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 Titanium and titanium compounds in the bipolar plate/gas 
diffusion layer system of polymer electrolyte membrane fuel cells: 
manufacturing methods, surface treatments and properties. 

                
Ermete Antolini 

Titanium (Ti) is widely distributed in the Earth’s crust in the oxide form. The two main properties of Ti are high corrosion 
resistance and strength-to-density, the highest of any metallic element. Ti and Ti compounds are widely used in polymer 
electrolyte membrane fuel cells (PEMFCs), playing various roles. In this review, the utilization of titanium and titanium 
compounds in the bipolar plate/gas diffusion layer system of PEMFCs is presented and discussed as well as the 
manufacturing methods and surface treatments, with particular attention to the corrosion resistance and the interfacial 
contact resistance. The aim of this work is to highlight that titanium can effectively replace the commonly used bipolar 
plate (BP) materials, such as graphite and stainless steel, and gas diffusion layer (GDL) carbon-based materials. The key 
findings are the new manufacturing methods of BP and GDL and the high corrosion resistance and low interfacial contact 
resistance of coated Ti BPs. The value of the key parameters of coated Ti, that is, the corrosion current density (Icorr) and 
the interfacial contact resistance (ICR), meeting DOE requirements, make Ti a highly competitive material, suitable for its 
use as BP material. The use of of carbon-free integrated Ti-based BP/GDL systems formed by Ti BPs, either uncoated or 
coated by Ti compounds, and Ti GDL is a key point that is to be developed. It should be noted that the use of Ti as BP 
material is only partially discussed in previous reviews, but there are no reviews that analyze in depth the use of Ti both as 
BP and GDL material like this one.. 

Abbreviations
 Accelerated durability test, ADT;  additive manufacturing, AM; 
amorphous carbon, a-C; arc ion plating, AIP; bipolar plate, BP; 
catalyst layer, CL; contact angle, CA; corrosion current density, Icorr; 
direct current, DC; direct metal laser sintering, DMLS; double 
cathode sputtering, DCS; direct methanol fuel cell, DMFC; 
differential speed rolling, DSR; equal channel angular pressing, 
ECAP; electrohydraulic forming, EHF; electromagnetic forming, 
EMF; flow field, FF; gas diffusion backing, GDB; gas diffusion layer, 
GDL; graphene oxide, GO; high power impulse magnetron 
sputtering, HiPIMS; hydrophilic layer, HL; high-ratio differential 
speed rolling, HRDSR; interfacial contact resistance, ICR; 
macroporous substrate, MPS; maximum power density, MPD; 
membrane electrode assembly, MEA; microporous layer, MPL; 
modified graphene oxide, MGO; multi-arc ion plating, MIP; 
magnetron sputtering, MS; open circuit voltage, OCV; physical 
vapor deposition, PVD; plasma nitriding, PN; polyaniline, PANI; 
polymer electrolyte membrane fuel cell, PEMFC; polypyrrole, PPy; 
reactive magnetron sputtering, RMS; pulse electrodeposition, PE;  
RMS; room temperature, rubber pad forming, RPF; RT; stainless 
steel, SS; transition metal carbide, TMC; transition metal nitride, 
TMN; ultrafine grained, UFG; uniform pressure actuator, UPA.

1    Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) deliver high 
power density and present advantages, such as low weight and 
volume, low operating temperature, around 80 oC, short start-up 
time, and fast response to load fluctuations, compared with other 
types of fuel cells.1 Direct methanol fuel cells (DMFCs) are similar to 
PEMFCS, however, are powered by a methanol/water mixture, 
directly fed to the fuel cell anode. The main components of a 
PEMFC/DMFC are the membrane electrode assembly (MEA) and 
the bipolar plates (BPs). The MEA consists of a proton/anion 
exchange membrane, a gas diffusion layer (GDL) and a catalyst layer 
(CL), as shown in Fig. 1a.1 Both the electrodes of a fuel cell comprise 
the BP, the GDL and the CL (Fig. 1b for the cathode). Bipolar plates 
are key components of the PEMFC stack. They uniformly disperse 
the reaction gas from the outside to the active sites on the surface 
area and remove the product formed by the reaction to the 
outside. The BPs are formed by lands and channels (Fig. 1b). The 
lands conduct the current and the channels distribute  the reactant 
gas. As a consequence, the GDL in the electrode is also formed by 
channels and lands, placed on the channel and land of the BP, 
respectively.2 The GDL is placed between the BP and the CL. The 
GDL uniformly diffuses the reaction gas from the BP to the CL. 
Moreover, it transports the electrons and removes heat produced 
by the reaction. Reactant gas diffuses in the channels through the 
GDL to reach the CL. The fuel cell performance remarkably depends 
on the mass transfer of reactants and products, in turn depending 
on the flow field of the BPs and the GDL. Thus, the optimization of 
the BPs and GDL is a key point in order to effectively supply 
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reactants and remove products.3 The BP/GDL interface is critical, 
determining the contact resistance for electron and heat transport. 
Moreover, this interface can also act as a pooling location for liquid 
water, due to an imperfect contact between BP and GDL surface, 
affecting H2O distribution in the GDL, leading to mass transport 
losses.4

   Titanium (Ti) is one of the most abundant elements in the world. 
The two most useful properties of Ti are high corrosion resistance 
and strength-to-density, the highest of any metallic element. In its 
unalloyed form, Ti is as strong as some steels, but less dense.5 

Fig. 1 (a) Schematic view of a typical PEMFC; (b) Configuration of BP, GDL and CL in the PEMFC cathode. (a) Reproduced from Ref. 1, copyright 2024, with 
permission from Elsevier, (b) reproduced from Ref. 2 https://creativecommons.org/licenses/by/4.0/. 

The high corrosion resistance of Ti is due to the formation of a thin 
oxide layer, acting as a shield against corrosion. Bare Ti and Ti 
compounds can play many roles in the BP/GDL system, such as 
substrate and coating for BPs, and gas diffusion backing (GDB) and 
hydrophilic layer (HL) for the GDL layer. In this work the application 
of titanium and titanium compounds in the BP/GDL system of 
PEMFCs is overviewed and discussed as well as the manufacturing 
methods and surface treatments, with particular attention to the 
corrosion current density (Icorr) and the interfacial contact resistance 
(ICR). The objective of this review is to demonstrate that titanium 
can be a valid substitute of the commonly used BP materials, such 
as graphite and stainless steel, and carbon-based materials for the 
GDL. The key findings are the new manufacturing methods of BP 
and GDL and the high corrosion resistance and low interfacial 
contact resistance of coated Ti BPs provide a good support for this 
thesis The use of carbon-free integrated Ti-based BP/GDL systems 
formed by Ti BPs, either uncoated or coated by Ti compounds, and 
Ti GDL Ti is a key point to be developed. While other reviews 
focused on the use of graphite and metallic materials, including Ti, 
as BPs, this work is the only one entirely addressed to the use of Ti 
as BP material, including the integrated use of Ti BP and Ti GDL.

2   Titanium bipolar plates

As previously reported, bipolar plates serve many functions, such as 
reactant gas distribution, current conduction and heat removal 
from the acting area. BPs worth ca. 70-80 % of the weight, the most 
part of the volume and ca. 30-50 % of the price of the fuel cell 
stack, thus, both BP weight and volume reduction will impact 

directly on the cost reduction.6 Currently, the base materials for BPs 
overall include graphite, metals and composite materials.7 Graphite, 
having outstanding electrical conductivity and corrosion resistance, 
has been widely utilized as the BP material,. Despite that, 
difficulties to manufacturing graphite into fine flow channels result 
in a high costs of the process, hindering its commercial 
applications.7 The ease of manufacturing, high electrical and 
thermal conductivity and low cost make metals promising 
candidates to replace graphite as PEMFC bipolar plates.8 Among 
metals, stainless steel (SS) is the most studied. A disadvantage, 
however, is its inclination to corrosion under PEMFC conditions, 
together with the release of ions that may contaminate the 
membrane. Titanium, also if it is more expensive than SS, presents 
the advantages of higher corrosion resistance, lighter weight and 
higher strength. Its low density (ca. 60% than that of SS) allows to 
decrease the mass and volume of the bipolar plates. However, the 
passivation film formed on Ti surface, which gives rise to the high 
corrosion resistance, lead to a remarkable enhancement of the 
interfacial contact resistance. Moreover, F− ions in the PEMFC 
environment can give rise to pitting corrosion, decreasing PEMFC 
durability. These drawbacks can be solved either by coating 
titanium surface with suitable materials, combining corrosion 
resistance and conductivity, or by using Ti alloys as BP substrates. 
Moreover, titanium processing is difficult, overall because of its 
high strength and high melting point, posing challenges for 
machining. The commonly used machining methods contribute to 
the significantly higher manufacturing costs of titanium BPs, thus 
new and cost-effective forming methods have been explored. 
Among them, additive manufacturing is a reasonable less-expensive 
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alternative to commonly used machining manufacturing methods to 
fabricate titanium BPs.  

2.1 Titanium bipolar plate manufacturing methods     

Fig. 2  Schematic diagram of a typical metallic BP: (a) overall; (b) cross section of the channels. Reproduced from Ref. 9, copyright 2021, with permission 
from Elsevier.

A representative metallic BP and the micro flow channels are shown 
in Fig. 2.9 The main parameters of the channels are channel depth 
and width, rib width, fillet radius, draft angle and channel/plate 
thickness. The fuel cell performance tightly depends on BP 
parameters, such as the channel depth, the aspect ratio (the 
channel depth to the channel width ratio) and the thinning rate in 
the thickness direction.9 To improve fuel cell performance and 
duration, it is mandatory to increase the channel depth and aspect 
ratio of metallic BPs, and to decrease the reduction in the plate 
thickness after forming. A drawback of titanium BPs is the poor 
formability at room temperature (RT).10 Indeed, Ti has low ductility 
and large springback, due to the hexagonal closed packed (HCP) 
crystal structure.11 The commonly used manufacturing methods, 
such as stamping and rubber pad forming (RPF), due to their ease of 
manufacturing and low cost, were used to fabricate Ti bipolar 
plates. Mahabunphachai et al.12 prepared Grade 1 (softer) and 
Grade 2 (harder) Ti BPs by using a cold stamping process. The Grade 
1 and Grade 2 Ti BPs showed low forming depths of 0.13 mm and 
0.09 mm, respectively, with fracturing at 200 kN in the Grade 2 Ti 
BP. . Kim et al.13 utilized dynamic load stamping to fabricate Grade 5 
(Ti-6Al-4V) low alloyed titanium BPs. Using this stamping method, 
channel depths of 0.251 and 0.353 mm, were obtained, with a 
channel aspect ratio of 0.252 (depth of 0.353 mm). The low 
elongation rate of titanium gives rise to fractures for loads > 100 
kN, indicating that cold stamping is not suitable to form Ti BPs. 
According to Nakagaki,14 an extension rate of 30% of Ti sheets 
cannot support the forming of precise micro channels. Jin et al.15 
and Lee et al.16 utilized quasi-static drive rubber pad forming (QS-
DRPF) to prepare Grade 5 Ti BPs with a channel aspect ratio of 
0.3375 (depth of 0.27mm, lower than 0.5 mm in SS BPs). The higher 
decrease of the performance with increasing current density for the 
PEMFC equipped with Ti bipolar plates than that with graphite BPs, 
however, could be ascribed to the oval shape of the Ti BP channels, 
resulting in a smaller contact area with the MEA. These commonly 
used methods are not satisfactory to obtain suitable Ti BPs for the 
use in PEMFCs. Therefore, new and cost-effective forming methods 
have to be probed to enhance Ti formability. Several novel methods 
were proposed, such as hot stamping, ultrasonic-vibration-assisted 
stamping, electrohydraulic forming (EHF), multistage stamping, 
electromagnetic forming (EMF) and additive manufacturing (AD). 
Modanloo et al.17 prepared titanium BPs by the warm stamping 
process. The maximum channel depth was 0.494 mm (forming rate 
of 65.87%) at 100 °C, and 0.373 mm (forming rate of 49.74%) at RT. 

The thinning rates were 5% and 10% at RT and 100 °C, respectively. 
The inclination of Ti sheet to springback decreased with increasing 
forming temperature. By stamping at 100 °C, a Ti BP without curl 
was obtained. Wang et al. 18 evaluated an ultrasonic-vibration-
assisted stamping method process for manufacturing Ti-BPs. Among 
the vibration parameters, the vibration power has the maximum 
influence on the depth, followed by  the vibration interval time and 
the vibration duration time. In addition, the rolling direction will 
affect the channel depth. When the micro-channels are parallel to 
the rolling direction, the depth of a micro-channel was the largest. 
Compared to the stamping without ultrasonic-vibration, the depth 
limit is increased from 285.5 μm to 311.5 μm using an ultrasonic 
power of 70%, interval time of 10 s, and duration of 1 s, due to the 
acoustic softening effects. Pang et al.19 proposed an 
electrohydraulic forming (EHF) method, taking advantage of high 
strain rate (HSR) deformation. By a comparative analysis of the 
forming between the conventional RPF and the EHF methods, they 
proved the technical feasibility and advantages of EHF for the 
manufacturing of Ti-BPs. 

 Fig. 3  ICR of the samples formed after three-stage and single stage 
stamping processes. Reproduced from Ref. 20, copyright 2021, with 
permission from Elsevier.

  The multistage forming process allows to solve the drawbacks 
related to the use of single stage forming. Xu et al.20 investigated 
the suitability of the multistage forming process of titanium BPs. 
The limit forming depth of channels depended on the channel 
direction, with the greatest limit forming depth obtained when the 
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channel and the rolling directions of Ti sheets are parallel. The 
channel depth increased from 0.438 to 0.621.0 mm, and the aspect 
ratio from 0.46 to 0.67, with respect to the single stage forming 
method. The ICR values at different pressure between carbon paper 
and Ti BPs fabricated by single and multistage forming processes 
are shown in Fig. 3. The ICR of the Ti BPs obtained by three-stage 
forming was lower than that of Ti BPs fabricated by the single 
forming process. The bottom of channel of Ti BPs fabricated by 
three-stage forming had a greater contact area due to the improved 
aspect ratio and base angle. Thus, by using the multistage method, 
BPs with better accuracy can be fabricated, reducing the ICR 

between BPs and GDL.  A multistage process was developed to form 
complicated geometries, by dividing the process into three steps: 
preforming, intermediate annealing and final stamping. Zhang et 
al.21 used this method to form Ti bipolar plates. Different 
rectangular samples were utilized for the forming process. First the 
ultra-thin Ti sheets were stamped by a tool with a larger radius to 
shape the preform, avoiding the strain localization. Then, preforms 
were annealed at 600 °C for 10 min. The annealed samples were 
stamped by a second tool to form the final shape. The scheme of 
the multistage process and the design of the target contours and 
tool geometries are shown in Fig. 4.

Fig. 4 (a) Schematic diagram of the multistage process and (b) design of the target contours and tool geometries for three cases. Reproduced from Ref. 21, 
copyright 2024, with permission from Elsevier.

The preform annealing method enhances thickness uniformity and 
forming limit of Ti sheets, improving BP formability. The 
intermediate annealing at 600 °C decreased the twin area fraction 
and the low angle grain boundaries (LAGB) amount in the 
preformed Ti sheet, leading to an increase of total elongation from 
36% to 41% and an enhancement of both thickness uniformity and 
channel forming limit than the RT two stage stamping method. 
Because of this, flow channels with a high aspect ratio of 0.79 and a 
narrow wall angle of 5° were obtained on Ti sheet.  Xie et al.22 
utilized a three-stage process to form Ti BPs. Better high aspect 
ratio, fine channel structure, and uniform channel wall thickness 

were observed by utilizing the three-stage forming method 
compared to the single-stage forming method. The channel 
obtained by the three-stage forming process was deeper than that 
by the single-stage process. To increase the channel depth, the 
punch displacement has to be enhanced during the first- and 
second-stage forming processes. The channel depth increased by 31 
μm with respect to the single-step forming. Finite element (FE) 
simulation results indicated that thickness reduction from 47 to 22 
% can be achieved by the arc design of punch end in the first stage, 
in good agreement with experimental measurements.23 The 
optimum rib to channel width ratio was 0.4–0.6, with a final 

Page 4 of 24RSC Applied Interfaces

R
S

C
A

pp
lie

d
In

te
rf

ac
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
gr

ud
ni

a 
20

25
. D

ow
nl

oa
de

d 
on

 0
7.

01
.2

02
6 

17
:5

6:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LF00363F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00363f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

channel corner radius of 0.15 mm. The uniform small grain size 
improved the characteristics of BPs for their use in PEMFCs. 
Titanium sheets are inclined to springback during stamping, 
affecting forming precision. The influence of grain size, orientation 
and forming angle on the micro-bending springback behavior of Ti 
sheets was evaluated by experimental measurements and 
theoretical calculations.24 Experimental measurements indicated 
that the springback angle first decreases and then increases with 
increasing grain size.  The forming angle has a nonlinear effect on 
the springback angle. The springback angle increases with 
increasing the angle, but the rate of increase depends on the 
proportion of plastic and elastic strains. At small bending angles, 
the proportion of plastic strain is high, dropping  springback. At 
larger forming angles, the proportion of elastic strain increases, 
resulting in an increased springback. The prediction of the 
springback behavior by theoretical calculations was in good 
agreement with experimental measurements. A multi-step roll 
forming method was proposed by Zhang et al.25 With respect to 
single-step roll forming, the multi-step roll forming decreases both  
the maximum thinning rate by nearly 5% and the true strain in 
fillets by more than 22%. Compared to stamping method, multi-
step roll forming presented better thickness uniformity, and the 
maximum thinning rate was ca. 4% lower.

  EMF is a high-speed forming method, utilizing a pulsed magnetic 
field, that remarkably enhances sheet metal formability, reduces 
springback, and suppress wrinkling, making it suitable for 
manufacturing Ti bipolar plates.26 Various studies reported the use 
of EMF to form Ti sheets:27-29 EMF can remarkably enhance the 
ultimate strength and Ti forming limit, indicating that the EMF 
technology has high potential in Ti bipolar plate forming. A uniform 
distribution of pressure is necessary to obtain suitable BPs. The 
spatial distribution of the forming pressure is controlled by the 
actuator configuration. Conventional electromagnetic actuators are 
flat spirals that generate a non-uniform pressure distribution,. A 
new electromagnetic actuator, the uniform pressure actuator 
(UPA), was proposed by Kamal and Daehn.30 EMF can remarkably 
reduce the BP thinning rate in the thickness direction, and UPA can 
enhance the uniformity of the channel depth. Wang and Wang.31 

used EMF with an UPA to form a 0.08-mm Grade 2 Ti BP with a 
channel aspect ratio of 0.22 and a channel depth of only 0.176 mm 
(ca. 54% of full channel depth). Wu et al.32 used a new type of UPA 
formed by an external coil and an internal closed circuit. A Ti BP 
with 0.294 mm channel depth was obtained, with some channel 
depth deviation (5.97%), still far from the proper channel depth of 
0.4 mm. Dong et al.9 fabricated titanium BPs by EMF with an UPA 
coil. Simulation results by a three-dimensional coupled 
electromagnetic-mechanical model showed that the channel depth 
depends on the impact velocity of Ti workpiece. Ti BPs with proper 
channel depth (0.4 mm), high aspect ratio (0.67) and low thinning 
rate (<15.89%) were formed at a velocity of 286 m s-1, attesting that 
EMF is a suitable method to fabricate titanium BPs. Wang et al.33 
utilized a multiphysics EMF analysis model to optimize the 
geometric shape of an arc-shaped UPA. On the basis of the 
theoretical results, TA1 titanium BPs with a channel depth of 0.4 
mm, an aspect ratio of 0.53, a maximum thinning rate of 18.2% and 
a channel filling rate > 95% were obtained. The formability of Ti BPs 
was investigated using QS, EM, and EM-QS forming methods.34 For 
the QS forming method, the depths of the channels on the BP 
increased with the applied load, with the formation of small cracks 
at a depth of 0.719 mm at 25.5 kN. For the EM forming method, the 
channel depth increased with the discharge voltage, and small 

cracks were formed at 12 kV, with a limit channel depth of 
0.711 mm. The maximum channel depth deviation was 6 μm for QS 
stamping, whereas it was 31 μm for EM stamping. For the EM-QS 
two-step stamping with different EM discharge voltages, the 
channel depth increased with increasing the discharge voltage up to 
a maximum of 0.879 mm, at a discharge voltage of 10 kV. The 
sample with a grain size of 15.5 μm achieved the maximum channel 
depth. The maximum channel depth deviation was 8 μm, due to the 
subsequent QS stamping. Thus, the EMPB-QS stamping method can 
not only enhance the channel depth of BP, but also allows to obtain 
a good channel-depth uniformity. In a conventional EMF the low 
conductivity of Ti needs the utilization of a highly conductive driver 
sheet, limiting a further enhancement of BP formability. Thus, Wu 
et al.35 introduced an innovative EMF process with independent 
loading of the magnetic field and current (EMF-ILMFC). The 
dynamic deformation of TA1 was studied using QS, electromagnetic 
bulging with driver sheets (EMB-DS), and electromagnetic bulging 
with the new method (EMB-ILMFC). The results indicated that the 
forming limit using EMB-ILMFC was remarkably higher than using 
the other methods, with a maximum enhancement of 139.1%. 
Theoretical and experimental results showed that thermal effects 
reduced flow stress and extended the duration of high strain rates, 
improving Ti formability during dynamic deformation.

 Additive manufacturing (AM) is a process based on adding 
materials layer by layer to fabricate three-dimensional (3D) objects 
directly through the use of Computer Aided Design (CAD) models. 
Some studies have optimized the design of BPs through the use of 
this 3D-printed technique. Gould et al.36 used the 3D-printing direct 
metal laser sintering (DMLS) process to fabricate 21 cm2 Ti-alloy BPs 
with embedded flow channels. The performance of a single PEMFC 
with coated 3D printed BPs was close to that of the cell with 
graphite BPs. However, a 40-cell stack with 3D-printed BPs showed 
a lower current density at 0.6 V than the expected value, due to the 
high ICR by distortions from flatness in the 3D-printed BPs. The 
surface roughness of the DMLS BP was 7.6 μm. As the GDL surface 
roughness was as high as 24.5 μm, it resulted in a high ICR. By 
polishing the BPs to a roughness of 1.6 μm, the BP/GDL contact 
remarkably increased, reducing the ICR.37 Piri et al.38 compared 
different 3D-printed BPs, manufactured by PolyJet 3D printing, 
stereolithographic apparatus (SLA) 3D printing and laser-cutter 
technologies. SLA BPs showed the best results in terms of the 
pressure-drop and velocity profiles. Celik et al.39 compared the 
performance of PMFCs with SS, gold coated AM Ti and machined 
graphite with the same flow-field geometry as the BPs bipolar 
plates. The cell with 450 nm gold coated AM titanium BPs delivered 
the highest maximum power density (MPD) (639 mW cm−2), 
whereas the MPD of the PEMFCs with graphite and SS BP was only 
322 mW cm−2 and 173 mW cm−2, respectively. Advanced AM 
techniques, in particular laser powder bed fusion (LPBF), were used 
to fabricate Ti lattice structures with specific porosity and 
morphology. Heydari et al.40 fabricated porous Ti BPs by LPBF 
utilizing a Kelvin cell lattice. The optimal Ti lattice, with 1 mm cell 
size, 125 μm ligament, and 1 mm thickness, delivered a 30 % higher 
power density and a 60 % higher limiting current than a commonly 
used serpentine graphite flow-field. 

Summarizing, low-cost and easily manufactured techniques, such as 
stamping and rubber pad forming, were used to fabricate Ti BPs. 
These established techniques, however, are not technically 
satisfactory to obtain suitable Ti BPs for the use in PEMFCs. 
Therefore, new and cost-effective forming methods have to be 
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probed to enhance Ti formability. The most promising novel 
methods are multistage stamping, electromagnetic forming and 3D-
printed technique. Suitable BPs have been obtained by using these 
methods, but they have some technicalities and need to be fine-
tuned. For example, a drawback of the use 3D technique to 
fabricate Ti BPs is the increase of the contact resistance caused by 
deleterious distortions from flatness in the BPs [Gould]. Such 
flatness deviations might be accommodated for testing single-cell 
fuel cell flow field designs, This is not a drawback for testing single-
cell BP designs, where end plates can be tightened to accommodate 

the non-uniformities or matching BPs can be selected from a larger 
batch. But the lack of flatness is a problem when 10s of BPs are 
stacked in series, thus limiting present 3D technology to single cell 
testing only or small short stacks.

Literature data on some titanium BP parameters (channel length 
and aspect ratio) from different manufacturing methods are 
reported in Tab. 1.

Table 1. Literature data on some titanium BP parameters (channel length and aspect ratio) from different manufacturing methods.

                                                                          

 

2.2 Coatings and coating techniques for titanium bipolar 
plates     

  BP must have both high corrosion resistance and low interfacial 
contact resistance. Although the passive film on Ti surface protects 
it from corrosion, it is also an electrical insulator, reducing cell 
performance. Moreover, it increases the ICR between BPs and GDL. 
The most common way to reduce these drawbacks is surface 
modification with conductive and highly corrosion resistant 
coatings. In addition, coatings must have a sufficiently high water 
contact angle (CA) to remove water and avoid flooding. First, Wang 
et al. proposed three different types of titanium surface 
modification: titanium sintering with IrO2,41 titanium coating with 
Pt50 and gold.42 These materials are electrically conductive and have 
good mechanical properties. PEMFCs with these surface-modified Ti 
bipolar plates delivered very high power densities. These noble 
metals have outstanding corrosion resistance, but form unstable 

oxides and are expensive, thus, more suitable and cheaper 
materials have to be used to coat Ti bipolar plates.   

2.2.1 TiN coatings.   Ti-based ceramics, such as TiC and TiN, with 
high corrosion resistance and electrical conductivity, were proposed 
as low cost coatings for Ti bipolar plates.15,43 TiN and Ti have a 
thermal expansion coefficient that differs by 0.63%, very lower 
compared to that between TiC and Ti (17.74%). Thus, TiN is more 
suitable than TiC as a coating for titanium BPs. Moreover, the high 
compatibility of TiN with Ti (higher than with SS) facilitates the 
formation of tight coating bound to titanium substrate. Plasma 
nitriding (PN) is a largely utilized chemical heat treatment process. 
Compared with the physical vapor deposition (PVD) method, PN is a 
cost-effective and simple way to coat the BP surface and does not 
present the drawback of peeling of the coating owing to poor 
adhesion. In this case the presence of an interface between surface 
layer and substrate is not observed, as N atoms diffuse into the 
substrate and react with titanium to form the coating. Moreover, 

Manufacturing method Channel depth /mm  Aspect ratio Reference
0.13 (Ti G1), 0.08 (Ti G2) - 12Cold stamping 
0.25 (die curvature 0.1 mm), 
0.35 (die curvature 0.3 mm)

-
0.252

13

Rubber pad forming 0.27 (channel draft angle 300) 0.338 15,16

Warm stamping 0.49 (1000 C), 0.37 (RT) 17
Ultrasonic-vibration-assisted 
stamping

0.312 19 

0.62 0.67 20 
- 0.79 21 

Three-stage stamping

0.407 - 22 
0.176 0.22 31 

0.294 - 32 
0.4 0.67 9
0.4 0.53 33 

Electromagnetic forming 
(uniform pressure actuator)

0.711 (12 kV) - 34 
EM-QS 0.879 34 

Additive manufacturing 0.27
0.25 (after Au coating)

-
-

39 
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the formation pinholes can be quite avoided. On these bases, 
different works reported the formation of a protective nitride layer, 
commonly TiN, by PN of Ti bipolar plates.44-47 Generally, PN 
improves corrosion resistance and decreases the ICR of titanium 
BPs. However, when the PN process is performed at high 
temperatures (900 °C–1100 °C) above the phase transformation 
temperature of α-Ti to β-Ti, deformation of Ti workpiece can occur. 
Furthermore, the cracks formed in TiN film observed by Liu et al.44 
were attributed to the thermal expansion mismatch between TiN 
and Ti substrate during cooling from 900 oC. Thus, the TiN coating 
obtained by PN of titanium at 900 °C did not enhance Ti corrosion 
resistance.44 To overcome the drawbacks related to PN at high 
temperatures, Shen and Wang46 carried out PN at a lower 
temperature. PN of titanium was carried out at 700 °C for various 
times in an ammonia atmosphere. With increasing the process 
time, an enhancement of both conductivity and corrosion 
resistance of Ti BPs was observed, due to the formation of a dense 
Ti2N layer. Jin et al.47 utilized liquid phase plasma electrolytic 
nitridation to coat the Ti–6Al–4V (TC4) alloy. The electrolytic 
solution used for the liquid phase PN was composed of CH4NO2, KCl 
and deionized water. CH4NO2 was the nitrogen source and KCl the 
conductive agent. Higher CH4NO2 concentration tends to form more 
compact structure. The coating with 600 g/L CH4NO2 showed the 
lowest Icorr and the highest corrosion resistance. Different 
techniques other than PN were also utilized to coat titanium BPs 
with a TiN layer, such as reactive magnetron sputtering (RMS) and 
multi-arc ion-plating (MIP). RMS is a PVD technique, based on  
sputtering a target material with a reactive gas, such as nitrogen, to 
form thin films like nitrides. For example, TiN can be formed by 
sputtering a Ti target with N. Jin et al.15 coated titanium BPs with a 
TiN layer formed by RMS. Fig. 5 shows the polarization curves of the 
PEMFCs with graphite BPs and bare and TiN-coated Ti BPs. The 
PEMFC with TiN-coated titanium BPs delivered a better 
performance than that of the cell with uncoated one, near to that 
of the cell with graphite BPs.

 Fig. 5  Polarization curves for the single PEMFCs with uncoated titanium, 
TiN-coated titanium and graphite BPs. Reproduced from Ref. 15, copyright 
2014, with permission from Elsevier.

The dependence of surface conductivity on the preferred 
orientation of TiN coating, deposited on Ti bipolar plate by direct 
current (DC) RMS, was investigated by Yan et al.48. The preferred 
orientation of TiN film can be set by N2 flow rate or Ti substrate 
temperature during TiN deposition. Low N2 flow rate and low 
substrate temperature help the growth of TiN films along the TiN 

(111) orientation, showing much lower ICR than the (200) 
orientated coating. A remarkably low ICR value of 1.9 mΩ·cm2 at 
140 N cm-2 and a Icorr of 0.91 μA cm-2 in simulated PEMFC conditions 
were obtained at the N2 flow of 4 sccm and RT.  MIP is a type of 
PVD, based on multiple arc sources, Multiple arc sources ionize the 
target material, which is accelerated towards the substrate to form 
a coating. A low temperature (250 °C) MIP process was utilized to 
coat a Ti substrate with TiN.49,50 Low corrosion current density and 
low ICR were observed for TiN film deposited by MIP on titanium 
BPs. Li et al.50 evaluated the effect of bias voltage on corrosion 
resistance and surface conductivity of TiN thin coatings deposited 
on Ti by MIP. The best results were obtained at a bias voltage of 
−100 V, with the lowest surface roughness and high compactness. A 
Icorr of 0.47 μA cm-2 and a ICR of 3.0 mΩ cm2 at 140 N cm-2 were 
achieved. Recently, a novel PVD technique, named high power 
impulse magnetron sputtering (HiPIMS), combining advantages of 
MIP and RMS, has gained noticeable attention. By utilizing this 
technique, a high plasma density and high ionization of the 
sputtered species can be obtained. HiPIMS presents many 
advantages, such as high film density, good adhesion and smooth 
surface, making it suitable for obtaining hard coatings. Wang et al.51 
coated titanium with a TiN layer by using the HiPIMS technique. 
They observed that the the N2 flow rate affects the surface 
characteristics of the coating. The optimized TiN coating under 8 
sccm N2 showed excellent corrosion resistance and electric 
conductivity. Bi et al.52 coated titanium BPs by a modified powder 
immersion reaction assisted coating (PIRAC) method, based on the 
reaction between the Ti substrate and active nitrogen atoms to 
form a coating. The highest content of TiN and TiNxOy was obtained 
at 1000 °C. As in the case of PN, however, a drawback of this 
technique is the high nitridation temperature (900-1000 oC).  

Multi-layer coatings are formed n (n ≥ 1) repetitions of two layers, 
commonly metallic/ceramic and ceramic/ceramic layers. 
Metal/nitride and nitride/nitride multi-layer (n = 1) coatings were 
mostly used for PEMFC BPs. Multilayer PVD coatings show 
enhanced corrosion resistance compared to single layer coatings, 
due to a lower number of defects and pinholes.53 Li et al. evaluated 
the effectiveness of Ti/TiN/TaN multilayer coatings either by varying 
the thickness54 or by Ti doping of TaN outer layer.55 The Ti/TiN/TaN 
coating was prepared using radio-frequency (RF) and DC RMS at 
various N2 ratios. The coating preparation was conducted at a 
temperature of 300 °C using a MS system that employed a high-
purity Ti target as the RF target and a high-purity Ta target as the 

Fig. 6 Flow chart of coating preparation. Reproduced from Ref. 54, copyright 
2025, with permission from Elsevier.

DC target.  A  RF Ti target with a power of 200 W was utilized to 
prepare in Ar atmosphere the Ti bonding layer, ensuring adhesion 
between the coating and the substrate. Then, the Ti target power 
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was reduced to 150 W, and N2 was introduced to form the TiN 
transition layer. After TiN layer deposition, the RF Ti target was 
turned off without changing the N2 ratio, and the DC Ta target was 
turned on to deposit the TaN layer at a current of 0.3 A. The TiN 
transition layer and TaN outer layer were deposited in a mixed 
atmosphere of Ar and N2. The flowchart of coating preparation is 
shown in Fig. 6. The N2 ratio significantly affects the microstructure 
and phase composition of the coating. The thickness of the TiN 
layer increases but that of the TaN layer decreases with increasing 
the N2 ratio, resulting in an improved nitride content in the coating. 
At an optimal N2 ratio of 30 %, the columnar crystal structure is 
reduced, leading to improved coating compactness. The 
Ti/TiN/TaN-30% coating showed very low values of both Icorr (0.0654 
μA cm-2) an ICR (6.85 mΩ·cm²) (Fig. 7a) and high hydrophobicity 
(95.5°), meeting the 2025 U.S. DOE standards. As can be seen in Fig. 
7b, the ICR of all coated TC4 showed very small changes after 
polarization at 0.6 V vs. SCE. However, the ICR of the coated TC4 
remarkably increased following polarization at a higher potential 
(1.1 V vs. SCE), due to an intense corrosion of the coating. 

Fig 7 (a) ICR of uncoated and coated TC4 samples under different compact 
forces. (b) ICR of the different samples before and after constant potential 
polarization. Reproduced from Ref. 54, copyright 2025, with permission 
from Elsevier.

By adding a third element, such as Cr, Zr and Nb, to TiN, its 
corrosion resistance can be enhanced.53  Li et al.56 fabricated double 
layer TiCr/TiCrN coatings for Ti bipolar plate using the MIP 
technique. TiCr transition layers favor the formation of dense TiCrN 
surface layers, showing both low Icorr (0.099–0.154 μA cm-2) in 
simulated PEMFC conditions and low ICR (1.3–3.2 mΩ cm2). The 
optimized Ti0.24Cr0.76/Ti0.26Cr0.74N coating demonstrated high 
stability during ADT in simulated PEMFC conditions. An Icorr of 
0.25 μA cm-2 and a ICR of 6.5 mΩ cm2 were observed after 100 h 
ADT, much lower than the Icorr (1.35 μA cm-2) and the ICR (13.5 mΩ 
cm2) for single-layer TiCrN after 70 h corrosion test. Then, they 
varied the sputtering time of TiCr deposition from 30 s to 8 min.57 
At the sputtering time of 1 min, a full lattice matching with TiCrN 

was obtained. As a consequence, the TiCr/TiCrN coating showed 
both low Icorr (0.070 μA cm-2) and ICR (2.3 mΩ cm2). Li et al.58 coated 
a TC4 substrate with a Ti/TiN/TaTiN multilayer, formed by a Ti 
bonding layer, a TiN transition layer, and a Ti-doped (Ta, Ti)N top 
layer, by MS. The microstructure and phase composition of TaTiN 
depend on Ti target power. At the optimal Ti target power the 
coated TC4 showed the lowest Icorr (0.0898 μA cm-2), an ICR value of 
6.14 mΩ cm2, and the highest water contact angle (105.4°), 
indicating an outstanding hydrophobicity.

TiN-containing composites were evaluated as BP coatings for 
PEMFCs. Gao et al.59 prepared a C/PTFE/TiN composite coating by a 
two-step hydrothermal and impregnation process. This composite 
coating film showed a Icorr  of 0.009 µA cm-2, a ICR of 13 mΩ cm2 and 
a contact angle of  115.53° in simulated PEMFC conditions. While 
the Icor meets the DOE 2025 requirement, the ICR value exceeds the 
DOE 2025 target. By replacing the carbon with Ni-P,60 both the ICR 
(6 mΩ cm2) and Icorr (0.48 µA cm-2) of the Ni-P/TiN/PTFE composite 
coating, prepared by electroless plating method (EPM), met the 
DOE 2025 standards. 

2.2.2 Other ceramic coatings  Beyond TiN, many ceramic 
compounds, such as transition metal nitrides (TMN),61-64 transition 
metal carbides (TMC),43,65,66 TaCN,67  graphene-doped ITO68 and 
Ti3Al/TiAl69 were tested as coatings for titanium BPs using different 
coating techniques.  Generally, these coating showed high corrosion 
resistance and low ICR. Yin et al.61 prepared CrN coating with 
different thickness by MIP. The CrN coatings were formed by Cr and 
CrN phases, with the Cr/CrN ratio and grain size increasing with the 
increase of the coating thickness. The CrN coating with a thickness 
of ca. 1.0 μm showed the lowest Icorr at 0.6 V (0.594 μA cm−2) and 
ICR (6.54 mΩ cm2 at 1.4 MPa) after the corrosion test. Both Icorr and 
ICR decreased with increasing of the coating thickness, ascribed to 
the increased area fraction of the droplets formed on the coating 
surface. Chen et al.62 deposited CrN films on Ti BPs by the HiPIMS 
method. The coating was formed by Cr, CrN and overall Cr2N 
phases. The overall HiPIMS pulse length was 800 µs (Fig. 8a). The 
preparation flow chart is shown in Fig. 8b. Due to the high energy 
by HiPIMS, the plasma presented higher ionization rate with high 
energy ions, suppressing the growth of columnar structure. The 
space net structure of amorphous wrapped Cr2N nano clusters 
hindered the corrosion solution to invade the Ti substrate. 
Moreover, compared to CrN, the higher metallicity of Cr2N resulted 
in a higher conductivity of CrN coating by HiPIMS (0.086 μA cm−2) 
than that of CrN coating by MIP.

Fig. 8 The current characteristics (a) of HiPIMS pulse shape during CrN 
deposition and preparation flow chart (b). From Chen, Reproduced from Ref. 
62, copyright 2022, with permission from Elsevier.

Double glow plasma surface alloying (DGPSA) gained growing 
interest in recent years. DGPSA is a plasma surface method used to 
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deposit various alloy coatings with outstanding bonding strength 
and hardness.70 Glow discharge takes place at both cathode and 
source electrodes in the Ar plasma atmosphere, in which two 
power sources are connected, that is, the so-called “double glow” 
discharge: one glow discharge heats an object to attain the alloying 
temperature, and the second glow discharge bombards the targets 
to sputter the alloying elements. Under the electric field force, 
these elements will travel to and diffuse into the surface of the 
workpiece to form the alloying surface. NbNx,63 TiC,43 TiC-CrC64 and 
TaCN67 coatings were formed by DGPSA on Ti substrates, and 
presented high corrosion resistance, low ICR and good 
hydrophobicity. Gou et al.66 coated a Ti substrate with a Nb–Cr–C 
film by an arc ion plating (AIP) method.  Most of the Cr was in the 
element form, while the most part of the Nb was in the form of 
NbC. The corrosion current density of Nb–Cr–C obtained by 
potentiostatic measurements was 0.022 μA cm2 in simulated 
PEMFC cathode conditions, while the ICR was 1.15 mΩ cm2. As 
shown in Fig. 9, the PEMFC  with Nb–Cr–C coated Ti  BPs  delivered 
a MPD of 1160 mW cm-2, close to that that of graphite BPs and 
better than that of bare titanium BPs. The higher contact angle (CA) 
of Nb–Cr–C coated titanium indicates a higher hydrophobicity, 
resulting in more easily water removal.

Fig. 9 Performance of single cells with bare titanium, graphite, Nb–Cr–C 
coated titanium BPs and inserted water contact angle with graphite and Nb–
Cr–C coated titanium BPs. Reproduced from Ref. 66, copyright 2022, with 
permission from Elsevier.

    2.2.3 Carbon-based coatings Due to their outstanding electrical 
conductivity and chemical stability, amorphous carbon (a-C) films 
were utilized as the coating for metal BPs,. They are formed by 
carbon atoms bonded by two hybridization bonds (Csp2 and Csp3). 
The presence of Csp2 allows electrons to pass through the film, 
increasing its electrical conductivity. On the other hand, the 
presence of Csp3, due to their high bonding energy, makes the film 
dense and structurally strong. Li et al.71 coated the SS316L and TA2 
substrates with a-C films, prepared using DC balanced MS. The 
effect of the type of substrate on the corrosion resistance and ICR 
was evaluated. The coating showed an outstanding corrosion 
resistance at 0.6 V vs. SCE for both substrates, with the Icorr of a-C-
coated TA2 lower than that of a-C-coated SS416L. However, at 1.4 V 
vs. SCE, the coating on SS316L presented severe local corrosion, 
whereas the coating on TA2 did not present any local corrosion, 
indicating that at high potentials the corrosion resistance of the 
substrate plays a decisive role. The uncoated SS316L and TA2 
showed high ICR, that is, 106.12 and 69.90 mΩ·cm2, respectively. 
After coating with the carbon film, the ICR was reduced decreased 
to 5.64 and 6.52 mΩ·cm2, respectively. Meng et al.72 coated the 
surface of titanium foil with a-C film by using the unbalanced 
magnetron sputtering technique. The Icorr of the coating was one 

order of magnitude lower than the substrate, and the ICR value was 
10 mΩ cm2 at 1.4 MPa. Following a long-term potentiostastic 
polarization test, the ICR of the bare TA1 increased by more than 
three times. Conversely, the ICR of the coated sample only 
increased by 1.7 mΩ·cm2. Yu et at.73 deposited a-C films on a Ti 
substrate by AIP at a deposition rate exceeding 100 nm min-1 and at 
various bias voltages (0-70V). The amount of Csp2 atoms increased 
with increasing bias voltage. At the optimal bias voltage (50 V) the 
a-C coating showed the lowest ICR (1.125 mΩ cm2) and the lowest 
Icorr (0.00237 μA cm−2) values following long-term potentiostatic 
polarization in simulated PEMFC conditions. Moreover, a-C coating 
formed at 50 V increased the CA of the bipolar plate from 51° to 
80°, enhancing water removal. The utilization of a-C as BP coatings, 
however, presents two drawbacks, that is, a weak coating-substrate 
bonding and coating detachment, owing to internal stress, and 
permeation of corrosive media, related to the presence of pinhole, 
leading to substrate degradation. Effective methods to solve these 
problems are element doping and the use of multilayer structures. 
Element doping can reduce internal stress in a-C coatings, and 
multilayer structures enhance the coating adhesion to the 
substrate, avoiding the a-C/substrate contact. Wang et al.74 utilized 
a N/Ti co-doped a-C pseudo-multilayer to coat Ti bipolar plates 
using the HiPIMS method in the presence of N2. For comparison, a 
a-C:Ti coating was also deposited on Ti substrate by HiPIMS without 
N2 atmosphere. The excellent periodicity of Ti and C elements in the 
a-C:Ti coating and Ti, N and C in the a-C:N-Ti coating suggested the 
formation of a multilayer structure, but a layered structure was not 
confirmed by TEM images. The N presence gave rise to the 
transition from sp2 to sp3 hybridization state in a-C and the 
conversion of Ti-C to Ti-N bonds, enhancing the corrosion resistance 
but increasing the interfacial resistance. As a consequence, as 
shown in Fig. 10, going from a-C:Ti to a-C.N-Ti coating the Icorr 
decreased from 2.89 μA cm−2 to 0.876 μA cm−2, and the ICR 
increased from 4.15 mΩ cm2 to 6.69 mΩ cm2. Yan et al.75 deposited 
a multilayer coating consisting of an a-C:H-TiC composite outer 
layer, a TiCN interlayer, and a TiN inner layer on a Ti substrate by 
HiPIMS. The high compatibility of TiN with Ti facilitates the 
adhesion of the coating to titanium substrate. The a-C: H/TiC 
composite layer was obtained by sputtering the Ti target with C2H2 
at 30 sccm, 40 sccm, 50 sccm and 60 sccm. The amount of sp2 
bonds atoms increased with increasing C2H2 flow rate, leading to a 
decrease of the Icorr, but an enhancement of the ICR. Icorr of the film 
prepared at a C2H2 flow rate of 60 sccm in simulated PEMFC 
conditions was 0.66 μA cm-2, and he ICR at 1.4 MPa was 1.6 
mΩ·cm2, In a similar way, Luo et al.76 coated a Ti substrate with a 
multilayer layer structure formed by a-C as the outer layer, TiC as 
the interlayer and Ti as the inner layer. The coated Ti BP showed a 
Icorr of 0.88 μA cm−2 in simulated PEMFC conditions, a water CA 
97.9° and a ICR value of 1.66 mΩ cm2 at 1.4 MPa. Guo et al.77 
coated TA1 with NbC/а-C:H films with various Nb/C ratios by the 
AIP method. The film hardness, adhesion strength and the ICR 
increased with increasing NbC content, whereas the corrosion 
resistance increased with increasing a-C:H content in the coating. 
The lowest values of Icorr and ICR were 0.09 µA cm-2 0.77 mΩ cm2, 
respectively. Pukha et al.78 deposited a conductive carbon 
nanocomposite coating (CNC) on a Ti alloy (VT1-0, 99% Ti, 0.25% Fe) 
by a C60 ion beam irradiation technique at various accelerating 
voltages and substrate temperatures, A CNC is formed by graphite 
nanocrystals embedded in a diamond-like matrix. The strength and 
adhesion of this coating were determined by nanoindentation 
scratch tests: coating delamination and cracking were not found 
before failure, indicating that CNC has low internal stress. The 
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critical load of the coefficient of friction was higher than 50 mN, 
showing good anti-scratching properties and strong adhesion of the 
coating to the Ti alloy substrate. The lowest Icorr (0.001 µA cm-2) and 
ICR (2.6 mΩ cm2) values were obtained at 400 °C and an 
accelerating voltage of 6 kV and 8 kV, respectively. The high amount 
of sp3 bonds in the diamond leads to a high CA (ca. 96°).

Fig. 10 Istogram of Icorr and ICR values of a-C:Ti and a-C.N-Ti from data in 
ref. 74.

  Graphene and reduced graphene oxide were also used as coating 
for titanium BPs. Wang et al.79 coated Ti sheet with a graphene with 
a thickness of only 50 nm by pulse electrodeposition. By 
potentiodynamic and potentiostatic tests under simulated PEMFC 
conditions, the Icorr of the graphene coated Ti sheet was around 
0.1 µA cm-2, significantly lower than that of uncoated Ti sheet. In 
addition, the thin graphene film on Ti sheet showed a low ICR, 
meeting the DOE requirements on BPs. Fig. 11 shows the 
dependence of the ICR of coated and bare Ti on the compaction 

Fig. 11 ICR of unpretreated Ti and G/Ti before and after polarization under 
simulated anodic and cathodic conditions. Reproduced from Ref. 79, 
copyright 2019, with permission from Elsevier.

force. As can be seen in Fig. 11, the ICR of uncoated Ti was much 
higher than that of graphene coated Ti. Moreover, the ICR of bare Ti 
increased significantly following 5 h of potentiostatic polarization. 
Conversely, the increase of ICR was hardly appreciable after the 
same polarizations. Liu et al.80 electrophoretically deposited a 
modified graphene layer on titanium BPs. p-Phenylenediamine 
(PPD) was first grafted onto graphene oxide (GO) to obtain modified 
graphene oxide (MGO), then, MGO was electrophoretically 
deposited on titanium BPs, followed by reduction of MGO, 

obtaining reduced MGO (RMGO@Ti)-coated Ti. In simulated PEMFC 
conditions, RMGO@Ti showed a corrosion current < 10−6 A cm−2, 
and an ICR of 4 mΩ cm2 at 1.4 MPa, both considerably lower than 
those of bare Ti. Yu et al.81 coated TC4 BPs with a directly grown 
vertical graphene (VG) by the plasma-enhanced chemical vapor 
deposition (PECVD method. In simulated PEMFC conditions, the Icorr 
and the ICR of VG-coated TC4 were remarkably lower (0.043 vs. 
0.523 µA cm-2 and 1.48 vs. 150 mΩ cm2), respectively, and the water 
CA was considerably higher (142.2° vs. 74.1°) than the uncoated 
one. 

Fig. 12 Istogram of Icorr and ICR values of  TiO2 + C coated Ti and bare Ti  
before and after ADT from data in ref. 82.

To avoid the drawback related to the use of conventional carbon 
deposition techniques, recently a roll-to-roll doctor blade coating 
method was proposed.82 Doctor blade process can be utilized to 
create a coating by putting a slurry formed by a suitable material, a 
solvent, and a binder onto a substrate, then by drying and sintering. 
Hwang and Kim82 used this technique to coat carbon onto a TiO2 
surface. First, TiO2 was deposited onto Ti surface, followed by the 
coating of TiO2 with carbon using the doctor blade technique. The 
corrosion resistance and BP/GDL contact resistance were evaluated 
before and after a ADT in simulated PEMFC conditions. As it can be 
seen in Fig. 12, before ADT, the Icorr of the coated Ti considerably 
decreased compared to the uncoated substrate. After ADT, the Icorr 

of the bare Ti decreased from 0.49 µA cm-2 to 0.025 µA cm-2, while 
that of the coated Ti increased from 0.048 µA cm-2 to 0.408 µA cm-2. 
For uncoated Ti, the decrease of Icorr  after ADT was due to the 
formation of a passivation layer, leading to a reduced corrosion 
rate. In the case of coated Ti the TiO2 layer in part dissolved during 
ADT, decreasing corrosion resistance. Conversely, the ICR of the 
coated Ti was remarkably lower than that of uncoated one both 
before and after ADT. These results indicate that the doctor blade 
method can be a practicable alternative to the commonly used 
processes to form Ti BP coatings. 

Literature data on Icorr, obtained by potentiodynamic polarization 
measurements, and ICR of some coatings for titanium bipolar plate 
are reported in Tab. 2. An effective coating has to have a high 
corrosion resistance and a low contact resistance between BP and 
GDL. The lower are the values of Icorr and ICR, the better are the 
characteristics of a coating material.
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Table 2. Literature data on Icorr and ICR of some coatings for Ti bipolar plates. Red data: > DOE 2025 targets. Titanium: Icorr = 0.5-500 μA cm-

2; ICR = 15-170 mΩ cm2. Red data: > DOE 2025 targets. 

Both the values of Icorr and ICR of uncoated Ti fall in a wide range 
(Icorr from 0.5 to 500 μA cm-2, with most between 1 and 50 μA cm-2, 
and ICR from 15 to170 mΩ cm2, from the references reported in 
Tab. 2), depending of the purity grade of Ti and BP fabrication 
method. All these values, with only few exceptions for Icorr, do not 
meet the US DOE 2025 targets. Conversely, the most part of the Icorr 
and ICR values of coated Ti meet the DOE 2025 targets. The most 
part of the values of the AcorrTi/C to AcorrTi    (A = Icorr or ICR)  
ratio,where AcorrTi/C and AcorrTi are the A value of coated and ncoated 

Ti, from literature data in the references reported in Tab. 2, falls in 
the 0.01-0.1 range. This result indicates that, after coating, the most 
part of both Icorr and ICR values are more than 1 order of magnitude 
lower than the uncoated one. Generally, there is no correlation 
between the values of Icorr and ICR and the manufacturing method. 
For TiN, the lowest Icorr was obtained by PN. Very low Icorr were 
obtained by using multilayer coatings. The lowest ICR values were 
obtained by AIP and MIP.To evaluate the durability, potentiostatic 
polarization measurements were also carried out at the potential of 

Coating,
Coating technique

Substrate Icorr / μA cm-2

US DOE 2025 target: 
<1 μA cm-2

ICR /  mΩ cm2 (140/150  N·cm−2)
US DOE 2025 target : 
≤10 mΩ·cm2

Reference

TiN, PN/900 oC  Ti 89.80 38.58 44 

TiN, PN TA2 0.195 (30 min nitriding) 1.99 45  

TiN, PN/700 oC TA1 0.016 (4 h nitriding) 4.94 46  

TiN,  
Liquid phase  PN

TC4 0.57 6.0 47 

TiN(111), RMS Ti 0.91 1.9 48  

TiN, MIP Ti 0.47 3.0 50  
TiN,  HiPIMS Ti 0.278 3.51 51 
TiN, PIRAC nitriding TC4 0.009 4.6 52  
TiN/TaN-30%, RMS TC4 0.0654 6.85 54  

TiCr/TiCrN, MIP Ti 0.099–0.154 1.3–3.2 56  
TiCr/TiCrN, MIP Ti 0.070 2.3 57  
Ti/TiN/TaTiN TC4 0.0898 6.14 58  
C/TiN/PTFE, 
Hydrotherlmal 
impregantion

TA2 0.009 13 59  

Ni-P/TiN7PTFE,
EPM

TA2 0.48 6 60  

CrN MIP TA2 0.015 6.54 61 
Cr2N,  HiPIMS Ti 0.086 (N2 flow ratio 2 sccm) 6.14 (N2 flow ratio 2 sccm) 62 
NbNx,  DGPSA TC4 8.92 7.29 63 
NbN, RMS Ti 0.23 (N2 flow ratio 3 sccm) 5 64 

TiC,   DGPSA TA1 0.137 7.6 43 
TiC-CrC, DGPSA CP-Ti grade 2 0.50 0.87 65 
Cr-NbC, AIP TA1 - 1.15 66 
TaCN,  DGPSA T40 0.08 9.6 67 
G-ITO, dip coating TA2 0.06 - 68 
Ti3Al/TiAl, heat 
treatment with Al2O3

TC4 0.076 4.9 69 

a-C, DCBMS TA2 0.051 6.52 71 
a-C, MS TA1 0.79 10.0 72 
a-C, AIP 50 V bias 
voltage 

TA1 0.065 1.13 73 

a-C:Ti,  HiPIMS
a-C:N-Ti,  HiPIMS

Ti
Ti

2.89
0.876

4.15
6.69

74 

a-C:TiC/TiCN/TiN
HiPIMS 60sccm

Ti 0.66 1.6 75 

a-C/TiC/Ti, MIP TA1 0.88 1.66 76 
a-C:H/NbC, AIP TA1 0.09 0.77 77 
CNC, C60 ion beam VT1-0 0.007 2.6 78 
G, PE Ti 0.25 4.0 79 
RMGO,  ED Ti 0.755 4.0 80 
VG, PECVD TC4 0.034 1.48 81 
TiO2+C, doctor blade Ti 0.048 6.0 82 
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0.6 V. Generally, for both doped and undoped Ti, the curve of 
current density vs. time initially decreases, due to the formation of 
a passivation layer, then, when the formation of the passivation 
layer is complete, reaches a steady state. After the potentiostatic 
polarization test, the ICR value of doped and undoped Ti was higher 
than that before test, due to enhanced surface roughness, and 
higher insulating properties of the passive film. Thus, after the 
potentiostatic polarization test the Icorr continues to meet the DOE 
2025 requirements, while the ICR value may no longer meet the 
DOE 2025 target, as in the case of the TaCN (11.3 mΩ cm2,67 a-C 
(11.7 mΩ cm2)72 and Ti3Al/TiAl (17.8 mΩ cm2)69 coatings.  

Summarizing, the most suitable coating for Ti bipolar plates is TiN 
due to excellent corrosion resistance, high conductivity, high 
adhesion strength to Ti, thermal expansion coefficient close to that 
of Ti, wide industrial feasibility, low cost, and extensive research as 
well. A weak coating-substrate bonding and coating detachment, 
instead, are drawbacks regarding the use  of a-C as BP coating. So, 
a-C cannot be used alone as it is, but requires element doping or 
the use of multilayer structures.
Regarding the deposition methods, conventional consolidated 
eposition techniques, include PVD and CVD and PVD/CVD-derived 
technique such RMS and MIP and HiPIMS, have proven to be 
effective for improving the corrosion resistance and electrical 
conductivity of Ti bipolar plates, but . they require high-vacuum 
conditions, precise gas mixing, and strict temperature control. Such 
requirements are a significant challenge for large-scale production 
of PEMFC BPs, including increased equipment costs, maintenance 
burden, and limited scalability. To overcome these limitations, a 
roll-to-roll doctor blade coating method was proposed. This 
technique enables environmentally friendly coatings without the 
need for vacuum or gas-phase control, while offering superior 
process efficiency and cost-effectiveness.

2.3 Microstructural modification of titanium surface 

   The substrate material can affects the corrosion resistance of the 
coating. For example, using the same deposition method, TiN-
coated SS410 showed a higher Icorr in simulated anode conditions 
than TiN-coated SS316L, due to the lower corrosion resistance of 
SS410 than that of SS316L.83 In the same way, the corrosion current 
density of a-C coated titanium (TA2) was lower (0.051 μA cm-2) than 
that of a-C coated SS316L (0.148 μA cm-2), due to the higher Icorr of 
SS316L than that of TA2.71 Thus, the improvement of the corrosion 
resistance of the substrate by using surface modification 
technologies is necessary to enhance the overall corrosion 
resistance of the BPs. The grain size, grain boundary type, and 
texture intensity influence the corrosion resistance of materials. 
The microstructure of titanium was modified by using different 
methods. Equal channel angular pressing (ECAP) is a method to 
obtain ultrafine grains in materials. Balyanov et al.84 evaluated the 
corrosion resistance in acid solutions of Ti with both ultrafine-
grained (UFG, grain size 10-1000 nm) microstructure obtained by 
ECAP and coarse-grained (CG) microstructure, formed by annealing 
at 800 °C, resulting in a grain size of 7 μm. The UFG Ti showed 
higher corrosion resistance than CG Ti, due to fast passivation of 
UFG Ti and the impurity segregation to grain boundaries in CG Ti. 
Differential speed rolling (DSR) is a widely utilized to modify the 
grain and texture characteristics of a material. Bare Ti sheets with 
UFG microstructures were obtained by high-ratio differential speed 
rolling (HRDSR) at different roll speed ratios and roll 

temperatures.85 The HRSDR processed Ti sheets at a higher speed 
ratio or a lower temperature showed a smaller grain size and a 
higher strength. The UFG Ti showed high corrosion resistance in 
acid solutions. The Ti grain refinement by HRDSR enhances the 
corrosion resistance by modifying the growth kinetics of the 
passivating film. The Ti with the smallest grain size, that is, HRDSR 
processed at room temperature, presented the lowest Icorr. Liu et 
al.86 used cold DSR at various roller speed ratios (RSR) to enhance 
the corrosion resistance of pure Ti. The Ti sheet obtained at an RSR 
of 2, having the highest mechanical strength and corrosion 
resistance (Icorr 0.43 μA cm−2) was used for rubber pad forming Ti 
BPs. The Icorr of pure Ti at the operating temperature of PEMFC 
(75 °C) was 1.27 μA cm−2. Krallics et al.87 processed Grade 2 Ti by 
warm caliber rolling obtaining an UFG microstructure with high 
tensile strength and good ductility at room temperature. The ball-
burnishing (BB) process is a cold surface plastic deformation 
method, based on moving and compressing a hard ball on the 
surface of materials. Shliakhetka et al.88 studied the corrosion 
resistance of highly porous Ti in acid solution by BB. BB made easier 
the healing of pores within the deformed surface layer, reducing 
the porosity from 16.4 % to 1 %. Following BB, Icorr decreased from 
3.74 to 1.52 μA cm−2, ascribed to the reduction in the surface area 
in contact with harsh environment and the formation of a 
passivating film. Kim and Kim89 investigated the effect of annealing 
on the corrosion resistance in acid solution of the UFG Ti obtained 
by HRDSR. Post-rolling annealing decreased the corrosion resistance 
of UFG Ti, reducing dislocation density and residual stress and 
maintaining an UFG and a strong texture. Zhu et al.90 evaluated the 
influence of the annealing time (from 5 to 60 min) at 650 °C on the 
microstructure and corrosion resistance of cold rolled Ti-Nb-Ni 
sheets. In non-annealed cold rolled Ti-Nb-Ni, tips of precipitated 
Ti2Ni were formed, resulting from sheet deformation. In annealed 
Ti-Nb-Ni, notwithstanding the increase of grain size, the blunt of 
Ti2Ni tips led to an increase of the corrosion resistance. Icorr 

decreased with increasing annealing time from 0.40 μA cm−2 for 
non-annealed Ti alloy to 0.13 μA cm−2 for 60 min annealed Ti-Nb-Ni 
in a simulated PEMFC solution. 

2.4 Titanium alloys as BP substrates

    Although coating improves corrosion resistance and ICR of Ti 
substrates, they are, however, critical factors, due to the presence 
of defects, including pinholes, on coating during preparation. Taking 
into account of corrosion resistance, conductivity and formability, 
coated titanium cannot fully satisfy the requirements for its use as 
BPs in PEMFC. Moreover, during PEMFC operation, fluoride ions 
released from Nafion® membranes can dissolve the protective TiO2 
film, thereby leading to a decrease of Ti corrosion resistance.91 A 
way to alleviate these drawbacks is the use of uncoated titanium 
alloys as BPs substrates. 

    2.4.1 Microalloyed and low-alloyed titanium  Taking into 
account of formability and costing, the amount of alloying elements 
has to be in a relatively low level. Microalloying and low-alloying are 
widespread approach to improve the corrosion resistance and the 
ICR of titanium through utilization of limited but specific alloys. 
Microalloyed titanium is a type of alloy titanium that contains small 
amounts of alloying elements (< 1%), including Nb, V, Ni and Mo. 
Low-alloy Ti materials (Ti > 80%) possess the same outstanding 
properties as pure titanium together with enhanced corrosion 
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resistance and ICR. To improve the ICR of the oxide layer different 
microalloyed and low-alloyed titanium alloys, forming conductive 
and passivating oxides, were investigated for their use as PEMFC 
bipolar plate substrates. Aukland et al.92 developed alloys that form 
conductive and chemically stable oxides in PEMFC environment. 
Five alloys of Ti with Ta or Nb were evaluated. Nb can enhance the 
electrical conductivity of Ti BPs via electron hopping mechanism. 
The oxides of all alloys showed lower ICR than bare Ti oxide. The 
oxide films on Ti–Nb and Ti–Ta surface alloys remained conductive 
and chemically stable in more concentrated solutions than that in 
PEMFC conditions. Ti alloys having 3% Ta or Nb were the most 
suitable for the use as BP materials. One element which increases Ti 
corrosion resistance is Ni, possessing similar effects as Pt group 
metals to shift the corrosion potential towards passive Ti regions.93 
Zhu et al.94 fabricated a Ti–Nb–Ni foil by a cold rolling process for its 
use as a BP substrate. The ICR values of the Ti-Nb-Ni at 1.4 MPa 
satisfied the DOE 2025 target and were lower than those of some 
bare SSs. The suitable ICR values were ascribed to the improved 
conductivity of the oxide film formed on the Ti-Nb-Ni by Nb 
presence. Song et al.95 investigated the corrosion resistance and the 
ICR of Ti-Ta alloys in the Ti-7Ta, Ti-8.3Ta and Ti-9.6Ta compositions, 

and Ti-Al-Ta alloys in the Ti-2.6Al-5.8Ta，Ti-3.8Al-8.6Ta and Ti-5Al-
11.3Ta compositions. The cathodic corrosion current density of all 
these alloys was lower than that of the reference TC4 (Ti-6Al-4V) 
alloy in PEMFC simulated cathodic environment (0.5 mol L-1 H2SO4 + 
2×10-6 HF）at 0.6 V vs. SCE. Among them, the Ti-8.3Ta alloy showed 
the smallest Icorr (0.72 μA cm-2). The ICR value at 1.5 MPa decreased 
with increasing Ta content, and was lower than that of bare Ti and 
TC4. The ICR of Ti-5Al-11.3Ta alloy was the smallest (18.3 mΩ cm-2) 
and the Icorr was 0.91 μA cm-2. Yuan et al.96 prepared a Ti-0.35Mo 
alloy and evaluated the Icorr and ICR values. Ti-0.35Mo showed a Icorr 
ca. two orders of magnitude lower than pure Ti. Constant anode 
potential polarization measurements were performed at −0.1 V vs. 
SCE. As shown in Fig. 13a, in simulated PEMFC anodic environment, 
the polarization curve for Ti showed a positive trend (Icorr ca. 
1.4 10−3 A cm-2). Conversely, the polarization curve for Ti-0.35Mo 
showed a negative trend (Icorr  ca. −6.2 10−4 A cm-2), attesting that 
Ti-0.35Mo is more corrosion resistant than Ti. Tthe ICR decreases 
with increasing pressure (Fig. 13b). At 140 N cm−2, the ICR value for 
Ti-0.35Mo in simulated PEMFC cathodic environment was 
9.80 mΩ cm2, slightly lower than the DOE 2025 target. 

Fig. 13 (a) Potentiodynamic polarization curves of Ti and Ti-0.35Mo; (b) ICR values after potentiostatic polarization for Ti and Ti-0.35Mo alloy. Reproduced 
from Ref. 96, copyright 2024, with permission from Elsevier.

  Fluoride ions can seriously deteriorate the corrosion resistance of 
titanium: fluoride ions can react with the protective oxide film on 
titanium, resulting in the dissolution of the protective film.97 The 
reaction between TiO2 and F- is the following:97

TiO2 + 4H+ + 6F-  TiF62- + 2H2O                                           (1)

                                                                                              

As a consequence, the formation of un-passivated titanium regions 
decreases the corrosion resistance of the bipolar plate. Wang et 
al.98 observed that there is a threshold value of the F- concentration 
for Ti corrosion in 0.05 M H2SO4 solutions, between 0.0005 M and 
0.002 M. When the F- concentration was higher than the threshold 
value, multiple corrosion potentials were found in potentiodynamic 
polarization curves. F- can change  the structure of the film formed 
on titanium at open circuit voltage (OCV) from a dense to a porous 
barrier. Alloying can be a valid method to enhance Ti corrosion 
resistance in F- containing acidic solutions. Nagakawa et al.99 
investigated the effect of F- fluoride concentration and pH on the 
corrosion resistance of bare Ti and Ti-6Al-4V, Ti-6Al-7Nb and Ti-
0.2Pd alloys. Bare Ti, Ti-6Al-4V and Ti-6Al-7Nb alloys showed low 

corrosion resistance even in a low F- concentration in acid solution. 
The Ti-0.2Pd alloy showed high corrosion resistance than bare Ti, Ti-
6Al-4V and Ti-6Al-7Nb alloys in the wide range of pH and F- 

concentration, due to the Pd presence on the surface, favoring a 
repassivation of Ti. TA12 (chemical composition Ti-0.3Mo-0.8Ni), 
belonging to a near-alpha titanium alloy, was developed in the 
United States in the 20th century, to aim to replace the high-cost Ti-
0.2Pd alloy. Wang et al.91 evaluated the dependence of Icorr on the F- 
concentration for pure Ti and Ti-0.2Pd and Ti-0.3Mo-0.8Ni alloys. 
Icorr of all three materials samples increased with F- content. The Icorr 
of bare pure Ti was the same as that of Ti alloys for a F- content 
lower than the threshold value of bare Ti. For F- content > 0.001 M 
(threshold value of bare Ti), the Icorr of Ti-0.2Pd and Ti-0.3Mo-0.8Ni 
were much lower than that of bare Ti, ascribed to the spontaneous 
passive behavior of these alloys with respect to the active behavior 
of pure Ti. By theoretical calculations it was demonstrated that Mo 
and Ni presence in the TA12 alloy decreases the hydrogen evolution 
reaction (HER) overpotential on the Ti surface.100 The HER 
overpotential was 0.734 eV for Ti-Mo, 0.569 eV for Ti-Ni, and 
0.512 eV for Ti-0.3Mo-0.8Ni. The increase of the HER rate facilitates 
the formation of an anodic passivation film, remarkably enhancing 
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TA12 alloy corrosion resistance. Ti alloys, however, are still 
corroded at higher fluoride concentrations. Zhu et al.94 studied the 
corrosion resistance of Ti-Nb-Ni in 0.5 M H2SO4 solution with 
various F- content at different temperatures. Corrosion resistance of 
Ti-Nb-Ni decreased with increasing temperature and fluoride 
concentration. The threshold F- content was 100 ∼ 200 ppm at 20℃ 
and 50 ∼ 100 ppm at 40℃/80℃.   

 2.4.2 NiTi (1:1) alloy   Recently, Li et al.101 fabricated a melting cast 
NiTi alloy in the atomic ratio of 51:49 in a vacuum arc melting 
furnace. This NiTi alloy showed a significantly lower ICR value at 1.4 
MPa (16.8 mΩ cm2) compared with pure Ti (88.6 mΩ cm2) as well as 
improved corrosion resistance compared with pure Ni. The 
improved ICR was ascribed to the presence of metallic Ni in the 
passive film, enhancing charge conduction. Moreover, a higher 
hardness of the NiTi alloy than that of bare Ti and bare Ni was 
observed.

3      Gas diffusion layer

   The GDL is placed between the CL and the BP on each side of the 
PEMFC, and plays many roles within the fuel cell:102-104 1) it provides 
electrical connection between the CL and the BP, thus it has to have 
high electronic conductivity; 2) it conducts heat away from the CL, 
thus it has to have high thermal conductivity; 3) it gives mechanical 
support to the brittle CL, so it has to have high mechanical stability; 
4) it provides transport pathways for reactant gases from the flow 
channels to the CLs, so, the GDL has to have suitable mass 
transport; 5) it makes easy the removal of excess liquid water, thus 
it has to have proper wettability. Single-layer GDL consists only of a 
macroporous substrate (MPS). The commonly utilized GDL in 
PEMFCs, however, is dual layer, in which the MPS is coated with a 
microporous layer (MPL). The MPL decreases the contact resistance 
between the CL and the MPS, improves water management in the 
membrane electrode assembly, leading to an enhancement of fuel 
cell performance. Additionally, a hydrophilic layer (HL) can be 
placed on the MPL, to improve the performance in low-humidity 
conditions. 

3.1 Gas diffusion backing (Macroporous substrate)  

    The use of carbon materials as the GDB substrate is due to their 
high electrical conductivity and the low cost. Despites this, carbon is 
far from being a fully satisfactory choice for GDB, due to its low 
strength and limited corrosion resistance. Carbon is inclined to 
corrosion at high potential fuel cell operation.105 The brittle nature 
of carbon is not very suitable to molding and processing, making 
not easy the microstructural control. Thus, research efforts have 
been addressed to metal materials as the substrate for the GDL, 
due to their high strength. Metallic materials can be divided into 
machined metal, metal foam and metal fiber. Steel has high 
strength but limited electrical conductivity and corrosion resistance. 
Conversely, Ti has high strength, lower density and outstanding 
corrosion resistance. Hence, porous titanium is more appropriate 
for the utilization as GDB than carbon and steel.105 The challenge of 
the use of Ti as GDB, however, is Ti manufacturing with controlled 
porosity, thickness, and pore morphology. Moreover, the cost of 
porous Ti titanium is another factor limiting its application. As 

carbon cannot be used for the oxygen electrode of unitized 
reversible fuel cells (URFCs), as at the high potential of the oxygen 
electrode during electrolysis mode carbon material is inclined to 
corrode, Ti, due to its highly conductivity and corrosion resistance 
even under high potential and acidic environment, is commonly 
used as the oxygen-electrode GDB of a URFC.106-108 In this work, 
however, only the use of Ti as GDL substrate in PEMFCs will be 
considered. Ti sinter,109 Ti fiber felt,110,111 and Ti foam112 were used 
as Ti GDB in PEMFCs. Different preparation methods such as freeze 
cast,112 micromachining113 and 3D printing114,115 were utilized to 
fabricate GDBs. Generally, Ti-based GDLs are in the single-layer 
form, that is, the GDL coincides with the GDB. First, Hottinen et 
al.109 investigated the utilization of Ti sinter as GDB in a PEMFC. 
They observed that the ICR between Ti sinter and MEA was very 
large. The ICR can be reduced by Pt coating on Ti sinter surface. Ti 
sinter on the PEMFC cathode side increased the mass diffusion 
overpotential, likely due to the inadequate water removal. Pt 
coating reduced this overpotential, owing to the improved 
hydrophobicity. However, the performance of the PEMFC with Pt-
coated Ti sinter as GDB was lower than that with carbon paper. Ti 
sinter can be useful when high current densities are not necessary. 
Ti sinter cost is not much different from that of carbon paper and 
cloth. Pt coating increases the sinter cost, but so long as the sinter 
operates as combined GDB/BP, the convenience of sinters is 
remarkably enhanced, because there is no longer any need for a 
separate BP. Fushinobu et al.113 proposed a novel ordered porous Ti 
single-layer GDL fabricated by using the micromachining technique. 
Ti thin films with 1 to 10 μm thickness were micromachined to 
obtain columnar vertical micro through-holes in thickness direction. 
By using Ti thin films instead of carbon-based materials, the 
thickness and electrical resistivity were remarkably decreased, 
suggesting the possibility of high performance GDLs. Feasibility to 
be used as GDLs in PEMFC was evaluated. Smaller through-hole 
diameter and thinner Ti thickness than carbon GDL improved the 
PEMFC performance. Choi et al.112 proposed a freeze-cast Ti foam 
anode single-layer GDL for PEMFC. The PEMFC with Ti foam GDL 
showed a current density ca. 166% higher than that with a carbon 
fiber GDL, with and without MPL, due to its unique 3D structure, 
supporting anodic reactions. Moreover, it showed excellent 
corrosion resistance with stable thickness and weight in an 
accelerated corrosion test, while the carbon GDL suffered 
considerable reductions in the weight and thickness. Jayakumar et 
al.114 fabricated a Ti-based GDL using a 3D printing technique 
incorporating selective laser sintering. This technique is more cost 
effective than manufacturing a conventional GDL. A 20%Ti/80% 
polyamide composite powder was spread on the build platform 
layer upon layer, obtaining a uniform dispersion and a flat top 
surface. The resulting performance of the MEA with this GDL was 
far lower than that of the MEA with the carbon-based GDL, due to 
the lower electrical conductivity. Wang et al.115 proposed an 
integrated flow field-gas diffusion layer (i-FF-GDL) fabricated by 3D 
printing of TiH2 ink, then decomposed by  high temperature 
treatment to form a conductive, hydrophilic and porous Ti “bone” 
structure. A comparison of the common carbon-based PEMFC 
configuration and the integrated i-FF-GDL PEMFC configuration is 
reported in Fig. 14. They compared the performance of alkaline 
PEMFCs with i-FF-GDL and conventional carbon paper GDL and 
graphite serpentine FFs. Compared to the cell with conventional 
GDL and FF, the performance of the PEMFC with  i-FF-GDL showed a 
considerable enhancement at high current densities. The MPD of 
the PEMFC with i-FF-GDL was 15% and 8% higher than the cell with 
GDL and FF under H2/O2 and H2/air conditions, respectively. 
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Moydien et al.110 compared Ti fibre felts single-layer GDL and 
conventional carbon GDLs, both in different thickness, as cathode 
GDLs for PEMFCs. The Ti fibre felt were coated with a 0.2 μm Pt to

Fig. 14 Schematic diagram of traditional PEMFC configuration (a), i-FF-GDL PEMFC configuration (b) and the 3D printing process (c). Reproduced from Ref. 
115, copyright 2021, with permission from Elsevier.

avoid Ti oxidation. SEM images of the carbon (C-GDL) and titanium 
fibre (PTF-GDL) are reported in Fig. 15. It can be observed that the 
C-GDL fibres are cylindrical while the PTF-GDL fibres have flat edges. 
In the case of the PTF-GDL fibres, flat edges lay upon each other, 
while the cylindrical shape of C-GDL fibres results in single-point 
contact between the C-GDL fibres, leading to a lower contact 
resistance for PTF-GDLs than for C-GDLs.

Fig. 15 SEM images of (a) the C-GDL and (b) the PTF-GDL substrates. 
Reproduced from Ref. 110, copyright 2023, with permission from Elsevier.

For all GDL thicknesses, the polarization curve of PEMFCs with Ti 
felts GDL delivered an enhanced performance than the cells with 
conventional GDL. Compared to the cells with C-GDLs, the 
performance enhancement of the cells with Ti-GDLs begins at 
medium current densities and increases at high current densities. 
The difference in the performance of the PEMFCs with different 
GDLs was ascribed to a difference in the ohmic resistance and mass 
transport properties. Ma et al.112 investigated the performance of a 
PEMFC with a Ti felt GDL before and after hydrophobic treatment 
(carbon plating and application of an acetylene black MPL). The 
PEMFC with hydrophobic-treated GDL delivered a remarkably 
better performance compared to the untreated one. The PEMFC 

with untreated GDL presented a remarkable flooding and a fast 
voltage drop at high current density. The hydrophobic treatment of 
the GDL remarkably enhanced water drainage of the PEMFC at high 
current density. Moreover, the performance at low/medium 
current density (<1.3 A cm−2) of Ti GDL fuel cell after hydrophobic 
treatment was almost the same as that of conventional C-GDL.  

Finally, Kawachino et al.116 developed a carbon-free catalyst-
integrated nanostructured electrode with porous Ti support. Porous 
Ti sheets were etched in NaOH and heat-treated at 400 °C, resulting 
in TiO2 nanostructure formation on Ti fiber surface, followed by Pt 
deposition onto the fiber surface. The Pt-decorated nanostructured 
Ti sheets played in a PEMFC at the same time as the catalyst, 
catalyst support, GDL and current collector, overcoming carbon 
corrosion drawback. The initial performance of the Pt/Ti system 
was lower than that of a commonly used Pt/C system, but it 
presented a considerable stability following potential cycling.  

Summarizing, the best choice to fabricated GDL is 3D printing 
technique. This technique is more cost effective than manufacturing 
a GDL by using conventional methods. The main interesting part of 
this section is the use of integrated carbon-free Ti BP/GDL systems, 
as in the case of Ti sinter, that operates as combined GDB/BP, Ti 
“bone” structure (i-BP-GDL), fabricated by 3D printing, and a Pt-
decorated nanostructured Ti sheets played in a PEMFC at the same 
time as the catalyst, catalyst support, GDL and current collector, 
overcoming carbon corrosion drawback.

1.1 Hydrophilic layer  

   An MPL, commonly formed by carbon black and a 
polytetrafluoroethylene (PTFE) binder, is generally placed on top of  
the GDB for water removal from the catalyst layer (CL).117,118 
Moreover, the MPL minimizes the contact resistance between the 
CL and GDL and provides support for the CL, limiting the loss of the 
catalyst into GDL.117 Commonly, the MPL has hydrophobic 
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properties, but enhancing the hydrophilic properties of the MPL can 
prevent membrane dehydration at the interface with the CL under 
low-humidity conditions. However, this can also lead to excessive 
flooding under high-humidity conditions. On the other hand, the 
enhancement of the hydrophobic properties facilitates the smooth 
removal of water, offering advantages under high-humidity 
conditions, but this can accelerate membrane dehydration and  
hinder proton conductivity under low-humidity conditions. Thus, 
the wettability of GDLs has trade-offs, as it is optimized for specific 
humidity conditions. The decrease of PTFE content in the MPL can 

be an effective method to lower the hydrophobicity, but it reduces 
the binder force between the MPL and the substrate.119 A way of 
improve fuel cell performance at both dry and humid conditions is 
the addition of a hydrophilic layer to the hydrophobic MPL.  

Fig. 16 (a) Influence of hydrophilic layer in double MPL coated GDL (hydrophobic intermediate MPL: 20 mass% PTFE, dm = 3 μm, hPTFE = 90 μm) on PEFC 
performance under (a) low humidity (anode: 60% RH, cathode: 0% RH) and (b) high humidity (anode: 100% RH, cathode: 100% RH). Reproduced from Ref. 
121, copyright 2013, with permission from Elsevier.

Kitahara et al.120-122 proposed a double MPL, in which a hydrophilic 
layer (polyvinyl alcohol (PVA) or TiO2) was placed on top of the 
hydrophobic layer. The HL with TiO2 was formed by 25 wt% TiO2 as 
hygroscopic particles (size ca. 10 nm), 5 wt% silicone and carbon 
black. As can be seen in Fig. 16a, at low humidity an enhanced 
performance of the PEMFC with a double MPL, with either PVA or 
TiO2, with respect to the fuel cell with single layer MPL was 
observed.121 But at high humidity, the high hydrophilicity of the 
MPL with PVA causes flooding of the electrode, negatively, affecting 
the performance of the PEMFC (Fig. 16b). Instead, an appropriate 
double MPL with TiO2 is suitable to remove excess water from the 
cathode catalyst layer. A proper HF formed by 5% Nafion, 25% TiO2 

and carbon black further improved water removal from the catalyst 
layer.122 A triple MPL, in which a TiO2-containing HL hydrophilic 
layer was coated on a hydrophobic double MPL, was proposed to 
improve PEFC performance under both low and high humidity.123 
The triple MPL, in which the hydrophobic double MPL has had a 
gradient of hydrophobicity, obtained by different  PTFE content, 
was more effectual to water removal from the cathode CL, resulting 
in a better fuel cell  performance under high humidity than the 
double MPL. Wang et al.124 fabricated a TiO2 nanoarray (TiO2NRs) 
directly on the MPL of the GDL. The effect of TiO2NRs coated MPL 
on the performance of PEMFC was compared with that the 
conventional GDL and TiO2 nanoparticle-doped GDL is shown

Fig. 17 Polarization and power density curves of PEMFCs with GDL-Pt/C, GDL-TiO2 and GDL-TiO2NRs as anode at 60 °C and (a) 100% RH, (b) 21% RH. 
Reproduced from Ref. 124, copyright 2024, with permission from Elsevier.

in Fig. 17. In full wetting conditions (Fig. 17a), the performance of 
the cell with GDL-TiO2NRs was close to that with conventional GDL, 
indicating that the incorporation of TiO2NRs does not increase the 
ohmic resistance and does not reduce the catalyst activity. The 
performance of three PEMFCs under low humidity conditions (21 % 
RH) is shown in Fig. 17b. The addition of TiO2 HL to the anode 
enhanced the performance of the cell at low relative humidity. The 

MPD of the PEMFC with GDL-TiO2NRs was 1.3 times higher than 
that with GDL-TiO2. The difference in the performance at low 
humidity of the PEMFCs with the HL was ascribed to GDL-TiO2 
limited water retention capacity during fuel cell operation. Oh et 
al.125 inserted an additional functional layer, formed by CNT sheets 
with Ti deposited onto them, between the CL and the MPL, This HL 
improves the PEMFC performance in all testing conditions (25-100% 

Page 16 of 24RSC Applied Interfaces

R
S

C
A

pp
lie

d
In

te
rf

ac
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
gr

ud
ni

a 
20

25
. D

ow
nl

oa
de

d 
on

 0
7.

01
.2

02
6 

17
:5

6:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LF00363F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00363f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17

Please do not adjust margins

Please do not adjust margins

RH), due to their optimal pore structure and hydrophilic 
characteristics. The PEMFCs with the double layer showed up to 
≈94% higher power density and ≈60% enhancement in charge 
transfer resistance than the cell with conventional GDL.   A double 
layer GDL with a hydrophilic TiO2 layer was tested in low-
humidification conditions.126,127 Choun et al.126 coated an ultrathin 
layer of hydrophilic TiO2 on the hydrophobic MPL of GDL. By using 
TiO2-coated GDL, a remarkable enhancement of PEMFC 
performance at low cathode humidification than that of the cell 
without TiO2 was observed. Instead to apply a hydrophilic layer on 
the MPL, Hou et al.127 fabricated a modified GDL, in which a 
hydrophilic TiO2 layer was placed between the hydrophobic layer 
and the GDB. This GDL was tested in low-humidity conditions and 
high PEMFC temperature. The performance of the single PEMFC 
with this modified GDL, used either in anode, cathode, or both, was 
better than that of the cell using a GDL without the hydrophilic TiO2 
layer. Both these configurations, however, were not tested in high-
humidity conditions.  Finally, Wang et al.128 fabricated a novel MPL 
coated GDB with hydrophobic and hydrophilic pores present in the 
same layer. This MPL, combining hydrophobic PVDF and Nafion 
with hydrophilic TiO2 particles, remarkably decreased the oxygen 
transport resistance with respect to the hydrophobic MPL.

4  Conclusions and perspectives

  Compared with graphite and other metals, titanium, although it is 
more expensive than stainless steel, has higher corrosion 
resistance, light weight and high strength. Its low density (ca. 60% 
than that of SS) allows to reduce the mass and volume of bipolar 
plates. A drawback of titanium BPs is the poor formability at room 
temperature, due to its low ductility and large springback. The 
commonly used manufacturing methods, such as stamping and 
rubber pad forming, due to their ease of manufacturing and cost 
effectiveness, were used to fabricate Ti bipolar plates, but the 
results were not satisfactory. Therefore, new and cost-effective 
forming methods were explored to enhance Ti formability. Several 
novel methods were proposed to overcome the formability 
challenge of Ti bipolar plates, such as hot stamping, multistage 
stamping, electromagnetic forming and additive manufacturing. 
Multistage stamping and EMF seem to be the most promising 
methods in term of channel depth and aspect ratio. Another 
drawback is the passivation film formed on Ti surface, leading to a 
remarkable increase of the ICR. Moreover, F− ions in the PEMFC 
environment can give rise to pitting corrosion, reducing PEMFC 
durability. These problems can be solved either by using Ti alloys as 
BP substrates, or by coating titanium surface with materials with 
high corrosion resistance and conductivity. Microalloying and low-
alloying are widespread approach to improve the corrosion 
resistance and ICR of titanium through utilization of limited but 
specific alloys. Alloying is a suitable method to enhance Ti corrosion 
resistance in F−-containing acidic solutions at low fluoride 
concentration. Titanium alloys, however, are still corroded at high 
fluoride concentrations. Therefore, future investigations should be 
directed towards the development of new alloys with increased 
corrosion resistance at high F- concentrations. On the other hand, 
Ti-based ceramics, such as TiC and TiN, possessing high corrosion 
resistance and electrical conductivity, were proposed as low cost 
coatings for Ti bipolar plates. The lower difference in thermal 
expansion coefficient between TiN and Ti than between TiC and Ti 
facilitates the formation of a tight TiN coating bound to Ti and 

decreases the stress between the coating and substrate, making TiN 
more suitable than TiC as a coating for titanium BPs. Compared with 
the PVD method, PN is a cost-effective, simple, and promising 
method to modify the bipolar plate surface, avoiding the drawback 
of peeling of the coating, owing to poor adhesion. PN of Ti, 
however, is commonly performed at high temperatures (≥ 900 °C), 
which overcome the α-Ti to β-Ti phase transformation temperature 
and can give rise to deformation of the treated workpiece. 
Furthermore, the cracks formed in TiN film were attributed to the 
thermal expansion mismatch between TiN and Ti during cooling 
from high temperature. To overcome the drawbacks related to 
plasma nitriding at high temperatures, plasma nitriding at low 
temperature and different techniques other than plasma nitriding 
were utilized to coat titanium BPs with TiN layers. The MIP method, 
carried out at a temperature as low as only 250 °C, was used to 
fabricate TiN coating on Ti. A novel PVD technique, namely high 
power impulse magnetron sputtering, was utilized to coat BP 
surfaces. The many advantages of this method, such as high coating 
density, good adhesion, higher hardness, and smooth surface, make 
it suitable for synthesizing TiN hard coatings. Beyond TiN, other 
compounds, such as TMN, TMC  and carbon-based materials were 
tested as coatings for titanium BPs. All these coating showed high 
corrosion resistance and low ICR.  The utilization of a-C as BP 
coatings, however, presents two drawbacks, that is, a weak coating-
substrate bonding and coating detachment, owing to internal 
stress, and permeation of corrosive media, related to the presence 
of pinhole, leading to substrate degradation. Effective methods to 
solve these problems are element doping and the use of multilayer 
structures. It is important to remark that, high corrosion potentials, 
for the same coating the corrosion resistance can depend on the 
corrosion resistance of the substrate. Thus, to maximize the overall 
corrosion resistance, before the deposition of the coating, the 
corrosion resistance of the Ti substrate should be maximized, by Ti 
alloying and subsequent microstructural modification of the 
substrate surface.    

     Titanium has high strength, low density and outstanding 
corrosion resistance, so porous Ti is more suitable than carbon and 
stainless steel for the use as gas diffusion backing. However, as in 
the case of BPs, the challenge is Ti manufacturing with proper 
porosity, thickness, and pore morphology. Moreover, the 
development of low-cost titanium based GDL manufacturing 
technology is a key factor for commercialization. Thus, the 
fabrication methods have to be thoroughly evaluated to make a 
suitable Ti GDB for PEMFC. Ti sinter, Ti fiber felt, and Ti foam were 
used as Ti GDB in PEMFCs, and various preparation methods such as 
freeze cast, micromachining and 3D printing were used to fabricate 
them. 

 While the internal resistances of the BP and GDL are small and can 
be ignored, the ICR between the BP and the GDL is relatively large 
and plays a key role in PEMFC performance. ICR between BP and 
GDL depends on various parameters, such as manufacturing, 
substrate (bare or alloyed) and coating. The ICR of BP is commonly 
evaluated for a fixed GDL, overall carbon paper. As the ICR depends 
on BP/GDL interface, ICR tests for a fixed BP should be performed 
using different GDLs. Supposedly, the ICR between uncoated Ti BPs 
or Ti-based coating and Ti GDB should be lower than that with 
carbon paper GDB. The results of a work of Luo et al. [76], which 
compared the ICR of Ti (BP) with carbon paper (GDL) with that of Ti 
(BP) with Ti mesh (GDL) supports this assumption: the ICR of Ti/Ti 
mesh (7.69 mΩ cm-2) was lower than that of Ti/carbon paper (23.70 
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mΩ cm-2)  (Fig. 18). Thus, for Ti bipolar plates, in the absence of 
coating, the use of titanium GDL is advantageous compared to 
carbon paper GDL. 

Fig. 18 ICR of bare Ti and C/(Ti:C)/Ti coated Ti with GDLs (carbon paper and 
Ti mesh). Reproduced from Ref. 76, copyright 2023, with permission from 
Elsevier.

Future works should be addressed to the development of carbon-
free integrated Ti-based BP/GDL systems formed by Ti BPs, either 
uncoated or coated by Ti compounds, and Ti GDL to evaluate their 
suitability for fuel cell application. Preliminary works in this 
direction showed opposite results. An integrated BP/GDL Ti “bone” 
structure (i-BP-GDL) was fabricated by 3D printing.115 Compared to 
the cell with conventional carbon-based GDL and BPs, the 
performance of the PEMFC with i-BP-GDL showed a considerable 
enhancement at high current densities. On the other hand, 
Kawachino et al.116 integrated different PEMFC components into a 
single structure. Pt-decorated nanostructured Ti sheets were tested 
in a PEMFC as the catalyst, catalyst support, GDL and BP, but in this 
case the performance of the Pt/Ti system was lower than that of a 
Pt/C system.
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