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Abstract Uneven pressure drops in a 75-cell 9.5-kWe proton
exchange membrane fuel cell stack with a U-shaped flow
configuration have been shown to cause localised flooding.
Condensed water then leads to localised cell heating, resulting
in reduced membrane durability. Upon purging of the anode
manifold, the resulting mechanical strain on the membrane
can lead to the formation of a pin-hole/membrane crack and a
rapid decrease in open circuit voltage due to gas crossover.
This failure has the potential to cascade to neighbouring cells
due to the bipolar plate coupling and the current density

heterogeneities arising from the pin-hole/membrane crack.
Reintroduction of hydrogen after failure results in cell voltage
loss propagating from the pin-hole/membrane crack location
due to reactant crossover from the anode to the cathode, given
that the anode pressure is higher than the cathode pressure.
Through these observations, it is recommended that purging is
avoided when the onset of flooding is observed to prevent
irreparable damage to the stack.
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1 Introduction
Fuel cells (FCs) are electrochemical devices that convert

chemical fuels into electrical energy with efficiencies
greater than direct combustion. Of the different varieties of
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FCs, low-temperature proton exchange membrane fuel
cells (PEMFCs) have received the greatest attention, with
respect to automotive applications, as a possible replace-
ment for the internal combustion engine (ICE) [1].
PEMFCs are now commercially available; however, fur-
ther improvements in durability must be made, especially
under conditions which represent real-world conditions, to
increase adoption. Addressing the issue of durability, the
United States Department of Energy has stated that in order
for FC systems to compete with ICEs, lifetimes of more
than 5000 h with less than a 10 % loss in performance need
to be achieved [2].

Durability can be broadly divided into two categories:
gradual degradation and abrupt failure. The mechanisms
generally acknowledged as contributing towards gradual
degradation include membrane thinning and cracking [3-5],
catalyst layer degradation [6—10] and degradation of the gas
diffusion layers (GDLs) [8, 11]. An extensive review of
degradation mechanisms can be found in a number of review
papers [4,7, 11, 12]. Stack failure can arise from a number of
mechanisms including pin-hole formation [5, 13], ice for-
mation [14, 15] and flooding [14, 16], the causes of these are
often linked and a function of their operating conditions
which are made worse in automotive scale systems due to
heterogeneities resulting from the stack design. Uneven
pressure drops, for example, can result in heterogeneous
distributions of reactants and the accumulation of water
within the FC stack [17]. This effect is exasperated in auto-
motive stacks operating at high current densities. It follows
that reactant heterogeneity caused by uneven pressure drops
is dependent on the stack configuration with the most
prevalent designs being the reverse flow (U shape) and par-
allel flow (Z shape). Z-shaped stacks typically offer a more
even reactant distribution at the cost of reduced volumetric
power density [18-21].

Heterogeneous distributions of reactants within the FC
stack can lead to uneven mass transport losses and the
degradation of the membrane electrode assembly (MEA)
through membrane thinning, while the localised build-up of
water on the FC MEA results in droplet formation in the flow
fields of the bipolar plates [22]. Water build-up can eventu-
ally lead to cell flooding and the formation of hotspots which
can cause the formation of pin-holes, a major cause of FC
failure [23]. The importance of anode and cathode purging
has been highlighted in a number of publications [24-26].
Anode purging in particular has been critically identified as
being needed for removal of water and nitrogen, which has
crossed over from the cathode. Most of these works, how-
ever, focus mainly on optimising cell performance and fuel
utilisation [27-30] rather than report about the possible
failure effects of purging which can arise from mechanical
strain on the membrane, which have been suggested by some
authors but not extensively reported [28].
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Pin-hole formation leads to internal gas leaks between
the anode and the cathode resulting in a loss of stack
performance, which has frequently been reported on the
single cell level in the academic literature [13]. However,
as highlighted by Santis et al. [31], current and therefore
voltage heterogeneities in the cells of a PEMFC stack can
affect adjacent cells due to the high electrical conductivity
of the bipolar plates, with the failure of one cell often
inducing changes in neighbouring cells. To understand the
nature of pin-hole formation and the coupled behaviour of
multiple cells together, investigations of full-scale stacks in
real time are required, which is rarely reported in the
literature.

Post-mortem open circuit voltage (OCV) monitoring has
been used by several authors to identify failed cells within
a stack, details of which have been used to characterise pin-
holes [22, 23, 32], whilst others have used segmented
single cells to investigate differences in the current density
in the presence of a pin-hole [13]. Commonly, small stacks
of 5-18 cells are studied [33, 34]; however, studies on
automotive systems containing hundreds of cells are rarely
reported.

Here we report the real-time observation of complete
stack failure which we propose is due to pin-hole/mem-
brane crack formation in a 75-cell 9.5-kWe PEMFC
U-shaped stack. Using cell voltage monitoring (CVM)
techniques and pressure measurements, we observe how
the voltage of individual cells changes in response to
variable load and gas management strategies such as
purging. We observe that anode purging, a control tech-
nique used to remove nitrogen crossover and water, cou-
pled with flooding, can potentially lead to the formation of
pin-hole/membrane cracks, which has been suggested in
the literature but not reported with real-time measurements
leading to the failure. Thus far, the academic literature has
focused on performance optimisation with regard to purg-
ing; however, we highlight the importance of considering
the possible failure modes this can aggravate. We are then
able to correlate this failure to heterogeneous reactant
distributions caused by the U-shaped stack design. These
observations allow us to propose a new control technique
which could prevent similar stack failures.

2 Experimental set-up

A Nedstack P9.5-75 PEMFC stack was used in this study.
This stack is rated to 9.5 kWe with 75 cells, liquid cooling
and an active surface area of 200 cm”. The experimental
set-up is based on the work previously reported by Wu
et al. [35, 36]. The Nedstack P9.5-75 has a U-shaped stack
configuration where the air, hydrogen and cooling inlets/
outlets are on the same side. Figure la shows the diagram



J Appl Electrochem

(a)
R S e s
Low flow ' " 0 0 .
Low E E 38 Reactant inlet
pressure : : 0 :
region g g ' H
' ' ' '
' ' ' 0
Increased ' ' i 5
probability. 0 0 : :
i . . .
efflooding E E 4 E Reactant outlet
' " v )
GG T T JP S - .»'EE
(b) Cell voltage / mV

0

100
200
300
400
500
600
700

Cell number

< \ j
E 100 Partial start;up | ) 800
Incomplete due |
5 ‘ 900
‘g 1o H, leak ! Full start-up 1000
O 5 i 3
. : : 1100
0 500 1000 1500 2000 2500 3000 3500 4 1200

Time /s

Fig. 1 a Diagram of a U-shaped stack reactant configuration and
b cell voltages and stack current during test 1 of a 9.5-kWe PEMFC
stack

of a U-shaped stack reactant configuration highlighting the
uneven pressure drops resulting from the design, with cells
furthest from the inlet/outlet of the stack having the highest
pressure drop. This will result in cells furthest from the
stack inlet/outlets having lower reactant flow than cells
closest to the inlets.

3 Stack flooding and failure

Figure 1b shows the 75-cell voltages of a 9.5-kWe PEMFC
stack during initial testing with the reactant inlet/outlets
both near cell number 75. Here the anode was operated in a
dead-ended mode with an inlet pressure of 100 kPa at OCV
and a purge frequency of 30 s with a 0.5 s opening time.
The cathode blower was operated under zero-back pressure
mode with an operating stoichiometry in excess of 10. It
can be seen that, upon introduction of hydrogen, the cell
potentials increase rapidly. However, this increase is not
uniform, with cells nearest the inlet/outlets rising first due
to pressure drop effects. During normal operation, it can be
seen that at higher currents, cell potentials become
increasingly non-uniform with regions deeper in the
U-shaped stack exhibiting lower cell voltages. The cause of
this is likely due to the difficulty in removing liquid water
from cells further from the inlet/outlets due to the uneven

pressure drops. Upon observation of the falling cell volt-
age, the load was removed and the stack shut down. It
should also be noted that the instantaneous oscillations
observed in cells 1-5 are due to localised sampling noise in
the data acquisition device, which periodically and
instantaneously causes a measured voltage change before
returning to the as-expected voltage value. This sampling
noise however does not impact the performance of the
stack nor the conclusions drawn from it.

Figure 2a shows the cell voltages during a test that took
place 24 h after the initial test shown in Fig. 1b when cell
voltage heterogeneities were observed. Here testing con-
ditions were the same as in the initial test. It can be seen
that 1496 s into the test, cells 11-13 experienced an abrupt
drop in potential. Prior to failure, this region was exhibiting
higher overpotentials, possibly indicating flooding, as the
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Fig. 2 a Cell voltages and stack current during test 2 of a 9.5-kWe
PEMEFC stack with failure event and b cell voltages 10-15 around the
pin-hole and anode pressure during pin-hole formation
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formation of liquid water on the GDL would result in
increased mass transport losses due to limited gas dif-
fusion. The failure occurred in the same location as the
low cell voltages in the initial test. After the fall in cell
voltage was observed, the load was removed from the
FC, the hydrogen supply closed and an unassisted shut-
down was performed. In this case, an external load was
not applied, which is normally applied to consume all
remaining hydrogen in the GDL and gas manifolds due
to the fault. At the point of failure, the inlet/outlet tem-
peratures were, respectively, 58 and 65 °C for air and 23
and 24 °C for hydrogen. Both inlet and outlet relative
humidity for air and hydrogen were measured as near/-
fully saturated. Both anode and cathode were operated
with external humidification as detailed in Wu et al.
[35, 36].

Closer inspection of the cells near the failure point is
shown in Fig. 2b. Under constant current conditions, cell
13 exhibited a rapid drop in potential suggesting a flooding
event. Upon application of a purge event (defined by the
control programme as every 30 s), as denoted by the abrupt
pressure fluctuations, the cell voltage profile varied sig-
nificantly, with negative potentials observed in cells 11-13.
At a time step of 1502 s, stack current fluctuated due to the
resistive load bank voltage limitation of 0 V and the
decaying stack voltage. Upon removal of the load, the
OCYV of cells 11-13 remained low, suggesting pin-hole/
membrane crack formation. The cell voltage of neigh-
bouring cells exhibited an irregular instability, likely
caused by the uneven reaction current density normally
observed near a pin-hole [13] and the coupling between
adjacent cells [31]. The proposed cause of this was loca-
lised flooding due to uneven pressure drops, leading to
localised hotspots and weakening of the membrane. Upon
application of an anode purge event, this is thought to have
caused mechanical stress on the MEA resulting in its
mechanical failure and the formation of a pin-hole/mem-
brane crack. The voltage in cell 14 after load removal
follows the trend in the anode pressure, suggesting that
prior to failure there was hydrogen undersupply in that cell.
Thus, with load removal and an increase in anode pressure
the cell voltage recovered as hydrogen diffused back into
the cell. The fact that the cells that failed were not the
deepest within the stack could potentially be due to a dif-
ference in the thermal and flow conditions in those cells.
Here it is expected that the end cells will cool and that the
flow conditions will be impacted by the end of the air/
hydrogen manifold.

These observations lead us to propose a control system
where, if a flooding event is observed, anode purging is
prohibited in order to avoid irreparable damage to the
PEMFC through mechanical stressing of a thermally
weakened membrane.
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4 Pin-hole/membrane crack diagnosis

In order to diagnose the stack after the failure event,
hydrogen was introduced and the OCV was monitored in a
subsequent test 24 h after the pin-hole/membrane crack
formation, with Fig. 3 showing the cell potentials, anode
pressure and anode flow rate of the 75-cell stack. Here the
air flow rate was fixed to 140 L/min with the anode in
either dead-ended or open-ended modes. It can be seen
that, upon introduction of hydrogen with the anode open-
ended, all cell potentials reach an OCV of approximately
1V, apart from cells 11-13 which have been identified as
the source of the pin-hole/membrane crack. Subsequently,
when the anode is dead-ended and the pressure increases,
cells neighbouring the pin-hole/membrane crack drop in
potential to 0 V extremely rapidly. Cells closer to the
reactant inlets subsequently gradually drop in potential
with this effect cascading from the location of the pin-hole/
membrane crack. Once the anode pressure had reached a
steady state, indicating that the manifolds have filled with
hydrogen, the flow meter indicates a steady flow. This
therefore suggests that hydrogen is crossing over from the
anode to the cathode due to the pin-hole/membrane crack,
since the anode is in a dead-ended mode. Upon opening of
the hydrogen solenoid, the pressure of the anode decreases
and cell voltages (apart from 11 to 13) increase back to an
OCV of approximately 1 V. The possible cause of the
potential drop is attributed to the crossover of hydrogen
from the anode to the cathode from the pin-hole resulting in
a hydrogen-hydrogen system and therefore no potential
difference being generated. Hydrogen crosses over from
the anode to the cathode rather than the other way around
as the anode pressure is higher than the cathode pressure.
Recovery is observed when the anode pressure is reduced
when opening the purge valve due to balancing of the
anodic and cathodic pressures, reducing crossover.
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Fig. 3 Cell voltages, anode pressure and anode flow rate of a 75-cell
9.5-kWe PEMFC after pin-hole formation when opening and closing
the hydrogen outlet solenoid under no load
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Figure 4 shows the cell voltages at a time step of 660 s in
5-s increments to visualise this effect more clearly. At a time
step of 660 s, the anode compartment is at near ambient
pressure as the anode solenoid is open. All cell voltages are at
approximately 1 V, apart from the failed cells. Upon closing
of the anode solenoid, hydrogen pressure increases to 70 kPa
and the cells immediately downstream from the pin hole
towards the end of the stack decay in potential. The decay in
cell potential then propagates to other cells, taking approx-
imately 40 s to propagate to all cells after pressurising the
anode. Hydrogen crossover from the anode to the cathode is
the likely cause of this, resulting in a potential difference of
0 V in the eventual H,/H, cell. The observed trends support
the proposed pin-hole/membrane crack theory, which, whilst
not 100 % conclusive, is highly likely.

Alternatively, a crack in the graphite bipolar plates
could also result in gas crossover and the observed low
OCYV and cascading failure. However, this is unlikely since
there was no external mechanical impulse, which could
have caused this beyond the anode purge which the authors
believe could not be of a sufficient magnitude to cause a
crack in the graphite plate.

5 Conclusions
Uneven pressure drops in large PEMFC stacks have been

shown to cause failure which we propose is due to localised
flooding, leading to hotspots. The resulting decrease in

mechanical strength of the membrane due to the localised
heating, compounded with an anode purge event inducing
mechanical strain, can lead to the formation of pin-hole/
membrane cracking. The high electronic conductivity of
the bipolar plates means that current and therefore potential
heterogeneities can cascade to neighbouring cells. The
resulting pin-hole/membrane crack, under modest anode
pressures, causes neighbouring cells to decrease in OCV
due to the crossover of hydrogen from anode to cathode.
This reduces the oxygen partial pressure in the cathode
resulting in a zero net cell voltage. These observations
suggest that when a flooding event is observed, purging
should be avoided to prevent possible pin-hole/membrane
crack formation. To our knowledge, this is the first time
pin-hole/membrane crack formation has been reported in
real time for an automotive scale PEMFC system. This
work highlights that possible failure modes need to be
considered when developing an anode purge control
scheme, not just focusing on performance optimisation as
is commonly reported in the academic literature.
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