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Correlation of MEA Structural Changes and Performance During the Life Test of a 
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Pi1 Disposition Science and Technology (NMT-15) Group 0 , 

Los Alanzos National Laboratoiy, Los Alamos, New Mexico 8754.5 

ABSTRACT 

Understanding PEFC component durability of well-humidified stack/cell designs may be 

as important as understanding the problem in situations where a PEFC is significantly 

under-humidified, such as in a dry cathode feed or low operating current densities. When 

operating within the "over-saturated" gas feed regime above 1 A/cm2 current density, the 

chromium in a binary alloy catalyst (Pt3Cr) of a Hydrogen-Air PEFC has been found to 

migrate from cathode to anode during the course of life testing (determined by laser 

ablation ICPMS). h i  situ CV measurement of electrochemically-active catalyst surface 

area shows a continuous decrease, revealing that catalyst agglomeration may be a major 

cause of MEA degradation during middle-terni life tests (i.e. 52000 hours) under high 

humidity conditions. Membrane degradation is confirmed by the existence of fluoride 

and sulfate anions in the cathode water analyzed by ion chromatography. $EM 

observation of the surface of a tested MEA suggests the loss of catalyst clusters and 

possible dissolution of recast NafionO ionomer. 



INTRODUCTION 

Component lifetimes of hydrogen-air polymer electrolyte fuel cells (PEFCs) have 

significant implications on commercial success for both stationary and transportation 

applications. Durability improvement of PEFC components can effectively reduce the 

cost of implementing PEFC systems, making widespread commercialization more 

realistic due to a reduced stack replacement frequency. Although there are extensive 

studies on the improvement of performance of PEFCs, little has been investigated by 

comparison with regards to durability studies [ 1,2]. PEFC durability has remained a 

difficult topic because of the lengthy duration of the test time required (Le. several 

thousand hours or more), the complexity of failure analysis, the overlapping of causes of 

failure, and the difficulty of in situ, non-destructive examination of the structure of 

electrocatalysts and membrane electrode assemblies (MEAs). 

Some important possible causes of PEFC failure are (1) degradation of the NafionO 

membrane and recast ionomer network inside the catalyst layer [3], which causes a drop 

in ionic conductivity; (2) loss of catalyst surface area due to ripening [4]; and (3) 

operation under demanding conditions beneficial to system design. In addition, lengthy 

operating time causes significant structural changes within the catalyst layer and to the 

MEA in general. Because there so many factors involved in the durability analysis of a 

PEFC, a complete study on all of these factors is needed. Here, we present some 

preliminary results from a comprehensive and systematic study on PEFC durability. 

EXPERIMENTAL 

MEA Preparation. MEAs were prepared by the standard hot-press “decal” method [5- 

71. Two types of MEA were used for these life tests. Type I MEAs, with a Pt3Rw anode 

(54% Pt3Ru4/CY Tanaka Kikinzoku Kogyo, Japan) and a PtzCoCr cathode (20% 

Pt*CoCr/C, E-TEK, Natick, MA), contained areal loadings of 0.18 and 0.43 mg Pt/cm2 

for the anode and cathode, respectively. Type I1 MEAs, with a Pt anode (20% Pt/C, E- 

TEK, Natick, MA) and a Pt3Cr cathode (20% Pt3Cr/C, E-TEK, Natick, MA), contained 



areal loadings of 0.20 f 0.01 mg Pt/cm2 for both the anode and cathode, The Nafion@ 

content in all catalyst layers was controlled to 28 wt%. The geometric active area was 50 

cm2 for Type I MEAs and 5 cm2 for Type I1 MEAs. A Nafion’ 112 membrane was used 

for both MEA types. Post-treated carbon cloth backings (ELATTM Version 2.0, E-TEK, 

Natick, MA) were used as both the anode and cathode gas diffusion layers (GDLs) and 

contained a double-sided niicroporous layer (MPL) coating. 

Catalyst Surface Area Measurement. The electrochemically-active surface area of the 

cathode catalyst layer was measured by in situ hydrogen adsorption-desorption cyclic- 

voltammetry (CV). After a 12-hour MEA “break-in” period at a constant voltage of 0.6 

V, the cell was subjected to initial active surface area measurement. Periodically 

(rouglily every 100 operating hours) the constant-current operation mode was stopped to 

measure CV curves. Each time the cathode was purged with nitrogen for about 45 

minutes until the open-circuit voltage (OCV) dropped to about 0.1 V. The anode was 

kept at the same hydrogen flow rate as during the life test, serving as both the reference 

and counter electrodes, and the cathode was fed with the humidified nitrogen at the 

corresponding volumetric flow rate of air. Cathode voltammograms were measured in 

sequence within a scan range of 0.1 V to 1 .O V at a scan rate of 100 mV/s. The catalyst 

active surface area was calculated by integration of the total Coulombs from the 

measured CV curves between 0.1 V and 0.4 V [8-111. Actual catalyst surface area was 

then obtained using 210 pC/cm2 of Pt for the hydrogen adsorption-desorption reaction. 

Cathode Water Analysis. Water was collected from the cathode gas outlet of the cell. 

To avoid any contamination under initial operation, each cell was supplied with air and 

hydrogen under life-test conditions for at least 24 hours, so the fuel cell test system 

(tubing, flow field, and bubbler) would be thoroughly rinsed prior to beginning water 

collection. After that point water was collected every 100 “constant-current” hours and 

analyzed using a ThermoFinnigan-MAT “Element 2” high-resolution Inductively 

Coupled Plasma Mass Spectrometer (ICPMS) and a Dionex DX-100 Ion Chromatograph. 

For collection and storage of the outlet water, glass Qorpak@ bottles with a PTFE lid liner 



were used and carefully rinsed with ultra-pure DI water (3x), then isopropyl alcohol (2x), 

and subsequently dried with a high-purity NZ stream. 

SEM Analysis of MEAs. A lox 10 mm2 sample was cut from the middle of a tested 

MEA for surface examination with a Philips XL-20 scanning electron microscope (SEM) 

coupled with energy-dispersive X-ray (EDAX) capability (Philips Electronics, 

Eindhoven, Netherlands). For cross-section examination, samples were frozen in liquid 

nitrogen and cut with a pre-frozen pair of scissors. To improve the SEM resolution, 

sample cross-sections were sputtered with a very thin gold film. 

GDL Analysis. MPL surfaces of tested GDLs were analyzed using laser-ablation- 

assisted, high-resolution ICPMS (ThermoFinnigan-MAT “Element 2”). The laser 

ablation microprobe (New Wave / Merchantek-EO ‘GLUV 266X’ Nd-YAG), which 

contains a Neodymium-doped Yttrium Aluminum Garnett laser source, removes the top 

layer of the sample as a fine powder. This powder is then entrained in Ar gas and 

injected into the ICPMS ion source for ionization and mass analysis. A 4 to 6 mm2 

rectangular area is ablated in a single pass, where ablation depth is controlled to 20-30 

tin1 to ensure only the outermost surface of the GDL is sampled. 

Life Test. All MEAs were tested in constant-current mode at 80°C using a single-cell 

test station (Fuel Cell Technology, Corp., NM) at 0.40 Ncm2 for Type I and 1.07 Ncm2 

for Type 11. For Type I MEAs gas flows rates were controlled to 420 (3.0 stoichiometric 

ratio) and 2175 (6.6 stoichiometric ratio) sccm for hydrogen and air, respectively. For 

Type I1 MEAs the anode flow rate was 133 sccm of hydrogen (3.6 stoichiometric ratio), 

and the cathode flow rate was 550 sccm of air (6.2 stoichiometric ratio). Both gas 

streams were pre-humidified with sparging bottles at a temperature of 80°C (ca. 100% 

relative humidity) for air and 105°C (>>I 00% relative humidity) for hydrogen. 

Backpressure of each stream was held at 3.04 atm abs. (30 psig). These conditions were 

chosen to intensify the degradation of the MEA by intentionally setting the anode and 

cathode streams at high humidity levels, by setting current density close to the diffusion 

control region, and by flowing high stoichiometric ratios of reactants. The presence of 



large amounts of liquid water and reactants at high current density represents one form of 

degradation-inducing conditions to the various materials in the MEA. Polarization curves 

were also taken at roughly 100-hour intervals prior to performing the CV tests. 

RESULTS AND DISCUSSION 

Surface and Structural Change. A life test of Type I MEA is shown in Figure 1. The 

voltage decreases at a rate of 0.06 mV/hr through 1916 hours (from 0.684 V to 0.570V). 

Cell impedance, measured at 8 kHz and often referred to as high-frequency resistance 

(HFR), slowly increases at a rate of 6.3 pi2*cm2/hr from 0.092 to 0.104 Rcm2 with time, 

but it jumps rapidly to 0.170 Rcm2 over the subsequent 228 hours. MEA failure in this 

test was due to a power outrage, which caused drying of the MEA, resulting in 

significantly increased cell impedance. During the study, a number of MEAs failed due 

to this type of accidental interruption, which is a common obstacle to durability analysis. 

Figure 1 also demonstrates that proper system management is critical to maximizing the 

life of PEFCs. 

There is a significant change in surface features of the MEA after life testing. The 

surface of the cathode catalyst layer becomes rough shown by “mud cracking” features in 

Figure 2a, as compared to the smooth surface of a fresh MEA shown in Figure 2b. 

Surface erosion is also observed in Figure 2c in comparison to the fresh MEA surface in 

Figure 2d. It is clear that catalyst clusters and recast Nafion@ ionomer are lost from the 

surface of the MEA after the 2300-hour life test, suggesting possible dissolution of the 

ionomer. This structural change caused by loss of the recast ionomer could result in 

deterioration of the integrity of the catalyst layer, a drop in both ionic and electronic 

conductivities, loss of catalyst clusters, and increased interfacial resistance between 

membrane and catalyst layer. Although the changes in surface feature shown here are of 

the cathode, it is expected that similar processes occur at the anode, too. 

It is worthwhile to point out that the process of hot-pressing MEAs (technique used in 

this study) enhances the integrity of the catalyst layer structure. In contrast, MEAs made 



by an alternative method without hot pressing do not survive even a 2-hour boiling test, 

with catalyst clusters detaching from the MEA. No damage was observed to a hot- 

pressed MEA during a similar boiling test. Often MEAs made with the non-hot-pressing 

method exhibit lifetimes of only several hundred hours. Concerning microstructure, the 

non-hot-pressed MEA shows acceptable features for gas access to the electrode surface 

reaction (seen in Fig. 3a). Catalyst aggregates are loosely connected to each other, and 

plenty of space exists between these aggregates in the catalyst layer, providing pathways 

for gas and water transport. This cauliflower-shaped geometry should facilitate a gas- 

electrode reaction because its hemispherical shape provides abundant reaction surface 

area for oxygen reduction. By contrast the catalyst layer of the MEA made by hot 

pressing is very compressed and catalyst aggregates are closely connected to each other, 

as shown in Figure 3b, but the improved durability is the key factor in the long-term 

per fo im ance b eliav ior . 

Since the use of SEM to examine the MEA involves dissembling the MEA from the 

single-cell hardware and physically cutting off a piece of material, continuous monitoring 

of surface and structural changes by SEM during the course of a life test is impossible. 

The approach taken here for Type I1 MEAs was to make only a single batch with 

statistically similar catalyst loading parameters. Then these nearly identical MEAs were 

tested in separate cells, increasing total test time by 500-hour increments for each cell. In 

addition, GDLs used with Type I1 MEAs all came from a single batch, which is a key 

factor in minimizing statistical cell-to-cell variance in PEFCs. At the end of each life 

test, the MEA was dissembled and examined with SEM and TEM to observe any surface 

and structural changes, with the assumption that these changes are due to the increased 

testing time and not key cell-to-cell statistical variables. Performance of the Type I1 

MEAs was monitored every -100 hours by measuring polarization curves, active catalyst 

surface area through in situ CV, and trace components of cathode outlet water by ICPMS 

and ion chromatography. Thus, degradation of the MEA was continuously monitored 

throughout the course of life testing. 



Decay of Electrochemically-Active Surface Area. A life test of Type I1 MEA is shown 

in Figure 4. The voltage decay exhibited by this MEA tracks very closely with that 

shown for the Type I MEA in Figure 1, with the exception of the cell impedance 

behavior. The most significant finding is that the electrochemically-active surface area of 

the Type-I1 cathode catalyst layer continuously decreases from the onset at a calculated 

rate of 7 . 1 4 ~  m2/g-Pt/hr (from 23 to 16 m2/g Pt over 1000 operating hours), as shown 

in Figure 5 .  It is believed that this decrease is caused by catalyst cluster agglomeration 

[4] and loss of catalyst clusters from the surface of the catalyst layer (Fig. 2). The 

observed decrease in active surface area also suggests that agglomeration of catalyst 

clusters starts early on in testing (< 100 hours) and that these agglomerates continue to 

form throughout the course of the life test. An important aspect of the design of MEAs 

and electrocatalysts is not only making catalyst particles small, but also preventing 

particle agglomeration when operating the MEA. Corresponding to the SEM observation 

of the MEA surface of Figure 2, loss of catalyst from the MEA is also confirmed by the 

ICPMS analysis of the cathode outlet water as shown in Figure 6. The data clearly shows 

the existence of Pt and Cr in the cathode outlet water (“background” Pt content was 

shown to be about 7 ppt), although only in the range of 100’s of ppt. Interestingly, the 

concentration of Pt and Cr decrease noticeably within the range of 600 to 800 hours. 

Total change in cell impedance of the Type I1 MEA is small (found to be 4.8% based on 

a linear data fit). Even for the relatively large change in cell impedance during the life 

test of the Type I MEA, it is still only an increase of 13% over about 2000 hours. These 

impedance changes alone do not explain the gradual voltage decay observed during the 

two life tests. Since the Type I1 MEA lost some 30 % of the cathode active surface area 

over 1000 hours, it suggests that during moderate-term life tests (I 2000 hours) the major 

cause of MEA degradation is agglomeration of catalyst clusters. 

Membrane Degradation. Cell impedance consists of the proton ionic resistances of 

both the membrane and the electrocatalyst layers. Since the change in ionic resistance of 

the catalyst layers is likely small compared to that of the membrane (as suggested by the 

SEM data in Fig. 2 showing a possible loss of recast ionomer localized to the cathode 



catalyst surface), measured cell impedance during life testing should reflect a change 

mostly due to the membrane. Therefore, the gradual cell impedance increase during the 

course of life test shown in Figure 1 suggests a degradation of the ionomer membrane. 

Cell impedance of the Type I1 MEA decreases slightly due to the initial hydration of the 

membrane (sometimes referred to as an “incubation” period), remains unchanged through 

about 700 hours, then slowly increases until the end of the test at 1000 hours. This 

differing cell impedance trend from that of the Type I MEA, which steadily increased all 

the way to the power outage event, is attributed to the significantly different rnernbrane 

hydration state of the two MEAs. The Type I MEA was held at 0.40 A/cm2 as opposed to 

the Type I1 MEA, which was held at 1.07 Ncm2 with a much greater amount of liquid 

water available for membrane back-diffusion. This finding is consistent with Endoth et. 

al, ,  who reported that membrane degradation is much more severe at low hydration than 

at high hydration [ 121. Thus, it is believed that the degradation of the membrane of Type 

1 MEA was more intense than that of Type I1 MEA from the long-term effect of lower 

“current density hydration”. 

The ion chromatography analysis of the cathode outlet water of a Type I1 MEA (see Fig. 

7) shows the existence of fluoride (F-) ions and sulfate ions, confirming at least 

partial degradation of membrane. The fluoride ion concentration is much higher than that 

of the sulfate ion (average background content of F- and so4-2 was found to be 0 and 101 

ppb, respectively), which is qualitatively consistent with the findings of Blom et. al. [13] 

who investigated the interface of the membrane and the catalyst layers. In their work, it 

was observed through cross-sectional X-ray mapping that there existed a depletion of 

elemental fluorine and an accumulation of elemental sulfur within a narrow band of the 

interfacial region between the membrane and cathode catalyst layer after some 300 hours 

of MEA durability testing. This finding suggests evidence of a possible mechanism by 

which F- concentrations in cathode outlet water would be higher than SOi2 

concentrations. There was a significant increase by a factor of >2 at about 800 operating 

hours of the F- ion concentration, corresponding to the observed voltage drop and cell 

impedance increase after 700 hours (shown in Fig. 4). This observation suggests more 

severe membrane degradation after 700 hours and needs further investigation. 



Dissolution of NafionO Ionomer. The NafionO 112 type of membrane used for these 

tests is relatively strong in terms of its structural integrity and is very difficult to dissolve 

in water at normal conditions (i.e. .ambient pressure and 100°C). Dissolution of a 

NafionO rnenibrane occurs when it is boiled at 210°C at 68 atm (1000 psi) for at least 2 

hours. The recast Nafion@ ionomer network inside and on the surface of the catalyst 

layer is not as strong as its membrane counterpart. (At LANL it has been confirmed that 

dissolution of recast Nafion ionomer happens during a DMFC life test by “recasting” an 

iononier film directly from the cathode product water.) During a PEFC life test, the 

recast ionomer of the cathode catalyst layer is soaked and washed continuously by both 

product water generation (from inside the cathode catalyst layer by oxygen reduction) 

and inlet water flow (from a fully humidified or over-saturated air stream), especially at 

an 80°C dew point and 30 psig gas pressure. It is then safe to assume that dissolution of 

recast ionomer in the catalyst layer would indeed occur at these prolonged operating 

conditions. Although the SEM micrographs presented here show a possible loss of 

ionomer from the catalyst layer surface, a study is now underway at LANL to use neutron 

scattering and reflectometry with the goal of analyzing NafionO ionomer decomposition 

products directly in collected outlet water. It is hoped with this analytical technique to be 

able to distinguish between dissociation components from membrane degradation and 

those from recast ionoiner degradation, and the initial experimental results will be 

reported later. 

Migration of Cr from Cathode to Anode. The cathode catalyst for Type I1 MEAs is a 

platinum-chromium alloy (Pt3Cr), and oxidation and dissolution of the alloying 

component can easily occur under such strong oxidative conditions as in a PEFC cathode 

catalyst layer (particularly in a prolonged life test). To study the stability of this alloy 

catalyst, the surfaces of both the anode and cathode GDLs in contact with the 

electrocatalysts were examined using laser ablation ICPMS with the intent of determining 

if any dissolved Cr from the cathode catalyst layer ends up in the GDLs. With this 

technique the laser beam is controlled to ablate a small area of GDL to a depth of 20-30 

pin, so the eleniental make-up within a shallow surface layer can be analyzed. Anode 



and cathode GDL results are shown in Figure 8, and it can be seen that there is a high Cr 

content in the untested (as-received) GDL, which exists as a natural trace impurity of 

most carbon and graphite products. Initial (as-received) Cr content for both the anode 

and cathode GDL decreases substantially after only about 140 hours of exposure to 

operating conditions in actual cell hardware (obtained from a cell “blank” without 

drawing current, as shown in Fig. 8). Based on this data point, it is believed that the 

majority of elemental Cr found in the cathode outlet water during life testing (Fig. 6) is, 

in fact, Cr from the cathode electrocatalyst and not from the intrinsic GDL materials. 

Almost no Cr is present in either GDL after 500 hours of life testing at 1.07 A/crn2. It is 

believed that the Cr originally present in the as-received GDL material is washed away 

under the generous humidity conditions sometime within 500 operating hours. 

Interestingly, there is a significant increase of Cr content after 1000 hours (shown in 

Figure 8) for both the anode and cathode GDL, suggesting Cr entrapment within the 

GDLs originating from the Pt3Cr alloy happened somewhere between 500 and 1000 

operating hours. Since the anode catalyst contained only pure platinum, the increased Cr 

content of the anode GDL after 500 hours must have come from the cathode side. In 

other words, Cr migrates from the cathode electrocatalyst through the membrane to the 

anode side. The fact that the Cr content in the cathode GDL was found to be higher than 

that in the anode GDL at 1000 hours also supports the theory of Cr migration from 

cathode to anode. Since the origin of the 1000-hour Cr is believed to be the cathode 

catalyst layer, it would follow that less Cr would be present at the anode side due to the 

added mass-transfer resistance of the membrane. 

Although migration of Ru [ 141 and Pt [ 151 from PtRu anode alloys has been reported 

(both migrated from anode electrocatalyst through the membrane to cathode side), Cr 

migration from cathode to anode has not. Cr migration in this direction is 

thermodynamically favorable due to the potential gradient between anode and cathode set 

up by electrical connection of the fuel cell. Divalent CP2 cations could also exchange 

irreversibly with protons in the membrane causing a net increase in proton transport 

resistance [ 161. These two phenomena could also happen when the cell is at open circuit, 

with an even higher potential gradient between anode and cathode. However, negative 



performance effects from these phenomena were not observed in the Type I1 MEA life 

testing, and it seems as though no significant damage to the membrane occurred from the 

chromium migration (as evidenced by the relatively stable HFR values). Still the stability 

of alloy catalysts in PEFCs is a serious issue for achieving required commercial lifetimes 

and needs much further investigation. 

SUMMARY 

Life tests of two different types of MEA have been carried out under high-humidity 

conditions ( 1 .  e. over-saturated gas feed streams and high current density operation). 

Surface examination of the MEA using SEM revealed the loss of catalyst clusters and the 

possible loss of recast Nafion@ ionomer from the cathode catalyst surface. It was found 

that the electrochemically-active surface area of the cathode catalyst layer decreases 

continuously during the course of life test. This loss is caused by both catalyst cluster 

agglomeration and detaching of clusters from the catalyst layer surface from possible 

ionomer dissolution. A major cause of PEFC performance degradation at high-humidity 

conditions during middle-term life tests ( i e .  12000 hours) has been shown to be the 

catalyst cluster agglomeration phenomenon. Existence of fluoride and sulfate anions in 

cathode outlet water suggests degradation of the Nafion@ 112 membrane material. It was 

found that chromium in the cathode catalyst alloy migrates through the membrane to the 

anode side, which raises a concern for alloyed cathode catalyst materials used in long- 

tenn PEFC operation. 
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FIGURE CAPTIONS 

Figure 1. Life test of Type I MEA under constant current mode; MEA geometric active 

area = 50 cm2; Current = 20 A (0.40 A/cm2); Anodekathode flow rate = 420/2 175 sccm; 

Back-pressure = 3.04 atm abs. (30 psig); Anodehathode humidity = 100%/100%; 

Humidifier temperatures = 80/105”C (anodekathode); Cell operating temperature = 

80°C; Cell impedance (HFR) was measured at 8 kHz; Anode catalyst: 54% Pt3Ru4/C with 

loading of 0.18 nig Pt/cni2; Cathode catalyst: 20% Pt2CoCr/C with loading of 0.43 nig 

Pt/cm2; N112 membrane. 

Figure 2. SEM micrographs of catalyst layer surfaces for Type I MEA; (a) surface after 

2200-hour life test (mud cracking feature), (b) fresh surface before testing, (c) after 2200- 

hour life test (erosion), and (d) fresh surface before testing. 

Figure 3. SEM micrographs of catalyst layer cross-sections; (a) MEA made by non-hot- 

processing method and PtRu catalyst with loading of 6 mg Pt/cm2; (b) MEA made by 

hot-pressing “decal” method and 20% Pt,Cr/C catalyst with loading of 0.20 mg Pt/cm2. 

Figure 4. Life test of Type I1 MEA under constant current mode; MEA geometric active 

area = 5.0 cm2; Current = 5.34 A (1.07 A/cni2); Anode/cathode flow rate = 133/550 sccm; 

Backpressure = 3.04 atm abs. (30 psig); Anode/cathode humidity = 100%/100%; 

Humidifier temperatures = 80/105”C (anode/cathode); Cell operating temperature = 

80°C; Cell impedance (HFR) was measured at 8 kHz; Anode catalyst: 20% Pt/C; Cathode 

catalyst: 20% Pt,Cr/C; Areal loadings of 0.20 f 0.01 mg Pt/cm2 for both electrodes; N112 

membrane. 

Figure 5. Change in electrochemically-active surface area of a Type I1 MEA cathode 

catalyst layer during the course of 1000 hours of life testing (measured by in situ 

hydrogen adsorption-desorption CV). 



Figure 6. Change in elemental Pt and Cr concentrations of the cathode outlet water for a 

Type I1 MEA during the course of 1000 hours of life testing (analyzed by ICPMS). 

Figure 7. Change in concentration of fluoride (F') and sulfate (S04-2) anions during the 

course of 1000 hours of life testing for a Type I1 MEA (analyzed by ion 

chromatography). 

Figure 8. Elemental changes in Cr content within the outermost GDL surface layers in 

contact with the respective electrocatalyst layers during the course of 1000 hours of life 

testing (analyzed by laser-ablation-assisted ICPMS); (a) Cr in cathode GDL, and (b) Cr in 

anode GDL. 
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