [82].  Polytetrafluoro-
ethylene (PTFE), carbon cloth, and Ag were selected for the
multilayer coating on the Mg substrate, the corrosion current
of 0.058 µA·cm−2 and ICR of 27.28 mΩ·cm2 were measured
at a pressure of 1.4 MPa. The PTFE material guaranteed that
the  coating had a  smooth surface but  reduced the  electrical
conductivity [83]. For the enhanced electrical conductivity of
composite coatings, some researchers added C and TiN com-
ponents to the PTFE surface [84].

Multilayer  coatings  are  still  dominated  by  metal  oxides,
metal carbides, and metal nitrides in combination with each
other.  Studies  should investigate  the optimal  stacking order

 

Table 1.    Corrosion current density and ICR of the common base and coating materials applied in bipolar plates

Substrate Coatings Testing
conditions

icorr /
(µA·cm−2)

ICR /
(mΩ·cm2) Refs.

Graphite-/graphene-filled
polybenzoxazine — — — 3.52 [51]

EG —
1 M H2SO4, 80°C

79.8 —
[53]

EG/phenolic resin composite — 4 8.9

316L SS
—

0.5 M H2SO4,
2 × 10–6 HF, 70°C

7.643 44.29
[57]TiN 0.099 1.544

ZrN 0.209 18.86

TA1
— 0.5 M H2SO4,

2 × 10–6 HF, 70°C
1.084 176.9

[58]
TiC 0.137 46.9

AM 316L SS
—

pH = 2, H2SO4, 22°C
>1 22.3

[59]
Au >10 6.4

316L SS
—

0.01 M H2SO4,
5 × 10–6 HF, 75°C

2.0 —
[60]CrN 0.4 —

CrC 0.5 —

Bare Ti
— 0.5 M H2SO4,

2 × 10–6 HF, 70°C
3.34 35.0

[61]
Ti–N 0.47 3.0

316L SS

—

pH=5.5, H2SO4,
5 × 10–6 HF, 75°C

1.47 11.0

[62]
Ti 3.79 4.8
TiN 145.3 5.0
CrN/TiN 15.04 5.8
Ti/TiN 139.43 10.0

316L SS Nanolayered TiCx/a-C film pH = 3, H2SO4,
0.1 × 10–6 HF, 80°C <0.5 <3 [63]

316L SS

—

0.5 M H2SO4,
2 × 10–6 NaF, 80°C

35 —

[64]
PAMT 3 —
PPY 25 —
PAMT on PPY 12 —
PPY on PAMT 39 —

Notes: DOE requirement icorr < 1 µA·cm−2 and ICR < 10 mΩ·cm2, PAMT represents poly(2-amino-5-mercapto-1,3,4- thiadiazole), PPY
represents polypyrrole, and a-C film represents amorphous carbon film.
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ings:  (a1)  SEM image  revealing  the  cross-section  of  Au-coated AM SS bipolar  plates;  (a2)  potentiodynamic  polarization  curves  of
AM SS bipolar plates with Au coating. Reprinted from J. Power Sources, 396, G.Q. Yang, S.L. Yu, J.K. Mo, et al., Bipolar plate de-
velopment with additive manufacturing and protective coating for durable and high-efficiency hydrogen production, 590, Copyright
2018, with permission from Elsevier; (b1) SEM image revealing the cross-section of chromium carbide coating; (b2) potentiodynam-
ic polarization curves of  316L SS with carbide coating.  H.H. Ghahfarokhi,  A.  Saatchi,  and S.M. Monirvaghefi, Fuel  Cells,  16,  356
(2016) [60]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (c1) SEM image revealing the surface
of TiN-coated Ti; (c2) potentiodynamic polarization curves of TiN-coated Ti. Reprinted from Int. J. Hydrogen Energy, 46, T. Li, Z.
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316L SS; (d2) potentiodynamic polarization curves of CrN/TiN-coated 316L SS. Reprinted from Int. J. Hydrogen Energy, 46, N. Ro-
jas,  M. Sánchez-Molina, G. Sevilla, et al.,  Coated stainless steels evaluation for bipolar plates in PEM water electrolysis conditions,
25929, Copyright 2021, with permission from Elsevier.
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between layers of a multilayer structure. The order in which
coatings  are  arranged  determines  their  internal  interaction
and the extent of their bond to the metal substrate. Reducing
the  coating  thickness  improves  the  compactness  of  the  as-
sembled PEMWE, which ensures the efficiency of the entire
system. Thus, multilayer coatings show promising prospects
through the employment of nanostructures. Multi-layer coat-
ing design should follow two principles. First, the electrical
conductivity  of  the  inner  layer,  which  should  closely  bond
with the substrate, must be ensured. Second, the outer layer
should possess  a  corrosion-resistant  and hydrophobic struc-
ture.  Breakthroughs  in  multilayer  coatings  may  potentially
overlook the type of substrate for bipolar plates. Weighty SS
materials can be replaced with low-cost,  lightweight alloys,
such  as  magnesium,  aluminum,  and  titanium  alloys,  which
considerably  reduces  the  total  weight  of  PEMWE systems.
As shown in Fig. 4(d1), Rojas et al. [62] prepared CrN/TiN
multilayered  coatings  with  20  bilayers.  They  observed  that
CrN/TiN bilayers promoted a good relationship between cor-
rosion  resistance  and  ICR.  Under  experimental  conditions,

the pH of these bilayer samples reached 5.5, which is higher
than that of the other experiments provided in Table 1. 

3.2.2. Carbon-based coatings
The  carbon-based  coatings  used  on  bipolar  plates  are

mainly classified into pure carbon films and graphitized coat-
ings [7]. The preparation methods for carbon-based coatings
include  magnetron  sputtering,  electrochemical  deposition,
physical vapor deposition (PVD), and chemical vapor depos-
ition (CVD). Carbon-based coatings have excellent electrical
conductivity  but  comparatively  weak  corrosion  resistance.
Pure carbon films are susceptible to damage, which can lead
to substantial performance degradation of bipolar plates after
a short service period [85]. The nanostructuring treatment can
be used to obtain dense and defect-free films, which ensure
the stable performance of bipolar plates during long-term ser-
vice.  As  revealed  in Fig.  5(a1)–(a4),  the  study  of  316L SS
with nano-amorphous carbon (a-C) films showed the poorest
corrosion resistance in the samples with a carbon-layer thick-
ness of 101 nm [63]. This combination of coating and sub-
strate  had the best  performance statistics  (Table 1).  The in-
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creased thickness of the a-C layer results in stress relaxation,
and vacancy-like defects increase in abundance. Corrosion of
the amorphous transition layer in thin a-C layers may result
in increased corrosion current density. The carbon nanofilms
prepared via sputtering prevent stress relaxation and vacancy
loss.  In  addition,  intercalated  graphite  nanoclusters  create  a
localized  protocell  effect  with  amorphous  carbon  compon-
ents,  which  provides  protection  against  corrosion  damage
[86]. Doping treatment can effectively improve the corrosion
resistance of composite carbon films. The enhanced conduct-
ivity observed in a-C films can be attributed to the elevated
proportion of C sp2 orbitals [87]. 

3.2.3. Polymer coatings
Conductive polymers can possess a combination of elec-

trical  conductivity  and  corrosion  resistance.  Conductive
polymer  coatings  applied  to  bipolar  plates  are  mainly  cat-
egorized  as  polyaniline  (PANI)  [88–89]  and  polypyrrole
(PPY)  [64,90]  films.  A study  on  PPY and  PAMT coatings
(Fig.  5(b1)–(b5))  revealed  that  the  double-layer  coatings
were better  than the single-layer  ones.  This  type of  coating
delayed the onset  of  corrosion by lengthening the diffusion
path  of  the  corrosive  medium between  the  metal  and  coat-
ings. Copper plates coated with a double-layer polypyridine/
PANI composite film showed a more negative corrosion po-
tential  than  those  with  single-layer  polypyridine  films.  The
composite films improved the corrosion resistance by block-
ing the entry of some ions. However, the specimens coated
with composite film had a large ICR [91]. Doping with or-
ganic or inorganic substances increases the structural stabil-
ity  of  conducting  polymers.  The  doped  inorganic  materials
generally include carbon [91] and titanium oxides [92] due to
their  desirable  electrical  conductivity  and  corrosion  resist-
ance. Doped nanoparticles are used to improve the densifica-
tion of polymer films [93], and doping with noble metals in-
creases electrical conductivity [94]. Conductive polymers are
qualified  candidates,  given  their  simple  and  inexpensive
manufacturing  procedure.  However,  polymer  coatings  are
prone to porosity and do not guarantee performance stability
under  the  operating  conditions  of  PEMWEs.  Problems  re-
lated to these coating requirements can be addressed through
endeavors on several aspects, including the improvement of
electrical  conductivity,  performance  stability  in  long-term
operation,  and  adhesion  between  coatings  and  substrates.
Currently, studies are focusing on the modification of poly-
mer coatings, mainly through doping of different kinds of in-
organic conductive particles. The formation of inorganic–or-
ganic  compounds  with  strong  bonding  strength  will  further
advance the application of polymer coatings. 

4. Structural design

PEMWEs have a fluid-flow condition that is more similar
to  that  in  direct  methanol  fuel  cells  (DMFC)  than  that  in
PEMFCs  [95].  PEMWEs  and  DMFCs  contain  higher  pro-
portions  of  liquid-phase  substances  than  gas-phase  sub-
stances. As a reactant, pure water offers lower cost and high-

er safety compared with hydrogen. Therefore, PEMWEs can
ensure efficiency by increasing water  flow,  while  PEMFCs
will not increase hydrogen flow for safety and cost reasons.
The stoichiometric ratio (ξ) refers to the ratio of reactant sup-
ply to reactant consumption. The ξ for pure water in PEM-
WEs  can  be  above  50  [96–97],  and  that  for  hydrogen  and
oxygen in PEMFCs usually does not exceed 4 [98–99]. The
research  on  hydrogen  and  oxygen  as  PEMFCs’ reactants
needs to focus on safety and economy. Thus, the ξ should not
be extremely high. For PEMWEs, the principal objective of
flow-field  design  focuses  on  ensuring  stable  operations
through meticulous consideration of pressure and heat distri-
butions. The ξ of reactants can be increased directly to optim-
ize the reactant supply on the surface of the catalytic layer. In
PEMWEs, the diffusion resistance of the electrochemical re-
action  is  minimized  as  much  as  possible,  and  the  electron
transfer resistance serves as a rate-controlling step. PEMWE
development  will  further  move  toward  attaining  high  pres-
sure and high potential (Section 2). In this case, the appropri-
ate flow-field design with uniform flow and pressure distri-
bution developed into a research challenge. In the flow-field
design  session,  iterative  optimization  is  usually  performed
using  macroscopic  model  simulation  [100–101].  The
volume-of-fluid  method  simulations  at  low  potentials  usu-
ally yield highly accurate cloud distributions of pressure and
temperature in the flow channel, and the simulation results at
high potentials deviate considerably from experimental find-
ings. Wu et al. [96,102] improved the accuracy of simulation
results  at  high  potentials  through  mesoscopic–macroscopic
and experimental–macroscopic coupling simulation. 

4.1. Channel-rib flow field

The design of channel-rib structures, which offer a service
life of over 20 years, is more traditional compared with those
of other structures [103–104]. The channel portion serves as a
transmission medium for liquids and gases, and the rib por-
tion conducts electricity and heat. In laboratory settings, the
area of bipolar plates is limited to a certain extent. By con-
trast,  automotive  PEMFCs  and  commercial  PEMWEs  fea-
ture bipolar plates with substantially large areas.

The  large  area  release  facilitates  various  and  complex
flow-field designs, such as the multichannel serpentine flow
field  in Fig.  6(a)  [105].  Diversified  channel-rib  flow  fields
can be used to mimic biological structures [106]. As shown
in Fig. 6(b), the width scaling parameters with tree-like pat-
terns in the bipolar plates used in PEMFCs reduced viscous
dissipation in the channels [107]. The use of a lung-like flow
design  resulted  in  uniform  reactant  distribution  across  the
electrodes  and  a  minimal  entropy  generated  by  the  entire
system (Fig. 6(c)) [108]. The improvement of the convective
effect of the reactant fluid from the flow field to the catalytic
layer mitigates the concentration loss in the electrochemical
reaction. Baffles in flow channels promote convection; they
have the advantage of increasing the supply of reactants and
the disadvantage of increased pumping power. As PEMWEs
and  PEMFCs  are  considered  small  reactors,  the  enhance-
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ment degree evidently corresponds to the baffle shape. Ghan-
barian et al. [109]  considered  the  effect  of  the  addition  of
square, semicircular, and trapezoidal baffles on the power of
PEMFCs. Yin et al. [110] investigated the front and rear bot-
tom angles of a trapezoidal baffle and observed that the react-
ant  transport  performance  and  system  output  power  were
optimal  when  the  front  and  rear  bottom  angles  were  45°
(Fig. 6(d)). A channel with a best-in-class trapezoidal baffle
increased the current density by 17.7% compared with a non-
baffled channel.  Another option is  to optimize the shape of
vertical walls associated with the gas diffusion layer (GDL)
on both sides of the flow channel. A new droplet flow-field
structure proposed by Meng et al. [49] increased the maxim-
um power density by 23.7% compared with the parallel flow
field  (Fig.  6(e)).  Wang et al. [111]  implemented  a  tapered

flow-field  configuration  to  achieve  the  uniform distribution
of reactants and current density. The coefficients of variation
for the current density and oxygen molar concentration were
reduced  by  approximately  21.4%  and  8.5%,  respectively.
The  findings  of  Xu et al.  [112]  on  the  structure  of  wave-
shaped flow channels revealed that mass transfer by gas dif-
fusion can be improved by introducing a groove structure in
the GDL. In addition, adjustment of the width or depth of ch-
annels and ribs can improve pressure distribution and system
power. However, all of the above methods have side effects,
such as increased pump power and difficulty in drainage.

The areas for gas/liquid transfer and current/heat conduc-
tion are mathematically equivalent based on the same width
value of channels and ribs [109–110]. Metallic bipolar plates
are  usually  highly  conductive,  and  thus,  ohmic  losses  for
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their electrochemical reactions are relatively negligible. Ap-
propriate reduction of conductive interfaces and the increase
in mass transfer interfaces can considerably optimize gas and
liquid  transport  processes  without  substantially  increasing
ohmic losses [113]. 

4.2. Porous flow field

High-porosity  porous  materials  are  expected  to  replace
conventional flow fields. Representative porous materials in
some PEMFCs include metal foams, sintered minerals, por-
ous plates, and 3D meshes [114–115]. The increase in poros-
ity improves the contact area between channels and the GDL,
which results in the optimized transport process of gases and
liquids.  The  porosity  value  of  porous  materials  with  uni-
formly distributed pores is equivalent to the ratio of the con-
tact  area  between the  ribs  and GDL to  the  total  area  of  bi-
polar plates in the channel-rib flow field. Electronic conduc-
tion results in negligible ohmic losses due to the small pore
size of the porous structure,  which causes the narrowing of
the  electronic  conduction  path  [116].  Porous  structures  not
only become more uniform in stress distribution under extru-
sion but are also lighter in weight than channel-rib structures.

Various  commercial  examples  of  porous  structured  flow
fields have now become accessible. As shown in Fig. 7(a), a
3D fine-grid  porous  flow field  designed for  the  Mirai  fuel-
cell  vehicle  produced  by  Toyota  Company  remarkably  en-
hanced the transport process of reactants to the catalytic lay-
er [117]. As shown in Fig. 7(b), the NEXO fuel cell of Hy-
undai  Company  incorporates  a  novel  porous  plate  design
aimed at minimizing concentration losses during the reaction
through innovative technology production [114].

The porous-structure flow field shows a greater potential
compared  with  the  conventional  channel-rib  flow  field.  To
advance the application of porous flow fields, scholars should
focus  more  on  fabrication  methods,  characterization  tech-

niques, and structural design. Furthermore, efforts to dimin-
ish costs are supposed to be achieved using the power of the
system guaranteed in the meantime in the porous flow field. 

4.3. Innovative structure

The  innovative  additive  manufacturing  technology,  also
known as  3D printing,  constructs  objects  through  the  addi-
tion and stacking of materials layer by layer [118–119]. Ad-
ditive manufacturing can be used to create complex geomet-
ric structures, such as internal cavities, curves, and skeleton-
ized  structures.  Manufacturing  goals  achieved  through  this
method are accomplished without complex processes and nu-
merous tools compared with traditional manufacturing tech-
niques. In addition, metal additive manufacturing minimizes
material  waste  by  using  recycled  powders  during  printing.
The  high  resource  utilization  of  additive  manufacturing
matches  the  low-carbon  and  environmentally  friendly
concept of hydrogen economy. In summary, additive manu-
facturing technology is promising for PEMFC and PEMWE
flow-field plate  manufacturing.  Stable outputs  of  PEMWEs
and PEMFCs can be achieved through the interruption of air
bubble buildup via a dual-layer channel design. As displayed
in Fig. 8(a), Xu et al. [120] reported that the PEMWE with a
double-layer channel flow field was improved by 0.171 V at
3 A·cm−2 compared with the conventional parallel flow field.
With  the  use  of  the  new  dual-layer  channel  flow  field,  the
distribution of temperature and current density becomes more
uniform, which has a positive influence on the durability and
performance of PEMWEs. As shown in Fig. 8(b), Chen et al.
[121] designed a novel two-layer channel flow field via 3D p-
rinting to improve oxygen concentration and drainage perfo-
rmance under the rib. They solved the trilemma related to the
performance, pressure drop, and manufacturing feasibility.

As shown in Fig. 8(c), Yang et al. [59,122–124] explored
the feasibility of 3D printing technology for PEMWE applic-
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ations for the innovative design and fabrication of an all-in-
one flow structure. Their work was the first to integrate a li-
quid/GDL, a bipolar plate, a spacer, and a current distributor
into  a  single  multifunctional  plate  without  using  tools  or
molds. Recent research indicated the impressive energy effi-
ciency  of  the  electrolyzer  (86.48%)  at  2  A·cm−2 and  80°C.
The energy efficiency surpassed that of conventional electro-
lyzers by 61.81% in terms of hydrogen production rate.

Integrated  structural  design  is  also  a  way  forward  to
enhance  the  performance  of  PEMWEs  and  PEMFCs.  In
Fig.  8(d),  Park et al. [125]  replaced  the  existing  flow  field
and GDL with 3D graphene foam. Despite its low mechanic-
al strength, the 3D graphene foam ensured corrosion resist-
ance and hydrophobicity without  a  coating treatment.  Elec-
tron conduction paths and reactant transport were notably re-
duced through the integration of a gas diffusion layer and a
flow-field,  which  decreased  ohmic  losses  during  electro-
chemical  reactions.  The  structure  designed  by  Wang et al.
[126]  integrates  a  flow  field  plate  with  a  GDL  to  obtain

unique  and  regular  gas  flow  channels  via  3D  printing
(Fig. 8(e)). In addition, the integrated structure saves space by
minimizing the battery thickness.  In the design of an integ-
rated flow field using porous materials, a large ICR may arise
due to  the  considerable  difference in  pore  size  between the
catalytic layer and porous material [127]. An integrated flow
field with a gradient distribution of pore sizes was designed
to ameliorate this problem, but it increased the cost of fabric-
ation. 

5. Interaction  of  material  selection  and  struc-
tural design

In the design process of bipolar plates, typically there is a
focus  on  their  corrosion  behavior  under  high  potential  and
oxygen/hydrogen-rich  and  acidic  conditions.  The  design  of
the flow-field structure prioritizes the uniform distribution of
water  and  heat.  With  the  aim  of  promoting  the  synergistic
design  of  bipolar  plates,  mutual  concerns  are  summarized
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elaborately, with various considerations taken into account in
the following section. 

5.1. Influence  of  material  selection  on  mass  and  heat
transfer

Types of materials consider the electrical and thermal con-
ductivity  properties.  Electrical  conductivity  governs  heat
generation, and thermal conductivity determines heat dissip-
ation  capability.  As  a  result  of  poor  electrical  conductivity,
ohmic voltage drops, electrical losses increase, and unstable
system operation transpires due to excessive heat generation
in the pole plate. A single metal bipolar plate exhibits excel-
lent electrical and thermal conductivity. However, heat accu-
mulation occurs when multiple bipolar plates are stacked due
to ICR. In addition, a high material thermal capacity leads to
a stable heat transfer process. As an effective method of redu-
cing  temperature,  the  addition  of  coolant  has  become  the
mainstream choice of engineering cooling [128].

The hydrophobic nature of the coating applied on bipolar
plates  plays  an  important  role  in  controlling  gas  and  liquid
flow.  In  parameter  measurement,  the  contact  angle  of  a
droplet can illustrate hydrophobicity. A high level of hydro-
phobicity in the coating for water electrolyzers and fuel cells
is  conducive  to  system  efficiency  via  an  improved  mass
transfer [129]. The efficiency of mass transfer in porous flow
fields is directly influenced by the permeability of the selec-
ted material. Materials with a high permeability can facilitate
the mass transfer process through the formation of a gener-
ous  path  for  ions  to  divert  through  their  surface  or  micro-
pores [130].

A material’s corrosion resistance, high-temperature resist-
ance, and mechanical strength influence the service life and
stability of bipolar plates. Elaborate selection of materials en-
sures the durability of bipolar  plates against  corrosion,  rup-
ture,  and  deformation  during  long-term  use,  providing  a
stable mass and heat transfer performance.

Corners  impede  heat  and  mass  transfer  processes,  al-
though  they  represent  a  small  percentage  of  the  total  flow
channel in conventional parallel and serpentine flow fields. A
possible  approach  is  covering  corners  with  hydrophobic
coatings to reduce fluid resistance. This method improves the
overall mass and heat transfer performance of bipolar plates
through the sacrifice of local electrical conductivity. Further-
more, given the differences in gas-to-liquid ratio at the inlet
and outlet of the flow field, some researchers have adopted
gradient-designed flow-field structures in the further optim-
ization  of  the  performance  of  bipolar  plates.  Similarly,  the
surface properties of bipolar plates can be modified through
the gradient design of the composition and structure of coat-
ing  materials.  In  the  future,  each  channel  within  the  same
flow field may exhibit distinct hydrophobicity and electrical
conductivity  levels.  This  innovative approach holds the po-
tential  for  substantial  improvement  of  the  comprehensive
performance of the PEMFC and PEMWE systems. 

5.2. Influence of structural design on corrosion

Structural  design  is  mainly  aimed  at  maximizing  power

output. If the material performance is notably better than the
engineering requirements, investing considerable amounts of
money in structural design is unnecessary. However, expect-
ations  of  the  power output  from water  electrolysis  and fuel
cells have increased with the performance of new materials.
New manufacturing processes and materials benefit the real-
ization of more complex structural designs.

A properly engineered flow-field structure aims to mitig-
ate corrosion risk, enhance service longevity, and bolster sta-
bility  by optimizing media  distribution and managing velo-
city  and  pressure  through  effective  buffering  and  dispersal
functions. Accelerate material depletion may result from ex-
cessive velocities and high pressures. Excessive pressure and
temperature damage to the system is avoided via the setting
of buffer zones, which will equalize the pressure and temper-
ature  of  the  entire  system.  Dispersion  zones  uniformly  dis-
perse reactants over an entire electrode surface to improve the
efficiency and homogeneity of the reaction. The medium was
adequately  diffused  and  dispersed  through  the  increased
number of inlet channels [131]. The PEMWE system is cur-
rently being developed toward larger sizes, and higher flow
velocities will be obtained in the flow field in the future. Cor-
rosion on bipolar plates will occur to a greater extent in tur-
bulent conditions, considering a wider contact range of oxy-
gen or other corrosive substances in the fluid.

The flow is typically fast,  and the temperature is high at
the bending sections and the top of baffles in PEMWEs. The
oxygen concentration gradually increases with a decrease in
the  distance  from  the  outlet.  Flow  disturbances  and  im-
proved  curvature  prevent  localized  accumulation  of  corros-
ive media. Maintaining a uniform distribution of the medium
contributes to the prolonged lifespan of bipolar plates. In this
regard,  porous  flow  fields  are  preferable  over  traditional
ribbed flow fields. 

6. Conclusions and prospects

In this review, we present the current state of material se-
lection  and  structural  design  in  the  design  of  PEMWE  bi-
polar plates. Differences in the performances required for bi-
polar plates of PEMFCs and PEMWEs are mainly attributed
to their operating conditions, which render material with su-
perior  properties  suggested  for  PEMWEs  than  the  former.
The  proper  selection  of  materials  not  only  improves  corro-
sion resistance but also ensures stable heat and mass transfer
processes. An excellent structural design can prolong the ser-
vice life of bipolar plates and reduce the diffusion resistance
of electrochemical reactions. Fig. 9 depicts the current status
of material selection and structure design.

New  operating  conditions  require  the  use  of  high-per-
formance bipolar plates. In the future, PEMWEs will be run
at high currents to increase the hydrogen production capacity.
Coatings are particularly susceptible to failure at high poten-
tials.  The dissolution of coatings will  result  in substrate ex-
posure and catalyst layer poisoning. All of these have a neg-
ative effect on the service life of PEMWEs. At high poten-
tials, PEMWEs accelerate the supply of reactants, which ex-
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acerbates the damage on the surface of bipolar plates due to
the simultaneous increase in flow rate and oxygen content. In
addition,  the  trend  toward  larger  PEMWEs  places  new de-
mands on the manufacturing process of bipolar plates. Large
bipolar  plates  require  additional  improvements  in  runner
molding accuracy and a uniform addition of surface coatings.

New  design  concepts  can  open  up  opportunities  for  bi-
polar  plates.  The  introduction  of  computer  and  simulation
technology is expected to increase the efficiency and accur-
acy of material innovation through optimization of their com-
position  and  organization  compared  with  the  traditional
method that uses experimental trial and error. The corrosion
resistance and electrical conductivity of new materials can be
explained  at  the  microscopic  scale  by  simulations,  such  as
first-principles  calculations,  molecular  dynamics,  and phase
fields.  Through  calculation,  the  Gibbs  free  energy  that  re-
flects the exchange current density of the corrosion reaction
on  bipolar  plates  can  be  obtained.  The  electronic  structure
considered  in  the  calculation  results  can  be  indicative  of  a
material’s conductivity. If renewable and recyclable materi-
als  can  be  used  to  manufacture  bipolar  plates,  an  environ-
mentally  friendly hydrogen production system becomes ac-
cessible.

The  application  of  new  manufacturing  technologies  will
raise the upper limit of bipolar-plate performance. Computer
simulations can be used in the design of flow-field structures,
and  3D  printing  can  be  applied  in  the  rapid  fabrication  of
complex  simulated  designs  in  a  relatively  short  period.
Meanwhile, 3D printing for direct manufacture can be con-
ducted  without  considering  processes  and  tools,  which  re-
duces  the  development  cycle  time.  This  technology  can  be
used to construct porous flow fields with complex pore struc-
tures to ensure stable heat and mass transfer in PEMWEs. Fi-
nally, the decrease in ICR and lightweight design can be ob-
tained simultaneously through the integrated design based on
3D printing technology. 
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