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Abstract 
Defects-propagation in polymer electrolyte membrane fuel cells membrane electrode 

assemblies (MEA) is investigated via Accelerated Stress Tests (AST) combining load (hence 

potential) and load-driven humidity cycling, and open-circuit voltage. Customized MEA with 

lack of anode catalyst layer at two different locations -near the hydrogen inlet or outlet- are 

fabricated and subjected to the AST. Periodical electrochemical characterizations are 

performed using a segmented cell, enabling to track the cell performance and anode/cathode 

electrochemical surface area (ECSA) over the test period with a spatial resolution along the 

gas channels. These observations are completed by post mortem analyses of the MEA. 

The MEA accelerated degradation is obvious, with multiple impacts on the cell performance 

and materials. More specifically, the results brought first evidence of defects propagation, in 

term of anode ECSA loss, in the direction of the hydrogen flow. The cathode ECSA is also 

impacted, although seemingly homogeneously. Significant membrane thinning is observed for 

the defective segments, without propagation to the adjacent ones. Anode and cathode local 

potential monitoring during the AST reveals the absence of cathode high-potential excursion, 

in both the segments with/without initial defects: the membrane and anode accelerated 

degradation is governed by chemical mechanisms like gas crossover rather than 

electrochemical mechanisms induced by high-potential excursions. 
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Highlights 
• Anode active surface defects propagate in the direction of the hydrogen flow. 

• The cathode active surface is also impacted, but homogeneously. 

• Anode active surface defects entail significant membrane thinning. 

• Membrane thinning is likely governed mainly by chemical mechanisms. 

Introduction 
Defects known to shorten the lifetime of polymer electrolyte membrane fuel cells (PEMFC) can 

appear on different membrane electrode assembly (MEA) components and under different 

forms due to manufacturing processes or operational aging of the fuel cell (FC) [1–6]. The 

degradation of catalyst layers (CL) is one of the main factors that impacts the FC lifetime. The 

degradation of the CL occurs mostly at the cathode, rather than the anode, due to higher local 

potentials [7–9], leading to carbon corrosion (which can induce Pt particles detachment), Pt 

migration (leading to Pt particle agglomeration and coalescence) and Pt dissolution and growth 

due to redeposition of Pt ionic species [9–13]. These degradation mechanisms strongly depends 

on the operating conditions: high temperature and relative humidity (RH) are generally 

considered as aggravating factors for degradation [14–19]. However, although most of the works 

focus on the cathode, strong degradation at the anode was also evidenced under specific 

conditions, such as start-up and shut-down cycling, wet-dry cycling, potential cycling, and 

anode flooding [20–23]. Many studies have also shown that the use of reformed hydrogen 

containing varying amounts of carbon monoxide (CO) has a harmful effect on the anode [21,24–

28], the damages being often reversible. 

The possible impact of such anode CL -reversible or irreversible- degradation on the other 

MEA components has very rarely been studied, although this electrode plays a key role in 

keeping the cathode local potentials low: this was widely attested by the many studies related 

to fuel starvation, whether this phenomenon is induced by FC start-up and shut-down [29–34] or 

more common operating conditions like the slow water accumulation in the hydrogen flow-field 

with a dead-ended anode [35,36]. In addition, and according to Sompali et al. [37], the cathode 

overlap -occurring in the MEA perimeter regions when the anode CL area is smaller than that 

of the cathode- may lead to so-called “open circuit voltage (OCV) conditions” and to 

accelerated membrane degradation. Although local membrane degradation was clearly 

attested in such conditions, local potentials were not -to the best of our knowledge- measured, 
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but instead (and at best) numerically simulated by Sompali et al. [37] or other authors they 

mentioned [38,39]. Therefore, the exact mechanisms at stake may not be fully understood yet. 

Nevertheless, such membrane degradations in the regions where the cathode overlaps the 

anode were also confirmed by Ohma et al. [40] in OCV conditions. For these reasons, it is 

reasonable to suspect that similar degradation mechanisms may occur anywhere in the cell 

when the anode CL is missing (due to possible imperfect manufacturing processes) or when it 

is strongly degraded; all the more so since anode defects or anode degradation have only a 

small impact on FC performances [22], so that they can remain undetected for rather long 

durations. 

In addition to the CL, the membrane is also subjected to high mechanical and chemical 

stresses during FC operation [41–47]. The mechanical stresses are mainly due to humidity 

cycling, that causes the swelling and shrinking of the membrane following water-content 

variations. These stresses can generate mechanical fatigue and lead to the formation and/or 

growth of cracks or tears [43,48]. The chemical stresses are mainly due to the action of oxygen 

(OOH • and HO •) and hydrogen (H •) radicals on the ionomer chemical structure [45,49–53]. It is 

commonly admitted that these radicals are generated by the decomposition of hydrogen 

peroxide (H2O2). There are however some controversies regarding the origin of H2O2, that can 

appear either on the cathode or on the anode side and result from either electrochemical or 

chemical reaction [49,51,54–59]. Finally, it is also well-known that OCV, low RH and high 

temperature lead to accelerated membrane thinning [40,60,61]. Numerous studies have been 

conducted in the literature to better understand the membrane degradation mechanisms under 

chemical, mechanical, or combined chemical/mechanical stresses, through in situ [42,43,50,54,62–

64] or ex situ [44,46,65–67] experiments. 

In addition to mechanical, chemical, and electrochemical degradation, CL and membrane 

defects can also be due to imperfect MEA manufacturing processes. They can take many 

forms: cracks, surface roughness, delamination, or thickness variations in the case of CL [4,68–

72] and pinholes, cracks, cuts, abrasions, tears, air bubbles and foreign matter inclusions in the 

case of membranes [2,73–76]. It must be emphasized that the current trend to significantly lower 

catalyst loading at the cathode and - even more so - at the anode makes the risk of a local lack 

of CL more likely [6,76]. 
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The possible propagation of such defects from their original position to the rest of the active 

area or to other components is poorly understood and has been barely studied in the literature. 

Among the few works published, Uchiyama et al. [77] studied CL crack formation by bulge 

deformation under humidity cycles using experiments and finite-element numerical 

simulations. Zhao et al. [69] observed (through ex situ experiments) microstructure changes of 

the CL under wet-dry cycles: a considerable growth of the catalyst agglomerates, together with 

the formation of cracks and pinholes was highlighted. These changes of the microstructure in 

the CL led to an irreversible loss of the ElectroChemical Surface Area (ECSA), catalytic activity, 

and performance. Chang et al. [70] investigated the effects of RH and/or thermal cycles on the 

structural changes of CL through ex situ experiments: humidity cycling plays a more important 

role in cracks propagation and growth than temperature cycling. Philips et al. [78] used a 

segmented-cell to understand how local lacks of active layer ranging from 0.125 to 1 cm2 at 

the cathode of a 50 cm2 cell impacted the performance, in wet and dry conditions: with 0.5 and 

1 cm2 defects, slight voltage drops were observed under dry operation and high current 

densities, while the impact of 0.25 cm2 irregularities was detected only through modifications 

in the local currents distribution. Tavassoli et al. [79] analyzed the effect of CL defects on local 

membrane degradation in PEMFC in operation: cracks in the anode and cathode CL had a 

negligible impact on membrane degradation unlike anode CL delamination, which can 

accelerate local membrane thinning. Cathode delamination had no apparent effect.  

As a summary, these studies seem to show that the propagation of defects may indeed occur, 

either to the membrane and/or to the CL. However, and to the best of our knowledge, the 

occurrence of a spatial propagation of MEA defects within a cell, i.e. from one region of the 

flow field to another, has never been clearly evidenced yet. 

In this work, we studied the impact and possible propagation of anode defects taking the form 

of a lack of anode CL. To that goal, not knowing a priori which component would be impacted 

by the anode defects, we applied an Accelerated Stress Test (AST) that was designed to stress 

the electrodes and the membrane: the FC temperature was set to 80°C and material 

degradations were induced or exacerbated thanks to the combination of load (and thus 

potential) cycling (between 0, 0.25 and 1.3 A/cm²), load-driven RH cycling and OCV. 
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The customized MEA were intentionally prepared with anode defects close to the hydrogen 

inlet or outlet. The measurements were performed using a segmented and instrumented cell, 

making it possible to follow the evolution of the local performances, i.e. currents and electrode 

potentials, as well as monitor the MEA aging, through the measurement (every 24 hours) of 

local ECSA and impedance. Then, the results were compared to those of reference MEA, 

without defects. 

Experimental setup and Materials 

Segmented linear cell 
This work was carried out using a segmented linear cell (Fig. 1) of 30 cm² active area (30 × 1 

cm²) with 5 straight and parallel gas-distribution channels (30 cm long, 1 mm wide and 0.7 mm 

deep) on both anode and cathode sides. The channels are spaced 1 mm apart from each 

other. The cell is made of 316L stainless steel coated with a thin gold layer to lower the 

electrical contact resistance with the gas diffusion layers. The distributor plate on the cathode 

side is made up of 20 segments (1.5 cm × 1 cm each) electrically insulated along the channel 

length, which allows individual current collection on each of them. The segments are held 

together with a layer of Epoxy resin. The anode side is not segmented. The cell is also 

equipped with an independent and segmented auxiliary channel on the cathode side. This 

channel is parallel to the air channels and feeds local Reference Hydrogen Electrodes (RHE) 

with 50% HR H2, allowing the measurement of local anode and cathode potentials. The 

heating/cooling water circuit passes through the end-plates holding and clamping the anode 

and cathode flow-field plates. 

Although much information regarding the overall cell architecture and the measurement of the 

potentials is available in references [35,36,80], it may be useful to discuss in more detail the 

meaning of the electrode potentials in the presence of anode defects in the form of a lack of 

CL. Fig. 1 shows how they were measured thanks to a cross-sectional view of the segmented 

cell, with Vm
a  standing for the metal potential in the anode, while Vm

c  is the metal potential of the 

cathode. Both are assumed uniform along the gas channels (i.e. at every location of the flow-

field) because of the high electronic conductivity of the electrodes, Gas Diffusion Layers (GDL) 

and plates. Vm
a  and Vm

c  can be directly and easily measured at the cell terminals and their 

difference equals the cell voltage: U = Vm
c − Vm

a . In electrochemistry, electrode potentials are 
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defined as the difference between the metal potential and the electrolyte potential, so that the 

anode and cathode potentials in Fig.1, Va(i) and Vc(i) can be expressed as: 

Va(i) = Vm
a − Ve(i)      (1) 

and, 

Vc(i) = Vm
c − Ve(i)      (2) 

with Ve(i) the electrolyte potential. 

Figure 1. Pictures and operation principle of the linear segmented cell. Up: segmented cathode flow-

field with the auxiliary hydrogen channel feeding the RHE used to measure the local potentials. Middle: 

anode flow-field plate. Bottom: cross-sectional view of the cell. The reference electrodes give access to 

the local electrolyte potential Ve(i) and thus to the anode and cathode potentials of each segment [22,35]. 
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Contrary to Vm
a  and Vm

c , Vecannot be assumed uniform along the gas channel due to non-

negligible membrane ionic resistance in the plane directions, even in perfectly-humidified 

conditions. Thus Ve(i) stands for the local electrolyte potential in segment #i, and Va(i) and 

Vc(i) are thus the local anode and cathode potentials, assuming that there is no significant 

variation of Ve(i) over a single segment, which is reasonable regarding their small active area: 

one twentieth of the total cell area, i.e. 1.5 cm². Note that there is also a slight variation of the 

membrane potential through its thickness, depending on the current density. It would therefore 

be more accurate to use Ve
a(i) and Ve

c(i) in equations (1) and (2), designating the electrolyte 

potential at the anode or cathode interface. However, the difference between Ve
a(i) and Ve

c(i) 

is rather low so that it can be neglected in most of the cases: Ve
a(i) − Ve

c(i) = 𝑟𝑒(𝑖) × 𝑖, with 𝑟𝑒(𝑖) 

the membrane resistance in segment #i and 𝑖 the current density, is of the order of 10 mV with 

a fully-hydrated 18 µm thick membrane of 0.1 S/cm and a current density of 0.5 A/cm². 

The lack of anode CL corresponds to a very specific situation that is discussed in the last part 

of the paper. As illustrated in Fig. 1, Ve(i) is measured thanks to the twenty Reference 

Hydrogen Electrodes (RHE) located along the hydrogen auxiliary channel on the cathode side. 

The local RHE were made from 0.3 mgPt.cm-2 SGL 29BC Gas Diffusion Electrodes (GDE) that 

were cut into 5 mm disks and placed onto the membrane, about 1.3 cm away from the cathode. 

The local anode potential Va(i) are thus given by Vm
a − Vm

RHE(i), assuming Vm
RHE(i) ≈ Ve(i). It is 

important to keep in mind that this measurement can be performed independently of the 

presence of the anode CL; although strictly speaking the result cannot be called an anode 

potential when there is locally no anode. The cathode potentials are determined using the 

same approach: Vc(i) = Vm
c − Vm

RHE(i). 

MEA fabrication 
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Figure 2. Up: anode -before transfer on the membrane- with -or without- a lack of CL at one end. 

Below: longitudinal sectional view of the segmented cell. The location of the defect is situated either at 

the anode inlet (in green) or outlet (in red). 

 

The MEA were made with reinforced Gore 735.18 membranes, 50wt% Pt/C Vulcan XC-72 

(Tanaka TEC10V50E) at the cathode, and 30wt% Pt/C graphitized High Surface Area (HSA) 

carbon (Tanaka TEC10EA30E-HT) at the anode. The Pt loadings were 0.1 mgPt.cm-2 for the 

anode and 0.2-0.3 mgPt.cm-2 for the cathode. The GDL were 220 μm-thick Freudenberg 

H23C7, compressed to 175 μm. The thickness was controlled using 150 µm thick PTFE 

gaskets on each side, in addition to the 25 µm thick reinforcement layers framing the 

membrane around the CL -on the anode and cathode sides- to protect it against premature 

rupture. As illustrated in Fig. 2, defects have an area of 3 cm2, corresponding to the complete 

area of segment #3 and half of area of segments #2 and #4 (when close to the hydrogen outlet) 

or to the whole area of segment #18 and half of that of segments #17 and #19 (when close to 

the hydrogen inlet). This quite large defect area, i.e. 10% of the total MEA area, has been 

chosen following the results of Philips et al.[78], who showed that a 2% defect area had only a 

slight impact on the performance. The electrodes have been made by bar-coating using a 

frame of appropriate thickness to reach the desired catalyst loading. The Catalyst Coated 

Membranes (CCM) were manufactured by decal transfer of the electrodes onto the membrane; 

both electrodes were transferred simultaneously. 
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Operating Conditions and Accelerated Stress Test 
The cell was fed with air and hydrogen in counter-flow: segment #1 corresponds to the air inlet 

at the cathode and H2 outlet at the anode, while segment #20 corresponds to the air outlet at 

the cathode and H2 inlet at the anode. The temperature of the flow-field plates was maintained 

at 80°C. The outlet pressure was set to 1.5 bar (absolute). on both sides and the RH of gases 

(air, hydrogen, and nitrogen) was set to 50% at the FC inlet. The cell pressure was controlled 

at the exit of the electrode compartments thanks to pressure regulators installed downstream 

of the water condensers and membrane dryers used to remove water from the air and 

hydrogen exiting the cathode and anode compartments. 

Nitrogen (50% RH) was introduced into the anode or cathode compartment to measure the 

hydrogen permeation current as well as the ECSA, while the opposite electrode was fed with 

hydrogen, acting thus as a counter and reference electrode. The measurement protocol 

consisted in first flushing the flow-field plates, with nitrogen on one side and hydrogen on the 

other side, for ten minutes, before measuring the hydrogen permeation current at 0.6 V. Then 

the nitrogen flow was stopped and the ECSA was measured by cycling the voltage between 

the working and the counter/reference electrode, between 0.1 and 0.8 V, at a sweep rate of 50 

mV s−1. The hydrogen permeation current was measured on both the anode and cathode sides 

to check the repeatability of the results. 

In regular operating conditions (i.e. aging test and acquisition of the impedance spectra or of 

the polarization curves), the FC -overall- current intensity was imposed by the electronic load 

(Armel 0–100A/0-10 V). The local currents produced by the 20 segments were measured with 

a home-made electronic card, using the potential drop at the terminals of 5 mΩ shunt 

resistances and a x600 amplification gain. 

When voltammograms and hydrogen permeation currents were recorded, the cell was 

automatically connected to a bipolar power source (Kikusui PBZ-20-20A) to impose positive 

and negative voltage. A supplementary 5 mΩ shunt resistance was used to get the FC overall 

current, while the local currents were measured with the same electronic card as in normal 

operation. 
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Before the AST, each new MEA was subjected to a two-hour break-in stage, consisting in the 

repetition of potentiostatic steps at OCV (30 s), 0.6 V (45 s) and 0.3 V (60 s). 

Figure 3. Current density and voltage profiles during the RH and load cycling AST. The hydration stage 

consists of alternating 1 s at low current (0.25 A/cm²) and 3 s at high current (1.3 A/cm²) sequences and 

lasts 52 s. The dehydration stage consists of alternated sequences of 3 s at low current and 1 s at high 

current, followed by 27 s at OCV (total duration = 105 s) [22]. 

 

As mentioned above, the accelerated aging protocol was designed to impact the CL and the 

membrane by combining load cycling, OCV hold, and load-driven humidity cycling. The 

principle of such combined-stressor AST consists of keeping the gas flow rates constant, and 

their humidity to a low or medium value [22,42,81,82]. In our case, the gases were slightly 

humidified (50% RH) and their flow rates did correspond to hydrogen and air stoichiometries 

of 1.5 and 2, respectively, at the highest current density (1.3 A/cm²). Thus, the stoichiometries 

increased to 7.8 and 10.4 when the current density was lowered to 0.25 A/cm² and, of course, 

to infinite values during the 27 seconds OCV hold at the end of each sequence. Fig. 3, shows 

the whole of the 105 seconds AST sequence, consisting in a 52 s hydration stage (with an 

alternation of 1 s at low current and 3 s at high current, followed by a dehydration stage (3 s at 

low current and 1 s at high current) including a 27 second OCV hold step. This AST has been 

used in one of our previous works [22] with other MEA because of its ability to combine, in 

addition to potential cycling, a membrane chemical stress during OCV hold (through the 

formation of hydrogen peroxide), and a mechanical stress via the humidity cycling. 
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At Beginning of Life (BoL), the FC voltage reached ca. 0.8 V at 0.25 A/cm² and 0.5 V at 1.3 

A/cm², these values are slightly varying depending on the MEA tested and on the presence (or 

absence) of defects. The AST sequence was repeated during ten days, with a characterization 

stage performed every 24 hours to monitor the possible decrease of the FC performance and 

materials degradation. This characterization stage included: 

1. 30 min operation at a constant current density of 0.5 A/cm², 

2. measurement of the local and global impedance spectra, using a peak-to-peak 

perturbation amplitude of 50 mA, with frequencies ranging from 20 mHz to 10 kHz, 

3. measurement of the polarization curves according to the protocol described in [22], 

4. and measurement of the hydrogen permeation current and electrode ECSA, on both the 

anode and cathode sides, as described above. 

Results 

Segmented cell: impact of a lack of anode active layer on voltage decay and hydrogen 

permeation current 
 

Figure 4. Variation of the FC voltage at 0.5 A/cm² (top, left), of the OCV (top, right) and of the hydrogen 

permeation current (bottom) during AST performed with a reference MEA (without defect), a MEA with 

a lack of anode CL close to the hydrogen inlet, and a MEA with a lack of anode CL close to the hydrogen 

outlet. All data were measured during the characterization stage performed every 24 h. The voltage 

degradation rates were estimated using a linear interpolation of the dots. 
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The variations of the overall cell voltage at 0.5 A/cm² and OCV during the AST are given in 

Fig. 4 (top) in the case of three different MEA: 

• a MEA without defect as homogeneous reference MEA, 

• a MEA with a lack of anode CL close to the hydrogen inlet, 

• a MEA with a lack of anode CL close to the hydrogen outlet. 

Fig. 4 (top, left) shows that the MEA with a lack of anode CL are subjected to much larger 

performance degradation rates at 0.5 A/cm² than the homogeneous reference MEA. This trend 

seems to depend much on the location of the defect: -384 µV/h when it is close to the hydrogen 

outlet, vs. -73 µV/h when it is close to the hydrogen inlet. On the other hand, the performance 

degradation rate of the MEA without defect was only of -14 µV/h. The same conclusions can 

be drawn from the evolutions of the OCV in Fig. 4 (top, right), with a degradation rate of -

94 µV/h when the defect is close to the hydrogen outlet, and of -77 µV/h when it is close to the 

hydrogen inlet. In contrast, the MEA without defect showed no clear change of its OCV over a 

test duration of 240 hours: the voltage increased slightly during the first 48 hours and then 

decreased at a relatively slow rate, i.e. -49 µV/h; this gives a slight OCV increase of 1.6 µV/h 

on the whole test duration. 

Fig. 4 (bottom) also shows the change of the hydrogen permeation currents during the AST. 

As mentioned above, the hydrogen permeation currents were measured on the anode and the 

cathode side during the characterization stage performed every 24 hours: no significant 

difference being observed between both sides, only the average values are plotted for clarity. 

First, in all cases, the hydrogen permeation currents remained constant during the AST: the 

possible premature degradation of the membrane in the absence of anode CL did not lead to 

its failure, or imminent failure. 

Segmented cell: changes of the local anode and cathode ECSA 
To put forward a possible propagation of the defects along the anode or cathode CL, Fig. 5 

shows the variation of the local anode and cathode ECSA during the AST: 

• The reference MEA without defect, i.e. with homogeneous anode and cathode CL in 

Fig. 5a (cathode) and Fig. 5b (anode). 
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• The MEA with a lack of anode CL near the hydrogen outlet in Fig. 5c (cathode) and 

Fig. 5d (anode). 

• And the MEA with a lack of anode CL near the hydrogen inlet in Fig. 5e (cathode) and 

Fig. 5f (anode). 

In addition, Table 1 gives the variation of the average anode and cathode ECSA between their 

BoL and the EoT. 

For the homogeneous MEA, the local ECSA at the cathode (Fig. 5a) strongly degrades (overall 

loss of 34%, Table 1), while (Fig. 5b) a slight homogenous increase is observed at the anode 

(overall gain of 20%, Table 1). These variations were rather homogeneous at both electrodes, 

i.e. no segment or region of the MEA seemed to behave differently compared to the others. In 

the same way, the cathode ECSA of the MEA with a lack of CL showed a severe (overall loss 

of about 40%, Table 1) and seemingly homogeneous degradation, whatever the defect 

location, close to the anode outlet (Fig. 5c) or inlet (Fig. 5e). However, it must be kept in mind 

that measuring the cathode ECSA in segments #2, #3 and #4 (when the defect is close to the 

hydrogen outlet) or segments #17, #18 and #19 (when the defect is close to the hydrogen inlet) 

is uncertain, due to the absence of the anode CL acting as a counter electrode. 

Table 1. Beginning of Life (BoL) and Enf of Test (EoT) average anode and cathode ECSA of the MEA 
without defect, the MEA with a lack of CL close to the anode outlet, and the MEA with a lack of CL close 
to the anode inlet. 

MEA 

C
at

h
o

d
e 

BoL 
ECSA 

EoT 
ECSA 

Loss 

A
n

o
d

e 

BoL 
ECSA 

EoT 
ECSA 

Loss 

(m2/g) (m2/g) (%) (m2/g) (m2/g) (%) 

Without defect 63 41 -34 38  46 +21 (gain) 

With a lack of CL 
60 34 -43 55 45 -18 

at the anode inlet 

With a lack of CL 
48 29 -40 40 38 -5 

at the anode outlet 

 

In contrast, a rather different evolution of the local anode ECSA was observed in the MEA with 

defects compared to the homogeneous MEA: 

• The MEA with a lack of the anode CL close to the anode outlet (Fig. 5d) experienced 

a global 10% increase of the anode ECSA during the first 96 hours and a slight 

degradation afterward so that the initial and end of test values were close to each other 
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(-5% in Table 1). However, segment #1 (i.e. downstream from the defect in the 

direction of the hydrogen flow) did not show the same behavior, with a strong decrease 

of ECSA. 

• The variation of the anode local ECSA was quite heterogeneous in the MEA with the 

defect located close to the anode inlet (Fig. 5f), with a significant degradation in the 

segments that were located downstream, and close to the defect (from #16 to #10). 

The local ECSA degradation rates seem less pronounced as one moves away from the 

defect in the direction of hydrogen flow. In addition, no significant degradation of the 

anode ECSA was observed upstream of the defect (segment #20). Overall, the 

degradation of the average anode ECSA over the test duration reaches 18% (Table 

1). 

These results suggest that, in term of ECSA, the anode defect may propagate along the anode 

CL in the direction of hydrogen flow. 

Membrane microscopy analyses 
As a complement to the monitoring of the local ECSA, the possible variation of the membrane 

thickness was also assessed by post mortem optical microscopy analyses. Different segments 

were embedded in epoxy resin to observe the membrane: Fig. 6 presents its overall thickness 

in these segments at the end of the 240 hours AST. For comparison, the thickness of pristine 

Gore 735.18 membranes is 18 µm. These measurements were performed for the three MEA: 

homogeneous (left), with a lack of anode CL near the hydrogen outlet (middle) and near the 

hydrogen inlet (right), and for few segments distributed along the cell. Ten measurements were 

made in the segments with a defect, i.e. five in the channel region and five below the land. 

Only three measurements were made in the other “regular” segments because it quickly 

appeared that the membrane thickness was unaffected. The results revealed a ca. 25% 

decrease in membrane thickness in the segment with the defect (i.e. #3 or #18) while no 

thinning of the membrane was evidenced in the other segments, including the adjacent ones. 

These results are not fully consistent with those discussed above, because a propagation of 

the defect in the direction of the hydrogen flow was observed when considering the anode CL 

ECSA. Nevertheless, one cannot exclude that performing the AST for longer duration would 

eventually lead to a non-negligible thinning of the membrane in the adjacent segments, or even 

further along the hydrogen channels: complementary tests are under way to clarify this point. 
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As a complement, Figure 7 shows the average thickness of the membrane measured at EoT, 

below the channels and below the lands in the segments with a lack of anode CL (i.e. #3 and 

#18). As mentioned earlier, five measurements were made in each case and only the average 

values and the standard deviations are plotted. 

Figure 5. Variation of the local ECSA during the AST at the cathode (a, c and e) and the anode (b, d 
and f) in the case of the MEA without defect (a and b), the MEA with a lack of CL close to the anode 
outlet (c and d) and the MEA with a lack of CL close to the anode inlet (e and f), respectively. The 
segments corresponding to the anode defects are marked in red (d and f). The segments marked in 
grey are those where the cathode ECSA measurements cannot be considered as reliable due to the 
absence of a counter electrode. 

Fig. 7 clearly puts forward a preferential degradation of the PFSA membrane in the channel 

regions. The membrane thickness did not significantly decrease under the lands when the 

anode defect was located near anode inlet (i.e. where the hydrogen concentration is the 

highest), while it was almost as low as under the channels when the anode defect was located 

near the anode outlet (i.e. where the hydrogen concentration is the lowest). Keeping in mind 

that the cell was fed with air and hydrogen in counter-flow mode and that inlet RH of both gases 
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is equal to 50%, a possible interpretation of this behavior is that the membrane thinning is, at 

least in this case, governed by oxygen crossover rather than hydrogen crossover. 

 

Figure 6. Overall thickness of the membrane at different segments (#18, #16, #10 or #11, #6 and #3) 
after 240 hours of AST. Homogeneous MEA without defect (segments #3, #4 and #18), MEA with lack 
of CL at the anode outlet (segments #1, #3, #5, #6, #11, #18) and at anode inlet (segments #3, #6, #12, 
#14, #16, #18 and #20). Ten measurements were made in the segments with a defect, i.e. five in the 
channel region and five below the lands. Only three measurements were made in the other segments 
because it quickly appeared that the membrane thickness was unaffected. Data plotted on the graphs 
correspond to the average values and the error bars stand for the standard deviation. 
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Figure 7. EoT membrane thickness compared to BoL (100%), below the channels and below the lands, 
in the segments with a lack of anode CL (i.e. #3 in the case of the MEA with a lack of anode CL near 
the hydrogen outlet, and #18 in the case of the MEA with a lack of anode CL near the hydrogen inlet). 
Data plotted on the graphs correspond to the average values of five measurements, with standard 
deviation. 

Discussion 

Impact of the anode defect 
Overall, these first results clearly show an accelerated degradation of the MEA when there is 

a lack of anode CL in some segments, with multiple impacts on FC performances, CL and 

membrane’s materials. 
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First, in term of FC voltage, the performance decay and OCV loss during the AST were always 

more severe with the MEA with a lack of anode CL than with the homogeneous MEA. Note 

that although -for clarity- only the FC voltage at 0.5 A/cm² and OCV are plotted in Fig. 4, the 

tendencies were similar over the whole of the polarization curves: they can be seen in Fig. S1 

of Supplementary Information (SI). The performance loss seems to depend on the location of 

the defect, being much more significant when it is located near the hydrogen outlet. In addition, 

the degradation rates of the average cathode ECSA were higher in the presence of a defect 

than with the homogeneous MEA: about -40% loss over the test duration, vs. -30% with the 

homogeneous MEA. These values did not vary significantly with the defect location (Table 1). 

The design of the segmented cell does not enable to monitor the local change of cathode 

ECSA in the segments with a lack of anode CL. However, the degradation rates were 

seemingly homogeneous in the other segments (those without initial defect), and possibly 

linked mostly to the increase of the local current density (Fig. 5c and e). 

Degradation of the anode average ECSA was also observed with the MEA with a lack of anode 

CL, while it improved by 21% during the AST with the homogeneous MEA. The differences 

were more intense than for the cathode ECSA and seem to depend on the defect location, with 

a faster degradation rate when it is located near the anode inlet (Table 1). Furthermore, the 

changes of the anode local ECSA evidenced a propagation of the defects downstream, in the 

direction of the hydrogen flow (Fig. 5, d and f). This propagation probably participates to the 

higher ECSA degradation rate when the defect is located near the hydrogen inlet. 

Finally, the results evidenced a ca. 25% decrease in membrane thickness for the defective 

segments (Fig. 6). When the defect was located near the hydrogen inlet, the thinning was 

much more pronounced in the channels than under the lands; in opposition, the thinning was 

quite homogeneous when the defect was located near the hydrogen outlet (Fig. 7). Contrary 

to what was put forward with the anode local ECSA, no evidence of defect propagation was 

found. However, one cannot exclude that propagation would eventually happen with longer 

duration AST. Longer duration AST may also induce an increase of the hydrogen permeation 

currents due to excessive membrane thinning, but this was not observed here (Fig. 4). 

Local electrode potentials 
Given that this work made possible to establish a clear link between -intentionally prepared- 

anode defects and membrane thinning, it may be interesting to relate these results to those of 
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Sompalli et al. [37], who observed membrane degradation in the regions where the cathode 

overlaps the anode upon an accelerated membrane durability test protocol. According to them, 

this phenomenon was rationalized by the high potential occurring in this region in conjunction 

with the reported accelerated PFSA degradation at OCV conditions. However, this explanation 

was only supported by numerical simulations [38,39], no direct measurement of the local 

potentials having been performed (to our knowledge).  

Since similar mechanisms may be at stake in our case, local potentials were monitored during 

the AST using the reference hydrogen electrodes (RHE) installed in the segmented cell (Fig. 

1). Figure 8 shows the voltage (left), cathode local potentials (middle) and anode local 

potentials (right) as functions of (local) current density in the case of the MEA with a lack of 

anode CL near the hydrogen inlet (above) and near the hydrogen outlet (below). For clarity, 

the values measured in all the segments except the ones with the defect are plotted in black. 

As mentioned in the experimental section, the defect was either located (centered) on segment 

#18 and half of the adjacent ones (i.e. #17 and #19), when the defect is close to the hydrogen 

inlet, or on segment #3 and half of segments #2 and #4 when the defect is close to the 

hydrogen outlet. 

The obvious conclusion that can be drawn from Figure 8 is that the lack of anode CL does not 

entail any cathode high potential excursion, neither in the segments with defects, nor in the 

other ones: the cathode potential in the segments with defects are always lower, or of the same 

order than those measured in the other segments. For clarity, only the data measured at BoL 

are plotted in Figure 8, but in this regard, no significant change occurred during the AST (Fig. 

S2 of SI). Thus, the membrane and ECSA degradation that were observed are not linked to 

any so-called “OCV conditions” or similar phenomenon, here. It must be emphasized that a 

lack of anode CL or a fortiori a severe degradation of the anode CL cannot be not equivalent 

to fuel starvation since hydrogen is still present in the anode compartment. 

Figure 8 also shows a difference in behavior of the anode and cathode local potentials between 

the two MEA. On the one hand (above, defect near the hydrogen inlet), one can observe local 

cathode potentials being lower in the defective segments than in the others, while the local 

anode potentials remain unaffected. On the other hand (below, defect near the hydrogen 

outlet), the local cathode potentials in the defective segments remain close to the values 

reached in the other segments, while the anode local potentials increase significantly in the 
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segments with defect. Before trying to interpret this difference, it may be worth clarifying the 

meaning of “anode local potentials” in the absence of anode CL. 

 

Figure 8. Local polarization curves (left), cathode local potentials (middle) and anode local potentials 
(right) as functions of the current density in the case of the MEA with a lack of anode CL near the 
hydrogen inlet (above) and near the hydrogen outlet (below). All data are plotted in black, except those 
measured in the segments with defect. The defect was either centered on segment #18 or on segment 
#3 and spread to half the area of the adjacent segments. The dots appear horizontally aligned on the 
polarization curves because all segments are electrically connected in parallel once the local currents -
which vary from one segment to the other- are measured. 

 

First, it must be kept in mind that although the RHE are located on the cathode side, the 

electrolyte potential they measure is governed by the shortest distance to the anode or 

cathode: if both electrodes were perfectly facing each other, then Ve(i) would be equal to 

Ve
a(i)+Ve

c(i)

2
, with Ve

a(i) and Ve
c(i) denoting the electrolyte potential at the anode and cathode 

interface, respectively, in segment #i. If the RHE is closer to the anode, because of a possible 

misalignment of the electrodes, then Ve(i) ≈ Ve
a(i), while Ve(i) ≈ Ve

c(i) if the RHE is closer to 

the cathode. This result has been shown several times through numerical simulations [39,83]: 

according to Liu et al. [39], Ve(i) ≈ Ve
a(i) and Ve(i) ≈ Ve

c(i) can be considered as valid 

assumptions when the misalignment between the anode and cathode and the distance of the 

reference electrodes from the closest MEA edge are both higher than 150% of the membrane 

thickness (i.e. about 30 µm in our case). In other words, what is denoted as the anode potential 
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in Figure 8 is equal to Vm
a − Ve(i), with Vm

a  the anode plate potential, and Ve(i) the electrolyte 

potential right below the RHE. 

In the segments without defect, Ve
c(i) < Ve(i) < Ve

a(i), the exact value of Ve(i) being governed 

by both the RHE distance from the MEA edge, and the misalignment of the anode and cathode. 

Nevertheless, as mentioned in the experimental section, the difference between Ve
c(i) and 

Ve
a(i) is expected to be at most of the order of a few tenths of mV due to the membrane very 

small thickness and resistance. 

In the segments with defect, in the absence of an anode CL, it seems reasonable to expect 

that the membrane local potential is governed by the cathode, so that Ve(i) ≈ Ve
c(i). The 

difference between Ve
c(i) and Ve

a(i) is still expected to be small, first because the local current 

densities are low due to the absence of anode CL (see the polarization curves in Figure 8, left), 

second because there is no reason to expect a severe membrane dehydration (i.e. a large 

increase of its local resistance) in these regions, the membrane being still in contact with wet 

gases: Ve
a(i) ≈ Ve(i) ≈ Ve

c(i). As a result, the anode potential in Figure 8 is probably still equal 

or close to Va(i) = Vm
a − Ve

a(i) (1), in the segments with a lack of anode CL, keeping in mind 

that Vm
a  is assumed uniform over the whole of the anode plate because of its high electrical 

conductivity. The increase of the local membrane potential that is observed in Figure 8 (right) 

in the case of the MEA with a lack of anode CL near the hydrogen outlet may thus be due to 

oxygen crossover through the membrane. 

Conversely, Figure 8 shows no increase of local anode (electrolyte) potential in the case of the 

MEA with a lack of anode CL near the hydrogen inlet. Nevertheless, this result is the only one 

presented in this work that could not be repeated yet and should therefore be considered with 

care. It could be explained by the lower oxygen partial pressure near the outlet of the cathode 

compartment since the cell was fed with air and hydrogen in counter-flow. This is consistent 

with the heterogeneous membrane degradation observed in this region, with no thinning 

observed under the lands; the membrane thinning was more homogeneous when the defect 

was close to the hydrogen outlet. 

Finally, one cannot totally exclude that the difference in the variations of the local potentials 

observed in Figure 8 as functions of the location of the defect can be due to some experimental 

artifact(s). Further experiments and possibly numerical simulations will be necessary to confirm 
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the interpretation we are proposing. Nevertheless, complementary measurements were 

already performed with other MEA in different conditions (BoL, EoT, …) and they all confirmed 

an absence of high potential excursion at the cathode, or so-called “OCV conditions”: the 

membrane accelerated degradation that was observed in the absence of anode CL is therefore 

more likely explained by chemical mechanisms (i.e. gas crossover [50]) rather than 

electrochemical mechanisms (i.e. high potentials). 

Degradation mechanisms 
In view of these results on electrode potentials, some additional comments can be made 

regarding the impact of anode defects on MEA degradation mechanisms. 

First of all, in the absence of high potential excursion, the decrease of the cathode ECSA has 

to be attributed mainly to potential cycling, leading to carbon corrosion, Pt migration and 

agglomeration, as well as Pt particles dissolution and redeposition, as widely discussed in the 

literature [9–13,84]. There is a fairly broad consensus on these mechanisms, although some 

discussions may remain open on certain points, like the impact of RH: Borup et al. [14] reported 

for instance a decrease in carbon corrosion with an increase in humidity during potential cycling 

while Nikkuni et al. observed the opposite [15]. In this study however, the AST included load-

induced HR cycling, known to have an accelerating effect on the CL microstructure 

degradation [69,70,81,85,86]. It must also be noted that elevated temperature is usually considered 

an aggravating factor for CL degradation [16,87,88], which may be the main reason why higher 

rates of decrease of the average cathode ECSA are observed in the presence of defects: 

higher local currents probably translate into higher electrode temperature. 

The AST (Figure 3) that was applied to the MEA was also designed to stress the membrane 

through humidity cycling and OCV hold sequences. As mentioned in the introduction, 

membrane aging mechanisms are governed by the mechanical and chemical stresses it 

undergoes during FC operation [41–47], and AST like this one ultimately lead to an increase of 

hydrogen crossover -evidenced for instance through the hydrogen permeation currents- and 

membrane failure [22,42]. In the present case, the AST was stopped before any noticeable 

increase of the hydrogen permeation current, but a significant thinning of membrane was 

however observed for the defective segments (Fig. 6). These results are consistent with those 

of Tavassoli et al. [79], who found that anode CL delamination can accelerate local membrane 

thinning. Such a decrease of the membrane thickness has to be linked to a local increase of 
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the chemical stress, which could be explained by more significant gas crossover, and/or a 

higher impact of gas crossover (i.e. more hydrogen peroxide production), in the absence of 

anode CL. The results of the previous section clearly show that high local potential excursions 

or so-called “OCV conditions” are not the origin of membrane thinning. It must also be noted 

that the MEA were made using composite Gore 735.18 membranes including Pt particles in 

the external layer, on the cathode side. In the absence of clear consensus in the literature 

regarding the impact of Pt particles on the membrane degradation rate [50,89], our future works 

will focus on this point. Indeed, some authors suggest that the Pt band resulting from long-

range Ostwald ripening could promote the formation of radicals due to possible Fenton-like 

reaction [40,58,90,91], while some others believe that the Pt band may improve the membrane 

durability by decomposing hydrogen peroxide (H2O2) into oxygen and water [92–95]. Finally, 

heterogeneous degradations of the membrane were already reported in the literature, although 

in very different conditions [96]. In the present case, the membrane seems more degraded 

when the defect is located near the air inlet than when it is located near the hydrogen inlet, 

with a thinning spreading below the lands. This difference may be explained by the higher 

oxygen partial pressure in the region, leading to more significant oxygen crossover toward the 

anode, and thus hydrogen peroxide formation. 

Although rarely discussed in the literature, anode degradation was already reported, in various 

conditions, including this specific AST in a previous work [20–23]. As mentioned earlier, the 

monitoring of local anode potentials showed that carbon corrosion cannot thermodynamically 

occur (or at a very low rate) in such conditions, including during transients. The loss of anode 

ECSA is therefore -and most probably- not due to classical Pt particles detachment induced 

by the corrosion of the carbon support. Other explanation than potential cycling must be 

considered, like a possible mechanical destabilization of the anode microstructure under wet-

dry cycling, which has already been reported in the case of in situ and ex situ experiments 

[69,70,85]. The elevation of temperature at high current density, known to entail local membrane 

dehydration (whatever the gas inlet RH) [87] may also be one of the factors governing anode 

aging. The main finding of this work is probably the propagation of the anode defects, resulting 

in higher anode ECSA degradation rates, in the neighboring segments, downstream in the 

direction of the hydrogen flow (Fig. 5, d and f). Further work will be necessary to better describe 
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and fully understand the phenomena governing this defect propagation. For the time being, 

one can only -carefully- suppose that it does not rely on electrochemical mechanisms. 

Conclusion 
The impact and propagation of anode defects taking the form of a lack of CL was investigated 

using an AST combining potential and humidity cycles, and OCV holds. Customized MEA were 

intentionally prepared with anode defects close to the hydrogen inlet or outlet. The 

measurements were performed using a segmented and instrumented cell, making it possible 

to follow how the local performances varied and to track the anode and cathode local ECSA. 

The results were compared to those of a reference MEA, without defects. 

The results clearly showed an accelerated degradation of the MEA when there is a lack of 

anode CL in some segments, with multiple impacts on FC performance, and electrode CL and 

membrane degradations. The results also suggest that in term of anode ECSA, the anode 

defect may propagate in the direction of hydrogen flow. The cathode ECSA was also impacted, 

although seemingly homogeneously. A significant membrane thinning was observed in the 

defective segments, without significant propagation to the adjacent ones. However, one cannot 

exclude, that propagation would happen for longer AST, especially considering the 

degradation of the anode CL in the direction of the hydrogen flow. This point will be the subject 

of future work. 

The monitoring of anode and cathode local potential during the AST did not reveal any 

excursion of the cathode potential to abnormally high values, neither in the defective segments 

nor in the others. This allowed to propose some initial interpretations of the results, which will 

have to be confirmed by additional post-mortem analyses: in particular, the membrane and 

anode CL accelerated degradation is more likely governed by chemical mechanisms (i.e. gas 

crossover) than by electrochemical mechanisms (i.e. high potentials). 
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Figure 1. Pictures and operation principle of the linear segmented cell. Up: segmented cathode flow-

field with the auxiliary hydrogen channel feeding the RHE used to measure the local potentials. Middle: 

anode flow-field plate. Bottom: cross-sectional view of the cell. The reference electrodes give access to 

the local electrolyte potential Ve(i) and thus to the anode and cathode potentials of each segment [22,35]. 
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Figure 2. Up: anode -before transfer on the membrane- with -or without- a lack of CL at one end. Below: 

longitudinal sectional view of the segmented cell. The location of the defect is situated either at the 

anode inlet (in green) or outlet (in red). 
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Figure 3. Current density and voltage profiles during the RH and load cycling AST. The hydration stage 

consists of alternating 1 s at low current (0.25 A/cm²) and 3 s at high current (1.3 A/cm²) sequences and 

lasts 52 s. The dehydration stage consists of alternated sequences of 3 s at low current and 1 s at high 

current, followed by 27 s at OCV (total duration = 105 s) [22]. 
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Figure 4. Variation of the FC voltage at 0.5 A/cm² (top, left), of the OCV (top, right) and of the hydrogen 

permeation current (bottom) during AST performed with a reference MEA (without defect), a MEA with 

a lack of anode catalyst layer close to the hydrogen inlet, and a MEA with a lack of anode CL close to 

the hydrogen outlet. All data were measured during the characterization stage performed every 24 h. 

The voltage degradation rates were estimated using a linear interpolation of the dots. 
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Figure 5. Variation of the local ECSA during the AST at the cathode (a, c and e) and the anode (b, d 
and f) in the case of the MEA without defect (a and b), the MEA with a lack of CL close to the anode 
outlet (c and d) and the MEA with a lack of CL close to the anode inlet (e and f), respectively. The 
segments corresponding to the anode defects are marked in red (d and f). The segments marked in 
grey are those where the cathode ECSA measurements cannot be considered as reliable due to the 
absence of a counter electrode.  
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Figure 6. Overall thickness of the membrane at different segments (#18, #16, #10 or #11, #6 and #3) 
after 240 hours of AST. Homogeneous MEA without defect (segments #3, #4 and #18), MEA with lack 
of CL at the anode outlet (segments #1, #3, #5, #6, #11, #18) and at anode inlet (segments #3, #6, #12, 
#14, #16, #18 and #20). Ten measurements were made in the segments with a defect, i.e. five in the 
channel region and five below the lands. Only three measurements were made in the other segments 
because it quickly appeared that the membrane thickness was unaffected. Data plotted on the graphs 
correspond to the average values and the error bars stand for the standard deviation. 
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Figure 7. EoT membrane thickness compared to BoL (100%), below the channels and below the lands, 
in the segments with a lack of anode catalyst layer (i.e. #3 in the case of the MEA with a lack of anode 
CL near the hydrogen outlet, and #18 in the case of the MEA with a lack of anode CL near the hydrogen 
inlet). Data plotted on the graphs correspond to the average values of five measurements, with standard 
deviation. 
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Figure 8. Local polarization curves (left), cathode local potentials (middle) and anode local potentials 
(right) as functions of the current density in the case of the MEA with a lack of anode CL near the 
hydrogen inlet (above) and near the hydrogen outlet (below). All data are plotted in black, except those 
measured in the segments with defect. The defect was either centered on segment #18 or on segment 
#3 and spread to half the area of the adjacent segments. The dots appear horizontally aligned on the 
polarization curves because all segments are electrically connected in parallel once the local currents -
which vary from one segment to the other- are measured. 
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Supplementary Information 
 

 

 

 

Figure S1. Polarization curves measured every 24 hours during the AST, with the MEA without defect 
(right), with the MEA with a lack of anode CL near the hydrogen inlet (center) and near the hydrogen 
outlet (right). 
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Figure S2. Local polarization curves (left), cathode local potentials (middle) and anode local potentials 
(right) as functions of the current density in the case of the MEA with a lack of anode CL near the 
hydrogen inlet (above) and near the hydrogen outlet (below). Only the data measured in the segment 
with defect are plotted on these graphs, at BoL and EoT. 

 


