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Abstract In order to take climate action for carbon neu-

trality, green hydrogen should be implemented in all

industrial sectors. The proton exchange membrane water

electrolyzer (PEMWE) allows sustainable hydrogen pro-

duction if electrolyzer lifetime can be balanced with the

production costs. In terms of electrolyzer effectiveness,

ohmic losses from interfacial contact resistances between

the cell components have to be reduced. In this study, a

new two-step approach in interface modification of cell

components is discussed. Firstly, a steel-based bipolar plate

(BPP) is coated by cold gas spraying. Secondly, a cold gas-

sprayed porous transport layer (PTL) is directly applied

onto the coating, reducing construction gaps in the cell

design. The interface modification is evaluated by mea-

suring the total resistance of the BPP-PTL coating system.

Accordingly, the electrical resistance between BPP and

PTL is successfully reduced by approximately 40%

through this approach. The reason for this observation is

that BPP and PTL are joined in a new way, namely by

mechanical interlocking. The newly developed BPP-PTL

coating system is a promising approach for interface

modification in the context of PEMWE.
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Introduction

To achieve significant CO2 reductions, transitioning to

hydrogen-based technologies is essential. In Europe, large-

scale hydrogen production today is based on fossil fuel-

powered processes. One example for this production pro-

cess is steam reforming, which produces approximately 9

tons of CO2 for 1 ton of hydrogen (Ref 1). Producing

carbon-free ‘green’ hydrogen is possible with water elec-

trolysis powered from renewable energy. Among various

electrolysis technologies under industrial development,

proton exchange membrane water electrolysis (PEMWE) is

of special interest, sharing similarities with the well-

established proton exchange membrane (PEM) fuel cell. A

schematic representation of the PEMWE system is pro-

vided in Fig. 1.

The PEMWE cell consists of two half cells of anode and

cathode. On the anode, water is fed into the cell on one

bipolar plate (BPP) side, transported through a porous

transport layer (PTL) and oxidized into oxygen and protons

by the anodic catalyst layer. The oxygen is transported out

of the cell through the PTL again, and the protons migrate

through the membrane where they are reduced to hydrogen

by the cathodic layer. In traditional designs, BPPs function

as current collectors and separator plates between the

stacked cells. PTLs are used to control mass transport,

electrical contact to the anode and manage heat transport.
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On the anodic side, the cell components of BPP and PTL

face special electrochemical conditions in terms of a high

electrochemical potential, E = 2 V, and a low pH, pH & 2.

Consequently, in order to achieve low electrochemical

degradation from corrosion, present BPPs and PTLs are

manufactured from titanium, grade 1 to 2. The chosen

material exhibits two economic challenges: Firstly, com-

mercially pure titanium is an expensive material compared

to stainless steel or nickel-based alloys, commonly used in

chemical applications, and secondly, the material bears

undesired forming properties necessary for the production

of transport channels. For these reasons, alternative mate-

rial strategies, i.e., coated stainless steel BPPs, are being

investigated right now.

For the commercial expansion of PEMWE, future per-

formance targets have been published by U.S. Department

of Energy (DoE) (Ref 3), demanding for a development of

electrolyzer cells with higher current densities while

reducing cell voltage at the same time compared to the

status quo. The cell voltage depends on the following

equations: (Ref 4)

Ucell ¼ Urev þ UgX þ UgA þ UgK ðEq 1Þ

And (adapted from (Ref [5]))

UgX ¼ RBPP þ RPTL þ RMembraneð Þ � i � A ðEq 2Þ

The reversible voltage Urev describes the minimal volt-

age required to electrolyze water. It is calculated with the

Nernst equation. Under constant gas pressure and temper-

ature, Urev is constant. The Ohmic overpotential UgX and

the overpotentials at the anode UgA and cathode UgK are

remaining variables. The Ohmic overpotential is influenced

by the thickness of the polymeric membrane, the specific

resistances of the materials and the interfacial contact

resistances (ICR) between BPP and PTL and PTL and

membrane. Additional resistances have to be considered if

the BPP is structured with transport channels (Ref 5). The

ICR is a contact resistance depending on the torque applied

to assemble the cell components in a stack. Because of the

electrochemical conditions, the interface BPP | PTL is

subject to alterations through metal dissolution or electro-

chemical passivation which affect the ICR. Therefore, the

interface BPP | PTL is an important developmental factor

for the PEMWE.

Thermal Spraying for PEMWE Cell Components

The motivation to test thermal spraying for BPP and PTL

stems from the economic desire to reduce manufacturing

costs in comparison with thin film technology and also the

growing trend of using cold gas spraying in additive

manufacturing. Regarding thermal spraying processes in

air, cold gas spraying (CGS), high-velocity oxy- and air

fuel spraying (HVOF and HVAF) were evaluated for BPP

coatings in a previous study by the authors (Ref 6). Tita-

nium CGS coatings showed structurally very promising

properties as they exhibit a high coating density and a low

degree of oxidation.

As described above, the PTL is an important cell com-

ponent regarding mass, heat and electron transport. How-

ever, the identification of the most effective PTL structure

or combination of layers is still part of research. Figure 2

illustrates the two different concepts of a) PTL and b) PTL

with micro porous layer (MPL).

Fig. 1 Schematic illustration of

the PEMWE cell (Ref 2), anode:

Ir catalyst, cathode: Pt catalyst.

Reprinted with the permission

of ASM International. All rights

reserved
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As shown in Fig. 2(a), the PTL is a large cell component

in direct contact with the catalyst coated membrane

(CCM). Many different types of PTL are currently

available on the market from rather thick expanded metal

PTLs of 1.5 mm B s B 3.0 mm to thinner PTLs manu-

factured from sintered powders or fibers, 0.25 mm B s

B 1.0 mm. In terms of porosity, it was determined by

Grigoriev et al. (Ref 7) that it should range between

30% B U B 50% for a suitable ratio between mass and

electric transport. In the same publication, the authors also

pointed out that a graded pore structure is beneficial. A

graded structure enhances mass transport and electrical

contact with the CCM. For those reasons, a MPL is

employed, which can be viewed as a surface modification

of a larger PTL, and is depicted in Fig. 2(b) in red. In the

context of thermal spraying, there is one publication

showing the use of thermal spraying to generatively pro-

duce a three-dimensional cell component, and there are

several publications employing thermal spraying for MPL

deposition. A brief literature review is given in the fol-

lowing sections.

Vacuum Plasma Spraying/Atmospheric Plasma Spraying

Right up from the beginning, German Aerospace Center

(DLR) was focusing on generating graded PTL structures

with large pores on the BPP side and very fine pores on the

CCM side. In Lettenmeier et al. (Ref 8) for example, the

aim was to deposit a multilayer system with VPS, differing

in pore size, on a commercially available sintered PTL.

Therefore, different Ti-powder fractions, F = 125 lm and

F = 45 lm, are used. Comparing the surface properties of

the VPS coating and the sintered product, a higher rough-

ness for the VPS coating with the coarser powder with

12 lm\Ra, VPS\ 17 lm compared to Ra, Sinter &
7.7 lm ± 0.3 lm is observed. This is rather undesired as

the coating is directly pressed into the soft polymer

membrane and might cause a non-homogenous contact or

even membrane rupture. Using the finer powder of

F = 45 lm, average surface roughness is rather similar to

the commercial PTL with Ra, VPS & 9 lm ± 1 lm.

Regarding the porosity, no large difference between the

coatings from finer powder and the combination of finer

and coarser layers is identified. The porosity ranges

between 20%\U\ 30%. Pore sizes were determined

with mercury intrusion porometry. The pore radii vary

between 3 lm\Dp\ 5.5 lm depending on the number

of passes and choice of powder.

While the results from that study demonstrate

promising coating structures, VPS is cost-intensive and a

less scalable thermal spraying process. For those reasons,

Surface Engineering Institute (IOT) studied the use of

atmospheric plasma spraying, which is reported in (Ref

9). Main conclusions from that investigation are that

coating of expanded metals or sintered PTLs with APS is

possible, but the surface roughness is high with Rz[
120 lm, the Ti oxidation despite shrouding elevated and

the maximum porosity achievable is U = 23 %. Conse-

quently, there is a motivation to identify other processes

apart from plasma spraying that are suitable to apply

porous structures in serial production either as MPL on

commercial PTLs or generate fully functional PTLs of

larger thickness.

Fig. 2 Schematic Illustration of

a) PTL and adjacent catalyst

coated membrane b) the

addition of a MPL between PTL

and catalyst coated membrane
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HVOF Spraying

Driven from the motivation to generate a three-dimensional

fully functional PTL, the use of HVOF was shown in

context of PTL development by IOT (Ref 2). Gas-fueled

HVOF was utilized by setting up a hydrogen surplus which

led to lower particle velocities and a reductive atmosphere.

Because of a special separation technique from the sub-

strate, the resulting PTL exhibits a porosity gradient with

three zones as reported in (Ref 10). On the impact side, the

separated surface is very smooth, Ra = 1 lm, making this

side suitable for membrane contact. The average roughness

of the build-up side is Ra = 14 lm which is directed to the

BPP. The high surface roughness reflects the higher

porosity on the surface in the BPP contact, promoting mass

transport, which decreases after 100 lm in the bulk

material to an average value of U = 32% determined from

computer tomography. In the impact region, the porosity

further decreases to U = 21%. Median pore size is Dp =

4 lm. The functionality of this HVOF-PTL was demon-

strated in a single cell test. After the test, the membrane

was studied, and imprints of the reference PTL material are

more visible in the membrane than of the HVOF-PTL

proving that the smooth surface contributes to an improved

membrane contact.

Cold Gas Spraying

Next to VPS, CGS is an established technology to process

titanium materials. Sievert et al. (Ref 11) used CGS to

apply a MPL on an expanded metal. The coating structure

can be described as a single layer of spherical Ti particles

which was achieved through a high transverse gun speed

vrobo = 2,000 mm/s and a standoff distance with

dw = 100 mm. Surface roughness was not published, but

the functionality was tested in a cell test.

In (Ref 12), a batch of Ti and Cu was processed by CGS.

Cu is a pore-forming agent (PFA) in this case that is

chemically leached out. Thus, pores remain in the Ti

matrix. However, because of high coating density, Cu is

entrapped and cannot be leached out properly. Conse-

quently, the porosity measured of this PTL is U & 8%

only.

While the PFA approach was not successful, studies in

the biomedical field have already demonstrated that CGS

can be utilized for the manufacture of larger porous

structures without additional powder feedstock modifica-

tions. In Wathanyu et al. (Ref 13), multilayer coating

systems from titanium for implant applications were

investigated. A parameter study was conducted to form

pores in the process. Surface roughness of the showed

coating structures is Ra = 14 lm, and porosity determined

from image analysis is high with U[ 30 %. The possibility

of achieving high porosity with CGS and also the experi-

ence from serial production with this process make CGS

interesting for further investigation in the context of

PEMWE.

Aim of Work

Literature shows that the manufacture of porous Ti struc-

tures with cold gas spraying is possible, and regarding the

PEMWE application, promising approaches can be iden-

tified. While efforts have been made to improve the contact

between PTL and catalyst layer on the membrane through

the design of MPLs, the interface BPP | PTL has not been

considered so far. The aim of this work is to demonstrate

improved electrical contact between BPP and PTL through

a BPP-PTL coating system manufactured from direct

application of the PTL on top of the BPP with CGS. In

contrast to (Ref 12), PFA is not used to achieve the porous

structure in this study, but process parameters are being

modified. The working hypothesis is that direct application

leads to mechanical interlocking of both components. The

BPP-PTL coating system is intended to contribute to a

future zero-gap cell design which leads to reduced ohmic

losses and results in an increased cell performance.

Experimental

Process Development for CGS-PTL

Both, BPP coating and PTL, were deposited with the CGS

system Evo CSII 6/11, Impact Innovations GmbH, Rat-

tenkirchen, Germany, on 316L-substrates of d = 0.5 mm

thickness. Because of the comparably thin part thickness,

substrate preparation was conducted by grinding with P80

sandpaper and cleaning with ethanol. The chosen powder

feedstock was an angular HDH titanium grade 4,

F = - 45 ? 11 lm, Metco 4010 C, Oerlikon Metco AG,

Pfäffikon, Switzerland, and was injected with a powder

feeding rate of _m= 0.84 kg/h. In order to produce a highly

porous structure, the process parameters between BPP

coating and the PTL differ strongly in gas temperature, gas

pressure and standoff distance, as given in Table 1. The

process development for the PTL was based on PTL-1,

- 2, and - 3 using the same process parameters as in (Ref

13). The concept of PTL-3 is to create a two-layer system

with a pore gradient. In contrast to the original publication,

the pore gradient is designed to increase from surface to

substrate while for implant application, a rough and porous

surface is desired to favor tissue adhesion. Thus, the new

challenge for this parameter of PTL-3 was to avoid den-

sification from the last two passes with p = 30 bar.
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Pressure elevation was conducted when the gun was

pausing in home position.

The cross-sections of PTL-1, - 2 and-3 in the result

section, in Fig. 5, show that the coating structures of the

porous layers do not meet the expectations. Consequently,

process development was necessary. The authors decided

that the selected gas temperature and pressure were suit-

able enough to process the titanium powder at hand. Thus,

the standoff distance was systematically increased (PTL-4

to - 7) aiming at reducing the kinetic energy at the particle

impact and causing a porous structure.

Measurement of Interfacial Contact Resistance

The methodological approach for the experimental mea-

surement of the ICR is based on Lædre et al. (Ref 14). The

ICR is calculated from a three-step measurement, as

illustrated in Fig. 3.

The general setup consists of two gold-plated copper

electrodes which are pressed together under various loads.

The sample is placed between the electrodes and a current

is applied. The voltage drop is measured, and the total

resistance is calculated with the ohmic law. According to

Lettenmeier et al. (Ref 15), the range of 120 N cm-2

B Fc B 200 N cm-2 in compaction force is technically

relevant for clamping all stack components together.

Through the applied compaction force, gaps and voids are

eliminated leading to a maximization of contact area and

consequently to a decrease in the ICR.

First, the resistance R1 is measured with the BPP. R1

consists of the intrinsic resistances of the copper electrodes

RE and of the BPP RBPP as well as the two contact resis-

tances at the interface between the electrodes and the BPP

RE/BPP. The definition of R1 is shown in equation 3.

R1 ¼ 2 � RE þ RBPP þ 2 � RE=BPP ðEq 3Þ

Second, resistance R2 is measured with PTL in the same

way as resistance R1 is measured. Resistance R2 is defined

according to Eq. 4.

R2 ¼ 2 � RE þ RPTL þ 2 � RE=PTL ðEq 4Þ

In the last step, resistance R3 with BPP and PTL is

determined. Equation 5 shows the resistance R3.

Table 1 Overview over process parameters for CGS system Evo CSII 6/11

Gas Pressure p in

bar

Gas Temperature T in

�C
Standoff Distance dw in

mm

Passes Meander Width b in

mm

Robot Speed v in

mm/s

BPP-

coating

48 1,100 30 1 1 500

PTL-1 20 550 30 10 2 500

PTL-2 30 550 30 10 2 500

PTL-3 20, 30 550 30 8, 2 2 500

PTL-4 20 550 60 3 1 500

PTL-5 20 550 90 3 1 500

PTL-6 20 550 120 3 1 500

PTL-7 20 550 150 3 1 500

PTL-8 20 550 180 3 1 500

PTL-9 20 550 200 3 1 500

Fig. 3 Schematic illustration of three-step ICR measurement, Step 1: Measurement of BPP resistance R1, Step 2: Measurement of PTL

resistance R2, Step 3: Resistivity measurement of combined BPP and PTL
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R3 ¼ 2 � RE þ RPTL þ RBPP þ RE=PTL þ RE=BPP þ RBPP=PTL

ðEq 5Þ

Due to the high electrical conductivity of the copper

electrodes and the associated low ohmic resistance, the

intrinsic resistance of the copper electrodes RE is neglected

(Ref 16). As the single resistance of the BPP RBPP is

significantly lower than the contact resistance at interfaces,

it is negligible for the calculation of the ICR (Ref 17). The

same has been observed for RPTL by the authors in a pre-

liminary study. The subtraction of the two contact resis-

tances RE/PTL and RE/BPP leads to the determination of the

contact resistance RBPP/PTL. This is shown in eq. 6.

RBPP=PTL ¼ R3 �
1

2
� R1 þ R2ð Þ ðEq 6Þ

By multiplying RBPP=PTL with area A, the ICR can be

determined, cf. eq. 7.

ICR ¼ RBPP=PTL � A ðEq 7Þ

The ICR-measurement stand was specially designed and

built-up in the framework of the research project. To this

day, there is no standardization of the ICR measurement.

The determination of low ohmic resistances, such as the

ICR, is based on the principle of four-wire measurement. A

constant electrical current of I = 1.00 ± 0.01 A is applied

to the gold-plated copper electrodes via an external direct

current source AL781NX, elc, France, using Kelvin

clamps. The resulting voltage drop between the electrodes

is measured using a dual-display multimeter, Fluke, Ever-

ett, Washington, USA, after a holding time of t = 15 ± 1 s

at a constant force. The measurements are conducted in a

range of compaction force of 40 N cm-2 B Fc -

B 200 N cm
-2

.

The ICR according to Eq. 5 is determined on three

variations:

• Variation 1: Steel BPP (316L, s = 0.5 mm) | Ti-Fiber-

PTL (Titanium Grade 1, s = 0.25 mm, NV Bekaert SA,

Belgium)

• Variation 2: Titanium BPP (Grade 1, s = 0.1 mm) | Ti-

Fiber-PTL

• Variation 3: Ti-coated Steel BPP (cf. Table 1) | Ti-

Fiber-PTL

In order to mimic real PEMWE interfaces, the chosen

PTL in this publication is a Ti-Fiber-PTL and not a carbon-

based gas diffusion layer. The morphology of the PTL from

Bekaert SA is analyzed thoroughly by Stiber et al. in (Ref

18). The newly developed CGS-PTL is compared to the

structure of the commercial Ti-Fiber-PTL. For the directly

applied PTL on the coated BPP (Variation 4), the ICR

cannot be determined because a detached CGS-PTL could

not be manufactured without damaging the PTL or the BPP

coating. Yet, the total resistance R3 is compared between

the BPP-PTL pairings named above and the directly

applied CGS-PTL.

Scanning Electron Microscopy (SEM)

Metallographic cross-sections were prepared according to

DVS Merkblatt 2310-1. SEM Phenom XL G2, Thermo

Fisher Scientific, Netherlands, is utilized with an acceler-

ation voltage of UB = 15 kV and backscattered electron

detector. The sample chamber is evacuated to a pressure of

p = 10-6 bar. Coating thickness is averaged through the

largest distance and the smallest distance between substrate

and surface each cross-section. For porosity analysis, nine

images are extracted at a magnification of V = 1,500x.

Confocal Laser Scanning Microscopy (CLSM)

In a previous study by the authors (Ref 10), the CCM was

investigated in SEM after the single cell test. Accordingly,

heavy marks from the Ti-Fiber-PTL can be observed in the

CCM, while for the CCM contacted with the smooth side

of the HVOF-PTL, this effect is less pronounced. Conse-

quently, PTL roughness has a large influence on the contact

to the thin and polymeric membrane. Thus, CLSM VK

X-210, Keyence Instruments Ltd., Japan, is used with 20x-

magnification and a step size of h = 0.50 lm to analyze the

roughness. Roughness analysis is conducted with the VK

X-Analysis Module by Keyence according to ISO

4287:1997. For roughness analysis of the coatings, a profile

average of six lines is extracted and length of ln = 12.5

mm is analyzed with the filters kc = 2.5 lm, ks = 1.055

lm. The roughness test is conducted on nine samples for

the PTLs and 18 samples for the BPP coating.

Carrier Gas Hot Extraction

Carrier gas hot extraction is applied to determine the

oxygen level in the PTL. Small fragments are obtained by

coating a tape in the same process as the metallic com-

ponents. Three fragments are tested with G8 Galileo ON/H,

Bruker AXS, Germany, at RWTH Welding and Joining

Institute.

Results

Measurement of BPP-ICR

The BPP coating is applied according to Table 1 with CGS

on a s = 0.5 mm thin 316L steel sheet. This coating is

compared with uncoated materials regarding the ICR

between the BPP and the Ti-Fiber-PTL. Therefore, the ICR
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is measured by testing five BPP and PTL segments in a size

of Asample = 25 mm 9 25 mm of each variation for five

times. The average ICR for each variation is calculated out

of those 25 measurements. In Fig. 4, the average ICR

dependency on the compaction force is depicted.

As explained, the ICR decreases with increasing com-

paction force. In the relevant force range, uncoated tita-

nium and 316L exhibit similar behavior while the coated

BPP shows lower ICR values. One hypothesis is that the

roughness peaks in the as-sprayed state penetrate the pores

between the fibers, and thus the number of electron path-

ways rises and the electron transfer is improved. However,

blocking the pores with the roughness peaks could inhibit

mass transport. This challenge could potentially be solved

by directly applying the PTL onto the coated BPP, which is

discussed in the following chapter.

Development of CGS-PTL

The process development for the porous CGS structure

focuses on gas pressure variation and modification of

standoff distance. In Fig. 5, the structures for PTL-1 to - 3

are compared which were generated through gas pressure

variation using SEM images. PTL-1, shown in Fig. 5(a),

was produced with ten passes at p = 20 bar gas pressure.

Image analysis provides coating thickness including the

thickness deviation from roughness. For PTL-1, the

thickness ranges between 900 lm\ s\ 1,000 lm with

the roughness peaks. This coating thickness is in good

agreement with the original reference (Ref 13) in which a

coating thickness of s & 100 lm for one pass is reported.

However, coating porosity of the obtained coating is

approximately half as high as described in the original

reference. A reason for this might be that the chosen Ti

powder has a fraction of finer particles, d10 = 11 lm, that is

not included in the powder from the reference with

F = - 44 ? 20 lm. The fine particles are better plasti-

cized in the hot gas stream and lead to less pore formation.

Therefore, the porosity is lower than in the original

reference.

Regarding PTL-2, in Fig. 5(b), porosity and coating

thickness are decreased when increasing the process gas

pressure from p = 20 bar to p = 30 bar. The reason for this

observation is the higher kinetic impact of the Ti particles

on the substrate through the higher gas pressure leading to

a strong densification effect. In a third option, eight passes

with the lower gas pressure and two passes with the higher

gas pressure are combined with the intention to obtain a

pore gradient from high porosity at the interface to lower

porosity in the surface region. Figure 5(c) demonstrates

that the chosen approach is not successful. Firstly, there is

no strong difference in pore structure between the eight

passes and the final two passes. Secondly, the expected

coating thickness for PTL-3 is s & 950 lm, but the real

coating thickness of PTL-3 is s = 720 lm ± 30 lm and

therefore lower than expected. The authors assume that the

higher gas pressure leads to coating erosion of already

deposited layers.

Continuing with the variation of standoff distance, Fig. 6

shows SEM images of five different pore structures.

Accordingly, increasing the standoff distance results in an

increase in porosity. However, the pore structures achieved

with a range of 60 mm B dw B 120 mm in standoff dis-

tance are presumably still too dense to function as gas- and

water-permeable PTL. Increasing the standoff distance to

dw C 180 mm, the pore diameters visually increase and the

powder particle shape becomes more pronounced. This

indicates a lower particle plasticization and a lower kinetic

energy at the particle impact on the substrate than for the

other standoff distances. While the pore size and particle

shape seem favorable, in this range of standoff distance, the

coating deposition becomes more inhomogeneous. At dw-
= 200 mm, less particles adhere because of the weakened

particle impact. Consequently, the coating thickness and

coating cohesion is reduced. To sum up, for dw = 180 mm

and dw = 200 mm, the loss in coating quality is greater

than the technical benefit gained from the high porosity.

Fig. 4 Calculated ICR,

averaged from five

measurements, in the

compaction force range from 40

N/cm2 to 200 N/cm2 for

unstructured steel BPP, Ti-BPP

and steel BPP coated with Ti by

CGS. In the measurement, the

PTL is a commercial uncoated

Ti-Fiber-PTL
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With the standoff distance of dw = 150 mm, the

microstructural criteria are met. For this reason, this

standoff distance is employed to directly apply the PTL-7

on the CGS-coated steel sheet. In order to illustrate the

generated coating structure, Fig. 7 shows three exemplary

cross-sections of the BPP-PTL coating system.

According to an image analysis with ImageJ (Ref 19),

the pores are connected in a pore network in PTL-7. On the

BPP interface region, larger pores than in the surface

region can be identified which are necessary in order to

transport water from the BPP to the catalyst layer. Deter-

mining Feret’s diameter, 50% of the pore network is con-

stituted out of pores, narrowings and fine channels in a

range of 0.1 B Dp B 1 lm. Because of the chosen angular

powder feedstock, the pore structure of all sprayed PTLs is

angular as well. The largest diameter encompasses approx.

Dp & 100 lm. Moreover, overall porosity is estimated to

be U & 24 ± 2%.

Surface properties of the produced PTL are compared to

the commercial Ti-Fiber-PTL and the BPP coating shown

in Fig. 8. The boxplots depict the arithmetic average, the

median, and the interquartile range in between the first and

third quartile as well as the upper and lower outliers.

The analysis of Ra in Fig. 8(a) shows that the com-

mercial product is on average rougher, but the variance is

larger for the CGS-PTL. Out of the nine measurements,

there is just one found with a Ra value of Ra & 6 lm.

However, this outlier is not significant according to Dixon

Fig. 5 Comparison of (a) PTL-1 from 10 passes at 20 bar, (b) PTL-2 from 10 passes at 30 bar and (c) PTL-3 from 8 passes at 20 bar and 2

passes at 30 bar

Fig. 6 (a) to (e): Comparison of PTL-4 obtained with a standoff distance of dw = 60 mm, PTL-5 with a standoff distance of dw = 90 mm, PTL-6

with a standoff distance of dw = 120 mm, PTL-8 with a standoff distance of dw = 180 mm and PTL-9 with a standoff distance of dw = 200 mm
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test so it cannot be excluded from the analysis. Fig-

ure 8(b) depicts the surface of the two different PTLs from

a top view in the SEM and Fig. 8(c) shows an exemplary

height profile recorded from the CLSM. Accordingly, the

surface profile of the commercial sintered Ti-Fiber product

is characterized by substantial height differences of more

than Dh = 100 lm between the fiber surface and the depth

of the pores representing a pore-rich surface of deep pores.

The profile of the CGS-PTL indicates that the surface is

less perforated with deep pores and the SEM image

underlines that the coating surface is constituted out of

smaller pores. Carrier gas hot extraction reveals that the

CGS-PTL exhibits an oxygen level of x(O2) = 0.32 ±

0.09 mass-% which is in the range of the oxygen level

determined with the same method for the commercial Ti-

Fiber-PTL of x(O2) = 0.30 ± 0.02 mass-%. Furthermore,

the oxygen level is lower than the generatively manufac-

tured HVOF-PTL, x(O2) = 1.12 mass-%, published by the

authors in (Ref 10) underlining the advantages of CGS over

other thermal spraying processes in atmosphere.

Comparison of R3

The equations in the experimental section describe that the

ICR is determined in a three-step measurement. Since the

directly applied CGS coating could not be produced in a

free-standing manner, the ICR is not considered to quantify

the newly developed BPP-PTL interface but R3 according

to eq. 5 is compared between all variations. Table 2

Illustrates the results at Fc = 140 N cm-2.

As shown in Table 2, the single resistance of the PTL

adds the largest contribution to the total resistance R3.

Fig. 7 Three exemplary cross-sections of PTL-7, obtained with a standoff distance of dw = 150 mm, which is identified as a suitable standoff

distance for the application

Fig. 8 (a) Average roughness Ra in lm for the PTL-7, the commercial Ti-Fiber-PTL and the CGS-BPP coating, (b) REM image of the surface of

PTL-7 and commercial Ti-Fiber-PTL and (c) exemplary height profiles determined for PTL-7 and commercial Ti-Fiber-PTL
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Looking at the cold gas-sprayed BPP-PTL coating system,

the smallest R3 is exhibited. In this case, the reduction is

almost 40% in comparison with the combination of CGS-

coated steel BPP and a commercial Ti-Fiber-PTL.

Discussion

As shown in Fig. 7, CGS-PTL and CGS-coated BPP form a

zero-gap joint. The roughness of the cold gas-sprayed BPP

coating is beneficial for the joining of BPP and PTL since it

promotes mechanical interlocking between the coating and

the CGS-PTL. Even though titanium is processed in air

with the CGS process, the oxygen content of the produced

PTL is comparable to the commercial fiber product. The

results from Table 2 indicate that the zero-gap design from

direct application of the PTL on the BPP reduces contact

resistance.

Regarding the porosity, on the one hand, the developed

CGS-PTL shows an overall porosity slightly lower than the

recommended porosity of U = 30% from Grigoriev et al.

(Ref [7]) which could impede the two-phase transport. Yet,

it was assumed that the pore size increases from the BPP

interface to the surface, since the gradual coating built-up

from particle impact takes place with a high amount of

kinetic energy, typically leading to a densification effect. In

contrast, the developed CGS-PTL exhibits large pores at

the BPP interface and smaller pores in the surface region

which will be positioned toward the electrode in the

PEMWE single cell. As described in the literature review,

this pore gradient is very much in favor of the application

and is achieved without any additional agent or modifica-

tion of powder feedstock. The in situ formation of larger

pores at the BPP interface is promising as large pores are

needed for the phase transport initiation on the BPP side.

Furthermore, the pores in the CGS-PTL are interconnected

potentially allowing in-plane transport on the BPP side and

bidirectional through-plane transport to the electrode.

Regarding the surface properties of the CGS-PTL, the

average roughness is lower than the VPS (Ref 8), APS (Ref

9) and of the build-up side of the HVOF-PTL (Ref 10).

Furthermore, the average roughness of the commercial

PTL is higher as well. The variance of Ra values can

probably be attributed to the differences in coating thick-

ness within an average of 40 lm. This could be controlled

by post-processing the PTL, e.g., by grinding. As the PTL

surface is in direct contact with the electrode, the CGS-

PTL shows favorable properties due to a finer pore and

particle structure and a lower roughness.

Conclusions

CGS is used to coat a s = 0.5 mm thin 316L-sheet with

titanium and to create a coating system by adding a PTL. In

this way, a special economic advantage is demonstrated

since the same coating process for BPP coating and PTL is

utilized. By directly applying the PTL on the BPP, a zero-

gap design in a PEMWE cell can be realized, and a new

interface toward the electrode is generated. In order to

quantify the new design improvement, the measurement of

contact resistance was conducted with a lab-designed test

stand for smaller sample segments. The results of the

measurement showed that this zero-gap design can lead to

a reduction in electrical resistance by approximately 40%.

Outlook

In order to evaluate electrochemical performance, corro-

sion tests and cell tests should be conducted. The fine pore

structure and lower roughness on the PTL surface open

opportunities to use this type of PTL as MPL. Using a PTL

as substrate material leads to a different impact behavior of

the powder particles, and also the different mechanical

properties of the substrate must be considered. For this

reason, coating development on PTL substrates is

necessary.
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Ti-BPP | Ti-Fiber-PTL 0.45 ± 0.01 0.80 ± 0.05 0.93 ± 0.09
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