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seen in the reactant distribution and thus suggesting that high, non-uniform local current densities shape de-

gradation patterns in fuel cells. The correlations shown between different techniques confirm the use of the
versatile reactant imaging technique, which is used to compare commonly used flow field designs. Among
serpentine-type designs, the single serpentine is superior in both equivalent current density and reactant dis-
tribution, showing large contributions from convective flow. On the other hand, the interdigitated design is
shown to produce larger equivalent current densities, while showing a somewhat poorer reactant distribution.
Considering the correlations drawn between the techniques, this suggests that the interdigitated design com-
promises durability in favour of power output. The results highlight how established techniques provide a robust
background for the use of a new and flexible imaging technique toward designing advanced flow fields for

practical fuel cell applications.

1. Introduction

Flow fields, a network of interconnected microchannels, are the
lungs of fuel cell systems. They are vital towards both longevity and
reliability of these systems, especially for low temperature devices at an
industrial scale [1]. This is reflected in the number of work exploring
innovative flow field designs, such as Baik and Seo [2], Huo et al. [3]
and Li et al. [4], as well as studies of cell management, for instance
those collected and explored by Borup et al. [5] and, more recently, that
of Ashrafi and Shams [6]. Fuel cells are envisioned to be a pillar of a
sustainable society [7-9], however uneven reactant distribution across
fuel cell electrodes which impacts efficiency, durability and reliability is
still a matter of ongoing research [1,2,4,10]. Wang and Wang [11-13]
have pointed out that uneven flow distribution is the main cause of
degradation of fuel cells after scaling up. However, this has not been
accepted widely in the fuel cell community. It is still an open issue for
discussion and debate for a variety of reasons: (i) the outward ap-
pearances of failures are materials, water and thermal (hotspots) issues;
(ii) the need for improved in situ techniques to map the inhomogeneity
of species and heat distribution along the catalyst layer area at high
resolutions; and (iii) advanced models validated by such in situ tech-
niques.

In the early 1990's, Watkins et al. [14,15] showed a 50% increase in
a fuel cell power output level just through appropriate distribution of
reactants. More recently, for high temperature fuel cells, Dey et al. [16]
obtained a 100% increase in cell performance by changing the anode
channels from a mesh to a straight design. A recent example of flow
field design promoting low temperature fuel cell performance is that of
the Toyota MIRAI car, where a 3D mesh flow field type has promoted a
2.4 times increase in cell current density (this value also includes im-
provements of the oxygen reduction reaction catalyst) [17]. These
findings suggest that, species distribution through fuel cell layers is an
important step towards understanding and improving fuel cell perfor-
mance, durability and reliability, since it enables us to understand and
optimize the flux of reactants and heat distribution through each cell
component with experimentally validated advanced computational
models [18]. Therefore, in situ techniques which enables a high-re-
solution detection of species and heat distribution through fuel cell
layers are of paramount importance towards practical applications of
such devices.

Some in situ techniques have been developed over the years to
characterize polymer electrolyte fuel cells (PEFCs), as can be seen in
references [5,19,20]. The most relevant examples, in the context of
species and temperature distribution, are highlighted below. Measure-
ment of the oxygen concentration along the cathode channel of a PEFC
may be accomplished by fluorophore molecules sensitive to quenching
by oxygen, [21]. However, this technique provides relatively low
temporal and spatial resolutions, of 500 ms and 300 pm, respectively.
Recently, an optical technique has been recently developed to over-
come these issues [22]. The tool is based on a chemiluminescent re-
action, which emits light at a high intensity and allows high spatial
resolutions to be achieved (< 20 pm). This method is employed in the
present work to image, in situ, the flow pattern and to measure the local

concentration of reactant at the cathode catalyst layer of a pseudo-
PEFC.

Temperature distribution on PEFCs presents a high spatial hetero-
geneity, being intrinsically coupled to the flow dynamics, affected by
parameters such as the flow rate [23] and flow field design [2,24].
There are some techniques available to map the temperature distribu-
tion on the surface of PEFC electrodes (see for instance reference [25]
and references therein). Among the in situ techniques, it could be ar-
gued that thermocouples render high spatial and temporal resolutions
at high accuracy (0.3 °C), if properly designed [26-28]. This technique
is utilized in the present work to map the temperature at the surface of
both anode and cathode electrodes of a PEFC in operando, providing in
situ evidence of the impact of the species distribution on the tempera-
ture distribution.

Direct visualization of water in a PEFC is of paramount importance
for improving performance and durability of this important technology,
while boosting model validation [29]. A number of techniques have
been developed, including X-ray radiography [30,31] and tomography
[32], NMR imaging [33,34] and neutron scattering [35], radiography
[36-38] and tomography [39], where the latter allows reconstruction
of a three dimensional view of the water content in the membrane and
electrode assembly (MEA). This technique is explored in the present
work to gain insights on the impact of fluid flow dynamics on the
durability of PEFCs.

This brief literature review highlights the great importance of in situ
characterization tools in guiding a rational understanding of the per-
formance, durability and reliability of PEFCs, since uneven reactant
distribution at the catalyst layer may lead to local temperature in-
creases and local electrolyte dehydration, while reactant deprivation
leads to higher overpotential and possibly corrosion of the catalyst
support [29]. An uneven heat distribution can potentially lead to un-
even proton transport resistances across the MEA [40-42]. This in turn
can lead to increased Joule heat generation through both the membrane
and the catalyst layer, resulting in further local dehydration. This cas-
cading effect may lead to the formation of hotspots, which in turn may
lead to system failure. With this in mind we aim to provide insights into
the impact of species distribution on PEFC systems though in-situ
techniques, suitably employed in order to draw correlations between
the different phenomena involved. The insights provided from these
techniques are then applied to commonly used prototype flow field
designs, in order to improve the understanding on what drives perfor-
mance and durability in each one. We hope that by using a flexible and
relatively easy-to-use technique, under the guidance of validated
computational models and well established experimental techniques, it
will be possible to create a framework where flow field designs are
routinely conceptualized, created and tested, improving our under-
standing and optimising FC performance and durability. Towards
achieving such goals, the remainder of this work is organized as fol-
lows. Section 2 describes the materials and hardware used, as well as
the experimental techniques employed: reactant imaging, in situ tem-
perature distribution, and neutron tomography. Section 3 presents the
results, drawing correlations between the different techniques; later
further exploring the reactant imaging technique for different flow field



T. Lopes, et al.

designs. Section 4 summarizes and concludes this work, pointing out
the impact of reactant distribution in practical PEFC devices and the
need to further develop and validate both computational and experi-
mental techniques towards tackling this issue.

2. Experimental
2.1. Electrodes and MEA preparation

Three different electrode structures were used to help understand
reactant transport within the fuel cell structure.

Type A electrodes were commercial Johnson Matthey platinum-
catalyst based electrodes, at a platinum loading of 0.4 mgp,/cm?, pur-
chased from Alfa Aesar (hydrogen electrode/reformate cathode,
50 cm?), and utilised a Toray carbon paper as porous transport layer
(PTL). To prepare the membrane electrode assemblies (MEAs), two
50 cm? type A electrodes and a Nafion NR212 membrane were hot-
pressed at 135 °C under a load of 50 kg cm ™2 for three minutes. Type A
electrodes were utilised to map the temperature profile along the re-
spective MEAs of a PEFC under operation with type A hardware.

Type B electrodes were designed to mimic the performance of real
fuel cell electrodes (but were not fuel cell electrodes in themselves) and
were composed of materials which allowed the oxygen partial pressure
(as ozone) to be followed as a function of position within the electrode
structure. The catalyst layers were prepared in a similar way to che-
miluminescent ozone sensors described in the literature [43], in which
7-diethylamino-4-methylcoumarin (coumarin 1, Sigma Aldrich, 99%) is
deposited on nanosilica gel (nanosilica gel on TLC plates, Sigma Al-
drich) along with gallic acid, where the later acts as energy transfer
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agent and the former as light emitting reagent in the presence of ozone.
This modified (or pseudo) “catalyst layer” was sandwiched between a
Toray TGP-H-60 carbon paper porous transport layer (PTL) and a glass
plate (see below). The overall reaction is proposed to proceed via the
Forster-resonant energy transfer mechanism [22], where the energy
transfer reactant reacts with ozone to produce a product in an excited
state, and then the excess energy is transferred to the coumarin dye,
which luminesces. A detailed description of the sensor preparation and
optimization procedure is given in a published paper [22]. As Type B
electrodes were not electrochemically active the systems utilising these
electrodes used a glass plate, which replaces the polymer electrolyte
membrane in an actual PEFC. Such configuration allowed visualisation
of the pseudo “catalyst layer” within which the light producing reac-
tions occur. Type B electrodes were utilised to map the reactant partial
pressure profile along the pseudo PEFC with type B hardware.

Type C electrodes were prepared as per type A electrodes, though
the membrane was a Nafion™ N115 and the cathode catalyst was a
carbon-based catalyst of the type FeN,/C [44] at a loading of 4 mg_ .,
cm ™2, which resulted in a catalyst layer thickness of 130 um [45,46].
The carbon-based catalyst was synthesized and deposited on a Toray
carbon paper (with microporous layer) as described in references
[45,47]. Type C electrodes were utilised to image the water profile
along the MEAs of a post-operation PEFC (further details are given in
Section 2.5).

2.2. Fuel cell hardware

Three different types of fuel cell hardware were used. The first was
used to measure the performance of real fuel cell electrodes within a
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Fig. 1. Schematic of the indirect oxygen imaging system. The top cartoon illustrates the flow pattern of oxygen (as ozone) across the catalyst layer of a pseudo PEFC.
The gas stream flows through a single serpentine flow field channel, where it is subsequently transported through an actual PEFC transport medium (carbon paper,
Toray TGP-H-60) before reaching the catalyst layer. The gas is an enriched ozone (~ 1230 ppm) air stream, at a flow rate of 200 ccm, at room temperature (~ 25 °C).
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typical operating environment, the second was used to mimic those
conditions within an operating fuel cell and the third was used to
prepare a real fuel cell MEA for neutron tomography measurements
(details of this hardware are given in Section 2.5).

Type A hardware, for MEA temperature mapping, was custom made
by Fuel Cell Technologies, Inc. Briefly, a 12.7 mm thick resin im-
pregnated POCO industrial grade AXF-5Q graphite block, had single
serpentine flow fields machined to a width of ~2mm (0.078 in.) and a
depth of ~1.6mm (0.062in.). A gold plated current collecting metal
sheet (~2.5 mm thick) were placed between the graphite block and an
electrically insulated temperature controlling metal block (~30mm
thick). Type E thermocouples (Omega Engineering), with an experi-
mentally determined accuracy of + 0.25 °C (95% confidence interval)
[28], were placed within the flow field channels to touch the surface of
the PTL of the MEA. Along the flow field length, an array of 64 ther-
mocouples were placed on the anode and 64 on the cathode, a diagram
of the measurement system, data acquisition and communication ap-
paratus, is given in another publication [28].

Type B hardware, for reactant imaging, was constructed out of glass-
reinforced epoxy laminate sheets (FR4), which were precisely machined
with a CNC machine (Bungard CCD/ATC) to an equivalent fuel cell
active area of 5 cm?, though with various flow field designs. FR4 boards
were chosen due to its advantages over graphite blocks, for instance,
inertness to ozone (and a general inertness) [22], ease of machining and
design, and being cheaper and simpler to work with. The various flow
field designs studied in this work are given in supplementary material
Figure S1, namely, single, double, triple serpentine, and interdigitated.
These designs were chosen in order to analyse the development of gas
flux within fuel cell components, and to better understand the impact of
convective flow to oxygen partial pressure distribution within the cat-
alyst layer.

2.3. Light measurement during chemiluminescence

A controlled flow rate of air (mass flow controller FMA 3706,
Omega Engineering Limited) was passed through a suitable ozone
generator (BMT Sesstechnik, Berlin, Germany, model: BMT-801) in
order to produce an ozone enriched (1230 ppm) air stream of constant
concentration (quantification occurred at the known ozone UV ab-
sorption peak, Aya.x = 253.7; € = 3000 = 30 dm® mol ™! em™?! [48],
for further experimental details refer to [22]). This ozone enriched air
stream was directed to the above described fuel cell replica. Upon
flowing through the fuel cell flow fields, the ozone enriched air stream
is transported towards the catalyst layer through the porous media.
Within the catalyst layer, it reaches the light emitting dye. The light
generated from the reaction between ozone and the coumarin-based
dye was recorded with a CCD camera (Abus WDR 3D DNR Day/Night
650 TVL) utilising a Sony Super HAD CCDlIIsensor, which provides an
appropriate low light performance and a linear response. The setup is
enclosed in a light-sealed box, with an experimental diagram displayed
in [22]. As illustrated in Fig. 1, the flow dynamics of the ozone through
the fuel cell flow field and microporous layer to reach the catalyst layer
is recorded with the CCD camera to generate a video. The fuel cell
membrane is mimicked here by a glass sheet (Fig. 1), making it possible
to visualize the flow dynamics of the oxygen at the important catalyst
layer of the fuel cell. It is appropriate to note that the interaction of
ozone with the components of the pseudo PEFC have been carefully
analysed elsewhere [22], using an on-line UV-Vis and a mass spectro-
meter. It was shown that at room temperature ozone only reacts with
the dye and does not react with cell components, even at increased
levels of ~20,000 ppm of ozone.

The videos recorded of the chemiluminescent reaction between
ozone and the coumarin-based dye at the catalyst layer of the fuel cell
replica allows quantification of ozone concentration (i.e. the local
oxygen partial pressure) and the spatial distribution of oxygen (as
ozone). The former quantification is possible given the optimisation of
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the ozone detection method described in Ref. [22]. Frames of the videos
recorded were analysed with the public domain Java image processing
program, ImageJ [49]. This suitable software allows for appropriate
image manipulation, for instance construction of histograms, consistent
subtraction of backgrounds etc.

2.4. In situ temperature measurement

Type A electrode and type A hardware were utilised to map the
temperature profile along the surface of the porous transport layer of a
50 cm? PEFC under operation. A fuel cell test station from Scribner
Associates Inc. (model 850e) was used to perform the tests. The anode
compartment was fed with pure hydrogen (99.999%, BOC UK Ltd) and
the cathode with pure air at a fixed flow rate of 1.1 L min~! and 4.5 L
min ! respectively, equivalent to a stoichiometry of 1.5 and 2.5 at a
current density of 1.66 A cm ™2 During PEFC tests, the cell hardware
was maintained at 80 °C and humidification water bottle temperatures
were maintained at 80 °C (80 °C dew points). The PEFC was conditioned
at 0.6 V for two hours and subsequently VI (polarisation) curves were
carried out until reproducible curves were obtained (between two to
three curves were usually performed), prior to constant potential
measurements — with concomitant MEA temperature measurements. A
description of the temperature measurement apparatus and procedure
is given in Section 2.2 and in Ref. [28].

2.5. Neutron tomography measurement

A 5 cm? single serpentine channel fuel cell hardware from Fuel Cell
Technologies Inc. was utilised for experiments aimed to measure the
water distribution at the cathode electrode of a post-operation MEA.
The as prepared MEA was assembled to the fuel cell hardware and
connected to a fuel cell test station from Fuel Cell Technologies Inc. The
anode compartment was fed with pure hydrogen (99.999%) and the
cathode with pure oxygen (99.99%) at a fixed flow rate of
160 mLmin~! and of 550 mLmin ! respectively. During PEFCs tests,
the cell hardware was maintained at 80 °C and humidification water
bottles were maintained at 95 °C,pode and 85 °Ceathode- The cell was
conditioned for two hours at a current density resulting in cell voltage
of about 0.4V and subsequently four VIR (polarisation) curves (for-
ward-backward scan) were carried out. In sequence, the cell was held
for about 30 min at 0.6 V, 0.5V, 0.4V, 0.3V and 0.2V, and finally two
more VI curves were recorded. This MEA was removed from the PEFC
hardware and placed in di-ionized (DI) water for ~170 h to equilibrate.
This MEA were then vacuum dried for ~170 h and taken to the nuclear
reactor at the Nuclear and Energy Research Institute, for neutron
imaging tomography experiments. First, a tomography was taken of the
dry MEA, which was then equilibrated in water for ~170 h for a second
tomography. This procedure was taken aiming at imaging regions of the
MEA where water would be retained as a result of intermolecular in-
teractions between water and oxygen functional groups created on the
carbon materials of the electrode (gas transport media and catalyst
layer). Therefore, the neutron tomography technique was employed to
visualize how water is distributed within the MEA. The equipment for
tomography is installed at the 5 MW IEA-R1 Nuclear Research Reactor,
of the IPEN-CNEN/SP. It consists of a rotating table where the MEA was
positioned for irradiation, a scintillator screen where the image of its
internal structure is formed, a plane mirror that reflects this image to a
digital video camera, where it is recorded. Two software analysis
packages were used: one for image reconstruction, which generates the
tomography slices in the three planes of view XY, XZ, YZ, and the
second for 3D image visualization. For the present equipment the
neutron flux at the irradiation position is 8 x 10°ns™'cm ™2, the
maximal beam diameter is 16 cm, the time required to obtain a data set
is 400 s and the thickness of each tomography slice is 0.14 mm [50,51].
These data are presented in Section 3.3 though a 3D neutron view of the
water along the MEA, from which a slice-by-slice analysis is presented
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in Figure S2. Moreover, in order to demonstrate in which part of the
MEA the water is more concentrated, all the slices of the tomography,
for this same plane of view, were scanned, and the obtained results
showed that close to 100% of the occurrences, corresponding to the
higher water concentration, are present in the cathode region (electrode
and membrane).

3. Results

Recently, a new imaging method based on chemiluminescence to
indirectly image oxygen at the catalyst layer of a pseudo PEFC has been
developed [22]. It uses an allotrope of dioxygen, ozone, to mimic the
passage of oxygen gas through a fuel cell replica. Ozone diluted in air
interacts with a coumarin-based dye system resulting in a chemilumi-
nescent reaction. The ozone interacts with the dye similarly to dioxygen
and a metal catalyst in a fuel cell cathode, resulting in the emission of
photons in the visible range, as depicted in the schematic representa-
tion in Fig. 1. Measuring the light emission from this catalyst layer al-
lows determination of the local ozone concentration [22] and hence
rate of oxygen reaction, mimicking the behaviour of the local current
density in a PEFC cathode. This allows an indirect probe of the flow
field in a system very similar to a FC cathode (in the absence of the
effects of water flooding). In another work [18], the experimental re-
sults reported in [22] have been compared to mathematical models
describing the transport of species in such pseudo PEFC cathodes. The
validated model confirmed some of the propositions of the experi-
mental work with further insights about the fluid dynamics in PEFCs. As
a relevant example of such insights, it was quantitatively shown the
importance of convection for improving the power density in practical
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PEFCs. The initial studies have analysed single serpentine flow field
designs, intended to establish and validate the technique as a powerful
imaging tool in PEFC research. Here, we broaden the scope and carry
out an in-depth analysis on how species transport in a PEFC impacts its
performance, correlating different imaging techniques to suggest that
flow field design might be as important as, say, the chosen catalyst.

3.1. Species distribution via the reactant imaging technique

Fig. 2 illustrates the reactant partial pressure distribution for a range
of inlet flow rates and flow field designs, showing at the uppermost line
the single serpentine (SS) flow field. Also shown are the double and
triple serpentine configurations (DS and TS, respectively), and the in-
terdigitated flow field (ID). We provide information on the mass flow
rate, equivalent average flow speed, and Reynolds number (Re) for a
single channel in each of the different situations. The latter two are
calculated for a single channel, although the local properties might be
different due to the various geometrical and flow effects described
below. We also provide the equivalent oxygen stoichiometry (A — see
below). The analysis will first focus on the SS flow field, in order to
correlate with the other imaging techniques used. We shall return later
(Section 4) to compare between flow fields, using the species dis-
tribution surfaces presented in Fig. 2 and the insights provided by the
correlation with the temperature distribution (Section 3.2) and neutron
tomography (Section 3.3).

Recently, we have shown that the validated computational model
strongly suggests that the ozone transport closely reproduces the
transport of oxygen in an actual fuel cell [18]. Therefore, the response
in Fig. 2 closely represent the distribution of oxygen gas along the

200 ccm 200 ccm 300 ccm 400 ccm 450 ccm 505 ccm
Figure 2: Surface Plot (~4.2ms™) (~6.3 ms") (~8.3ms") (~9.4 ms) (~10.5ms™)
(Re = 240) (Re = 361) (Re = 481) (Re = 541) (Re = 608)

Reactante
Pressure (Pa)

osancermn - A=1.22
s 2 3 3

Single Serpentine

Double Serpentine

Triple Serpentine

Interdigitated

Fig. 2. Images represent the surface and contour plots of the partial pressure distribution of oxygen (as ozone) along the catalyst layer of a pseudo PEFC (5 cm

2

“electrode” area). The partial pressure of reactant results from the flow of gas through a PEFC replica and then through an actual PEFC gas transport medium (carbon
paper, Toray TGP-H-60). Images compare the impact of various flow field designs and gas flow rates on the partial pressure magnitude and distribution along the
catalyst layer of the practical device replica. The reactive gas is an enriched ozone (~ 1230 ppm) air stream at room temperature (~ 25 °C) under different flow rates

and measured ozone stoichiometry, as indicated in the figure.
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catalyst layer of an actual PEFC. Regions with high mass transport rates
are seen as having higher reactant partial pressures due to increased
convective fluxes from the flow channel and through the porous
transport layer (fuel cell carbon paper). Analysing Fig. 2 shows that the
partial pressure of reactant gradually reduces from gas inlet to outlet.
This closely replicates the consumption of oxygen along the flow field of
an actual in operando PEFC via measuring the current distribution along
the electrode [52-55] or the actual oxygen concentration decay along
the length of the channel [56]. Data presented in Fig. 2 also illustrates
that the reactant partial pressure at the catalyst layer is increased upon
U turns in the serpentine-type flow fields — there is a decrease in re-
action upstream of the U-bend but increased reaction at the down-
stream side of the U-Bend. This phenomenon was also seen in the
computational model [18], being interpreted as a consequence of sec-
ondary flow, in the form of vortices, which strongly shape the partial
pressure and distribution of reactant gas throughout the catalyst layer
and positively impacts PEFC performance. The existence of such vor-
tices has also been measured through laser Doppler anemometry ana-
lysis of an in operando PEFC [57]. It is also interesting to note that
Yoshizawa et al. have shown that adding obstacles (i.e. manifold and
seal) to the flow path in a serpentine configuration causes a substantial
improvement in the performance of a PEFC [58] which also suggests
the contribution of secondary flow to more effective mass transport of
reactant species, in agreement with the present findings. Similar effect
was observed in a modelling study [59] on the effect of adding obstacles
along the flow field length impacting the PEFC performance, where
PEFC performance increased substantially with the number of obstacles
(higher fractional contribution of convection to the total fluid flow).
A single-channel serpentine is the most common flow field design
for PEFCs of small active electrode area. Some of the features described
in the literature [60] for this flow field design are: (i) it would ensure
exposure of the entire electrode area to reactive gas; (ii) the fluid ve-
locity would be high enough to push any water condensed in the
channel out of the cell; (iii) a pressure drop along the channel would be
due to friction of the fluid with the channel walls and transport layer
and due to turns; and (iv) pressure differences between adjacent
channels would cause bypassing of fluid at portions of the channel. Data
in Fig. 2 are of paramount importance to elucidate these listed features
and the physical phenomena underlying them. At a suitably high gas
flow rate (Fig. 2, rightmost surface, Re = 608), it is seen that the
electrode area is not uniformly exposed to the reactive gas: regions
under the lands (ribs) and, most remarkably, right before U turns are

95 98

Height (mm)
Temperature (°C)

Temperature (C)

90

Width (mm)
(a)
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significantly deprived of reactant. Utilizing neutron radiography,
Yoshizawa et al. [58] have shown that, in S-type flow fields, water
accumulates at the channel's corners (i.e. U turns) and outside the
channel. Based on Fig. 2 and on our recent modelling results [18],
vortices arising at U turns might probably be responsible for the ac-
cumulation of water at these regions by pushing species away from the
gas pathway, thus hindering its transport down the channel. As pointed
out earlier, these vortex regions are seen as regions of high reactant
partial pressure (e.g. at the second corner of U turns). Mass flux arising
from these secondary flows and the pressure drop along the channel can
be observed to contribute to the crossover of gas to neighbouring
channels. These phenomena expand the area of the electrode accessed
by the reactant gas, being quite pronounced right after U turns, and
diminishing towards the end of a channel leading to the next U turn.
These results suggest that bypassing of gas at portions of the serpentine
channel is mostly caused by secondary flow in U turns, which, in turn,
might also contribute to water accumulation in the land portions as the
magnitude of the flow rate is significantly lower than over the channels.
Utilizing neutron imaging, Spendelow et al. [61] and Kowal et al. [62]
have shown that, for single serpentine and straight channels, the
amount of water in the land region is indeed higher than that in the
channel region of an in operando PEFC, which is interestingly seen in
both anode and cathode. Through synchrotron X-ray radiography with
a spatial resolution of 3 um, Hartnig et al. [63] have also verified this
effect. Therefore, the present findings might inspire ways of tackling
water management in PEFCs, since Fig. 2 provides evidence for the
reduced presence of reactant under the land area, and as a result of
convective flux of species in this region.

3.2. In situ temperature distribution of an in operando PEFC

Practical PEFCs operate close to 0.7V [64] whereas the thermo-
neutral potential for these systems is 1.482V (based on hydrogen’s
higher heating value). Therefore, more than half of the chemical energy
stored in the fuel is converted into heat during the operation of a PEFC,
where this generated heat is resultant from entropic heat (difference
between the maximum work, AG, and the heating value of the fuel)
irreversible heat (anode and cathode overpotentials) and Joule heat
(resulting from the internal ohmic resistances of the cell). This points to
the fact that regions along the MEA with higher concentrations of re-
actant would also have higher generation of heat (i.e. higher local re-
action rate), which would in turn result in regions of higher

Gas Out

1 1
04 05 06
Fractional distance from the inlet

(b)

Fig. 3. The temperature distribution image and graph illustrate the temperature distribution at the surface of the macroporous layer (carbon paper) and along the
flow field length, respectively, of a PEFC in operando at a fixed voltage of 0.4 V. Experimental details: 50 cm? PEFC feed with H, (99.999%, BOC)/Air at a flow rate of
1.120 L min~'/4.460 L min~'. PEFC hardware at 80 °C feed with humidified gases at 100 RH%. Backpressure was not applied. A Nafion™ membrane NR212 was

utilised as electrolyte membrane and both anode and cathode were the commercial Johnson Matthey platinum electrode at a loading of 0.4 mgp,cm™“.
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temperature. Based on data in Fig. 2 for a single serpentine flow field
design, regions presenting higher temperatures would be right after U
turns and regions with lower temperature would appear right before U
turns. Data in Fig. 3 present the temperature distribution along the flow
field area for both anode and cathode of a 50 cm? PEFC under operating
conditions. Fig. 3a shows the locations where the temperatures were
measured. Regions immediately after ‘U’ turns are highlighted with
rectangles in both images of the Fig. 3. Data in Fig. 3b show an inter-
esting profile: the temperature along the flow field presents a trend,
being higher right after U turns and lower right before, similar to the
results seen for the degree of reaction in Fig. 2. These results suggest
that managing reactant distribution should be carried out with extreme
care in order to generate a most homogeneous distribution of reactant
with approximate equal partial pressure along the entire MEA area. As
will be shown below, peaks in reactant partial pressure are accom-
panied by peaks in temperatures, which then result in both heat man-
agement and longevity issues for a PEFC. Local temperature increases in
a PEFC causes a local dehydration of the proton conducting electrolyte
(both in the membrane and catalyst layer), since, for instance, a 5 °C
increase in temperature results in a ~17% decrease in the water vapour
saturation pressure at an operating temperature of 80 °C. This reduction
increases the local ohmic heat generation due to a local increase in
ionic resistance, which further dehydrates the polymer electrolyte (both
in the membrane and catalyst layer). Such effects negatively impacts
both PEFC performance and longevity. Therefore, it is apparent that
tackling reactant management would remarkably and positively con-
tribute to improve heat management in PEFCs. This result further
highlights the importance of reactant management in practical devices,
and how the present reactant imaging technique can suitably promote
it.

Reactant Inlet
<

\
I Flow Field Channel

Reactant Outlet
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3.3. Ex situ water accumulation in a post-operando PEFC via neutron
tomography

The durability of cathode electrodes has been shown to be in-
timately related to the presence of oxygen by Borup et al. [5] and Wood
et al. [65] These authors exposed a mass transport layer to aging en-
vironments, i.e. purging nitrogen or air (O;) in water at 60 °C or 80 °C
for 480-680 h. The results pointed out that the increase in temperature
from 60 °C to 80 °C had less an impact on the decrease in contact angle
and loss in hydrophobicity than the presence of dissolved oxygen. This
is a consequence of the oxidation of carbon structures in the electrode
producing oxygenated groups [66,67] which are hydrophilic in nature
and thus prone to reduce the contact angle, to retain water and to
promote flooding in the cathode electrode [29]. Considering the re-
actant distribution profiles given in Fig. 2 (and the temperature dis-
tribution measurements given below) and the results of Borup et al. [5]
and Wood et al. [65], it would appear intuitive that a PEFC electrode
would be more susceptible to corrosion in the regions of the catalyst
layer with higher reactant partial pressure, where the wetting proper-
ties (i.e., hydrophilicity) of the electrode would change the most. It is
interesting to note that the reactant profile shown in Fig. 2 is similar to
the local current density profile measured by Takanohashi et al. [68], at
high reactant utilization levels, such as those use in the present study.
The cited literature and data in Figs. 2 and 3 would possibly suggest the
existence of a carbon corrosion gradient along the MEA of a PEFC after
operation. Such a gradient would be accompanied by a water retention
gradient, being higher at the reactant inlet and lower at the outlet,
following the reactant partial pressure profile. If this assumption were
to be correct, considering the results presented in Fig. 2, the regions
close to the oxygen inlet of a PEFC would present a higher concentra-
tion of water than the region close to the reactant outlet. To explore this
phenomenon, neutron tomography experiments were carried out with a
post-operation MEA which had used a carbon-based cathode catalyst.
This catalyst was chosen given its emerging importance [44-47,69],

H20-only profile along a fuel cell MEA

bottom

neutron tomography

0; Imaging

Fig. 4. Neutron imaging illustrates the water gradient distribution along the MEA of a post operation 5 cm? polymer electrolyte fuel cell, which was measured ex-situ
by neutron tomography. An image of the reactant distribution (O, Imaging) along the catalyst layer of a pseudo PEFC (5 cm?) with identical single serpentine
channels is also given for direct comparison (image at 450 ccm given in Fig. 3), as measure by the present indirect oxygen imaging method. The schematic image

illustrates the layers of a PEFC for clarity.
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and greater sensitivity to corrosion under PEFC conditions, when
compared to the carbon black support of state-of-the-art platinum-
based catalysts [70,71]. To exclude water dynamics occurring during
the operation of a PEFC, this experiment was conducted after cell op-
eration (see experimental section for details), where a tomography of
the dry electrode was subtracted from that of the same MEA equili-
brated in water for ~170h. This subtraction would ideally represent
only the water retention throughout the MEA resulting from the oxi-
dation of carbon structures (most notably at the cathode). A result of
this experiment is presented in Fig. 4 (and S5) where the amount of
water as seen by neutron tomography is higher in regions closer to the
oxygen inlet, which further suggests that the presented ex situ reactant
imaging results are capable of providing information on actual PEFC
phenomena. It is noteworthy that water and heat management are
different depending on the scale, i.e. when comparing a 5cm? to a
50 cm® MEA. Nevertheless, this neutron tomography result further
suggests that under operation, the management of reactant partial
pressure distribution in the catalyst layer area is crucial considering
durability of fuel cells, and that the imaging technique used in this work
could guide advancements in PEFC longevity. This points to a scenario
where proper distribution of reactants over the electrode area leads to
reduced local stress on the catalyst layer and therefore improves dur-
ability of fuel cell electrodes and system as a whole. This corroboration
and suggestions highlight the potential of the present reactant imaging
technique towards developing suitable practical devices.
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4. Discussion

Multichannel serpentine flow field configurations were initially
proposed in order to reduce the pressure drop of single-channel designs
in larger PEFC electrode areas [60]. According to the data in Fig. 2, a
higher partial pressure of reactant is observed mainly along one of the
channels, where regions of lower reactant partial pressure seem to in-
crease with the number of channels. This effect is clearly observed in
the response plots shown in Fig. 2. Multichannel serpentine design,
with lower channel flow velocity, are likely to generate a reduced mean
local/total current density. Such a decrease has been observed through
modelling [72,73], and is attributed to mass transport issues in ex-
perimental results [74]. It is noteworthy that, from the experimental
results of Tabe et al. [75] and Hwnag et al. [76] for current distribution
using a segmented cell approach, it is seen that higher local current
densities are seen upon U turns for multiserpentine flow field designs,
as also seen in the results in Fig. 2. Considering that liquid water is
absent in the experimental setup of Fig. 2, and present in the cited
literature [75,76], the convergence of these scenarios suggests that
reactant distribution is strongly linked to the flow field design.

An interesting alternative to the S-type design is the interdigitated
flow field. In this configuration the channels are discontinuous, that is
the inlet and outlet manifolds are not connected. This design forces the
fluid to pass from inlet to outlet channels through the porous transport
layer. Results in Fig. 2 indirectly provide evidence for this phenomenon,
further, and interestingly, showing that reactive gas is mostly seen only
in the catalyst layer region underneath the inlet channels. These data
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Fig. 5. Reactant partial pressure distributions as a function of flow field and flow rate obtained from analysis of the images in Fig. 2. 5 Pa bin width. A line plot rather

than a bar plot is used to accentuate the peaks in the response.
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also point to a clear contribution of convective flow towards expanding
the catalyst layer utilization, i.e. fractional area covered by reactive gas,
which is also noted for the S-type configuration, though at a reduced
magnitude. This convective flow contributes to a greater total reactant
partial pressure at the catalyst layer in comparison to the serpentine
design, resulting in an improved PEFC performance (at the cost of a
greater pressure drop), which has been experimentally seen by Souza
et al. [77] and Zhang et al. [78]. It is noteworthy that Zhang et al. [78]
have also observed that the ID flow field renders a more uniform cur-
rent distribution than the S-type design, in every operating condition
tested, which is in agreement with the results presented here (Fig. 2).
This corroboration points to the importance of the channel design and
to a proper understanding of reactant distribution towards limiting
PEFC performance, where the present study contributes by decoupling
the effect of liquid water, which is important for several experimental
and modelling scenarios.

In an attempt to provide insights into the variation of local condi-
tions for the different flow field design, the responses in Fig. 2 were
totalled into bins, each 5Pa wide from 0 to 120 Pa (see reference [22]
for further details). Fig. 5 presents the reactant partial pressure dis-
tributions displayed in Fig. 2 for the entire flow rate range used. Despite
the differences in reactant distribution seen in Fig. 2, it is seen that the
designs share a somewhat similar profile, with a large fraction at values
smaller than = 25 Pa, and two distinguishable peaks between = 25-60
and = 60-95 Pa. The first peak is centred around 35 Pa for the S-type
flow fields and at around 40 Pa for the ID design, while the second peak
is centred around 70Pa for every flow field design. The expected
oxygen concentration distribution along a single linear channel of an
operating fuel cell under conditions where the reaction is limited to
electrokinetics are presented in the SI along with Figure S3. The com-
parison of data in Fig. 5 with the theoretical case (Figure S3) is most
useful, although clearly the introduction of extra channels and the fact
that the channels are not linear complicate the comparison. The lowest
end of the theoretical plots is the expected outlet reactant partial
pressure (matching the expectations from the stoichiometry of the re-
action). The distribution along the channels in the theoretical case does
not include any leaks and is a single monotonic function with discrete
beginning and end values. In contrast, in the experimental case we have
a distribution which includes peaks and which has reactant con-
centrations much lower than expected from the simple channel model,
corresponding to areas of reactant starvation. Showing that there are
regions of enhanced reactant concentration, and also regions of sig-
nificantly reduced reactant concentration compared to the simple
channel model. Although the general distribution fits the profile ex-
pected there are other areas of significant divergence.

The relative frequency for each section as a function of the flow rate
is given in Fig. 6. Data in this graph points to a general trend: a decrease
in the total relative frequency for the 0-25 Pa section with the inlet flow
rate, with both first and second peaks showing an increase with the
inlet flow rate, albeit the second peak corresponds only to a small
fraction of the total count. It is noteworthy, though, to point out a
distinction between the S-type and ID flow fields. Although only a small
shift, the ID design shows a change in the trend for flow rates larger
than 400 sccm, that is a decrease in total relative frequency for the two
peaks, most notably the first one. The S-type designs, on the other hand,
broadly maintain the same trend for the entire flow rate range studied;
SS and TS also show a small decrease in total relative frequency for the
2nd peak for flow rate above 400-450 sccm and comparable increases
in the first peak relative to the ID flow field.

Further analysing the binned data in Fig. 5 provides evidence that
the intensity of the valleys between the sections/peaks (pointed out
above) changes little with the flow rate, tending to stabilize at higher
flow rates. A notable exception, possibly a statistical fluke, is the TS
design for the valley at = 25Pa at a flow rate of 505 sccm. The con-
servation of such an aspect, along with the similar profile for all flow
field designs, suggests well-defined processes for each section/peak. To
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gain further insights, each section/peak was analysed individually in
the reactant partial pressure distributions. Fig. 7 exemplifies the ana-
lysis performed using the SS design for the flow rate range used in this
work (for the remaining designs, please refer to the SI). The image data
in Fig. 7 show that each section/peak presents distinct features in the
reactant partial pressure distribution. The first section (0-25 Pa) mostly
shows the contours of the SS channel and areas underneath the lands,
corroborating the idea that the reactant crosses over between land
sections (in accordance with the original interpretation given and dis-
cussed in [22]). The second section (1st peak, between 25 and 60 Pa)
shows the main path taken by the reactant as it flows along the channel,
and regions where cross over between channels are particularly intense.
It is also noteworthy that this second section (1st peak) highlights the
previously assigned convective transport effects [22], such as the
spread of reactant after each turn of the channel, and the reduced
partial pressure before each turn. Finally, the third section (2nd peak,
between 60 and 95 Pa) illustrates similar features to the second section
(1st peak), while strongly emphasizing the most prominent feature as-
signed to the convective transport [18,22], that is secondary flows
leading to local maxima of reactant partial pressure at the second
corner of each turn. It should be noted that there is some “mixing“
between the assigned sections, of course, as the reactant partial pres-
sure drops along the channel. However, these distinctions are clear at
the beginning of the reactant pathway, maintaining its features for
every flow rate values and flow fields analysed (see Figures S4 to S6).

Given the information presented above, an interpretation is pro-
posed to the profiles seen in the binned data of Fig. 5. The second and
third sections outlined (first and second peak in the distribution, re-
spectively) correspond to convective transport due to the flow field
design, with its peak intensity and centre being correlated with
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Fig. 6. Graphs represent the relative frequency of the reactant partial pressures
for the three different sections given in Fig. 5.
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Fig. 7. Images representing oxygen (as ozone) partial pressure distributions in the catalyst layer of the pseudo-PEFC for the single serpentine flow field design (given
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in Fig. 3). The partial pressure distribution is divided into the three reactant partial pressure sections given in Fig. 5.
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Fig. 8. (a) Graph illustrating the PEFC equivalent current density derived from the flow imaging results presented in Fig. 2. (b) Plots represent the relative frequency
of areas of reactant partial pressures below 10 Pascal from Fig. 3. SS: single serpentine; DS: double serpentine; TS: triple serpentine; IS: interdigitated flow field
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different processes of different magnitudes. In this way, it is expected
that the total relative frequency of these sections should increase with
the flow rate, as observed in Fig. 6. Additionally, a difference in mag-
nitude suggests different dependencies on the flow rate, which is also
observed, tentatively, in Fig. 6. Such higher order effects, so to speak,
could be particularly dependent on the flow field design, highlighting
the differences observed between the S-type and ID designs. Given that,
the first section would be interpreted as resulting from the lack of
convection, that is, mainly given by a diffusive transport at the edges of
the reactant plumes. Using such interpretation, one can use the reactant
partial pressure distributions in a more quantitative way in order to
rationalize and study different flow field designs. For instance, the
difference between the S-type and ID designs can now be assigned as
due to the different contributions of convective transport. In the case of
ID flow fields, it is expected that convection plays a major role in re-
actant distribution. This is shown by a large total relative frequency of
sections two and three (Fig. 6), and a larger value of partial pressure
around which the first peak is centred, relative to the S-type designs.

It should be noted, however, that further studies are necessary in
order to validate the interpretation given here, and the utility of using
such an approach. For instance, the studies performed here are mostly
at low stoichiometric numbers as this helps accentuate the different
aspects, but real fuel cells tend to operate at higher stoichiometries.
Local modification in the flow fields, without altering the main design,
such as the one pursued in the Toyota MIRAI fuel cell design, and in-
vestigated by Yoshizawa et al. [58] and Heidary et al. [59] could pro-
vide further clues to the interpretation of the peaks of the histograms
and its origin. Additionally, improved spatial resolution and time-re-
solved experiments might enable the characterization of spatial and
temporal scales, enabling further understanding of the underlying
processes and full exploitation of this approach to improve flow field
designs. Increased variability in flow field designs and a higher number
of replicates are also important to validate the provided tool and to
minimize artefacts.

Fig. 8 presents the equivalent current density of a PEFC, based on
the integrated reactant partial pressure of each surface of Fig. 2. The
equivalent current density is calculated based on the assumption of a FC
operating at the same air flow rate and oxygen usage as seen for the
ozone case. Under these conditions, we can calculate the rate of con-
sumption of oxygen equivalent to ozone, Ro,, which would give the
same reactant distribution:

_QuVh,
oy Vo,

02
(€]
Q is the inlet flow rate of gas, %Vo, is the volume fraction of oxygen in
dry air (=0.21), and Vp, is the molar volume of oxygen under the
present experimental conditions. The ozone stoichiometry, Aq,, is ob-
tained from the actual experiments, and is calculated by:

Jos.

Ao, =
03 RO3

(2)
where Jo, is the inlet molar flux of ozone, while Ro, is the rate of
consumption, obtained from the difference between the inlet and outlet
ozone concentrations. Using these equations, Ro, can then be converted
to current density using Faraday’s law:

VlF‘RO2
A 3

where n = 4 is the number of electrons exchanged in the oxygen re-
duction reaction, F is the Faraday constant, and A is the electrode
geometric area.

These results suggest that among the S-type designs, the SS flow
field would promote a higher total PEFC performance, whereas the ID
design would result in an even higher total current density than the SS.
Results in Fig. 8 are in the absence of water transport issues within the
catalyst layer [22]. This fact could be interesting to decouple the effects
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of reactant and water mass transport. Upon comparing single and
multichannel S-type designs, Liu et al. [74] have shown that the PEFC
performance decreases with the number of channels, where the SS
design presents a higher overall cell performance. Upon comparing SS
and ID flow field designs, Souza et al. [77], Zhang et al. [78] and Hsieh
et al. [79] have shown that the latter design results in a higher PEFC
performance than the former. Results presented in Fig. 8 corroborates
the cited literature, where SS flow field promotes a higher PEFC per-
formance than DS and TS designs, while ID flow fields promote the
highest current densities, which is inversely related to the area of the
MEA not covered by reactant (dead area). This points to a major im-
portance of reactant partial pressure magnitude and distribution to the
overall PEFC performance, where results in Fig. 8 suggests that the flux
of reactant across the catalyst layer area is primarily dictated by the
flow field design. At corners, our results corroborate the water dis-
tribution measurements within both channel and land/rib areas of in
operando PEFCs by Spendelow et al. [61] and Kowal et al. [62] through
neutron imaging, and by Hartnig et al. [63] through synchrotron X-ray
radiography. These works have found the amount of water to be higher
in the land/rib regions in comparison to the channel regions. Based on
the images in Fig. 2 and on the literature, water would accumulate in
“reactant dead regions”, that is, the regions described by the first sec-
tion in Figs. 5 and 6 (0-10 Pa), meaning that transport is mainly gov-
erned by diffusion, and in the case of liquid water, capillarity. This
corroboration would suggest that upon tackling reactant distribution,
the transport of water would be significantly improved, as suggested by
Yoshida and Kojima on the performance improvements of the stack of
the Toyota MIRAI [17]. This information strongly suggests that the
present reactant imaging technique may greatly promote the develop-
ment of better FCs, both in terms of performance and durability, apart
from being a unique tool for validating computational models.

5. Conclusions

Different imaging techniques were used to analyse the reactant
distribution of a polymer electrolyte fuel cell (PEFC) with a single-
channel serpentine flow field design, providing insights into its impact
on in operando temperature distribution and post operando water
build-up and membrane-electrode assembly (MEA) degradation. The
results shown point out the correlation between reactant distribution,
and temperature and water build-up distributions, strongly suggesting
that properly engineered reactant distribution, as well as further
studying it, directly helps with common issues in practical devices, i.e.
heat and water management and device durability.

The reactant distribution, as a consequence of fluid flow, was
probed using an optical imaging method that directly images the re-
action rate at the cathodic catalyst layer of a prototype PEFC. The
measured reaction rate is easily mapped to local reactant partial pres-
sure, thus providing a powerful and easy-to-use tool to study reactant
distribution in PEFC devices. When coupled to computational models,
not only it provides strong constraints for validation, it also allows the
inference of the actual flow field and contributions to reactant fluxes,
providing in-depth, spatially resolved data on the device's reactant
distribution throughout its components.

The temperature distribution was measured in situ and in operando,
using thermocouples directly in contact with the porous transport
layers (PTLs) in both cathode and anode, throughout the flow channels.
Given the settings, it was possible to provide evidence that the sec-
ondary flows inferred from the reactant imaging technique are not ar-
tefacts, and do exist in an in operando PEFC, strongly contributing to
heat management and hence the temperature distribution.

Water build-up was obtained from neutron tomography data, for a
post operando carbon-based MEA. The build-up of water is linked to
substrate and catalyst oxidation, which increases its hydrophilicity,
thus providing a map to MEA degradation. The observed patterns neatly
match the observed reactant, and thus reaction rate, distribution,
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suggesting increased local current densities contribute to MEA de-
gradation. Consequently, non-uniform current density distribution
leads to non-uniform water build-up and MEA degradation, once again
highlight the importance of proper reactant distribution in a practical
PEFC device.

Taken together, the correlations between the different techniques
employed further improves understanding of reactant distribution
within commonly used flow field designs. The results show that the
single serpentine (SS) has the highest performance, among serpentine-
type (S-type) designs, in terms of reactant distribution and equivalent
current density, due to a large contribution of convective flow in the
porous media. On the other hand, it underperforms compared to the
interdigitated (ID) design, which presents the highest equivalent cur-
rent density, however with a reactant distribution that seems to have a
negative contribution of convection, i.e. with a large fraction of re-
actant dead areas" in the highest flow rate value. When considering the
insights brought from the other techniques, these results imply that
while the ID design is superior in terms of equivalent current density, it
is likely to present a higher degradation rate in the MEA, as a result of
the high, localized discontinuity in reaction rates. At the same time, the
reactant distribution and the observed contribution of convection might
lead to non-uniform temperature distributions, as the flow field is vir-
tually confined to the regions bridging the inlet and outlet channels,
failing to provide assistance in removing excess heat.

In summary, the results highlight the need to carefully consider
additional variables when choosing, or developing, flow field designs,
and that a compromise between performance and durability might be
needed. The coupling of thoroughly established techniques with a new
and versatile tool displayed in this work, can pave the way to minimize
such trade backs in the quest for efficient and durable practical PEFC
devices.
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