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HIGHLIGHTS

« In situ radiography of phosphoric acid penetration in HT-PEMFCs.

+ Novel contrast agent method to improve phosphoric acid visualisation.

+ Quantification of phosphoric acid in GDLs using X-ray computed tomography.
 Analysis of effects of hot-press pressure, duration, and compression on distribution.
+ High pressure and lack of compression gasket led to most significant penetration.

ARTICLE INFO ABSTRACT

Keywords: A contrast enhancement agent is used to visualise phosphoric acid penetration and distribution in high-
High-temperature polymer electrolyte temperature polymer electrolyte membrane fuel cells. This new method is demonstrated in the investigation of
membrane fuel cell hot-pressing parameters on phosphoric acid penetration and distribution. In situ radiography of the hot-press
HT'PEMF_C . process showed acid plumes breaking through the catalyst layer, microporous layer (MPL) and gas diffusion
Phosphoric acid

Hot-pressing layer (GDL). The phosphoric acid volume and distribution within the MPL and GDL are quantified, and their

X-ray computed tomography dependence on hot-press pressure, duration and compression control are analysed. Increasing hot-press pressure

Radiography and duration was found to increase acid penetration and delamination of the membrane and catalyst layers. The
absence of a compression control gasket also led to significant infiltration into the MPL and GDL. Penetration
occurred first at the anode for all tests, which was attributed to a higher number of cracks and greater degree
of crack connectivity. Phosphoric acid entered the MPL and GDL either through initial breakthrough of the
catalyst layer, or from acid pooling on the GDL surface and being compressed into the fibres. This work
provides a novel method to improve visualisation of phosphoric acid and highlights the acid loss mechanisms
resulting from hot-press conditions.

1. Introduction of platinum catalyst to fuel impurities, and simplified water and ther-
mal management [7-11]. HT-PEMFCs most commonly use phosphoric

Polymer electrolyte membrane fuel cells (PEMFCs) are expected acid (PA)-doped membranes due to the high proton conductivity un-

to play a key role in the decarbonisation of transportation, heat- der anhydrous conditions that is characteristic of PA [12]. Despite
ing and power, and already have an established presence in markets the benefits of PA, its migration and loss is an important degrada-
such as materials handling and remote/back-up power [1-3]. How- tion mechanism that affects cell performance and long-term durability

ever, issues of expensive membrane and catalyst materials, complex
water management, extreme sensitivity to fuel impurities and poor
heat rejection still remain [4-6]. High-temperature (HT) PEMFCs of-
fer multiple advantages over the more mature low-temperature (LT)
technology; these include faster reaction kinetics, increased tolerance

[13,14]. Phosphoric acid must be distributed within the catalyst layers
to provide sufficient proton conduction and catalyst utilisation [14].
However, the acid can be permanently lost when it penetrates through
the catalyst layers into the microporous and gas diffusion layers, and
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out to flow fields [15]. When the acid is lost, this degradation mecha-
nism reduces the content of the main proton conductor, which affects
the charge transfer impedance, ohmic resistance and durability of the
fuel cell [16]. Also, the acid within the porous diffusion structures
impedes flow of the reactants to the active sites, increasing mass trans-
port resistance [17]. Therefore, developing an understanding of acid
distribution within HT-PEMFCs is crucial to improve acid management
and enhance performance over extended periods of time.

The desire to visualise PA in HT-PEMFCs is similar to that of water
in LT-PEMFCs. Methods that have been used to successfully visualise
water include optical and infrared imaging [18-20], environmental
scanning electron microscope (ESEM) [21], neutron imaging and scat-
tering [22-24], and magnetic resonance imaging [25,26]. One of the
most powerful and useful techniques to study internal structures and
dynamics of PEMFCs non-destructively is X-ray computed tomogra-
phy (X-ray CT) and radiography. These techniques have been used to
conduct operando studies to visualise water in 3 and 4D [27-29].

Similarly, X-ray CT and radiography have been used to inves-
tigate the distribution of PA in HT-PEMFCs. Initial operando stud-
ies used X-ray radiography to identify water and PA in an operat-
ing HT-PEMFC [30-32]. Eberhardt et al. [33] used synchrotron-based
X-ray CT to determine the distribution and concentration of PA in the
membrane electrode assembly (MEA) of a non-operating HT-PEMFC.
The method to identify PA relied on calibration curves relating the
greyscale value to known concentrations of PA. Later, the same group
used synchrotron-based X-ray CT to study PA migration in operating
cells [15,34,35]. This allowed for the visualisation of PA migration
from cathode to anode during operation, which was found to increase
with current density and acid doping level [35]. Bevilacqua and Halter
et al. both used synchrotron- and lab-based studies to investigate PA
migration through the catalyst layer, microporous layer (MPL), and gas
diffusion layer (GDL) [13,17,36]. The studies revealed that increased
catalyst layer crack width, connectivity, and overlap with MPL cracks
results in greater PA penetration into the diffusion layers, and that the
MPL plays an important role in redistributing PA in the catalyst layer
and inhibiting leaching. This is in agreement with work by Chevalier
et al. which used pore network modelling to investigate the impact of
the MPL on PA redistribution, and found that the MPL acted as a barrier
to contain PA in the void regions of the catalyst layer [37].

Analysis of X-ray CT datasets typically involves segmentation of
the components of interest. In order to segment the PA, Bevilacqua
and Halter et al. used a reference subtraction method whereby the
electrode is imaged prior to assembly or testing [13,17,36]. This is
to allow a “dry" dataset to be subtracted from the dataset containing
PA (“wet") to distinguish the acid. This method is required due to the
similarity in greyscale values between PA and the surrounding carbon
materials and voids in the diffusion layers. The issue with this method
is that it adds complexity and is time-consuming as it necessitates
additional scans and image processing; it also limits the scope of studies
as the electrode must be imaged prior to the introduction of PA. If the
electrode morphology changed sufficiently (e.g. under compression),
then subtraction would not be suitable. Bailey et al. used machine
learning to assist the segmentation process of PA for lab-based X-ray CT
datasets of HT-PEMFCs [38]. Despite the successful segmentation of PA
using lab-based instruments, the requirement for additional “dry" scans
and user input still leaves work to be done to improve PA identification
and analysis in X-ray CT and radiography studies.

This work provides a new technique to improve PA visualisa-
tion and segmentation when using X-ray CT or radiography to image
HT-PEMFCs. The technique uses a contrast-enhancing agent or “tracer”,
a technique that is common in medical applications of X-ray imag-
ing [39], and has been applied to batteries [40], and to PEMFC
GDLs [41]. The aim of using the tracer is to provide sufficient contrast
such that additional “dry" datasets are not required, thus reducing
the experimental time and complexity of analysis. To illustrate the
effectiveness of the new method, in situ imaging of hot-pressing that
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would not be possible using the subtraction method is conducted. The
effects of hot-pressing conditions have been investigated for LT-PEMFCs
[42-44], but there is little on this topic for HT-PEMFCs. Although
HT-PEMFCs can be assembled in the cell without prior hot-pressing,
hot-pressing is still commonly used and will impact the morphology
of the membrane, catalyst layers, and diffusion layers. It is also a
mechanism for PA loss [45].

Here, the contrast enhancement technique allows for in situ radio-
graphic imaging of the hot-press process, and allows for simplified
post-hot-press image processing and analysis of the CT datasets.

2. Materials and methods
2.1. Membrane electrode assembly

The membrane and electrodes used in this study are the commer-
cially available Celtec PA doped-polybenzimidazole (PBI) membrane,
P1100 anode and P1100 cathode produced by BASF (Germany). The
electrodes consist of a woven carbon fibre GDL, MPL, and Pt and
Pt-alloy catalyst layers at the anode and cathode, respectively. Prior to
scanning, the electrodes and membrane were cut into 3 mm diameter
circles using a laser micro-machining tool (A Series/Compact System,
Oxford Lasers, UK). The electrodes and membrane were then assembled
into a bespoke sample holder, described in detail in Section 2.3.

2.2. Contrast enhancement

A caesium compound was chosen to act as the contrast agent/tracer,
specifically caesium sulphate (Cs,SO,4, 99.99%, Sigma-Aldrich, USA).
This was chosen due to the atomic number, Z, of Cs being consider-
ably higher than that of hydrogen, carbon, oxygen, and phosphorous
which are typically found in the MPL and GDL and possess similar
greyscale values. The relative intensities of the transmitted X-rays give
rise to contrast in the image. The transmitted X-ray intensity is given
in Eq. (1):

I= [Ue(u/ﬂ)ﬂx [¢))

where I and I, are the transmitted and incident X-ray intensities
respectively, u/p is the mass attenuation coefficient (linear attenuation
coefficient/material density), and x is the material thickness. The linear
attenuation coefficient is dependent on the photon interaction through
the photoelectric and Compton interactions:

HTotal = MPhotoelectric T HCompton )

Photoelectric attenuation dominates in the photon energy range that
is typically used for lab-based X-ray CT [46]. The contrast enhancement
agent makes use of the dependence of the probability of the photo-
electric absorption on the atomic number of the attenuating medium:

3
P(photoelectric absorption) ~ % 3

where E is the photon energy. The mass attenuation coefficients of ele-
ments found in a HT-PEMFC along with Cs are shown in Supplementary
Figure S1. The attenuation coefficients of H, C, and P are relatively
close in the range of photon energy used in typical lab-based X-ray
CT (30-150 keV); and the value for Cs is significantly higher and thus
should provide good contrast through higher attenuation. The values
for Cs and Pt are similar, which may affect the contrast between these
elements. However, the difference in Cs and Pt material density meant
that this was not a significant issue in this work, and the focus of this
study is to easily distinguish the PA from the diffusion layers.

Cs was also chosen due to its analogous Cs* ion to H* so as to enable
ion exchange reactions, whereby Cs;PO,, Cs,HPO,, and CsH,PO, are
expected to be produced and act as the tracer compounds. The exact
ion exchange reaction and conversion rate was not determined, but
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Fig. 1. (a) Diagram of Deben compression and heating stage with sample holder, and (b) photograph of setup.

sulphur compounds will also be produced. Multiple masses of Cs,SO,
were assessed for contrast enhancement for the hot-pressing study, and
the results are shown in Supplementary Figure S2. High levels of the
Cs compound prevented dissolution in the deionised (DI) water and
formed a surface layer on the membrane, although the surface layer ap-
pears negligible at typical hot-press and HT-PEMFC operating tempera-
tures. Low levels led to insufficiently enhanced contrast. The optimised
concentration of Cs,SO, was determined to be 1250 mgc,, 5o,/mlp,
and deposited onto the membrane of area 12.25 cm? using a glass
pipette, covering the whole surface. The membrane was then placed
within a hot-press (without contact on the upper/deposited surface of
the membrane) for 90 s at 140 °C, a Kapton sheet was then placed
over the membrane and continued to be heated at 140 °C for another
90 s. This was expected to be sufficient time to allow the ion exchange
process to occur and evaporate the water from the surface of the
membrane.

2.3. Sample holder and compression stage

To recreate the hot-pressing process and allow for in situ imag-
ing, a Deben CT5000 stage (Deben UK Ltd, UK) was used to apply
compression and heating and controlled by Microtest software. The
stage consisted of sample chamber between a fixed upper platen, and
moveable lower platen which was used to control the compression.
The sample chamber and holder are shown magnified in Fig. 1(a). The
temperature of the upper and lower platens of the stage are controlled
independently and were set to the desired hot-press pressure before
the hot-press procedure. The sample holder was designed and manu-
factured to hold the electrodes and membrane in place for scanning

and hot-pressing. This consisted of an aluminium base and pin, which
the MEA was placed between. A Kapton sheath was placed around
the sample holder to prevent misalignment, and a Kapton disc was
positioned between the surface of each GDE and the Al pin or base
to prevent the MEA sticking to the aluminium. A Kapton gasket was
placed around the MEA to control compression. The full setup is shown
in Fig. 1, the sheath and gasket are omitted so that the MEA can be seen.
The hot-press parameters for each test are given in Section 2.6. The
electrodes and membrane were assembled into the sample holder using
a benchtop optical microscope to achieve the component alignment
before entering the compression stage prior to the first scan.

2.4. X-ray computed tomography and radiography

Imaging was conducted using a laboratory X-ray CT system, ZEISS
Xradia 520 Versa with tungsten as the target metal (Carl Zeiss, USA).
The sample sizes used were 3 mm discs, this size was selected as a
balance between X-ray penetration and thus signal-to-noise, and repre-
sentative area. This sample size is expected to not result in significant
differences compared to larger area MEAs typically used for electro-
chemical operation, and is therefore representative. This is justified
due to the same hot-press conditions (temperature, force/area, and
duration) used for both types of MEA size. The acid pathways through
the catalyst and microporous layers should be the same regardless of
sample size used for imaging, and the crack dimensions will not change
due to using smaller lateral sample areas. Also, the thickness of the MEA
does not change when the lateral sample area is reduced.

One 3D scan was conducted prior to hot-pressing, another 3D scan
was conducted after the hot-press process. Pre-hot-press scans were
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Fig. 2. Comparison of tracer effect on contrast and detection of PA. Radiographs: (a) hot-press start - no tracer (b) hot-press start - with tracer, (c) hot-press end - no tracer, and
(d) hot-press end - with tracer. Orthoslices of 3D reconstructed datasets: (e) no tracer and (f) with tracer. Cathode cracks and PA visualisation: (g) before hot-press and (h) after

hot-press. All scale bars are 500 pm.

conducted at 25 °C. Post-hot-press scans were conducted at 130 °C.
These scans used a source voltage of 80 kV, exposure time of 8 s,
4x magnification, and consisted of 1201 projections. A binning of 2
was selected to allow for a reduced exposure time and thus scan time
due to the high number of tests. The hot-pressing process was imaged
as a series of radiographs. This is because it is a dynamic process
occurring in 3 min or less, therefore, the flux and exposure times of
lab-based systems are not capable of capturing this process in 3D. The
radiography was conducted using a higher source voltage of 100 kV.
This was done to increase the average photon count, allowing the
exposure time to be reduced to 0.5 s. The magnification used was
4x. These imaging parameters gave a pixel and voxel (volume pixel)
dimension of 3.5 pm with a field of view of approximately 3.4 mm for
all tests.

2.5. Image processing and analysis

2.5.1. Tomography

The reference-corrected radiographs were reconstructed using
XMReconstructor software (Carl Zeiss, USA). The remaining processing
and analyses were conducted in Avizo software (Thermo Fisher Scien-
tific, USA). A subvolume was extracted from the 3D dataset for analysis.
The dimensions of the subvolume were 500 x 500 x 400 voxels,
giving a volume of 4.34 mm?. Previous studies using similar X-ray CT
setups determined the representative elementary area (minimum area
required to be representative of a larger volume) of a PEMFC to be
0.10-0.36 mm? [43,47]; this compares to 3 mm? in this study.
Therefore, the volume analysed was deemed to be representative of
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Table 1
Hot-pressing parameters used in this study.
Test Temperature Pressure (N Hold Compression
identifier Q) mm~2) duration (s) (%)
1 (baseline) 130 4 30 25
2 (P:2) 130 2 30 257
3 (P:8) 130 8 30 257
4 (D: 180) 130 4 180 25
5 (C: 50) 130 4 30 50
6 (C: UnC) 130 4 30 Uncontrolled

2 Compression control relative to baseline pressure (4 N mm~2).

increasing pressure

4 N mm-
(baseline)

8 N mm™

Fig. 3. Volume renderings of the electrodes comparing results of hot-press pressure. Test 2: 2 N mm~2, (a) anode, (b) cathode. Test 1: 4 N mm~2, (c) anode, (d) cathode. Test
3: 8 N mm~2, (e) anode, (f) cathode. The anode and cathode PA are false coloured yellow and purple, respectively. The fibres are presented with reduced opacity to enable PA
penetration to be visible, and the catalyst layer is light grey. The sample rendering length and width are both 1.76 mm. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

the larger sample. A variation of non-local means and median filters
were applied to the first dataset to determine the optimum processing.
A filter procedure of 3 iterations of XY plane median filtering was
chosen and applied to all datasets after the subvolume extraction.
Segmentation of the datasets based on differences in greyscale was
achieved using a combination of “Threshold” and ‘“Magic Wand”
functions in the Avizo software. The volume of PA in the MPL and GDL,
and the volume fraction profile of PA distribution were evaluated using
MATLAB software (Mathworks, USA) to process the segmented data.

2.5.2. Radiography

After reference correction, the individual radiographs required
alignment. This was achieved using a combination of the “landmark
alignment” and “least-squares alignment” modes in Avizo’s “Align
Slices” module. The datasets were then cropped to remove the majority
of the aluminium sample holder. The radiographs were then compiled
into videos using Fiji (ImageJ) software.

2.6. Hot-pressing
After the pre-hot-press scan, the sample and holder were removed

from the stage, and the stage was heated to test temperature. This
was done to replicate how MEAs are hot-pressed for electrochemical

operation whereby the components are placed into the press only once
it has reached the desired temperature. The scan was started and the
desired force was set to be applied and maintained at a constant load.
The compression jaw motor speed was 1 mm s~1. After pressing, the
compression stage jaws were opened such that load was no longer
applied to the MEA. The hot-pressing parameters are shown in Table 1,
the identifiers “P", “D", and “C" refer to pressure, duration and com-
pression respectively. Test 1 parameters are a baseline. Tests 2 and 3
are used to determine the effect of hot-press pressure. Test 4 has an
increased hot-press duration hold at the specified pressure. To deter-
mine the impact of a gasket to control compression, test 5 has a thinner
hard-stop allowing for 50% compression compared to the baseline
25%, and test 6 does not use a hardstop and the compression was not
controlled. Hot-press temperature has been shown to affect LT-PEMFCs
as the temperatures used are close to the glass transistion temper-
ature of the perfluorosulphonic acid (PFSA) membranes [43]. Typi-
cal hot-press temperatures for HT-PEMFCs are 130-200 °C [48-51];
and thus are not close to the glass transition temperature of PBI
(425-436 °C) [52]. This, combined with the temperature limitations
of the stage (~ 150 °C) meant that the effect of hot-press temperature
was not investigated in this work.

The workflow from membrane preparation to post-hot press scan is
shown in Supplementary Figure S3.
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Fig. 4. Effect of hot-press pressure on (a) volume fraction depth profile of acid in MPL and GDL, and (b) total volume of acid in MPL and GDL.

3. Results and discussion
3.1. Evaluation of contrast agent

Fig. 2 shows the effect of the contrast tracer on the hot-press
radiography and reconstructed tomograms. The radiography without
and with the tracer can be seen in Supplementary Video SV1 and SV2,
respectively. The tracer clearly allows for visualisation of PA penetra-
tion into the MPL and GDL during the hot-press process. The greyscale
intensities of the orthoslices in Fig. 2e and f show the effect of the tracer
allowing for PA to be easily distinguished from the catalyst layers,
MPL, GDL and void volume - allowing for simplified segmentation,
which is not the case in studies requiring the subtraction segmentation
method to distinguish carbon materials from PA [13,35,36,38]. The
tracer also allows for the penetration into the cracks to be seen as
shown in the images of the cathode catalyst layer before and after hot-
pressing (Figs. 2g and 2h respectively). PA can be seen penetrating
through cracks in the post-hot-press image that are not visible in the

pre-hot-press image. This suggests that additional cracks may form
during hot-pressing through which PA can penetrate into the MPL and
GDL.

3.2. Hot-press pressure

The radiography videos of the hot-press process in Supplementary
Videos SV2, SV3, and SV4 show how the PA penetration occurred
as a function of time. Due to the constant motor speed throughout
tests, the time taken to reach the hot-press pressure increased as the
pressure target set point increased. Radiographs of the first point of
PA penetration, 10 s prior to the hold (¢ — 10), the point at which the
target pressure is reached (t = 0), and at the end of the hold (t+ 30)
are shown in Supplementary Figures S4, S5, and S6. The first signs of
PA penetration occurred at the anodes at approximately 14, 19 and
30 s before the target pressure is reached for tests 2 (P: 2), 1 (P: 4), and
3 (P: 8) respectively. The radiographs indicate that a significant quan-
tity of PA has penetrated before the start of the pressure hold, with
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Fig. 5. Volume renderings of the electrodes comparing results of hot-press duration. Test 1: 30 s, (a) anode, (b) cathode. Test 4: 180 s, (c) anode, (d) cathode. The anode and
cathode PA are false coloured yellow and purple, respectively. The fibres are presented with reduced opacity to enable PA penetration to be visible, and the catalyst layer is light
grey. The sample rendering length and width are both 1.76 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

plumes and pools of PA visible in both electrodes. The breakthrough of
the PA into the catalyst layer and up through the MPL and GDL relies on
overlapping catalyst layer and MPL cracks which provide pathways for
the PA to enter the GDL [17]. Cracks in the MPL are typically in the tens
of microns and can be up to 150 pm, and PA will migrate along the MPL
and enter the GDL through these cracks [17,36]. These breakthrough
events are clearly visible in the radiography videos as plumes of PA
erupt through the catalyst layer and infiltrate the MPL and GDL.

Volume renderings of the PA distribution resulting from different
hot-press pressures are shown as plural renderings in Fig. 3. These
images containing segmented PA, fibres and catalyst layers, as well
as the radiography videos (SV2, SV3, and SV4) indicate a clear and
significant increase in PA penetration as hot-press pressure increased
from 2 N mm~2 to 4 N mm~2 to 8 N mm~2. This is attributed to a
greater degree of compression of the PA-doped membrane as hot-press
pressure increases, and a greater amount of PA is forced out through
cracks in the catalyst layer.

It was observed that both the volume of PA that penetrates the fibres
and the distribution is influenced by pressure (Fig. 4). For test 1 (P: 4)
and test 2 (P: 2), the volume of PA penetrated is higher for the anode
than cathode (0.031 mm? compared to 0.029 mm?, and 0.029 mm?>
compared to 0.023 mm? for tests 1 (P: 4) and 2 (P: 2), respectively).
A similar result was found by Halter et al. who observed greater PA
breakthrough at the anode during operation when using MEA materials
similar to those used in this study [17]. An explanation for this may
be the increased number of cracks and degree of connectivity at the
anode which is visible in the 3D datasets. These parameters have
been identified as important factors in PA redistribution [13]. The
thinner cracks at the anode can result in higher capillary pressure,
which increases PA invasion and branching [36]. These parameters may
also explain the penetration occurring at the anode first for all tests.
However, the volume of PA was higher in the cathode than anode for
test 3 (P: 8) (0.298 mm?> and 0.149 mm?, respectively). Orthoslices
of the anode and cathode catalyst layers are shown in Supplementary
Figure S7 to indicate the greater number of thinner cracks at the anode.
However, the resolution in the study is not sufficient to accurately
measure crack widths and volumes at the anode quantitatively in order
to confirm its effect, and therefore should be investigated in future
work.

The distribution of PA was similar for test 1 (P: 4) and 2 (P: 2),
with the volume fraction of PA peaking at the GDL surface (Fig. 4a).
The PA was found to adhere to the Kapton sheets contacting the GDL
surfaces and protrude into the fibres. The adhesion forces are noticable
when the Kapton sheets are removed from the MEA and carry the

surface PA with them, leaving the GDL surface relatively dry of acid
(shown in Supplementary Figure S8). As the pressure increases, the
volume fraction of PA within the GDL interior increases. This is evident
in Figs. 3 and 4a where almost all the PA that has penetrated in
test 3 (P: 8) is contained within the fibre volume; suggesting the
adhesion forces to the Kapton were overcome and the fibres became
saturated. The saturation effect is so severe that the segmentation of
the PA from the fibres was difficult, and likely led to a slight underesti-
mation of the fibre volume. The fibre saturation means that PA would
not be removed along with the Kapton sheet, and removal via wicking
when gases are supplied during operation would be challenging due
to the high volume of PA blocking gas pathways. Interestingly, the
distribution of PA within both electrodes favoured containment within
the GDL with minimal PA confined to the MPL, reasons for this include
increased porosity and void spaces in the GDL to store PA, and the
“acidophobic" nature of PTFE within the MPL [13]. However, the
PTFE loading in the MPL and GDL used in this work is proprietary
information and thus its influence on this effect is not clear.

The change in MEA thickness as a result of the hot-press pressure is
shown in Table 2. The decrease in thickness increased with pressure
(—21%, —25%, and —30% for tests 2 (P: 2), 1 (P: 4), and 3 (P: 8)
respectively). It should be noted that the pressure in test 3 (P: 8) was
sufficiently high to cause the gasket to compress notably such that the
total compression exceeded 25%, likewise test 2 (P: 2) compression was
slightly less than 25%. The fibres suffered the greatest compression,
followed by the membrane, and the catalyst layer thickness changed
the least as a result of hot-press pressure. The level of delamination was
assessed qualitatively from the 3D datasets, and was noted to increase
with hot-press pressure. Test 2 (P: 2) exhibited almost no delamination,
whilst test 1 (P: 4) had some limited disconnect between the catalyst
layers and membrane close to the edges of the selected volume, and
test 3 (P: 8) resulted in significant delamination across the width of
the membrane. These results show that excessive pressures cause high
volumes of PA to be lost from the membrane, significant blockage of

Table 2
Hot-press pressure effect on average MEA thicknesses.
Hot-press Thickness Thickness Change (%)
pressure (N (before) (pm) (after) (pm)
mm-~2)
2 1175 928 -21
4 1212 910 -25
8 1196 842 -30
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Fig. 6. Effect of hot-press duration on (a) volume fraction depth profile of acid in MPL and GDL, and (b) total volume of acid in MPL and GDL.

diffusion layers, and poor contact between the membrane and catalyst
layers.

3.3. Hot-press duration

The impact of duration on the hot-press process as a function
of time is visible when comparing the radiograph videos shown in
Supplementary Videos SV2 and SV5. Despite the temperature, pressure,
duration, and compression being the same up to the first 30 s of the
hold, the radiographs (Supplementary Figures S4 and S9) show that
test 4 (D: 180) has a greater amount of PA in the diffusion layers at t=0.
Considering the parameters and compression gasket were the same,
the difference could potentially be explained by electrode morphology
differences. Despite these differences, the effect of duration can still
be inferred. The radiographs show that there is a clear increase in PA
penetration between 30 and 180 s. This increased saturation of the
diffusion layers over time is clearly visible in the radiographs where
a darkening of the layers can be seen (Supplementary Figures S4 and
S9). The first plumes of acid penetrating the catalyst layer occur at the

anode, which is the same as the pressure tests. Some of the plumes
appear to intrude a short distance, potentially blocked by the MPL or
GDL. Whereas multiple plumes can be seen penetrating the catalyst
layer and reaching the GDL surface. Once at the surface, the volume of
PA is compressed and begins to move back into the fibres. This results
in PA penetration into the GDL and MPL from both directions, firstly
PA which has been forced through the catalyst layer, and secondly PA
at the GDL surface being compressed back into the fibres.

The volume renderings of the electrodes post-hot-press are shown
in Fig. 5, and there is a clear increase in PA penetration into the
GDL when the duration is increased. The distribution of the PA in
test 4 (D: 180) (Fig. 6a) is more similar to that of the high-pressure test
(test 3 (P: 8), Fig. 4a). While there is some PA pooling at the surface of
the GDL as in test 1 and 2, the majority is contained within the diffusion
layer interior. Similarly to the other tests, the MPL contains very little
PA and this is attributed to smaller pores, limited void space, and
potentially greater PTFE loading. The volume of PA in the anode and
cathode of test 4 (D: 180) was 0.083 mm? and 0.099 mm? respectively,
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Fig. 7. Volume renderings of the electrodes comparing results of hot-press compression. Test 1: 25% (a) anode, (b) cathode. Test 5: 50%, (c) anode, (d) cathode. Test 6: uncontrolled,
(e) anode, (f) cathode. The anode and cathode PA are false coloured yellow and purple, respectively. The fibres are presented with reduced opacity to enable PA penetration to
be visible, and the catalyst layer is light grey. The sample rendering length and width are both 1.76 mm. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 3
Hot-press duration effect on average MEA thicknesses.
Hot-press Thickness Thickness Change (%)
duration (s) (before) (pm) (after) (pm)
30 1212 910 -25
180 1199 854 -29

compared to 0.031 mm?> and 0.029 mm? for test 1 (D: 30) respectively
(Fig. 6(b)).

Test 4 (D: 180) is also the only test other than test 3 (P: 8) to result
in a greater volume of acid in the cathode than anode at the end of
the hot-press process (Fig. 6b). This suggests that duration may have a
greater impact on the penetration into the cathode, as in all tests the
first sign of penetration occurs at the anode, yet the two longest dura-
tion tests result in higher final volume in the cathode. An explanation
could be that greater pressure is required at the cathode for the PA
to penetrate, and the longer duration allows time for this pressure to
build. This could be attributed to the lower number of cracks and crack
connectivity at the cathode resulting in fewer penetration pathways.

The change in MEA thickness is shown in Table 3. A greater de-
crease in MEA thickness is seen in test 4 (D: 180) (—29%), suggesting
duration does affect this parameter. The membrane is thinner at the end
of test 4 (D: 180) than test 1 (D: 30), and the higher PA loss from the
membrane is a likely cause of this shrinking. The increased duration
led to an increase in the levels of delamination between the catalyst
layers and membrane; however, this was not as severe test 3 (P: 8).

3.4. Hot-press compression

A Kapton compression gasket was used to control the compression
of the MEA to 25% and 50% in tests 1 (C: 25) and 5 (C: 50) re-
spectively, and test 6 (C: UnC) has no gasket so that the compression
is uncontrolled. The radiography videos for these tests are shown

in Supplementary Videos SV2, SV6, and SV7. The videos show that
penetration once again occurs first at the anode, and plumes of PA are
clearly seen moving out through the catalyst layers and into the MPLs,
GDLs, and to the GDL surfaces. The radiographs for tests 1 (C: 25),
5 (C: 50), and 6 (C: UnC) are shown in Supplementary Figures S4,
S10 and S11 respectively. As the hold begins at t = 0, the PA that
has penetrated appears to increase with increasing compression. This
is expected as a higher level of compression will result in reduced
membrane volume, and thus an increase in the PA pressure exerted
on the catalyst layer, resulting in more penetration. The radiographs
at end of the hold (t+ 30) show that PA levels at the surfaces of the
GDL and within the GDLs has increased. This supports the evidence in
the other tests that PA continues to penetrate the MPL and GDL in both
directions during the hold despite a constant temperature, compression
and pressure applied by the hot-press unit.

The volume renderings are shown in Fig. 7. A greater PA content in
the anode compared to the anode is visible in the volume renderings.
Test 6 (C: UnC) shows significant pooling of PA on the GDL surfaces,
as well as high PA content within the fibres. The PA that leached out
of the sides of the membrane and adhered to the Kapton surfaces did
not result in as much PA penetration from the surface of the GDL into
the fibres as with the other tests. Instead, the PA appears to pool at the
MEA edges which is shown in the volume renderings and radiography.
The lack of penetration despite the large volume of PA pooling here
may be explained by a lack of pathways for the PA to move through
due to the high degree of compression i.e., the void spaces in the GDL
are greatly reduced.

The PA content within the fibres generally increased with compres-
sion: 0.031 mm? and 0.029 mm?3, 0.067 mm? and 0.020 mm?, and
0.181 mm? and 0.062 mm? for the anode and cathode of tests 1 (C: 25),
5 (C: 50), and 6 (C: UnQC), respectively (Fig. 8b). Higher volumes of PA
were found in the anode for all tests, and the distribution of the PA is
shown in Fig. 8a. As with the other tests, the MPL contains very little
PA.
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Fig. 8. Effect of compression control on (a) volume fraction depth profile of acid in MPL and GDL, and (b) total volume of acid in MPL and GDL.

Interestingly, the total volume of PA at the cathode is lower for
test 5 (C: 50) than test 1 (C: 25) (Fig. 8b). This is unexpected and
once again highlights the potential impact of another parameter that is
not considered in this study such as electrode morphology. However,
the increase in PA at the cathode for test 5 (C: 50), and the further
increase at both cathode and anode when compression is uncontrolled,
clearly show the importance of compression in PA penetration during
hot-pressing.

The average MEA thickness decreased with increasing compression
as shown in Table 4. This follows the trend in the pressure and duration
tests whereby higher PA loss from the membrane results in a thinner
membrane and overall thickness decrease. The thickness changes were
—25%, —30%, and —32% for tests 1 (C: 25), 5 (C: 50), and 6 (C: UnC),
respectively. Despite the differences in MEA thicknesses, all three
tests showed similarly low levels of delamination. However, a tear
in the membrane was present after the uncontrolled compression in
test 6 (C: UnC) which may have been caused by the larger membrane
deformation resulting from a lack of compression control.
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Table 4

Hot-press duration effect on average MEA thicknesses.
Hot-press Thickness Thickness Change (%)
compression (before) (um) (after) (pm)
(%)
25 1212 910 -25
50 1251 873 -30
Uncontrolled 1178 805 -32

4. Conclusions

This study demonstrated the use of a contrast agent as a PA tracer in
HT-PEMFC X-ray imaging. Difficulties in distinguishing PA within the
catalyst layers, MPL, and GDL is overcome using a Cs compound to in-
crease the X-ray attenuation of the PA-tracer mixture, and subsequently
increase contrast. The enhanced contrast eliminates the need for addi-
tional scanning such as in the subtraction method used to track PA, and
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allows for simple and fast segmentation. The usefulness of the contrast
enhancement method is highlighted using an in situ hot-pressing study
on the effects of pressure, duration, and compression control on the
distribution of PA within the electrodes. Dynamic visualisation of the
PA penetrating the catalyst layer, MPL, and GDL was captured using
X-ray radiography. X-ray CT allowed for 3D visualisation of the PA
within the MEA and quantification of the PA volume and distribution
within the MPL/GDL.

Increasing hot-press pressure and duration resulted in greater PA
penetration and delamination, whilst also causing a reduction in the
membrane and average MEA thickness. Compression control also had a
significant impact on the PA penetration and distribution. Uncontrolled
compression led to large volumes of PA pooling on the GDL surface, as
well as the greatest reduction in MEA thickness. The hot-press pressure
of 8 N mm~2 resulted in the highest volume of PA penetration at the
cathode and anode (0.298 mm?® and 0.149 mm? respectively). At this
pressure, the fibres became saturated with PA.

The radiography showed that PA penetration always occurred first
at the anode, and this was attributed to a greater number of cracks
and increased connectivity at the anode compared to the cathode. PA
entered the GDL and MPL via two pathways: the first through PA
forced through the catalyst layer and trapped in these layers, the second
through PA which has pooled on the GDL surface and is compressed
into the GDL. Minimal PA was contained within the MPL and this
was attributed to reduced pore size and void space compared to the
GDL, and potentially greater “acidophobic" effect caused by higher
PTFE loading in the MPL. PA penetration and distribution within the
MEA continued with time despite constant pressure, compression, and
temperature once the hold point was reached. The results highlight
hot-pressing as a PA loss mechanism, as well as the importance of op-
timising hot-press parameters for HT-PEMFCs to minimise unnecessary
PA penetration and blockage of diffusion pathways that would require
removal during conditioning, while maintaining good contact between
the catalyst layer and membrane.

The use of the contrast agent offers a new way to enhance contrast
in imaging of PA in HT-PEMFCs. Future development of this method
should focus on the optimisation of the agent itself as well as the
quantity. A relatively high concentration was used in this study which
is partly due to the compromises in imaging parameters required when
using the heating and compression stage. Lower levels can be used
when there is greater freedom to optimise the source and detector
distances. Application of the agent into MEAs could also be used for
enhanced PA tracking in operando and ex situ studies, although the
effect on fuel cell performance should also be considered.

This work offers a new method for visualising PA in HT-PEMFCs
X-ray imaging, and enables in situ studies with simplified segmentation
due to the enhanced contrast between PA and the other materials. The
hot-pressing study identified the acid loss pathways during pressing,
and highlighted the importance of optimising pressure and duration,
as well as the utilisation of a compression gasket to avoid excessive
acid loss.
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