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A B S T R A C T

In order to meet society's increasing energy needs and at the same time reduce the dependence on fossil fuels, it is 
essential to expand the production of renewable energies. However, a particular challenge of such energies is the 
discrepancy between energy production and demand. To bridge this gap, methods are needed to store the energy 
generated. One possibility is the production of green hydrogen by means of Proton Exchange Membrane Water 
Electrolysis (PEMWE), which can later be used to generate electricity. Consequently, it is crucial to develop cost- 
effective and resource-conserving manufacturing methods for electrolyzer stacks. In this study, we compare a 
conventionally used porous transport layer (PTL) on the anode side, which consists of a titanium felt, with a new 
type of PTL made out of a stainless steel expanded metal coated with titanium. Cold gas spraying (CGS) was 
selected as the coating process, which, like the production of expanded metals, is highly scalable. In addition, 
cold gas spraying has the advantage that the deposition can take place under normal atmospheric conditions, as 
comparatively low gas temperatures prevent titanium from undergoing any phase changes. This study shows that 
it is possible to coat 130 μm thin expanded metals without deformation or blockage. The microstructure was 
analyzed using scanning electron microscopy (SEM) and the phase composition was determined through X-ray 
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS). The performance of different PTLs was 
compared by incorporating them into a proton exchange membrane (PEM) electrolyzer test cell. The newly 
fabricated PTL reached a current density of 2.6 A/cm2 at 2 V, which is only slightly lower than the benchmark 
value, reached with a full-body titanium felt, of 2.9 A/cm2. Compared to the full-body titanium felt, our new 
titanium-coated stainless steel-based PTL can reduce the amount of titanium needed by 68 %.

1. Introduction

Titanium possesses several desirable properties for various applica
tions. Among other things, titanium has a high strength-to-weight ratio 
and offers excellent corrosion properties, making it a sought-after ma
terial for the electrolyzer industry and other applications [1,2]. Never
theless, compared to alternative materials such as stainless steel, 
titanium is expensive in terms of both material and processing costs. Due 
to its high reactivity with oxygen at elevated temperatures, titanium 

processing typically requires a controlled atmosphere, such as during 
physical vapor deposition [3]. However, cold gas spraying provides a 
unique manufacturing process that allows the deposition of titanium in 
ambient atmosphere without significant oxidation of the titanium 
powder.

Cold gas spraying is a thermal spraying process in which, in contrast 
to others, the powder particles are not molten before they hit the sub
strate, as the typical deposition temperatures are of <1100 ◦C. Instead, 
the process uses a supersonic gas to accelerate the particles to high 
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velocities. This process is particularly useful for metallic materials, 
where melting under normal atmospheric conditions, as it is the case in 
atmospheric plasma spraying, would lead to strong oxidation of the 
powder. When the accelerated particles hit the substrate, bonding occurs 
due to the plastic deformation of the powder, which necessitates the 
material to be ductile [4–8].

In order to successfully apply titanium coatings using cold gas 
spraying, various parameters must be optimized, such as the gas inlet 
temperature and pressure and the distance between the nozzle and the 
substrate. In this study, additional challenges are posed by the fragility 
of the 130 μm thick expanded metals used as substrates. Expanded 
metals are mesh-like structures produced by slitting and stretching a 
metal sheet, and can be seen in both coated and uncoated states in Fig. 3
(a), as well as in the cross section of the coated expanded metal in Fig. 4. 
Furthermore, the holes within the expanded metals must not be clogged 
by the coating, as they are crucial for the functionality.

These titanium-coated stainless steel expanded metals will later 
serve as an essential component within a proton exchange membrane 
electrolyzer (also known as polymer electrolyte membrane electrolyzer), 
the so-called porous transport layer. Proton Exchange Membrane Water 
Electrolysis is an effective method for producing green hydrogen, for the 
chemical storage of energy [9–12]. PEM electrolyzers offer various ad
vantages over other electrolyzers, such as their low operating temper
ature, high hydrogen purity [9,11,13] and a rapid response time 
[14,15], which is needed in order to cope with the fluctuating electricity 
generated by renewable energy sources. One drawback of this technol
ogy is its comparatively high capital cost. This is partly due to the highly 
corrosive conditions inside the PEM electrolyzer, such as the low pH 
(<2) at the anode side in contact with the catalyst layer, potentials up to 
2 V and operating temperatures between 50 and 80 ◦C [9,11]. Conse
quently, many components inside the electrolyzer are made out of ti
tanium and are often coated with precious metals such as platinum 
[9,11]. For instance, the PTL on the anode side typically comprises a 
titanium felt or expanded metal, both coated with platinum. The pri
mary function of the PTL on the anode side is to transport water to the 
membrane and to remove the oxygen produced. Additionally, a high 
electrical conductivity and low contact resistance are essential for a high 
performance PTL [12,16–18]. Conventional felt-based PTLs have a 
number of disadvantages compared to expanded metals when coated via 
cold gas spraying. These include poorer heat dissipation as a result of 
thinner fibers and a larger thickness, often leading to severe oxidation. 
In addition, when coating with CGS, the components must be clamped 
tightly so as not to be moved by the gas flow. The thinner expanded 
metal with its thicker strands is more resistant to deformation caused by 
clamping or the supersonic gas flow. Moreover, many felts have finer 
pore structures, which are likely to be sealed by the powder, compro
mising the medium transport. Furthermore, the production of expanded 
metal is a scalable and cheap industrial process. Therefore, this study 
intends to coat novel stainless steel-based expanded metal PTLs with 
titanium, optimizing thermal spraying procedures and lowering the total 
titanium usage.

2. Methods and materials

2.1. Powder

In this study, commercially available, gas atomized, titanium grade 1 
powder from TLS Technik GmbH & Co. Spezialpulver KG was used to 

fabricate titanium coatings. Table 1 shows the particle size distribution, 
measured via laser scattering (LA-950, HORIBA Europe GmbH, Ger
many). Fig. 1 displays SEM (Zeiss GeminiSEM 450) images of the 
powder, revealing its spherical morphology.

2.2. Titanium deposition

The titanium coatings were deposited using an Impact Innovations 
GmbH cold spray system, with a D24 converging–diverging nozzle with 
an expansion ratio of 5.6. Nitrogen was used as both the propellant and 
feedstock carrier gas. The deposition gas temperature, measured before 
the gas reaches the nozzle, was 900 ◦C with a constant gas pressure of 40 
bar. For deposition, a stand-off distance of 100 mm at a 90◦ angle with a 
gun traverse speed of 2000 mm/s was chosen. The high traverse speed, 
as well as the omission of any preheating steps, is necessary to avoid 
damaging or oxidizing the delicate substrates. The coatings were 
deposited on thin expanded metals which were formed out of 130 μm 
thick 1.4404 stainless steel sheets by Bender GmbH Maschinenbau u. 
Streckmetallfabrik. Prior to coating, the expanded metals were cleaned 
to remove any residue from the surface and then cut with a sheet metal 
shear into rectangles of 5 cm × 5.8 cm, leaving 0.4 cm on the top and 
bottom of the expanded metals for the sample holder to clamp onto. 
Only the front of the expanded metal, facing the membrane electrode 
assembly (MEA), was coated with titanium.

2.3. Sample characterization

To examine the phase composition of titanium coatings sprayed 
under the mentioned conditions, an additional 25 mm × 25 mm × 2 mm 
stainless steel plate was coated and subsequently analyzed with a Bruker 
D4 diffractometer using a Cu Kα anode in a Bragg-Brentano geometry. In 
order to analyze the coated expanded metals, first top view images were 
taken before metallographic cross sections were prepared to examine 
the microstructure. Images were taken with a Hitachi TM 3000 tabletop 
SEM using a backscatter detector. EDS Analysis was conducted using an 
EVO 15 SEM from Zeiss with an Ultim Max 100 detector from Oxford 
Instruments. The thickness and surface area of the coating were 
measured using ImageJ.

2.4. Performance characterization

To assess the suitability of a stainless steel expanded metal with a 
cold gas sprayed titanium layer as a PTL within an PEM electrolyzer, the 
sample was installed in a laboratory-scale test cell, see Fig. 2.

The cell consists of two of meander flow fields, one on the anode side 
and one on the cathode side. A catalyst-coated membrane that was 
produced in-house using a Nafion™ 117 membrane and catalyst loading 
of 1.00 ± 0.14 mg Ir/cm2 anode catalyst and 0.24 ± 0.05 mg Pt/cm2 

cathode catalyst was used. Commercially available carbon PTLs from 
Toray (TGP-H-120) with a thickness of 360 μm were used as PTLs on the 
cathode side.

Before installing, the new anode PTL was coated with platinum on 
both sides by means of sputtering using a Quorum Q150T ES to reach a 
platinum loading of 0.06 mg/cm2 which leads to a coating thickness of 
about 37 nm. The platinum coating is necessary to prevent titanium 
oxidation during operation and thus, an increase in contact resistance 
leading to a performance drop. After assembly, the cells and the purified 
water were heated to the operating temperature of 80 ◦C. Subsequently, 
the cell voltage was ramped up to 1.7 V and held constant for 15 h. Next, 
I-V curves were recorded to compare the performances of various PTLs. 
Each voltage step was held for 5 min, with the last 100 s being used to 
determine the mean current density for that step. This method was used 
to compare the performance of four different PTLs, see Table 2. A 
commercially available 360 μm thick titanium felt (Bekipor® Titanium, 
2GDL10–0.35 from NV Bekaert SA) coated with platinum on both sides 
(Ti_F_Pt) was used as a benchmark, compare Fig. 7. Additionally, similar 

Table 1 
Particle size distribution of the used titanium powder from TLS Technik GmbH & 
Co. Spezialpulver KG.

Manufacturer's data 
[μm]

D(10) 
[μm]

D(50) 
[μm]

D(90) 
[μm]

Average 
[μm]

20–53 21.6 36.6 54.1 35 ± 13
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expanded metals made of titanium were tested, both with (Ti_EM_Pt) 
and without (Ti_EM) platinum coating, as well as the newly manufac
tured stainless steel expanded metal with titanium and platinum coating 
(SS_EM_Ti_Pt).

3. Results and discussion

3.1. Scanning Electron microscopy

Fig. 3 shows the top view of the expanded metal that will face the 
MEA on the anode side of a PEM electrolyzer. Fig. 3(a) shows the surface 

of the expanded metal near the edge so that the coated side (right) and 
the uncoated side (left), which was masked by the clamp and cut off 
before installation in the electrolyzer, can be seen for comparison. 
Visibly, the structure as well as the openings of the expanded metal 
remain intact. Fig. 3(b) shows a higher magnification of the coating, 
revealing that the deposited titanium particles maintain a spherical 
shape on the surface, meaning that the titanium particles do not fully 
flatten upon impact. Thus, the deposition process significantly increases 
the surface area. Seven different SEM images of cross sections were 
analyzed, whereby the surface of the uncoated and the coated expanded 
metal were each measured using ImageJ. Assuming isotropy, this 
showed that the surface area after coating was increased by 54 % with a 
standard deviation of 17 %.

The cross sections in Fig. 4 demonstrate that despite the incomplete 
flattening of the particles, plastic deformation has definitely occurred in 
the bottom region of the particles, thereby completely covering the 
substrate. The coating thickness was determined by 60 individual length 
measurements to be 38 μm with a standard deviation of 16 μm. While 
this standard deviation is relatively high, it is matching the particle size 
distribution of the pristine powder, which has an average size of 35 μm 
with a standard deviation of 13 μm. Therefore, the uneven shape of the 
coating can be attributed to the titanium particles retaining their shapes. 
If the current shape of the coating causes issues, using a feedstock 
powder with a smaller standard deviation as well as reaching higher 
particles velocities may result in a more uniform coating shape. 

Fig. 1. SEM images using a backscatter detector of the used titanium powder from TLS Technik GmbH & Co. Spezialpulver KG.

Fig. 2. Illustration of the laboratory sized PEM electrolysis test cell [19].

Table 2 
Names, buildup, porosity and thickness of the different PTLs tested. All Pt 
coatings were deposited via sputtering.

Name of 
PTL

Substrate Coating 1 Coating 2 Thickness Porosity

Ti_EM Ti expanded 
metal

– – 125 μm 25 %

Ti_EM_Pt Ti expanded 
metal

Pt, both 
sides

– 125 μm 25 %

Ti_F_Pt Ti felt Pt, both 
sides

– 360 μm 68 %

SS_EM_Ti_Pt SS expanded 
metal

Ti, facing 
MEA

Pt, both 
sides

168 μm 29 %
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However, it is important to note that an increased surface area, resulting 
in more three-phase boundaries (catalyst, water, PTL), can enhance 
performance during operation, as is the case with micro-porous layers 
[20–22]. To investigate this phenomenon further, manufacturing more 
PTLs with varying specific surface areas could lead to more insights 
regarding the surface to performance relation.

Fig. 5 shows the EDS analysis of the cross section of the titanium- 
coated expanded metal. When reviewing the mapping of the O kα1 
signal, it becomes clear that there was no significant oxidation of either 
the titanium powder or the expanded metal during the deposition. 
Nevertheless, it should be mentioned that titanium forms a native oxide 
layer under normal atmosphere in the range of a few nanometers, which 
is not detectable in the devices used. Overall, the microstructural anal
ysis indicates that the chosen coating parameters successfully achieved 
full coverage of the expanded metal without clogging its openings or 
increased oxidation.

3.2. X-ray diffraction

The X-ray diffractogram in Fig. 6 confirms no change of the chemical 
composition of the titanium powder took place during deposition. The 
XRD peaks were identified as hexagonal titanium (P63/mmc, a = b =
2.9511 Å, c = 4.6843 Å). With this result it is possible to conclude that 
the titanium on the expanded metal also didn't have any major phase 
changes.

3.3. Reducing titanium usage

This chapter outlines a calculation estimating the potential reduction 
in titanium consumption by substituting a full-body titanium felt with a 
stainless steel expanded metal coated with titanium via cold gas 
spraying.

A commercially available Bekaert titanium felt with a thickness of 
360 μm (as was used for the benchmark), dimensions of 42 mm × 42 mm 
and a porosity of 68 % weighs about 0.915 g.1 This equates to 0.052 g 
titanium per cm2 of membrane area. In contrast, the titanium coating 
sprayed with the parameters given in Section 3.2 has a specific weight of 
0.009 g/cm2, which is a reduction of the specific weight of about 82 %. 
The calculated deposition efficiency, excluding overspray,2 for the spray 
process on the expanded metal was determined to be 55 %. This in
dicates that approximately 0.017 g of titanium per cm2 was used to 
produce the coating. With this adjustment, we calculate that the coating 
of the stainless steel expanded metal saved about 68 % of the titanium 
that would have been required for the full-body titanium felt.

Fig. 3. Top view SEM images of the PTL. (a) Shows the difference between the uncoated state (left, will be cut off before installation in electrolyzer) and the coated 
state (right, will face the MEA), while (b) shows a higher magnification of the coating.

Fig. 4. Cross section SEM images from the titanium-coated stainless steel PTL.

1 Calculated using a titanium density of 4.5 g/cm3 [23].
2 Here, overspray denotes only the powder deposited next to the substrate, 

not the powder penetrating the holes of the expended metal. Thus, omitting 
overspray from the efficiency calculation is appropriate given the smaller size of 
our test substrates compared to potential industrial applications.
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3.4. PEMWE

Fig. 7 displays the recorded I-V curves for various PTLs after the 
ramp-up stage, as described in chapter 3.4. No data are available on the 
performance of uncoated stainless steel expanded metals. This is due to 
the rapid progression of corrosion of the uncoated stainless steel samples 
during the ramp-up stage, which made it impossible to record I-V curves. 
The performance of the completely uncoated titanium expanded metal 
(Ti_EM) is the lowest of the presented I-V curves. The lack of protection 
against corrosion has presumably caused titanium to oxidize on the 
surface, thus increasing the contact resistance, resulting in a lower 
current density (1.3 A/cm2 at 2 V). All the platinum coated PTLs per
formed visibly better as they reach higher current densities. The cell 

with the new titanium and platinum coated stainless steel expanded 
metal (SS_EM_Ti_Pt) exhibits the second highest current density of 2.6 
A/cm2 at 2 V, which is double the value of the uncoated sample. The cell 
with platinum coated titanium expanded metal (Ti_EM_Pt) has a slightly 
lower current density of 2.4 A/cm2 at 2 V. Whether this is due to the fact 
that the titanium expanded metal (Ti_EM_Pt) has a smaller surface area 
than the stainless steel expanded metal coated with titanium (SS_EM_
Ti_Pt) is possible but has not yet been sufficiently investigated. Both of 
the novel expanded metal-based PTLs are not able to reach the current 
density of the platinum coated titanium felt (Ti_F_Pt), which reaches a 
maximum current density of 2.9 A/cm2. Nevertheless, SS_EM_Ti_Pt is a 

Fig. 5. Cross section SEM image (left) of the titanium-coated stainless steel PTL and EDS mapping of the same spot on the right.

Fig. 6. Normalized diffractogram of titanium deposited by cold gas spraying on 
a flat stainless-steel substrate (red), the titanium powder (black) and the hex
agonal titanium diffraction pattern (orange) used to identify the peaks. Fig. 7. Current density at different cell voltages after the ramp-up stage for 

various PTLs.
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promising candidate that reaches comparable current densities and 
therefore requires further investigation and optimization.

4. Conclusion

In this study, it was shown that it is possible to use cold gas spraying 
to successfully coat delicate, thin, porous structures, while avoiding 
deformation and oxidation of the substrate. This was achieved without 
significantly oxidizing the titanium powder during deposition. Even 
though the target current density for PEM electrolyzer cells has not yet 
been fully reached, the initial tests with the novel PTL are very prom
ising. Thus, coated stainless steel expanded metals, which can be pro
duced in large quantities, appear to be a promising replacement for 
conventional titanium PTLs, as they can reduce the total amount of ti
tanium required by 68 %. It is important to explore potential benefits of 
different coating morphologies, for example a higher surface area or 
different thicknesses, achieved through alternative feedstock powders or 
deposition parameters to enhance the current density. Further research 
should also include long-term stability tests in which the current density 
is monitored over a long period of time and additionally post-mortem 
analysis of the samples after long operation times to see whether 
oxidation or coating detachment has occurred.
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