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Abstract: Hydrogen is considered to be the fuel of the future and with the advancement of fuel cell
technology, there is a renewed interest in hydrogen production by the electrolysis of water. Among
low-temperature water electrolysis options, polymer electrolyte membrane (PEM) electrolyzer is
the preferred choice due to its compact size, intermittent use, and connectivity with renewable
energy. In addition, it is possible to generate compressed hydrogen directly in the PEM electrolyzer,
thereby reducing the additional pressurization cost for hydrogen storage. The development of
electrocatalysts for oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) is a
major focus of electrolysis research. Other components, such as PEMs, gas diffusion layers (GDL),
and bipolar plates (BPs) have also received significant attention to enhance the overall efficiency
of PEM electrolyzers. Improvements in each component or process of the PEM electrolyzer have a
significant impact on increasing the energy efficiency of the electrolyzer. This work discusses various
synthesis techniques to improve the dispersion of OER electrocatalyst and reducing catalyst loading
for the PEM electrolyzer. Various techniques are discussed for the development of electrocatalysts,
including nanostructured, core shell, and electrodeposition to deposit catalysts on GDL. The design
and methodology of new and improved GDL are discussed along with the fabrication of gas diffusion
electrodes and passivation techniques to reduce the oxidation of GDL. The passivation technique of
BPs using Au and Pt is summarized for its effect on electrolysis efficiency. Finally, the optimization
of various operating conditions for PEM electrolyzer are reviewed to improve the efficiency of
the electrolyzer.

Keywords: PEM; OER; gas diffusion layer; bipolar plates

1. Introduction

Hydrogen is an energy-dense and clean fuel and provides 140 MJ/Kg upon oxidation,
and its only byproduct is water [1]. Hydrogen is mainly produced by steam methane
reforming, which can produce high-pressure hydrogen along with CO and CO; [2]. Hydro-
gen is predominantly used in making NHj by the Haber-Bosch process, which is then used
for making urea (fertilizer) [3]. In addition, hydrogen is used extensively in petrochemical
processes and petroleum refining. Steam methane reforming is not a renewable route
to obtain hydrogen, and thus water electrolysis is the most sought-after route to obtain
clean and renewable hydrogen. Climate change is also linked to the burning of fossil fuels
and greenhouse gases, so obtaining hydrogen from renewable sources will also decrease
the effects of global warming [4]. The energy source for the electrolysis must be from a
renewable source, such as from wind turbines and photo voltaic cells to obtain CO,-free
H; from the electrolysis. This hydrogen can be utilized for transportation purposes, such
as in fuel-cell-powered vehicles.

PEM water electrolysis is the most efficient and practical technology for producing re-
newable hydrogen with high purity [5,6]. There is renewed interest in hydrogen production
from water by utilizing renewable energy sources and by application of new technologies in
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catalysis and material science. PEM electrolyzer has many advantages compared with other
electrolysis methods; the biggest advantages are the formation of high-purity hydrogen, a
small carbon footprint and compact design, the application of higher current density on
the electrodes and a high-pressure operation up to 200 bar [7]. The high-pressure operation
allows the hydrogen to be delivered and used at high pressure and minimizes the extra
cost of pressurization. These are the reasons that PEM electrolyzers are the preferred choice
for producing high-purity hydrogen [8-10].

A PEM electrolyzer consists of a catalyst-coated membrane (CCM) that is fabricated
by spraying the catalyst on the ion-exchange resin membrane. The perfluorosulfonic acid
(PFSA) membranes are usually used in PEM electrolyzers due to their high conductivity
and stability in a corrosive environment. The CCM is sandwiched between the anode and
cathode electrodes. Each catalyst layer is made up of a catalyst layer, gas diffusion layer
(GDL) and BPs (Bipolar plates) that transfer gas and liquid in and out of the cell and act
as a current collector. Some other configurations are also used in the literature, where
the catalyst is coated onto the metal GDL to improve the dispersion of the catalyst and to
decrease the passivation of GDL.

Water electrolysis in the PEM electrolyzer involves the splitting of water into hydrogen
and oxygen with the application of an electric current [11]. A hydrogen evolution reaction
(HER) takes place on the cathode side and an OER (Oxygen Evolution Reaction) takes place
at the anode [12,13]. The minimum voltage required across the electrodes to split water
is 1.23 V based on a low-heating value, which results in the evolution of hydrogen and
oxygen. In a real scenario, this voltage is always higher because of the overpotential at
both electrodes [14,15]. To decrease the overpotential, research efforts have been directed at
developing catalysts with low overpotential. For half-cell reactions, the OER at the anode is
more demanding due to the four-electron process mechanism in the generation of oxygen;
on the other hand, the HER is comparatively less demanding than the OER and has a
relatively lower overpotential [16,17].

Gas diffusion layers (GDL) are an important part of the PEM electrolyzer; they control
the diffusion of water into the catalyst layer, and the diffusion of water, hydrogen and
oxygen out of the catalyst layer [18,19]. Carbon paper, and carbon cloths are used at the
cathode while metallic titanium mesh, titanium foam and titanium felt are used at the
anode in commercial electrolyzers. The GDL experiences a highly oxidizing and corrosive
environment at the anode and requires more research to optimize its properties [7,20-22].
The GDL also offers ohmic resistance due to the random pore size, shape and uneven
surface in contact with the catalyst layer [20,23,24]. Much effort is needed to improve
the corrosion-resistant properties and decrease the ohmic resistance by designing and
optimizing the GDL morphology [25,26].

BPs transfer mass and electrons, and should provide good mechanical support for the
PEM electrolyzer. They are expensive and heavier components of the PEM electrolyzer and
account for approximately 48% of the cost of the PEM electrolyzer stacks [27-29]. Stainless
steel, titanium (Ti), and graphite are common materials used to create BPs [29-31]. Ti offers
good electrical conductivity, corrosion resistance, and mechanical strength, but it is very
expensive and due to its hardness, it is difficult to work with [29,32,33]. Graphite is used
due to its high electrical conductivity, but its brittleness leads to high machining costs, and
it is also not suitable for the anode side PEM electrolyzer due to corrosion. Stainless steel
offers good electrical conductivity and mechanical strength but can be corroded when used
at the anode due to the acidic environment and high potential [7,29].

Figure 1 shows a schematic of the PEM electrolyzer; the main component includes a
polymer electrolyte membrane that is sandwiched by catalyst layer for the OER and HER.
After the catalyst layer, there is gas diffusion layer on both the cathode and anode side for
the transfer of water, hydrogen and oxygen gases. GDL are connected with BPs, which
supply gases in flow channels [34].
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Figure 1. Schematic of the PEM electrolyzer showing its main components [34].

This review will discuss the main components of the PEM electrolyzer, such as the OER
catalyst, gas diffusion layer and BPs. In addition, it will also discuss the performance of the
PEM electrolyzer based on operating conditions. For the OER catalyst, different strategies of
catalyst development will be discussed; in the case of GDL, different passivation techniques
and fabrication methods will be reviewed; and for BPs, metal and metal oxide coating
methods for the prevention of corrosion and passivation will be discussed in detail. In
addition, we provide a discussion of the operating conditions of the PEM electrolyzer to
achieve the best performance.

2. Catalysts
2.1. Oxygen Evolution Reaction Catalysts

The Oxygen Evolution Reaction (OER) involves four electrons and has a higher overpo-
tential than the hydrogen evolution reaction (HER), which is a two-electron process [35,36].
The kinetics of OER is slow compared to HER, which proceeds through the reduction
of H* at the Pt electrode. To reduce the overall cost of the PEM electrolyzer cells and
to have large-scale mega-Watt (MW) and giga-Watt plants and for the realization of the
hydrogen economy based on renewable energy sources, OER catalyst loading needs to be
decreased, while achieving high activity. In addition, there is an issue with the stability of
the non-precious transition metal oxide catalysts in an acidic environment; the catalysts
leach out and degrade during the reaction [37,38].

OER in the PEM electrolysis cell takes place in an acidic environment and requires the
catalyst to be active and stable under such a corrosive environment. There have been major
research efforts to address these problems with variety of catalyst designs and strategies.
Among the various transition metals, including both noble and non-noble materials, only
iridium (Ir) has demonstrated a good balance between stability and activity due to its
intrinsic properties. In other words, due to the thermodynamic instability of most of the
transition metals, iridium (Ir)-based materials have been developed and reported as OER
electrocatalysts in acidic media [36,39-43].

However, as Ir is a highly scarce and significantly costly material, it has been a
challenge for researchers to reduce the amount of Ir that is utilized in the catalyst layer
within the anode, eventually decreasing the total cost of the system at a practically viable
level. In polymer electrolyte membrane water electrolysis (PEMWE), the IrO; catalyst
loading for the OER is in the range of 1-5 mg-cm~? at the anode and 0.4-0.8 mg/cm? for
Pt catalyst for the HER at the cathode [44-49]. The operation is performed at high-current
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densities of 2 A-cm~2 and in industrial operations, use of densities greater than 2 A-cm 2

is more favorable. At higher current densities and at low loading of the OER catalyst,
degradation in the performance has been reported, with the current density decreased
from 1.33 to 0.67 A-cm~2 at 1.6 V when the IrO, loading was decreased from 3 mg-cm~2 to
0.5 mg-cnrf2 [50].

There have been various strategies, such as nano structuring of Ir [51-56], alloying Ir
with hetero metals (oxides) [57-62], and anchoring Ir on supporting substrates [63-70] to
reduce the utilization of Ir and improve mass activity, as well as enhancing electrochemical
stability. This section will focus on how researchers improved the activity and durability
of Ir-based materials with a variety of material design strategies. Particularly, as there
is a huge difference in the testing environment between the theoretical three-electrode
half-cell system and the practical PEMWE system, performance from the half-cell to the
PEMWE would not be directly interpreted. Therefore, we discuss those electrocatalysts,
which were developed via the above various design strategies and were applied to the
practical operation of the PEMWE.

2.2. Nano Structuring of Ir

Nano structuring of iridium, such as using thin layers of Iridium with very low
loading was reported to decrease the overall catalyst usage with the higher activity. The
main purpose of the engineering structure of Ir or IrOy is to increase Ir utilization, improve
inter- and intra-crystallite contact, and enlarge the contact area between the catalyst layer
(CL) and the gas diffusion layer (GDL), all of which contribute to the improvement of anode
performance in PEMWE [42]. As reported previously, the loading of Ir or IrO; should be
retained at higher than ~1 mg/cm? for membrane electrode assembly (MEA) fabricated via
spraying and sputtering methods [38,46,48].

The electrodeposition method is considered to be one of the efficient methods to
deposit a catalyst on the GDL; this method also helps to decrease overall catalyst loading
due to good dispersion of catalysts. This method is also industrially scalable to make large
electrodes. Electrodeposition methods have been used to deposit IrO; thin films on several
different substrates, which include carbon paper [55], titanium [71], indium-tin oxide [72],
boron-doped diamond [73], and gold [74].

As another case of employing the electrodeposition technique, Park et al. adopted
the decal-transfer method to obtain an inverse-opal (I0) structured MEA, which features
a hierarchically ordered and interconnected porous structure with monodispersed sized
pores as shown in Figure 2a—c [51]. The researchers first employed a sacrificial polymer soft
template on a smooth surface substrate and conducted electrodeposition of Ir to achieve
the inverse-opal structure. The unique structure enhanced the mass transport of reactants.
In addition, the porous structure considerably increased the specific surface area, which
could improve the degree of catalyst utilization and cell efficiency. Through the simple
and reproducible synthetic process, the resultant IO-IrO,-MEA not only showed lower
ohmic resistance when compared to the conventionally prepared MEA but also showed
remarkable improvement in PEMWE performance with 870 mA-cm~2 at 1.6 V with a
low loading of 0.02 mg-cm~?; the performance was 2.5-fold higher when compared to
the conventional MEA. Figure 2d shows the Nyquist plot at 1.6 V of IO MEA and the
conventional MEA. The first x-intercept shows the ohmic resistance and the diameter of
the circle shows the charge transfer resistance is both lower on IO-ME compared to the
conventional MEA. These results mean that IO-MEA enhances the electron transfer and
charge transfer due to its ordered structure.

Moreover, its mass activity (MA) reached 43.5 A/mg, which is one of the highest MA
among the recorded catalysts. The improvement is attributed to the unique IO morphol-
ogy, which suggests enormous porosity and surface area, and an interconnected porous
nature, leading to enhanced electron and mass transfer and boosted Ir utilization efficiency
(eventually equal to a reduced loading of Ir).
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Figure 2. FE-SEM images of each step in the decal-transfer method: (a) self-assembled polystyrene
beads as a template, (b) infiltration of IrO; by using pulse electrodeposition, (c) inverse-opal electrode
(the scale bar is 1 um), and (d) Nyquist plot at 1.6 V for Inverse-opal and the conventional MEA.
Reproduced with permission [51]. Copyright 2019, Elsevier Inc. (e) SEM of npIlrx-NS. Reproduced
with permission [56]. Copyright 2021, John Wiley and Sons.

Other than the electrodeposition methods exploited to reduce the loading of Ir and
boost Ir utilization, there has been a unique top-down synthesis for the nanoporous (np)
nanosheet (NS) of Ir as studied by Chatterjee et al. In this research, an alloy of Ni and Ir
was prepared first in a form of thin sheets, and then it was electrochemically dealloyed in
acidic medium [56]. During the selective electrochemical etching process, the nanoporous
Ir nanosheet (nplry-NS) was delaminated from the foil electrode, which was precipitated at
the bottom of the electrochemical cell. The as-obtained nplry-NS had nanosized (~5 nm)
porosity, with a few hundred nanometers in thickness, and lateral dimensions in micron-
scale. The use of the resultant nplry-NS in PEMWE demonstrated comparable performance
to commercial TKK IrO; at an ultra-low loading (0.06 mg/cm?). Interestingly, in compar-
ison to relatively higher loading of 0.17 mg/cm?, the low loading showed significantly
lower mass transport resistance due to the reduction in stacking of the two-dimensional
nanosheets and an overall decrease in the corresponding catalyst layer thickness. This novel
aspect derives from the positive combination of the laterally connected and interconnected
Ir nanosheets as well as the nano-porosity, as shown in Figure 2e.

2.3. Alloying Ir with Hetero Metal (Oxide)

Through an alloying of Ir with hetero metal elements, the surface chemical properties
could be optimized owing to the electronic structure modulation, the modification of
charge distributions, and morphological advantages. Specifically, alloying of Ir with metals
(M = Cu, Fe, Ni, and Co) results in different oxidation states of Ir, such as (+3, +4 or >4+).
Alloying of Iridium with relatively less expensive metals results in similar stability and
activity, while reducing the loading of Iridium. The d-band shift away from the fermi level
was reported for IrCoNi systems, resulting in lower binding energy to oxygen intermediates
when compared with Ir [75].
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The core-shell structure is an efficient way to achieve a good balance between the
activity and the stability of the electrocatalysts in PEMWE. It has been proved that the
core shell structure provides distinctive physicochemical properties arising from the strain
on the surface and atomic localization, which affects the charge transfer between the core
and shell structure. The strong interaction between the shell and core renders charge
redistributions of the shell species, which can further improve the intrinsic catalytic activity.
Moreover, the electrochemically stable shell protects the core that has excellent OER activity,
leading to a synergistic impact to break the conventional trade-off relationship between
activity and stability. Regarding Ir utilization, this unique structure can effectively reduce
the amount of Ir loading [76-78].

A self-assembled RuO,@IrOy core-shell nanostructure was designed by Ma et al. to
achieve higher activity and stability. Figure 3a shows the TEM of a RuO,@IrO, core-shell
structure. The synergistic effect causes the decrease in overpotential from 260 to 215 mV
at 10 mA-cm 2 for the RuO, and RuO,@IrOy core-shell, respectively, Figure 3b shows the
polarization curves of RuO,, IrO;, and RuO,@IrOy catalysts. Under similar conditions,
the IrO, catalysts had 316 mV of overpotential for the OER reaction. For the single cell
PEM electrolyzer, the catalyst was deposited over the anode, and a lower voltage of
1.683 V at 1000 mA-cm 2 was achieved, whereas corresponding cell voltages for RuO,
and IrO; anodes were 1.715 V and 1.748 V, respectively. Figure 3c shows the Nyquist plots
for the single cell measured at 0.1 A-cm~2 at 80 °C. The catalyst showed stability of 300 h
at 1 A-cm~2, which was attributed to the protective layer of IrOx [79]. The IrO,@TiO,
catalyst was developed by the wet chemical method, and the cross section of the IrO,@TiO,
catalysts with Nafion is shown in Figure 3d. The positively charged TiO, electrostatically
attracts the [IrClg]~, which results in the full coverage of TiO, particles with the Ir precursor,
followed by a high-temperature pyrolysis to obtain the final catalyst. Figure 3e shows
the polarization curves of the PEM electrolysis cells using IrO,@TiO,, unsupported IrO,,
and IrO, /TiO, commercial catalysts [80]. IrO,@TiO; achieved a higher current density
compared to other catalysts with a similar catalyst loading.
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Figure 3. (a) TEM image of core shell RuO,@IrOx nanoparticles and their corresponding EDX mapping,
which shows the presence of Ru and Ir. (b) Polarization curves of the membrane electrode assemblies
(MEAS) using RuO5, IrO,, and RuO,@IrOy as the OER catalyst. (¢) Nyquist plots of the MEAs fabricated
by using different catalysts, data were taken in the single cell at 0.1 A-cm~2 and 80 °C; the inset shows the
equivalent circuit model. Reproduced with permission [79]. Copyright 2020, Elsevier Inc. (d) FIB/SEM
cross-sections of the IrO,@TiO, catalyst layers, the catalyst was deposited on titanium porous transport
layers (PTL) containing 5 wt. % Nafion. (e) Polarization curves of the PEM water electrolysis cells
using IrO,@TiO, catalysts and commercially available unsupported IrO, (Alfa Aesar) and IrO, /TiO,
(Umicore). Reproduced with permission [80]. Copyright 2020, Elsevier Inc.
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Zheng et al. recently reported a simple CO-induced phase-separation strategy for
synthesizing a core-shell IrRu,@Ir catalyst [62]. By adopting the different adsorption rates of
CO on the surface of Ir and Ru, the chemical reduction of Ir and Ru created different phases
and completed the core-shell IrRu,@Ir. The strong interaction between the core and the
shell was confirmed by XPS analysis, which further triggered the increase in the oxidation
state of Ir within the Ir shell, leading to an improvement in OER activity. Furthermore, it
has been well-known that Ru is extremely unstable during the acidic OER process [42].
Benefitting from the core-shell structure, the IrRux core was efficiently protected by the
relatively more stable Ir shell against dissolution in the harsh OER potential, which could
significantly improve its electrochemical stability. Consequently, the IrRu,@Ir catalyst
demonstrated the highest OER activity (both specific and mass) compared to reference
materials, such as IrRux, Ir, RuO, nanoparticles, and IrO, nanoparticles. The MEA with
the IrRux@Ir catalyst showed a stable performance for 400 hr with the current density of
1A-cm~2at1.83V. The overpotential of IrRu,@Ir was 288 mV and its mass activity was 3.88,
5.02 and 37.55 times higher than RuOy, Ir and IrO,. Regarding the PEMWE performance,
IrRuy@Ir exhibited a higher activity with lower overvoltage than those of IrRux and Ir.
Particularly, IrRuy@Ir showed substantially increased durability in comparison with IrRuy,
where the MEA with the IrRu,@Ir anode maintained an initial cell voltage of 1.83 V for
almost 400 h of electrolysis. In contrast, the MEA with the IrRux catalyst showed a fast
voltage degradation after only 130 h, confirming its poor durability. The improvement
in both activity and stability confirmed by the theoretical half-cell and the PEMWE cell
environment corroborated the efficient role of the core-shell structure. Similarly, the IrOx
coating of sub monolayer thickness was coated on a RuO, thin film to provide enhanced
stability compared with pure RuO,. The IrOy amorphous coating not only minimized
RuO; oxidation but also increased the OER activity [78]. Nano structures with a core
shell structure are considered to be a promising approach for the OER reaction as well as
decreasing the content of the IrO; catalyst. The understanding of the core shell is complex
in a catalyst and more studies are needed to focus on the interaction of the core and shell
materials [76,78].

There is a significant effect of catalyst composition on the OER activity; in their work
Faustini et al. fabricated the IrgyRug30; mixed-phase Ir-Ru oxides nanostructure by a
spray-drying method; Figure 4a shows the SEM images of Iry 7Rug 30y calcined at 450 °C.
The final catalyst had a porous structure; the mixed-phase catalyst performed better than
the benchmark IrO, catalyst. Figure 4b shows the forward scan of cyclic voltammetry
with Irg 7Rup 30, (black), IrOy (blue) samples, and commercial IrO;. For the PEM water
electrolysis at the current density of 1 A-cm ™2, the cell voltage was 1.680 and 1.656 V for
IrOx and Irg yRup 305, respectively. At a higher current density of 2 A-cm~2, both catalysts
had similar activity with a cell voltage of 1.85 V [81]. The Ir-Ru oxide catalyst was also
evaluated at a very low loading of 0.34 mg-cm~2 in the PEM electrolyzer. At a very high
current density of 3 A-cm~2, the cell voltage was 1.8 V. The catalyst stability test was
performed in actual electrolyzer operations at 80 °C for 1000 h [82]. The RulrCoOx catalyst
was also investigated for the OER reaction; Figure 4c shows the SEM of the RulrCoOy
catalyst. The catalyst was tested using linear voltammetry and chronopotentiometry;
Figure 4d shows the performance of a single-cell electrode with the area of 4 cm?, the inset
shows the plot of the electrolyzer voltage with time for the 15 h of testing at 25 °C. Tafel
slopes for the RulrOy benchmark commercial catalyst were higher than the RulrCoOx [83].
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Figure 4. (a) SEM of Irg yRug 30y catalyst calcined at 450 °C. (b) Cyclic voltammetry (forward scan) was
recorded at 6 mV-s~1 of the Iry 7Rug 305 and IrOx samples obtained after calcination in air at 450 °C and
commercial IrO, with total catalyst loading of 0.0176 mg. Reproduced with permission [81]. Copyright
2018, John Wiley and Sons. (c) SEM of RulrCoOy OER catalyst. (d) Polarization curves on a single cell
(electrodes area of 4 cm?) with RulrCoOy and RulrOy catalysts, the inset shows electrolyzer voltage vs.
time measured during the initial 15 h of operation at 25 °C. Reproduced with permission [83]. Copyright
2013, Elsevier Inc.

Regarding the morphological and electronic modification effect through the heterostruc-
tures, Jiang et al. reported an efficient way to increase Ir utilization and mass activity by synthe-
sizing an Irp Snp 4O, (IrSn)-alloyed composite as an efficient anode catalyst for PEMWE [58].
The role of the introduced Sn in this study was not only to increase the utilization of Ir (im-
proved Ir accessibility), but also to enhance OER activity derived from the modified electronic
structure of IrO,. In particular, compared to the reference catalyst, IrB (particle diameter:
200~500 nm), IrSn demonstrated a smaller particle size (~50 nm in diameter) and pores, which
resulted in more electrochemical active sites in IrSn. As SnO; has similar lattice parameters,
alloying IrO, with SnO, could increase nanoparticle dispersions and the efficient removal of
hydroxyl groups for more released active sites on IrO,. Regarding the ratio between Sn and Ir,
the higher Ir (6:4 and 8:2 for Ir:Sn) highlighted the positive role of Sn in the alloyed composite.
As aresult, the IrSn anode demonstrated a higher cell voltage of 1.89 V at 2 A-cm 2, compared
to 1.948 V for the IrB electrode. The loading effect of the catalysts was also investigated, where
0.5 mg/cm? of the IrSn catalyst presented the highest mass activity of 6720 mA /mglr at 1.95 V
in PEMWE.

In an effort to reduce the Ir content of the OER catalyst and to maintain its stability in
an acidic environment, Strasser et al. developed an IrNi@IrOy core shell structure and used
Sb-doped SnO; as a support on which these core shell nanoparticles were dispersed. The
final composite catalysts showed a high activity and stability with low Ir content [76].
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2.4. Depositing Ir on Supporting Substrates

As IrO; is very expensive compared to other transition earth metal catalysts, to limit
the amount of precious metal used, less expensive and stable diluents are often used to
decrease the price of the catalyst (48). One of the strategies used to minimize the amount
of precious metal used is to form a mixed oxide-based catalyst with a non-noble metal;
the difference between the electronic orbitals gives rise to a synergistic effect to improve
the catalytic activity. There have been several supports evaluated for the OER catalysts,
that include TiO, [84], doped TiO, [85], TiN [86], Ti metal [87], antimony-doped tin oxide
(ATO) [88], fluorine-doped tin oxide [89], and TaC [90]. These supports showed promising
results for the OER due to their stability during the OER conditions.

As one of the efficient methods to increase Ir accessibility as well as improve OER
performance, anchoring Ir species on supporting substrates has been rigorously investi-
gated [84,91,92]. The major advantages of this catalyst design strategy are: (i) increasing
the active surface of the catalyst; (ii) stabilizing the active species and preventing it from
severe agglomeration; (iii) enhancing electrical conductivity through robust interactions
between the deposited materials and the supporting substrates; and (iv) possible tuned
electronic structures via the interactions. Islam et al. reported a highly active and durable
Ir-based electrocatalyst consisting of amorphous Ir deposited on boron carbide (Ir/B4C) for
acidic OER [68]. Due to its significant electrical conductivity and electrochemical stability,
B4C was adopted as a good candidate to be used in supporting materials, when compared
to conventional carbon materials. Through systematic investigation and due to the use of
NaBHy, as a reducing agent, the researchers obtained uniformly distributed amorphous Ir
nanoparticles on the B4C, which exhibited the highest OER activity among all developed
catalysts and it outperformed commercial catalysts. The excellent OER activity is attributed
to the highly concentrated Ir (III) and OH species, where the OH groups combined with the
Ir surface have a crucial role in the improvement of the OER activity in an acidic medium.
Regarding the PEMWE performance, the resultant Ir/B,C demonstrated 1.98 A-cm~2 at
1.8 V at the low Ir loading of 0.5 mg-cm~2, which is higher than the commercial refer-
ence catalysts, such as Ir black (1.36 A-cm™2) and IrO; (0.69 A-cm~2). When the cell was
operated at 1 A-cm™2 for 48 h, the cell voltage increase was 6.1% with Ir/B4C, whereas
the commercial IrO, showed a much higher degradation (16.4%), which was consistent
with the durability results obtained with the half-cell analysis. The improved stability
was ascribed to the robust metal-support interaction enhancing the charge transfer for
equilibrating the respective Fermi levels and preventing the agglomeration of Ir, thereby
stabilizing the active species.

Jiang et al. suggested tungsten oxide (WOx) nanorods as an efficient supporting
material with a decoration of defective thin Ir film [67]. The ordered array of WO, was
prepared by a hydrothermal reaction of W foil, followed by an electrodeposition process for
decorating Ir on the surface, completing Ir@ WO, NRs (nanorods). The reason for utilizing
WOy as the supporting substrate was due to its excellent stability in the electrochromic
field. Moreover, it has been proved that the vertically aligned channels could improve
water conservation to reduce the mass transport resistance during the operation of PEMWE.
The electrodeposition also enabled a defective thin layer (68 nm) of Ir coating on the WOy
NRs. Therefore, it was possible to reduce the total loading of Ir and obtain improved
Ir mass activity. As a result, the PEMWE performance of [r@ WOy NRs assembled MEA
demonstrated 2.2 A-cm~2 at 2 V and a long operation for 1030 h at 0.5 mA-cm ™2 with a
low Ir loading (0.14 mglr-cm~2). The cell voltage decay rate was only 49.7 uV /h, which is
primarily attributed to the chemically stable WOx and its strong interaction with the coated
Ir particles.

Typically, TiO; has low conductivity but using it as a supporting material has demon-
strated substantial promotion of activity during electrolysis [84,93]. Due to its high stability,
low cost, and ease of availability, TiO; is a good contender to be used for OER catalyst
support. The stability of the IrO, /TiO; catalyst has been attributed to the electronic inter-
action of these two different metal oxides [91]. Mazure et al. modified the Adam fusion
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method to develop the supported IrO, /TiO; catalyst. The catalyst showed an increase in
performance compared to the unsupported IrO, catalyst [92]. Layered IrO, / TiO; were also
tested by Brent et al. and they optimized the supported catalysts to decrease the overall
loading of Ir [93]. The optimized loading for the anode was 1-2 mg-cm 2 to obtain the
optimized activity. It was also reported that the IrO, loading of less than 0.5 mg-cm~2 was
not sufficient to cover the TiO, supports due to very thin film formation. In other studies, it
was reported that due to the low conductivity of TiO,, a high amount of IrO, was required
to form an electrically connected structure between IrO, and TiO; [84,92].

Compared to the layered IrO, /TiO, structure, the core shell structure is preferred to
achieve the high activity with the least amount of catalyst loading. In another work, a
mixed-phase TiO, doped with Ta was used as a support for IrO, for PEM water electrolysis;
Figure 5a shows the TEM of the 40IrO, /Tig 7 Tag 30, catalyst. The catalyst with the composi-
tion of 40IrO, /Ti0.7Tap 30, gives the highest activity in PEM water electrolysis, at a current
density of 1000 mA-cm 2, the cell voltage was 1.849 V for 40IrO; / Tip yTag 30, catalyst; the
polarization curves are shown in Figure 5b. The improved performance was attributed
due to the lower ohmic resistance and charge transfer resistance [94]. The enhanced perfor-
mance was attributed to the higher electrochemical surface area; the total metal content
was also reported to be half [95]. The IrO, /Ti catalyst was developed by Miller et al. by
physically mixing the IrO, catalyst and Ti metal support. The physical mixing process
increased the dispersion of IrO, over Ti particles and when it was used as an anode in
the electrolyzer operation, a high activity was achieved. The cell voltage was 1.73 V at
1 A-cm~2 with the catalyst loading of 0.12 mg-cm~2 [87]. When same catalyst was modified
with Mo, it resulted in a higher surface area and small particle size. Small-particle-sized
IrO, (2-3 nm) was also synthesized by using the sulfite complex route [96,97].

A novel IrO,/SrTiO; catalyst was fabricated using the pulse deposition method,
and the bulk of the catalyst was epitaxial layers of SrIrO3 deposited on SrTiO;. The
active catalyst was formed by Sr leaching during the OER. The overpotential on the
catalyst film decreased from 340 to 320 mV in 10 min in cyclic voltammetry at a current
density of 10 mA-cm~2. Chronoamperometric testing for 2 h showed that the overpotential
dropped to 270 mV in 0.5 M H;50y, and the catalyst showed stability for 30 h with the
same overpotential [98]. Indium Tin Oxide (ITO) as a support was also explored by the
researchers; in the study IrO; was deposited on ITO by using the Adam fusion method.
The particle size of IrO, was 3-5 nm on the ITO support, which were 17-28 nm in size.
The PEM water electrolysis activity for the catalyst 90% IrO,-ITO at 80 °C was 1.74 V at
1 A-cm 2, which was similar to that of unsupported IrO, [99].
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Figure 5. (a) TEM images of the unsupported 40IrO; / Tip 9 Tag 1 Oy catalyst (b) Polarization curves of
a single electrolysis cell with different IrO, loadings of Tig7Tag 30, [94].
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3. Gas Diffusion Layers

Gas Diffusion Layers (GDL) are porous materials that sandwich MEA from both sides.
GDL performs the function of electron conduction between the cathode and anode, as
well as transport of water into the MEA and gases (O, and Hj) out of the catalyst layer at
MEA [44,100,101].

In PEM cell operation, GDL based on carbon materials, such as carbon cloth, and
carbon paper are not suitable due to their susceptibility to be oxidized, due to the high
oxygen evolution potential at the PEM anode. The carbon-based GDL are prone to be
oxidized at the anode and possibly release CO; [102,103]. Due to their high conductivity
and mechanical strength, metallic GDL have received more attention in PEM electrolyzer
research. Porous titanium mesh and felt are used as a preferred choice for anode GDL due
to their corrosion-resistant properties in acidic conditions [24,82,104-106].

The resistivity of titanium GDL increased during the operation due to the formation
of a TiO, passivation layer which increased the contact resistance between the GDL and
other components [107]. There are several methods to minimize this effect, such as coating
GDL with IrO; and Pt layers. This, however, increases the cost of GDL and thus the overall
cost of the PEM electrolyzer [20,108-110].

The contact between the MEA and GDL must be uniform to avoid any uneven current
distribution; if the contact is not uniform, it gives rise to the deterioration of the membrane.
As titanium felt is fabricated by sintering titanium particles, it does not offer a flat surface
and good contact. To ensure good contact between the MEA and GDL, microporous layers
of Ti were used, which consist of relatively smaller particles of Ti deposited on top of
Ti GDL [24,104-106]. Microporous layers (MPL) are also used to control the porosity of
the Ti GDL by controlling the pore size of the opening. Regulating the porosity of GDL
influences the mass transport of water and H, and O, gases formed at MEA. Not properly
channelizing the gases from the PEM electrolyzer results in a mass transport limitation
situation due to the blockage of the active sites at the PEM.

To overcome these problems associated with the operations of GDL, several strategies
have been reported and in the next section, these will be discussed in detail. Such strategies
include the deposition of the catalyst directly on the GDL, which is termed as the catalyst-
coated substrate (CCS) method, to protect the Ti GDL from passivation. Other techniques,
such as the deposition of thin nanometer layers of IrO, and Pt on the GDL will be discussed.
Deposition of MPL on the GDL to regulate the porosity and contact resistance will be
examined. New novel techniques for the fabrication of GDL will also be reviewed.

3.1. Gas Diffusion Layers Modification by Microporous Layer (MPL)

In commercial electrolyzers and research-based electrolyzers, Ti-based gas diffusion
layers (GDL) are used at the anode, which are mostly made up of Ti felt, Ti mesh, Ti
foam, and sintered Ti particles [20]. These GDL need to fulfill different requirements, such
as high conductivity, corrosion resistance, and low mass transfer losses [19,23,111]. Due
to the porosity, morphology, and thickness of these GDL, mass transfer resistance and
interfacial contact resistance increases between GDL and MEA [105]. In the Catalyst Coated
Membrane (CCM) configuration, the GDL only make limited contact with the membrane
due to its porous structure. In the case of the catalyst-coated substrate (CCS), when porous
Ti GDL is coated with a catalyst, part of the catalyst fills the inner porous structure of
the anode and does not touch the membrane. In both cases, there is inadequate contact
between the GDL and the catalyst, which gives rise to hot spots and results in puncturing
of the membrane, which causes the PEM electrolyzer efficiency to decrease [25,26,111,112].

MPL has a smaller particle size than the porous Ti-GDL particles and serves to form
uniform contact between the interfaces by filling the large pores. MPL is usually used
in PEM fuel cells, where they are coated on the GDL and provide contact between the
GDL and the catalyst layer [100]. In PEM fuel cell operation, MPL is reported to decrease
the interfacial contact resistance, and improve mass transport [100]. In PEM fuel cells,
carbon paper is used as the MPL, but in the case of the PEM electrolyzer, it cannot be
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used due to the highly acidic and corrosive environment. There are limited choices for
the MPL for PEM water electrolysis; the material should be corrosion resistant and must
have good conductivity to decrease the ohmic resistance. For that reason, most of the
literature is focused on Ti MPL for PEMWE; there are few reports on other metal oxide
based MPL [113,114].

Ti particles as MPL were used to modify the pore structure and pore diameter of the Ti
felt in the PEM electrolyzer. Several pieces of Ti felt were used as anodes with varying pore
diameter and porosity. The activity improved in PEM operation with the decrease in pore
diameter of the Ti felt, when the mean pore diameter of the current collector was higher
than 10 um. The cell performance did not change with the porosity when the porosity was
higher than 0.50 [104]. Hwang et al. used MPL by depositing Ti powder over Ti felt in a
unitized reversible fuel cell. The Ti powder only covered a fraction of the pores and went
inside the pores where it became inaccessible. For that reason, MPL did not achieve the
required results and there was no activity improvement in the electrolysis [24]. Titanium
particles with <45 pm were deposited by vacuum plasma spraying on a sintered titanium
filter which acted as current collector in the PEM electrolyzer. A decrease in interfacial
contact resistance of 20 mQ-cm? was reported. In addition, the application of MPL on
the current collector had a moderate effect on the activity of PEM electrolyzer when the
current densities were lower than 1.2 mA-cm~2. When the PEM electrolyzer was operated
at higher current densities, mass transport resistance increased and the overpotential of
PEM electrolyzer was decreased to 256 mV at a very high current density of 5 A-cm~2 [105].

Rather than using MPL to modify GDL, porous GDL were reported to be fabricated
by sintering Ti particles to achieve the desired porosity and structure. Grigoiev et al.
fabricated and optimized the titanium current collector by sintering Ti particles with
varying size. From their optimization study, they concluded that the optimum particle sizes
were 50-75 pm and the pore size was 12-13 um [115]. A hierarchically structured porous
transport layer (PTL) with specifically designed interfaces was fabricated for the PEM
electrolyzer. It was named the multi-layer porous transport layer (ML-PTL). Four sintered
Ti PTL were fabricated in which three different microporous layers were used with particle
sizes of 7, 15 and 18 um on a relatively coarser support layer of 33 pm. ML-PTL were made
by co-sintering Ti powders; the PTL had high porosities of 35%, a low tortuosity of 1.7, and
a high thermal conductivity of 10 W-(mK)~!. In addition, ML-PTL has a very low surface
roughness of 11 to 16 um whereas the support layer has a roughness of 28 um [116]. As
there was a discrepancy in the results when Ti MPL was used to modify GDL, an alternative
method was used to study the effect of MPL with different particle sizes of Ti. The MPL was
developed on thin tunable liquid gas diffusion layer by depositing titanium micro particles
5 um and nano 30-50 nm particles. Figure 6a shows the cross section of the gas diffusion
layer deposited with 5 pm particles of Ti with a coating thickness of 20 um. Figure 6b shows
the performance of the PEM electrolysis cell, due to the application of MPL there was a
slight enhancement in the activity at a low current density range of less than 0.5 A-cm~?2
where the cell voltage was lower for the modified GDL with MPL. In that current density
range, the activation overpotential was the main contributor to the total cell voltage, and
the increase in the thickness of the MPL caused the cell voltage to increase. Figure 6¢
shows the Nyquist plot with different frequency ranges, the x-intercept at high frequency
(>3 kHz) is indicative of the ohmic resistance, which increased with the increase in the
MPL thickness. In contrast, activation resistance, which is indicated by the diameter of the
semicircle, decreased with the addition of MPL over GDL. The micro particles MPL caused
an increase in ohmic resistance but improved the catalytic activity, whereas nano particle
MPL did not change the catalytic activity but increased the ohmic resistance greater than
the former one. The micro particle MPL provided a higher surface area which increased
the active sites and thus the catalytic activity. The nano MPL formed a dense surface and
decreased the possibility of increasing the OER active sites [111].

As most of the researchers showed the positive effects of an MPL on PEMWE activity,
J Polonsky et al. used antimony-doped tin oxide (ATO) mixed with Nafion solution over
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titanium felt. They reported an enhancement in the electrolyzer activity in the voltage
range dominated by charge transfer kinetics. At higher current densities, the MPL offered
increased resistance. For the polarization curves for the PEM electrolysis cell using modified
and unmodified GDL, the work showed that with the application of an MPL the overall
activity decreased. The cell without an MPL achieved three times more current density
than the modified GDL [106].

In principle, noble metals Pt, Pd, and IrO, can be used as MPL materials. Other
metal oxides are also reported to act as an MPL. IrO, /Ta;Os was coated on the titanium
porous disc to achieve corrosion resistance and oxidation. During the water electrolysis the
proposed MPL could convert the oxygen species into the oxygen gas, and it was stable for
600 h at a current density of 1 A-cm™2[117].

To improve the lifetime of the carbon paper gas diffusion layer and decrease the
oxidation of carbon GDL, IrO, was coated on one side of the GDL. The lifetime of the PEM
electrolysis cell reached 2000 h at a very high current density of 1400 mA-cm~2. The lifetime
increased to 10 times compared to the commercial carbon-black (XC-72)-powder-coated
GDL. The IrO, coating acted as a protective layer and decreased the passivation of carbon
GDL during the water electrolysis condition [118].
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Figure 6. (a) Cross-section SEM image of titanium microporous layer (MPL) with a thickness of
20 pm over 25 um gas diffusion layer. 5 um microparticles of titanium particles were deposited as an
MPL. (b) Polarization, and (c) Nyquist plot of the PEM electrolysis cell using a Liquid gas diffusion
layer (LGDL) with 5 um Ti particles as an MPL with a thickness of (A1 = 15 um), (A2 = 20 um) and
(A3 =40 pm), where A is the LGDL with the thickness of 25 pym and pore diameter of 800 pm.
Reproduce with permission [111]. Copyright 2018, Elsevier Inc.

3.2. Novel Thin Tunable Gas Diffusion Layer

The conventional Ti felt and meshes have non-uniform pore sizes and uneven struc-
tures. This makes it very difficult to correlate the electrical and conductive properties
and the correlation of these properties with the activity of the PEM electrolyzer. The
thickness of Ti mesh and Ti felt GDL is in the range of 200 pm, which offers a very long
conductive path and increases the mass transfer resistance. In this section, novel Ti GDL
with a controlled pore size and porosity will be discussed, which are fabricated with new
methods [7,119,120].

A novel planar titanium gas diffusion layer with straight-through pores and tunable
pores was fabricated to mitigate the shortcomings of the conventional Ti-based GDL. The
thin tunable titanium GDL was developed by lithographically and chemical wet-etching
of Ti foils. The GDL thickness was reduced to 25 um compared to a few hundred microns
for conventional Ti GDL. Through the visualization experiment, which was possible due
to the straight-through pores, it was found that during the electrochemical reaction the
oxygen bubbles nucleate at the edges of the pores. The GDL with a pore size of 400 pm and
0.7 porosity showed the maximum performance. Electrochemical Impedance spectroscopy
results showed that the losses due to the activation and mass transfer decreased from
0.046 ohm-cm? for 0.3 porosity GDL to 0.039 ohm-cm? for 0.7 porosity. The cell voltage at
2 A-cm~2 was 1.66 V, which was claimed to be the lowest value reported at that time [119].
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Electron beam melting (EBM) as a low-cost method for fabrication was used to fabricate
titanium GDL; Figure 7a shows the SEM of the GDL. The EBM technology allows the
fabrication of three-dimensional GDL and could decrease the price of GDL. The ohmic loss
for the EBM fabricated GDL was 0.36 ohm-cm?, whereas for the woven Ti mesh, it was
0.47 ohm-cm?, which were evaluated using Nyquist plot as shown in Figure 7b. The first
x-intercept shows the ohmic loss due to the electrolyzer components. This shows the direct
advantage of using the GDL with a distinct structure and flat morphology [7].

A GDL with different pore size distribution was fabricated by vacuum plasm spraying
of Ti particles; it was reported that by this method, the gradient in pore size distribution
could be introduced within the thickness of the GDL. This was achieved by varying the
particle size of titanium powder particles and plasma parameters. The GDL layer which
was in contact with the BPs had a pore radii of 10 pm, whereas the pores close to the
electrodes had pores in the range of 5 um. By using this fabrication method, it is possible to
make low-cost membranes; it is also possible to decrease the tortuosity, capillary pressure,
and bubble point by using different pore sizes that are in contact with BPs and electrodes
Figure 7c [120].
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Figure 7. (a) SEM image of Ti GDL by the E-beam (EBM) method, alloy powder of Ti-6Al-4 V was
used for the fabrication process, (b) Nyquist plot comparison of conventional woven Ti Mesh and
GDL by the EBM method. Reproduced with permission [7]. Copyright 2016, Elsevier Inc., and
(c) SEM image of pore graded porous transport layer, when used as a GDL, the top part will be in
contact with the electrode and bottom part will be in contact with the bipolar plate [120].

3.3. Gas Diffusion Layers with Electrodeposited Catalyst

The electrodeposition of an oxygen evolution reaction (OER) catalyst on the gas
diffusion layer (GDL) is a simple and easy-to-control method. The morphology of deposited
material can be controlled by changing deposition parameters [121]. This process enables
the utilization of expensive platinum group metal catalysts with a very low cost due to the
direct deposition. The parameters can be altered to control the size and shape by controlling
the deposition potential, the charge transfer, the concentration of the precursor solution,
and the ligands [122,123]. This method also ensures better dispersion and utilization of
the catalyst with high purity. Low-loading catalysts have been reported by these methods,
which have similar and higher activity compared to the high loading 3 mg-cm 2 of IrO,
and 2 mg-cm_2 of Pt using the conventional MEA [124].

In a typical IrO; electrodeposition method, IrCly.H,O is used with oxalic acid and
H;,0; and the solution is aged for 3 days [55,125]. The anodic current during the deposition
is due to the electrochemical oxidation of ligands in the Ir complex (which results in the
formation of IrO, and CO;) and due to the OER reaction on the deposited IrO, [126].

The anodic electrodeposition reaction is as follows.

[Ir(COO),(OH)4]2~ — IrO, + 2CO5 + 2H,0 + 2~ )

Before electrodeposition, the oxide layer from the surface needs to be etched, while
electrodepositing over titanium mesh/felt GDL. If the surface is not properly etched by
the acid, the native oxide layer of titanium dioxide would hinder the electrodeposition
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process. While preparing the catalyst-coated electrodes, the pre-etched surface improves
the coverage of the electrodeposited catalyst and increases the surface area and surface
adhesion [125,127].

Byung-Seok Lee et al. used the electrodeposition method to fabricate IrO; electrodes
on carbon paper GDL, which was used in PEM water electrolysis. Figure 8a shows the
SEM image of IrO; deposited on carbon paper with the deposition potential of 0.7 V
for 10 min. Total catalyst loading, and morphology were controlled by changing the
electrodeposition potential and the time. Catalyst loading ranges from 0.007-0.464 mg-cm ~2
for the deposition time of 1-30 min. The same anode was used for PEM water electrolysis
operation with IrO, loading of 0.1 mg-cm~? at the anode and 0.4 mg-cm~? at the cathode;
the PEM cell achieved 1.92 A-cm 2 at 1.8 V, which was similar to other reported results with
considerably higher loading; Figure 8b shows the polarization curves of PEM electrolysis
cell using the electrodeposited catalyst. At 1.6V, the current density reached 1.01 A-cm~2.
The enhanced mass activity was due to the better dispersion of IrO;. They also reported
that at high deposition voltage or at longer deposition time, cracks were formed, which
cause the surface of the carbon paper GDL to be exposed [55].

Electrodeposition of IrO, was also studied on titanium felt electrode; prior to depo-
sition the surface roughness and the native oxide was controlled by etching in 5% oxalic
acid. Titanium felt which was etched at 30 min and further coated with IrO, showed higher
surface area and uniform thickness of the IrO,-deposited coating, Figure 8c shows the SEM
of electrodeposited catalysts with an etching time of 30 min. The deposited electrode did
not show any cracks as it was reported in other studies. Over-etching of the titanium felt
for greater than 40 min caused the agglomeration of deposited particles. The OER test was
performed in 0.1 M HCIO,4 with a three-electrode system, the overpotential and the Tafel
slope for the IrO, / Titanium felt (etched for 30 min) was 370 mV and 51 mV-dec~!, which
are the lowest values compared to other samples etched from 0 to 40 min; Figure 8d shows
the Tafel plots for the OER reaction with different catalyst-coated titanium felt as a function
of etching time. They reported the mass activity of 362.3 A-g~! of Ir at 2 V (vs. RHE), with
a loading of 0.2 mg-cm_2 [125].

One of the benefits of the electrodeposition method is that it can achieve very low
loading of catalyst with high dispersion. Similar electrodeposition methods were reported
for PEM water electrolysis at high-temperature and high-pressure operations. A very
low loading of IrO, (0.1 mg-cm~2) was achieved on a carbon paper substrate. The PEM
water electrolysis cell was operated at 120 °C at 2.5 bar, electrolysis was performed using
0.4 mg-cm 2 of Pt loaded cathode along with the fabricated IrO, anode. Current density
of 1.79 A-cm~2 was achieved at 1.6 V, and increasing the pressure and temperature was
reported to increase the current during electrolysis [128]. When these results are compared
with similar work under these conditions with a powder IrO; electrode with a high loading
of 2 mg-cm_z, the results showed comparable activity [129-131].

The electrodeposition method is also used to provide an IrO, passivation layer to
protect Ti GDL, where deposited IrO, also acts as a catalyst. In a high-temperature PEM
water electrolysis operation at 120 °C, a less than one micron thickness of uniform film was
coated on the titanium mesh GDL by anodic electrodeposition with a loading of as low as
0.4 mg-cm~2. The current density was 0.96 A-cm~2 at 1.6 V, and the cell degradation rate
was also determined, which was at 1.5 mA-cm~2.h~1 at 1.72 V. The stability of the cell was
correlated with the electrodeposited IrO, /Ti, which gives the passivation for the titanium
mesh [110].

Ru-based catalysts were also electrodeposited on Ti foil for the OER. The fabricated
Ru/Ti was further annealed at 300-600 °C in an oven to convert the RuOy into the crys-
talline RuO; catalyst. Cyclic voltammetry was performed to study the stability of the
electrode, the degradation due to dissolution and change of RuOy structure was reported
which were analyzed by XPS [132]. Electrodeposited Pt/IrO,/Carbon and electrodes were
also used in unitized regenerative fuel cells, which showed enhanced activities for water
electrolysis at a very low loading of the catalyst [133,134]. A very low loading of Iridium
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0.005-0.05 mg-cm 2 was deposited on titanium PTL by the plasma sputtering method.
Iridium loading of 0.025 mg-cm 2 achieved a similar performance in the PEM electrolyzer
as with a higher loading. The Iridium loading not only decreased the ohmic resistance of
the PTL but also resulted in the enhancement of the catalyst activity. There was a 40-fold
reduction in the Au or Pt loading when compared to the Iridium loading in this study [124].

When Ti PTL was covered with a coating layer of 0.1 mg-cm ™2 of Platinum or Iridium,
a ten-fold increase in the overall stability was reported for 4000 h cell operation with the
use of coated PTL. It was found that after the formation of an IrOy layer of less than 10 nm,
the bulk of Iridium retained a metallic state and ensured the stability of the PTL during
the operation. The TiOx layer formed due to passivation which, under the Ir layer, was not
further oxidized due to the Ir coating as opposed to the uncoated PTL [135].
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Figure 8. (a) SEM images of the IrO, catalyst deposited on carbon paper, (IrO,/CP) electrodes
fabricated by electrodeposition at 0.7 V for 10 min, (b) Polarization curves of the PEM water electrol-
ysis using single cells with IrO, /CP anodes (deposition voltage = 0.7 V; deposition time was from
1-30 min). Reproduced with permission [55]. Copyright 2015, Elsevier Inc. (c) SEM of IrO, coated on
Ti felt; the titanium felt was etched for 30 min before the deposition of IrO;. (d) Tafel plots with iR
correction of different electrodes fabricated by changing the etching time from 0 to 40 min prior to
the deposition of IrO, [125].

4. Bipolar Plates

Bipolar plates (BPs) are used in the PEM electrolyzer stack where individual cells
are connected in series. BPs provide the function of mass transport, heat transfer, and
electrical conductivity. It also maintains the separation between Hy and O, in the cell
and provides structural integrity for high-pressure electrolyzer systems [27,136,137]. To
be an ideal candidate material for the BPs, the material should have excellent electrical
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conductivity properties. Metallic plates used for this purpose must have low interfacial
contact resistance as well as bulk resistance. The interfacial resistance originates from the
surface of metallic BPs touching the adjacent gas diffusion layer. The overall resistance of
the electrolyzer therefore depends on all components that constitute the electrolyzer [138].

The BPs at the anode need to be resistant to the oxidizing environment, during the
electrolysis, oxidation at the anode side causes the oxidation of metallic BPs. In the case
of Ti, a thin layer of TiO, forms, which increases the interfacial contact resistance and
thus decreases the overall performance of the electrolyzer. Stainless steel BPs, which have
additives, such as Cr, will also become oxidized to Cr,O3 and iron oxidation to iron oxide
also occurs [29]. The interfacial contact resistance due to the formation of a passivation
layer causes the electrolyzer voltage to increase and therefore reduces the overall efficiency.
At the cathode side, hydrogen is produced, and BPs do not corrode in the same way as it
happened on the anode side. However, hydrogen embrittlement takes place due to the
absorption of hydrogen on the surface of the metal [139]. In case of Ti, it was reported that
the Ti plate can absorb 1000 ppm of H, during the 500 h electrolysis operation [140].

In commercial applications of PEM electrolyzer, Ti-coated stainless steel and graphite-
based BPs are used. It was reported that flow field and bipolar pates constitute 48% of the
cost of electrolyzer stack [140]. Therefore, ideal BPs should offer low electrical resistance,
corrosion resistance, and should have a lower cost to be economically feasible. In the next
section, stainless steel and titanium-based BPs will be discussed, with the focus to decrease
resistance and passivation by deposition of noble metal films and metal oxide layers.

4.1. Titanium-Based Bipolar Plates

Titanium bipolar plates BPs are oxidized due to the high potential and oxidizing
environment. The TiO, film that forms, due to the oxidation of Ti BPs, has a low electrical
conductivity, and because of that, interfacial contact resistance increases between the gas
diffusion layer GDL and BPs. For that reason, titanium BPs are usually coated with noble
metals, such as Au and Pt. TiN and Ta;Os coatings were also investigated to protect the BPs
from passivation. Various deposition techniques, such as electrodeposition, vapor phase
deposition, and sputtering were used in the literature to protect the BPs.

Titanium separator plates are commonly used on the anode side and to prevent them
from oxidation and corrosion they are usually coated with Pt. Research into substituting the
noble metal coating and replacing them with refractory coatings is in progress. Plasma and
thermal Nitridation approaches were also considered to modify the Ti (BPs) because they
provide pinhole-free coatings. A TiN-based coating was applied to Ti BPs using thermal
and plasma methods. Figure 9a shows the polarization curves using untreated, thermal,
and nitride BPs; there was a decrease in the cell voltage of 0.2 to 0.3 V for nitrided BPs
compared to untreated plates at 1.2 A-cm~2. The cell performance was reported to increase
due to the decrease in interfacial contact resistance. There was an increase in cell voltage
after 48 h at 1.2 A-cm~2 while the voltage did not change for the plasma nitride plate
(see Figure 9b). Figure 9c shows the untreated, thermal nitride and plasma nitride plates
after 48 h of cell operation and the magnified image of the thermal nitride plate flow field.
The PEM water electrolysis performance for nitride Ti was 3-13% higher compared with
untreated Ti (BPs). Oxidation of the TiN coating was reported for a longer operation of
500 h, with TiO, deposits on the TiN coating. It was also reported that nitriding decreased
the uptake of H, and would decrease the susceptibility of Ti embrittlement due to TiH
formation [141].
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Figure 9. (a) Polarization curves at 25°C with nitrided and unmodified bipolar plates. (b) Polarization
curves after 48 h of operation. (c) Images of bipolar plates after 48 h, magnified image of thermal
nitride plate flow field with Ti metal mesh. Reproduced with permission [141]. Copyright 2014,
Elsevier Inc. (d) Cross-sectional SEM with low and high magnification of bipolar plates. (e) Graph
showing interfacial contact resistance vs. the compaction force on the bipolar plates [139].

Electrodeposition is an easy-to-upscale process and could decrease the price of the
coating process. Electrodeposition of platinum on Ti BPs can decrease the oxidation and
corrosion on the surface. The ohmic resistance of the Ti BPs before and after the deposition
process was 0.39 () and 0.15 () for uncoated and Pt coated plates, respectively. As other
components of the cell were not modified during the operation, the decrease in ohmic
resistance was attributed to the Pt loading, which not only increased conductivity but also
prevented the oxidation of the Ti plates. An improved electrolysis performance was also
reported with Pt/Ti plates compared to the uncoated plates [142].

In similar study, gold-coated Ti bipolar pates were fabricated by vacuum sputtering.
The ohmic resistance of the cell was 0.4 (2 and after the coating it reduced to 0.18 Q). The
gold coating acted as the barrier layer, which decreased the chances of the formation of a
passive layer on the surface of the Ti BPs. The optimum gold loading was 1 um which gave
a stable electrolysis performance [109].

Mixed metal oxide coating of Ta;Os and IrO, and boron-doped diamond were also
used to coat the Ti substrate and tested for stability in a simulated electrolyzer environment
by immersing the Ti substrate in 0.5 M H,SOy4 and 2 ppm HF at 80 °C for 240 h. The EIS
tests were also conducted in the simulated solution. Both coatings were reported to be
good for limiting the passivation of Ti [143].

To use the high conductivity of Ag nano particles and the corrosion-resistant properties
of TiN, a Ti-Ag-N film was applied to the surface of Ti plate. The results showed that the
coated Ti plate had excellent corrosion resistance at a high potential of 2 V SCE (Standard
Calomel Electrode) and in an oxidation environment. A similar simulated solution of
0.5 M H,S0O4 and 2 ppm HF was used, which offered a harsher environment than the PEM
electrolyzer. The interfacial contact resistance of the plates was slightly increased from 2.3
to 7 mQ.cm 2 after the potentiation polarization for 6.5 h [144].
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The cathodic arc evaporation technique was used to deposit TiN and ZrN phases onto
the titanium and SS304 substrate, which acted as a BPs. The corrosion resistance for coated
55304 and Ti was 215 and 200 times improved, respectively, compared to untreated Ti.
The superior corrosion-resistant properties were claimed to be due to the nano-composite
structure of TiN and ZrN, which forms a dense column-like microstructure that becomes
impermeable to the corrosive medium. There was a slight increase in the resistance due to
the deposition of the coating [145].

4.2. Stainless Steel Bipolar Plates

Titanium bipolar plates (BPs) are expensive and difficult to work with when com-
plicated flow patterns need to be machined. Stainless steel is an alternative as it is less
expensive and there is less susceptibility of hydrogen embrittlement and it is easier to
machine compared with titanium [32,146,147]. A lot of research has been focused on re-
placing titanium with stainless steel; the main issue is that stainless steel is not as corrosion
resistant as titanium under electrolysis conditions. In the case of stainless steel, due to
oxidation during the process, Fe?* and Ni?* cations are formed, and they may be released
in the solution and diffuse to the catalyst-coated membrane (CCM) thereby decreasing the
stability and activity of the PEM electrolyzer [148-150].

Titanium and platinum are coated on stainless steel BPs to protect it from passivation.
The vacuum plasma spraying method was used to deposit a dense titanium coating on
stainless steel (BPs), and a thin layer of Pt was deposited on Ti by the plasma vapor
deposition method. Electrochemical characterization showed that the coating could protect
the stainless-steel surface from corrosion. For the stability test, the Pt/Ti coating was
evaluated in a PEM water electrolysis cell for about 200 h with an average degradation
rate of 26.5 uV-h~!. When the same coated BPs were used in the PEM water electrolysis
stack, it showed a very low degradation for 1000 h of operation. In the same work, (8 wt%
Pt/Ti) was deposited by the physical vapor deposition to obtain a thick 60 um coating, and
the coated plates were tested in a PEM electrolyzer with a simulated feed. When only Pt
was deposited on the stainless-steel plates, they reported pitting corrosion on the plate. An
optimized thickness of 30 um was suggested to reduce the thickness of the film as well as
the cost of the overall stack [32].

A similar approach of the successive deposition technique was used to deposit Ti
by vacuum thermal spraying (VPS) and electrodeposition of Au. The coating of Au/Ti
had a thickness of about 30.8 pm with a roughness factor of 0.64. The roughness of Ti
layer provided good adhesion to the electrodeposited Au nano particles and caused a
decrease in interfacial contact resistance. The interfacial contact resistance was 10 mQ).cm?
at 150 N-cm?, the coating was tested in a simulated feed that mimicked the PEM water
electrolysis anode environment. Under these conditions, the Ti coating protected the
stainless-steel substrate for a long time. The Au was detached after 6 h at 2 V vs. RHE [151].

Ti-coated stainless steel BPs were used in the PEM water electrolysis and tested
for 1000 h at 1 A-cm~2. The coating was reported to protect the plate from passivation.
However, when it was used at the cathode and came into contact with carbon GDL,
degradation took place. For the anode side, the coating was further modified by a 1.5 um
Pt layer to form a Pt/Ti interface. The dual-coated layers gave the highest performance for
the PEM water electrolysis for both the anode and cathode. It was also evaluated that there
is no need for any coating when stainless steel is used at the cathode side; it was further
proposed that cheaper alternatives, such as Cu or Al can be used at the cathode side [147].

Different parameters were altered to deposit Ti coating on stainless steel BPs by
vacuum plasma spraying to obtain the thick coating. Ti powder (45 pm) was sprayed in the
absence of oxygen to obtain oxygen-deficient TiO,. which is more conductive than TiO,.
The coating ensured less corrosion current and protected the stainless-steel BPs [152].

A dual-layered coating of Nb/Ti was deposited by successive steps of vapor phase
sputtering to Ti (50 um) followed by magnetron puttering of Nb (1 um) to deposit Nb/Ti
over a stainless-steel substrate. Figure 9d shows the low and high magnification images
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of a cross-sectional SEM of the substrate with Ti and Nb coatings. The Nb surface coating
reduced the interfacial contact resistance by one order of magnitude compared to the
unmodified Ti. Interfacial contact resistance was measured by changing the compaction
forces (Figure 9e). The electrical properties did not change even after the formation of
Nb,Os5 on the surface of Nb. The PEM electrolyzer equipped with the Nb/Ti-coated BPs
were tested as an anode for 1000 h at 1 A-cm~2 which showed stable cell performance. The
Nb layers showed cracking due to H, embrittlement, which showed only the anode side
bipolar plate should be modified with Nb [139]. Potentiostatic and potentiodynamic tests
with non-coated metals, such as molybdenum, 354 SMO, tungsten, AISI 316 L, AISI 304 L,
Inconel 625, niobium, and tantalum, at potentials of 2 V vs. SHE (Standard Hydrogen
Electrode) were carried out. Niobium and tantalum metals showed an increase in interfacial
contact resistance whereas Ti showed little increase in potentiostatic test for one hour. The
polarization test at 2 V for a longer period showed an increase in ICR also for titanium. It
was reported that the ICR increase was due to the formation of oxide layer on the metal
surface [138].

The electrodeposition method was also used to deposit RuO; on the ferritic stainless-
steel plate which was used as a BPs. In the deposition solution, HNO3; was added to
RuCl3.xH>O which helped to stabilize the deposited RuO,. The interfacial contact resis-
tance (ICR) measurement showed that the deposition of RuO, on stainless steel had a
positive effect and caused the interfacial contact resistance value to decrease. The ICR
values were 2.4 and 2.2 mQ.cm? at 150 N-cm 2 under an air and H,-purged environment,
respectively [153]. A total of 10 nm Au was deposited on SS316 L material, the area specific
resistance of the coated sample with a flat surface was 0.9 mQ.cm? and for the BPs was
6.3 mQ).cm? at the compaction force of 60 N-cm~2. The corrosion current density for 24 h
potentiostatic condition was 1 ptA-cm~2 at 0.8 V/NHE (Normal Hydrogen Electrode) in
simulated cathode conditions [154].

A detailed study was performed to evaluate a low-cost material for BPs, and the
material tested included coated stainless steels (55316L, 55321 and SS904L). Deposition by
the physical vapor method was used to coat layers of CrN/TiN, Ti/TiN, Ti, and TiN on
stainless-steel BPs. After the corrosion test in the simulated feed, the ICR was measured.
The ICR changed from 4.3 to 3.7 mQ.cm? for Ti/TiN on SS316L and for Ti/TiN on SS321 it
changed from 10.0 and 9.6 mQ.cm? [155].

Multicoated layers of C + CrN were deposited over SS316L by cathode arc-ion plating;
the multilayer was made up of 1.22 um, CrN and the layer beneath was a 7 nm carbon
layer. The corrosion current density evaluated from electrochemical tests in a simulated
cathodic and anodic feed was 0.07 pA-cm~2 and 0.12 pA-cm ™2, respectively. The simulated
feed consisted of 0.1 M H,SOy and 2 ppm HF, and the ICR was 12 mQ-cm? at a compacting
pressure of 150 N-cm ™2 [156].

5. Performance of PEMWE According to Operating Conditions

Optimization of operating conditions for PEMWE is important for the performance of
catalysts and to carry out the electrolysis operation with low voltage loss. Although the
importance of optimization has been underestimated, many recent studies have reported a
rapid performance improvement of PEMWE [35,56,157-168]. This section summarizes the
research on the improvement of performance and durability through the optimization of
each component of PEMWE.

5.1. Operating Temperature

Generally, electrolyzers operate at high temperatures to achieve high efficiencies. The
performance of PEMWE according to temperature was studied electrochemically by Choi
et al. [157]. They operated the PEMWEs at temperatures of 75, 80 and 85 °C, and the current
density increased with increasing temperature under the same MEA conditions (Figure 10a).
As for the increase in current density due to the increase in temperature, it was confirmed
through EIS analysis that the increase in ionic conductivity had a significant effect on the per-
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formance improvement. Nafion increased its ionic conductivity to 0.191 S-em~1,02S-cm™1,

and 0211 S-em™1, respectively, at temperatures of 75, 80, and 85 °C. Additionally, as the
operating temperature increased, the activation potential decreased, which exponentially
improved performance with an increase in exchange current density. However, there is a
limit to the improvement of cell performance because the electrolyte vaporizes at operating
temperatures above 100 degrees. Kai et al. proposed a pressurized operation to prevent
a decrease in liquid saturation and water shortage that occurs at high temperatures [158].
They raised the temperature to 120 °C and raised the pressure to 0.22 MPa to prevent the gas
saturation from rising above 0.3, and the overvoltage decreased from 1.57 to 1.51 V Figure 10b.

M. Chandesris et al. developed a 1D PEMWE model that incorporated the chemical
degradation of membranes [159]. They studied the time change in membrane thickness
when applying a constant current density and reported that at 333 and 353 K, the time for
membrane thickness to decrease below 50% decreased from 35,000 to 8700 h, respectively, as
shown in Figure 10c. When the membrane becomes thinner, oxygen and hydrogen crossover
can occur, which can cause an explosion. Inaba et al. reported a sharp increase in the cross
current of hydrogen with increasing temperatures from 60 to 80 °C (Figure 10d) [160].
Yoshitake et al. reported that the tensile strength of Nafion decreased with increasing
temperature [161]. Therefore, the increased flexibility of the membrane due to the increase
in temperature is considered to be the main cause of gas crossover.
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Figure 10. (a) Polarization curves of PEMWE at the different operating temperatures [157].
(b) Recommended region of operation pressure at each current density [158]. (c) Time evolution of the
membrane thickness in percentage at 1 A-cm~2 at 333 K and 353 K. Plain lines: coupled model taking
into account the thinning of the membrane; dotted lines: linear model without coupling with the
membrane thinning. Reproduced with permission [159]. Copyright (2015), Elsevier Inc. (d) Effects
of gas pressure on Hj crossover current density at different cell temperatures. Reproduced with
permission [160]. Copyright (2006), Elsevier Inc.
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5.2. Flow Rate

The flow rate has a large impact on performance in PEMWE. OER and HER effectively
occur only when electrolyte is continuously supplied to the anode and cathode. The generated
gas must be discharged to prevent performance degradation due to mass transfer loss.

Ogumerem et al. reported a 33% increase in the current density value at 2.5 V under
the 300 mL min~! and 0.5 T magnetic flux density working conditions (Figure 11a,b) [162].
The increase in flow rate is explained by reducing the ohmic resistance by eliminating the
non-uniform bubble distribution between the electrolyte and electrode interface [35,163].
Moreover, higher flow rates allow for faster product outgassing from the electrode surface
and thus reduce mass transport losses [164].

Choi et al. measured PEMWE performance at flow rates of 25 standard cubic cen-
timeters per minute (sccm), 50 sccm, and 75 scem (Figure 11c) [157]. At the same voltage,
the current density increased with a decreasing flow rate. On the other hand, Lopata et al.
reported results in which performance decreased with increasing flow rate [165]. They
recorded a maximum current density at 1.0 mL-min~! and then the performance decreased
as the flow rate increased (Figure 11d). These differences are due to differences in the
conditions of the PTL or the shape of the channel. Therefore, it is important to find the
maximum flow rate value that represents the maximum current density according to the
shape of the PEMWE.
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Figure 11. Effect of flow rate on the performance of the: (a) non-magnetized, and (b) 0.5 T magnetized
PEMWE cell. Reproduced with permission [162]. Copyright (2020), Elsevier Inc. (c) Polarization
curves of PEMWE at the different flow rates [157]. (d) Current density vs. the anode water feed rate
for the 4 cm?> PEMWE cell under potentiostatic control at 55 °C. PTL pore opening sizes are given in
the legend [165].
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5.3. Hy Pressurized Operation

Production of pressurized hydrogen in the stack avoids additional mechanical com-
pression, reducing costs, and increasing efficiency at the system level. The current standard
operating range for commercial PEMWE is approximately 60-80 °C, 30 bar, and a nominal
current density of 2 A-cm~?2 [44]. Recently, many researchers have reported studies on the
production of high-pressure hydrogen directly from the PEMWE stack.

Zhang et al. developed a five-cell PEMWE stack capable of withstanding 50 bar and
a catalyst-coated proton exchange membrane to form a membrane electrode assembly
MEA [166]. The PEMWE stack produced a constant level of hydrogen in the range of 0 to
50 bar without significant change (Figure 12a). The contact resistance between the MEA
and the metal bipolar plate was reduced and the gas pressure generated had little effect on
the electrolysis performance.
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Figure 12. (a) Effect of gas production pressures on the stack performance. Reproduced with
permission [166]. Copyright (2021), AIP Publishing. The volume fraction of Hy (Xg,) in the Op—
containing anode gas vs. current density for PEMWE operation at different H, partial pressures
and ambient pressure in the anode compartment at 80 °C based on the H, permeation rates for
(b) Nafion117 and (c) Nafion 212 [168]. (d) Polarization curve with PSL/mesh-PTL at a pressure
of 1 and 90 bar at 52 and 90 °C up to 6 A-cm~2. The dashed lines represent the simulated polar-
ization curve of PSL/mesh-PTL at 1 and 90 bar as well as 90 °C up to 6 A-cm 2. Reproduced with
permission [167]. Copyright 2021, John Wiley and Sons.

Bernt et al. analyzed the gas permeation phenomena of Nafion 212 and Nafion 117
under a high-pressure operation of 30 bar [168]. Under normal conditions, the thinner
Nafion 212 (51 pm) had a higher current density than the Nafion 117 (178 um). However,
as the operating pressure was increased from 1 to 30 bar, the hydrogen concentration in
oxygen increased more rapidly than 212 to 117 under low current operating conditions
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(Figure 12b,c). Under the high current condition of 4000 mA or more, the hydrogen
concentration showed a safe level of less than 2%.

Stiber et al. showed that the PEMWE cell operated successfully under the conditions
of 52 °C and 95 bar [167]. They were also able to predict the performance at 1 and 90 bar at
52 and 90 °C using a simple numerical model based on the Nernst equation (Figure 12d). It
proved that PEMWE can produce high-pressure hydrogen without a mechanical compres-
sor as there is no significant difference in cell performance due to the pressure difference.

6. Summary and Outlook

This review discussed the oxygen evolution catalysts and two main components of
PEM electrolyzer, the GDL and BPs. Operating conditions were also discussed to improve
the performance of the PEM electrolyzer. The development of proton exchange membrane
water electrolysis has considerably evolved due to its high-power density, flexible handling,
and environmental benignity. As the high overpotentials at the anode, which comes from
the oxygen evolution reaction in acidic conditions, far reduces the overall energy efficiency
of the system, iridium-based catalysts have been rigorously suggested as the practically
usable catalysts owing to the significant stability as well as the excellent activity. In this
perspective, iridium is an indispensable catalytic material that directs the research of anode
catalysts to improve the activity and durability of iridium-based electrocatalysts through
many different attempts, such as nano structuring, alloying with hetero metals (oxides), and
deposition on 1D or 2D conductive substrates. The ultimate goal of iridium-based catalyst
research is to significantly reduce the mass of iridium and to increase both the activity
and durability of the engineered catalysts. Accordingly, this review only handled the OER
catalysts, which are (i) iridium-based materials that have been (ii) applied to actual PEMWE
cells, to closely focus on the practicality of the PEMWE system. Furthermore, as there are
many other challenges, such as electrode and cell design other than the electrochemical
activity, that determine the overall performance of PEMWE cell, catalysts only with a
half-cell OER performance have not been considered.

Several techniques for catalyst design were discussed, which aimed to improve the
catalyst’s intrinsic activity, reduce catalyst loading and improve the stability of the catalyst.
A core shell catalyst system is also being investigated with the least expensive material in
the core and an Iridium catalyst on the shell side. The alloying of Iridium allows the Ir to be
present in different oxidation states such as (+3 and +4) and decreases the binding energy
of oxygen intermediates on the surface. These factors are responsible for improving the
activity of the alloyed catalyst. Anchoring Iridium on conductive supports is also one of
the catalyst designs which has been thoroughly investigated in the literature; this catalyst
design enhances the active surface species, renders the agglomeration of nano particle
catalysts and improves the conductivity of the catalyst.

More attention is still required to increase the catalytic activity of the OER catalysts
with new design strategies, such as Iridium bimetallic and trimetallic catalytic systems
that can decrease the iridium loading with equivalent catalytic activity and stability. Ad-
vanced characterization techniques will be needed to understand the nature of active sites
and reaction mechanisms on these catalysts. The stability of the alloyed and supported
catalysts is still one of the challenges and more research focus is needed to overcome this
problem. Discussion on the various iridium-based material modifications for improving
the performance of PEMWE in Section 2 of this review would provide insights into how to
make PEMWE a more practical system for widespread commercial operation.

GDL are also an important component of PEMWE, and this paper reviewed several
methods by which GDL have been designed to improve performance. MPL with micron
size have been reported to show improved contact between GDL and the membrane. Other
novel methods have also been reported for the fabrication of a thin tunable gas diffusion
layer, which offers very low ohmic resistance and improves water electrolysis performance.
Electrodeposition of a catalyst on GDL with optimized loading has also been one of the
methods to not only improve catalyst dispersion but also help to decrease the corrosion of
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GDL. Low-cost and corrosion-resistant GDL are required to decrease the cost of the PEM
electrolyzer and improve the overall stability of the system. There is a need to engineer
GDL with specific pore sizes to improve the gas diffusion and improve the electrical contact
with the current collector. MPL-modified GDL needs to be studied in more detail, and
there is also a need to improve the deposition methods of an MPL on a GDL. Pore-graded
GDL with different porosity at the catalyst layer and the current collector is efficient in
improving the catalyst dispersion on the GDL and avoiding catalyst loss due to the filling
of larger pores in foam-based GDL. Novel techniques in GDL fabrication, such as thin
tunable GDL with a thickness of 15 micrometer have been shown to improve ohmic contact
and improve the overall performance of the PEM electrolyzer. More research is needed in
this direction to engineer GDL with very low thickness while retaining similar or better
electrical, corrosion-resistant, and mass transport properties.

BPs experience a harsher environment due to the acidic medium; the anode side tends
to oxidize, which increases the interfacial contact resistance. This review addressed both
titanium and stainless-steel BPs passivation techniques using various techniques, such
as electrodeposition, sputtering, and vapor phase deposition. The main challenge in this
research is the replacement of Ti BPs with stainless steel, which is relatively cheaper but
more susceptible to corrosion. Different protective coatings based on Pt, Au, Ta, and Nb
have been reviewed as the protective coating of BPs. It is still a challenge to improve
stability without increasing interfacial contact resistance. Passivation with noble metals,
such as Pt and Au, are reported to achieve lower interfacial contact resistance and improve
the efficiency of the process. However, the use of noble metals needs to be avoided to
decrease the cost of the electrolyzers. Other methods, such as nitridation techniques and
passivation with non-noble materials, such as Nb, can offer a low-cost alternative for the
passivation of BPs.

Optimizing the operating conditions of PEMWE is an important factor in enabling
the performance of catalysts and membranes to be reproduced without compromising
performance. Operating the cell at a high temperature increases the amount of hydrogen
generated by reducing the overvoltage, but it causes a sharp decrease in the lifespan due
to the deterioration of the membrane. The circulation speed of the electrolyte affects the
performance which depends on the shape of the flow channel. It is necessary to optimize
the flow rate according to the characteristics of the cell. PEMWE can produce pressurized
hydrogen, which can reduce the cost of hydrogen production, but the pressure must be
adjusted according to the characteristics of the membrane, and the concentration of oxygen
in the hydrogen must be analyzed to prevent explosion. For the commercialization of
PEMWE, the operating conditions at the stack-scale needs to be further studied.
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