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Cost-effective production of green hydrogen is contingent upon reducing the capital cost of
Polymer Electrolyte Membrane Water Electrolysers (PEMWE). Currently, 17 to 25% of the
production cost of a PEMWE stack depends on components related to the Porous Transport Layer
(PTL). PTLs are usually made of compressed and sintered titanium powders/fibers to provide them
with structural and chemical integrity with carefully controlled interconnected porosity. Herein,
we report on the preparation of Ti-based PTLs produced by Shock-Wave Induced Spray (SWIS)
and Cold Gas Dynamic Spray (CGDS), two deposition processes that does not require any
subsequent heat treatment. This report investigates the effect of using porogens to control the
porosity of the Ti-based PTLs. Two porogens, Cu and Al, were used to investigate the effect of
porogen density on the deposition efficiency and porosity of the resulting coatings. The Al porogen
allowed for the production of Ti-based PTLs coatings with ca. 60% porosity, which is a very

desirable feature for producing PTLs with high gas permeability.

* Corresponding author: daniel.guay@inrs.ca




1. Introduction

Green hydrogen production through water electrolysis, when linked with renewables such
as wind and hydro, displays low environmental impact and is essential to reach global
decarbonization goals by 2050 [1, 2]. With the falling cost of renewable energy sources, the capital
cost of the electrolyser itself is of prime concern. Proton Exchange Membrane Water Electrolysers
(PEMWE) are widely regarded as the leading technology for water splitting. Due to the acidic
environment in PEMWE, platinum group metal (PGM) electrocatalysts and corrosion-resistant

materials are required as components in the anodic side of the cell [3].

The energy efficiency of PEMWEs is reflected by the cell overpotential that is derived
from three major contributions: the activation overpotentials that correspond to the anodic and
cathodic electrochemical reactions; the ohmic overpotential related to the resistance in the system
(electrolyte, connections, etc.); and the mass transport overpotential related to the transport of
reactants (water) and reaction products (hydrogen and oxygen) [4]. Here, we focus on the porous
transport layer (PTL), which is responsible for transporting water molecules and the gaseous
reaction products (hydrogen and oxygen) to and from the electrocatalyst surface, respectively. The
anode PTL represents approximately 9-15% of the production cost of a PEMWE stack [5] and

contributes to ca. 30% of the mass transport overpotential [6].

For proton exchange membrane water electrolysis, PTLs should have several
characteristics, including high electrical and thermal conductivity to reduce the ohmic resistance
and prevent membrane thermal damage. Also, as current density increases, oxygen bubbles can

accumulate in the PTL pores, hindering the transport of water molecules to the active sites of the



anodic electrocatalyst. It is therefore important that the PTL facilitates the removal of oxygen

bubbles so as not to impede the transport of water molecules to the electrocatalyst surface. [7].

Important design criteria for the fabrication of PTLs include the type of material, porosity,

pore size, and pore connectivity [8, 9, 10, 11, 12, 13]:

ii.

iil.

While carbon materials can be used for cathode PTLs, state-of-the-art materials for
anode PTL are titanium-based due to the high anodic potential reached. Titanium
has very high corrosion resistance in the acidic environment of the PEMWE, good
electrical and thermal conductivity, and high specific strength [14, 15, 16].
Porosity is important for allowing the reactants and the products to reach and leave
the electrocatalytic sites. A balance should be found in the two phase field flow
(water molecules in and oxygen gas out). An excessively small porosity will
hamper the flow of both reactants and products, while an excessive large porosity
can lead to oxygen gas saturation of the PTL and difficult access of water molecules
to the electrocatalytic sites, thereby reducing the PEMWE performance [17, 18]. In
the literature, the optimum porosity lies between 50 and 75% [19].

Pore size and ohmic resistance are linked. An increase in pore size leads to an
increase in ohmic resistance and thus to a decrease in PEMWE performance. Higher
ohmic resistance can also lead to greater energy loss in the form of heat, which can
create hot spots and local membrane degradation. [9]. Mo et al. also reported that
OER occurred only at the point of contact between the PTL and the catalyst-coated
membrane, highlighting the importance of reducing the pore size and the distance
separating them in order to maximize the contact area between the PTL and the

catalyst-coated membrane [20]. However, pores that are too small can reduce



PEMWE performance by delaying/preventing the rapid removal of gas bubbles.
For PTLs produced by the powder metallurgy process, an optimal pore size of 10
um was reported [10].

iv. Pore connectivity is also critical for the performance of PEMWEs to increase the
permeability of water molecules and oxygen gas (two-phase flow) [7].

PTLs can be fabricated by different processing methodologies, including furnace-sintering
metal powders, lithography, tape casting, and vacuum plasma spraying [10, 17, 21]. Although
lithography allows the creation of well-defined 3D structures, the process is time-consuming and
labor-intensive. Furnace-sintering metal powders and tape-casting technologies require
considerable manufacturing time and incurred costs [23]. Vacuum plasma spraying (VPS) has also
been studied as it offers the advantage of removing the heat treatment step. In VPS, the powders
are melted and accelerated by a plasma jet and directly impact the substrate surface producing a
porous structure with good metallurgical bonding. Also, VPS deposition conditions can be
determined to minimize the oxidation of the melted powders [24]. However, in the literature, the

porosity of PTL prepared by VPS is limited to less than 30% [25].

This study investigated the production of PTL by cold gas dynamic spray coating (CGDS)
[26] and Shock-Wave Induced Spraying (SWIS) process [25] which offer the advantages of VPS
without powder melting. In CGDS, the particles are accelerated in a supersonic gas to achieve high
velocity before impacting the surface. The particle temperature remains below the melting point
lowering the risk of microstructural change and oxidation of the compound [26, 27, 28]. The
particles are considerably deformed due to the high velocity which limits the porosity in the coating

to less than 30% [26, 27, 28].



Shock-Wave Induced Spraying (SWIS) process is another method for producing porous
coatings. This process combines the benefits from both VPS and CGDS. In the SWIS process, the
rapid opening and closing of a valve generates a series of shock waves. The shock waves travel
through the spray gun accelerating and heating the powder within the gun. The particles then
impact the substrate like in CGDS but at a higher temperature than CGDS [29]. Consequently,
higher bonding strength can be achieved at lower powder speeds than in CGDS resulting in larger

porosity [25].

In the preparation of porous substrates, a porogen acts as a sacrificial template that
increases the porosity of the coating when removed by heat treatment or leaching processes. J. Sun
et al. prepare a porous cold spray coating with a porosity of 49% by cold spraying a Ti + Mg
mixture, then heat treating it in a vacuum chamber at 1250°C to evaporate the Mg [30]. Qiu et al.
also prepared a porous cold spray coating with 48% porosity by cold spraying a mixture of Ti +
Al and then removing Al in a NaOH solution [31]. The advantage of the leaching process over
sintering is that it can be carried out at room temperature, which reduces the risk of oxidation and

microstructure modification.

In the present work, CGDS and SWIS processes were used to prepare Ti porous coatings.
Aluminum and copper particles were used as porogen materials. Both porogens were removed

using a leaching process.

2. Experiment

2.1. Material

Three different T1 powders with different particle sizes and two types of porogen, namely

Cu and Al powders, were used throughout the present study. The characteristic of the powders



used for deposition are presented in Table 1. The deposition of Ti coating was carried out on mild
steel substrates (76.2 mm x 76.2 mm x 6.5 mm). Prior to deposition, the substrates were cleaned

with ethanol and grit blasted with alumina.

Table 1: Characteristic of the powders used for the deposition.

: : Particle Size
Material Producer Purity
(D50)
Ti AP&C >99.5% 30 pm
Ti Wah Chang |  ------ 73 pm
Ti Goodfellow >99.5% 90 pm
) >91%,
Al Equispheres 7 wt% Si 83 um
Cu Metco >99.3% 70 pm

2.2. Deposition techniques

The Shock-Wave Induced Spray (SWIS) deposition system was supplied by Centerline
Ltd. It used a stainless-steel tube nozzle (650 mm long with 5 mm internal diameter) connected to
a divergent stainless-steel tube coated with Inconel (5 mm inlet diameter, 6 mm outlet diameter,
and 120 mm long). The Cold Gas Deposition System (CGDS) system was from Kinetiks 4000
from CGT-GmbH, currently part of Impact-Innovations, Germany. It used a SiC nozzle. Nitrogen

gas was used as the carrier gas in both of these processes.



2.3. Deposition of Ti powder using the SWIS technique

In a first set of experiments, three Ti powders of different sizes were deposited on the
surface of mild steel substrates using the SWIS process to find the optimal size to maximize the

porosity of the resulting coating. Table 2 provides the deposition parameters used for this first set

of experiments.
Table 2: Deposition parameters
Powder Ti Ti+ Cu Ti+ Al
Spray System SWIS SWIS CGDS SWIS
Gas Nature N2 N> N> N>
Gas Temperature (°C) 600 600 650 550-600
Gas Pressure (psi) 600 600 580 550-600
Valve Frequency (Hz) 25-30 30 -—- 30
Stand-Off Distance 25 75 75 75
(mm)
ot e L 600 600 None None
(°C)
Powder Feeder Wheel 0.25-1 1 1 0.5-3
Speed (rpm)
Traverse Speed (mm/s) 10-100 100 300 10-100
Step Size (mm) 1 1 1 1




2.4. Deposition of Ti + Cu mixture powder and leaching process

In a second series of experiments, Ti powder with 73 um diameter was blended with 5, 30
and 60 wt.% Cu. This powder mixture was deposited on the surface of mild steel substrates. A first
series of deposits were prepared using the SWIS process, while a second series of deposits were
prepared using the CGDS process. The deposition parameters are given in Table 2. In some cases,
these samples were immersed in SM HNOj for one hour under stirring conditions, resulting in the
formation of self-standing coatings. The latter were then washed in boiling de-ionized water for

one hour under stirring conditions.

2.5. Deposition of Ti+ Al mixture powder and leaching process

In a third series of experiments, Ti powder with 73 pm diameter was blended with 20, 30
and 40 wt.% Al. This powder mixture was deposited on the surface of mild steel substrates using
the SWIS process with the parameters given in Table 2. To remove Al from the coating, the
samples were immersed in a freshly prepared 6M NaOH solution held at 70-90°C for one hour.
Following that, the samples were rinsed for 1 h in boiling de-ionized water. This step was repeated
three times. Then, the samples were immersed for an hour in 0.5 M H2SO4 under stirring to detach
the substrate from the coating and rinsed 1 h in boiling de-ionized water. This procedure was
repeated until the coating was detached from the substrate. Finally, step one was repeated two

times to make sure Al was completely dissolved.

2.6. Physical characterization
The coatings were mounted in resin, then sectioned and polished. Optical microscopy
images were taken using an Olympus microscope equipped with automatic image capture

software. To assess porosity, optical microscopy images of the entire coating were acquired using



the software's Automated Stitched mode, at 50X magnification (Figure S1). Next, a threshold
technique was employed to identify pores in the sample. Porosity was then determined by dividing

the surface area of identified pores by the total surface area.

Scanning Electron Microscopy (SEM, JEOL, JSM-6300F) and Energy Dispersive X-Ray
(EDX, VEGA3 TESCAN) measurements were carried out before and after leaching to visualize
and quantify the different elements. All SEM images were taken in secondary electron mode. EDX
analysis was conducted on the coatings at a magnification of 55X and at three distinct spots on
each sample. The resulting data were then used to calculate the average content of Al or Cu in the

coatings.
3. Results
3.1 Particle size and morphology

Fig.1 shows the particle size distribution of all powders used in the present study. The D50
value of the Ti powders were 30, 73 and 90 um, while that of Cu and Al were 70 and 83 pm. Fig.2
depicts the SEM micrographs of the same powders. The Al, Cu and Ti with D50 = 30 um were

spherical in shape with a smooth surface texture. By contrast, the Ti powder with D50 = 70 pm

and 90 um both have an irregular shape with several sharp edges and faceted surface texture.

3.2 Porosity of pure Ti powder samples by the SWIS technique

The Ti powders were sprayed onto mild steel substrates to determine the effect of particle
size on the porosity of the resulting coating. Fig.3 showed cross-sectional SEM micrographs of the
resulting coating prepared by the SWIS process. The grey areas are the Ti powders while the black

areas are the epoxy filled pores. The porosity of the different coatings are summarized in Table 3.



Table 3: Porosity of the SWIS coatings prepared using different Ti particle sizes

Powder Porosity (%)
Ti 30um 25+3
Ti 73um 38+4
Ti 90um 39+4

The porosity of the coatings increased with increasing Ti particle size from 30 to 73 pm.
However, this effect levels off as the Ti particle size is further increased. In the SWIS process, it
is expected that the impact velocity of the particles decreases with increasing particle size [32, 33,
34, 35], which leads to a reduction of the particle deformation at the point of impact and an increase
of the coating porosity [36, 37]. Under our operating conditions, the maximum coating porosity
that can be achieved by changing the Ti particle size is 40%. When a drop of water is deposited on
the surface of the coatings, the water passes through the coating, showing that the pores are

interconnected.

3.3 Effect of Cu porogen on the porosity of Ti coatings prepared by the SWIS technique

In an effort to further increase the porosity of the Ti-based cotaing, Cu was used as a
porogen. Figure 4 depicts the cross-sectional SEM micrographs of the Ti + Cu coatings produced
by the SWIS technique. The gray particles are Ti and the white particles are Cu. The Cu particles
are dispersed homogeneously in the as-deposited coating. After leaching in HNO3, most of the Cu
particles were dissolved and only a few white (Cu) particles were observed in the coating with the

largest Cu content (Figure 4f).
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The relationship between the Cu content in the powder mixture with that of the as-
deposited coatings was assessed by EDX measurements. As seen in Figure 5a, an increase in the
Cu content in the powder feeder caused an increase in the Cu content of the coating, although there
is not a one-to-one relationship between both parameters. Previous reports have shown that the

composition of a coating made of two different materials A and B depends on the A and B content

in the powder feeder and the ratio of the Deposition Efficiency (DE) of A and B, %. The

B

deposition efficiency depends on the particle impact velocity and critical velocity. This critical
velocity represents the minimum required particle velocity for material deposition onto a surface.
[33]. Furthermore, in the case of mixed powders, when the mechanical and physical properties of
two powders are significantly different, the interaction between the two different powders can

affect the chemical composition of the coating [38].

To determine the DE of Cu, Cu particles with D50 = 70 pm were deposited on mild steel
using the SWIS parameters detailed in Table 2. No Cu deposit could be formed. In our
experimental conditions, the DE of Cu is negligible, most probably because the Cu particles could
not reach a velocity exceeding the critical velocity. Indeed, in the same experimental conditions,
it was only possible to obtain a Cu deposit when Cu particles with D50 = 50 um were used,
consistent with the fact that particles with smaller D50 will have lower mass and thus increase
velocity compared to particles with larger D50. In our experimental conditions, Cu particles with
D 50 =70 um were most probably entrapped within the Ti coating, explaining the low Cu content

in the as-deposited coating.

As shown in Figure 5b, an increase of the Cu content in the powder feeder decreased the

porosity of the resulting coating. The decrease of the coating porosity with the Cu content of the
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feeder is most probably due to Cu particles occupying the pores between the Ti particles. This
would be consistent with the fact that, in our deposition conditions, the Cu particles are not

accelerated enough to be deformed upon impacting the substrate.

After leaching, all coatings separated from the substrate because the corrosion rate of mild
steel in HNO;s is large [39]. As noted above, there are almost no Cu particles left in the coating
after leaching, indicating that the acidic solution had access to both the surface and the bulk of the
coating. Permeation of the acidic solution to the bulk of the coating was favored by the initial
porosity of the coating, which resulted from the use of Ti particles with D50 = 73 um. Even the
thickest coatings investigated were not damaged nor cracked after the leaching process (Figure
S2). This is consistent with the fact that Cu particles are only trapped in Ti coatings and do not
contribute to the mechanical properties of the coating. Consequently, their dissolution during acid
treatment has no effect on the coating's mechanical properties. As expected, leaching of Cu
particles from a coating increased its porosity (Figure 5b). However, this increase is such that the
porosity of the film after leaching does not exceed ca. 40%, which is equivalent to the porosity of

coatings prepared using only Ti particles of the same size.

Clearly, with the SWIS deposition technique, there is no benefit of using a Cu porogen to
prepare porous Ti coatings. So, to increase the porosity of Ti coatings beyond that obtained by
depositing Ti particles alone, coatings were prepared using the CGDS process. This process
enables the particles to reach higher velocities, which should modify the mechanism responsible

for incorporating Cu particles into the Ti coatings.

3.4 Effect of Cu porogen on the porosity of Ti coatings prepared by the CGDS technique

12



Figure 6a shows a typical SEM cross-section micrograph of an as-deposited Ti + Cu
coating prepared by the CGDS technique. The dark gray particles are Ti and the light gray particles
are Cu. The SEM micrograph of as-deposited Ti + Cu CGDS coating shows it is dense with almost
no porosity. CGDS coatings prepared using different Ti + Cu feeder mixtures exhibited the same

morphology with almost no pores.

Figure 6¢ showed the variation of the Cu content in the CGDS coating with respect to the
Cu content in the powder feeder mixture. Increasing the particle velocity in the CGDS process
enhances the efficiency of deposition of Cu, leading to an increased Cu content in the coating. This
is consistent with the fact that the Cu particles in the CDGS coatings were deformed upon impact
on the substrate (see Fig. 6a). As shown in Figure 6d, the porosity of all CGDS coatings was below
8%, considerably reduced compared to SWIS coatings. Again, this is due to the higher particle
velocity in the CGDS process, which causes deformation on impact with the substrate, leading to

denser deposits [26, 27, 28].

The coatings were leached in 5M nitric acid to dissolve the Cu porogen. As shown in Figure
6b, the SEM image of the leached coating indicates that Cu particles have been dissolved from the
surface of the coating. However, they were still present in the core of the coating. Consequently,
a rough surface with high porosity was formed on the coating surface, but the porosity in the bulk
of the coating was not increased. The acidic solution did not reach the Cu particles embedded in
the core of the coating even for coating with the highest Cu content (35 wt.%). This is because the
Cu particles are not arranged in a continuous network that would allow the acidic solution to

permeate through the entire thickness of the coating.

3.5 Effect of Al porogen on the porosity of Ti coatings prepared by the SWIS technique
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Figure 7 shows the cross-section optical microscopy images of as-deposited Ti + Al
coatings prepared by the SWIS technique. The gray areas are Al and the white areas are Ti
particles. Al particles are distributed homogeneously throughout the coating. According to the
EDX analysis, an increase in the Al content in the powder feeder mixture led to an increase of the
Al content in the coating (Figure 8a). The Al content in the SWIS coating is larger than the Al
content in the feeder, in contrast to the Ti + Cu coating deposited by the SWIS technique (see
Figure 5a) and the results of Ti + Ni prepared by Nikbakht et al. [40]. This is thought to be due to
the lower density of Al compared to Cu and Ni, which causes Al particles to reach higher
velocities, and perhaps also to the higher particle temperature combined with Al's lower melting

point, all of which contributing to increase the deposition efficiency [36, 40].

The porosity of the as-deposited Ti + Al coatings (Fig. 8b) was around 15% and showed
no clear trend with the Al content of the powder feed mixture. This level of porosity is lower than
that of SWIS coatings prepared using Ti powder (see Table 3) and lower than the porosity of SWIS
coatings prepared using a mixture of Ti and Cu powders (Figure 5b). This must be linked to the
ability of Al particles to deform on impact with the substrate and fill the pores formed when Ti

powder alone is used.

Leaching of Ti + Al SWIS coatings was performed following the procedure described in
the experimental section and cross section optical microscopy analysis was performed at different
steps of the leaching process. The first step of the leaching process consisted of three successive
immersion of the Ti + Al SWIS coating in 6M NaOH solution held at 70-90°C for one hour before
rinsing with deionized water. As seen in Fig. 9b, in the case of coating obtained using a Ti + Al
powder mixture containing 20 wt.% Al, most of the Al particles located at the top and the sides of

the coating were dissolved. However, several Al particles were still present in the coating near the
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interface between the substrate and the coating. In a second step, the coating was immersed in 0.5
M H>SO04 to detach it from the substrate (see the experimental section for details). Once detached
from the substrate, the self-supported coating was leached three more times in NaOH to dissolve
the remaining Al particles. At the end of the process, all the Al particles were dissolved without
causing any damage to the self-supported coating that kept its mechanical integrity (Figure 9c).
After leaching, the Al content in the self-supported coating was close to zero (Figure 8a) and the

porosity increased to ca. 60%, as shown in Figure 8c.

The same leaching treatment was applied to Ti + Al SWIS coating obtained using a powder
mixture containing 40 and 60 wt.% Al. In both cases, complete disintegration of the coatings were
observed, indicating that the aluminum content of these samples is so large that the number of
contacts between the Ti particles is not large enough to guaranty the mechanical integrity of the

sample once the Al particles were dissolved.

4. Conclusion

Self-supported porous Ti electrodes with thickness exceeding 2 mm and geometrical area
exceeding 1 cm? could be prepared by SWIS deposition. The final porosity of these coating was
ca. 60%, larger than that obtained from Ti-based PTL prepared by the powder sintering process
[41], cold spray [30, 31], and vacuum plasma spray process [42]. This was achieved through the
use of an Al porogen that was leached out of the coating through dissolution in an alkaline solution.
The optimum concentration of Al porogen in the powder feeder mixture was 20 wt.%. At this
concentration, Al could be dissolved, creating an open pore network while preserving the

mechanical integrity of the resulting electrode.
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