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Porosity-Zoned Porous-Transport Layer for Proton-Exchange
Membrane Water Electrolysis by High-Velocity Flame Spraying

Kirsten Bobzin, Selina Finger,* Lidong Zhao,* Hendrik Heinemann, Elisa Olesch,
Katja Radermacher, Sabrina Pechmann, Dennis Possart, Silke H. Christiansen,
Darius Hoffmeister, Birk Fritsch, Simon Thiele, and Andreas Hutzler

The porous-transport layer (PTL) is a crucial component in proton-exchange

membrane water electrolyzers (PEMWE) enabling water and gas transport as well
as electrically contacting the catalyst layer (CL). To reduce the overall costs of
PTLs, a fabrication method by high-velocity oxy-fuel (HVOF) spraying is intro-
duced. Free-standing PTLs are obtained via the application of a titanium coating
onto a substrate and its subsequent separation and thermal treatment. The

obtained PTLs feature two sides of different roughness and porosity as analyzed
and visualized by X-ray microscopy. This way, the side with decreased porosity
(21%) is intended to function as a microporous layer, improving the contact with
the CL. The presented fabrication process promises decreased costs compared to
vacuum plasma spraying, a simplified, chemical-free mechanical separation of
the PTL from the substrate, and a high scale-up suitability. In the results, it is
demonstrated that HVOF can produce titanium PTLs with low oxygen content.
Additionally, PEMWE single-cell tests demonstrate that the sprayed PTLs perform

1. Introduction

Considering the energy transition needed
to tackle climate change, an energy carrier
is required to bridge the gap between the
supply and demand of inherently fluctuat-
ing renewable energies. Hydrogen pro-
duced by water splitting is increasingly
gaining interest as an energy carrier.
Proton-exchange membrane water electrol-
ysis (PEMWE) is one of the most promis-
ing technologies for producing green
hydrogen due to its high power densities
and ability to follow fast load changes.!"
However, the high costs of PEMWE
materials and the component manufactur-
ing processes present a major obstacle to
further market expansion.”” Anode-side

on par with a commercially available PTL material.
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components especially employ expensive

materials to withstand the harsh operation

conditions of high electrochemical poten-
tials, low pH environment, and elevated temperatures. The mate-
rials of choice are iridium and titanium based, which have been
proven to withstand these operation conditions.’! So far, sub-
stantial research efforts aimed at reducing the iridium content
in the catalyst layer (CL)”® or replacing titanium as the base
material for bipolar plates (BPP) by coated stainless steel.”"!
For the porous-transport layer (PTL), however, the replacement
of titanium seems not viable at this point. A different approach to
minimizing costs is urgently needed since 17% of the stack costs
account for the PTL.!! Potential for cost reduction lies in opti-
mizing mass and charge transport to increase PEMWE efficiency
and improving the PTL manufacturing process.”

Commercial anodic PTLs are produced by sintering titanium
powders or fibers and stamping or stretching titanium metal
sheets."!? They usually feature a nongraded structure with
homogeneous porosities of 30-50%.'>"*! The dominant task
at the two interfaces of the PTL differs, resulting in dissimilar
structural requirements. At the BPP-PTL interface, fast transport
(large pore phase) of reactants and products is needed. The
CL-PTL interface, in turn, demands low electrical contact
resistance (large contact area) and mechanical support for the
membrane and CL.***! In addition, the PTL plays a vital role
in the heat management of the cell.’® Hence, a nongraded
PTL structure is always a nonideal compromise.

Improving the CL-PTL interface has gained more attention due
to issues arising from decreasing the iridium loadings in the

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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CL" A reduction of the loading involves a decrease in CL thick-
ness. If the CL gets too thin, the in-plane electrical conduction is
interrupted. This leads to a performance decrease due to inactive
parts of the CL if a PTL with a large pore size is used.!"®

Recent literature examines the impact of PTL structural
properties on the PEMWE performance.'>'°2* For example,
PEMWE performance improvements are observed when the
pore size or porosity of the PTL is decreased with a lower
threshold defined by the PTL structure and mass transport
issues.'>1719%]  Additionally, membrane deformation is
reduced, opening possibilities for decreased membrane thick-
ness and, therefore, reduced ionic resistance and cost.*!

To balance the demands on the CL-PTL and BPP-PTL inter-
face, pore sizes or porosity throughout the PTL thickness need
to be tailored accordingly. Consequently, the manufacturing of
graded PTLs is currently intensively investigated."”*>*) In this
context, modifying the PTL fabrication processes bears the poten-
tial for cost reduction.**! In all fabrication processes, a PTL struc-
ture with low oxygen content is aimed for due to the need for high
electrical conductivity. Manufacturing routes for graded PTL struc-
tures include diffusion bonding of two layers with different struc-
tures, porosity, and pore size,*! co-sintering of powders with
different properties, ™ or altering PTL surface properties via las-
ing 2% Additionally, the fabrication of multilayered structures by
thermal spraying processes showed promising results.!**2*

In thermal spraying, powder- or wire-based feedstock materials
are heated, molten, or partially molten by a spray gun, accelerated
as particles in a gas stream, and impacted onto the surface of the
substrate to be coated. Upon contact with the substrate, the par-
ticles flatten, solidify, and cool down. Parts of the particles remain
attached to the substrate primarily by mechanical interlocking. A
roughened substrate surface promotes mechanical interlocking
and, thus, coating adhesion because overlapping particles form
a coating.®!! PTLs modified or fabricated by a process variant
of thermal spraying called vacuum plasma spraying (VPS) showed
promising results.”*?® Modifying the pore structure of a PTL of
sintered titanium powder could improve the cell performance and
Ohmic resistances, although the PTLs exhibited a low porosity of
less than 25%.1%°) In addition, free-standing PTLs were fabricated
via VPS by chemically detaching the coating from a substrate and
showing similar performance compared to sintered material in
single-cell tests.”® VPS takes place in a vacuum chamber, which
excludes reactions of feedstock materials with oxygen or nitrogen
from the atmosphere.*!) However, the vacuum process increases
costs compared to other spray processes. Thus, the spraying of
PTLs without vacuum requirements is economically demanded.

In this context, high-velocity oxy-fuel (HVOF) spraying is of
great interest. HVOF is a thermal spraying technique in which
oxygen and fuel combustion occurs under a high pressure of
4-8bar with flame temperatures of 2500-3100°C.2?! The
combustion gas expansion through a converging—diverging
nozzle enables high gas velocities of more than 2000ms™".
Combined with high gas densities, powder particles injected into
the gas stream are accelerated to high velocities, usually between
400 and 800 m s~ '. The high velocities and more moderate tem-
peratures compared to a plasma torch lead to dense, firmly adher-
ing, and low-oxide metallic or carbide coatings.*} The lower
process costs compared to VPS and the limited oxidation of
the metallic materials due to the low melting degrees of metal
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powders are favored for PTL fabrication. However, high
porosities of PTL generally present a considerable challenge
for HVOF due to high particle velocities. There are no reports
on the fabrication of titanium PTLs using HVOF yet.

Using spray-coated materials as PTL requires facile and scalable
substrate removal. Chemical etching is a possible method to
detach the porous structure from the substrate, as reported by
Lettenmeier et al.?®! However, this is unsuitable for the scale-
up of PTL fabrication due to the high amount of chemical waste.
In addition to chemical methods, coatings can also be detached
mechanically: NiALP* WC-Co,?* and ceramic coatings?®”! were
successfully separated from austenitic steel substrates. These stud-
ies, however, do not consider process and cost efficiency concern-
ing a possible large series production of free-standing coatings.

In this study, we demonstrate a feasible PTL fabrication by
HVOF. The spray process was adapted to achieve high porosity
and minimize the oxidation of titanium. In addition, a method
for reproducible mechanical PTL separation was developed. The
surface topography, coating structure, oxygen content, and pore
structure of the PTLs are studied using confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM),
carrier gas hot extraction, and X-ray microscopy (XRM).
Additionally, the impact of heat treatment on the electrical resis-
tance of the PTLs is investigated. Finally, the PTL performance is
analyzed using PEMWE single-cell tests, showing that the mate-
rial is competitive with commercial alternatives.

2. Results and Discussion
2.1. Fabrication of PTLs

PTLs are obtained by HVOF spraying of titanium powder (grade
4) onto a substrate, removal of the coating from the substrate,
and subsequent heat treatment of the PTL. The HVOF system
uses hydrogen as fuel gas and nitrogen as shielding and carrier
gas and is schematically depicted in Figure 1a. The advantage of
nitrogen as a shielding gas is that the oxidation of the metallic
spray powders can be effectively reduced.*® The spray parame-
ters can be found in Table 2 which resulted from a parameter
study done in previous works.””) The obtained structure is a
result of a fine tuning of these spray parameters and highly
depends on them.

To obtain free-standing PTLs, the coatings are removed from
the substrate. A crucial advancement of our fabrication technique
is the simplified mechanical removal of the PTL from the sub-
strate compared to chemical removal in other research.”® For
thermal spraying, substrate surfaces are typically roughened,
e.g., by grit blasting, to support mechanical interlocking. In
our case, however, the PTL must be removed from the substrate,
which is hindered by mechanical interlocking. Therefore, the
substrates used to spray onto exhibit an average surface rough-
ness of Ra < 1 pm, determined by CLSM. A decreased roughness
is essential for low coating adhesion and, thus, the subsequent
mechanical separation. This way, a simple coating separation
process is possible, as demonstrated in Figure 1b,c, where the
PTL is removed from the substrate by a piece of paper. In addi-
tion to reducing chemical usage, a major advantage of mechani-
cal separation is that the substrate remains largely intact. Thus,
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Figure 1. a) Schematic of thermal spraying process adapted from ref. [65]. b,c) Mechanical separation of PTL from the substrate with a piece of paper.

the reusability of the substrate allows the production of more
than 20 free-standing PTLs in succession. The easy removal of
the sprayed coatings was also proven for two other spray
conditions which were selected to examine the robustness of this
method. When increasing the total gas flow rate to Qo 112 = 550
standard liter per minute (SLPM) as well as increasing the stand-
off distance to 170 mm, the titanium coatings can be well sepa-
rated from the substrate. The mechanical removal with paper is
possible for a PTL thickness range of around 200-1000 pm. If the
PTLs are significantly thinner than 200 pm, they must be sepa-
rated with a razor blade because adhesion to the substrate is
locally too high for paper. An explanation for this is based on
the stresses forming during the thermal spraying process.
After thermal spraying, the residual stresses remaining in the
titanium layer are the internal driving force for its separation.’®
The strain energy release rate G can be used to estimate the inter-
nal driving force. In the simplest case of a layer with uniform
strain distribution, G is the stored elastic strain energy per unit
interface given by

2
o:s

R — 1
2E, 1)

R

G

where s is the thickness of the titanium layer, oc* is the residual
stress, and E, is the Young’s modulus of the PTL.® The strain
energy release rate increases linearly with the square of the resid-
ual stress and with the layer thickness. Thus, PTLs significantly
thinner than 200 pm are challenging to separate using paper.
Given the application of the PTLs in PEMWE single cells,
PTLs in a thickness range of 480-520 pm were produced and
analyzes in this study.
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Our chosen fabrication method yields PTLs with two sides of
different morphology, as shown in Figure 2. The side of the PTL
that was separated from the substrate (called separated side) is
flat compared to the rough side where the buildup of the material
took place (called buildup side). Furthermore, this leads to a
smooth separated side of the free-standing PTL. This unique
structure is supposed to be beneficial for PEMWE to improve
the interfacial contact with the CL, especially when a porous-
transport electrode (PTE) approach is targeted. In the case of
a PTE approach, the flat surface would be coated with catalyst,

(@) )

Buil@ug'sfde R

100pum

Figure 2. a,b) 3D reconstruction from X-ray microscopy (XRM) of ther-
mally-sprayed PTL with a) buildup side on top and b) separated side
on top. c) Virtual cross section through the PTL from XRM, displaying
a rough buildup side (top) and a smooth separated side (bottom).
Overview scan with 1.2 um voxel size.
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Table 1. Comparison of average specific electrical resistance of the PTLs
as sprayed and after heat treatment.

Specific electrical resistance in pQ [m]

As sprayed Heat-treated

145+0.3 9.5+0.7

where a flat surface with decreased porosity is needed to main-
tain uninterrupted contact between catalyst and membrane.>”!

2.1.1. Effect of Heat Treatment

After removal from the substrate, the PTLs were heattreated in a
vacuum at 700 °C for 15 min at 10~° mbar intending to improve

as-sprayed

www.aem-journal.com

the electrical conductivity. The specific electrical resistance was
measured by the 4-wire method. The results shown in Table 1
indicate that the heat treatment increases the electrical
conductivity by almost 35% compared to the as-sprayed PTLs.
A possible explanation is a particle merging at increased
temperature.

At the same time, the structural features should be preserved
during heat treatment. The heat-treatment temperature and
duration were selected to be significantly lower and shorter com-
pared to the sintering of titanium powders for PTLs.*” The aim
was to avoid effects on the pore structure of the sprayed PTL. To
verify that, SEM surface and cross-section images were taken.
The SEM surface images of the buildup side and the separated
side of a PTL as sprayed and after heat treatment are displayed in
Figure 3a—f. The buildup side exhibits a similar morphology as
sprayed and after heat treatment as shown in Figure 3a,d.

i TL ~ heat-treated

Figure 3. SEM surface images of a,d) the buildup side and b,c,e,f) the separated side of the PTLs. (a—c) The surface as sprayed and (d—f) the heat-treated
surface. g) Titanium powder feedstock for HVOF process (grade 4, F=—45+ 11 pm).
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Comparing the surface morphology on the separated side
(Figure 3b,e) reveals a surface change after heat treatment.
The surface appears smoother, and fine boundaries between tita-
nium particles have been closed, as shown in the magnified
images in Figure 3c,f. A merging of boundaries after heat treat-
ment becomes additionally evident from the cross sections of the
PTLs in Figure 4 (compare Figure 4a,b with ¢,d). We attribute
this to a sintering of the material and assume that the metallur-
gical bonding among particles is increased due to diffusion dur-
ing heat treatment. An image analysis of the separated side of the
PTL before and after heat treatment shows only a slight change in
pore area, as depicted in Figure S1, Supporting Information. We
conclude that the structural changes are insignificant compared
to the improvement in electrical conductivity. Consequently, only
heat-treated PTLs were used in the single-cell tests.

2.2. Structural Analysis of Feedstock Powder and PTLs

2.2.1. Morphology

To understand the formation of PTLs, the powder used for
fabrication and the obtained PTLs are examined structurally.
Figure 3g shows an SEM image of the titanium powder used.
The irregular morphology of the powder particles stems from
the production pathway by grinding hydrogenated titanium

as-sprayed

Separatéd side

a0y
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and subsequently dehydrogenating the titanium hydride
powder."*!

Figure 3a shows that the buildup side of the obtained PTL
mainly consists of titanium particles with very similar irregular
morphology to those of the titanium powder in Figure 3g. Due to
the inlet of hydrogen into the hot gas stream of the spraying pro-
cess and thus the reduced combustion temperature, the titanium
particles were molten slightly, maintaining their morphologies.
Thus, the buildup side shows numerous pores and is rough. The
average roughness Ra determined by CLSM is summarized in
Figure 5a. Ra is much higher for the buildup side than for
the substrate. In contrast, the separated side of the PTL exhibits
a smooth surface with fewer pores (Figure 3b). It possesses a
roughness similar to the substrate’s roughness and is much
smoother than the buildup surface. An explanation for this is that
the impact of the underlying substrate and the additional appli-
cation of titanium particles causes the first layers of titanium par-
ticles that were applied onto the substrate to deform more
plastically than the titanium particles forming the interior coat-
ing. Thus, the particles on the surface of the buildup side appear
undeformed.

The PTL cross sections in Figure 4a confirm that the titanium
particles are slightly molten since the PTL consists of titanium
particles instead of titanium lamellae, which form from molten
titanium. Thus, we assume that mechanical interlocking is the

heat-treated

Separated side

Closed gap

Figure 4. SEM images of the cross sections of the PTLs: a,b) as sprayed and c,d) after heat treatment.
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Figure 5. a) Average roughness Ra (bar plots) and porosity (blue squares) summarized for commercial and thermally-sprayed PTL. The bar plots show
mean values including standard deviation. b) Porosity profile throughout the thickness of the thermally -sprayed PTL determined by XRM. Yellow-shaded
range is used for averaging the bulk porosity. Dash-dotted lines mark the buildup and separated side. Note that the term porosity is also used here for the
interface of the PTL. ¢,d) Pore size of thermally-sprayed PTL as (c) cumulative pore volume and (d) probability density function of pore size. The green-

dashed line marks median pore size.

primary mechanism for the cohesion of the particles within the
PTL before heat treatment.3" As described earlier, the particles
merge further by sintering during heat treatment.

2.2.2. Oxygen Content of PTLs

Since layers with low oxygen content are aimed for, we deter-
mined the oxygen content in the feedstock powder and the
PTLs by carrier gas hot extraction, showing an oxygen mass con-
tent of 0.37 wt% for the feedstock titanium powder and 1.19 wt%
for the as-sprayed PTL. In comparison, the commercial reference
used in this work (Ti-fiber PTL from Bekaert) shows an oxygen
content of 0.29 wt%. The increased oxygen content after spraying
could relate to the fact that smaller titanium particles melt pref-
erably during spraying due to their larger surface-to-volume ratio
and lower heat capacities, causing them to swirl in-flight and to
oxidize stronger.>"! In contrast, the oxidation of very slightly mol-
ten titanium particles is assumed to occur preferably on their sur-
faces because the diffusion of oxygen ions mainly controls the
growth of oxides on particle surfaces.’] Due to the very short

Adv. Eng. Mater. 2025, 2402462 2402462 (6 of 12)

in-flight time of titanium particles as they are accelerated up
to supersonic speed, and thus the very short diffusion time,
oxidation is generally expected to be small.

2.2.3. Porosity and Pore Size of PTLs

The porosity of the as-sprayed PTLs is determined via SEM of
PTL cross sections and for the heat-treated PTLs from XRM.
Image analysis from SEM cross sections of the as-sprayed
PTL yielded a mean porosity of 28% =+ 3% throughout the entire
volume. After heat treatment, the porosity did not change
significantly, which is explained by the moderate temperature
and relatively short duration of the heat treatment.

The thermally-sprayed PTL features an asymmetric structure,
which is presumably beneficial for PEMWE operation, as
discussed later. The XRM measurement gives insight into
the porosity profile throughout the thickness of the PTL
(Figure 5b). Based on this measurement, we partition the PTL
into three parts: a layer on the buildup side, the bulk area,
and a layer on the separated side. As mentioned before, the
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buildup side has a high roughness; therefore, a porosity value for
the surface is not easy to determine. The porosity in the layer
close to the buildup side decreases within 100 pm until a mean
porosity of 32% + 1% in the bulk area is reached. Toward the
separated side, the porosity drops to 21%. The higher porosity
on the buildup side supports our hypothesis of coating densifi-
cation by impacting particles during fabrication. The measured
porosity can be considered very high for the HVOF process since
HVOF-sprayed metallic coatings typically exhibit porosities of
less than 1%.°% We assume that the high porosity is due to
the limited plastic deformation of the titanium particles during
spraying which was sufficient for most titanium particles to
adhere to the substrate but did not densify the coating too much
while impacting. Due to this manufacturing feature, the unique
porosity-zoned structure of the PTL is produced.

Figure 5c,d shows the pore size distribution, determined
from XRM measurement, as cumulative pore volume and
probability density function, respectively. Figure 5d shows that
mainly pores below ~6 pm are present in the PTL with a median
pore size of ~4 ym (Figure 5c). Note that most of the pores
are close to the resolution limit with a voxel size of 670 nm.
This pore size is small compared to commercially available
materials, with a mean pore size of about 30 pm.172*3 We
elaborate on a possible influence on single-cell performance
in Section 2.3.2.

www.aem-journal.com

2.3. Performance of PTLs in PEMWE Single-Cells

Thermally-sprayed PTLs were implemented in PEMWE single
cells and tested for their performance in an electrochemical
system. A commercially available Ti-fiber PTL (Bekaert, 56%
porosity) was tested with the same parameters for comparison.
The obtained polarization curves, the high-frequency resistance
(HFR), and HFR-free polarization curves of both PTLs are dis-
played in Figure 6a,b. As can be seen from the polarization
curves, the performance of the thermally-sprayed PTL is as good
as the commercial PTL with 1.7 V at 2 A cm ™2, Also, the HFR of
the two PTL types is with about 65 mQ cm? similar. However,
since the PTLs possess very different structures, this result will
be analyzed based on possible influences.

2.3.1. Influence of PTL Bulk Properties

The measured HFR comprises the protonic resistance of the
membrane, as well as the electrical bulk and contact resistances
of the CL, PTL, and flow fields. The bulk resistance of the gold-
coated Ti flow fields is assumed to be negligible, and the same
type of commercial membrane was used in all measurements.
Thus, changes in the HFR between the two PTLs stem from
the electrical bulk resistance of the PTL or contact resistances
of the PTL with flow field and CL.

(@) 2.0 (c)
thermally sprayed PTL, ~ 500 ym i @1Acm? —
—=— commercial PTL, 250 ym I or? ..
I hollow symbols: HFR-free polarization curve , lw ﬂ..\" 100 Hz .
¥ |« £ kHz D
S 18} » = 5 0 % : oo
1) o :
< i E .
= N .10}
5 ) E .
S 16l | —s | .
o e u/m_—f—m’—”
'/-/"./ 201 thermally sprayed PTL
- ° ® commercial PTL
i (@) @4Acm?
14 Anode: IrO,/TiO,, 1.83 +0.04 mg,/cm?, 101
Cathode: Pt/C, 0.18 + 0.04 mgp/cm? o *.530\ Hz
(b) 85 . L ! T / 16 Hz
r 9
o 80 I S —
g sr % .2 r \
C:‘; 700 yilll L iR iR 1 = ° 4L .’ 0 r 4
€ 65 JKMAh-A—0o: R S — e
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Figure 6. a) Polarization curves and b) high-frequency resistance (HFR) from electrochemical impedance spectroscopy (EIS) measurement.
¢,d) Nyquist plots from EIS measurement at ¢) 1Acm 2 and d) 4Acm™2 A Nafion 212 membrane (~51 um) and a compression of 24.7 +1.6%
were used for all tests. All measurements were repeated three times with pristine components, and the standard deviation is given for the polarization
curves.
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Starting with the electrical bulk resistance, the thickness dif-
ference between thermally-sprayed and commercial PTL must be
considered. Even though the PTLs differ twofold in thickness
(thermally sprayed 500 pm vs commercial 250 pm), they have
HFR values of about 65 m& cm? (Figure 6b). Previous publica-
tions showed contradicting trends regarding thickness variations:
Improved performance with thinner'?®****! or decreased perfor-
mance with thinner PTLs.”>** However, these publications com-
pare PTLs of different structures, making a direct comparison
challenging. Nevertheless, heat-transfer resistance was shown to
increase the HFR with increasing PTL thickness.>** In our case,
however, a high water flow might overshadow such an effect.

Since a difference between the samples in our measurement
is not visible, we hypothesize that the influence of the thickness
is smaller than the influence of the surface properties, which will
be discussed in Section 2.3.2. Consequently, a higher thickness
of the PTL does not seem to be detrimental concerning Ohmic
resistance for the two materials compared in this study.

Based on the exsitu electrical resistance and single-cell meas-
urements, we exclude an increased electrical bulk resistance that
would be caused by a thick oxide layer on the Ti particles built
during thermal spraying under non-inert conditions that would
obstruct the electrical pathway throughout the PTL. This result
is supported by the low oxygen content of 1.19wit% in the
as-sprayed PTLs (Section 2.2.2).

The HFR-free polarization curves in Figure 6a overlap up to a
current density of 2A cm™% For higher current densities, the
HFR-free polarization curve of the tests with thermally-sprayed
PTL shows a slightly higher cell potential of 4-9 mV than that of
commercial PTLs. This deviation could indicate that mass trans-
port is a limiting factor, although this interpretation must be
treated carefully, as the deviations are small.

In general, the thermally-sprayed PTL possesses a lower mean
porosity (32% =+ 1%) and smaller pores (4 pm median pore size)
than the commercial PTL having a mean porosity of 56% and mean
pore size of 30 um"” (cf. Figure 5). A difference in tortuosity
between the two PTLs could further lead to a difference in mass
transport.*®! Judging from the structure, it could be possible that
produced oxygen is transported out slower or is more likely to get
stuck in our fabricated PTLs."™®! In contrast, a hierarchically struc-
tured porosity was shown to be beneficial in terms of oxygen
removal when the porosity increases from CL to flow field.[*”
To assess the mass transport, the Nyquist plots at low and high
current densities can be compared. Figure 6¢c,d shows similar
Nyquist plots of the two different PTLs at both current densities.
An additional semicircle forming in the low-frequency region at
higher current densities is visible for both PTLs at the same fre-
quency of about 16 Hz. The formation of a semicircle at higher
current densities is often attributed to diffusion losses, which
include mass transport hindrance due to two-phase flow.*%
Since this phenomenon is observed for both PTL materials to
the same extent and their overall performance is state of the art,
a mass transport issue is considered minor at our cell dimension.

2.3.2. Influence of PTL Surface Properties

The difference in surface morphology between the two tested
PTLs must be considered because of its possible influence on
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interfacial contact resistance (ICR), catalyst utilization, and mass
transport. The difference stems not only from the fabrication
method used but also from the type of feedstock material: tita-
nium powder for the sprayed PTLs or fibers for the commercial
PTL. The morphological properties examined are surface rough-
ness, porosity, and pore size. As shown in Figure 5a, the sepa-
rated side of the thermally-sprayed PTLs possesses a smaller
roughness Ra compared to the commercial PTL (thermally
sprayed, separated side: Ra=1.08 £0.07 pum vs commercial:
Ra=5.2 £ 0.4 pm). The buildup side, in contrast, has a higher
roughness than the commercial PTL (thermally sprayed, buildup
side: Ra=14.2+ 1.5 pm vs commercial: Ra=5.2 4 0.4 um).

The difference in surface roughness on the two sides of the
thermally-sprayed PTL also becomes evident from the XRM
3D reconstruction in Figure 2a,b. Judging from the roughness,
two effects are possible: on the one hand, a smaller roughness
leads to a lower interfacial contact area toward the CL because
the membrane with CL can bend around the particles/fibers.
Consequently, the contact area would depend on the deformation
of the membrane.*? On the other hand, lower roughness
prevents a deformation of the CL as shown in the SEM images
in Figure S2, Supporting Information. In Figure S2, Supporting
Information, it is clearly visible that a high deformation caused
by a PTL with higher roughness is not visible when using the
thermally-sprayed PTL. This is especially relevant for low-loading
CLs where it was shown that a lower roughness prevents CL
cracking and, consequently, disconnection.*®*?! Conversely,
the higher roughness of the thermally-sprayed PTLs facing the
flow fields could lead to a lower contact area, increasing
the contact resistance since the flow fields do not intrude into
the PTL valleys.

Another important parameter influencing the ICR is the
porosity that determines the contact area.*®*?! It was shown that
decreasing the porosity facing the CL (either as bulk porosity or
via an additional layer) decreased the HFR.?>?®! The porosity fac-
ing the CL of the thermally-sprayed PTL is decreased by roughly
35% compared to the commercial PTL (thermally sprayed, sepa-
rated side ~21% vs commercial ~#56%). However, despite these
morphology differences, the tested PTLs show similar HFRs
(Figure 6b). A possible explanation is that an increasing loss,
such as an increased contact resistance between PTL and flow
field, compensates for the different interface qualities. It is also
possible that the highly conductive CL used, mitigates any
contact improvements.””! This would render the interface less
critical because the CL can conduct electrons to places without
direct contact with the PTL, i.e., the pore area, and, therefore,
compensate for suboptimal surface properties.*”>"!

To check if the structural change of the interface PTL-CL
introduces additional effects in the kinetic region, a Tafel analysis
is shown in Figure S3, Supporting Information. Tafel slopes are
derived as the slope of the HFR-free polarization curves in a
low-current-density region where Ohmic overpotentials, mass
transport overpotentials, and impact from the cathode side are
assumed to be negligible. The Tafel slopes for the cell tests with
thermally-sprayed and commercial PTL do not show a significant
difference with 50.5 4 0.3 and 50.9 4 0.2 mV dec™ ", respectively.
The values agree with literature values ranging between 45 and
50 mV dec™* for the same catalyst material at similar loadings.”"
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We conclude that the catalyst contacting is not negatively influ-
enced by the different surface morphology of the thermally-
sprayed PTL. However, it is also not visible from the data that
the lower porosity and the related higher volume fraction of
PTL material contacting the CL are beneficial. Similar to the
influence on Ohmic resistances, such an effect may only be visi-
ble in lower Ir-loading tests where the CL tends to become dis-
continuous, and the PTL does not compensate for this effect due
to its large pores.*® An influence on the Tafel slope was shown
in literature when comparing low and ultralow loading with
surface-modified PTLs: only for the ultralow loading case did
the difference become visible in the Tafel slope.l?!! A difference
could become apparent for lower loaded (i.e., thin and noncon-
tiguous) CLs but also for catalyst material with lower conductivity
or a catalyst-coated substrate approach (e.g., a PTE). While for a
lower-loaded or less conductive CL, porosity and pore size are
more relevant due to interfacial contact area,*!! for a PTE, the
roughness in combination with pore size is crucial to assure
the ionic connection of the catalyst material.*”)

Even though the performances of thermally-sprayed and com-
mercial PTL are similar, the thermally-sprayed PTL shows a
larger error bar. Since this is very pronounced for the HFR,
the deviation over the repeated measurements possibly origi-
nates from the contact resistance of the PTL-CL or BPP-PTL
interface. A possible explanation is based on the mechanical
pressure on the active area in the cell. It is calculated based
on the mean PTL thickness. However, the thickness of the dif-
ferent PTL samples throughout the batches and over the 5 cm?
area varied; thus, we hypothesize that differences in compression
could lead to a variation in ICR, causing larger measurement
deviations.

Lastly, the thermally-sprayed PTL was tested for degradation
stability in a single cell for 160h as shown in Figure S4,
Supporting Information. The degradation rate slows down after
roughly 15 h of testing to 0.171 + 0.001 mV h™" over the remain-
ing 145 h. We assume a large part of the degradation originating
from a buildup of contact resistance due to titanium surface
oxidation.” Under constant current and reaction conditions
(i-e., temperature, pressure, reactant flow), it has been observed
that the growth of the passivation layer slows down after reaching
a certain thickness due to oxygen-diffusion limited growth, as the
surface becomes passivated against dissolution.”>* This phe-
nomenon may explain the observed reduction in the degradation
rate after 15 h, potentially attributable to the slowing down of the
oxidation layer formation. The degradation rate in this study is
higher compared to similar testing of the commercial PTL in our
previous work.[) However, in this case, a platinum coating was
used. It was shown that a protective coating can minimize a resis-
tance increase due to passivation.’? Thus, we assume that a pas-
sivation of the titanium causing contact resistance is contributing
to this higher degradation rate. Deconvolution of the degradation
mechanisms, however, requires further investigation which is
beyond the scope of this work but should be utilized to further
improve the performance of the thermally-sprayed PTL in
PEMWE.

In this study, two PTLs of very different morphology were
compared: a thermally-sprayed PTL with different zones of
porosity (mean porosity #32%) and a median pore size of about
4 pm versus a commercial fiber-sintered PTL with 56% porosity
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and a pore size =30 pm.[17’23’39] Nevertheless, we showed that
competitive performance in PEMWE single cells is possible with
thermally-sprayed PTLs via HVOF spraying.

Importantly, HVOF spraying promises several advantages on
the fabrication level, e.g., lower costs than VPS, high suitability
for scale-up, and simplified, chemical-free removal of the PTL
from the substrate. Due to their reduced roughness and pore
size, a further application of the thermally-sprayed PTLs as
PTEs is highly interesting. Our PTL structure is beneficial in pre-
venting catalyst particles from penetrating PTL pores and, thus,
from being ionically disconnected.”** Hence, this structure
shows promising features for PTE design, which will be investi-
gated in our future work.

3. Conclusion

This study presents porosity-zoned PTLs for PEMWE prepared
from titanium powder using HVOF spraying. The PTLs were
investigated in terms of surface topography and bulk structure,
and the performance in PEMWE single-cell tests was compared
to commercial PTL material.

The important findings are summarized as follows. 1) The
PTLs feature two sides of different porosity and roughness.
The roughness, porosity, and pore size facing the CL are
decreased compared to those of the commercial material. The
mean bulk porosity equals 32% + 1%. 2) When implemented
in PEMWE single cells, the PTLs show highly similar perform-
ances compared to commercially available materials, emphasiz-
ing their suitability for this technology. 3) The PTLs have a low
oxygen content for a thermally-sprayed product of 1.19 wt%.
4) The substrates used for HVOF spraying ensured a highly
reproducible mechanical coating separation. 5) The heat treat-
ment improved the electrical conductivity of the PTLs but did
not alter their porosity and pore size distribution.

With the presented approach for PTL manufacturing, several
advantages compared to VPS stand out: lower costs and simpli-
fied mechanical removal of the PTL from the spray substrate.
Additionally, the microporous structure on the separated side
is possibly beneficial in improving the interface toward the
CL, and a competitive performance when used in PEMWE single
cells is possible. This provides several opportunities for PEMWE
design optimization and cost reduction.

4. Experimental Section

PTLs were fabricated by thermal spraying followed by a heat-treatment
step as described in the following.

Thermal Spraying: A DJ2600 HVOF spray system (Oerlikon Metco,
Pfiffikon, Switzerland) was used for the coating application. The system
used hydrogen as fuel gas and nitrogen as shielding and carrier gas.
Free-standing PTLs were obtained by applying titanium coatings onto a
substrate and subsequently separating the PTLs from the substrate.
The spray parameters listed in Table 2 were used in the spray process
and were identified as the most suitable by the preceding process devel-
opment shown in our previous work.?”) Substrates with a size of
Lx W x H=50 x50 x 5mm> and a low average roughness Ra < 1pum
were used in the spraying process. The substrates were cleaned with eth-
anol before the coating process. The PTLs were separated mechanically
from the substrate with the aid of a piece of paper (cf. Figure 1b,c). As
powder feedstock in the HVOF process, a titanium powder, grade 4, with
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Table 2. Spray parameters used for PTL fabrication on the DJ2600 HVOF
spray system.

H, in 0, in N, in Distance Robot Meander

SLPM? SLPM SLPM [mm] velocity width
[mms] [mm]

340-440 45-65 300-350 150-200 1500 3.6

AStandard liter per minute.

a particle size distribution of f=—45+11 um (Oerlikon Metco Europe
GmbH, Raunheim, Germany) was used.

Heat Treatment: Ten separated PTLs were heat-treated in a vacuum
furnace (PVA MOV 553 T, PVA TePla AG). The heat treatment was carried
out at 700 °C for 15 min at 10> mbar. Only heat-treated PTLs were used in
the PEMWE single-cell tests due to their higher electrical conductivity com-
pared to the PTLs as sprayed.

4-Wire (Kelvin) Measurement: The 4-wire method was used to determine
the specific electrical resistance of the PTLs before and after heat treat-
ment. The milliohm meter ILOM 508 A by ISO-TECH with two clamps
was attached to the sample. Each clamp consisted of two contacts isolated
against each other, allowing the application of a test current and a voltage
drop measurement.

A physical characterization of the used powder, used substrate, and
obtained PTLs was conducted with the following techniques.

SEM: An SEM (Phenom XL, Thermo Fisher Scientific) at an acceleration
voltage of 15 kV was used to examine the surface morphology of the tita-
nium powder as well as the surface of the PTLs as sprayed and after heat
treatment. For the cross-section analysis, the PTLs were cut by a scissor
and embedded with epoxy resin. To obtain cross sections, the embedded
PTLs were grinded until #2400 SiC paper and consecutively polished with
diamond suspension until a grain size of 1 pm. To determine the porosity
of the PTL surfaces, image analysis of micrographs was carried out using
Image).?*l Ten SEM images of a PTL were used for an average value.

Carrier Gas Hot Extraction: The oxygen mass content of the titanium
powder and the as-sprayed PTLs was analyzed using carrier gas hot extrac-
tion by Eltra Elementrac ONH-p at IME Process Metallurgy and Metal
Recycling, RWTH Aachen University.

CLSM: To determine the average roughness Ra of the substrate and the
separated PTLs, a CLSM (VK-X210, Keyence Deutschland GmbH) was
used.

XRM: XRM was used to determine the porosity and pore size distribu-
tion of the obtained PTLs. It was performed with a Zeiss Xradia Versa 620
(Carl Zeiss X-ray Microscopy Inc., Pleasanton, CA, USA), equipped with a
high-framerate CMOS detector. A total of 1601 X-ray projections were
recorded at different angles and reconstructed by proprietary software
(Zeiss XMReconstructor, Carl Zeiss Xray Microscopy Inc., Pleasanton,
CA, USA) with a filtered back-projection algorithm. The resulting volumet-
ric images had a 3D isotropic voxel size of 1.2 pm (overview scan) and
670 nm (detail scan). The high resolution was achieved by combining geo-
metric magnification from the cone-shaped X-ray beam with geometrical
magnification with a 4x (overview) and 20x (detail) objective, respectively.
The 1.2 pm voxel size scan was recorded with 0.8 s exposure time and a
framerate of 44 with a voltage of 40kV and 3 W power. For the 670 nm
scan, an exposure of 0.9 s with 12 frames per second and binning 2 were
implemented with a voltage of 80 kV and 10 W power.

XRM data visualization and quantification were performed with the
workflow-based modular software XamFlow (Lucid Concepts AG,
Ziirich, Switzerland). Binary images were created by grey value threshold-
ing and served as a basis for the porosity calculation. A Python script, uti-
lizing the scikit-image library,”*! was used to compute porosity metrics by
iteratively analyzing connected components in each image slice along the
z axis while filtering out objects with an area below 15 pixels.

For the determination of the pore size distribution, binarization with a
threshold of 140 was followed by the calculation of slice-wise porosity in
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X, y, and z directions using PoreSpy.”® Local thickness-based pore size
distribution (psd) was extracted to minimize artifacts, and both the cumu-
lative density function (cdf) and probability density function (pdf) were
computed.

Catalyst-Coated Membrane Fabrication: Catalyst-coated membranes
(CCMs) were manufactured via the decal transfer technique where
5cm? sized electrodes coated onto a substrate are united with a
~51pm thick Nafion NR212 membrane (Chemours, USA) by a hot-
pressing step at T= 155 °C and p = 2.5 MPa. The loadings of the electro-
des were determined by weighing the decals before and after hot pressing.

The catalyst inks were prepared from a mixture of the respective catalyst
powder with suitable solvents and ionomer dispersion. For the anode,
IrO,/TiO, catalyst powder (Elyst Ir75 0480 from Umicore) was mixed with
deionized (DI) water, 1-propanol (>99.5% from Sigma-Aldrich, USA), and
ionomer dispersion Nafion D2021 (Chemours, USA) with a water content
of 10wt%, an ionomer to catalyst ratio of 13.12wt%, and a total solid
content of 0.46 g ml,, . On the cathode, platinum supported on carbon
catalyst powder (Pt/C, TEC10V40E from Tanaka, Japan) was mixed with DI
water, 1-propanol, and Nafion D2021 ionomer dispersion with a water
content of 10 wt%, an ionomer to carbon ratio of 28 wt%, and a total solid
content of 0.05 g Ml . The inks were suspended for 24 h using a roller
mixer (BTR5-12V from Ratek, Australia) with zirconium beads (& =5 mm
from Fritsch GmbH) at 180 and 60rpm for anode and cathode inks,
respectively. From the inks, electrodes were coated onto 50 pm thick
PTFE substrates (Angst + Pfister) utilizing the Mayer rod technique (rods
from ERICHSEN GmbH & Co. KG). The electrode sheets were dried for 2 h
at 70°C (furnace ED56 from BINDER, Germany) before being cut into
5cm? electrodes and hot pressed with membranes.

Single-Cell Tests of PTLs in PEMWE Setup: All single-cell tests were
performed on a commercial test bench (600 Electrolyzer Test System,
Scribner LLC) equipped with a potentiostat with a current booster
(BioLogic VSP-300). An in-house designed cell fixture adapted from previ-
ous worksP" with an active area of 5 cm? was used. For the cell assembly,
a CCM was sandwiched between PTL and flow fields inside the cell. As PTL
on the anode side, either a thermally-sprayed PTL or a commercial Ti-fiber
PTL (2GDL10-0,25 from NV Bekaert SA, Belgium) was used. Since the
thermally-sprayed PTLs feature two sides with different surface roughness
and porosity, the smoother side was oriented toward the CCM. A carbon
PTL with a microporous layer (H24C5 Freudenberg & Co. KG) was used
on the cathode. For all tests, CCMs with loadings of 1.83 + 0.04 mg,, cm 2
(IrO,/TiO, Elyst 1r75 0480, Umicore) on the anode and
0.18 4 0.04 mgp, cm 2 (Pt/C, TECT0V40E, Tanaka) on the cathode were
used. Gasket thicknesses were chosen to compress the carbon PTL by
24.7% £ 1.6%.

The anode was flushed with 100mLmin~" DI water (18.2MQcm)
which was additionally purged with nitrogen for 10 min prior to testing
to remove dissolved CO, from refilling of the tank. The anode feed
was heated throughout the test to 80°C. The cathode was kept dry,
and the venting line was purged with nitrogen for safety reasons. The cell
was kept at 80 °C during the testing time with cartridge heaters placed into
both endplates and regulated by a thermocouple placed into the cathodic
flow field plate. Once the cell temperature and anode feed reached 80 °C, a
30 min period was given for equilibration before the test was started. The
first steps of the test were an electrical short test at 1V for 1 min followed
by a conditioning step of 30 min at 1 Acm ™2, Afterward, three subsequent
polarization curves were acquired between 0.01 and 4 Acm™2, holding
each current density step for 5min to ensure steady-state conditions
and averaging the last 30 data points (=15s) for analysis.

Galvanostatic electrochemical impedance spectroscopy (EIS) was
measured in a frequency range from 100 kHz to 500 mHz at each point
of the polarization curve after the respective current density hold.
To ensure a good signal-to-noise ratio and a linear system response,
the perturbation of each alternating current (AC) was chosen to be
<10% of the AC but not smaller than 20 mA. Since the first two polariza-
tion curves were considered part of conditioning, it was checked every time
if the last two polarization curves overlap and only the last polarization
curve was taken for analysis. All tests were repeated three times for
reproducibility.
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Data Evaluation for Single-Cell Tests: HFR values were extracted from EIS
measurements as described in previous work.[® In short, each current
density was fitted in a frequency range of 50-0.5 kHz with an equivalent
circuit model comprising an inductance, a resistor, and a transmission
line model in series."”*® An adjusted coefficient of determination
(Rzadi >0.99) was used. Rzadj was calculated separately for the real and
imaginary parts and was subsequently averaged to yield a fit quality indicator
for the fit. Fitting was performed using an in-house developed Python
routine based on NumPy,*% SciPy,*” pandas,*"*3 matplotlib,®*! and impe-
dance.py.1®! HFR-free polarization curves were derived by subtracting the
product of HFR and the corresponding current density from the polarization
curve. For the Tafel analysis, the lower-current-density region of the HFR-
free polarization curves was plotted in a semilogarithmic plot. In a current
density range between 0.01 and 0.1 Acm™?, influences from Ohmic and
mass transport resistances were assumed to be negligible and cathode
kinetics were assumed to be much faster than anode kinetics. Thus,
Tafel slopes were derived from a logarithmic fit in this current-density range.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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