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� The AM technologies relevant to PEM fabrication are reviewed.

� Corrosion performance of AM materials in the PEM working environment is presented.

� The challenges and prospects of AM for PEM fabrication are discussed.

� AM has the potential to revolutionize the fabrication of PEM systems.
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With the growing demand for green technologies, hydrogen energy devices, such as Proton

Exchange Membrane (PEM) fuel cells and water electrolysers, have received accelerated

developments. However, the materials and manufacturing cost of these technologies are

still relatively expensive which impedes their widespread commercialization. Additive

Manufacturing (AM), commonly termed 3D Printing (3DP), with its advanced capabilities,

could be a potential pathway to solve the fabrication challenges of PEM parts. Herein, in

this paper, the research studies on the novel AM fabrication methods of PEM components

are thoroughly reviewed and analysed. The key performance properties, such as corrosion

and hydrogen embrittlement resistance, of the additively manufactured materials in the

PEMworking environment are discussed to emphasise their reliability for the PEM systems.

Additionally, the major challenges and required future developments of AM technologies

to unlock their full potential for PEM fabrication are identified. This paper provides insights
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from the latest research developments on the significance of advanced manufacturing

technologies in developing sustainable energy systems to address the global energy chal-

lenges and climate change effects.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The damaging effects of climate change and global warming

continue to pose real threats to our environment. Bushfires,

droughts, ice sheet melting, floods, and depletion of food and

water are among the unfavourable consequences of global

warming on our planet and society. Reducing the reliance on

fossil fuels and adopting more clean and Renewable Energy

Sources (RESs) are the only avenues to beat global warming [1].

Hydrogen is always debated as the low-carbon energy carrier

of the future because it only emits water and heat as by-

products of the energy production process. Among the

different hydrogen fuel cell technologies, Proton Exchange

Membrane Fuel Cell (PEMFC) carries significant potential to be

a key player in the transition to the hydrogen economy.

PEMFC is featured by low operational temperature, zero noise,

fast start-up, high energy density, high electrical efficiency,

and long operational lifespan which gives this technology

significant advantages over its competitors [2,3]. PEMFC has

been widely considered as an energy conversion technology

for various sectors such as maritime [4,5], automotive [6],

aerospace [7], energy storage [8], portable devices [9], and

sustainable buildings [10,11].

In addition to the fuel cells, the transition to the hydrogen

economy requires developing more sustainable hydrogen

production techniques. Hydrogen can be produced from

different feedstocks such as hydrocarbons, biomass, and

water through different electrochemical, thermochemical,

and biochemical processes such as steam reforming, pyroly-

sis, electrolysis, and gasification [12e14]. Electrolysis of water

is considered the most capable route to generate clean

hydrogen because the process does not yield carbon emis-

sions and only produces oxygen as a by-product. In fact,

producing hydrogen using RESs-powered electrolysers and

then using it in fuel cells to generate electricity is one of the

most promising sustainable energy solutions. Among the

different water electrolysis technologies, Proton Exchange

Membrane Water Electrolyser (PEMWE) stands out due to its

high production rate of pure hydrogen and high energy effi-

ciency [15].

Despite the promising potential of the PEM technologies,

their share in the energy market is still relatively low due to

some barriers such as high product cost, low reliability, and

high maintenance and repairs costs [16]. These barriers

reduce end-user acceptance and impede the commercializa-

tion of the technology. In the past three decades, significant

industrial and academic research efforts were placed to tackle

the PEM challenges and develop reliable low-cost technology.

Most of the academic work focused on design development
aspects where various experimental, modelling, and optimi-

zation tools were used to find the optimal design and oper-

ating parameters of such technologies [17e19]. On the other

side, only limited research attention has been paid to the

fabrication and production processes of the PEM components.

In fact, the manufacturing challenges are regarded as the

main barriers hindering the large-scale commercialization of

PEM technologies [20]. Adopting novel manufacturing tech-

nologies, such as AM (3DP), may assist in addressing the

manufacturing challenges of PEM technologies. AM refers to

different digital manufacturing techniques that can produce a

part layer-by-layer directly from a computer-aided design

(CAD) model without the need for any part-specific tools [21].

AM has provided distinct advantages over Conventional

Manufacturing (CM) methods in terms of higher design

freedom, higher precision levels, more automated production,

fewer fabrication steps, and fewer post-manufacturing needs

leading to material and energy savings, shorter product

development cycle, more flexible and efficient product design,

and less negative influences on the environment [22e25]. Be-

sides the above, AM can be used for on-demand product

manufacturing closer to the consumption sites resulting in

reduced demand for long transport journeys and the associ-

ated possible environmental pollution [24]. AM technologies

are receiving increased adoption in different industries such

as aerospace [26], automotive [27], biomedical [28e30], con-

struction [31], fashion and jewellery [32], and energy [33e36].

In the energy sector, AM is used for fabricating key compo-

nents such as energy materials [37], heat exchangers [30,38],

batteries [39], components with functional fluidic channels

[40], catalytic technologies [41], electrically conductive poly-

mers [42], chemical reactors [43], etc.

AM (3DP), with its huge potential, laid itself among the

possible solutions to revolutionize the fabrication of PEM

systems [44]. A noticeable amount of research articles has

been published recently on using different AM technologies

for PEM fabrication. The use of AM for producing PEMparts is a

step in the right direction and may improve the

Manufacturing Readiness Level (MRL) of PEM technologies

which is lower than the comparable technologies [45]. Thus, to

evaluate the potential of AM methods as effective fabrication

pathways for PEM technologies, it is important to systemically

analyse their benefits and limitations from both technical and

economic perspectives. Therefore, this paper aims to present

a comprehensive overview of the recent developments in the

use of AM methods for manufacturing the next generation of

PEM systems focusing on their merits, challenges, and

possible solutions to take them forward. As thematerials used

in the PEM should withstand its harsh working environment,
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the performance of the additively manufactured components

in the PEMworking environment is emphasized and discussed

in this review to ensure their reliability for PEM applications.

The paper is structured as follows; first, an overview of PEM

components and working principles is given. Second, the

different AM techniques that have been used for PEM appli-

cations are introduced and explained. Third, the research

studies concerned with the fabrication and performance of

Additively Manufactured (AMed) fuel cell components are

reviewed. Forth, the investigations focused on the corrosion

and hydrogen embrittlement responses of AMed materials in

PEM working environments are presented. Fifth, the advan-

tages, challenges, and future research directions of AM for

PEM devices are discussed.

Overview of PEMFC and PEMWE

PEMFC and PEMWE are the two main PEM hydrogen technol-

ogies. PEMFC is an energy conversion technology for produc-

ing electricity from the chemical reaction between hydrogen

and the air; and generates water as a by-product. The PEMFC

can be either Low Temperature (LT-PEMFC) operating at

60e80 �C or High Temperature (HT-PEMFC) operating at

120e200 �C. On the other side, PEMWE is an electrochemical

device that produces hydrogen from water using electrical

energy; and generates oxygen as a by-product [15].

PEM technologies use a solid polymermembrane as an ion-

conducting electrolyte which is sandwiched between the

anode and the cathode. The main components of each of the

anode and the cathode are Catalyst Layer (CL) or electrode,

Gas Diffusion Layer (GDL), and Bipolar Plate (BPP). The mem-

brane and CL are commercially fabricated as one part known

as Membrane Electrode Assembly (MEA). In addition to the

main components, PEM devices contain secondary parts such

as Current Distributor (CD), sealants, Cooling Plates (CPs), and

end plates. The working principles of PEMFC and PEMWE are

schematically explained in Fig. 1 while the requirements and

common materials of their main components are summa-

rized in Table 1.

MEA is the heart of the PEM system responsible to deliver

the hydrogen cations (Hþ) from the anode to the cathode. The

commercial MEAs can be either three-layer or five-layer. The

three-layer MEA, also called Catalyst Coated Membrane

(CCM), consists of the membrane and two CLs. Similarly, the

five-layer MEA composes of the membrane, two CLs, and two

GDLs. The commonly used membrane in PEM devices is per-

fluorosulfonic acid polymer (PFSA), commercially traded

under the name Nafion [46]. Nafion is a high-cost material,

and its ion conductivity drops at high temperatures therefore

it is not suitable for HT-PEMFC [47]. HT-PEMFC uses Poly-

benzimidazole (PBI) membrane because it is less water

dependent and can maintain high ionic conductivity at high

temperatures [47]. PEM devices use carbon-supported plat-

inum (Pt/C) as a catalyst which is deposited on either the

membrane forming CCM or the GDL forming Gas Diffusion

Electrode (GDE). The platinum-based catalysts are expensive

and form around 35% of the whole PEM stack cost [48,49]. The

current MEA production route is a non-continuous and

cumbersome process with multiple and independent steps.

The three-layer MEA, i.e. CCM, is produced by fabricating the
membrane and then adding the catalyst on it using different

ink deposition methods, such as slot-die coating, knife

coating, spray painting, screen printing, and Inkjet Printing

(IJP) [50,51]. The five-layer MEA is produced by preparing the

GDLs and CCM separately which are then assembled by

tempered lamination or ultrasonic bonding [51,52].

GDL, may also be referred to as Porous Transport Layer

(PTL), is a fibrous porous medium sandwiched between the CL

and the BPP; and it is responsible for transferring the elec-

trons, reactants, and heat between them. GDLs form path-

ways for the reactive gases from the BPP to theMEA ensuring a

uniform distribution of these gases over the surfaces of the

electrodes [53]. Themain requirements of the GDL are (i) water

permeability to allow water transport from/to the catalyst

layer, (ii) reactants permeability to facilitate the supply of

hydrogen and oxygen to the active sites on the MEA, (iii)

electronic conductivity to transfer the electrons from the

active sites, (iv) thermal conductivity to provide effective heat

transport and uniform heat distribution, and (v) adequate

mechanical strength and high corrosion resistance. The per-

formance of the PEM devices is highly influenced by the

structural and mass transport characteristics of the GDLs.

Highly electron conductive carbon papers, which are manu-

factured via high temperature carbonization of a thermoset-

ting resin, are typically considered as suitable GDL for PEM

devices [54]. Metallic materials have also received increased

attention for fabricating GDLs due to their high thermal and

electric conductivity, low cost, and fast production [55,56].

BPP is another key component of PEMFC and PEMWE and

play an important role in both the performance and durability

of the system [57]. For effective operation of the PEM system,

BPPs must satisfy various technical features including good

thermal and electrical conductivities, high corrosion resis-

tance in the presence of oxygen, high resistance to hydrogen

embrittlement, and good mechanical strength [58]. The BPPs

feature a complex network of flow channels responsible for

delivering the hydrogen and oxygen gases to the GDLs [59].

Also, BPPs contribute to the removal of reaction by-products

including water and heat [60]. The performance of a PEM de-

vice depends hugely on the flow field configuration of the BPP.

The flow field with good design should provide uniform dis-

tribution of the reactants, minimum pressure drops, and

effective thermal and water management [61]. Therefore, the

geometrical configuration of the BPP has received a good deal

of research resulting in different flow-field designs such as

parallel, serpentine, pin, and interdigitated structures [62].

The BPPs aremainlymade of graphite-based ormetallic-based

materials [63]. The poor mechanical properties of graphite-

based BPP formed a serious concern for the durability of the

PEM systems [64,65]. In this regard, metallic-based BPPs pro-

vide an excellent combination of good mechanical strength,

and high electrical and thermal conductivities allowing them

to have significant competitive advantages over other mate-

rials. However, the metallic BPPs have comparatively lower

corrosion resistance than the graphite ones and therefore

they tend to have a shorter service life. Metallic BPPs are

normally coated with an anti-corrosive layer to enhance their

corrosion performance. The materials and manufacturing bill

of BPPs forms around 30%e40% of the total PEM device cost

[66,67]. According to the International Renewable Energy

https://doi.org/10.1016/j.ijhydene.2023.07.033
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Fig. 1 e Main components and working principles of (a) PEMFC (b) PEMW.
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Agency (IRENA) report, BPP is a significant cost part within

PEMWE as its cost can reach up to 23.9% of the overall cost of

the device [68]. The graphite-based BPPs are created by a
moulding process, such as injection moulding and compres-

sion moulding, while the metallic-based BPPs can be obtained

by hydroforming, electromagnetic forming, hollow embossing

https://doi.org/10.1016/j.ijhydene.2023.07.033
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Table 1 e Function, requirements, and materials of the main components of PEM devices.

Component Main function Requirements Common materials

BPP Deliver the reactants to the anode

and the cathode

High thermal conductivity

High electrical conductivity

High corrosion resistance

High resistance to hydrogen

embrittlement

Good mechanical strength

� Graphite

� Metals (Stainless steel,

Aluminium, Titanium)

GDL Disperse the reactants from BPP

over the CL

Good water and reactants permeability

High electronic conductivity

High thermal conductivity

Good mechanical strength

High corrosion resistance

� Carbon paper

� Metallic micro-channel mesh

CL Trigger and increase the rate of the

anodic and the cathodic reactions

High specific surface area Carbon-supported platinum (Pt/C)

Membrane Transfer the hydrogen cations

from the anode to the cathode

High ionic conductivity within a wide

range of temperatures

Impermeable to gases

Durable

Hight chemical stability

Resistant to chemical attack

� Nafion (LT-PEMFC and PEMWE)

� PBI (HT-PEMFC)
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rolling, stamping, milling (CNC machining), micro-

electrochemical machining, laser ablation, etc. [58,69e71].

Despite that such fabrication technologies were proved to be

efficient for mass production, they normally cause significant

materials waste and are not suitable to produce very complex

and customized geometries, particularly those with large

cavities and internal channels [72,73].

Overview of AM fabrication methods

AM can be defined as a computer-controlled fabrication pro-

cess for creating parts by depositing materials layer by layer.

The AM process starts with creating an initial 3D CAD model

of the part. Then, a 3DP slicer software is used to prepare the

CAD model for AM by slicing it into successive layers and

generating a G-Code (set of instructions) to control the AM

system [74]. The G-Cod is then transferred to the AM system to

start the layer-by-layer building process. Following the

building process, the part is extracted from the AM system

where the extra support structures are removed and any

necessary post-building processes, such as cleaning, polish-

ing, and heat treatment, are completed before obtaining the

final product. The typical steps of creating a part using AM are

shown in Fig. 2.

According to ISO/ASTM 52900:2015 standard, there are

seven main categories of AM including Photopolymerization

(VP), Material Jetting (MJ), Binder Jetting (BJ), Material Extru-

sion (ME), Directed Energy Deposition (DED), Sheet Lamination

(SL), and Powder Bed Fusion (PBF) [75,76]. The AM techniques

relevant to PEM fabrication are Selective Laser Melting (SLM),

Selective Laser Sintering (SLS), and Electron Beam Melting

(EBM) which are PBF techniques, Inkjet Printing (IJP) which is

MJ technique, and Fused Deposition Modelling (FDM) which is

ME technique. Fig. 3 summarizes the main AM technologies

and the subcategories used for PEM devices. In this section,

the AM techniques that have been used for PEM fabrication

are discussed.
PBF techniques

The PBF techniques use fine powder as raw material, i.e.

feedstock, and a heat source, either Laser Beam (LB) or Elec-

tron Beam (EB), to induce melting or sintering in the powder

particles [77e79]. The building process starts with depositing a

layer of the material powder on the building platform and

subsequently using the thermal energy source to fuse the

powder in certain locations of the powder bed corresponding

to the geometry of the part. The process of spreading and

fusion the powder is repeated until creating the final part. An

inert environment is normally created within the building

space to minimize oxidation during the process. The PBF can

be divided into SLM, also known as Laser Powder Bed Fusion

(L-PBF), EBM, and SLS, also known as Direct Metal Laser Sin-

tering (DMLS) when it is used for metallic materials. High

power-density focused laser (photon) and electron beams are

used tomelt thematerial in SLM and EBM, respectively. In SLS,

the LB does not melt the powder particles but just heats them

to the sintering level so they can fuse together [80]. PBF can be

used with a variety of materials including metals, ceramics,

polymers, and composites.Within the field of PEM fabrication,

SLM is the most used PBF technique for manufacturing

metallic parts and therefore some further details about this

process are provided in the remaining of this section.

The quality of the SLM parts depends on a wide range of

material and process parameters that should be precisely

controlled to achieve a successful print. The material pa-

rameters include material composition and powder charac-

teristics, i.e., shape and size of powder particles, while the

process parameters include laser power (P), scan speed (v),

hatch distance (h), layer thickness (t), and scanning strategy.

The process parameters affect the energy density (E) supplied

at the powder bed which can be calculated using Eq. (1).

E¼ P
v� h� t

Eq. 1
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Fig. 2 e Typical steps for creating a part using AM.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 5 2 ( 2 0 2 4 ) 5 6 1e5 8 4566
The fast heating and solidification cycle associated with

SLM processes is the source of different defects that affects

the structural integrity and the quality of the printed part

impeding the adoption of the Selectively Laser Melted (SLMed)

parts in some industries [26]. During SLM, the material is

subjected to extremely high local temperatures (up to 2500 �C),

high cooling rates (105e107 K/s), and heating, or re-melting, of

the underlying materials. Due to such conditions, the metal

molecules are arranged in a higher energy state within the

SLMed part which in turn shows; a heterogeneous

microstructure containing internal stresses, inclusions, and

non-equilibrium phases; as well as various metallurgical

imperfections such as porosities, micro-cracks, dislocated

cells, un-melted powder, and rough surfaces. Post-SLM

polishing and heat treatment are normally used to alleviate
Fig. 3 e Main AM techniques and the sub
the influences of these defects and to enhance themechanical

properties of the SLMed parts.

DED

In this method, both the raw material and the thermal energy

are supplied simultaneously during the printing process. A

heat source, typically LB, EB, or electrical arc, is used to melt

the material as it is deposited. DED is normally employed for

metallic materials where the feedstock can be either powder

or wire. The wire has higher material efficiency but lower

resolution while the powder has greater deposition accuracy

[26]. The material is supplied from a nozzle which is mounted

on a robotic multi-axis movable arm allowing to deposit the

material from different angles and directions. DED is
categories used for PEM fabrication.

https://doi.org/10.1016/j.ijhydene.2023.07.033
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commonly used to repair a valuable existing part, such as a

turbine blade, but it can also be used to create new compo-

nents [81]. It is particularly useful for manufacturing large-

size parts as it has less restrictions in terms of dimensions

because it does not use a powder bed [26]. DED is faster and

cheaper but more complex than PBF. Compared to PBF, DED

uses higher energy density and has lower cooling rate, around

103e105 K/s, resulting in higher porosity levels and coarser

microstructure [82]. DED is referred to it using other termi-

nologies including Direct Metal Tooling (DMT), Direct Metal

Deposition (DMD), and Laser Engineered Net Shaping (LENS).

IJP

IJP is a non-contact droplet-based direct material deposition

technology [83]. It has multi-material deposition capability

allowing for creating complex patterns with high resolution

[21]. IJP machine, i.e., printer, utilizes a nozzle head to eject

material, i.e., ink, onto the substrate without direct contact

between the substrate and the printer head. The printer head

is normally mounted at around 1mm above the substrate and

the ink flows out of the nozzle at a velocity of 5e10 m/s [84]. A

pressure chamber, located behind the printing nozzle, is used

to propagate a pressure pulse responsible for forming the

liquid drops. The drops, ejected from the nozzle, hit the sub-

strate surface where their post-impact behaviour is driven by

inertial, capillary, and gravitational forces.

Ink-like liquid materials are normally used in IJP. Such

materials are formed by dispersing active materials in a sol-

vent. The ink should be well formulated with no conglomer-

ates to allow material deposition without clogging the printer

nozzle. The ink's physical properties such as viscosity (m),

density (r), and surface tension (s) along with the diameter of

the nozzle (d) play an important role in the stability of the

formed drops. The stability of the inkjet drop is normally

assessed using a parameter Z which can be obtained accord-

ing to Eq. (2).

Z¼
ffiffiffiffiffiffiffiffi
rds

p

m
Eq. 2

If the Z value of ink is in the range of 1e10, then the ink is

expected to form stable droplets.

FDM

FDM, also referred to as Fused Filament Fabrication (FFF), is a

cost-effective, simple, and common extrusion-based AM

method mainly used for fabricating plastic materials [85]. The

feedstock in FDM is filament made from different materials

such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene

(ABS), polyvinyl alcohol (PVA), polycarbonate (PC), and carbon

fibre. The building process in FDM involves heating the fila-

ment, in the extruder, to the melting point and then depos-

iting it through the extruder head on a building base. The

material continues to flow out the extruder head building the

part layer-by-layer. The extruder is a computer-controlled

moving heated nozzle. The building base is normally made

of thick material, such as glass, and can be either hot or cold.

The hot building base should be used formaterials with a high

thermal expansion coefficient as the cold basemay cause poor
adhesion or induces shrinkage in the deposited material

leading to warping in the fabricated component.
Additively manufactured PEM parts

This section presents and discusses the literature studies on

AMed components of PEMFC and PEMWE including GDL, BPP,

MEA, and other relevant parts.

GDL

Mo et al. [86] used EBM to fabricate titaniummesh as GDLwith

excellent corrosion resistance and high electric and thermal

conductivities for application in PEMWE. The performance of

the GDL was characterized in-situ using Modular Galvano

(MG) and Galvano Electrochemical Impedance Spectroscopy

(GEIS); and ex-situ via Scanning electron microscopy (SEM)

and X-ray diffraction (XRD). The 3D printed GDL was

compared to the conventional woven and sintered one

showing 8% electrolysis performance enhancement due to

significant reductions of ohmic losses. The authors reported

that EBM is a fast and cheap fabrication method that can

produce GDL with highly complex 3D shapes and customized

pore morphology. Agudelo et al. [87] created GDL, for the

anode side of HT-PEMFC, made of Stainless Steel (SS) 316 L via

SLM process. The SLMed GDL has a tubular shape with

porosity of 14%e16%, as shown in Fig. 4. The performance of

the fuel cell with the SLMed GDL was assessed using electro-

chemical characterization and a short-term stability test. The

GDL with 16% porosity showed the best performance yielding

peak power density of 329.25 W/m2 and a voltage of 0.61 V at

0.1 A. The study confirmed the suitability of SLM techniques

for developing innovative GDL for the next generation of

PEMFCs. Jayakumar et al. [88] 3D-printed Alumide (aluminum-

polyamide composite) substrate using SLS for GDL applica-

tions in PEMFC. After printing, graphene-based material was

used to coat the substrate generating the final GDL. The syn-

thesized GDL was characterized for its surface morphology,

electrical conductivity, and mechanical strength. It was re-

ported that the Selectively Laser Sintered (SLSed) GDL had

good mechanical and electrical properties and can be

considered as a promising GDL for future PEMFC technology.

In particular, it was found that the thickness of the SLSed GDL

is less than the standard one implying a less ohmic resistance

and higher power density of the device.

BPP

The early work of using AM for BPPs involved manufacturing

the BPPs from graphite or plastic materials and then applying

an electrically conductive coating layer on their surfaces.

Chen et al. [89] fabricated graphite-based BPP for PEMFC via

SLS. A powder mixture of graphite and phenolic was used to

build the parts. Post-building processes, including carboniza-

tion and liquid epoxy infiltration, were applied to the printed

part to densify it and reduce its gas permeability. The SLSed

BPP exhibited promising performance in terms of good surface

finish and mechanical strength. However, the geometrical

dimensions of the printed BPP were not very accurate due to
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Fig. 4 e Tubular GDL for the anode side of HT-PEMFC

fabricated via SLM [87].
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dimensional shrinkage that took place during the post-

building processes. Compared to the traditional machining

of graphite BPP, the SLS was reported to be useful for reducing

material and costs. Bourell et al. [90] expanded the previous

work by evaluating the influence of carbon fibre additions on

the strength and electrical conductivity of the SLSed graphite-

based BPP. Chopped carbon fibre was added to the powder

mixture of graphite and phenolic. It was found that carbon

fibre additions increased the strength but lowered the con-

ductivity of the BPP. Hudkins et al. [91] suggested a rapid

prototyping methodology involving metal coating and AM to

fabricate BPP for PEMWE. The plates, with serpentine flow-

field, were 3D-printed from conductive PLA and then coated

with a layer of nickel using an electrodeposition technique.

The electrochemical performance of the 3D-printed electro-

plated PLA platewas found to be superior to that of both nickel

and uncoated 3D-printed PLA plates. Chisholm et al. [92]

investigated the electrochemical performance of silver-coated

3D-printed anode BPP of PEMWE. FDM was used to build the

plates layer-by-layer from polypropylene and then electro-

deposition was used to add silver coating on their surfaces, as

shown in Fig. 5. Electrochemical Impedance Spectroscopy

(EIS), polarization, and durability tests were conducted to

explore the performance of the PEMWE. The electrolyser, with

the 3D-printed BPP, showed excellent performance measures

in terms of current-voltage response, efficiency, and internal

resistances. The measured energy and Faradaic efficiencies of

the electrolyser are 70% and 94%, respectively.
Fig. 5 e 3D-printed polypropylene BPP for PEM
AM of plastic BPPs proved to be infeasible as such BPPs

require adding a coating layer on their surface to make them

electrically conductive. Therefore, researchers investigated

the additivemanufacturing of BPPsmade entirely frommetals

with good electrical and mechanical properties without the

need for a plastic core. In this regard, Dawson et al. [93]

explored SLM as a potential fabrication method for metallic

BPPs made of SS 316 L for application in PEMFC. The perfor-

mance of the SLMed plate was assessed experimentally and

compared to the normal machined one. The contact resis-

tance and polarization responses of SLMed plates were found

to be slightly better than the conventionally manufactured

ones. Yang et al. [94] additively manufactured SS 316 L BPP

using SLM for PEMWE, as shown in Fig. 6. The 3D-printed plate

featured a parallel flow-field that acted as a cathode bipolar

plate and a current distributor. It was reported that the SLMed

BPP has similar elemental weight percentages (wt%) to the

raw powder as well as uniform elemental distribution with

very limited oxidization. The PEMWE cell with the SLMed BPP

exhibited excellent performance producing hydrogen at

1.779 V and 2.0 A/cm2 and yielding an efficiency of 83.4%.

Lyons and Gould [95] used DMLS to manufacture titanium

BPPs. The 3D-printed plates featured serpentine and parallel

flow-fields for air and fuel, respectively, along with internal

channels for coolant flow, as shown in Fig. 7. The plates were

coated with a layer of Au/TiO2 using a thermal spray process

to enhance the corrosion resistance and electrical conduc-

tivity. Also, the plates were polished to reduce their surface

roughness to 1:6 mmand to improve their surface contact with

the GDL reducing the overall interfacial resistance within the

cell. Upon the assembling of the stack components, it was

observed that the 3D-printed BPPs were slightly warped

causing a reduction in the stack performance due to leaking

and poor electrical contact. Huang et al. [72] adopted SLM to

manufacture SS 316 L BPPs with two flow-field configurations

including square mesh and obstruction mesh, as shown in

Fig. 8. The particle size of the SS powder was in the range of

20 mme53 mm to ensure complete melting during the SLM

fabrication assisting in reducing the surface roughness of the

flow channel. The fabricated BPPs were used as the cathode
WE: (a) bare BPP (b) silver-coated BPP [92].

https://doi.org/10.1016/j.ijhydene.2023.07.033
https://doi.org/10.1016/j.ijhydene.2023.07.033


Fig. 6 e SLM-fabricated stainless steel BPP (a) before polishing (b) after polishing [94].

Fig. 7 e DMLS-manufactured titanium BPPs [95].
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and assembled into a single PEMFC where the polarization

tests were conducted. It was found that the sizes of the SLMed

structures are slightly different from the designed ones due to

spheridization and curling of square and obstruction edges

during the SLMprocess. It was advised that such effects can be

reduced by decreasing the scanning speed and optimizing the

scanning path. On the other side, average surface roughness

in the range of 0.48 mme0.52 mm was recorded for the SLMed

BPP that was deemed to be acceptable for such applications. It

was reported that the SLMed BPP can contribute to enhancing

the volumetric specific power of PEMFC devices as it had a

thickness of 1 mm that is 80% less than the traditional

graphite plate. Zhang et al. [96] fabricated 316 L stainless steel

bipolar plates with different flow field designs using SLM.
Fig. 8 e SLM-manufactured stainless steel BPPs: (a) sq
Surface treatment operations, including polishing and sand-

blasting, were used to improve the surface quality of SLMed

BPPs. It was reported that the SLM process can produce BPP

with excellent forming quality, low forming error of less than

4%, and low surface roughness of 0135 mm. Scotti et al. [73]

used 3DP to produce BPP for micro PEMFC. SS 316 L powder

was used to additively manufacture, using SLM, three

different versions of BPPs with square pillar flow-fields, as

shown in Fig. 9. It was reported that the SS 316 L powders with

a smaller particles’ size are beneficial to provide better

dimensional control for the SLMed plates. Overall, the micro

PEMFCswith the SLMed BPPs exhibited excellent performance

withmaximum current and power densities of 1.2 A cm�2 and

238 W cm�2, respectively. Scotti et al. [97] expanded the
uare mesh (b) obstruction mesh flow fields [72].
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Fig. 9 e 3D-printed stainless steel BPPs for micro PEMFC

[73].
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previous work by investigating different BPPs with enclosed

and open flow-fields, as shown in Fig. 10, for micro PEMFCs.

The plateswere printed from SS 316 L powders using SLM. The

PEMFCwith enclosed flow-field plates outperformed that with

open flow-field. This performance enhancement was ration-

alised by the lower Area Specific Resistance (ASR) and the

higher contact area between the BPP and GDL provided by

such design. It was reported that themicro PEMFCwith SLMed

stainless steel BPPs were more robust and showed better

performance than those cells made from silicon and polymers

investigated previously. S�anchez-Molina et al. [66] compared

the additively manufactured and conventionally machined
Fig. 10 e 3D-printed micro steel BPPs with (a
plates made of SS 316 L for BBPs application in PEMWE. The

plates weremadewith a parallel flow-field, as shown in Fig. 11

(a), while SLM was used as the AM fabrication method. The

performance of the samples was assessed using in-situ po-

larization curves. The authors observed that the surface

roughness of the plates made by AM is noticeably big and

indicated that these plates should be polished to obtain

comparable surface roughness to that of the machined plates.

Additionally, the in-situ polarization curves from both mate-

rials, shown in Fig. 11 (b), were very comparable. It was

concluded that SLM is a viable method for manufacturing

metal BPPs with complex flow distribution channels and

appropriate properties to fulfil their role. Trogadas et al. [98]

adopted SLS to produce novel SS BPP with lung-inspired

fractal flow-fields with a different number of branching gen-

erations (N), as shown in Fig. 12. The bio-inspired design with

four branching generations outperformed the conventional

design with a serpentine flow-field because it produced a

more uniform distribution of the reactants over the catalyst

layer.

Coating layers can also be used with the AMed metallic

BPPs to enhance their properties, mainly increasing the

Corrosion Resistance (CR) and reducing the Interfacial Contact

Resistance (ICR), leading to improved performance of the PEM

system. Yang et al. [99] used a protective coating of thin film

gold (Au) on the SLMed SS 316 L BPP for both the anode and

cathode of PEMWE. It was found that the coated 3D-printed SS

BPP exhibit lower ICR and higher in-situ efficiency than the

bare 3D-printed SS and graphite BPPs as can be seen in Fig. 13.

This was attributed to the high electrical conductivity of the

coating layer which helps in reducing the ohmic resistance

within the PEMWE. Gould et al. [100] 3D-printed BPPs using

SLS and titanium alloy; and then coated them with a layer of

titanium dioxide and gold microdots (Au/TiO2). The manu-

factured plates were tested in both a single PEMFC cell and a
) open (b) & (c) enclosed flow-fields [97].
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Fig. 11 e The BPPs and test results obtained by S�anchez-Molina et al. [66] (a) SLM and machined BBPs (b) in-situ polarization

curves.

Fig. 12 e Lung-inspired design of BPP (a) explanation of branching generations (b) DMLS-manufactured SS BPPs [98].

Fig. 13 e (a) Polarization curves and (b) ICR measurements of Au-coated SLM-fabricated SS, bare SLM-fabricated SS, and

graphite BBPs [99].
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Fig. 14 e Flow-field designs and final 3D-printed plates investigated by Yang et al. [101]: (a) parallel flow-field, (b) pin flow-

field, and (c) integrated pin flow-field and GDL, (d) 3D-printed plate with the parallel-flow field, (e) 3D-printed plate with pin

flow-field, and (f) 3D-printed integrated plate.
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PEMFC stack with 40-cells. It was found that the performance

of the single PEMFC with SLSed BPP is similar to that of a

standard cell with a carbon flow plate. However, the perfor-

mance of the PEMFC stack with SLSed BPPs was less than

expected due to the inadequate flatness of several BPPs within

the stack which in turn increased the overall interfacial con-

tact resistance of the stack.

To utilize the full capability of AM in fabricating advanced

parts, Yang et al. [101] proposed an additively manufactured

plate as a multifunction plate for the cathode side of PEMWE

integrating various parts including BPP, GDL, gasket, and CD.

Plates with different flow-field designs including parallel flow-

field, pin flow-field, and integrated pin flow-field with GDL, as

shown in Fig. 14, were manufactured and compared. SLMwas

used to fabricate these plates from SS 316 L. Post-SLM pol-

ishing of the plates was also used to improve the smoothness

of their surfaces. Ex-situ tests were conducted to determine

the ohmic resistance while in-situ electrochemical tests were

performed to measure the polarization curves and EIS. The

results revealed that the integrated plate can reach extremely

low ohmic resistance, � 0:1mU, compared to other investi-

gated plates. Similarly, the PEMWE with the integrated plate

exhibited the highest energy efficiency of 86.48% at 2 A/cm2.

The excellent performance of the integrated plate can be

attributed to eliminating the interfacial contact resistances

between the matting components, i.e., BPP, GDL, CD, etc.

MEA

IJP was deemed as a suitable AM technique for MEA fabrica-

tion because it can deposit inks loaded with solid nano-

particles and therefore it was mainly used for depositing the

Pt/C catalyst that has a typical particle size in the range of

100 nm to 1mm [102]. Compared to the other deposition
methods, such as screen printing or spray painting, IJP is an

attractive technique due to its higher flexibility in patterning,

better shape and amount of the released ink, better catalyst

utilizations, and ability to produce electrode with very low

platinum loading (<0.5 mg Pt cm�2) [50,84]. IJP can facilitate

the continuous production of MEA reducing the number of

fabrication steps. IJP was successfully used to produce the

whole MEA or some of its layers. It was used to deposit the

catalyst on either GDL, membrane, or both. It was also utilized

to deposit Nafion ionomer onto the catalyst layer through a

technique commonly known as direct membrane deposition

[103e105].

Shukla et al. [49,106] deposited Pt/C catalyst on Nafion

membrane using IJP to create a thin electrode with low plat-

inum loading for both anode and cathode of PEMFC. It was

shown through SEM that the ink-jetted CL has a porous

structure composed of Pt/C aggregates binded by Nafion ion-

omer. The fabricated MEA with ink-jetted electrode exhibited

better catalyst mass activity than the conventional spray-

coated MEA. Towne et al. [83] demonstrated the ability of IJP

to fabricate MEA for PEMFC. In this work, a Pt/C catalyst so-

lution was deposited onto the Nafion membrane using a

desktop inkjet printer. It was reported that IJP can form a

mechanically stable CLwith excellent adherence performance

without the need for any post-deposition hot-press step.

Taylor et al. [50] created an electrode for PEMFC by employing

IJP to deposit Pt/C catalyst onto GDL. The fabricated electrodes

performed better than their conventionally manufactured

counterparts with the same overall platinum loading. Bezerra

et al. [107] used IJP to create a double-layer cathode by

depositing the catalyst on both carbon GDL and Nafion

membrane. Willert et al. [51] adopted IJP to produce three-

layers MEA (i.e. CCM) for PEMFC. Three different AM ap-

proacheswere considered including IJP of themembrane layer
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and the top catalyst layer, IJP of both catalyst layers onto a

membrane layer, and finally IJP of the membrane layer as well

as the catalyst layers. The 3D-printed MEA exhibited homo-

geneous Pt-loading and performed better than the conven-

tional MEA achieving 15% higher power density. Cannio et al.

[48] used AM microextrusion technique, similar to IJP, to

fabricate an electrode, i.e. CL, for PEMFC. In this work, a cat-

alytic ink formed from graphite/water/ethanol suspensions

and loaded with platinum, a perfluorosulfonic ionomer, and a

pore former (NH4CO3) was deposited on GDL. The electro-

chemical performance of a cell with the 3D-printed catalyst

layers was evaluated and compared to that of a standard

electrode. The cell with a 3D-printed electrode showed a

promising performance with a maximum power density of

727 mW cm�2.

Other relevant parts

The advancement of PEMFC power systems requires not only

manufacturing an efficient stack but also developing mate-

rials and devices that can produce, store and release hydrogen

efficiently. In this context, AM has also been adopted to

manufacture different parts relevant to PEMFC power systems

such as hydrogen storage materials, hydrogen production

reactors, Heat Exchangers (HXs), etc.

For example, Bürger et al. [108] used AM to fabricate a

lightweight reactor with high thermal power for preheating of

metal hydrides for hydrogen storage and heat recovery ap-

plications in PEMFC poly-generation systems. The reactor

design was based on tubular heat exchanger geometry, and it

was made of aluminium, as shown in Fig. 15.

Lei et al. [109] used AM to fabricate catalyst support for

hydrogen production via Methanol Steam Reforming (MSR)

micro reactor. The porous catalyst support was fabricated

from SS 316 L using SLM. Triply Periodic Minimal Surface

(TPMS) with diamond type is utilized to design the pore

structure of the catalyst support. TPMS geometry was selected

due to its large specific surface area and better inter-

connectivity. It was found that the hydrogen production per-

formance of MSR with AM catalyst support is better than the

reactor with commercial stainless steel catalyst support.

Kreider et al. [110] used FMD to 3D-print a polymer-MOF

(Metal Organic Framework) composite of prototypical MOF

material (MOF-5) with acrylonitrile butadiene styrene (ABS)

for hydrogen storage applications. The hydrogen adsorption
Fig. 15 e AM aluminium reactor for pr
and desorption properties of the 3D-printed composite were

calculated. The polymer-MOF composite showed better

hydrogen adsorption performance than the pure ABS

polymer.

The PEMFC power plant uses several HXs to transfer the

thermal energy between the hot and the cold streams within

the power plant. AM has been used to manufacture different

types of HXs. Comprehensive reviews of AM for HXs applica-

tions can be found in Refs. [30,38].
Influence of PEM working environment on AMed
metals

The metallic materials used in PEMFC and PEMWE are prone

to corrosion and Hydrogen Embrittlement (HE) due to the

harsh working environment within these systems. The cor-

rosive products, mainly the dissolved metal ions, can

contaminate the catalyst sites within MEA and decrease the

electrical conductivity of other parts affecting the function-

ality of the system and reducing its power output [82,111].

Also, the passive layer, formed on the surface of a material, as

a result of corrosion, increases ICR reducing the efficiency and

electrical output of the system [99]. On the other side, the HE

causes significant deterioration of the mechanical properties

promoting brittle failure within the metallic part. Therefore,

the durability and reliability of AMmetals for PEM systems are

linked to their corrosion performance and hydrogen embrit-

tlement resistance. Accordingly, in this section, an overview

of the relevant literature is given.

Corrosion behaviour of AMed metals

Due to the nature of AM process, the AM-fabricated metals

exhibit several unfavourable metallurgical and surface char-

acteristics, such as pores, residual stress, and high surface

roughness, which may promote poor corrosion performance.

Such inherent characteristics in the AMed parts cannot be

eliminated but they can be minimized by selecting the right

combination of AM and post-AM processes parameters along

with the optimal material composition. The residual stresses

are caused by the high thermal gradient due to the local

melting and rapid solidification during AM process. Such re-

sidual stresses not only cause cracking, warping, and reduced

mechanical properties; butmay also accelerate both corrosion
eheating of metal hydrides [108].
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attack and stress corrosion cracking [112e114]. Pores are

inevitable in AM-fabricated parts due to un-melted powder or

the trapped gas in themelting pool or the powder. These pores

also form preferred sites for corrosion attack [82]. The surface

roughness of AM surfaces is relatively high (� 10� 30 mm in

SLM surfaces) and may accelerate the electrochemical re-

actions between the AMed part and the surrounding envi-

ronment leading to both general and localized corrosion. The

high surface roughness in AM parts is a result of different

sources including, but not limited to, evaporation, balling

phenomena, or staircase effects observed during the layer-by-

layer building.

The PEM systems have a harsh acidic and humid operating

environment which is conducive to corrosion of the metallic

parts of the system, particularly BPP and GDL [64,115]. The use

of perfluorosulfonic acid polymer, i.e. Nafion, as a membrane

in PEM devices creates an acidic environment containing

SO4
�2, Cl� and F� ions with pH ¼ 2e3 at 70 �C [111,116].

Additionally, the presence of hydrogen at the anode/cathode

and the moisture of the membrane increases the acidic con-

ditions [82]. In the corrosion studies, the PEM working envi-

ronment is normally simulated using sulfuric acid electrolyte

solution (0.5 M H2SO4) or any similar electrolyte. Further

simulation of the anode and cathode environments can be

achieved by introducing oxygen and hydrogen bubbles within

the electrolyte. The corrosion of AM materials has received

extensive research and it has been reviewed in Refs.

[82,117,118]. The focus of this section is only on those studies

concerned with corrosion responses of AM metals in a PEM-

like environment, mainly H2SO4 media. Table 2 summarizes

the corrosion studies and the main findings.

Lodhi et al. [119] examined the corrosion response of AMed

SS 316 L in sulfuric acidic electrolytes with pH in the range of

1e3. The EIS and cyclic polarization (CP) tests were conducted

for both AM and wrought samples. For highly acidic environ-

ments with pH ¼ 1, the AMed materials exhibited lower

corrosion current, i.e., higher corrosion resistance, but higher

charge transfer resistance than the conventional wrought

material. The good corrosion resistance of AMed materials

was due to the forming of fine sub-grains, during the AM

process, which in turn enhanced the stability of the passive

oxide film formed on the material. It was reported that the

passive oxide film generated on the AM material has better

barrier characteristics and stability than that formed on

wroughtmaterials. Miller et al. [120] investigated the influence

of the sulfuric acid environment on SLMed SS 316 L. The

SLMed tensile samples were immersed in a solution contain-

ing 0.75 M H2SO4 for different periods (up to 2184 h) and then

the changes in mass and thickness were analysed before

conducting the tensile tests. It was found that the AM samples

experienced minimal mass loss while their mechanical

properties, i.e., tensile stress and strain, decreased after the

exposure to sulfuric acid causing brittle failure to these sam-

ples. It was reported that HE is the main corrosion form in AM

samples. Geenen et al. [121] investigated the corrosion per-

formance of traditional and AMed SS 316 L in 0.5 M H2SO4

electrolyte solution. The study considered samples prepared

using different fabrication methods including casting, hot

isostatic pressing (HIP), SLM and combined SLM with HIP. The

SLMed samples were found to show lower corrosion
resistance than both the casting and HIP samples. It was re-

ported that the poor corrosion characteristics of the SLMed

samples could be caused by the high porosity of these sam-

ples. The HIP treatment, used in the combined SLM and HIP

fabrication routes, worsen the corrosion performance of the

samples as it promoted the spheroidization of the oxides and

increased the grain sizes. Kong et al. [116] investigated the

influence of heat treatment on the corrosion performance of

SLMed SS 316 L for application in BPPs of PEMFC. The acidic

working environment of PEMFC was simulated using 0.5 M

H2SO4 solution with 50 ppm Cl� and 2 ppm F� ions. Potentio-

dynamic and potentiostatic polarization tests were conducted

to assess the corrosion behaviour and the stability of the

passive film generated on the tested samples. The as-built

SLMed samples exhibited a faster corrosion rate than the

wrought and heat-treated samples. The poor corrosion resis-

tance of as-built samples was clarified by the SLM-induced

defects including the non-equilibrium phases and molten

pool boundaries. The recrystallized heat treatment, conduct-

ed at a temperate of 1050 �C for 30 min, was reported to

improve the corrosion performance due to its ability to

generate a uniform structure and thicker passive film on the

samples. In another study, Kong et al. [122] compared the

corrosion resistance properties of SLMed and wrought SS

316 L. It was found that SLMed material exhibited minimal

transformation of austenite into martensite and therefore it

has better durability and less damage in a hydrogen envi-

ronment than thewroughtmaterial. Also, it was observed that

the SLMedmaterial showed a lower corrosion rate, i.e., higher

corrosion resistance, than the wrought counterparts in the

hydrogen-charged environment. This study confirmed the

suitability of SLMed SS 316 L to manufacture parts for use in

PEMFC. Yang et al. [99] compared the corrosion responses of

bare and gold-coated (Au-coated) SLMed SS 316 L. H2SO4 so-

lution with pH ¼ 2 and bubbled with O2 was used as an elec-

trolyte to simulate the anodic environment of PEMWE. The

potentiodynamic and potentiostatic curveswere recorded and

used to evaluate the corrosion properties. It was reported that

the Au-coated samples showed remarkable corrosion resis-

tance which is much higher than that of the bare samples.

S�anchez-Molina et al. [66] examined the corrosion perfor-

mance of SLMed SS 316 L in a PEMWE ambient (simulated

using 0.1 M NaHSO4þ5 ppm hydrofluoric acid (HF)) and

compared it with that of conventionally machined material.

Both the SLMed and conventional materials exhibited com-

parable corrosion behaviour in terms of corrosion potential

and current density values, as shown in Fig. 16. Svendby et al.

[123] fabricated Inconel 625 samples using SLM for BPP appli-

cations in HT-PEMFC. Post-AM machining was used to pro-

duce surface roughness of � 0:3 mm. The fabricated samples

were tested for their ICR and anti-corrosive properties in a HT-

PEMFC simulated environment. Concentrated unaltered

phosphoric acid (85% H3PO4) purged with nitrogen (N2) for

30 min was used as an electrolyte for the corrosion tests. The

performance of the AM samples was compared against

traditional hot-rolled samples. The AMed samples exhibited

higher corrosion rates and lower ICR values than the hot-

rolled samples. The authors reported that additional work is

still needed to produce AMed BPP with desirable properties.

Cheng et al. [124] studied the influence of heat treatment on
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Table 2 e Summary of studies on corrosion performance of AMed metals in PEM working environment.

Material AM
method

Heat
treatment

Coating Environment Corrosion
characterization

Other
important

measurements

Material and
microstructure
characterization

Counterparts
used for

comparison

Main findings Ref

Inconel 625 SLM None None HT-PEMFC

environment (85%

H3PO4)

Potentiodynamic

and potentiostatic

polarization

ICR SEM SLMed and

commercial

materials

SLMed materials have a higher

corrosion rate than commercial

materials.

Post-corrosion ICR of commercial

materials is greater than that of

SLMed materials.

[123]

SS 316L SLM None None H2SO4 with and

without CL� (pH ¼ 1

to 3)

Potentiodynamic

polarization

EIS EDX, XRD, XSP,

SEM

SLM-fabricated

and wrought

materials

SLM-fabricated material has higher

corrosion resistance but higher

charge transfer resistance than the

wrought material

[119]

SS 316L SLM None None 0.5 M H2SO4 purged

with nitrogen

Potentiodynamic

polarization

OM, SEM, EDS SLMed, cast,

and HIP

materials

SLM material has lower corrosion

resistance than both the casting and

HIP material

[121]

SS 316L SLM HT1:

Temperature ¼ 650 �C,
Duration ¼ 30 min

HT2:

Temperature ¼ 1050 �C,
Duration ¼ 30 min

None PEMFC environment

(0.5 M H2SO4

solution þ 50 ppm

Cl� þ 2 ppm F�

ions)

Potentiodynamic

and potentiostatic

polarization

EBSD, TEM, EDS,

XPS, ICP-MS

As built and

heat-treated

SLM materials

� The as-built SLM-fabricated

material has a faster corrosion rate

than the wrought and heat-treated

material

� Heat treatment can improve the

corrosion performance

� The current densities for the as-

built SLMed and HT1-treated

SLMed 316 L were higher than the

DOE 2020 target.

[116]

SS 316L SLM None None PEMFC environment

(0.5 M H2SO4

solution þ 50 ppm

Cl�

þ 2 ppm F�

ions)

Potentiodynamic

and potentiostatic

polarization

EIS EBSD, XRD SLMed and

wrought

materials

� SLM material has higher corrosion

resistance than wrought material

in the hydrogen-charged

environment.

� The current densities of the

hydrogen-charged SLMedmaterial

met the DOE while the wrought

material did not.

[122]

SS 316L SLM None Au H2SO4 þ O2 bubbles

(pH ¼ 2)

Potentiodynamic

and potentiostatic

polarization

ICR, in-situ

polarization and

EIS

XRD, SEM Coated and

bare SLM-

fabricated

materials

Coated materials showed

remarkable corrosion resistance

compared to bare materials

[99]

SS 316L SLM None None PEMFC environment

(0.1 M

NaHSO4þ5 ppm HF)

Potentiodynamic

polarization

SEM, EDS SLMed and

machined

materials

Machined and SLMed materials

showed similar corrosion responses.

[66]

(continued on next page)
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the corrosion performance of SLMed CoCrFeMnNi high en-

tropy alloy (HEA) in the simulated PEMFC environment. It was

found that the high treatment temperature can homogenize

the composition and distribution of the HEA substructure,

prevent the depletion of Cr at grains boundaries, and enhance

the overall corrosion resistance.

Hydrogen embrittlement of AMed metals

HE, or Hydrogen-Induced Cracking (HIC), is the degradation of

the mechanical properties of metals due to hydrogen. The

presence of hydrogen in metallic materials and alloys can

reduce the ductility and strength leading to transition from

desirable ductile failure to brittle fracture mode [125]. It is

believed that HE is caused by the diffusion of hydrogen, i.e.,

entry of hydrogen atoms, into the metal lattice and accumu-

lation near dislocation sites or microvoids [126]. The diffused

hydrogen creates brittle carbide and hydride precipitates

within the metals that negatively affect the mechanical

properties [120]. In the HE investigations, the material sam-

ples are exposed to hydrogen for some time before examining

their mechanical properties. HE of AMed metals has received

limited studies in the literature, a summary of these studies is

presented in Table 3.

Bertsch et al. [125] studied the HE behaviour of AM SS 316 L

manufactured by SLM and DED. As-built and heat-treated

tensile samples were used in this work. It was found that

hydrogen reduced the ductility in as-built DED material but

did not affect the tensile properties of SLMed or heat-treated

materials. The close inspection of the microstructures sug-

gested that hydrogen increased the void area within all

investigated materials. Also, it was proposed that the initial

microstructure in terms of morphology and spacing of dislo-

cations play a significant role in the material response to

hydrogen. It was reported that SLMed materials are more

suitable for use in hydrogen environments compared to DED

materials. Baek et al. [127] examined the resistance to HE in

additively manufactured SS 304 L and compared it with con-

ventional rolled material. DED was proposed as AM method

and used to fabricate the tensile test specimens. The speci-

mens were charged with hydrogen gas for 5 days at 10 MPa

and 150 �C before conducting the tensile tests. According to

the results presented in Fig. 17, the hydrogen had a minimal

influence on AMed samples while it greatly affected the rolled

samples by reducing their toughness. Such results indicate

that the AMed samples have higher HE resistance than the

rolled counterparts which makes them suitable to be adopted

in hydrogen-based technology such as PEMFC and PEMWE.

Lee et al. [128] compared the HE resistance of SLMed SS

304 L to that of conventionally manufactured material. Two

different conventional processing routes were considered

including cast and annealed (CA); and cast, annealed and

thermomechanical treatment (CA-TMT). According to the

findings of this study, the SLMed and CA-TMT samples

exhibited higher HE resistance than the CA samples. The good

HE behaviour of the SLMed material was rationalised by the

features of its microstructure including the full austenitic

structure and homogeneous distributions of its constituent

elements. Silverstein and Eliezer [129] examined the hydrogen

trapping mechanisms and hydrogen desorption behaviour of
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Fig. 16 e Potentiodynamic polarization of SLM

conventionally machined 316 L SS [66].
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3D printed Tie6Ale4V. SLM with different building directions

was used to fabricate the different samples for this study. The

fabricated titanium parts were charged with hydrogen gas for

10 h at pressure and temperature of 0.5 MPa and 500 �C,
respectively. The hydrogen desorption behaviour was

assessed using Thermal Desorption Spectrometry (TDS). It

was found that the AM printing direction influences the

hydrogen desorption characteristics and the susceptibility to

hydrogen embrittlement. Such influence is because the

different building orientations yield different microstructural

changes and metal defects which in turn affect the hydride

content and the amount of trapping energy.
Merits, challenges, and prospects of AM for PEM
fabrication

As a digital manufacturing method, AM is an attractive option

for PEM fabrication because it can speed up the development

cycle through rapid prototyping of new and testable designs

without the need for costly tooling [100]. AM can produce PEM

components with intricate 3D geometry, sometimes required

for enhancing the electrochemical activities and mass trans-

port performance of the part, with lower labour and cost

compared to CM methods [130]. The diversity of the materials

suitable for AM and the capability tomix new alloys is another

advantage to produce functioning components with appro-

priate characterises for PEM devices [40]. AM is also an

important solution for the PEM systems that will be deployed

in remote and hard-to-reach areas, such as space, aircraft

carriers, submarines, etc., as they enable on-demand

manufacturing and onsite fabrication of parts reducing the

reliance on the unreliable supply chain in such sites [66]. AM

can be used not only to manufacture the main components of

the PEM devices but also to produce parts of relevant tech-

nologies such as hydrogen production reactors, hydrogen

storage materials, and heat transfer surfaces. Fig. 18 shows

the AM techniques used to fabricate the different parts of PEM

devices.
PBF techniques, mainly SLM and SLS, were used to fabri-

cate BPP and GDL. Such techniques provide great design

freedom to manufacture highly complex flow-field configu-

rations with optimized performance enabling uniform distri-

bution of the reactants, minimum pressure drop, and low

contact resistance. PBF methods can simplify the production

route of BPP and GDL as the parts are readily generated from

3D-CAD designs with little post-processing requirements and

less material waste. They are also beneficial to produce one

integrated multifunctional part with internal flow channels

combining multiple components such as BPP, GDL, and CP

[40,101]. However, PBF techniques are relatively slow

compared to CM methods, used in BPP and GDL fabrication,

forming a major obstacle towards adopting AM for mass

production of such parts.

IJP has been extensively used in fabricating MEA where

thin layers of themembrane, catalysts, or bothwere deposited

over conventional substrates. The deposition capability of IJP

has been progressively extended from single-layer to multi-

layers which enabled the manufacturing of a whole func-

tional MEA continuously without the need for multiple steps.

However, IJP is a simple layer deposition method and cannot

fabricate complex geometry, therefore, the use of IJP was

limited to MEA with a simple structure [131]. The beneficial

effects of increasing shape and hierarchical complexity in

some MEA layers, such as catalyst support structure, are

limited in IJP and only achievable if another AMmethod, such

as SLM, is used in conjunction with IJP.

Despite the huge potential, AM still faces some challenges

for PEMFC and PEMWE manufacturing. The AMed parts are

prone to geometrical defects that might lead to deviations

between the designed and manufactured dimensions. Such

deviation may influence the function of the part as well as its

alignment and contact with the other PEM parts resulting in

unfavourable behaviour such as poormass transport and high

contact resistance. Therefore, a comprehensive dimensional

analysis should be conducted on the AMed PEM components

using advancedmeasurement equipment, such as Coordinate

Measuring Machine (CMM), in order to ensure their dimen-

sional accuracy andminimize the influence of the geometrical

defects on the functional performance of the parts.

The durability of the AM-fabricated metals is also a major

concern due to corrosion. The metallurgical defects of the

AMedmaterials, such as residual stresses, porosity, inclusion,

and rough surfaces, form sites for corrosion attack. The

corrosion performance of additively manufactured metals,

such as stainless steel, has received considerable attention in

the literature. However, only limited work studied the corro-

sion of AMed stainless steel in the PEM working environment,

i.e., acidic media with pH of 2e3 and hydrogen/oxygen gas

bubbles. Similarly, there is limited information about the

corrosion of other AM metals, such as Al and Ti alloys, in the

PEM environment. Therefore, more research work is still

needed to fully understand the corrosion of AMed materials

and to identify their suitability for PEM devices. The recent

advancements in AM showed the capability to fabricate ma-

terials with high corrosion resistance, such as copper (Cu) and

silver (Ag). For example, SLM has been used successfully to

fabricate Cu and Ag-based alloys for different applications

[132]. Thus, alloying such materials with the traditional
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Table 3 e Summary of studies on HE performance of AMed metals.

AM material AM method Heat treatment Counterparts used
for comparison

Hydrogen charging
conditions

Main experimental work Main findings Ref

S 316L SLM & DED Temperature ¼ 1000 �C,
Duration ¼ 1 h followed

by water quench

As-built and heat-treated

AM-materials

Materials were charged with

hydrogen gas for 400 h

at 120 MPa and 280 �C.

� Tensile testing was used to

evaluate the mechanical

properties.

� Microstructural analysis.

SLMed materials are

better than DED materials

for hydrogen applications.

[125]

SS 304L DMT None SLMed and rolled material Materials were charged with

hydrogen gas for 5 days

at 10 MPa and 150 �C

� Tensile testing was used

to evaluate

the mechanical properties.

� TDS was used to analyse

the hydrogen

evolution characteristics.

� Microstructural analysis.

SLMed materials have

better HE resistance

than the rolled material.

[127]

SS 304L SLM None SLMed, cast and

annealed (CA);

and cast, annealed and

thermomechanical

treatment (CA-TMT).

Electrochemical hydrogen

charging was conducted

in 2 g/L CH4N2S in 0.5 M H2SO4

solution at room temperature

for up to five days.

� Tensile testing was used

to evaluate the

mechanical properties.

� TDS was used to analyse

the hydrogen

desorption behaviour

� Microstructural analysis.

SLMed and CA-TMT

materials have higher

HE resistance than the

CA material.

[128]

Tie6Ale4V SLM None SLMed material only Material charged with

hydrogen gas for

10 h at 0.5 MPa and 500 �C

� TDS was used to evaluate

the hydrogen

desorption characteristics.

� Microstructural analysis.

The AM building

direction has an

influence on hydrogen

desorption characteristics

and the susceptibility to

hydrogen embrittlement.

[129]

Thermal Desorption Spectrometry (TDS).
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Fig. 17 e The stress-strain curves of (a) AM and (b) rolled 304 L SS showing the influence of hydrogen on the mechanical

responses [111].
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metals used in PEM parts and processing them via AM is ex-

pected to attract attention in future research to improve the

corrosion performance of AMed metals.

The hydrogen embrittlement phenomenon is another

cause of durability concern for AMed materials used in PEM

systems. To date, the HE of AMed materials have received

limited research investigations and therefore further work is

still needed in this area to identify the potential failure

mechanisms and establish the required safety regimes for

using AMed metallic materials in hydrogen technologies.

The metallurgical properties, which affect the corrosion

and HE performance, of the AMmaterials depend on different

factors including feedstock properties, printing parameters,

and post-printing processes. Applying the right sets and

optimal parameters is crucial for creating a functional PEM

component. However, there is a lack of systematic optimiza-

tion analysis for each AM material suitable for PEM applica-

tions and therefore this can be another dimension for future

research.

Among the promising applications of AM is the capability

to produce High Entropy Alloys (HEAs) [133]. HEAs are excel-

lent candidates for hydrogen energy technologies as they have

promising electrocatalytic performance and hydrogen storage

properties [134,135]. Some HEAs, such as np-HEA, have

exhibited excellent mass activity for Oxygen Reduction
Fig. 18 e AM methods used for each PEM component.
Reaction (ORR) which is ten times better than Pt/C catalyst

[136]. Similarly, the Body-Centred Cubic (BCC) HEAs showed

superior hydrogen storage capacity compared to conventional

BCC alloys [134]. The AM of those HEAs suitable for PEM de-

vices received limited attention in the literature and therefore

this area could be an important field for future research

investigations.

The technical suitability of new materials/components for

PEM systems is normally evaluated by checking whether they

meet the up-to-date and relevant US Department of Engi-

neering (DOE) technical targets. Limited attempts were made

in the literature to compare the performance of AMed com-

ponentswith the DOE targets therefore further research is still

needed in this area to verify the technical suitability of such

components and ensure their competitiveness for future PEM

systems.

The one-step continuous manufacturing process is highly

desirable to enhance the production efficiency of PEM com-

ponents. The capability of multi-materials printing is impor-

tant to enable the continuous manufacturing of some PEM

parts such as MEA and BPP with an anti-corrosion layer. The

multi-material capability varies among the different AM

methods where it is relatively good using IJP but it is quite

challenging in PBF technologies [18]. Expanding the multi-

material capabilities of commercial AM systems should

enable the efficient 3D printing of the whole PEM devices.
Conclusion

In this paper, a thorough review of additively manufactured

parts for PEM systems is conducted. The paper also presents

an assessment of the studies on corrosion and hydrogen

embrittlement performance of additively manufactured ma-

terials in the PEM working environment. Additionally, the

major drawbacks of AM techniques in fabricating PEM com-

ponents are summarized and possible solutions are suggested

along with future research directions.

AM technologies have the potential to revolutionize the

fabrication process of advanced PEM systems. The capability

https://doi.org/10.1016/j.ijhydene.2023.07.033
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of AM methods to fabricate parts with greater shape

complexity that outperform conventional shapes enable

solving different problems within the device such as high

contact resistance, poor mass and heat transport, etc. Leading

to enhanced performance. AM technologies are particularly

beneficial for fabricating PEM components with internal

channels or porous structures, such as BPP and GDL, that are

difficult and costly to be obtained by conventional machining.

IJP and SLM are the most promising AM techniques for fabri-

cating PEM components. IJP is used for MEA fabrication while

SLM is adopted for BPPs and GDLs.

Despite their potential, the additively manufactured

metallic parts still require significant improvement before

they can be considered as reliable materials for PEM applica-

tions. The surface roughness, residual stresses, and pores

within AMed metals increase their corrosion rate. Therefore,

the printing and post-printing process parameters should be

optimized to produce parts with minimum metallurgical de-

fects to ensure adequate mechanical and corrosion

performance.

To date, 3D-printing of a full operational PEM device in one

additive manufacturing system is not possible since different

materials and different AM processes are required for the

different parts of the device. Releasing the full potential of AM

for PEM applications requires; expanding the multi-material

capability of AM system; as well as increasing the portfolio

of the printable functional materials; to allow 3DP of the

different PEM parts.

In summary, using AM for PEM fabrication is an important

step to increase the manufacturing readiness level of the

technologies so theymeet the commercialization cost targets.

As a digital manufacturing technique, AM is an important

ingredient in the Industry 4.0 era and can contribute to the

digitalization of PEM production. AM still suffers some limi-

tations centred around slow build speed, limited material

options, and inefficiency for mass production. However, it is

predicted that the huge and dramatic developments taking

place currently in AM technologies will mitigate such prob-

lems in the near future and this will lead eventually to more

adoption of AM-fabricated parts in the PEM industry.
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