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« Increasing the clamping pressure locally reduces the water uptake of a Nafion® 212 membrane
+ Membrane swelling reduces the porosity of the PTL by one percentage-point.
ARTICLE INFO ABSTRACT
Keywords: Due to water uptake, the polymer membrane of polymer electrolyte membrane water electrolyzers (PEMWE)
CCM swelling swells, increases in thickness and so induces swelling pressure. The water content in the membrane and catalyst

X-Ray tomography

coated membrane (CCM), respectively, defines the protonic conductivity, which has a significant impact on
PEM water electrolysis

the performance of a PEMWE. In order to ensure the gas tightness of the PEMWE and increase the thermal
and electrical connectivity between the different layers, the entire electrolyzer is compressed. Whether and in
which way the swelling of the CCM is influenced by applying pressure or influences the surrounding layers
is investigated in this study using a special compression device and X-ray computer tomography (CT). CT
scans were carried out and the resulting cross-sectional images analyzed. Five different compression pressures
between 0.36 and 1.63 MPa were applied for the dry (28 °C, atmospheric humidity) and wet (28 °C, surrounded
by liquid water) states. The thickness change of the CCM and adjacent porous transport layers (PTL) was then
measured. Due to the compression pressure, the thickness of the CCM decreased by 5%. For lower pressures,
the carbon paper PTL compensates more of the swelling than the titanium felt PTL. For higher pressures, the
ratio is inverse.
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1. Introduction

As the proton conductivity of the catalyst coated membrane (CCM)
of a polymer electrolyte membrane (PEM) water electrolyzer (PEMWE)
depends on the membrane’s water content [1], a fully saturated mem-
brane should be ensured to have the highest protonic conductivity.
When a membrane takes up water, the thickness of the Nafion® mem-
branes 112, 115, 117 changes in the range of 9 to 43.2% [2,3]. In
addition to the type of membrane, the thickness change also depends
on the water temperature [1,2,4-8]. At 100°C, Nafion® 117 swells by
18.9% and at 170°C by 43.2% [2]. For the catalyst coated Nafion®
membrane NRE212 that was also used in this study, Folgado et al. [9]
and Folgado et al. [10] measured an unconstrained thickness increase
of about 30% from a dry thickness of 51 pm to a humidified (23 °C)
one of about 66 pm. The expansion of the membrane and the CCM,
respectively, results in a swelling strain [11-13]. Satterfield et al. [11]
measured a swelling pressure of 0.55 MPa at a temperature of 80 °C for a
Nafion® 115 membrane. For that, they placed the membrane between
two porous plates, evacuated the chamber, and introduced humidified
air (0-100%) into it. In contrast to Satterfield et al. [11], Escoubes
et al. [12] and Borgardt [13] measured the swelling pressure after the
membranes were flooded with liquid water. Borgardt [13] clamped the
membrane between a solid and porous plate and flooded the compres-
sion cell. A swelling pressure of 30 MPa was measured. Escoubes et al.
[12] saw a pressure of 1-1.3 MPa for unconstrained conditions. When
the membrane is constrained from expanding in-plane, the swelling
pressure increases to 50MPa. This swelling pressure is opposed to
the pressure required for gas tightness and the electrical and thermal
connection of the different layers in an electrolyzer cell. From the
literature, it is known that the performance of the electrolyzer cells
increase with higher clamping pressures [14-16]. Frensch et al. [16]
investigated the influence of compression pressure on the performance
of an electrolyzer. The authors observed an increase in the performance
with increasing clamping pressure up to 3.75 MPa, which was a local
optimum. Similar to Frensch et al. [16], Al Shakhshir et al. [14]
and Borgardt et al. [15] also studied the effect of clamping pressure
on the cell performance of a PEMWE. Both noted an increase in the
cell performance with increasing clamping pressure, but only Borgardt
et al. [15] recorded a global optimum at 2.55 MPa. Depending on the
specific cell design, Borgardt et al. [15] outlined a cell design featuring
an expanded mesh without any PTLs (design a in [15]) and for a cell
design without an expanded mesh, but with a sintered PTL and a carbon
paper (design c in [15]), whereby the ohmic resistance did not change
at pressures higher than 3 MPa. For a slightly different configuration
in comparison to design a (with a carbon felt between the CCM and
the expanded mesh on one side; design b in [15]), Borgardt et al.
[15] found that the ohmic resistance increases at clamping pressures
higher than 3MPa. For design b, the authors could only explain the
increase by the decrease in the protonic conductivity. Compared to our
configuration as described below in the experimental setup, design c
fits best as the bipolar plate without flow field and the expanded mesh
can both be treated as incompressible. In this study, we conduct an ex-
situ experiment using X-ray tomography and the compression device
developed by Hoppe et al. [17]. We intend to determine the impact
of cell compression on the thickness of a catalyst coated Nafion® 212
membrane in an electrolyzer configuration. Furthermore, we analyze
the thickness change of the CCM due to swelling and the impact on
the thickness change of the surrounding PTLs. In addition, the effect of
compression and swelling on the porosity is investigated.
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Fig. 1. Sketch of the current sample/cell design.

2. Experimental setup

In order to represent the conditions in a real PEM water electrolyzer
as realistically as possible, the same components as in the 400 kW stack
set up by Janfen et al. [18] were used. Beginning from the top, the
investigated sample consists of (Fig. 1):

» Expanded metal sheet (2640 pm, titanium)

» Bekaert 2GDL10-0,35 (355 pm, anode, titanium)
+ CCM (50 pm, Nafion® 212 membrane)

 Toray TGP-H-120 (345 pm, cathode, carbon)

- Expanded metal sheet (2640 pm, titanium)

with the initial thickness of each layer in brackets (see Fig. 3). With
the exception of the CCM, which was made in-house [19], the other
components are commercially-available. To gain a clearer picture of the
expanded metal sheet, a CT scan is shown in Fig. 2. The sheet consists of
three different layers with different mesh sizes to gain a homogeneous
water distribution. Fig. 2(b) shows the cross-section of the finest mesh
which is in contact with the PTLs. As we have no additional flow field
plate with a land and channel structure, the white and black area are
the land and channel, respectively.

In the following we will use the term PTL for both, the titanium
(Ti-PTL) and carbon (C-PTL) transport layer. In contrast to the fuel
cell, in an electrolyzer diffusion is not the dominating effect for gas
transportation. Therefore, we are not using the term gas diffusion layer.

To compress the above-mentioned components and investigate the
impact of compression on the CCM swelling, a special compression
device was used [17]. The sample was placed between the ceramic
block and the pedestal. By utilizing the screw, the components can
be compressed. The compression device, including the sample, is then
placed in the computer tomograph (CT) Xradia Versa 410 from Carl
Zeiss AG. In contrast to the scanning electron microscope, the CT scan
can provide a 3D model (tomogram) of the sample, rather than a single
surface image. Thereby, the inside of the compressed sample can be
analyzed. To obtain a tomogram, the sample was placed between the
X-ray source and detector of the CT. The sample was rotated by 360°
and a defined number of projections were taken and the tomogram
was reconstructed. The parameter list for the CT settings is shown in
Table 1.

Using the tomogram, 2D slices (see Fig. 3) can be derived to
analyze the inner structure of the above-mentioned sample stack and in
particular the thickness change of the CCM and the surrounding layers
due to compression and membrane swelling, including the change in
porosity of the porous layers.

2.1. Experimental procedure
To investigate the influence of the compression on the layer thick-

nesses and swelling of the CCM, the procedure shown in Fig. 4 was
applied. First, the different layers were stacked in order to prepare the
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Table 1

Parameter CT.
Parameter Value
Acceleration voltage 100kV
Power AV
Exposure time 30s
Distance source-sample 62 mm
Distance detector-sample 62 mm
Number of projections 2001
Rotation angle 360°
Optical magnification 4X
Binning 2
Filter HE6
Voxel size 3.36 ym

0pm  12,000,00pm

400000 ym

(b) Cross-section of the expanded metal sheet showing the lands (white

area) and channels (black area).

Fig. 2. CT scan of the expanded metal sheet used.
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Fig. 3. 2D slice of the compressed sandwich, derived from a tomogram.

stacking
components

Y
increasing
compression

CT-scan

remove ]
water

(o) |

-[ swe'IIing ] [shrir:king ].

===> dry CCM —> wet CCM ===+ » drying or wetting CCM = =» dry or wet CCM

Fig. 4. Procedure applied to investigate the influence of compression on layer thickness
and CCM swelling; *28 °C and atmospheric humidity; **28 °C and liquid water.

test sample. Then, a first compression pressure was applied and a CT
scan performed. Then, depending on the state of the CCM (dry* or
wet**), either water was added so it swelled or water removed so it
shrank. If the CCM was wet, a CT scan with the same compression
pressure as the dry sate was performed. If the CCM was dry, the
compression pressure was increased and a CT scan performed. This
process was repeated for five compression pressures in total, meaning
that five CT scans of the dry state and five of the wet state were
performed. At the end, a pair of scans (dry and wet CCM) for each
compression pressure was achieved.

In this study, the dry state refers to room temperature (28 °C in the
computer tomograph chamber) and ambient humidity. The wet state is
defined as the CCM is completely surrounded by liquid water at 28 °C.

Before carrying out the actual measurement, a pre-series (same
conditions as the actual measurement) was performed using a force
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Fig. 5. Comparison of the dry (left) and wet (right) states of the CCM under
compression.

sensor between the screw and sample sandwich. Analyzing the 2D
slices of the different compression rates, the thicknesses of the stacked
sample could be related to the different force values measured with
the force sensor. This pre-series measurement was employed to derive a
relationship between the force, the compression pressure, and thickness
of the sample, respectively. During the actual measurement series, the
thicknesses of the sample sandwich at the different compression rates
was measured. Using the derived relationship from the pre-series, the
compression pressure was calculated.

The pre-series showed that the force sensor acted like a suspension
element when the CCM swelled. This led to different distances of the
expanded metal sheets for the dry an wet state. To keep the distance
constant, the force sensor was omitted in the actual measurement
series. Furthermore, the pre-series also showed that the water uptake
of the CCM in liquid water lasts less than 100s as was shown by Za-
wodzinski et al. [1] for a Nafion® 117 membrane. Therefore, the CT
scans could be performed directly and in succession.

3. Results and discussion

Compression pressures ranging from 0.36 to 1.63 MPa were applied
and CT scans according to the scheme in Fig. 4 for the dry and wet
stats carried out. Fig. 5 shows two 2D cross-sections of a compression
pressure of 0.36 MPa. On the left side the dry CCM can be seen and on
the right, the wet (flooded). A first look at the two CT scans (Fig. 5) and
a deeper analysis of all compression rates showed that, for a constant
compression pressure, the distance between the two expanded metal
sheets of the anode and cathode sides did not change due to the CCM
swelling. It can be concluded from this that any change in thickness due
to CCM swelling affects only the two PTLs and the CCM itself. Whether
and to what extent PTL thicknesses change due to CCM swelling will
be discussed later. First, it will be discussed whether or not the CCM
swelling is constrained by compression.

3.1. Membrane swelling

As the protonic conductivity of the membrane of a CCM depends
strongly on the latter’s water content [1] and the thickness of the CCM
corresponds to the water content [2,3], by implication the CCM thick-
ness is an indicator of the protonic conductivity. As a certain pressure
is needed for the electrical and thermal conductivity of the different
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layers, it is important to know how the compression pressure affects
the CCM swelling. Therefore, the dry and wet thicknesses for different
compression pressures and two different locations in the cell, shown
in Fig. 6, were measured. For each compression pressure, the average
thicknesses at ten different points were calculated. The dry thick-
ness in the land region (Fig. 6(a)) ranged between 47.9 + 1.1 pm and
50.1 + 0.9 pm and the wet thickness from 62.4 + 2.2 pm to 65.8 + 0.9 pm.
The dry and wet thicknesses, where the channels of the anode and cath-
ode sides face each other, are in the same range as for the land-facing
region. At first, this indicates that the CCM swelling is independent
from the position within the electrolyzer cell.

As the wet thickness of the CCM is higher than the dry thickness
for the entire compression range for both the land and channel regions,
this observation suggests that the water uptake of the CCM is not fully
inhibited at high pressures. For both the dry and wet thickness, no
clear tendency regarding a constraint in water uptake can be observed.
In average, over all compression pressures, the dry thickness is about
49.4 + 1.0pm and the wet about 63.9 + 1.4um - a thickness increase
of 30% (land region). For the channel region, the thickness increases
by 25%. For both, the deviation lies under the resolution of 3.36 pm
of the CT scans. The dry and wet thicknesses, even for high compres-
sion pressures, are in very good agreement with Folgado et al. [9]
and Folgado et al. [10], who measured the unconstrained swelling of
a Nafion® NRE212 membrane at room temperature. Within the scope
of accuracy of the CT scans, this indicates that even when applying
pressure, the swelling of the CCM in the electrolyzer configuration is
unconstrained. As the swelling is unconstrained, the water uptake of the
CCM is not affected by the compression, which leads to the conclusion
that the protonic conductivity remains constant over the investigated
pressure range. Therefore, for this configuration, a potential decrease in
electrolyzer performance with increasing pressure cannot be assigned
to the clamping pressure.

Leaving accuracy aside, the dry and wet thickness of the CCM in
the land region decreases slightly (about 4 and 5% for the dry and wet
states, respectively). Although the absolute thickness decreases for the
dry and wet CCM, the thickness from the dry to wet states does not
change much. For 0.36 and 1.29MPa, the thickness increases by 16.0
and 16.7 pm, respectively. However, this only means that the amount
of water absorbed remains approximately constant. The total water
content in the CCM differs. The lower water uptake finally decreases
not only the thickness but also the protonic conductivity of the CCM
and so reduces the performance of the electrolyzer cell. This would
then confirm the assumption of Borgardt et al. [15], that for design
¢, the increase in the ohmic resistance is attributed to the decreased
protonic conductivity. Despite neglecting the accuracy, the thickness of
the CCM in the channel region remains constant over the investigated
pressure range. This can be simply explained by the fact that the force
is mostly transmitted through the lands. For the entire active cell area
of a PEMWE, this means that there are areas with a slightly decreased
water content and so decreased protonic conductivity. To avoid this,
the channel area should be increased to have a larger area, so that
the protonic conductivity does not decrease. However, this would then
worsen the pressure distribution over the active cell area, as well as the
contact between the different layers of the cell and hence increase the
ohmic resistance and in turn worsen the cell performance.

As the ohmic resistance is mostly measured for the entire cell, the
spatial differences in the protonic conductivity cannot be resolved by
the methods used in this experiment. As the ohmic resistance increases
in some cases [15], this can be attributed to land regions. To validate
the above-mentioned ex-situ findings, a spatially-resolved impedance
spectroscopy analysis must be performed.

3.2. Thickness change of the PTLs

As a result of the thickness increase of the CCM and the constant
distance between the expanded metal sheets at the same time, the PTL
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Fig. 6. Dry (full rectangle) and wet (empty rectangle) thicknesses of the CCM for different compression pressures at different positions in the cell.

must decrease in thickness. Fig. 7 shows the swelling and compression
of the three different layers for the five investigated pressure levels for
the land (Fig. 7(a)) and channel region (Fig. 7(b)). It should be men-
tioned that for the CCM, the thickness change is positive (increasing
thickness) and for the PTLs, negative (decreasing thickness). For better
comparability, both thickness changes are plotted in the same direction.
Furthermore, the thicknesses of the CCM and both PTLs at the different
compression pressures divided by their initial thicknesses (normalized
thickness) are shown in Fig. 7.

At lower pressures, the C-PTL compensates about 75% (e.g. 11.7 pm
of 16 um at 0.36 MPa) of the CCM swelling and is compressed by 10-30%
at pressures of 0.36-0.87 MPa, respectively. Comparing the clamping
pressure of less than 1 MPa with the swelling pressure of 30 MPa [12]
at a temperature of 20°C, it is not surprising that the PTLs are com-
pressed due to the swelling as the distance of the expanded metal
sheets remains constant. At higher compression pressures, the C-PTL
is compressed by more than 50%, but only compensates 2pum of the
15 pm swelling, which is 13% of the CCM swelling. At the same time
the Ti-PTL is only compressed by 13% but compensates 87% of the
CCM swelling. This could be explained by the different mechanical
behaviors of the Ti-PTL and C-PTL. For compression pressures up
to 1.5MPa, the C-PTL is compressed twice as much as the Ti-PTL,
which explains the higher compensation rate of the C-PTL at lower
compression pressures [20-23]. For higher strains, no data is available
in the literature. However, we would assume that the thickness change
of the C-PTL will end in a saturation. That means a high pressure is
needed to further compress the PTL. This would explain the changing
compensation ratio of the PTLs. Considering a temperature of about
80 °C during electrolyzer operation and an enhanced water uptake of
the membrane [1,2,4-8], the swelling pressure and so the deformation
of the PTLs could also be increased further. This is only true to a
certain point, as with decreasing PTL thickness the needed compres-
sion pressure drastically increases. With a porosity of approximately
70%, the C-PTL can theoretically only be compressed to a normalized
thickness of 30% (assuming no in-plane expansion). At the highest com-
pression, the C-PTL is already compressed to a normalized thickness of
47%. To further deform the C-PTL, a significantly higher pressure (>
10MPa/100bar) is needed. Therefore, for very high compression rates,
either the Ti-PTL would be compressed more or the swelling of the
CCM would be constrained. As the best performance of an electrolyzer
is already reached at low compression pressures, this case will never
arise in a normal electrolyzer stack. The effect of a differential pressure
of, for example 30bar (3 MPa), as it occurs in some electrolyzer stacks,
cannot be investigated with the used compression device as it is open
to atmosphere. In contrast to the land facing land region, at the channel
facing channel region (see Fig. 7(b)), the PTLs do not compensate the
entire swelling of the CCM. This is due to the free space of the channel,
where both PTLs can intrude in. Nevertheless, a thickness decrease of
the PTLs can be seen. With increasing clamping pressure the thickness

decrease due to CCM swelling becomes smaller. This indicates that
the intrusion of the PTLs into the channel increases. Contrary to the
first region, the normalized thickness especially of the C-PTL does not
decrease that much (82% at 1.63 MPa).

3.3. Porosity

The change in thickness of the PTLs is also accompanied by a change
in porosity. In this specific case, there are two factors that influence the
change in thickness and porosity, namely the compression pressure due
to clamping (outer force- on the one hand), and the swelling pressure
(inner force) on the other hand.

In the region of the PTLs, the CT scan does not show a bimodal
histogram, so it cannot be binarized by using analytical methods to
determine the porosity. The Dragonfly software, Version 2022.2 for
Windows, has a deep learning tool that can be trained to distinguish
between fibers and surrounding fluid (air for the dry state and water
for wet one). Fig. 8 shows the porosity of the two PTLs depending
on the compression pressure. As expected, the porosity for both PTLs
decreases with increasing pressure. The porosity of the C-PTL decreases
quite linearly from 65.9% at 0.36 MPa to 58.7% at 1.63 MPa. As can be
seen in Fig. 7, Toray compensated for most of the thickness increase
of the CCM, and therefore it is not surprising that the decrease in the
porosity from 65.9% (dry) to 63.9% (wet) at 0.36 MPa is fairly high.
With increasing compression, this difference decreases. The same holds
true for the Ti-PTL. The decrease of porosity from the dry to wet states
is in the range of 1 to 2 percentage points. At a compression pressure
of 0.87MPa, it seems that the porosity increases due to membrane
swelling and decreasing thickness. This can presumably be attributed
to the model for binarization, as the intensity of the fibers and air
or water may differ little and the model predicts the fibers and fluid
inaccurately. Furthermore, it is surprising that the porosity of the Ti-
PTL decreases in the same range as that of the C-PTL, although the
thickness of Ti-PTL decreases by only 13% in total, whereas the C-
PTL decreases by 53% and exhibits the same porosity progression.
Nevertheless, the porosity does not decrease to a value that could be
critical for mass transport, as there are PTLs with lower porosities (35—
40% in comparison to 58%) that do not show significant mass transport
resistance nor significant influence on cell performance [24].

4. Conclusions

As an electrolyzer cell and stack consists of many different layers
and components, it is, on the one hand, important to analyze and
improve each component separately, but on the other, all components,
especially with respect to the mechanics, interact with one another.
Therefore, it is just as important to analyze the entire assembly. Oth-
erwise, interactions between the components cannot be identified. In
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this study, we took a closer look at the interaction between the CCM
and porous layers. When looking at the swelling of the Nafion NRE212
membrane in a PEM water electrolyzer, a general statement regarding
the constraint of the swelling could not be made. A distinction between
two areas must be made. In the first, the land regions of the anode
and cathode side face each other and in the second, the channels of
the flow field do. The thickness decrease in the first area is about
5% for both the dry and the wet thicknesses. In the second area, no
change in thickness due to increasing compression (clamping) pressure
can be noticed. Therefore, a change (increase) in the ohmic resistance,
which is dominated by the protonic conductivity of the membrane,
above a certain pressure can be attributed to the first area, where the
membrane takes up less water and so reduces the protonic conductivity.
The swelling of the CCM causes a decrease in the thickness of the
surrounding PTLs in the order of 5-12 um which leads to a porosity
decrease of only 1percentage point. Consequently, an influence on the
mass transport and a potential increase in a mass transport limitation
due to the swelling cannot be observed.
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