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Abstract

Hydrogen produced by proton exchange membrane (PEM) electrolysis technology is a
promising solution for energy storage, integration of renewables, and power grid stabi-
lization for a cross-sectoral green energy chain. The most expensive components of the
PEM electrolyzer stack are the bipolar plates (BPPs) and porous transport layers (PTLs),
depending on the design. The high cost is due to the fact that the employed materials
need to withstand corrosion at 2 V in acidic environment. Currently, only titanium is the
material of choice for the anode side. We use vacuum plasma spraying (VPS) technol-
ogy to apply highly stable coatings of titanium and niobium to protect stainless steel
BPPs from the oxidative conditions on the anode side. The latter is able to decrease the
interfacial contact resistance and improves the long-term stability of the electrolyzer.
Furthermore, porous transport layers (PTL) can be realized by VPS as well. These coat-
ings can be produced on existing titanium current collectors acting as macro porous lay-
ers (MPL). Lastly, free standing multifunctional structures with optimized tortuosity,
capillary pressure and gradient porosity are used as current collectors. The coatings and
porous structures developed by VPS enable the reduction of the required material and
costs without performance losses.

Keywords: coatings, PEM electrolysis, PEM electrolyzers, bipolar plates, cost, current
collectors, gas diffusion layer, GDL, hydrogen production
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1. Introduction

On November 4, 2016, the Paris Agreement entered into force aiming to limit the global tem-
perature rise to at least 2°C above the pre-industrial level [1, 2]. To achieve this goal, the neces-
sary worldwide net zero carbon emission point is expected to be reached between 2045 and
2060 [3]. The energy sector represents worldwide the biggest greenhouse emitter but thanks
to the resent progress in renewable energy technology such as wind, water and solar, the total
energy consumption is to be substituted by green energy. However, those energy sources are
strongly fluctuating and difficult to control increasing the need of large-scale energy stor-
age. Independently of geological environment, water electrolysis is a promising technology
to convert electricity to chemicals such as hydrogen and oxygen by splitting water. Hydrogen
is the basis of all relevant energy carriers and enables even the connection of different sectors
such as mobility or industry, the two other main greenhouse gas emission sources.

Already in 1800, William Nicholson and Anthony Carlisle established a new field in chemis-
try by splitting water by using direct current, that is, the electrochemistry [4]. It was Russell
and co-workers who published first in 1973 the use of a solid polymer electrolyte (SPE) and
anticipate the huge potential for a future energy market [5]. The two main technologies for
a sustainable hydrogen production are Alkaline- and polymer exchange membrane (PEM)
electrolyzers. Alkaline electrolysis is a well-established and mature technology. However,
based on efficiency [6, 7], flexibility [8] and power density [6, 9, 10], the potential of economic
hydrogen production by PEM electrolysis is higher, which justifies the increased interest in
this technology even if it is more costly. On the other hand, open questions regarding dura-
bility and degradation remain. Moreover, the needs of rare and expensive metal, which are
required to withstand the harsh acidic conditions, delay the large-scale penetration of PEM
electrolyzers in the market. Indeed, potentials up to 2 V, pH values between 2 and 0 in oxy-
gen-saturated environment require outstanding properties of the used materials.

Currently, there is no PEM electrolyzer supplier who does not use iridium as an oxygen evo-
lution reaction (OER) catalyst, which is the rarest metal on earth. However, it is not the electro
catalytic material the one that dominates the production costs of the PEM technology. In fact,
the metallic parts such bipolar plates and porous transport layers are the most expensive com-
ponents of a PEM electrolyzer stack. The main part of a PEM electrolyzer system is the stack
consisting of several cells. Each cell consists of an anode (oxygen evolution reaction, OER)
and a cathode (hydrogen evolution reaction, HER) separated by an acidic proton conductive
membrane. Figure 1 presents a scheme illustrating the working principle of PEM electro-
lyzers as well as the internal components. In most cell designs, the electrodes are attached
directly to the proton exchange membrane. This membrane electrode assembly (MEA) is the
core component of a PEM cell. Current collectors, also called porous transport layers (PTL),
on both sides of the MEA are permeable to water and the product gases, allowing electric cur-
rent to flow to and from the electrodes. The two half-cells are surrounded by bipolar plates
(BPP), which have usually flow fields. Their function is to transport the reactant water to the
membrane-electrode interface and remove the product gases.

Depending on design, the stack accounts for up to 60% of the overall system cost [11]. The
PTL and BPP can be defined as interconnectors and correspond to 50-70% of the stack costs
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Figure 1. Scheme of a PEM electrolyzer cell. The anode side is filled with water, which diffuses through the PTL to the
iridium electrode. The liquid is subsequently spitted into O,, 4e” and 4H" by theoretical potentials >1.23 V. The protons
are transported to the cathode side by the PEM and combine at the cathode with the electrons from the external circuit
forming hydrogen gas.

[7, 11]. These require stable metals mainly on the anode side of the electrolyzer, which is the
electrode that splits water into protons, electrons and oxygen. Titanium is the state of the art
material for manufacturing BPPs and PTLs. A thin layer of TiO_ passivates the metal protect-
ing it from further degradation and corrosion. However, the material is costly and difficult
to manufacture. Furthermore, the semi-conductive behavior of titanium oxides decreases the
efficiency requiring often the use of a protective coating to decrease the contact resistance and
prevent the oxidation of titanium.

In this chapter, we introduce the reader into the possibility of reducing the predominant asset
of the investment cost for PEM electrolyzer by using protective and easily up-scalable coating
technologies. Vacuum plasma spraying, a versatile applicable technology to apply various
types of coatings to a wide range of surfaces, is used to produce highly stable and multifunc-
tional coatings for cost-effective interconnectors of PEM electrolyzers.

2. Protective and multifunctional coatings for PEM electrolysis

2.1. Vacuum plasma spraying (VPS)

The Swiss engineer Max Ulrich Schoop can be considered as the inventor of the thermal spay-
ing technology which he patented in 1909. Compared to electro/electroless plating, chemical
vapor deposition (CVD) or physical vapor deposition (PVD) coating techniques, the “thermal
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spray” family enables the production of thick layers of several tens of microns with con-
trolled porosity at scalable production rates. Several metallic and ceramic powders between
some nanometers and several hundreds of micrometers can be used as spraying material.
Interestingly, the plasma spraying technology is very suitable for the production of low-cost
BPPs based on stainless steel substrate and PTLs due to the mechanical stability and relevant
thickness of the produced layer [12].

The main part of this technology is the torch, where the gas flows through the annular gap of a
finger like cathode and a concentrically surrounding anode. The gas consists of a mixture of Ar,
N,, H, and He, and it becomes ionized by electric arcs between the electrodes of several hun-
dred amperes and heats it up to at least 10,000°C. The heat enables the complete or semi melting
of the powder and accelerates it in to direction of the substrate [14]. The plasma enthalpy, the
powder injection technology and particle size of the material affect this process. A completely
melted particle is ideal for producing dense and protective layers. Conversely, partly melted
particles can be used for manufacturing porous coatings for multiple purposes. Figure 2a and b
shows a scheme of VPS spraying technology and photo of the plasma torch, respectively.

Aerospace application dominates the use of thermal spry technology, but other industries
and especially the automotive sector show an increased interest. An extended overview of
all kind of thermal spray technologies and their applications can be found in “Thermal Spray
Fundamentals” from Powder to Parts [13]. For PEM electrolyzers, the thermal sprayed coat-
ings need to be highly conductive and thus required the absence of oxygen during the spraying
process in order to prevent the formation of semi conductive titanium oxides. In this context,
the use of a vacuum chamber is necessary for producing high purity titanium coatings.

2.2. Coated low-cost bipolar plates

In conventional PEM water electrolysis systems, the bipolar plates are often one of the most
expensive components accounting for 51% of the stack cost [11, 15-17]. This is due to the high
amount of expansive materials such as titanium and the complicated production of this com-
ponent [18]. The bipolar plates need to meet the following requirements [15, 19-21]:

—
o
—
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Figure 2. (a) Scheme of VPS spraying technology and (b) photo of the plasma torch [13].
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1. Separation of the gases on the anode and the cathode side

2. Current transfer from the positively charged anode to the negatively charged cathode side
3. Optimal water distribution over the active area toward the anode-side electrode structure
4

. Transport of the produced gases

Given these specifications, the materials used for manufacturing conventional bipolar plates
must have the following properties [15, 20]:

1. Good electrical and thermal conductivity for very high currents and small contact resistances

2. Optimized flow field for the distribution and inflow of water to the electrochemically
active surface of the electrodes and at the same time optimized removal of the produced
gases

3. Cathode side: resistance to hydrogen embrittlement and oxidation

4. Anode side: corrosion resistance against oxygen in acidic media and voltages up to 2 V

Rarely, the anode and cathode sides of the bipolar plates are physically two separate plates.
That is why the corrosive operating conditions of the anode side and the contact to the acidic
membrane determine the material selection [16, 21]. In fact, bipolar plates consist almost
exclusively of titanium. The material price of pure titanium (grades 1-2) [6] is comparatively
high and the processing is difficult due to its brittleness [18, 22]. Often, a flow field must
be chemically etched, resulting in an increase of production cost. Under the aforementioned
conditions, the formation of a passive and poorly electrically conductive oxidation layer on
titanium is undesirable [23, 24]. Furthermore, the formation of unstable hydroxides at the
cathode should be prevented. Both phenomena lead to ohmic losses due to increase of contact
resistance and drop in efficiency [25]. These negative effects can be prevented by an additional
coating or surface modifications with noble metals [18-28]. Platinum is for this purpose the
state of the art material.

In commercial PEM electrolyzers, the anode side requires an anticorrosive layer when using
alternative bulk materials such as stainless steel, copper or aluminum to substitute titanium.
The corrosion of non-noble metals would release dissolved ions, which poison the MEA, result-
ing into a strong degradation [28, 29]. On the other hand, these are easy-to-process materials
can be coated with corrosion resistant materials through various coating processes. Thin film
coatings of Au [30], TiN [31], TiN/C [32], TaN [33] and SnO,: F [34] have already been investi-
gated for protecting metallic bipolar plates for PEM fuel cells. All these materials and coatings
can hardly withstand the strongly oxidative conditions of the cathode side of the fuel cells and
would do so even less under PEM electrolysis conditions. In this regard, a thick film coating
is necessary and vacuum plasma spraying technology (VPS, 50 mbar) was chosen to produce
protective coatings of Ti for stainless steel (ss, 316 L) BPPs. Titanium particles of 45 um were
completely melted by achieving a plasma enthalpy of 21.3 M] kg™ and deposited on preheated

73



74 New Technologies in Protective Coatings

stainless steel BPPs. The number of sweeps of the torch over the substrate defines the thick-
ness of the coating. Post-treatment of capillary sealing with an epoxy resin allows for closing
possible holes end imperfections and guarantees the complete separation of the stainless steel
from the acidic environment of the electrolyzer.

Figure 3a shows a scanning electron microscopy (SEM) image of the Ti coating produced by
VPS on a stainless steel BPP (92 E Stack, Hydrogenics). The coating covers the whole surface
of the flow field channels as well as the edges and contact area. Figure 3b presents a magni-
fied image to the coating where the small holes and imperfections are observable. The rough
surface of the coating is polished after the sealing process to provide a conductive and uni-
form contact area to the porous transport layer. Nevertheless, an additional thin film coating
is necessary to prevent the oxidation of the titanium coating and reduce the contact resistance
for lower overpotentials, resulting in higher efficiencies.

Platinum is a common material used in the industry as anti-passivation coating for titanium.
It has an outstanding conductive behavior but is highly expensive and rare and the substitu-
tion of this material by cheaper ones is a pressing challenge. The alternative material for Pt
as a surface modification needs to fulfill all the previously mentioned requirements, having
better electric properties than TiO, but lower cost than Pt. Different valve metals, such as Nb,
V, Zr, W, Ti, Ta, Hf, etc. can be considered for this purpose while Nb is the most promising
one given its low cost (almost three orders of magnitude lower price) and abundance on the
earth crust. Thin films of Pt and Nb were deposited on the thermal sprayed coatings of Ti by
magnetron sputtering physical vapor deposition (PVD). The measurement of the interfacial
contact resistance (ICR) of Nb/Ti and Pt/Ti coatings on stainless steel (Figure 4), Nb/Ti/ss and
Pt/Ti/ss, depicts the significantly improved electric behavior of Nb/Ti compared to uncoated
Ti, yet not comparable to Pt/Ti. The results suggest that Nb coatings by thermal spraying can
be sprayed directly on stainless steel to function as both, corrosion protective layer and sur-
face modification for better conductivity.

Cross-section images of Ti-coated samples with surface modifications of Nb can be seen in
Figure 5a and b. Figure 5c¢ presents a stainless steel sample coated Nb coating without the
intermediate layer of Ti. The image highlights the marked differences between the two sub-
strates for the Nb film which influence the morphology and the adherence properties. The Nb

Ticoating ~_

Channel

£
“4Ti coating:

o

"~ Stainless steel BPP

Figure 3. (a) SEM image of coated stainless steel BPP (92E Stack, Hydrogenics) with flow field channels and (b) cutaway
of the Ti coating.
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Figure 4. Interfacial contact resistance (ICR) of Nb-coated titanium, Ti-coated stainless steel without surface modification
as well as with surface modification by Pt and Nb respectively [35, 36].

coating has preferred orientated crystals in (110) with the size between 10 and 20 nm. While
some peaks for Ti can be observed in the X-ray diffraction (XRD) presented in Figure 5d, no
reflections of stainless steel components can be detected.

Corrosion tests in simulated PEM electrolysis environment account for the high stability of the
coatings. Initially, potentiodynamic measurements were performed at low potential sweep
rates to determine the corrosion current (i ) and potential (E_ ) of the pristine samples.
Afterwards an accelerated stress test (AST) for 6 h at 2 V vs. Reversible Hydrogen Electrode
(RHE) in O,-saturated 0.5 M H,SO, was performed, and the resulting current transient rep-
resents the stability against corrosion and dissolution of the substrate. Finally, a second
potentiodynamic measurement records the material changes. As can be seen in Figure 6a, all
Ti-coated samples show almost exactly the same behavior than bulk titanium foil (blue curve).
However, one can see that the thin coating of Nb by magnetron sputtering PVD is not suf-
ficient to protect the stainless steel against corrosion (inset Figure 6a) and the sample experi-
ences pitting corrosions. The current transient for Nb on stainless steel is constantly increasing
at a current density level of almost three orders of magnitude higher than the other samples
which passivate after approx. 1 h.

The potentiodynamic characterization of the materials is able to provide a detailed overview
of the corrosion processes. Before the AST (Figure 6a), the E__ for all samples is approx. 0 V
in which the cathodic reaction of hydrogen evolution takes place. While all protected samples
show a wide passivation region up to 2 V vs. RHE, the Nb/ss specimen displays a trans-passive
region at potentials higher than 1.2 V vs. RHE where Fe and Cr oxides dissolve. These oxides
as well as molecular O, are reduced during the second characterization protocol (Figure 6c)
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Figure 5. (a) and (b) SEM images of stainless steel samples with Nb/Ti coating. (c) Nb film directly deposited on stainless
steel and (d) the XRD spectra of Nb/Ti/ss [35].
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Figure 6. Galvanostatic measurements (AST) of the samples Ti/ss, Nb/Ti/ss, Nb/Ti and insert for Nb/ss with adjusted
scale in (a) as well as potentiodynamic material characterization before (b) and after (c) the AST [35].
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in a cathodic reaction, shifting the corrosion potential of Nb/ss to 0.7 V vs. RHE. From these
results, one can conclude that the layer of Ti is able to protect the stainless steel substrates
against corrosion, while a much thinner PVD coating is not sufficient for this purpose.

The use of stainless steel as bulk material of BPPs can reduce the material cost. Additional cost
reduction can be achieved since stainless steel is easier to machine than titanium. The price of
the Ti coatings can be estimated to 30.8 USD m™ if industrial production rates can be achieved.
This is in sum less than the half for coated stainless steel BPPs than for massive Ti BPPs. The
use of Nb instead of Pt as surface modification can additionally reduce the material costs for
BPPs. However, the superior electrical properties of Nb vs. Ti observed for the ICR measure-
ments need to be demonstrated in real conditions of PEM electrolyzers. A rainbow stack was
assembled to investigate the impact of surface material on anode and cathode side. The coat-
ings were tested and compared to commercially coated-titanium BPPs. The cells are separated
in two categories: category 1 corresponds to cells with precious metal surface modification and
category 2 to cells with valve metals (Ti or Nb) on the surface on the cathode side, see Table 1.

The stainless steel BPPs were coated on both sides with titanium to avoid any possible gal-
vanic corrosion of the cathode surface when in contact with the MEA during standby periods.
However, titanium, in contrast to stainless steel, is not susceptible against hydrogen embrit-
tlement. Therefore, a protective coating or surface treatment on the cathode side for the mas-
sive titanium BPPs, as well as for Ti-coated stainless steel ones, is required. This assumption
is supported with the results presented in Figure 7, which correspond to a long-term perfor-
mance of the rainbow stack. The lower the cell potential (E_,) is, the higher the efficiency of
the PEM electrolyzers. Cells 4, 5 and 8, which have either Ti or Nb/Ti coatings on the cathode
side, show from the very beginning of the test, significantly worse performance compared
with those having Pt. The high E_ can be explained by hydrogen embrittlement of the valve
metals. After 500 h, the electrolyzer was switched off for several hours, and oxygen was able
to diffuse to the cathode side passivating even further the material. The consequence is a rapid
potential increase in the next 500 h of the test. The commercial cells and those coated with Pt

Cell BPP anode BPP cathode Category
1 Commercially coated Ti Commercially coated Ti 1
2 Commercially coated Ti Commercially coated Ti 1
3 Ti/ss Commercially coated Ti 1
4 Ti/ss Ti/ss 2
5 Pt/Ti/ss Ti/ss 2
6 Pt/Ti/ss Pt/Ti/ss 1
7 Nb/Ti/ss Pt/Ti/ss 1
8 Nb/Ti/ss Nb/Ti/ss 2

Table 1. Rainbow stack configuration: stainless steel BPPs (92E Stack, Hydrogenics) with the corrosion resistant Ti
coating: Ti/ss. BPPs with additional surface modification of Pt and Nb, Pt/Ti/ss and Nb/Ti/ss, respectively. E300 and
E400 MEAs (Greenerity) were used [35, 36].

77



78 New Technologies in Protective Coatings

cathode:
valve metal

cel

E_ IV

anode
precious metal

v T y T v T v T T T v T
0 200 400 600 800 1000 1200
t/'h

Figure 7. Durability test for 1000 h at constant current density of 1 A cm™.

on the cathode side show in general a much higher performance. Here, it is also possible to
distinguish the positive impact of the Pt and Nb surface modification for the anode side. Cell
3 has higher performance as cell 6 and 7 which have surface modifications. Those cells show
also a stable behavior during the entire testing protocol.

The post-mortem analysis of the BPPs proves the protective behavior of the thick film coating
of Ti even after 1000 h in real PEM electrolysis conditions. The SEM images of the BPPs show
in every case the protective effect of the Ti coating. Differences can be seen for the thin film
surface modification. For the anode side, Pt and Nb are still in well adhered to the titanium
coating (Figure 8b) and d), but for the cathode side, only Pt is still in contact to Ti. Figure 8¢
shows clearly that the Nb thin film coating is delaminated allowing for the oxidation of the
titanium beneath the Nb.

Summarizing, Ti coating produced by VPS is able to protect the stainless steel BPPs which
decrease significantly the material and fabrication cost of these components. In principle, it
should be enough to coat the anode side since stainless steel is highly resistant to hydrogen
embrittlement. Surface modifications with Nb for reducing the interfacial contact resistance
can substitute the expensive Pt without compromising performance and durability. Finally,
Nb could be sprayed by VPS directly on the stainless steel substrate thus avoiding the use of
PVD techniques, which are expensive and have low deposition rates.

2.3. Production of porous transport layer via VPS

The porous transport layer (PTL), current collector (CC) or gas diffusion layer (GDL) is another
key component of commercially available PEM electrolyzers. It assumes the following tasks:
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1. Transport of electrons from the catalytic layer to the bipolar plate
2. Transport of the gases produced at the electrode
3. Distributes of the water toward the electrode
Thus, an optimum of the electrical conductivity and the contact resistance as well as the mass
transport of the gases and water in the, respectively, opposite direction needs to be met. In

addition, the PTL on the anode side requires a large number of additional properties similar
to the BPPs:

Corrosion resistance for voltages up to2 V

1.

2. Suitable pore size and porosity [37]

3. Mechanical stability especially against hydrogen embrittlement from cathode crossover
4

. Sufficiently low thickness for an optimized removal of the resulting gases

o

Low contact resistance to the adjacent components: Anode catalyst layer and BPP

6. Possibility of up-scaling for industrial production of PEM electrolyzers in the MW to GW
range

On the cathode side, the state of the art is carbon paper, which is predominantly used in PEM
fuel cell technology. Fine stainless steel fibers, sintered plates and meshes can also be used.
Given the moderate conditions on the cathode side, the research concentrates currently to the
anode side current collector [38]. On the oxygen side, the environment is more corrosive for
these interconnectors because of the pure oxygen atmosphere, low pH and voltages of up to
2 V. For these reasons, corrosion resistant meshes, fibers, foams to sintered structures of tita-
nium or platinum are used [37-44], Figure 9.

The electrical resistance of the current collector depends on the porosity and the contact resis-
tance of the bipolar plate with the current collector and electrode. With decreasing pore size
and porosity, the electrical resistance of the current collector decreases [37, 40]. Optimum

/7
= Nb cathode
stainless steel BPP NS— _—

ss cathode

Nb/Ti coating

Date
Signsi A= AsB

Figure 8. Post-mortem SEM analysis after 1000 h in use as electrolyzer BPP. (a) overview, (b) Nb/Ti/ss anode, (c) Nb/Ti/
ss cathode, (d) Pt/Ti/ss anode, (e) Pt/Ti/ss cathode [35].
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Figure 9. Samples of porous transport layers: a) sintered titanium and below carbon GDL; SEM images of b) sintered
titanium, c) titanium felt, d) carbon GDL and e) mesh. Images courtesy of Fraunhofer ISE.

porosity of 20-50% and pore sizes between 10 and 13 um are determined with regard to elec-
trical resistance vs. mass transport issues [37]. With the use of sintered materials, the porosity
and pore size can be adjusted by the appropriate choice of the titanium particles, but the pos-
sibilities for upscaling are very limited [45]. On the one hand, meshes, fibers and foams are
less limited in terms of thickness and shape [46], and they are also cheaper to manufacture
[18], but the control of the pore size and porosity is more complex.

The interfacial contact resistance (ICR) from the current collector to the electrode is a decisive
factor for the reduction of the ohmic resistance and thus for the efficiency of a PEM cell [40].
The ICR can be greatly reduced by the use of precious metal coatings such as platinum [24, 36,
47, 48]. In PEM fuel cell technology, the problem of water management and contact resistance
has been solved by the use of a microporous layer (MPL) [49] which is applied to the gas diffu-
sion layer. The use of micrometer-sized, conductive and hydrophobic particles improves both
the contact resistance [49] and the water transport [50]. More than 149 refereed publications
have been published since 2002 on this topic in connection with the fuel cell but just one for
PEM electrolysis (ISI Web of Knowledge) [45].

Thereby it is possible to produce coatings with similar properties as the MPLs by VPS out of
titanium or other stable valve metals such as Nb. The benefit is to have a controlled contact
layer to the electrode, optimized contact surface, pore sizes, porosity, etc. The performance
of electrolyzer is typically characterized by a polarization curve. The potential is recorded
at different current densities. Figure 10 displays the performance of an electrolysis cell with
and without MPL. The inset shows a cross section SEM image of the MPL deposited on the
sintered Ti current collector. It can be seen that the polarization curve of the cell with MPL has
a lower slope than the one without MPL. The slope of the current potential curve is related to
a ohmic drop caused by a decrease of contact resistance. At high current densities and con-
sequently high gas production rates, the cell with MPL shows no mass transport limitation
meaning an optimized mass transport behavior, while the cell with standard PTL increases
rapidly the potential and a significant loss in efficiency is produced.

The mass transport properties of the MPL can be further improved by VPS coating technology,
and it can be applied on Ti meshes and all other mechanical stable structures. Furthermore, by



Protective Coatings for Low-Cost Bipolar Plates and Current Collectors of Proton Exchange Membrane Electrolyzers...
http://dx.doi.org/10.5772/intechopen.68528

3.4

3.2 4
3.0

282,

EIV

27

1.6

Without MPL

Figure 10. Polarization curves up to 6 A cm™ of PEM electrolyzer cells with and without MPL.

jIAcm?

image of the MPL deposited on the sintered Ti current collector [44].

90

80

70

60

T/°C

50

40

30

20

The inset shows an SEM

adjusting the spraying parameters, it is possible to produce such porous transport layer with-
out limitation of surface area by reducing the plasma enthalpy one is able to control the state
of particle melting and produce highly porous structures. Figure 11 shows some examples
of different porous structures produced with different Ti particle sizes, sweep numbers and
plasma enthalpies. Figure 11a depicts the production of a free-standing thin, highly porous
structure similar to the commercial sintered titanium. By use of smaller particles, a mixture of
sintered titanium and MPL can be produced which is mechanically stable and able to stand

100 pm

100 pm

Figure 11. SEM cross-section images of (a) free-standing porous layer of 125 pm particles, (b) free-standing porous layer
of 45 um particles, (c) porous layer of 45 um particles on BPP and (d) multi-functional layer of different particle sizes.
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alone as an independent porous transport layer (Figure 11b) or can be sprayed directly on the
BPP (Figure 11c). With VPS technology, thickness, porosity, pore size of the current collectors
can be finely tuned to determine important parameters such as capillary pressure, bubble
point and tortuosity.

3. Summary

Proton exchange membrane (PEM) electrolysis is a very promising technology for a sustain-
able hydrogen production and a comprehensive use of renewable energy. PEM electrolyzers
are efficient, have high energy densities, and are flexible enough to play an important role
for the integration of fluctuating renewables by power grid stabilizing effects. For a large-
scale commercialization, the technology needs to become more economically by produc-
tion cost reduction. Vacuum plasma spraying (VPS) technology is a promising tool to solve
pressing question about material substitution. By controlling the spraying parameters, as
well highly dense and protective layer can be produced as well porous structures for use
as porous transport layers. It handles thereby with the most expensive components and
allows the use of stainless steel as basis material for BPPs, which can be protected by VPS
coatings. This saves material and fabrication costs. By the use of Nb, it is potentially possible
to produce a protective but simultaneously highly conductive coating which may reduce
the BPPs cost significantly. By reducing the plasma enthalpy, the powder material can be
just partly melted to produce low cost and highly efficient components for use as porous
transport layer or any other function such as filter material. The possibilities are endless, and
VPS is therefore a promising technology, which can dominate the future PEM electrolysis
landscape.
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