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ABSTRACT

Water dynamics in the membrane electrode assembly (MEA) and flow channels of polymer electrolyte fuel cells
(PEFCs) is governed by the complex interplay of many physical and operational factors. The chemical nature and
structure of the gas diffusion layer (GDL) plays a large part in this and is affected by the extent to which is
mechanically compressed. Here, X-ray computed tomography shows the effect of cell compression on the MEA,
and how it differs under the land and channel regions. Multi-orientation neutron radiography reveals the effect of
compression on the way in which water accumulates and is transported between land and channel and between
cathode and anode. By performing neutron imaging in both the in-plane and through-plane directions, it is
possible to determine what constitutes a given ‘thickness’ of water mapped across the extent of an MEA.
Changing MEA compression from 25% to 35% has a significant effect on water distribution and dynamics in
operational cells. The effect of compression on performance is most marked in the mass transport region, and
there are consequences for liquid accumulation in channels and back-diffusion of water from the cathode to the
anode.

1. Introduction

having a detailed understanding of how these devices operate in oper-
ando; this insight can then inform improved engineering design, as-

Polymer electrolyte fuel cells (PEFCs) are a promising alternative to
traditional power sources due to their high efficiency, low operating
temperature, and high power density. While the technology continues to
advance, there still exists scope for performance and durability im-
provements. One of the best ways to make these improvements is by

sembly, materials selection and operating conditions [1,2].

At the core of the PEFC is the membrane electrode assembly (MEA)
which consists of a thin electrolyte membrane with electro-catalyst and
fibrous gas diffusion layers (GDL) on either side. This assembly is
sandwiched between flow-fields that serves numerous functions,
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including water removal, current collection, and providing mechanical
support to the system [3-7]. The PEFC performance is determined by
various design and operating parameters, such as flow-field design,
reactant flow-rates, temperature, pressure and humidity [6,8-12]. The
effects of operating parameters on the fuel cell performance are typically
tested during real cell or stack testing. However, with the advancement
in computational capability, various multi-phase fuel cell models have
been developed that show the effect of operating parameters on fuel cell
performance [13-19]. Though the modelling efforts are being made to
optimise the fuel cell design for future PEFCs [20,21] and understand
in-situ processes, such as water transport at the porous domains [7], the
input parameters required for the comprehensive model can only be
obtained through experiments.

Practically, the way in which the cell/stack is brought into me-
chanical compression also has an important effect on performance is it
has an effect on the structure of components (how much they are com-
pressed/deformed). Adequate cell compression, typically between 20
and 40%, is also required for good sealing and electrical contact between
cell components [9,22]. The compression percentage represents the
amount by which the MEA has been compressed with respect to its
original thickness. Various compression methods have been utilised in
the past, such as hydraulic and pneumatic presses [8], compression
springs [23], clamping plates or compression torque [24]. However,
these methods are designed for pressure-based compressions, and the
extent of dimensional change of the MEA cannot be directly measured or
controlled. The degree of cell compression can also be controlled by
varying the thickness of ‘incompressible’ sealing gaskets [25,26]. This
method ensures the cell is evenly compressed and leak-free.

Water transport in porous domains of the fuel cell, such as the GDL,
MPL and CL, is one of the key parameters that impact water manage-
ment and subsequently fuel cell performance [27,28]. These porous
layers are structurally affected when subjected to cell compression.

During cell compression, regions of the GDL directly underneath the
flow-field lands are subjected to the compressive load. This leads to
constriction of the GDL in these regions and the protrusion of carbon
fibres onto the gas channels (‘tenting’), creating distinct ‘under the land’
and ‘under the channel’ zones. Non-uniform and excess compression can
lead to irreversible morphological changes which can significantly in-
fluence the mass transport across the porous medium [29-33]. The X-ray
computed tomography (CT) study by Kulkarni et al. revealed that the
compression leads to the effective properties of the porous medium such
as porosity, tortuosity, permeability, being different under the land and
the channel region [34]. The GDL porosity under the channel was 20%
higher than under the land region when measured at 40% compression.
This change in porosity affects the permeability and gas diffusivity.
Whilst increased compression reduces porosity, permeability and gas
diffusivity under the land, GDL ‘tenting’ typically increases these
properties under the channel, inducing an uneven distribution of
effective properties that affect the cell performance.

An X-ray CT compression study by Atkinson et al. showed that an
increase in compression to 41% resulted in a reduction in the average
pore size radius by 24 pm and lowered the GDL porosity, for SGL 29BC
commercial carbon paper GDE [35]. Change in morphological proper-
ties of the cell marginally affected the cell performance at lower current
densities where water generation and retention was insignificant.
However, the cell performance was reduced by 23% with an increase in
cell compression from 14% to 41% measured at the mass transport re-
gion (0.4 V). Synchrotron X-ray imaging study of the aged GDL by Ince
et al. showed that the increase in the cell compression results in the
increased tendency of the in-plane water transport that may lead a
performance degradation in the operating fuel cell [36]. Electro-
chemical impedance spectroscopy studies by Mason et al. [37] and Nitta
et al. [38] showed that the higher cell compression improves GDL
conductivity due to increased fibre-to-fibre contacts and reduced contact
resistance at both the bipolar plate-GDL interface and GDL-catalyst layer
interface, thereby improving the current collection. Cell compression
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leads to several conflicting effects on cell performance, the role of water
is one such factor, which is not fully understood. It is therefore desirable
to have a comprehensive understanding of where and how water is
distributed in a fuel cell as a function of mechanical compression so that
optimum conditions can be identified.

High-resolution neutron imaging is a particularly powerful tech-
nique for probing water in fuel cells. The neutron beam is strongly
attenuated by hydrogen-containing compounds such as water while
being relatively transparent to heavier atoms that constitute the
remainder of fuel cell components, (bipolar plates, gaskets, etc.). These
properties make the technique particularly versatile for visualising
water dynamics across a fuel cell [39-47]. While this technique can
resolve water at higher resolution, the key limitation is a smaller
field-of-view [48-52]. Hence, a careful balance between resolution,
exposure time and the field-of-view or size of the active area has to be
met to generate adequate data from the neutron imaging.

Neutron imaging can be applied in the in-plane orientation, where
the MEA is parallel to the neutron beam or in the through-plane orien-
tation, where the MEA is perpendicular to the beam. The in-plane ra-
diographs of operating cells provide information regarding the water
content in different layers of the MEA but do not give an indication of
where the water is distributed spatially across the entire fuel cell active
area [53-55]. The through-plane radiographs provide water retention
profile along the channel length, but cannot identify in which layer of
the cell the water resides [56-58]. The relationship between cell
compression and the fuel cell performance was evaluated by Wu et al.
using through-plane neutron imaging, showing an overall increase in
water content in the channel with increasing compressions; however, no
information was provided regarding the effect of cell compression on the
water accumulation in the MEA layers [59].

In this work, a combined study of X-ray CT and multi-orientation in-
operando neutron radiography, both in the in-plane and the through-
plane orientation is used to investigate the effects of cell compression
on the water dynamics of the fuel cell. This allows for a detailed analysis
of the effect of compression on membrane hydration, water distribution
under the land and across the channel domains, and back-diffusion of
water across the membrane, from the cathode to the anode domain. The
neutron imaging performed in both the in-plane and through-plain al-
lows determining what constitutes a given ‘thickness’ of water mapped
across the extent of an MEA.

2. Experimental
2.1. Cell design and compression

A closed-cathode PEFC with an active area of 6.3 cm? was used in the
study. The cell comprised of aluminium end-plates, current collectors
and flow-fields, as shown in Fig. 1(a). The end-plates, current collectors
and flow-fields were gold-coated to increase corrosion resistance and
decrease electrical resistance. PTFE gasket sheets were used to seal the
perimeter of the MEA on either side of the membrane. Tygaflor gasket
sheet (70 pm thickness) was used for electrical insulation between the
current collector and the end-plate. VITON rubber O-rings were used to
provide a gas/liquid seal at the interface between current collectors and
flow-fields. A parallel flow-field arrangement was used to give a clear
visualisation of water emerging into the channel. This is not possible
with a serpentine configuration where meanders overlap in the in-plane
direction. The bifurcating reactant delivery channels were designed on
the back of the flow-field to ensure uniform gas distribution across in-
dividual parallel gas channels, as shown in Fig. 1(c) [57,60,61].

The MEA was assembled from commercial carbon fibre GDEs with a
platinum catalyst loading of 0.4 mg cm ™2 (HyPlat, South Africa) and a
50 um thick ionomer membrane (GORE, USA). The MEA was hot-
pressed at 130°C for 3min at 400 psi applied pressure (Carver
4122CE, USA). The hot pressing conditions were chosen based on pre-
vious work [62].
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Bifurcating reactant delivery channels

MR

Fig. 1. (a) Exploded view of the fuel cell showing individual components, (b) neutron radiography set-up at CONARD to generate in-operando radiographs in the in-
plane and the through-plane orientation. The cell was held in the vertical orientation, (c) bifurcating reactant delivery channels on the back-side of the flow-field to
ensure uniform reactant delivery to individual parallel gas channels, (d) the parallel gas channels where the highlighted region in red indicates the field-of-view used
in this study, (e) highlighted region in blue shows the area used in the analysis. The particular area of interest includes four channels in the centre of the fuel cell, and
(f) generated radiograph in the through-plane orientation masked with yellow and blue colour, yellow representing the dry region and blue representing the higher
water content. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

PTFE sheets of 50 pm and 75 pm were laser-cut to the cell’s dimen-
sion. Multiple sheets stacked together were used to achieve the required
degree of compression. The GDL thickness and details of the gaskets used
are presented in Table 1. The particular compression levels were chosen
to evaluate the typical range of cell compression that assures good
sealing and the performance of the fuel cell. The initial torque of 1.5 Nm
was used to tighten the bolts. A micrometre (RS Pro, accuracy +5 pm)
was used to reassure the changes in GDL thickness with compression. A
laboratory X-ray CT system, ZEISS Xradia 520 Versa (Carl Zeiss, USA)
was used to examine the structural behaviour of the MEA under
compression. (Fig. 2(b)). A source voltage of 80 kV and a field-of-view of
3 x 3mm? were used for the imaging, giving a voxel size of 1.6 pm. A
bright phase observed in the middle region of the ortho-slice is Nafion
membrane and Pt catalyst layer, and the surrounding lighter phase is the
GDL coated with the microporous layer. With an increase in cell
compression, the fibre density of the GDL has increased in the region
under the land, causing the loss of porosity, as presented in Table 2.
However, the region under the channel undergoes ‘tenting’. This results
in the non-uniform structural and effective mass transport properties in
the fuel cell.

2.2. Experimental procedure

An in-house fuel cell test rig and control software based on LabVIEW
(National Instruments, USA) was used to operate the PEFC. The

Table 1
GDL thickness achieved using PTFE gaskets.

Gasket thickness (pm) GDL thickness (pm) Cell compression (%)

238 0%
50 + 50 + 75 175 ~25%
50 + 50 + 50 150 ~35%

experimental data were acquired with a data acquisition card (DAQ
card, USB 6363, - National Instruments, USA). The cell was operated
under dry gas conditions to evaluate the water dynamics in isolation
from the water present in a humidified reactant stream. Dry reactant
delivery allows evaluation of back-diffusion of the water during opera-
tion. The cell was tested under ambient temperature conditions.

The cell was operated at a fixed flow condition where both anode and
cathode flow-rates were set at 0.5 L min~! during neutron imaging. The
cell was flushed with high flow rates, 1 Lmin !, before changing the
operating conditions, ensuring the removal of accumulated water from
the previous experiment. The reactant gas flow was controlled using
digital mass flow controllers (Bronkhorst, UK). The current was drawn
from the fuel cell using a DC electronic load (PLZ664WA, Kikusui).

Separate experiments were carried out for the in-plane and the
through-plane orientation for each compression. The current load was
increased from 0.01 to 1.1Acm™2 in steps of 0.1 Acm 2 until the
voltage reached 0.4 V. Three fast polarisation curves were generated
before holding the current at 0.1, 0.6, and 1 A cm ™2 for 300 s each. The
same current sweep procedure was repeated after each change in the
orientation and compression. The details of the fast-polarisation curve
are as presented in Table 3.

2.3. Neutron radiography

Neutron radiographs were generated at the low energetic (cold)
neutron radiography (CONRAD) beamline facility at Helmholtz-
Zentrum Berlin (HZB). The neutron radiography setup is shown in
Fig. 1(b). The cold neutron facility provides high attenuation contrast
for thin hydrogenous based (hydrogen-containing) layers of the fuel cell,
making it the best option to generate in-operando radiographs of the fuel
cell [48]. The beam formed by a pinhole of 3 cm at a distance of 5m is
transmitted through the PEFC. The detector consisted of a digital camera
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Table 2
Porosity values derived from the X-ray CT analysis.

Compression Porosity under the land Porosity under the channel
0% 0.75 0.75
25% 0.65 0.78
35% 0.56 0.79

Table 3

Cell conditioning parameters before the neutron radiography experiments.
Operation Conditions
Polarisation range OCV to 0.4V
Cell conditioning 10 min
Hold time per current increment (0.1 A cm™~2) 1 min
Flushing time 5min

with sCMOS chip (Andor Neo 2560 x 2160 pixel) facing a 200 pm
scintillator screen. The cell mounted on a fixture was placed on a
rotating table, allowing radiographs in both the in-plane and
through-plane orientation. An imaging field-of-view of 40 x 34 mm?
with 15.2 pm pixel ! resolution was achieved using the imaging set-up
previously developed by Kardjilov et al. [48]. In-plane imaging at a
resolution of 15.2 pm pixel ! cannot unequivocally separate the GORE
membrane from the catalyst layers and are thus grouped and referred to
as the ‘membrane electrode assembly (MEA). Each image was taken with
an exposure time of 5s. The liquid water image was generated by nor-
malising the wet image to the dry fuel cell image taken at the beginning
of each experiment and any non-uniformity in the beam-intensity was
corrected with an open-beam image. The quantification of the water
thickness from neutron images was performed using the Beer-Lambert

law:
—In (})

5waler -

(€Y

Evater

where Syqer refers to the liquid water thickness in cm, eyqrr is the
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Fig. 2. (a) Schematic of the in-plane view of
the flow-field channels, (b) X-ray CT images
of the prepared MEA showing the effect of
compression on the MEA, measured before
the compression, at 25% and at 35%
compression. Red highlighted area shows
the domain under the land, the black high-
lighted area shows domain under the chan-
nel. The detailed view of the region under
the land depicts that the porosity reduces
with an increase in cell compression. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

35%
compression

attenuation coefficient of the neutron in liquid water, measured in the
given setup as 5.3 cm ™, I is the intensity of the dry image taken before
the cell operation starts, and I is the intensity of the wet image taken
during the cell operation. The radiographs presented were originally
grey-scale images which were masked with a yellow-to-blue ‘parula’
colour-map, blue representing the presence of higher levels of water.

3. Results and discussion
3.1. Effect of compression on polarisation performance

Fig. 3 shows the effect of cell compression on the polarisation and the
power density curves. A polarisation curve can notionally be divided
into three regions, the activation region, (V < 0.8 V), the Ohmic region
(0.5V<V<0.8V), and the mass transport region (V<0.5V). The
activation kinetics are primarily reliant on catalyst properties and
particularly sensitive to operational temperature. Therefore, the
compression did not show any notable difference in the activation per-
formance. With increases in current density, the effect of compression on

1.0 Activation | Ohmic region 1 Mass transport| a8
region | e 1 region tr
In - 0.5 £
S 08- b " g 4
< I o——l04 3
) 1 g
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Fig. 3. Comparison of polarisation performance with a change in compression.

Error bars indicate the difference between three repeat runs; Solid lines (—) are
cell voltage, hollow shapes ([(J) are power density.
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the cell performance was apparent [9,59,63]. In the Ohmic region, the
25% compressed cell showed better performance. Atj=0.6 Acm ™2, the
cell performance of the 35% compressed cell was reduced by 4%
compared with the 25% cell compression. In the mass transport region
(=1Acm?), 25% compression showed 11% increase in performance.
The maximum power density achieved at 25% compression was
0.49 W cm ™% whereas, the maximum power density reached at 35%
compression was 0.47 W em ™2

In the present case, the porosity under the land region lowered by
13% and 25% with an increase in compression to 25% and 35%,
respectively. Lowered GDL porosity under the land region lowers the
contact resistance [34]. The electrochemical impedance spectroscopy
(EIS) study by Mason et al. shows that the increase in cell compression to
25% (i.e. dimensional change of 60 pm) lowered the Ohmic resistance
from 29 mQ cm? (at no compression) to 14 mQ cm?. Further, an increase
in the compression to 35% (i.e. dimensional change of 83 um) lowered
the Ohmic resistance to 10 mQ cm? [37]. Therefore, though the increase
in cell compression is an effective method for reducing Ohmic losses
associated with the contact resistance [9], this leads to a loss of GDL
porosity under the land region (Fig. 2) which affects the water man-
agement in the Ohmic region.

This strongly suggests that an increase in cell compression increases
the mass transport dominance in the Ohmic region and promotes early
mass transport due to the limitations in water management. Hence, to
maximise the performance, an optimal compression needs to be deter-
mined, which is a trade-off between electrical and mass transport
factors.

3.2. Neutron radiographs at fixed flow-rate

The polarisation data can be coupled with the neutron imaging that
provides detailed and instantaneous information regarding the water
dynamics in the fuel cell, which can obtain a better picture of an oper-
ating fuel cell.

3.2.1. Activation region

At open circuit voltage, no water is produced electrochemically.
Hence, the cell is in dry condition. With an increase in current density,
water is produced across the active area. Fig. 4 shows the radiographs
taken over 300s in separate in-plane and through-plane experiments,
with all the operating conditions identical.

The in-plane radiographs for both compressions are shown in Fig. 4
(a). At 0.1 Acm 2, the cell at 25% compression appeared to be almost
dry (average Swater - membrane < 13 pm). Although the same amount of

(a) In-plane orientation (c)

channel 25% compression
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water was being generated at a given current density, at 35% cell
compression the presence of water was seen in the MEA (in Fig. 4(a) -
blue region) with average water thickness increased to 42 pm. More-
over, the tendency to accumulate water under the land is evident at 35%
cell compression with distinctive ‘peak’ and ‘valley’ profiles in the CL-
membrane that correspond to the land and channel regions, respec-
tively (Fig. 4(b)). This suggests that the compression affects the
condensation of liquid water under the land region; whereas, water
evaporation is promoted under the channels [42,64].

The through-plane radiographs are shown in Fig. 4(c). No significant
water signal was observed for the 25% compression, with a relatively
uniform water distribution for the 35% compression with no clear
demarcation between land and channel zones. This is clearly in contrast
to the in-plane representation. This could be due to greater signal-to-
noise is achieved for the in-plane analysis as the neutron probe in-
tegrates a much larger sample through the length of a channel. The
collective analysis of the voltage profile and radiographs at the activa-
tion region strongly suggest that the compression has a marginal effect
on voltage performance, though the water accumulation in the cell
became noticeable with an increase in the compression. However, the
stable performance indicates the balance between water generation,
capillary transport, forced convection and accumulation.

3.2.2. Ohmic region

In the ‘notional’ Ohmic region, an increase in the current density
elevates water production. As the name suggests, the voltage loss in the
Ohmic region is typically considered to be dominated by ionic and
electronic losses. However, it has been shown that an increase in cell
compression increases the mass transport resistance in the Ohmic region
which leads to the accumulation of liquid water in the MEA, amplifying
the voltage loss [9,65]. The radiographs presented in Fig. 5 compare the
galvanostatic cell performances at both compressions in the Ohmic re-
gion (j=0.6 Acm™2).

The in-plane radiographs for Ohmic operation for each cell
compression are shown in Fig. 5(a) obtained at t=300s. In general,
irrespective of the compression, the overall water content has increased
with the current density showing the presence of the water at 25% cell
compression (blue region in the MEA). The average water thickness at
25% compression was 225 pm, with a standard deviation of 101 pm,
while at 35% compression, the average water thickness increased to
291 pm with a standard deviation of 101 pm (Fig. 5(b)). The compara-
tive analysis of water accumulation implied that the increase in the cell
compression to 35% increases the water accumulation by 27%, with
clear ‘peaks’ and ‘valleys’ that correspond to the land and channel

Fig. 4. Effect of compression on the water dis-
tribution in the activation region, j = 0.1 A cm™2
when the flow of the reactants was fixed to
0.5Lmin"?, equating to >10 air stoichiometry.
(a) in-plane radiographs measured at t=300s,
‘C’ is the cathode flow-channels, ‘M’ is MEA
(GDLs + CLs + membrane) and ‘A’ is an anode
flow-channels, Grey dashed line showing the
flow-field outline is included as a guide to the eye
(b) liquid water thickness profile in the in-plane
orientation measured at the membrane/CL
showing the effect of channel/land geometry on
the water retention. Green dashed line at mem-
brane/CL shows the schematic location where
the liquid water thickness was measured, and (c)
through-plane radiographs measured at t = 300 s.
(a) and (c) shares the same colour bar. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web

35% compression

1mm

Liquid water

version of this article.)

Width (mm) 0
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Fig. 5. Effect of compression on the water dis-
tribution in the Ohmic region, j = 0.6 A em 2 ((a)
in-plane radiographs at t=2300s, ‘C’ is the cath-
ode flow-channels, ‘M’ is MEA (GDLs + CLs +
membrane) and ‘A’ is an anode flow-channels,
Grey dashed line showing the flow-field outline
is included as a guide to the eye (b) liquid water
thickness profile in the in-plane orientation
measured at the membrane/CL showing the ef-
fect of channel/land geometry on the water
retention. Green dashed line at membrane/CL
shows the schematic location, where the liquid
water thickness was measured, and (c) through-
plane radiographs at t=300s. (a) and (c)
shares the same colour bar. (For interpretation of

35% compression

(b); 5 & 1mm the references to colour in this figure legend, the
‘g‘ @ b reader is referred to the Web version of this
5 ::" article.)
3 ) Liquid water thickness (pm)
4% %3 2 3 2 5 & 7 8 [ .
Position (mm) 0 100 200

regions, respectively. Moreover, almost constant standard deviation
suggests that the probability of the water accumulation at a particular
location was the same for both the compressions, while the water con-
tent differed. Water transport in the GDL is governed by capillary action.
Lowered GDL pore diameter under the land region alters the capillary
pressure, which further promotes the water vapour condensation under
the land, increasing water retention in the GDL under the land region [1,
40,42,66,67]. Therefore, increase in compression to 35% results in
lowering the porosity under the land region, as shown in Fig. 2, and
increasing the local water thickness maxima to 580 pm compared to
500 pm at 25% compression. The non-uniform liquid water distribution
in the MEA promotes non-uniform current generation when operated in
a galvanostatic mode [68,69]. Non-uniform current generation leads to
the local hot spots and alters the durability of the cell in the long run.
The water profile shown in the through-plane radiographs indicates
the presence of water in the form of droplets spread across the active
area (Fig. 5(c)). Though larger water droplets were seen at 35%
compression, neither water accumulation in the channels or the dry-out
areas were observed in the Ohmic region. Therefore, whilst all other
operating parameters were constant, the change in liquid water reten-
tion and voltage decay at j=0.6 Acm ™2 was due to cell compression.

(a) In-plane orientation (c)

n 25% compression

25% compression

Through-plane orientation

The increase in cell compression leads to a noticeable variation in water
accumulation and water retention under the land region. The dry cell
operation at a high flow rate (air stoichiometry ~ 7.5) resulted in the
removal of the product water through evaporation under the channel
region, while providing adequate membrane hydration. The increase in
compression lowers the electrical contact resistance and increases water
accumulation under the land. Accumulated water hinders the reactant
transport to the active layers, increasing reactant transport resistance
[9]. As the reactant transport resistance is higher than the contact
resistance, an increase in compression promotes mass transport in the
‘Ohmic’ region.

3.2.3. Mass transport region

Fig. 6 displays the liquid water profile at each cell compression,
operated in the mass transport region (j =1 A cm™2) with the flow rate
fixed at 0.5 L min~! equating to air stoichiometry of ~4.44. The in-plane
radiographs shown in Fig. 6(a) reveal the combined, yet distinct, effect
that land/channel geometries and cell compression have on water
accumulation. In general, an increase in compression resulted in the
increased propensity of water accumulation in the cell during the mass
transport operation (on comparison with the Ohmic operation). These

Fig. 6. Effect of compression on the water dis-
tribution in the mass transport region,
j=1Acm™2 (a) in-plane radiographs measured
at t=300s, ‘C’ is the cathode flow-channels, ‘M’
is MEA (GDLs + CLs + membrane) and ‘A’ is an
anode flow-channels, Grey dashed line showing
the flow-field outline is included as a guide to the
eye (b) liquid water thickness profile in the in-

35 % compression
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results are in agreement with previous studies [40,68,70,71]. The
discernible feature of mass transport operation was the back-diffusion of
water, observed at both compressions. The water vapour condenses
under the land region and saturates the GDL. The liquid water starts
‘bulging’ into the channel, forming water droplets, while some water
back-diffuses to the anode domain. This behaviour can be clearly seen in
the in-plane radiographs. The behaviour agrees with the previously re-
ported experimental and modelling studies [53,65,72-75]. The hydro-
philic contact angle observed between water droplets and the channel
wall (0 = 84°, highlighted by the red arrow in Fig. 6(c)), was due to the
gold coating on the aluminium plate [40,76].

The water content in the MEA depicted in Fig. 6(b) shows increased
water thickness with flooded ‘peaks’ and relatively dry ‘valleys’. This
confirms non-uniform accumulation and retention of the liquid water.
The average water thickness at 25% compression was 350 pm with a
standard deviation of 124 pm. Increase in compression resulted in a 7%
increase in average water thickness, reaching 373 pm with a standard
deviation of 104 pm.

The through-plane radiographs in Fig. 6(c) provides key information
regarding the effect of compression on water retention, water spread,
and droplet/slug formations. In general, the through-plane radiographs
in the mass transport region revealed well-defined channel/land pro-
files, highlighting the accumulation of liquid water in the channel. This
result agrees with previously published studies [44,57-59,77].

The through-plane hydrographs revealed that the overall water
content in the channel has increased with compression in the form of
three main water retention profiles, namely, water droplets, slugs, and
films. The hydrophilic nature of the channel walls leads to the formation
of water droplets and further develops into slugs [78,79]. Large and
elongated water droplets (Ilength >1000 pm) highlighted in ‘red’, were
observed on the channel wall, while ‘isolated” droplets were observed
across the active area of the cell.

The present cell was operated in counter-flow mode, but results will
be a function of the flow-field design. The net flux of water between
electrodes can vary locally, depending on the flow arrangement and
local relative humidity at the anode and cathode. For example, in
counter-flow with dry anode feed, the net flow of water from cathode to
anode is likely, with back-diffusion being dominant. Whereas, at the exit
of the anode, where the stream has become fully humidified, net water
flux could be in the opposite direction due to electro-osmotic drag
outweighing back-diffusion as a result of lower hydraulic gradient from
cathode to anode. As the present cell was operated at low temperature
and relatively high feed gas velocity, the effect of relative humidity
gradients along channels is minimised [14,80]. The increased saturation
towards the cathode channel outlet reduces the effectiveness of water
removal and forms the larger and more elongated water droplets/slugs.
The increase in compression resulted in a 34% increase in the average
slug size. Increase in the slug density results in partial blocking of the
channel that could lead to the non-uniform reactant distribution to the
active sites on the catalyst layer [78,81,82]. Furthermore, water spreads
in the channel, forming the thin water film, as highlighted in ‘dashed
green’. The hydrophilic channel wall fosters water adherence to the
channel under the surface tension, whereas higher gas velocity across
the channel (0.5ms™ ') results in convective water removal under
higher drag forces. These two phenomena collectively result in forming
the thin water film on the channel walls [82]. Increase in compression
from 25% to 35% resulted in a 31% increase in the average water film
thickness.

Hence, while the cell architecture and operating conditions were
identical in both the compression cases and the same amount of water
was being generated at the given current densities, it can be concluded
that the difference in the water content in the cell was solely due to the
increased compression. Moreover, the radiographs of the galvanostatic
operation confirmed that the voltage loss at increased compression
(observed in Fig. 3) was associated with increased water retention that
leads to flooding and the tendency to back-diffuse water to the anode
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domain.

3.3. Effect of compression on water transport dynamics

Effective water management, required for the optimal cell operation,
can be achieved by attaining a balance between the rate of water gen-
eration due to electrochemical reaction and the rate of water removal.
The radiographs presented in Fig. 4 (activation region) and Fig. 5
(Ohmic region) suggests that the membrane was adequately hydrated
without channel flooding. However, with an increase in current density
(mass transport region), the presence of liquid water in the channel
suggests that the rate of water generation exceeds the rate of water
removal.

Therefore, the rate of water retention influences the propensity for
water flooding. The performance comparison between the cell com-
pressions can be determined by calculating the rate of water retention
within the cell (g s™1), following the increase in current density. The
amount of water generation, Mg, (mg) is theoretically calculated using
Faraday’s law (Equation (2)),

Myzo‘j At

oF @

Myen =
where Mpy,o is the molecular weight of water, A is the area under
analysis, j is the current density, and t is the duration of the galvanostatic
operation, which is 300 s, F is the Faraday constant (96485C mol~1). The
same amount of water was generated electrochemically under identical
operating conditions, irrespective of the cell compression. The liquid
water retention for different compressions was calculated by integrating
the local water thickness across the area under analysis using (Equation

(3)

A
My = Pp,o0 / OvaterdA 3)
0

where py, , is the density of the liquid water, A is the area under analysis,
Swater 1S the thickness of the liquid water.

Fig. 7 shows the dynamic performance, under galvanostatic opera-
tion, of water retention and cell voltage, measured at 25% and 35%
compression. In the activation region, the water profile was almost
invariant over the duration; however, it was influenced by compression
with an increase in the compression doubling the mean water retention,
which was mainly observed under the anode land region (Fig. 4). The
compressive effect on the anode MPL may be the reason for increased
water retention, as the hydrophobic MPL resists removal of water to the
anode exit.

At 0.6 A cm ™2, water retention is affected by both the compression
and the duration of the galvanostatic operation. A transient water
retention profile is observed with the higher compression resulting in
more rapid water accumulation, before reaching a plateau above that of
the 25% compression. This higher water retention of the 35% case is
manifest in a reducing voltage with time, compared to a relatively stable
potential profile for the 25% case.

The dynamic water retention profile in the mass transport region
(1 Acm™?) is affected by the higher rate of water generation with the
new water accumulation/retention reaching equilibrium faster than the
0.6 Acm™2 case.

The effectiveness of water removal is calculated as the difference
between the amount of water generation and the amount of water
retention. Fig. 8(a) shows the effect of compression and current density
on the rate of water retention and efficiency of water removal measured
at 300s. Increase in the current density results in increased water gen-
eration. With fixed inlet flow conditions, the water removal efficiency
was affected by the current density. Increase in current density to
j=1Acm™2 reduced water removal efficiency by 11% and 19%, for the
25% and 35% compressions, respectively. As the water removal effi-
ciency decreases with compression, the rate of water retention in the cell
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Fig. 7. The dynamic effect of compression on the liquid water retention in the MEA (GDL + CL + Membrane) measured from the in-plane neutron radiographs and

the voltage profile during the galvanostatic operation over 300 s.

increased. Increase in current density from 0.6 to 1 A cm™2, resulted in
an increase in the rate of water retention by 84% and 80% when
measured at 25% and 35%, respectively. Moreover, cell compression
affects the rate of water retention in a similar manner. The water
retention in the Ohmic region (j = 0.6 A cm™2) increased by 80% with an
increase in compression, and the same in the mass transport region
((=1Acm™?) which increased by 88%. This confirms that the
compression exacerbates the effect of current density on water retention
by lowering the water removal efficiency.

Increased water retention in the cell leads to the flooding conditions,
as shown in previous radiographs. Active water removal mechanisms
such as the electroosmotic pump effect [83], high stoichiometric open
cathode PEFC designs [84], long and serpentine oxidant channels [85],
anode water removal [17], etc. help to lower the effect of flooding at the
cost of associated parasitic losses [3]. With no active water removal
mechanism in place, like in the present cell, the generated/accumulated
water under the land is either transported laterally under capillary ac-
tion to the flow-channel and evacuated by the convective flux or
back-diffuses to the anode (Fig. 8(b)). The in-plane radiographs shown
previously confirms that both the water transport mechanisms were
apparent in the present case and the water content in the anode resulted
from back-diffusion.

Fig. 8(c) shows the characteristic effect of compression and operating
load on the rate of back-diffusion plotted against the polarisation curves.
The propensity of the water to back-diffuse into the anode was minimal
at the low current region but increased with current density. The back-
diffusion was marginally affected by compression throughout the

current range with fixed flow conditions. The results presented here are
in agreement with previous neutron imaging studies [44]. At identical
reactant pressure and dry inlet conditions at the cathode and the anode,
the net rate of water transport through the membrane is preliminarily
controlled by the water concentration gradient between the anode and
cathode domain and the electro-osmotic drag [86,87]. Anode water
thickness map presented in Fig. 8(d) visually confirms that the water
accumulation in the anode is in agreement with previous studies [44,87,
88], and was due to water back-diffusion from the cathode to the anode.
However, it is important to note that the present results are provided in
the central channels of the fuel cell and the effect of gravitational forces
on the water accumulation and removal from the channel is not
considered in the analysis.

4. Conclusion

Water distribution and accumulation have been investigated at
different levels of MEA compressions for a self-humidifying PEFC using
neutron imaging in both the in-plane and through-plane orientation. The
in-plane radiographs showed the water distribution within the layers of
the MEA highlighting the effect of land and channel pattern on the non-
uniform retention of the liquid water, fluctuating between the peaks
underneath lands and valleys under the channels. The through-plane
radiographs provided the information about water accumulation along
the channel length and across the active area of the cell, highlighting the
retention profiles such as water droplets, water film and slugs. There-
fore, the combined analysis of the in-plane and the through-plane
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Fig. 8. Effect of compression on liquid water dynamics, (a) effect of compression on the rate of water retention and water removal efficiency in the cell. B-spline
passing through the data points included as a guide to the eye; (b) schematic of the water transport in the operating fuel cell; (c) rate of back-diffusion of water
through the membrane as a function of current density and cell compression; and (d) radiographs showing averaged liquid water thickness distribution in the

anode domain.

radiographs made it possible to determine what constitutes a given
‘thickness’ of water mapped across the extent of an MEA.

The effect of compression on the PEFC performance and on the water
transport dynamics was investigated at three operating regions of the
fuel cell. Compression has a marginal effect on the cell performance and
water retention at the activation region; however, the notable effect of
compression on the water dynamics in the PEFC was observed in the
Ohmic and the mass transport regions. Increase in compression not only
resulted in an increase in mass transport dominance in the Ohmic re-
gion, promoting early mass transport losses, but also increased flooding
in the mass transport region.

Under identical cell architecture and the operating conditions, the
extent of water retention in the cell and water removal efficiency is
principally affected by the cell compression. Increase in compression
worsens the water removal efficiency of the cell and increases the back
diffusion of water.

Hence, the present study effectively delineates the effect of channel/
land geometry on the liquid water transport mechanism, while high-
lighting the strong dependence of cell compression on the water accu-
mulation and retention in fuel cells using multi-orientation neutron
radiography. Furthermore, the results presented in this study would be
useful to simulation studies by providing input parameters for models
used to develop advanced fuel cell stack architectures and MEAs.
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