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HIGHLIGHTS

e Gas diffusion layer (GDL) compression significantly influences cell performance.

e Bipolar plates require proper coating when being compressed against GDLs.
e Micro porous layer at the cathode is crucial for low loading catalyst layers.

o PTFE additives of 5 wt% do not improve performance but increase ohmic resistance.

ABSTRACT

Cost reduction of cell components is a major issue in PEM water electrolysis. For the anode, titanium materials with noble metal coatings represent the state of the art.
For the cathode, the use of carbon-based porous transport layers, also known as gas diffusion layers (GDLs), is gaining prominence due to their significantly lower
costs compared to titanium-based materials. In PEM fuel cells, carbon-based GDLs are well-established, with advancements in contact and gas/water transport
achieved through micro porous layers and hydrophobic treatments. In contrast, in PEM water electrolysis, topics like interfacial contact, compression behavior, and
the use of additives for carbon-based GDLs have not been widely discussed in the literature yet. With this work, we present a fundamental performance investigation
of these aspects. We investigate cell performance using voltage breakdown analysis and electrochemical impedance spectroscopy, combined with subsequent Dis-
tribution of Relaxation Time analysis. Our findings highlight the effect of GDL compression and underscore the necessity of coated flow fields at the cathode. PTFE
additives were found to have minimal influence on cell behavior, regardless of the presence or absence of water flow at the cathode. However, the use of micro porous
layers demonstrated positive effects, particularly for ultra-low cathode catalyst loadings.

1. Introduction

For cost reduction, carbon-based porous transport layers (PTLs),
which are often also referred to as gas diffusion layers (GDLs) since the
components originate from the development of fuel cells, are an
attractive option for use on the cathode side of a PEM water electrolysis
cell. Compared to coated titanium-based PTLs, carbon-based materials
offer significantly lower material and preparation costs [1,2]. On the
anode side, a high oxygen partial pressure and overpotentials exceeding
1.5V are expected. Therefore, carbon-based materials are not stable for
long-term operation due to corrosion issues [3,4]. In contrast, the
reducing hydrogen atmosphere and low overpotentials at the cathode
make carbon-based GDLs a viable option.

In proton exchange membrane fuel cells (PEMFC), carbon-based

GDLs have been extensively investigated over the past 30 years.
Studies on interfacial contact [5,6], compression behavior [7-9], and
hydrophobic treatments [10,11] have been published. Today,
carbon-based GDLs are standard in all PEMFC stacks. Furthermore, it is
state-of-the-art to use a micro porous layer (MPL) between the GDL and
the catalyst layer to ensure intimate contact and provide gas and water
transport paths [12,13]. Such GDL materials, optimized for PEMFC ap-
plications, are often used in PEM water electrolysis without a detailed
examination of their advantages or disadvantages [14-21]. There are
only a few investigations on the carbon-based material and its influence
on cell behavior.

Ortiz et al. analyzed a PEM water electrolysis cell, varying the cell
compression between 20 % and 60 % and discussed the influence on
membrane deformation and the cell performance [22]. They observed a
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decreasing high frequency resistance (HFR) of around 15 m- cm? but
constant kinetic behavior when increasing the compression. At 60 %
increasing residual overpotentials are detected which are attributed to
increasing mass transport resistance. The optimal compression was
found to be at 40 %, where the performance peaks; slightly lower
compression does not show significantly worse performance but may be
more stable due to less membrane deformation.

Staehler et al. investigated the hydrogen permeation through the
membrane depending on the cell compression [23]. They used a range of
compression between 12.75 % and 45 % and detected decreasing HFR
with increasing compression which is interpreted as increased contact
pressure on the electrode. However, increased compression leads to
higher values of the HFR-free polarization curve towards high current
densities which is referred to increasing mass transport resistance.
Furthermore, they found that the correlation between hydrogen
permeation current and electrical cell current is non-linear and highly
dependent on the cell compression.

Martin et al. analyzed hydrogen permeation and cell performance at
cell compression and cathode gas pressure variations [24]. With a GDL
compression between 5 % and 42.5 %, they observed decreasing HFR
with increasing compression and increasing mass transport over-
potentials, which is in great accordance with the studies mentioned
above.

Kang et al. investigated the influence of PTFE (Polytetrafluoro-
ethylene) as additives in conventional GDL material implemented at the
anode of a PEM water electrolysis cell [25], which is rather untypical
since carbon-based material is not stable for long-term operation at the
anode. However, to explain the influence on overpotentials with a focus
on the two-phase flow, this is a valid approach. They observed an in-
crease in diffusion-related resistance of >10 mQ cm? when adding 5 wt
% PTFE to the GDL, indicating that a hydrophobic treatment leads to
inhibited water transport.

To gain a better understanding of carbon-based GDLs in PEM water
electrolysis cells, we present fundamental investigations into the effects
of varying GDL compression on cell performance. Using confocal laser
scanning microscopy (CLSM) and ex situ compression analysis, we
provide detailed insights into compression behavior. The contact resis-
tance between gold-coated and uncoated titanium-based flow fields
compressed against carbon-based GDLs and titanium-based PTLs is
analyzed during the electrochemical characterization of single cells.
Furthermore, we examine the influence of hydrophobic treatment and
MPLs. As the membrane-electrode assembly, we use a commercial
catalyst-coated membrane (CCM) with state-of-the-art catalyst loading
and a purpose-made CCM with low cathode catalyst loading produced at
Fraunhofer ISE.

With polarization curve measurements up to 5 A cm™2 and subse-
quent voltage breakdown analysis, we investigate the influence on
ohmic, kinetic, and residual overpotentials. Furthermore, we examine
polarization processes using electrochemical impedance spectroscopy
(EIS) combined with subsequent Distribution of Relaxation Time (DRT)
analysis.

Our findings demonstrate that cell compression plays a major role in
cell performance. The coating of flow fields is critical when using
carbon-based GDLs but appears to be less important when in contact
with titanium-based PTLs. No substantial influence of PTFE additives in
the cathode GDL was observed. The use of MPLs seems to be beneficial
only when operating with low-loading cathode catalyst layers, which are
of high interest for achieving PEM water electrolysis development goals.
It is important to note that these results pertain only to cell performance
and do not yet allow for any statements regarding durability.

2. Experimental
2.1. Conducted studies & cell materials

In this work, four aspects of the use of carbon-based GDL materials at
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the cathode in PEM water electrolysis cells are investigated and
analyzed based on cell performance:

Compression behavior of GDLs,

Contact resistance of GDLs with coated and uncoated flow fields,
Influence of micro porous layer (MPL) on GDLs,

Hydrophobic treatment (PTFE impregnation) of GDLs.

The CCM used is a state-of-the-art, commercially available E400
Gen.3 by Greenerity GmbH, Germany, consisting of a membrane thick-
ness of 125 pm (Nafion® N115) and Pt/C and IrOx catalyst layers. At the
anode, a platinum-coated 250 pm titanium fiber porous transport layer
(PTL) from Bekaert SA, Belgium (2GDL-10-0.25) is employed. The
baseline material at the cathode is AvCarb MGL370 from AvCarb Ma-
terial Solutions, USA, with a nominal uncompressed thickness of 370 pm.

For the MPL study, the GDL material was prepared by the University
of California, Merced (UCM). A MPL layer was coated on the side of the
GDL facing the catalyst layer. One sample has 5 wt% PTFE impregnation
of the GDL, while the other without PTFE impregnation.

To evaluate the influence of the MPL on CCMs with low catalyst
loading, an additional CCM was produced in-house at Fraunhofer ISE
with reduced catalyst loading at the cathode. A Nafion®-based N115
membrane was coated with an anode loading of (1.88 +0.04) mg;,-cm~2
using catalyst powder supplied by Alfa Aesar, USA, to achieve a state-of-
the-art anode configuration. In contrast, the cathode was coated with
only (0.054 +0.003) mgp,-cm~2, with catalyst provided by Umicore AG
& Co. KG, Germany. Both catalyst layers were applied via screen
printing onto a decal foil and later hot-pressed onto the membrane.

2.2. Test cell

The test cell used in this study was developed in-house by Fraunhofer
ISE. It consists of two identical cell bodies made of titanium grade 2.
Polymer frames made of PEEK (polyether ether ketone) are screwed onto
the cell bodies. Flat sealings are set into the groove of the polymer frame
to guarantee proper gas tightness. With different heights of the polymer
frames the cell compression can be adjusted. In this study, the polymer
frame at the anode remains constant and we assume no compression of
the used titanium-based PTL. The polymer frame at the cathode is varied
in height to achieve the different compressions intended; see section
Compression study and microscopy of GDL material. The active area of the
cell is 4 cm?, with a straight parallel gold coated flow field design con-
sisting of 10 channels each with a cross-sectional area of 1 x 1 mm?. The
nine lands in between the channels have a width of 0.9 mm. The cell has
a compression system with the possibility to monitor the applied
compression force during the measurements. With pressure paper
analysis before each measurement the pressure distribution of the flat
sealing and active area is analyzed. To measure the temperature either
the water flow before and after the cell or an internal temperature sensor
in the cell body right underneath the flow field at anode and cathode can
be used. A more detailed description of the cell is provided in Ref. [26].

2.3. Test bench

An in-house developed test bench at Fraunhofer ISE was used to
conduct the electrochemical measurements. The water flows at the
anode and cathode can be controlled independently. Filters and ion
exchangers with water conductivity measurements are implemented to
guarantee high water quality of (0.1 uS-cm~!. With flow heaters
implemented in the half-cell water loops, the water temperature can be
set for anode and cathode independently and controlled before, after, or
internally within the test cell. Although this study is only conducted at
ambient pressure, the test bench can operate at up to 50 bar differential
and balanced pressure. An electrochemical workstation by Zahner-
Elektrik GmbH & Co. KG, Germany is used, consisting of Zahner Zennium
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Pro and Zahner PP242, which enables measurements up to 40 A. The test
bench is automated using in-house produced test bench software based
on LabVIEW and Python.

2.4. Compression study and microscopy of GDL material

The polymer frame screwed onto the test cell body features a so-
called hard stop that prevents further compression. The nominal
compression Kpon, is defined as the planned compression of the GDL due
to the height of the hard stop (hys) compared to the height of the pristine
GDL (hgpL) and given by the following Equation:

* 100% €y
DL

A schematic diagram is provided in the Supplementary Information
SI 1. Polymer frames with different hard stop heights were used to
achieve 0 %, 10 %, 20 %, 40 %, 60 % and 80 % compression. To
determine the necessary clamping force for the hard stop to be reached,
pressure distribution measurements were performed, using pressure
paper by FUJIFILM, Japan. Once the pressure on the hard stop exceeds
2.5 MPa over the entire hard stop area, the cell is considered to be fully
and homogeneously compressed. A similar approach to achieving
nominal compression was also employed in Ref. [24].

To validate that actual compression matches the nominal compres-
sion, compressed GDLs were analyzed using CLSM after pressure dis-
tribution measurements (to confirm the good manufacturing quality of
the polymer frame) and after electrochemical characterization.

A microscope by Olympus (LEXT OLS5100), Japan with a 405 nm
diode laser and MPLAPON20XLEXT (0.6 N A.) objective was used. Image
processing and evaluation were conducted using the software provided
by Olympus (Analysis Application Version 3.1.1.296). The compression
of the GDL is measured by the height difference between compressed
(area over flow field lands) and uncompressed (area over flow field
channels) carbon fibers on the surface of the sample. The fibers
considered for the compression measurement are manually selected.
This involves taking a grid of 17 x 17 images with a 10 % overlap,
stitched together to achieve high precision in the x and y axes, covering
an area of approximately 1 x 1 cm? at the central part of the GDL. A z-
stack of images is captured at each image position with a step size of 1.2
pm, starting at the lowest focus point. The topography is determined by
analyzing the variations in the intensity signal of the laser at different
focal planes. For post-mortem characterization, samples were dried
overnight to remove water content that could affect the measurement
data. An example of a compression measurement is presented in the
Supplementary Information SI 2. All further images of PTFE and MPL
presented in this work were also recorded using this microscope.

2.5. Ex situ compression analysis

To investigate the mechanical properties of the carbon-based GDL, ex
situ compression tests were conducted using a custom-built setup for
micromechanical testing by Fraunhofer IWM. The setup is based on the
work of Kennerknecht [27] and Straub [28]. For further information on
the setup, we refer to Fraunhofer IWM. Similar micromechanical testing
setups were utilized in Refs. [29,30].

To simulate compression of the cell setup used in this work, a
custom-built sample holder and punch with five channels, identical to
the land-channel structure of the flow field, are used together with the
GDL, CCM, and PTL. A piezo actuator, with a step size of 1.8 nm and a
speed of 1 pm s, initially moves to the zero position. The sample is
compressed in 5 % compression steps until the maximum force of 100 N
is reached. Each compression step is followed by a relaxation phase of
30 s to allow the system to stabilize. During the test, imaging through a
microscope captured the deformation and intrusion of the GDL into the
channel. These images, along with continuous measurements of force
and displacement, ensured detailed monitoring throughout the
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experiment. Displacement data and force at the end of relaxation phases
are converted into compression and clamping pressure, respectively.
Graphical analysis of the images determines the GDL intrusion. Mea-
surements were conducted at room temperature and under dry condi-
tions. To demonstrate reproducibility, the measurements were
performed twice. For the analysis of channel intrusion, compression, and
clamping pressure, mean values with error bars from both measure-
ments are shown.

2.6. Electrochemical characterization

For the analysis of cell performance, polarization curves between
0.01 Acm 2 and 5 A cm™2 at 80 °C and 60 °C were conducted with a
flow rate at the anode of 150 ml min~! and ambient pressure. The
cathode is typically not supplied with water; however, for some mea-
surements, a water flow of 150 ml min~! is also applied to the cathode.
Each current step of the polarization curve was held for 300 s, and in the
last 30 s, the high-frequency resistance (HFR) was measured by
recording an impedance spectrum between 100 kHz and 1000 Hz and
analyzing the impedance at a 0° phase angle. At selected current density
steps, electrochemical impedance spectroscopy (EIS) was performed
between 100 kHz and 100 mHz with 10 measurement points per decade
and a 10-period integration time.

Before characterization, the dry assembled cell is compressed with a
1 kN force, and water at 80 °C is flushed at the anode for 1 h. After this,
the target compression force is applied, and two galvanostatic steps of
0.2 A cm 2 and 1 A em 2 for 30 min each are conducted; afterwards, a
voltage of 1.7 V is held for 12 h. For the low-loading CCM produced by
Fraunhofer ISE, the cell is conditioned with polarization curve mea-
surements in the same current density range as the latter characteriza-
tion, repeated 5 times. Subsequently, a constant voltage of 1.9 V is held
for 5 h, followed by 10 h at 2.1 V.

All electrochemical measurements are performed twice to ensure
reproducibility. For the voltage breakdown analysis, the mean value
with error bars from both measurements is shown. For the EIS, the re-
sults of one of the measurements are presented.

2.7. Performance and impedance analysis

To investigate the cell performance, the cell voltage is separated into
its ohmic (1y), kinetic (i74,) and residual overpotentials (1,), in addi-
tion the thermodynamic cell voltage Uy (p, T), see Equation (2).

Ucen = UO(P: T) F g + Mg+ Mres 2

The pressure and temperature dependency of the thermodynamic
cell voltage Uy(p,T) is determined by Nernst Equation [31] and the
approximations shown in Equations (3) and (4) [32,33].

Uo(T) =2 FAG(T) = 1.5184 — 1.5421-10 3T + 9.523-10 5-T-log(T)
+9.84-1078.T?
3

Uo(p, T) = Un(T) + 1o () @

With the measurement of the HFR, the ohmic overpotentials (3,) can be
estimated, see Equation (5) and subtracted from the polarization curve
measurements to analyze the ohmic-free cell behavior over the current
density. The HFR is determined by the real part of the impedance at the
intersection with Im(Z) = 0 at frequencies greater than 1 kHz. It should
be noted, that this type of determination does not exclude high-
frequency artefacts, as presented in Refs. [14,34].

o = Rurrj (5)

The kinetic overpotential (7,;,) is modeled by the Tafel approach,
which includes kinetics of both the anode and cathode. We explicitly do
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not assume the cathode to be non-polarizable, as we use low cathode
loadings, see Fig. 7. The HFR-free polarization curve is fitted over a
decadic logarithmic scale of the current density between 0.01 A cm ™2
and 0.1 A cm™2 to determine the value of the Tafel slope b. With this
value, #;,, which depends on the current density, can be determined
[35], see Equation (6).

. J
in = b-log <1 A~cm*2> (6)

All remaining overpotentials in this study are described as residual
overpotentials 7,.,, which are often related to diffusive and convective
mass transport processes [36,37]. In our previous work, we showed that,
besides conventional (capacitive) mass transport contributions, a yet
unknown process of inductive type needs to be considered at current
densities greater than 1 A cm 2 [38,39] in impedance spectra which
may also be included in 7. The origin of the inductive loop is not yet
clear, however, based on our findings we would relate it to a membrane
and/or ionomer effect. In PEM fuel cells, both membrane and ionomer
effects, as well as changes of the oxygen reduction reaction catalyst layer
have been reported. Therefore, we would not neglect that the inductive
loop is also related to the anodic catalyst layer properties and their
change during operation.

Besides the inductive effect, other resistances are reported to be
included in 7., such as electronic and ionic in-plane catalyst layer
resistance [40,41], which usually appear at higher frequencies as charge
transfer resistance and are difficult to estimate due to high-frequency
artefacts in impedance spectra.

With impedance-based analysis, the cell behavior can be deconvo-
luted by the time constants of the electrochemical processes. This allows
for a more precise analysis of the electrochemical processes than merely
deconvoluting the DC overpotentials of the cell polarization. Since high
data quality is necessary to properly analyze impedance spectra, the
Kramers Kronig test is carried out for each spectra shown in this work,
with the requirement to fulfill residuals below +1% [42,43]. Processes
with similar time constants often show overlapping impedance data,
which cannot be deconvoluted properly. Distribution of Relaxation Time
(DRT) analysis provides more information about the polarization pro-
cesses and their peak frequencies [44-47]. A DRT approach provided by
KIT which alloes for the analysis of low-frequency inductive processes
[48], is used in this work with a Tikhonov regularization parameter of
1 = 5-1073, as identified to be sufficient in our previous work [38].

2.8. PEM fuel cell testing

Fuel cell testing was performed using an automated G20 test station
by Greenlight Innovation, Canada for precise control and data acquisition.
Details of the test station as well as the break-in procedures can be found
in our previous work [11]. Fuel cell performance data was collected
under dry (70 °C, 64 % RH (relative humidity), 100 kPa) and wet (70 °C,
100 % RH, 300 kPa) conditions. Each voltage set point was stabilized for
10 min, and the data were averaged over the final minute to ensure
steady-state operation. A Gamry Reference 3000 coupled with a 30k
Booster was used to determine HFR. Ultrahigh purity gases (99.999 %
Hy, air, and N3) were supplied at flow rates of 0.40 NLPM (normal liter
per minute) for the anode and 2.0 NLPM for the cathode.

2.9. PEM fuel cell components

The baseline GDL (AvCarb MGL370) was used in the fuel cell ex-
periments. To study the effects of PTFE treatment and MPL, a modified
GDL sample, referred to as UCM MPL + PTFE, was prepared. Detailed
PTFE impregnation, MPL coating, and GDL sintering processes can also
be found in Ref. [11]. The MPL, composed of 25 wt% PTFE and 75 wt%
acetylene black carbon powder, was applied to the GDL with a target
loading of 1.5 mg-cm 2. MEAs from Ion Power, USA, Nafion 211
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membrane with catalyst loading of 0.3 mgp,-cm~2 on both the anode and
cathode sides, were used for the fuel cell testing. A straight-parallel
channel flow field, machined from POCO graphite plates with high
electrical and thermal conductivity, was employed in the fuel cell ex-
periments. The flow field channels had dimensions of 660 pm in width,
800 pm in depth, and a 1:1 channel-to-land ratio [11].

3. Results & discussion
3.1. GDL compression behavior

The results of the post-mortem CLSM analysis of the GDL material
and the ex situ compression analysis by Fraunhofer IWM are presented in
Fig. 1. In Fig. 1 a) the results of the CLSM scans at 10 %, 20 %, 40 %, and
60 % nominal compression are shown, the extracted values for all
compression analyses are listed in Table 1. The GDL compression is
defined by the difference in height between the land and the channel
areas, assuming that the GDL does not significantly change in height
over the channel compared to the pristine GDL height. The lowest focus
point was set within the pores of the compressed fibers, leading to
negative values in the CLSM analysis. The top fiber layer of compressed
fibers is established as reference level (h = 0 pm). Positive values extend
up to the surface of the uncompressed fibers, indicating GDL
compression.

The mean value and standard deviation were calculated from two
different samples, which were dried after individual electrochemical
characterization. The samples at 80 % compression were destroyed after
the electrochemical characterization and could therefore not be
analyzed with the microscope, indicating that an excessively high force
was applied. The difference between nominal compression and post-
mortem measured compression is in good agreement, indicating that
the planned (nominal) compression was present during the electro-
chemical testing. It should be noted that the GDL sample may exhibit
non-negligible elastic compression behavior. Since the microscopy
analysis is conducted after the relaxation of the material, the compres-
sion during electrochemical characterization may have been even
higher.

Fig. 1 b) shows the images taken during the compression analysis
conducted at Fraunhofer IWM at the same compression steps as in Fig. 1
a). The compression is determined by the height change of the
displacement sensor relative to the pristine GDL height. The starting
point, which corresponds to 0 % compression, is determined by the force
sensor at the first time point when a force greater than 0 N is measured.
Since the GDL sample is slightly pressed forward during compression,
the land height is obscured, which can lead to misinterpretations.
Therefore, we marked the land height in the uncompressed condition
(see the dashed line in red). The GDL material becomes more com-
pressed over the flow field lands and is pressed into the flow field
channels. A rearrangement of the fibers is observed as they break, which
may significantly change the GDL properties and theoretically lead to
better electrical bulk conductivity, smaller porosity, and a more uniform
mean pore size distribution over the flow field lands. Based on the im-
ages shown, an influence on interfacial contact can be inferred when
comparing the different compressions. To better understand the
behavior during compression, a video of all compression steps can be
found in the Supplementary Information SI 3.

Fig. 1 ¢) and 1 d) show the intrusion into the channel and the
clamping pressure during the compression analysis at Fraunhofer IWM.
The intrusion into the channel is analyzed by visually determining the
height of the GDL over the channels compared to the land height, see the
red dashed line in Fig. 1 b). The clamping pressure is determined by
referencing the measured force to the area of the flow field lands. Each
measurement was conducted twice; the error bars indicate
reproducibility.

The changes in intrusion into the channel and clamping pressure
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Fig. 1. Exsitu analysis of different compression of the GDL. a) post-mortem CLSM scans of the GDL. b) visualization of the compression analysis (whole video in SI 3
and c) analysis of the channel intrusion and clamping pressure over GDL compression at Fraunhofer IWM.

Table 1
Compression results of the post-mortem CLSM analysis.
Knom/ hepr /ﬂm Kpm /%
%
0 140+ 0.4 3.8+0.1
10 357+1.4 9.6+04
20 72.2+21.9 19.5+59
40 170.9 +20.8 46.2+5.6
60 221.2+10.3 59.8+238
80 Not evaluable Not evaluable

both appear to increase with increasing compression, as shown by the
non-linear behavior in Fig. 1 c). It can be interpreted that the porous
GDL is first compressed as fibers break and the bulk material becomes
denser. As the force increases further, the compressed material is pressed
more into the channels, and more force is required to compress the cell
due to the increasing counterforce. The channel intrusion and clamping

pressure seem to correlate linearly in the applied force range, as shown
in Fig. 1 d). The linear fit (R? > 0.99) reveals a slope of approximately
61 pum MPa~!, which may assist future analyses in understanding
channel intrusion in relation to the applied clamping pressure.

It should be noted that these measurements were carried out at room
temperature and dry conditions. The properties of the components may
differ during electrochemical characterization.

The results of the electrochemical measurements of compression
variation are presented in Fig. 2. The polarization curve and the HFR-
free polarization curve (dashed lines at the bottom) are shown in
Fig. 2 a). The best cell performance was achieved at 10 %, 20 %, and 40
% compression, with only marginal differences that fall within the
measurement reproducibility, see error bars. At 0 % compression, worse
performance is observed in the polarization curve. Since the HFR-free
curves agree for 0 %-40 % compression, this difference appears to be
related solely to ohmic variations, most likely due to insufficient contact
between the layers. At 60 % compression, a significantly higher ohmic
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resistance, but comparable cell polarization, is detected. At 80 %
compression, a substantial increase in ohmic overpotential is observed,
and the HFR-free polarization curve shows increased values. As dis-
cussed above, the GDL at 80 % compression was significantly damaged;
therefore, the reproducibility of the measurement is low, see error bars.

Fig. 2 b) shows the voltage breakdown and the contributions of
ohmic, kinetic, and residual overpotentials at 3 A cm ™2 for different
compressions. The shaded area for 80 % compression highlights its low
reliability due to broken GDL fibers. The ohmic overpotentials reach
their minima at 20 % and 40 % compression, with 10 % compression
being only slightly higher. Insufficient compression at 0 % and excessive
compression at 60 % and 80 % are indicated by significantly higher
ohmic overpotentials. The kinetic overpotentials between 10 % and 60
% compression differ by less than 1.5 % from each other, with no
observable trend. At 0 % compression, an increase in kinetic over-
potentials of approximately 4.4 % compared to the 20 % compression
baseline for this study is detected. We attribute this to a loss of active
area, as some interfacial contacts are not fully closed, which may be
related to the anode and cathode. At 80 % compression, the kinetic
overpotentials increase by over 9 % compared to 20 % compression.

The increased kinetic losses are also observable in the impedance
spectra and the DRT analysis in Fig. 2 ¢) and d). We present the
impedance at 0.1 A cm™~2, where charge transfer resistances are typically
dominant. A first peak is detectable in the DRT at around 1 kHz, which
we attribute to catalyst layer resistance, appearing insignificant
compared to the other processes. At frequencies around 100 Hz, a small
capacitive loop is evident, with all spectra being consistent. We associate
this loop with the cathode charge transfer process; see the discussion in
Fig. 7 regarding low cathode loading CCMs. For 10 %-60 % compres-
sion, the spectra across the total frequency range agree with each other,
indicating no significant difference in polarization resistance. The 0 %
compression shows slightly higher resistance, while 80 % compression
exhibits a much higher expansion of the second capacitive loop, usually
associated with anode charge transfer. The DRT peak at around 10 Hz
confirms that the compression between 0 % and 60 % shows similar
polarization, which is significantly increased for 80 % compression.
Mass transport resistances do not seem to be affected by compression
variation. This may be explained by the fact that the diffusive transport
of hydrogen is not a bottleneck in PEM water electrolysis cells, as
demonstrated in our previous work, where we purposely blocked
pathways in the PTL at the anode and cathode [38]. Furthermore, ionic
and electronic in-plane resistivity does not appear to be affected. Low
loading CCMs with comparatively low catalyst layer in-plane conduc-
tivity may be more sensitive to such compression variations.

Fig. 2 e) illustrates our interpretation of the interfacial contacts
under excessive compression of the cell. Increased ohmic resistance can
occur due to the bending of the GDL into the flow field channels and the
bending of the GDL over the flow field lands (see the dashed areas in
white and green over the flow field lands labeled *GDL compression ~
60 %’, left). We believe that this phenomenon can occur even under low
over-compression and is highly dependent on the cell components used
and their stiffness. As the compression increases, the interfacial contact
between the GDL and CCM may decrease (see the dashed area in white
and blue). Over the flow field channels, the GDL detaches from the CCM,
which can only be partially compensated by the flexibility and swelling
of the CCM. If the detachment becomes too significant, the area at the
cathode becomes partly inactive, and protons in the membrane and
electrons in the cathode catalyst layer travel from and to the anode in-
plane direction toward active sites, as illustrated by the white arrows.
At this point, we would expect a further increase in ohmic resistance due
to increased path lengths for the protons and the relatively high in-plane
resistivity of the catalyst layer. However, we do not believe that there is
a significant impact on cathode charge transfer resistance since neigh-
boring active sites at the cathode compensate for the inactive ones
without a substantial increase in cathode kinetic overpotentials, which
is typical for the hydrogen evolution reaction (HER). This implies a high
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and well-distributed catalyst loading at the cathode. With low catalyst
loading at the cathode, this compensation may significantly impact the
cathode kinetic overpotentials.

This described scenario applies to the 60 % compression in our study.
Further increases in compression may lead to detachment of the CCM
from the PTL at the anode (see the dashed area in white and red labeled
’GDL compression ~ 80 %’, right) since the CCM is pressed against the
flow field toward the cathode channels, while the titanium PTL remains
in place due to its comparatively low flexibility. This detachment may
explain the increased charge transfer resistance (see Fig. 2 c)), due to
loss of active area at the anode, which cannot be compensated without
increased kinetics since the oxygen evolution reaction requires a rela-
tively high amount of activation energy. This scenario may describe cell
behavior at 80 % compression.

3.2. GDL contact resistance to coated and uncoated flow field

To analyze the importance of flow field coating, we examined cell
bodies with gold coating and without any coating at the anode and
cathode separately. The default cell body consists of titanium grade 2,
which is coated with 10 pm of gold by electroplating. Beneath the gold
layer, there is a 1 pm thick platinum support layer coated galvanically.
This coating is commercially available from Umicore AG & Co. KG,
Germany.

For comparison, we used a titanium grade 2 cell body that had been
used several times in previous electrochemical measurements. The flow
field lands showed significant bluish discoloration, which we attribute
to a titanium oxide layer of several tens of nanometers. Photos of the
coated and uncoated cell bodies are provided in the Supplementary
Information SI 4.

Using these cell bodies, we conducted the electrochemical charac-
terization mentioned in the experimental section with a baseline
compression of 20 %. Measurements were performed with only the
anode flow field coated, only the cathode flow field coated, both flow
fields coated, and both flow fields uncoated, see Fig. 3. Fig. 3 a) shows
the polarization curves and the HFR-free polarization curves (dashed
lines at the bottom) for all combinations. The measured HFR during the
polarization curve is presented in Fig. 3 b).

As expected, the case of both flow fields coated shows the best per-
formance and the lowest HFR. Interestingly, with an uncoated anode
flow field but a coated cathode flow field, very similar performance and
HEFR are observed. In contrast, when only the anode flow field is coated,
a significant increase in HFR and poor performance is noted. As antici-
pated, the flow field without any coating demonstrates the worst per-
formance. The HFR-free polarization curve, HFR-free impedance
spectra, and DRT analysis at 1 A cm ™2, see Fig. 3 ¢) and d), show that the
polarization resistance is not affected by the flow field coating, as ex-
pected. The differences in the DRT peaks at approximately 200 mHz are
not considered significant and are attributed to measurement
reproducibility.

In the case of uncoated flow fields, the titanium-based PTL fibers (20
pm fiber diameter) may penetrate through the titanium oxide layer,
circumventing the low electrical resistance and directly contacting the
comparably conductive pure titanium. This may be accompanied by
“micro-movements” due to temperature and gas pressure effects, which
partially remove the oxide layer. Therefore, the ohmic resistance is
comparable to that in the case of both flow fields being coated. The still
slightly increased HFR may be explained by a much smaller Ti/Ti con-
tact area compared to the softer gold layer.

In the case of the uncoated cathode flow field, the relatively soft and
brittle carbon-based fibers cannot penetrate through the titanium oxide
layer and only contact its surface, resulting in a high ohmic resistance. It
is to be mentioned that the used PTLs may not be perfectly coated with
platinum, and some fibers or spots may remain uncoated. Consequently,
some titanium fibers might be oxidized to titanium oxide, which in-
creases contact resistance and could potentially falsify the results
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discussed here.

With this study, we demonstrate that a proper electrical interface to
carbon-based GDLs is essential to obtain high cell performance. For in-
dustrial designs, such as. Using milled flow fields or flow field replace-
ment material like perforated or expanded metals, a highly conductive
surface with minimal corrosion effects appears necessary. Our short-
term tests reveal that the anode PTL circumvents oxide layers. It
should be noted that the durability of the cell, particulary at the inter-
face of uncoated flow field and PTLs, is not investigated here and higher
increase of the ohmic resistance over time compared to coated flow
fields at the anode is expected.

3.3. Modification of baseline GDL

The produced GDLs with MPLs and PTFE additives were analyzed
using CLSM. Fig. 4 shows the CLSM scans of the GDL with and without
MPL provided by UCM. The baseline GDL is shown at the top, while the
bottom-left panel provides a top view of the MPL. The MPL top view
reveals a significant reduction in pore size compared to the GDL without
MPL. This reduction in pore size leads to an increased surface area,
which is expected to provide a more intimate contact with the catalyst
layer and therefore, reduce contact resistances and improve catalyst
utilization. The cross-section displaced in the bottom-right panel high-
lights the structural difference between the bare GDL and GDL with
MPL. As discussed in the PEM fuel cell component section, the MPL layer
contains 25 wt% PTFE and 75 % wt% acetylene black. In this study, the
sample with MPL but without PTFE impregnation is referred to as “UCM
MPL”, while the GDL substrate with additional 5 wt% PTFE impregna-
tion and MPL is referred to as “UCM MPL + PTFE”.

3.4. PEM fuel cell analysis

This section provides results from PEM fuel cell testing and analysis,
as the GDL transport properties and cell performance under dry and wet
conditions.

3.5. GDL transport properties

To investigate the effects of PTFE and MPL on transport properties,
limiting current experiments were performed under both dry and wet
operating conditions. Detail limiting current method and testing pro-
tocols can be found in the literature [49]. Dry limiting current tests were
conducted at 80 °C, 64 % RH, and pressures ranging from 100 to 300 kPa
to characterize the oxygen transport properties of the GDL in the absence
of liquid water. As shown in Fig. 5 a), the dry oxygen transport resistance
for both GDL samples demonstrated a linear relationship with pressure,
confirming the absence of water condensation during the experiments.
Diffusion media (DM) represent the entire carbon-based layer including
MPL if used.

From these results, the tortuosity-to-porosity ratio (t/e) can be
derived from the slope of the resistance curve, while the pressure-
independent transport resistance (Rothers) was determined from the
intercept [49]. The dry transport properties of both GDLs are summa-
rized in Table 2. AvCarb MGL370 has a (t/¢) ratio of 3.86, which is
similar to that of Freudenberg H23C8 (t/e = 3.79) [49]. The UCM
sample with PTFE and MPL has a slightly lower (t/¢) ratio of 3.66 due to
lower compression strain [50]. Agreeing with the [49], the UCM sample
has a higher Rothers due to the Knudsen diffusion effects associated with
the MPL’s smaller pore sizes.

Wet limiting current experiments, performed at 70 °C, 80 % RH, and
300 kPa absolute pressure with oxygen mole fractions varying from 1 %
to 21 %, further evaluated the role of MPL and PTFE in managing liquid
water. As shown in Fig. 5 b), the oxygen transport resistance increases
sharply as soon as water condensation occurs for the baseline GDL
indicating severe flooding in the GDL. In contrast, the UCM MPL + PTFE
sample exhibited three distinct regions: dry plateau (~2.3 s/cm),
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MPL, UCM

transition, and wet plateau (~4.2 s/cm), highlighting the critical role of
MPL and PTFE in mitigating severe GDL and electrode flooding, see
Fig. 5 ¢). The hydrophobic properties and fine pore structure of the MPL
effectively prevented water penetration into the catalyst layer, main-
taining stable fuel cell performance even at higher current densities.
These results emphasize the benefits of MPL and PTFE in enhancing
liquid water management in the fuel cell mode.

3.6. PEM fuel cell performance

The fuel cell performance and HFR under both dry and wet condi-
tions are shown in Fig. 6. Under dry conditions, the baseline GDL (bare)
and the UCM MPL + PTFE sample exhibit similar performance
throughout the entire current density range demonstrating minimal ef-
fect from concentration loss. The HFR of the UCM MPL + PTFE is slightly
lower than that of the bare GDL likely due to the improvement of the
contact resistance between the MPL and the electrode as can be observed
from the CLSM images, see Fig. 4. Under wet conditions, the effects of
MPL and PTFE impregnation are significant since liquid water man-
agement becomes critical. The UCM MPL + PTFE sample demonstrates
superior performance, which is consistent with the wet limiting current
results shown in Fig. 5 b) and c).

In summary, while the differences under dry conditions are subtle,
the UCM MPL + PTFE sample significantly outperforms the baseline
GDL under wet conditions. This highlights the critical role of MPL and
PTFE impregnation in enhancing water management, reducing HFR,
and improving overall fuel cell performance under wet operating
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MPL UCM cross-section

Fig. 4. CLSM scans of the baseline GDL, the baseline GDL with 5 wt% PTFE and top-view and the cross-section of the MPL provided by UCM.

conditions.

3.7. PEM water electrolysis analysis

3.7.1. Influence of micro porous layer (MPL) on GDLs

Fig. 7 shows the results of the comparison between baseline GDL and
GDL UCM MPL with employed commercial state-of-the-art CCM and low
cathode loading CCM produced at Fraunhofer ISE. The polarization
curve in Fig. 7 a) with the commercial CCM shows only slightly
improved performance when using the GDL with MPL. The HFR-free
curve reveals that beside ohmic, also kinetic and residual over-
potentials marginally differ, see also Supplementary Information SI 5.
These results indicate the expected positive influence of a MPL. The
improved contact and subsequently lowered in plane resistance reduces
inactive cell regions and thus also minimizes the activation resistance.
The hydrogen diffusion may be as well affected positively as the gas is
finely distributed into the GDL. However, we believe due to the high
catalyst loading and highly conductive catalyst layer, the commercial
CCM does not show huge differences and can be in general used without
a MPL on the GDL considering cell performance. However, the cell’s
durability may be as well positively influenced, but this aspects not
discussed in this study.

To analyze the positive influence of a MPL, the results of the mea-
surement with in-house produced CCM with (0.054 £0.003) mgp,-cm ™2
cathode catalyst loading are depicted in Fig. 7 b). A remarkable
improvement can be seen in both the polarization and HFR-free polar-
ization curves, with high reproducibility, which can be attributed to the



N. Hensle et al.

a)

27
- © -Baseline R
15| |- © ~UCM MPL+PTFE -
: PR
T 2t
g 16 S
3] // //
2 R
~ 14 e
ig //U ’/
812t 7 .°
a (L /0 //
§' e
o’ -
08 7 |-e-y="00059z +0.1844; B = 0.9997
- o -y = 0.0055z + 0.1273; R? = 0.9998
a6 | ‘ ‘ . ‘ ‘ ‘ .
100 125 150 175 200 226 250 275 300
p / kPa
b)
Baseline
-
. - ©-100 % RH
7h ) -e-80 % RH
o f o
|
g5 2 @
[ ] 7
. I I
w (o] 0
~4r o
£ e’
2]
-~
2+ o—-O--e’d
b
g . ‘ ‘ ‘ ‘ ‘ ‘ |
0 025 05 075 1 125 15 175 2
p/kPa
c)
UCM MPL+PTFE
87
-0 -100 % RH
7r -0-80 % RH
ek
T
g5
S )
; 0- 0--65--93----9
R
s | s
3 e s
S o‘—G—-e—-@
oL
i
§ . ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 025 05 075 1 125 15 175 2
p/kPa

Fig. 5. Oxygen transport resistance under a) dry (80 °C, 64 % RH) and wet
(70 °C, 80 % RH, 300 kPa ab) operating conditions for b) baseline GDL and c¢)
UCM MPL + PTFE GDL.

10

Journal of Power Sources 642 (2025) 236913

Table 2

Properties of the GDLs under study, subjected to different post-processing steps,
as measured by dry limiting current tests conducted at 80°C and 64% RH under a
consistent compression strain rate.

Diffusion Compressed Estimated GDL Tortuosity/ Rothers
media cathode Strain rate (%) Porosity (Z) (s/m)
GDL thickness ¢
(pm)
Baseline 296.4 20 3.86 0.1627
(bare)
UCM MPL 345.8 14 3.65 0.2220
+ PTFE

proper coating during the production of the CCM and GDL material.
Reduced ohmic (HFR) and kinetic (Tafel slope in the legend of the re-
sidual overpotential graphs) resistances are shown in Fig. 7 ¢) and d).
Additionally, the residual overpotentials demonstrate improved
behavior at high current densities. At current densities below 2 A cm ™2,
the residual overpotentials with MPL are increased compared to the
baseline, which may be explained by higher capillary pressure due to the
smaller pores of the MPL. This effect may become less significant at
higher current densities as the produced gas volume increases
significantly.

Fig. 7 ) shows the HFR-free EIS and the DRT analysis at 0.1 A cm ™2
indicating the comparably high cathode charge transfer resistance with
the low cathode loading (blue curve). For comparison with the com-
mercial CCM, see Fig. 2 c). With MPL employed, the cathode charge
transfer resistance is drastically reduced being comparable with the
commercial CCM. As expected, the anode charge transfer resistance
seems not to be affected, which is also supported by the consistent DRT
peaks.

Since the residual overpotentials as well differ significantly, Fig. 7 f)
provides the HFR-free EIS and the DRT analysis at 3 A cm ™2, revealing
reduced polarization resistances with MPL. The charge transfer de-
creases with current density, and in both cases, additional capacitive
and inductive processes at lower frequencies are detected. The inductive
loop has been discussed in our previous work and is associated with the
membrane or an anode effect [38,39]. In the measurements shown here
the differences are not significant and are therefore not discussed. We
would associate the capacitive process at ~55 Hz with mass transport
resistance at the cathode, as a strong comparison with our previously
analysis of blocking PTL pores at the cathode is present, see Ref. [38].
For the impeded cathode mass transport, we did not see an overlapping
of the inductive loop, which is very comparable to the measurement
shown here. As it seems, these resistances could be minimized by
employing the MPL, which may be explained by a better distribution of
the evolved gas from the catalyst layer into the GDL.

These findings reveal the impact of optimized interfaces to the
catalyst layer when using low-loading CCMs, which is widely discussed
for the anode [51-53]. The results clearly demonstrate that the cathode
is also of high importance when lowering the overall platinum group
metal (PGM) loading of CCMs. Furthermore, the assumption of
“non-polarizable” cathode, e.g. for analysis using the Tafel model seems
not to be valid at these low cathode loadings.

3.7.2. Hydrophobic treatment (PTFE impregnation) of GDLs

To analyze the influence of hydrophobic treatment the measure-
ments with low-loading CCM and MPL by UCM, with and without 5 wt%
PTFE, are shown in Fig. 8. Fig. 8 a) provides the voltage breakdown
analysis under default conditions with dry cathode operation and 150
ml min~! at the anode. In Fig. 8 b) both electrodes are flushed with 150
ml min~! water.

During operation with and without water flow at the cathode, no
significant difference in cell performance is observed. The HFR analysis
over current density reveal increased ohmic resistance with 5 wt% PTFE
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larization curve and b) HFR against current density.

amount which is expected due to the non-conductive properties of PTFE.
The HFR-free polarization curves indicate slightly higher overpotentials
in both cases with PTFE. The Tafel slope (see legend of residual over-
potential graphs) also shows marginally increased values. Since the
amount of PTFE of the MPL that contacts the catalyst layer is not affected
by the PTFE amount of the GDL, this dependency is not clear at this
point. When applying water to the cathode no significant differences to
operation with dry cathode are detected in the polarization curve, see
Fig. 8 b). Again, the same trend is observed, as the sample with PTFE
shows slightly lower performance, primarily attributed to the increased
HFR, as indicated by the HFR-free polarization curve and the HFR over
current density.

When comparing Fig. 8 a) and b), the HFR decreases when applying
water to the cathode the decrease is less pronounced with increasing
current density. We attribute this to better thermal management of the
cell due to the higher heat capacity of the cathode water, which is
especially relevant at low current densities and with less reaction heat.
This improved thermal management decreases the membrane resistance
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and helps maintain a more stable temperature as the reaction heat in-
creases with current density.

The Tafel slope does not show significant differences between dry
cathode and both electrodes supplied with water, which is atypical due
to the differences in temperature as the applied water may remove
produced heat of the HER. Since the water applied to the cathode mostly
affects the cathode itself, this effect may be negligible due to the overall
small overpotentials of the HER. The residual overpotentials show
clearly increased values with water supply to the cathode, exceeding 70
mV at 5 A cm™2 for the sample with and without PTFE. This increase
may be attributed to enhanced cathode mass transport for water-flooded
cathode catalyst layers, as described by Bernt et al. [54]. They describe
cathode mass transport related overpotentials up to 24 mV at 3 A cm ™2
under dry cathode operation, considering electro-osmotic drag of ~3
water molecules per proton. At 3 A cm 2, we observe a difference of
~40 mV between dry cathode and water flushed cathode operation. The
application of water to the cathode may significantly increase capillary
pressure within the catalyst and gas diffusion layer, leading to
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extraordinary increases in hydrogen mass transport losses. Additionally,
a reduction in the electronic in-plane conductivity of the cathode cata-
lyst layer may also be plausible. The measurements with commercial
CCM are similarly analyzed and presented in the Supplementary Infor-
mation SI 6 but do not reveal different trends compared to those shown
for the low-loading CCM.

4. Conclusion

This work analyzes the usage of carbon-based PTLs and MPLs at the
cathode within PEM water electrolysis cells concerning cell perfor-
mance. The influence of cell compression, contact with coated and un-
coated titanium flow fields, the use of a microporous layer, and
hydrophobic additives are investigated using a state-of-the-art cell
setup.

We show that cell compression sensitively effects the overall contact
resistance determined by high frequency resistance measurements.
Insufficient compression can occur below 10 % and excessive
compression above 60 % GDL compression for the GDL material used in
this study. At a cell compression of ~80 %, an increasing charge transfer
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resistance was observed at the anode, measured by impedance spec-
troscopy. Using a confocal laser scanning microscope, the GDL
compression was analyzed after electrochemical in situ measurements.
Visualization of ex situ compression analysis provides insights into the
mechanical behavior of the GDL and the cell at different compressions.
Through these analyses, hypotheses regarding cell mechanics, internal
contact resistance, and detachment of the CCM from the GDL at the
cathode, as well as from the PTL at the anode, are proposed.
Measurements employing gold-coated and uncoated titanium flow
fields at anode and cathode shows a significant impact on the contact
resistance at the cathode and comparatively less impact at the anode.
These phenomena are explained by the titanium fibers of an anode PTL,
which penetrate the titanium oxide layer due to their hardness. The
comparable soft carbon fibers appear not to be able to penetrate this
oxide layer. As intended, no impact on cell polarization could be seen.
The impact of carbon-based micro porous layer on top of the GDL is
evaluated in a standard cell setup with a commercial CCM with state-of-
the-art loading and a purpose-made CCM produced at Fraunhofer ISE
with low cathode loading of ( 0.06 mgp, -cm~2. As expected, the com-
mercial CCM demonstrated only slight improvements with the addition
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of an MPL. The comparatively high state-of-the-art platinum loading,
accompanied by a high carbon loading, minimizes the in-plane resis-
tance of the catalyst layer.

In contrast, using the CCM with low cathode catalyst loading, the
MPL provides a significant improvement in ohmic, kinetic, and residual
overpotentials. The impedance spectra show a significant reduction in
both cathode charge transfer and mass transport resistance, which we
attribute to improved contact and reduced inactive catalyst layer surface
area.

The influence of PTFE additives was analyzed applying an impreg-
nation of ~5 wt% PTFE in the GDL with MPL and for the case of a CCM
with a low cathode loading. Increased ohmic resistance is measured for
an impregnated GDL, which is referred to the non-conductive properties
of PTFE. When applying a water flow to the cathode, increased residual
overpotentials are measured for both GDLs (with and without PTFE)
which may be explained by increased hydrogen transport resistivity due
to the water-flooded catalyst layer at the cathode.

This study demonstrates that a simple transfer of PEM fuel cell ma-
terials, such as GDLs with PTFE, does not necessarily justify the asso-
ciated production efforts or guarantee a positive impact on cell
performance. The use of MPLs is highly recommended when employing
low catalyst loadings at the cathode; however, the addition of 5 wt%
PTFE impregnation did not show an improvement in terms of cell per-
formance. Furthermore, proper electrical contact and compression of
carbon-based GDLs are essential for optimal cell performance. Since this
work focuses solely on cell performance, further measurements and
electrochemical modeling regarding cell durability are suggested.
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