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ABSTRACT

Water management and flooding play an important role in the performance and durability of polymer
electrolyte fuel cells (PEFCs). In this study, a dynamic electro-mechanical analysis is performed to
examine the performance of a working PEFC during hydration transients and flooding events. Cell
resistance is measured using electrochemical impedance spectroscopy (EIS), and the stress/strain char-
acteristics — cell compression and membrane electrode assembly (MEA) dimensional change — are
studied using a controlled compression unit (CCU).

Ex-situ measurements of membrane thickness as a function of hydration level provide a direct cor-
relation between ionic conductivity and thickness. During initial hydration of Nafion membranes there is
a direct relationship between membrane conductivity and dimensional change (swelling) of MEAs.
Electrode flooding is found to result in membrane hydration and an increase in stress or strain,
depending on the compression mode of the fuel cell. Results suggest that hydration cycles and flooding
events can lead to cell degradation due to the stresses imposed.

© 2013 Elsevier B.V. Open access under CC BY license.

1. Introduction

materials, performance and durability. A large section of research in
the area of performance degradation has focused on water man-

Polymer electrolyte fuel cells (PEFCs) have a major role to play in
the transition from a carbon intensive economy to a sustainable low
carbon future. Intensive research and development in this area has
focused on key issues such as catalyst development, low cost
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agement, an area that has been extensively reviewed [1-3].
Water management inside a PEFC is a function of generation
(reaction), various transport processes and the effect on the proton
conductivity of the membrane. It has a significant impact on
PEFC performance and is one of the major challenges facing the
development of this technology [4]. Mechanisms of particular
importance include electro-osmotic drag, associated with the
migration of protons, which draws water from the anode through
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the electrolyte to the cathode [5]; back diffusion of water from the
cathode to the anode due to hydraulic pressure difference; hydra-
tion of the membrane which effects the conductivity of the elec-
trolyte [6] and the fact that water is produced at the cathode
catalyst layer (CCL) by the oxygen reduction reaction. Accumulation
of water limits the performance of the PEFC due to mass transport
limitation of flooded electrodes [7]. Effective water management
requires careful consideration of fuel cell component design, the
materials used and the operating conditions imposed.

When water builds up at the cathode CCL, the mechanisms for
removing it include the hydrophobic nature of the elements of the
gas diffusion layer (GDL), the operating temperature of the fuel cell
(removal as water vapour), and back diffusion through the elec-
trolyte. When the rate of water accumulation at the CCL exceeds
the removal rate, the pores in the GDL, and ultimately the flow
channel, get blocked (flooding). When this occurs the catalyst is
effectively starved of reactant and hence the performance of the
cell decreases.

Extensive research has taken place into understanding water
management and developing new materials and cell designs to
mitigate flooding; this includes examining the effects of GDL ma-
terial [8,9], PTFE content [10,11], micro-porous layers (MPL) [12,13],
porosity of the GDL/MPL structure [14,15], flow field design [16,17],
CCL materials and microstructure [18,19] and fuel cell operating
conditions [20—22]. The GDL is a particularly important component
for water management; an understanding on the various chemical
and physical properties of which is particularly important for
effective MEA design [23].

In order to study fuel cells and obtain a better understanding of
their internal workings, a range of diagnostics have been developed
[24]; of these, several key techniques have been used to analyse in-
situ effects of water management and flooding. An electrochemical
impedance spectroscopy (EIS) technique was used by Canutet al. to
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study membrane conductivity during drying and flooding [25].
Barbir et al. showed, again using EIS, a relationship between cell
resistance and humidification level with pressure drop analysis
used concurrently to show the onset of water flooding [26].
Membrane conductivity spatial mapping has been demonstrated
by Brett et al. [27] and applied by Hakenjos et al. in conjunction with
temperature distribution analysis to examine water flooding [28].

Experimental diagnostics of water management and in partic-
ular water flooding have been extensively researched with partic-
ular focus on imaging techniques such as optical visualisation
[22,29—31], X-ray imaging [32,33], neutron imaging [34—36] and
magnetic resonance imaging [37,38].

The diagnostic techniques applied to the study of water man-
agement and flooding have tended to concentrate on the effect of
membrane conductivity and the mass transport limiting effect of
water in the GDL and electrode. Extensive work has been dedicated
to the understanding of Nafion in order to characterise the struc-
ture and distribution of water [39]; however, little has been done to
examine the effect of dimensional change associated with changes
in the hydration of the membrane and its impact on cell and stack
performance. This paper applies a new technique to investigate the
effects of water flooding on operating PEFCs by looking at the
resistance of the membrane and its thickness change in real time.

2. Experimental

Fuel cell operation was carried out using a commercially avail-
able cell compression unit (CCU) (Pragma Industries SAS, France),
which allows controlled compression (resolution of 0.01 MPa)
or displacement of the fuel cell with simultaneous relative real time
displacement measurement (resolution of 1 pum). The CCU features
a ‘floating piston’ style fuel cell (Fig. 1) that allows compression
to be applied evenly onto the active area of the fuel cell to allow

Floating Piston

Flowfield Plate

Fig. 1. Cell compression unit (CCU) with floating piston fuel cell. (a—c) show the floating piston cell with the single serpentine flow field design and gas seals, with the displacement
sensor surface located on the static anode side of the cell. (d) shows the CCU with the cell loaded with the compression control piston acting on the ‘floating’ cathode flow field.

(Images (c) and (d) courtesy of Pragma Industries SAS, France).
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accurate measurement of the real compression applied to the cell.
The fuel cell used has an active area of 5 cm? using a single
serpentine flow field design with land and channel width of 1.2 mm
and 1.1 mm respectively. Temperature control, with an accuracy
of <1 °C, was achieved with the CCU and all testing done at a fuel
cell operating temperature of 80 °C. The measured effective ther-
mal expansion coefficient of the CCU was determined to be
1.92 pm °C~!, with the CCU being to maintain temperature to
within +0.2 °C, meaning displacement variation during experi-
ments due to temperature fluctuations is minimal (<1 pm).When
the CCU was operated in constant compression mode a setting of
0.2 MPa was used, this is the minimum compression for which no
gas leaks occur. The complete system layout is depicted in Fig. 2.

Electrochemical control of the system was achieved with an
Iviumstat. XRipotentiostat (Alvatek Ltd, UK) with the resistance
measurements carried out using EIS at a set frequency of 5 kHz and
amplitude of 15 mV. This frequency was chosen after running a full
impedance frequency sweep with the frequency closest to the high
frequency intercept being chosen.

Humidification of the gas streams was achieved using an in-
housedeveloped system which was calibrated using a heated
probe humidity sensor (Vaisala HMT337, Sweden) and was oper-
ated at 100% RH at between 80 and 85 °C depending on the
particular experiment. Gas flow was kept constant for all operating
fuel cell experiments at either 50 or 100 ml min~! (calibrated mass
flow controller: EL-FLOW, Bronkhorst, UK) for hydrogen, nitrogen
and air at the anode and cathode respectively (all gasses Zero
Grade, BOC UK).

The membrane electrode assemblies (MEAs)used in this work
were produced in-house using Nafion 117 electrolyte (Fuel Cell
Store, US) and Alfa Aesar electrodes (045372, Alfa Aesar, UK) with
an active area of 5 cm?. The MEAs were pressed (Carver 4122CE, US)
at 170 °C for 4 min with a pressure applied of 450 PSI. The cells were

Water Resevoir Pumps & Control

stored at room temperature and humidity prior to pre-conditioning
before each experiment. Pre-conditioning of the fuel cells was
carried out by flowing 100% RH nitrogen and air over the anode and
cathode respectively at a flow rate of 50 ml min~! each for 30 min
followed by 100% RH hydrogen and air at 100 ml min~"' for 30 min
at 100 mA cm™2. For the start-up experiments the MEAs were
placed in a drying oven for 1 h at 110 °C to ensure that the MEA
were in a notionally ‘dry state’ and minimizing the water content of
the electrolyte.

The CCU can operate in two different modes to enable control
and observation of the displacement and compression of the fuel
cell. When control of the compression is desired the displacement
is measured and vice versa, an expanding component is associated
with a negative displacement response and an increasing force
exerted by an expanding component as a positive pressure change.

The different operating modes are depicted in Fig. 3 using the
analogy of a spring and piston for the GDL and electrolyte respec-
tively. In controlled displacement mode, Fig. 3(b), as the electrolyte
hydrates (piston expands) the springs (GDLs) are compressed
(crushed). In controlled compression mode, Fig. 3(c), the piston
expands and the thickness of the MEA increases, allowing the
compression of the springs (GDLs) to remain constant.

Ex-situ Nafion water content experiments were carried out by
measuring the thickness at three random points on the membrane
using a micrometer, then taking an average. Weight measure-
ments were taken using an analytical balance (Sartorius MC1
Analytic AC 210 P, US) with the water content controlled by
immersing the samples in de-ionized water at 80 °C for 1 h, then
removing and measuring the thickness and weight every 2 min to
build up the dataset as the sample dries. This process was
repeated multiple times to build up the data set. Data for low
water content were taken after >1 h of storage in a drying oven at
110 °C.
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Fig. 2. Piping and instrumentation diagram for fuel cell testing set up.
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(a) Flow field plate

Membrane

Free

Fig. 3. Illustration showing the analogy between the MEA components and spring/
piston mechanical connection. (a) MEA system within two flow field plates and the
GDL and electrolyte shown as a spring and piston respectively; (b) Electrolyte mem-
brane swelling in controlled displacement mode, the piston expands the springs are
compressed; (c) controlled compression mode, the electrolyte expands and the
compression remains constant leading to displacement of the flow field plates and no
compression of the springs (GDLs).

3. Results and discussion

From electrochemical impedance spectroscopy measurements,
Fig. 4 shows a Nyquist plot for the fuel cell operated at 0.8 V. The
high frequency intercept with the real axis represents the Ohmic
resistance of the system, which is primarily due to the electrolyte
membrane. A frequency of 5 kHz was used to monitor the resis-
tance with time, measurements made every 1 s to follow transients.

3.1. Individual membrane and GDL properties

Before studying the effect of compression, dimensional change
and water management on whole MEAs, it is necessary to charac-
terise the individual components, i.e. the membrane and GDL.

Membrane Electrolyte: The relationship between water content
and thickness of Nafion 117 (pure membrane, no GDL) is described
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Fig. 4. Nyquist plot of the fuel cell operating at 0.8 V with a voltage amplitude of
15 mV and a frequency range of 10 kHz to 0.1 Hz. Figure inset shows the 5 kHz point
where the impedance is taken during the time scans.

by Fig. 5. Measurements were taken by weighing the sample and
measuring the thickness with a micrometre. The water content of
the electrolyte, A (mol H,O/mol SO3), is related to the mass of the
sample by Eq. (1) [40].

1 mole H,O
5 (Mol Hy0\ (Mrest — Mpry) ® 18.015 g H,0 (1)
mol H,0/) Moo 1 mole SO5
Dry ® 1100 g Membrane

Under ambient lab conditions the Nafion 117 material used has a
measured thickness of 178 + 2 pm, this is in agreement with the
‘117’ assignment (7 mils = 177.8 pm). Each thickness measurement
was taken three times at various positions on the Nafion samples,
giving rise to the error bars shown. The relationship between
thickness and water content shows a linear fit with a gradient of
049 A pm~L

The dashed lines represent three water content regimes: 1 = 0
represents a dry membrane; 0 < 1 < 16.8 represents the water
content in equilibrium with air, and 16.8 < A < 22 for the membrane
in equilibrium with liquid water [7].

Fig. 5 shows a linear relationship between water content and
thickness over the ‘vapour’ range. Upon exposure to liquid water,
there is a sharp increase in the water content corresponding to
liquid water saturation; this result suggests that exposure of an
operating membrane to significant amounts of liquid water, as
might be experienced during a flooding event, could lead to a
relatively large increase in thickness.

Springer et al. [7], presented a relationship between the mem-
brane conductivity (S cm~!) of Nafion 117 and its water content (2).
It is therefore possible to transform the water content vs. thickness
trend shown in Fig. 5 into a relationship between thickness and
conductivity (and therefore resistance), Eq. (2) shows the derived
relationship for membrane conductivity (at 30 °C) with absolute
thickness (t).

a(Scm™') = 25.181 x t(cm) — 0.4313 2)
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Fig. 5. Relationship between thickness and water content of Nafion 117 across a range
of hydration levels. Dry conditions were generated by treatment at 110 °C for 1 h,
vapour equilibrated measurements we taken under lab conditions and fully hydrated
conditions generated by immersion in liquid water at 80 °C. Water content was
calculated using Eq. (1), the linear fit shown has a gradient of 0.49 A um~". The dashed
lines represent three key water contents: dry, vapour and liquid.
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In this study, the derived relationship will be referred to as
‘ex-situ’ membrane, whereas the response obtained from the CCU
experimentation of whole MEAs is referred to as the ‘startup’ result.

Gas diffusion layer: When a fuel cell is operated in constant
displacement mode, which is analogous to a fuel cell compressed
by tie-rods without stress relief, the compression changes as the
membrane swells. This swelling of the membrane will impose a
force on the GDL material. Previous work has shown that there is a
direct relationship between the compression force applied to a
GDL, its change in thickness and the resulting resistance of the
sample, this being a combination of a change in the effective
resistance of the GDL (as the fibres coalesce under compression)
and the contact resistance with the flow field plate [41]. Fig. 6
shows the relationship between resistance and compression for
the GDL used to make the MEAs (Toray HO60), in the same CCU
apparatus. The gradient of the trend is —9.2 mQ cm? MPa~!, this
agrees well with the work previously published where a value of ca.
—10 mQ cm? MPa~! was obtained for this region of compression
[41].

Variation of water vapour content or the introduction of liquid
water to GDL-only samples showed no significant change in sample
thickness. Changes in MEA sample dimensions are therefore
attributed exclusively to the membrane.

3.2. Fuel cell start-up

Upon start-up of a fuel cell, the membrane must be hydrated
from a ‘dry state’ to operational conditions; typically this is ach-
ieved by passing a humidified gas through the flow field; this
process involves the membrane physically expanding (swelling)
which has an impact on the adjacent GDL. Fig. 7(a) shows the
resistance and displacement trend in controlled compression mode
for the fuel cell with humidified nitrogen flowing on one side of the
cell (80 °C, N, flow rate of 100 ml min~! at 100% RH). There is a
correlation between the resistance and thickness change, both
reaching equilibrium after ~125 s. Fig. 7(b) shows the hydration
transition under the same conditions in constrained mode
(controlled displacement mode); when the MEA is hydrated,
resistance decreases and the pressure exerted on the MEA increases
significantly. Water content is dominant over sample thickness in
deciding the ionic resistance of the membrane. As such, when the
membrane swells a resistance decrease is expected despite the
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Fig. 6. Relationship between resistance and compression of a single piece of Toray
HO060 measured using the CCU. The gradient of the line is —9.2 mQ cm? MPa~". In-
between each step increase in compression the sample was returned to 0.2 MPa.
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Fig. 7. (a) Controlled compression mode (0.2 MPa): The displacement and high fre-
quency resistance response for hydration of the fuel cell from a dry state with hu-
midified nitrogen. (b) Controlled displacement mode: Initial hydration of an MEA with
constrained displacement to enable measurement of compression change during start-

up. Operating conditions for both tests were cell temperature at 80 °C and 100% RH on
the anode with the cathode sealed. The gas flow rate was 100 ml min~".

increase in thickness. The transition to equilibrium occurring over a
similar, but shorter, time period than that in constant pressure
mode.

Some variability in the conductivity of notionally dry MEAs was
observed between different samples. However, the final resistance
was always of the order of 200 mQ cm?. In controlled compression
mode the expansion of the membrane leads to an increase in the
membrane thickness (swelling) of 30 um coupled to a reduction in
resistance of ~630 mQ cm?. However, constrained compression
mode does not best reproduce the most common method of fuel
cell construction (tie-bars), which is better replicated by the con-
strained displacement operating mode. In controlled displacement
operating mode the compression change upon start-up (hydration)
is +0.56 MPa. The final equilibrium MEA resistance is 22% lower for
constrained mode, this is expected due to the improved contact
resistance from the crushing of the GDL materials with increased
compression (see Fig. 6).

For a fuel cell system free to expand, these small cell level
changes can become quite significant. For example, a 60-cell stack
would expand by ~ 1.8 mm if each cell were to undergo the change
associates with hydration as shown in Fig. 7(a). For a physically
constrained system (i.e. tie rods without stress relief), significant
change in internal compression force will occur each time a fuel cell
MEA undergoes a hydration cycle, which will often be a feature of a
standard start-up/shutdown cycle. The stresses imposed will be
amplified by the number of cells in a stack. Without an external
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means of relieving stress, the GDL, as the most mechanically
compliant component in the stack, will need to deform to accom-
modate the thickness change of the membrane. This will lead to
changes in contact resistance, the possibility of GDL ‘tenting’ into
the flow channels and potentially irreversible damage to the GDL.
This effect can be mitigated by avoiding dehydration of the mem-
brane, introducing stress relief/constant compression mechanisms
or designing the GDL to reversibly accommodate the requisite
dimensional change.

Fig. 8 compares the resistance/displacement relationship ob-
tained for the ‘ex situ’ membrane and ‘startup’ MEA conditions.
In order to compare both in terms of a relative displacement, the
‘ex situ’” membrane thickness change was taken relative to that
under ambient lab conditions (thickness of 178 um). This is close
to the initial resistance of the MEA prior to humidification
~835 mQ cm?

Both have a common starting point in resistance and plateau in
the region of ~200 mQ cm? after an expansion of ~25 um. The
difference between the two trends can be attributed to the fact that
that the ‘ex situt” membrane is measured steady state and the
‘startup’ is dynamic. The CCU detects the maximum local sample
expansion, while the resistance is a bulk measurement across the
active area of the cell; therefore, heterogeneous swelling of the
membrane will be detected as a full sample expansion (see how
displacement leads resistance change in Fig. 7(a)), while the
concomitant decrease in resistance associated with the expansion
of a full membrane will not be measured. Localised electrical
measurements have shown this to be the case [42].

Fig. 8 includes a line showing the minimum resistance
measured for the MEA during flooding (discussed below). This
shows that when the cell is operating, and electrolyte hydration has
reached equilibrium, the resistance does equate to that of the ex-
situ derived relationship.

3.3. Flooding effects on MEA operation

Durability studies of PEFC operation often feature abrupt ‘spikes’
of negative performance. These transients are usually the result of a
flooding event at one of the electrodes (usually the cathode) [26].
Here we examine the effect on the membrane conductivity of these
events and the impact on the dynamic stress/strain conditions in
the cell.
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Fig. 8. Relationship between resistance and relative displacement, as calculated using
Eq. (2) for an ‘ex situ’ membrane (steady state) and that observed for ‘startup’
(dynamic) under a controlled compression of 0.2 MPa.

Fig. 9 shows a cell running under non-ideal (over humidified)
conditions, expected to lead to flooding. Large current spikes are
observed over periods ranging up to 100 s, swelling of the mem-
brane by over 30 pm and significant changes in the resistance of the
membrane (over a range between 183 and 212 mQ cm?) are seen to
be associated with the current spikes.

Fig. 10 shows the fuel cell operating in controlled displace-
ment mode. The cell was operated at a constant voltage of 0.7 V
with a flow rate of 50 ml min~! for both the anode and cathode
gas (Hy and air). The controlled displacement mode enables the
compression between the flow plates to be measured while the
cell is running. Fig. 10 shows that resistance decreases when
water flooding spikes occur, as seen previously, and the
compression increases. The compression increase is due to the
membrane swelling and forcing the GDL material into the flow
field plate, which is detected by the CCU. The resistance is also
measured with the range observed being greater than that
observed in Fig. 9, this is due to the contact resistance change that
occurs when the GDL material is compressed, as seen in Fig. 6. As
the GDL is compressed into the flow field plate by the expanding
electrolyte membrane there are several mechanisms that affect
the overall ohmic response. The most significant of which are
contact resistance change between the GDL material and the flow
field plate and the increased internal connections between the
fibres of the GDL [41].

3.4. Relationship between resistance, displacement and
compression

Fig. 11 shows the relationship between the high frequency
resistance and the thickness of the MEA (relative displacement)
based on the time-varying data points for ‘flooded mode’ operation,
similar to that in Fig. 9. The time-varying data points convert into a
consistent relationship between resistance and thickness. As the
membrane swells the resistance decreases to a point where the
membrane has reached maximum saturation and the material’s
lowest resistance has been reached.
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Fig. 9. Controlled compression mode (0.2 MPa): Voltage trace showing spikes in
voltage caused by water flooding. The cell is run at high humidity resulting in the high
frequency resistance decrease and subsequent increase in thickness observed. The cell
was operated with constant voltage of 0.7 V at 80 °C with anode and cathode hu-
midification of 100% RH at 85 °C and flow rates of 50 ml min~" each. Displacement is
relative to the thickness of the system at the start of the experiment (not shown).
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Fig. 12 shows the relationship between resistance and
compression of an operating MEA in flooding mode, similar to that
of Fig. 10. The lower resistance at the high compression region,
compared to that in Fig. 11 at high displacement, is a result of the
reduced GDL/contact resistance due to the ‘crushing’ effect of the
expanding membrane on the GDL in constrained displacement
mode.

At the fully compressed region (of Fig. 12) the resistance is
approximately 15 mQ cm? lower than for constant displacement
operation (Fig. 11). Taking the value of the gradient of Fig. 6 as a
guide to the reduction in resistance caused by GDL compression, it
can be seen that this difference can be attributed to the crushing of
the GDL, resulting in the previously reported improvement in bulk
and contact resistance [41].

Figs. 11 and 12 are taken from an operating fuel cell undergoing
flooding from liquid, water, whereas the startup relationship shown
in Fig. 8 is for a dynamic process involving vapour phase water.
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Fig. 11. Relationship between the resistance and the relative displacement of an
operating MEA. The cell is operated in a ‘flooding mode’ similar to that of Fig. 9.
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Fig. 12. Relationship between compression and resistance of an operating MEA that is
constrained at a fixed displacement with a fit as a guide to the eye. The data is taken
from a cell operating in flooding mode similar to Fig. 10.

Figs. 11 and 12 show that there is a consistent relationship be-
tween the resistance and mechanical properties, while Figs. 9 and
10 show that there is a correlation between the timing of current
spikes (flooding events) and changes in resistance and dimension.
However, there is no consistent quantitative relationship between
the size of the current spike and the extent of the resistance/me-
chanical change. The reason for this is that the current spike is
primarily a consequence of the blocking effect of water build-up in
the cell, acting to starve the electrode of reactant. In a single
channel serpentine flow field, liquid water removal is rapid and
therefore the current spike is a relatively short lived event
compared to liquid water induced membrane hydration. In addi-
tion, liquid water generation, as for example droplets in the flow
field, is not a homogeneous process. Different amounts of the cell
may be affected by the blocking and hydration effects.

Unlike the initial hydration process, in which each cell in a stack
is likely to undergo the same process in unison and lead to an
amplification of the expansion effect throughout a multi-cell stack,
flooding events are more distributed in time and location. As such,
the effect is not likely to have such a profound impact as initial
hydration. However, flooding may lead to more localised mem-
brane hydration which can cause heterogeneous membrane
expansion which could have a mechanical ‘twisting’ effect on the
cell or stack.

4. Conclusions

This study uses a commercially available cell compression unit
that allows the dynamic relationship between membrane hydra-
tion, thickness and conductivity to be studied. Here, several oper-
ating modes of PEFCs are used, including start-up and flooding
regimes, to observe the effects on the physical and electrochemical
characteristics of the fuel cell.

During start-up of the fuel cell, significant compression changes
occur (in controlled displacement mode) as the MEA hydrates, this
type of hydration cycling will occur during repeated start-up and
shutdown procedures and may lead to degradation in performance.
The changes in membrane dimensions due to hydration transients
that are translated through the GDL to result in a net change in
thickness of the MEA (in controlled compression mode). In
controlled displacement mode the overall thickness of the system
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is constant and hence replicates a typical tie-bar type fuel cell
construction, this leads to crushing of the GDL as it absorbs the
increase in thickness (analogous to a spring) of the electrolyte,
which in turn produces an increase in compression within the cell.

Flooding has a significant impact on the hydration state of the
membrane as the liquid water is absorbed by the electrolyte that, in
turn, affects the conductivity and causes a relatively large change in
the thickness of the electrolyte.

Monitoring the change in thickness of the MEA during operation
is a useful diagnostic to compliment conductivity and current/
voltage measurement in determining the role of membrane hy-
dration and contact resistance impact on fuel cell performance and
durability. Flooding may be a major cause of long-term perfor-
mance degradation due to the destructive nature of stress/strain
cycles on the GDL caused by the hydration transients. The
compression transients suggest that a dynamic compression con-
trol regime is beneficial for practical fuel cell construction.
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