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Governments and industries are pursuing the use of green hydrogen to achieve zero 

emissions, especially for difficult to decarbonize sectors such as transportation, aviation, 

shipping and chemical manufacturing. Polymer electrolyte fuel cells (PEFCs) are an 

excellent candidate for light and heavy-duty vehicles (LDVs and HDVs) particularly for 

their ability to scale range at a much smaller additional weight penalty. However, initial 

system cost remains a barrier for large scale adoption mainly due to use of Platinum (Pt) 

electrocatalyst. Reducing initial cost by utilizing highly dispersed Pt nanoparticles (2-3 

nm) adversely affects the system lifetime. The smaller nanoparticle size does result in 

improved Pt dispersion, which enhances performance and reduces Pt loading and cost. 

But smaller nanoparticles also tend to degrade faster due to higher surface energy, which 

negatively impacts durability. During vehicle drive cycle, Pt nanoparticle surface 

undergoes repeated oxidation-reduction which leads to dissolution of Pt ions causing loss 

in electrochemical surface area. The dissolved Pt ions can redeposit on nearby larger 

nanoparticles. This effect is known as electrochemical Ostwald ripening. The Pt ions can 

also diffuse towards the anode and get reduced at the membrane-cathode interface by 
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the crossover hydrogen to form a Pt band. In addition, the Pt ions can completely leave 

the system via effluent water. The critical balance between cost, performance and 

durability makes understanding PEFC degradation a priority. Thus, implementing 

advanced electrochemical and analytical techniques, this dissertation addresses the 

challenge to decarbonize transportation sector by improving the durability of hydrogen 

powered net-zero emission PEFC systems. 

The results of this dissertation can be distinguished into four chapters. In chapter 1, novel 

use of μ-X-ray diffraction (μ-XRD) was accomplished to analyze Pt nanoparticle size 

growth after accelerated stress tests were performed on MEAs using flow fields with 

different land-channel geometries. Two dimensional μ-XRD maps of the flow field inlet 

and outlet regions showed heterogeneity with higher electrocatalyst degradation near the 

inlet caused by increased local relative humidity. For flow field with land-channel 

dimensions 1 mm, higher electrochemical Ostwald ripening was observed under the lands 

when compared to channels due to differences between heat and water management. 

This land-channel heterogeneity disappeared for flow fields with land-channel dimension 

below 0.5 mm. However, the inlet-outlet heterogeneity stayed. In chapter 2, using μ-X-

ray computed tomography (μ-XCT), morphological differences between commercially 

available gas diffusion layers (GDLs) like SGL 22BB, Freudenberg H23C6 and AvCarb 

MB30 designed to be used in high RH and high current density conditions were 

elucidated. Accelerated stress tests (ASTs) performed using the GDLs highlighted distinct 

effect of morphology and microporous layer cracks (via water management) on Pt 

dissolution. CFD simulations of water transport in GDLs (using Lattice Boltzmann method) 

were also used to explain the observed phenomenon. In chapter 3, using focused-ion 
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beam scanning electron microscopy, non-dispersive infrared spectroscopy, μ-XRD and 

μ-X-ray fluorescence (μ-XRF) in tandem with oxygen mass transport resistance 

experiments a precise chronology of cathode catalyst layer degradation (two phases) 

during carbon corrosion was revealed. In the initial phase, amorphous carbon in contact 

with Pt nanoparticles oxidized fast. Rapid carbon loss and catalyst layer thinning 

occurred, but pore structure did not change significantly. Pt nanoparticles detached from 

the support and ECSA decreased drastically. In the second phase, carbon corrosion 

slowed down, but severe pore structure collapse was observed explaining the apparent 

lag observed between carbon loss and the cathode catalyst layer pore structure collapse. 

In the last chapter, an experimental protocol was developed to enable μ-XRF mapping of 

membrane electrode assemblies subjected to HDV lifetime. Heavy in-plane movement of 

Pt in the cathode catalyst layer was revealed for the first time suggesting that 

electrochemical Ostwald ripening may not be a local effect. Successive synchrotron μ-

XRD and μ-XRF discovered a previously unknown correlation between nanoparticle size 

growth and loading which develops only after HDV lifetime. The results provide short-

term system mitigation strategies and long-term direction for durable catalyst materials 

development to enable zero emission PEFC vehicles.
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1. Introduction 
 

The time to discuss net zero emission goals has run out, and the time to put them into 

action is well underway. To date, 137 countries have committed to net zero carbon 

emissions by 2050 through announcement of various policies and strategic action plans 

focused on integration of renewable energy resources, mainly wind and solar [1]. Despite 

significant improvements in recent years, the use of renewable energy resources, 

specifically for difficult to decarbonize sectors, such as transmission, transportation and 

manufacturing has been challenging. For instance, California had more than 27.4 GW of 

electricity generated by solar as of the end of 2019, generating nearly 20 percent of the 

state’s electricity [2]. With renewable electricity from solar and wind, widely available on 

the California electric grid, currently the state observes “duck-curve” of net energy 

demand at any day, where renewable energy is overproduced and curtailed during 

daytime and a ramp rate of 1.5 GW/hour is needed to meet the demand in the evening, 

when renewable sources are scarce [3]. Recent power-grid blackouts, fires and 

heatwaves stressed the grid significantly, particularly in the transmission sector, 

highlighting the need of alternative solutions that do not rely on electric transmission lines.  
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Figure 1.1 H2@Scale, a United States Department of Energy initiative highlighting use of hydrogen as an energy 
carrier to decarbonize different sectors [4]. 

 

Hydrogen is a promising energy vector as it can be used as an energy-storage medium 

for curtailed renewable energy. It can transform the electricity landscape (Figure 1.1), as 

a long-storage energy medium, as it can be injected into natural gas pipelines and 

transported through them or liquified and carried by trucks to the locations of demand. 

Thus, hydrogen economy can provide an alternative path to the difficult to decarbonize 

sectors. To jump start the hydrogen infrastructure and economy, United States 

Department of Energy (US DOE) recently introduced “Hydrogen Shot” with the ‘111’ goal 

to reduce the production cost of green hydrogen to $1 per 1 kg of hydrogen in 1 decade 

[5]. Therefore, as green hydrogen becomes ubiquitous, its utilization in clean zero 

emission electrochemical conversion devices, such as polymer electrolyte fuel cells 
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(PEFCs) is highly promising, specifically in the transportation sector as it consumes the 

largest amount of energy and is at the lowest efficiency. Light-duty vehicles (LDVs) 

produce a massive 57% of the total U.S. transportation sector greenhouse gas (GHG) 

emissions [6]. More interestingly, heavy-duty vehicles (HDVs) make up only 7% of the 

total vehicles on-road but still produce nearly 26% of the total US transportation sector 

GHG emissions [6,7]. Combined, they account for three-quarters of the total US 

transportation sector GHG emissions. Most LDVs and HDVs are currently powered by 

gasoline and diesel engines that also emit nitrogen oxides and high level of particulates. 

Thus, electrification of the transportation sector is much needed to reduce its reliance on 

fossil fuels and to reduce GHG emissions.  

 

Figure 1.2 Advantages of polymer electrolyte fuel cell powered heavy-duty vehicle for a one day, 2 shifts and 350 miles 
of regional haul. Analysis presented by Kenworth at the International Colloquium on Environmentally Preferred 
Advanced Generation (ICEPAG) 2020 meeting.  

 

Polymer electrolyte fuel cells (PEFCs) are an excellent candidate to power emission free 

vehicles, particularly HDVs due to their ability to scale driving range at a much smaller 

additional weight penalty (Figure 1.2) as hydrogen has a high energy density of 150 
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MJ/kg (liquid or compressed at 700 bar). PEFC vehicles can therefore have a large driving 

range with fast refueling time. In recent years, Toyota, Hyundai and Honda have 

successfully launched PEFC powered emission free LDVs. Multiple manufactures have 

also either planned or launched PEFC HDVs. However, initial system cost still remains a 

significant challenge for large scale adoption mainly due to the use of platinum-group 

metal (PGM) electrocatalysts to promote the sluggish kinetics of the oxygen reduction 

reaction (ORR) [8]. For a projected manufacturing volume of 100,000 HDV systems/year, 

the calculated PEFC stack cost is $41.93/kWe of which 53% is contributed by 

electrocatalyst and applications [9]. Current approach to reduce initial cost and improve 

performance by utilizing highly dispersed PGM nanoparticles (2-3 nm) on carbon support 

adversely affects stack lifetime [10]. Small well-dispersed nanoparticles result in improved 

PGM utilization by effectively increasing the electrochemically active surface area 

(ECSA). This boosts power density while reducing PGM loading and cost/kWe. However, 

repeated oxidation-reduction of Platinum (Pt) nanoparticles during vehicle lifetime causes 

Pt dissolution in the cathode catalyst layer [8,11]. This dissolution leads to loss in the 

ECSA via deposition of Pt in the membrane and increase in Pt nanoparticle size through 

electrochemical Ostwald ripening and/or coalescence [8].In addition, nanoparticles of Pt 

alloyed with transition metals such as cobalt (Co) and nickel (Ni) to reduce cost while 

enhancing ORR activity face significant leaching of transition metals within the voltage-

pH range of PEFC operation [12]. Such transition metal leaching not only negates 

achieved improvement in ORR activity but also affects proton conduction and oxygen 

transport properties of ionomer causing loss in high current density performance [13]. The 

complex balance between cost, performance and durability of PEFCs coupled with the 
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2050 projection of 54% increase in HDV miles travelled [14] makes understanding 

electrocatalyst degradation to develop durable ORR electrocatalysts a top priority. 

2. Background 

2.1. Polymer electrolyte fuel cells 
 

Polymer electrolyte fuel cells (PEFCs) also known as proton exchange or polymer 

electrolyte membrane fuel cells (PEMFCs) are electrochemical energy conversion 

devices that use hydrogen as a fuel and convert it into electricity and heat. A single PEFC 

consists of anode and cathode catalyst layers separated by a polymer electrolyte 

membrane (Figure 2.1). Hydrogen is fed on the anode and air on the cathode, both react 

in an electrochemical reaction on Pt nanoparticles supported on carbon in a catalyst layer. 

Hydrogen is oxidized at the anode into protons (H+) and electrons during the hydrogen 

oxidation reaction (HOR, reaction 2.1). Protons travel through the membrane towards the 

cathode, while the electrons are routed via an external circuit where they perform 

electrical work. At the cathode, oxygen from air is reduced and recombines with protons 

and electrons during the oxygen reduction reaction (ORR, reaction 2.2) to form water. 

 

HOR ∶   𝐻2 → 2𝐻+ + 2𝑒− 2.1 

ORR ∶             
1

2
𝑂2 + 2𝐻+ + 2𝑒− →  𝐻2𝑂 2.2 

    Σ ∶ 
                           𝐻2 + 

1

2
𝑂2 →  𝐻2𝑂 

2.3 
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Figure 2.1 also shows transmission electron microscopy (TEM) image of a typical catalyst 

used in PEFCs. Catalyst layers are composed of Pt nanoparticles, carbon black support 

and ionomer binder. Pt catalyzes the electrochemical reaction, carbon black disperses Pt 

nanoparticles to provide high ECSA and electrical conductivity, porosity of catalyst layers 

helps facilitate transport of oxygen and electrochemically produced water, whereas 

ionomer binder conducts H+ ions. 

 

Figure 2.1 (L to R) Schematic representation of cross section of a single PEFC. SEM image of actual catalyst coated 
membrane cross section. The membrane is Nafion® XL with reinforcement. TEM image of Pt nanoparticles on carbon 
(XC72). 

 

2.2. Parts of a polymer electrolyte fuel cell 
 

A single PEFC consists of several layers of different materials each designed for a specific 

function. A summary of all the fuel cell parts can be seen in the schematic shown in Figure 

2.2. Each described component has a significant influence on the performance and 

durability of a fuel cell. The PEFC components can be broadly classified into two parts: 

membrane electrode assembly (MEA) and hardware components. Since several single 
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PEFCs are stacked together in series to increase voltage and facilitate high power for the 

required application, low thickness of each component is a desirable feature. 

 

Figure 2.2 Flow chart describing the various polymer electrolyte fuel cell components. 

 

2.2.1. Membrane electrode assembly 
 

The MEA is where transport processes and electrochemical reactions happen. A MEA 

consists of 5 layers. They are: two gas diffusion layers (each for anode and cathode), 

cathode catalyst layer, anode catalyst layer and the polymer electrolyte membrane. There 

are multiple ways to fabricate a MEA, however they can be classified into two broad ways 

– the catalyst coated membrane (CCM) fabrication method and the gas diffusion 

electrode (GDE) fabrication method. In CCM method, the anode and cathode catalyst 

layers can be either directly coated on the polymer electrolyte membrane (PEM) or can 

be first coated on a substrate such as polytetrafluoroethylene (PTFE) and then hot-

pressed on to the PEM. The CCM is then assembled with the gas diffusion layers. In GDE 
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method, the catalyst layers are fabricated directly on the gas diffusion layers and are then 

either hot-pressed on the PEM or directly assembled. The MEAs prepared for 

experiments in this dissertation used commercially available CCMs (section 3.1.). 

Individual layers of a MEA are briefly discussed next. 

2.2.1.1. Polymer electrolyte membrane 

 

A typical PEM is fabricated casting an ionomer made of perfluorinated polymer containing 

ionic groups and is the key for PEFC technology. As PEMs are exposed to extremely 

harsh operating conditions like reducing and oxidizing environments over a wide range of 

temperatures and relative humidity, they require very high chemical and mechanical 

stability while maintaining high ionic conductivity and low gas permeation. Therefore, a 

PTFE long chain is utilized in combination with ionic side chains like perfluorosulphonic 

acid (PFSA) or perfluorocaboxylic acid [15]. The PTFE backbone provides high chemical 

and mechanical stability with low gas permeation while the PFSA side chains provide the 

high ionic conductivity. Equivalent weight (EW) of the ionomer used is an important 

parameter and can range from 700 to 1400 gpolymer/mol SO3
- , where a PEM with low EW 

will swell due to higher water uptake causing polymer dissolution and increased gas 

permeation while, the one with high EW may suffer from low ionic conductivity [15]. 

Nowadays, most of the commercially used PEMs contain expanded PTFE (ePTFE) as 

reinforcement to enhance the mechanical stability with radical scavengers added to 

reduce chemical degradation from attack of free radicals Thicknesses of PEMs used for 

commercial applications can range from 8 μm to 25 μm. Nafion® (DuPont) is by far the 

most widely used ionomer for membranes with Flemion® (Asahi Glass) and Aciplex® 

(Asahi Chemical) which differ mostly in the ionic side chain of the final ionomer. 
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2.2.1.2. Catalyst layers 

 

Catalyst layers in PEFCs are random porous structures comprised of highly dispersed 

catalyst (Pt) nanoparticles supported by carbon mixed with ionomer. State of the art PEFC 

catalyst contains 2-3 nm diameter nanoparticles uniformly dispersed on a carbon with 

large surface area. The larger surface area of carbon allows deposition of higher weight 

percent (wt. %) of catalyst while maintaining the small nanoparticle size. Typically, large 

surface area carbons (~ 900 m2/g) have mesoporous structure and can easily support 

upto 50 wt. % of catalyst allowing for higher catalyst loading with much lower catalyst 

layer thicknesses [16]. For instance, a catalyst layer with loading of 300 μgPt.cm-2 will 

result in ~ 13 μm thickness for a 40 wt. % Pt on carbon catalyst, while a 1 wt. % Pt on 

carbon catalyst for the same loading will have ~ 90-100 μm thickness. Lower catalyst 

layer thickness is desirable as it reduces the tortuous pathways for oxygen diffusion, H+ 

ions transport and helps in removal of electrochemically produced water consequently 

decreasing the ohmic and mass transport overpotentials at high current densities. To 

fabricate a catalyst layer, the catalyst powder is first dispersed in solvents along with an 

ionomer solution such as D2020 (20 wt. % Nafion® in solvents). This is called as a 

catalyst ink. An optimum ionomer to carbon (I/C) ratio is used to prepare the catalyst ink 

with defined solvent ratios. An ionomer serves as a binder and facilitates proton 

conduction to the reaction sites in the catalyst layers. Too low of ionomer content can 

result in low catalyst layer conductivity while too high of ionomer content can increase 

oxygen diffusion resistance at the catalyst-ionomer interface and reduce the porosity of 

the catalyst layer by blocking secondary agglomerate pores due to swelling from water 

uptake.  
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Fabrication of catalyst layers can be done directly on the PEM by slot die casting, 

ultrasonic spray coating and by decal transfer method. Alternatively, the same methods 

can be used to prepare GDEs. Each fabrication procedure requires different ink recipe 

and dispersion methodology to achieve optimum PEFC performance. Morphological 

features like cracks can develop during this fabrication step either due to swelling of the 

PEM or the morphology of the gas diffusion layer. The catalyst layer morphology thus 

plays a crucial role in water management and significantly affects PEFC performance and 

durability. 

2.2.1.3. Gas diffusion layers 

 

The GDL is a three-dimensional bi-layer composed of a highly porous gas diffusion 

substrate (GDS) and a micro porous layer (MPL) coating made of carbon and 

hydrophobic additives. The typical thickness of a commercially available GDL is in the 

range of 100 -500 μm [17]. The GDS is a carbonaceous skeleton made up of carbon 

fibers arranged in different patterns and has an average porosity of 70 - 90% with an 

average pore diameter ranging from 5- 40 μm [17]. The MPL coating is made from a slurry 

of carbon black and a hydrophobic polymer such as PTFE. Compared to GDS, MPL has 

much lower porosity of 25-50% and a finer average pore diameter ranging from 50- 200 

nm [18]. 
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Figure 2.3 1 cm x 1 cm 3D reconstructed area from micro x-ray computed tomography highlighting key features of 
different GDLs. 

 

The GDLs are sandwiched between catalyst layers and the flow field and have following 

functions - 1.) Facilitate distribution of reactant gases from the flow field channels to the 

catalyst layers. High porosity and low tortuosity of the GDS are important parameters 

which can drastically change due to liquid water saturation in it. 2.) Remove 

electrochemically produced liquid water from the cathode catalyst layer to avoid flooding 

and reduce mass transport overpotentials. Hydrophobicity of the MPL, presence or 

absence of MPL cracks and wettability of GDS play a key role. 3.) Conduct electrons from 

the catalyst layers to the flow fields. Presence of binders and hydrophobic polymers such 

as PTFE which are electrically insulating in nature can significantly impact GDL electrical 

conductivity. Also, the compression of GDL greatly affects contact resistances between 

catalyst layer-GDL-flow field [19]. 4.) Conduct heat produced due to electrochemical 

reactions in the catalyst layers to ensure operation at desired temperature and RH. And 

lastly, 5.) Provide mechanical integrity to the membrane electrode assembly (MEA) [19]. 

Commercially manufactured GDLs utilize different strategies to fine tune properties to 

cater efficiently to all the above-mentioned functionalities. Suitable precursors are 

selected, polymerized and extruded into fibers [20]. The fibers are then thermally oxidized 

and carbonized. The carbonized fibers are turned into a compacted and compressed form 
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of paper (GDS) [20]. This can be done using multiple techniques such as chopping the 

fibers to desired length and creating a slurry with binders or mechanically curling the fibers 

by quenching and then compacting and compressing. This step influences the pore size 

distribution, porosity, density and thickness of the GDS. Sacrificial materials can be used 

in the binders to counter their effect on porosity. The formed paper is then cured for the 

binder and the fibers are graphitized. The degree of graphitization will depend on the 

temperature and the type of precursors selected. The paper is then treated with 

hydrophobic polymer to tune its wettability [17,20]. Finally, a MPL coating is tape casted 

on the GDS [20]. The MPL coating can either be embedded in the GDS or can be 

freestanding and can have a smooth, undulating or cracked surface (Figure 2.3). The 

GDL therefore has an important influence on evaporation and condensation of incoming 

water vapor in the catalyst layers and on removal of electrochemically produced water 

either in liquid or vapor form from the cathode catalyst layer. Thus, commercially available 

GDLs manufactured for application in similar operating conditions but designed using 

different gas diffusion and water removal strategies can have significant impact on 

catalyst degradation over the course of PEFC vehicle lifetime. 

2.2.2. Hardware 
 

Although the MEA produces voltage and current density, hardware components are 

necessary to facilitate optimal and efficient operation of MEAs. The main hardware 

components of a PEFC are flow field and sealing gaskets which are briefly discussed 

next. 

2.2.2.1. Flow field 
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A typical laboratory scale flow field is made up of a conductive material usually graphite 

(in case of PEFCs) to facilitate flow of electrons with minimal contact resistances. It has 

flow channels engraved (Figure 2.4) with different patterns such as multiple serpentine or 

parallel channels designed for uniform distribution of humidified reactant gases and 

removal of water. The part in between two consecutive channels is known as a land. Each 

flow field design has different benefits in gas diffusion, water removal and contact 

resistance. Larger lands tend to achieve lower contact resistances and better thermal 

management but might affect water removal. Larger channels will effectively distribute 

gas and remove water but might lead to high contact resistances and non-uniform GDL 

compression. In addition, the pressure drop between the inlet and outlet of a flow field 

also significantly depends on the type of design and the land-channel ratio. 
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Figure 2.4 Types of flow fields. a, 25 cm2 x3 channel serpentine b, 50 cm2 x14 channel serpentine c, 25 cm2 parallel 
channel and d, 5 cm2 x7 channel serpentine. The number of bends in each flow field are also different. 

 

Since a single PEFC produces less than 1 V under relevant operating conditions, it is 

necessary to stack multiple PEFCs in series to achieve usable voltage and power. This 

is usually done by sandwiching each MEA in a stack between two bipolar plates (flow 

field with channels on both sides). Bipolar plates maybe made of metal, carbon or a 

conductive composite and can also have channels for coolant circulation. 

2.2.2.2. Sealing gaskets 

 

Sealing gaskets are placed at the edge of the flow field to prevent any leaks from the PEFC. For 

single fuel cells prepared in labs, fiber reinforced PTFE (FR-PTFE) along with pristine PTFE of 
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various thicknesses are used in combination as gasket materials. They provide sealing when 

compressed in between two flow fields and are also used to control the compression of the GDL. 

For instance, if 15% compression is required for a GDL of thickness 230 μm, it can be achieved 

by using a combined gasket thickness of ~ 200 μm. At stack level, in addition to sealing and GDL 

compression, gaskets are also used to eliminate area of the inactive membrane reducing cost. 

Some lab-scale hardware’s utilize O-ring for sealing and thus do not require use of gaskets. 

2.3. Degradation in polymer electrolyte fuels 
 

PEFC technology has advanced to reach the commercialization stage with more 

automotive manufacturers announcing new PEFC-based light and heavy-duty vehicles. 

However, the durability and cost of such systems remains a challenge. Using the DOE 

cost breakdown for the 80-kWnet stack for LDVs, the cost of precious metal 

electrocatalyst remains almost unchanged as production rate increases to 500,000 PEFC 

stacks per year [21]. The cost of the electrocatalyst amounts to 31% of stack cost, for 

500,000 LDV systems per year production rate [21]. Pt or Pt-alloys are used as 

electrocatalyst for the ORR on the cathode side and the HOR on the anode side of 

PEFCs. Pt or Pt-alloy electrocatalysts are dispersed as nanoparticles onto a carbon-black 

support. DOE has set a target of reducing Pt loading to 0.125 mg.cm-2 to achieve the goal 

of $12.6 kWnet
-1 for a stack with power density target of 1.8 W.cm-2 for LDVs [22]. MEAs 

with lower catalyst loading are less durable [23], thus, the cost issue cannot be resolved 

without focusing on the catalyst durability issue of the PEFC stack. Moreover, HDVs 

require stacks with 25,000 -30,000 hours lifetime [10], which to date requires ≥ 0.4 mg 

cm-2 Pt catalyst loading. Significant progress in understanding and mitigating cathode 
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catalyst degradation is therefore required to enable the ultimate 2050 HDV lifetime target 

of 30,000 hours with 0.25 mg cm-2 catalyst loading set by the DOE. 

More generally, catalyst degradation occurring during PEFC operation impacts the 

performance by decreasing the power density of the stack and by increasing fuel 

consumption per generated kWh. PEFC catalyst durability has been previously studied 

extensively. Pt electrocatalysts are more prone to degradation on the cathode side of the 

PEFCs, rather than the anode due to higher potentials and more oxidizing conditions. 

Previously, Wang et al. reported electrochemically active surface area (ECSA) loss of 

54.5 % for cathode [11]. They reported higher degradation rates (more ECSA loss) on the 

cathode side which is due to several factors including: 1.) wider range of potential, 2.) 

higher difference in pH values and 3.) higher water content. Various studies have also 

shown that load changing and startup-shutdown, contribute the most to the overall 

performance loss through catalyst degradation and carbon support corrosion [24]. 

Dynamic load change is the largest contributor to degradation for various reasons: i) it 

induces humidity and thermal cycling, ii) it may cause gas starvation and iii) potential 

cycling due to dynamic load degrades the Pt electrocatalyst. 

2.3.1. Simulating light and heavy-duty lifetimes by accelerated stress tests 
 

To assess PEFC durability, accelerated stress tests (ASTs) are used because the 

experimental time can be reduced compared to using a real vehicle drive-cycle that 

typically (according to ultimate DOE durability targets) needs to last 8,000 and 30,000 

hours for LDV and HDV applications, respectively. ASTs generally include potential 

cycling between two potentials to simulate load change and accelerate degradation of the 

catalyst layer. Each potential cycle corresponds to a vehicle acceleration and deceleration 
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event. Degradation includes morphological changes in the catalyst layer that cause 

performance loss, such as crack formation, thickness loss, ECSA loss and diffusive, ionic 

and electric pathway connectivity loss leading to transport losses. Degradation of PEFCs 

has been both physically modeled and experimentally investigated. The influence of 

voltage cycle profiles on degradation of MEAs has been comprehensively reported by 

Stariha et al. [24] where the study used square wave and triangular wave potential cycling 

and evaluated degradations of both the catalyst and the support in different potential 

ranges. ASTs with square wave voltage cycling showed the highest rate of catalyst 

degradation. This is since degradation rates, including ECSA loss, increase with the 

increase of dwell time at the upper potential limit (UPL). Thus, the DOE adopted a square 

wave voltage cycle with UPL of 0.95 V and lower potential limit (LPL) of 0.6 V with a dwell 

time of 3 seconds each (Figure 2.5). This square wave voltage cycle, originally reported 

by Nissan [25], is repeated 30,000 times in H2/N2 (anode/cathode) environment under 

atmospheric pressure to simulate the LDV lifetime of 8,000 hours and evaluate catalyst 

degradation. This AST was therefore utilized in the dissertation for LDV lifetime. To 

understand effect of reactive (air) vs non-reactive (N2) environments on catalyst 

degradation mechanisms, same AST was utilized but with open circuit potential as the 

UPL. 
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Figure 2.5 Square cell voltage cycle consisting of 0.6 V LPL and 0.9 V (for HDV) and 0.95 V (for LDV) UPL with a hold 
time of 3 seconds each.  

 

Using a representative HDV drive cycle for Class 8 truck reported by the California Air 

Resource Board, the National Renewable Energy Laboratory simulated the cell voltages 

for a hybrid 250 kWe fuel cell system/35 kWh battery traction power system with a 

minimum idle power of 20 kWe to limit the upper potential limit (UPL) at 0.9 V [26].  

Electrocatalyst degradation is severely impacted by high UPLs, thus UPL for HDV lifetime 

needs to be clipped at 0.9 V to ensure that US Department of Energy (DOE) interim and 

ultimate system lifetime targets of 25,000 and 30,000 hours are reached. A further low 

value of UPL cannot be used as it decreases overall system efficiency while causing 

thermal management issues. Based on the simulated cell voltages and previous DOE 

recommended LDV AST equating to 8,000 hours of system lifetime, a square cell voltage 

cycle as depicted in Figure 2.5 with lower potential limit (LPL) of 0.6 V and UPL of 0.9 V 

with a hold time of 3 seconds each was adopted in the dissertation. To equate the AST 

to ≥ 25,000 hours of HDV lifetime the 6 second square cell voltage cycle was repeated 



19 
 

for 90,000 times in a non-reactive cathode gas (N2) environment giving a total AST time 

of 150 hours. The number of cycles were selected to be 90,000 for HDV lifetime as ECSA 

decreases exponentially and reaches a plateau by the selected number of cycles. 

2.3.2. Fundamentals of Platinum degradation 
 

The standard Nernst equilibrium potential of direct dissolution reaction of Pt ions when 

corrected for the increased surface energy of nanoparticles can decrease to ~ 0.5 V (1 

nm and 10-6 M of Pt2+) compared to ~ 1 V of bulk Pt [27]. This is commonly known as the 

Kelvin or Gibbs-Thompson effect. This effect can also be observed for dissolution of Pt 

ions during reduction reaction of Pt oxide. The equilibrium potential for dissolution of Pt 

ions from nanoparticles is further lowered by decreasing concentration of Pt ions [27]. 

Thus, purely based on thermodynamic analysis, significant degradation of Pt 

nanoparticles occurs via Pt dissolution within PEFC operational voltage (0.6 V to 1 V) and 

pH (~ 1 to 4) range. This also means that degradation is affected not only by 

electrocatalyst properties such as nanoparticle size, distribution, crystalline orientation, 

dispersion and carbon support type but also by the local cathode catalyst layer 

environment. The local environment can be affected by operating conditions like cell 

temperature, relative humidity (RH), reactant flow rates and by PEFC components like 

MPL of GDL and flow field [28,29]. Cell temperature and RH are serious Pt degradation 

stressors which can be influenced in the local environment by cathode catalyst layer 

morphology. These include but are not limited to features like porosity, in-plane/through-

plane Pt loading distribution and catalyst layer cracks. Liquid water flux in the cathode 

catalyst layer, affected by the interplay between operating conditions, PEFC components 
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and morphology also plays crucial role to control local RH and Pt ion concentration 

consequently influencing electrocatalyst degradation [28,30]. 

 

 

Figure 2.6 Three ECSA loss pathways caused by dissolution of PtX+ ions from Pt nanoparticles during PEFC vehicle 
operation. 

 

Dissolution of Pt ions results in three pathways of ECSA loss as shown in Figure 2.6 

where, 1.) the Pt ions can reduce on nearby larger nanoparticles with lower surface 

energy [11], 2.) the Pt ions can diffuse towards the anode and get reduced in the 

membrane by crossover hydrogen to form a Pt band [31]. The physical location of such 

Pt band is governed by the partial pressures of hydrogen and oxygen during the AST [32]. 

For a non-reactive cathode gas (N2) environment, the Pt band is located near the 

membrane-cathode interface. And lastly, 3.) the Pt ions can completely leave the system 

with the effluent water. This ECSA loss pathway is less explored although inductively 

coupled plasma mass spectroscopy (ICP-MS) reports of effluent water have detected 

concentration of Pt ions [30]. The dominant ECSA loss pathway of course depends on 

the thermodynamics of Pt dissolution, but it also depends heavily on the convoluted 
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interplay between kinetics of Pt oxidation, dissolution and reduction [33]. Thus, UPL, LPL 

and dwell time at each potential limit during the AST can also affect Pt dissolution. 

Electrochemical analysis of MEA tests coupled with in situ ICP-MS studies suggest that 

the cathodic step of AST cell voltage cycle (i.e. stepping from UPL to LPL) causes 

maximum dissolution of Pt ions [33]. The dissolution is attributed to reduction of Pt oxide 

(~ 0.8 V) formed at the UPL. The formation rate and coverage of Pt oxide is greatly 

affected by the UPL and the hold time [34], respectively. Therefore, a higher value of UPL 

with longer hold time will result in increased Pt oxide formation and consequently higher 

dissolution during the cathodic step. Dissolution during the cathodic step also makes Pt 

degradation a function of number of AST cycles [35]. A constant hold at UPL for extended 

periods of time will only passivate the nanoparticle surface reducing the dissolution rate 

[8]. The rate of reduction of Pt ions is reported to be relatively high ≤ ~ 0.6 V [36]. Thus, 

a higher value of LPL affects the amount of Pt oxide formed at UPL during the next cell 

voltage cycle as less clean Pt surface is available for oxide formation. This is also why Pt 

degradation is less influenced by hold time of a sufficiently low LPL. Several studies are 

still ongoing to fully understand the effects of above discussed properties and parameters 

on electrocatalyst degradation. 
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Figure 2.7 A schematic of the square cell voltage cycle used in this dissertation for LDV lifetime with corresponding  Pt 
degradation reaction mechanisms considered. 

 

Figure 2.7 shows the schematic of an AST potential cycle with the possible Pt 

degradation reaction mechanisms considered in this dissertation. During the anodic scan 

(from low to high potential), pristine Pt surface is present (at beginning of test) at the LPL. 

During the potential step from the LPL to the UPL Pt dissolution occurs at the defect sites 

at a low rate. As the potential crosses 0.8 V, OH groups form on the Pt surface ultimately 

leading to the formation of PtO, as the potential reaches the UPL. During the potential 
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hold at the UPL, PtO coverage increases and a place-exchange mechanism may occur 

(where Pt and O exchange the position) along with Pt dissolution at a low rate. As the 

potential is swept down to the LPL in the cathodic scan, PtO is reduced (~0.8 V), as it 

reacts with protons to form dissolved Pt and water. If the LPL is in a low re-deposition 

potential range (above ~0.6 V), then unavailability of pristine Pt surface for the Pt ions to 

redeposit can primarily lead to Pt band formation in the membrane with relatively low Pt 

particle size growth. This will also reduce the available surface for oxide formation during 

the next cycle. If the LPL is in high re-deposition potential range (at or below ~0.6 V), then 

availability of pristine Pt surface for the Pt ions to redeposit can make Ostwald ripening 

as the primary ECSA loss pathway with higher Pt particle size growth. This also indicates 

that the amount of PtO formed during the UPL hold of AST cycles directly depends on the 

LPL (i.e., the availability of pristine Pt surface). At lower UPLs, PtO coverage is lower, 

resulting in a smaller number of Pt ions formed, consequently causing less degradation 

over the AST duration. 

2.3.3. Fundamentals of carbon corrosion 
 

If startup/shutdown (SUSD) is performed in an uncontrolled way, i.e., when the cell is in 

open-circuit condition and H2 is injected in/ejected out the anode compartment without N2 

flushing, a mixed gas front is formed between H2 and O2 (from air). This mixed gas front 

triggers a chain of electrochemical reactions inside the cell that eventually leads to carbon 

corrosion. The complete mechanism has been explained by Reiser et al. [37] using a 

reverse-current mechanism. A schematic of the corresponding electrochemical reactions 

(redrawn based on schematic in [37]) due to reverse current mechanism with resulting 

potential distribution is shown in Figure 2.8 a. 
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Figure 2.8 Fundamentals of carbon corrosion. a, Electrochemical reactions occurring inside the cell due to a mixed 
H2/O2 front at the anode with corresponding potentials in different regions of the cell. b, The DOE carbon corrosion AST 
voltage profile to simulate the reverse current mechanism. c, Expected catalyst degradation mechanisms- Pt 
detachment from carbon support and Pt agglomeration. 

 

The DOE carbon corrosion AST voltage cycle to mimic the operation, and the major 

degradation reaction mechanisms of carbon corrosion is shown in Figure 2.8 b and c. 

The AST was formulated to mimic the potential at cathode region B during the reverse-

current mechanism. Brightman and Hinds [38] found that the local potential in cathode 

region B, where carbon corrosion occurs, is approximately 1.4 V. So, the AST is done by 

cycling the cell voltage uniformly with time in a triangular waveform with 1 V as the lower 

limit and 1.5 V as the upper limit. The scan rate is 500 mV/s. As water, not gaseous O2, 

oxidizes carbon, the AST is done with H2 at anode and N2 at cathode in 100% RH. Figure 

2.8 c shows the two expected catalyst degradation modes during carbon corrosion - Pt 

detachment from the carbon support and Pt agglomeration. It is important to note that the 

carbon corrosion AST is much harsher than the actual SUSD. This is because, carbon 
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only corrodes from region B of the cathode during SUSD while carbon corrodes from the 

entire cathode catalyst layer during DOE carbon corrosion AST. 

3. Experimental 

3.1. Materials  
 

Chapter 1. Pt/C based catalyst (TEC10E50E) coated membranes were purchased from 

Ion Power Inc., New Castle, Delaware, with an active area of 25 cm2 and loading of 0.3 

mgPtcm-2 and ionomer to carbon (I/C) ratio of 1 on both anode and cathode. The catalyst 

coated membranes contained Nafion® XL reinforced membrane of thickness 27.5 µm. A 

non-woven carbon paper, Sigracet 29 BC, with 5 wt % PTFE treatment and hydrophobic 

MPL was used as GDL. The total thickness of the GDL is reported by the manufacturer 

as 235 µm. 

Chapter 2. The CCMs were purchased from Ion Power Inc., New Castle, Delaware. 6 cm2 

active area MEAs were prepared by masking 25 cm2 Ion Power CCMs with Pt/C 

(TEC10E50E) catalyst. The Pt loading was 300 μg.cm-2 on both anode and cathode. The 

ionomer to carbon (I/C) ratio was 1. The CCMs had ∼27.5 μm thick Nafion XL membrane. 

Sigracet 22BB, Freudenberg H23C6 and AvCarb MB30 were purchased from Fuel Cell 

Store, College Station, Texas, USA and were used as the three cathode GDLs. Sigracet 

22BB was the anode GDL and was kept constant for all the ASTs. 

Chapter 3. Ion Power CCMs (New Castle, DE) with 25 cm2 active area were masked to 5 

cm2 active area. The catalyst layers were made with TEC10E50E catalyst powder from 

Tanaka Precious Metals, Japan (46.1% Pt/HSAC carbon) with Pt loadings of 0.3 mg.cm-

2 (both anode and cathode)) with I/C ratio of 1. 27.5 μm thick Nafion XL membrane was 



26 
 

used in all the CCMs. Sigracet 22BB gas diffusion layer was used on both anode and 

cathode to prepare MEAs. Multiple MEAs from the same batch were used to study 

different morphological changes along with electrochemical diagnostics. 

Chapter 4. Commercial CCMs from Gore® Fuel Cell Technologies (Newark, DE) were 

used to prepare two MEAs with 5 cm2 active area. Freudenberg H23C6 was used as both 

anode and cathode GDL for the first standard MEA. Cracks were introduced in the MPL 

of only cathode Freudenberg H23C6 GDL to prepare the second modified MEA. 

 

Figure 3.1 Freudenberg H23C6 GDL with ~ 40-50 μm wide cracks fabricated in the MPL. 

 

Cracks of ~ 40-50 μm width were milled into the 35 μm thick free-standing MPL of 

Freudenberg H23C6 GDL using the ~ 15 μm wide tip of tungsten micro needle. The 

fabrication was done by hand under an optical microscope (x 20) with a pitch of 1 mm. μ-
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X-ray computed tomography was performed to confirm the morphology (Figure 3.1). The 

MPL cracks provided a direct transport pathway between the gas diffusion substrate and 

the cathode catalyst layer for reactants and products.  

3.2. Testing equipment 

3.2.1. Fuel cell fixture 
 

Chapter 1. Fuel cell fixture hardware from Scribner Associates with POCO graphite 3X 

serpentine flow field (0.92 mm/0.79 mm width lands/channels) was used in co-flow 

configuration. Hard-stop PTFE-coated fiberglass gaskets (150 µm thickness) and PTFE 

gaskets (27.5 µm thickness) were used to achieve GDL compression of 22 %. 13.5 Nm 

torque was used during the cell assembly. 

Chapter 2, 3 and 4. Fuel cell quick connect fixture (qCf) in combination with a cell fixture 

(cF) from balticFuelCells GmbH, Hagenower Str.73.D-19061 Schwerin, Germany was 

used. The flow-field contained 7X channel serpentine flow field of 6 cm2 area, adapted 

from Simon et al. [39]. The cell compression in this setup is pneumatically controlled. A 

pneumatic compression pressure of ∼0.9 bar was used to achieve the manufacturer 

recommended 1-1.1 MPa pressure on the GDLs as shown by Figure 3.2. This 

compression pressure resulted in a low contact resistance. The GDL compression was 

20-22% as recommended by the different GDL manufacturers.  

For limiting current measurements in chapter 3, parallel channel flow field was used as 

shown in Figure 2.4 c. 
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Figure 3.2 (L to R) Schematic of Baltic hardware with pneumatic compression and pressure on GDL as a function of 
the pneumatic compression. 

 

3.2.2. Test station 
 

Load based electrochemical characterization and ASTs in all chapters were performed 

using the 850e Fuel Cell Test Stand (Scribner Associates, Connecticut, USA) with 

maximum current load of 50 A. VSP-BioLogic (potential resolution of 5 µV and maximum 

current of 4 A) or Gamry (maximum current 5 A) potentiostat were used for non-reactive 

(N2) cathode environment electrochemical characterization. 

3.3. Accelerated stress testing protocols 
 

Chapter 1. Four square wave ASTs were conducted. The conditions for ASTs were either 

H2/N2 or H2/air on anode/cathode both in 40 % and 100 % RH. The ASTs were conducted 

with potential cycling from 0.6 V to 0.95 V in N2 on cathode, or 0.6 V to 0.95 V or OCP, if 

OCP < 0.95 V for air gas on cathode with a dwell time of 3 seconds at each potential for 

30,000 cycles, resulting in a total (AST only) time of 50 hours. The AST was performed 

at atmospheric pressure and in H2/air (anode/cathode) and H2/N2 environments at 100 % 
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(wet) and 40 % (dry) relative humidity (RH) with gas flow rates of 210 sccm/830 sccm 

(anode/cathode) for H2/Air and 200 sccm/200 sccm for H2/N2 (Table 3.1).  

Table 3.1 Relative humidity, gas environment on cathode and gas flow rates of different MEAs used in chapter 1 ASTs. 

MEA AST RH (%) Cathode gas used 

during AST 

Gas flow rate, anode/cathode 

(sccm) 

N2 Dry 40 N2 200/200 

N2 Wet 100 N2 200/200 

Air Dry 40 Air 210/830 

Air Wet 100 Air 210/830 

 

For the ASTs performed in air the OCP decreased with the cycle number and for this 

reason the UPL was reduced (Figure 3.3). The OCP was partially recovered during a 

voltage recovery protocol before electrochemical characterization. Flow Rates were 

calculated for stoichiometric ratio of 1.2/2 (anode/cathode) assuming maximum current 

density of 1A cm-2 at 0.6 V. During the AST, each MEA was characterized at stages of 0, 

1000, 5000, 15000 and 30,000 cycles. 
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Figure 3.3 UPL measured as a function of number of AST cycles for N2 and Air environment ASTs. Reported UPL 
values have been averaged for the last 50 AST cycles of each stage. 

 

Chapter 2. The ASTs were conducted at 80°C cell temperature in 100% RH under 

atmospheric pressure. Three ASTs with different cathode GDLs (22BB, H23C6 and 

MB30) were conducted in hydrogen/nitrogen (anode/cathode) environment while the rest 

two ASTs (22BB and H23C6) were conducted in hydrogen/air environment. ASTs were 

repeated to ensure reproducible performance and confirm observations. Figure 3.4 a 

shows the voltage cycling profile for the nitrogen environment ASTs comprising 0.6 V LPL 

and 0.95 V of UPL with a dwell time of 3 seconds at each potential. Figure 3.4 b shows 

the voltage cycling profile for the air environment ASTs with OCV as the UPL. Gas flow 

rates of 0.2 slpm/0.2 slpm were used for both environment ASTs for cathode and anode 

gases, respectively. During the ASTs, each MEA was characterized after 0, 1000, 5000, 

15000 and 30000 AST cycles. 
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Figure 3.4 a, Voltage cycle profile of nitrogen environment AST and b, voltage cycle profile of air environment AST. 

 

Chapter 3. The carbon corrosion AST was performed by cycling the potential from 1 V to 

1.5 V with a scan rate of 500 mV.s-1 (cycle time of 2 seconds) for 2000 AST cycles. The 

RH was set at 100% with H2 on anode and N2 on cathode with flow rates of 0.2 slpm each 

under atmospheric pressure. During the AST, MEA I was characterized after only 

conditioning. MEA II was characterized after 0, 100 and 500 AST cycles while MEA III 

was characterized after and 0, 100, 500 and 2000 AST cycles. MEA IV (parallel channel 

flow field) was subjected to the same AST and was characterized after 0, 500 and 2000 

AST cycles. 

Chapter 4. The ASTs were performed at 80°C cell temperature in 100% RH under 

atmospheric pressure. As previously discussed, the cell voltage cycle for HDV AST 
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comprises of 0.6 V LPL and 0.9 V of UPL with a dwell time of 3 seconds at each potential. 

Gas flow rates of 0.2 slpm and 0.2 slpm (H2/N2) were used for anode and cathode, 

respectively. During the AST, each MEA was characterized after 0, 10000, 30000, 60000 

and 90000 AST cycles. 

3.4. In-situ electrochemical characterization 
 

Chapter 1. Cyclic voltammetry (CV) measurements were conducted with potential sweep 

from 0.095 V to 0.80 V at a scan rate of 20 mV.s-1. Linear sweep voltammetry (LSV) was 

used to measure H2 cross-over and were conducted from 0.05 V to 0.80 V at a scan rate 

of 1 mVs-1. Electrochemical impedance spectroscopy (EIS) was done from 10 kHz to 0.01 

Hz at 0 V vs. OCV with 5 points per decade. All the above-mentioned tests were 

performed in H2/N2 environment with 200 sccm/300 sccm flow rates at anode/cathode, 

with 100% relative humidity (RH) at atmospheric pressure. Polarization curves were 

generated by holding the cell at constant currents for 3 minutes and measuring the 

corresponding voltage values with six points in the activation region. Voltage values were 

averaged over these 3 minutes for both forward and backward scans. The test was 

performed at 150 kPa(a) backpressure with a stoichiometry of 1.5/1.8 in H2/Air 

environment (anode/cathode) in 100% RH according to the fuel cell technical team 

(FCTT) polarization protocol. The polarization curves were preceded with a voltage 

recovery protocol, followed by holding the cell current density at 0.60 A cm-2, at 80 ˚C, 

100 % RH and with stoichiometry of 1.2/2.0 to ensure the polarization data is collected at 

the same starting conditions for all of the MEAs. The beginning of life (BOL) data was 

achieved by performing a cell break-in procedure on a fresh MEA which consisted of 

potential holds of 30 seconds at 0.80 V, 0.60 V and 0.30 V respectively until constant 
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current was achieved. Mass activity measurements were only done at the BOL and at the 

end of life (EOL) by holding the cell potential at 0.90 V for 15 minutes, measuring the 

corresponding current in H2/O2 environment at high flow gas flow rates of 1000 sccm/2000 

sccm and 150 kPa(a) backpressure. Table 3.2 below summarizes the chronology and 

experimental details. 

Table 3.2 Testing procedure and sequence of electrochemical characterization experiments at each stage of the AST 
in chapter 1. 

 

Chapter 2, 3 and 4. CV, LSV and EIS were all collected in hydrogen/nitrogen environment 

at 80oC in 100% RH under atmospheric conditions with gas flow rates of 1 slpm/1 slpm 

on the anode/cathode, respectively. CVs were collected with a potential sweep from 0.1 

V to 1.2 V at a scan rate of 100 mV.s-1 while LSVs were collected from 0.05 V to 0.8 V at 

scan rate of 1 mV.s-1 to measure hydrogen crossover. EIS was measured at 0.2 V from 

20 kHz to 0.1 Hz with 6 points per decade. Voltage break-in was performed at 80C in 

100% RH under atmospheric pressure by cycling the voltage between 0.8 V, 0.6 V and 

0.3 V (30 seconds each) for 200 cycles in a hydrogen /air environment. Voltage recovery 

consisted of voltage hold at 0.2 V for 1 hour at 40oC in 150% RH under 150 kPa in a 

hydrogen/air environment. Polarization curves in hydrogen/air and hydrogen/oxygen 

environments were collected in differential conditions at 80oC in 100% RH under 150 kPa 
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absolute pressure with gas flow rates of 1 slpm/2.5 slpm at anode/cathode, respectively. 

For air, 4-minute holds from high current density (2 A.cm-2) to low current density (0 A.cm-

2) were performed while for oxygen the holds consisted of 3 minutes from 0.75 V to OCV 

with increments of 25 mV. Average of the last minute was used to generate polarization 

curve (air) and Tafel plot (oxygen). Limiting current measurements were done for chapter 

2 and 3 only, by holding potential from 0.3 V to 0.06 V using 0.5%, 1% and 1.5% 

concentrations of oxygen (balance nitrogen) at 80oC in 75% RH under 120 kPa, 160 kPa 

and 200 kPa of absolute pressures with flow rates of 1 slpm/5 slpm at anode/cathode, 

respectively. The absolute pressures used for limiting current measurements in chapter 

3 were 100 kPa, 150 kPa, 200 kPa and 250 kPa. The measured limiting current was then 

used to calculate the total oxygen mass transport resistance, pressure independent mass 

transport resistance and mass transport resistance at the Pt-ionomer interface based on 

procedures reported by Baker et al. [40] and Greszler et al. [41]. For chronology and 

detailed summary of each electrochemical characterization protocol in chapter 2 along 

with the ASTs see Figure 3.5 and Table 3.3, respectively. For electrochemical 

characterization in chapter 3 and 4, see Table 3.4 and Table 3.5, respectively.  
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Figure 3.5 Electrochemical characterization sequence in chapter 2.  

 

 

Table 3.3 Details of electrochemical characterization protocols in chapter 2. 
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Table 3.4 Details of electrochemical characterization and AST protocols in chapter 3. 

 

 

Table 3.5 Details of electrochemical characterization and AST protocols in chapter 4. 

 

3.5. Analysis of electrochemical data 

3.5.1. Electrochemically Active Surface Area calculation  
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The ECSA was calculated using the standard hydrogen underpotential deposition (HUPD) 

region, where the area under the HUPD region of the CV (Figure 3.6), was integrated to 

acquire the ECSA using equation below: 

 
𝐸𝐶𝑆𝐴 =

𝑖 × 𝑉

𝐿 × 𝜐 × 210
 

3.1 

 

where, the nominator represents the area of the HUPD region in the CV, L is the loading of 

the electrocatalyst, 210µC.cm-2 is the unit charge and υ is the scan rate under which the 

CVs were performed. 

 

Figure 3.6 Integrated area (gray) highlighting hydrogen desorption peak area from the CV used to calculate the ECSA 
using equation 3.1. 

 

3.5.2. Hydrogen crossover current density 
 

H2 crossover current density is measured by LSV. This current is added as a correction 

in the H2/O2 polarization curve to get a proper estimate of Tafel slope and exchange 

current density. It is also used to ensure that the fuel cell has been assembled correctly. 
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For instance, Figure 3.7 and the Table 3.6 show the LSV plots, and the current densities 

used for crossover correction respectively in chapter 3 results. Typical values can range 

from 1 to 5 mA.cm-2 depending upon the membrane thickness and type (reinforced or 

non-reinforced). 

 

Figure 3.7 Linear sweep voltammetry data at BOL, after 100, 500 and 2000 AST cycles in chapter 3. 

 

 

Table 3.6 Values of crossover current density used for correction to generate Tafel plots in chapter 3. 

AST stage Icrossover (mA.cm-2) ∆Icrossover (mA.cm-2) 

BOL 2.15 0.05 

100 AST cycles 1.53 0.22 

500 AST cycles 1.65 0.25 

2000 AST cycles 1.6  
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3.5.3. Fitting electrochemical impedance spectroscopy with transmission line 

model 
 

To fit the electrical impedance spectroscopy data for a porous electrode, a transmission 

line model is required rather than a Randle’s circuit. A transmission line can be thought 

to be a collection of a large number of Randle’s circuits consisting of infinitesimally small 

electrical circuit components like ion transport resistance, double layer capacitance, 

charge transfer resistance etc. A typical transmission line circuit looks like the one shown 

in Figure 3.8. 

 

Figure 3.8 Schematic of a transmission line setup for a PEFC electrode. 

 

Figure 3.8 shows three regions of interest for fitting EIS data of a porous cathode catalyst 

layer in PEFC - the membrane, cathode catalyst layer, diffusion media (DM) and the flow 

field (FF). Rmem is denoted as the bulk H+ transport resistance through the membrane and 

RFF+DM is the electronic resistance. The cathode catalyst layer also has some electronic 

resistance, but it is usually negligible compared to the H+ transport resistance inside the 

cathode catalyst layer. Inside cathode catalyst layer, RSheet = N × δRH+ and CSheet = N ×
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δCDL with N → ∞ where N is the number of circuit elements. RSheet and CSheet are the 

overall proton transport resistance and capacitance in the cathode catalyst layer. These 

are macroscopic quantities that can be related to experiments. The EIS was performed 

with H2/N2 at anode/cathode. In this configuration, δRCT → ∞. Hence, charging of the 

electrode is mostly capacitive. In practice, charge transfer resistances due to Faradaic 

reactions like ionomer adsorption, H oxidation (crossover H2) can show some impact at 

low frequency limit. However, in the high frequency limit, the above-mentioned 

assumptions work pretty well. The net impedance formula is [42,43]:   

 

Z = jωL + ROhmic + √
RSheet

jωCSheet
coth(√jωRSheetCSheet) 

3.2 

 

In equation (3.2) above, j = √−1, ω = 2πν is the angular speed, and L = inductance 

coming from the electrical wires. ROhmic = Rmem + RFF+DM. EIS data are fit to this formula 

using Levenberg-Marquardt technique by implementing a modulus-weighted complex 

nonlinear least-squares fitting method for data fitting and error estimates. Opensource 

Impedance Fitter (OSIF) [44], a python-based script was used. With the values of RSheet 

and ROhmic, one can do the iR correction as below: 

 
ηOhmic = i × Reff =  i × {ROhmic +

RSheet

3
} 

3.3 

 

3.5.4. Tafel slope and concentration overpotentials from H2/O2 polarization 

curve  
 



41 
 

To calculate the concentration overpotential, first, the reversible potentials for H2/O2 and 

H2/air case need to be calculated. Nernst equation for ORR can be written as: 

 
Erev = 1.23 − 0.0009(T − 298) +

2.303RT

4F
log [(

PH2

PH2,ref
)

2

(
PO2

PO2,ref
)] 

3.4 

 

where PH2,ref and PO2,ref are 1 atm each. These are the reference partial pressures at 

which the P independent quantities were calculated. (T-298) term is the temperature 

correction that comes from the temperature dependence of Gibbs free energy for ORR. 

For PEFC experiments, T = 353 K. The gas feeds (H2 and O2) are both 100% humidified. 

So, pressure of saturated water vapor has to be subtracted from the set backpressure to 

get the pressure of dry gas. 

At T= 353 K, the pressure of saturated vapor pressure is = Psat (80° C) = 47.343 kPa. 

So, pressure of dry H2 = PH2 = 151.988 – 47.343 kPa = 104.645 kPa. 

For H2/O2 polarization curve, pressure of dry O2 = PO2 = 151.988 – 47.343 kPa = 104.645 

kPa. 

Substituting all these values to equation (3.4), we get Erev for H2/O2 polarization curves to 

be (vs RHE): 

Erev(H2|O2) = 1.23 − 0.0495 + 0.0175 × log ([
104.645

101.325
]

3

) = 1.181 V 

3.5.4.1. Calculation of Tafel slope  
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First, the Butler-Volmer relation can be written in a way prescribed by Gasteiger et al. 

[45]. The advantage of that way of writing the equation is that it is easy to relate with 

experimental parameters. It is also quite convenient for degradation studies, as one can 

isolate the quantities that can vary with degradation. 

 
i = i0(PO2

, T) × RF(k) × 10
ηkin

(k)

b  
3.5 

 

In equation (3.5), i0 is the exchange current density which depends on the catalyst nature, 

support structure, temperature and also on the partial pressure of O2. The dependence 

on partial pressure of O2 comes from the reaction order, which is approximately thought 

to be close to 0.5 [46]. rf stands for the roughness factor which is the ratio between Pt 

ECSA and the geometric cell area. This is known for all AST stages. The current ‘i’ on the 

left-hand side has the unit of A.cmgeo
−2  normalized to the cell geometric area. As rf is the 

ratio of Pt ECSA to the geometric active area (cmPt
2 . cmgeo

−2 ), the unit of i0 is A. cmPt
−2, i.e., it 

is normalized to the physical area of the Pt particles. ηkin refers to the kinetic overpotential. 

The superscript (k) denotes the AST stage. The advantage of writing the Butler-Volmer 

equation like equation (3.5) is that- the effect of degradation that is relevant in the kinetic 

region, i.e., loss of ECSA, and hence roughness can be isolated. The equation (3.5) also 

easily shows that for the same current density i, the kinetic overpotential ηkin changes at 

different AST stages. As usual, ‘b’ refers to the Tafel slope. 

Using H2/O2 polarization curve at BOL, one can get BOL ηkin(i) directly from the cell 

voltage data. Using the superscript 0 to represent the BOL data, we can write: 
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ηkin

(0)
(i) = η(0) − ηOhmic

(0)
= Erev − Ecell

(0)
(i) − i × (ROhmic

(0)
+

1

3
RSheet

(0)
)  

3.6 

 

In equation (3.6), η(0) is the experimentally measured overpotential, Ecell
(0)

(i) is the 

measured cell voltage at a particular current density. Erev is 1.181 V. The most important 

assumption in equation (3.5) is that at BOL, the concentration overpotential, i.e., ηconc
(0)

≈

0. This is certainly an approximation and ignores the contribution from unassigned voltage 

losses, but it is a common one used to calculate kinetic parameters in PEFCs. To make 

this approximation more justified, H2/O2 polarization curves are performed in differential 

conditions. With this definition of kinetic overpotential at BOL, one can rewrite the 

equation (3.6) to get the Tafel slope and exchange current density i0: 

 
Ecell

(0)
= Erev − i × (ROhmic

(0)
+

1

3
RSheet

(0)
) − b × log i + b log i0 + b log RF(0)  

3.7 

 

From, equation (3.7), first, ‘b’ is estimated from the iR corrected curve (the first two terms 

on the right-hand side of the equation) and log(i) plot. Experimentally, it is 71 mV/dec 

which is almost equal to the value found by Neyerlin et al. [47] for Pt/HSAC catalyst. Then, 

from the calculated Tafel slope, the exchange current density i0 is calculated.  

3.5.4.2. Calculation of concentration overpotential in H2/O2 setup 

 

It is already well-known in the electrochemistry literature that mass transport limitation 

can cause wrong estimation of kinetic parameters. In the electrochemical corrosion 

industry specifically, this issue has been historically very important. Many innovative 

techniques have been developed to systematically remove the mass transport effects in 
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the kinetic region. Often mass transport corrections are necessary to estimate kinetic 

parameters. In PEFCs, O2 mass transport limitation is reduced by experimental setups- 

doing polarization curve in H2/O2 instead of H2/air and high flow rate. This setup usually 

gives good results at the BOL. However, after carbon corrosion, O2 MTR increases 

significantly. So, the same setup (flow rate, backpressure etc.) may not be sufficient to 

compensate the increasing MTR after carbon corrosion. The increasing concentration 

overpotential with number of AST cycles can be explicitly calculated, with the logical 

assumption, that Tafel slope remains constant (BOL value of ~ 70 mV/dec) in the following 

way: 

At any AST stage, equation (3.5) is valid. If one writes down the equation (3.5), with the 

same current density at BOL and another AST stage ‘k’, one gets: 

 
i = i0(PO2

, T) × RF(k) × 10
ηkin

(k)

b =  i0(PO2
, T) × RF(0) × 10

ηkin
(0)

b   
3.8 

 

Equation (3.8) is convenient to use as polarization curves (both H2/O2 and H2/air) are 

performed at known current densities which are kept the same. ηkin
(0)

 can be obtained from 

the H2/O2 polarization curve data using equation (3.6). Thus, knowing ηkin
(0)

, one can 

predict ηkin
(k)

 from: 

 
ηkin

(k)
=  ηkin

(0)
+ b × log {

RF(0)

RF(k)
}  

3.9 
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In equation (3.9), rf values are known at all AST stages. Tafel slope ‘b’ is set constant at 

the BOL value of ~ 70 mV.dec-1. The exchange current density does not change as it is 

a catalyst specific parameter. In addition, ohmic overpotential can be easily estimated as:  

 
ηOhmic

(k)
= i × (ROhmic

(k)
+

1

3
RSheet

(k)
)  

3.10 

 

The data for ROhmic and RSheet can be known for all stages from EIS measurements. So, 

the remaining overpotential, i.e., concentration overpotential coming from O2 mass 

transport limitation can be found from: 

 
ηconc

(k)
= η(k) − ηkin

(k)
− ηOhmic

(k)
=  {Ecell

(0) (i) − Ecell
(k) (i)}  − b × log {

RF(0)

RF(k)
}

                                                            

           −i × ([ROhmic
(k)

− ROhmic
(0)

] +
1

3
[RSheet

(k)
− RSheet

(0)
]) 

 

  

3.11 

In equation (3.11), we have combined the equations (3.6), (3.9) and (3.10). Note that 

equation (3.11) is written in such a way that it only contains those parameters that are 

directly found from the experiments. Applying equation (3.11) to the H2/O2 polarization 

curve with the known parameters allows to calculate concentration overpotential at 

different current densities.  

3.5.5. Concentration overpotentials from H2/air polarization curve 
 

To calculate the concentration overpotentials, firstly the reversible potential for H2/air 

setup is needed. It can be calculated from equation (3.4). The only difference with the 

previous calculation for H2/O2 setup is in the O2 partial pressure. In air, O2 consists 
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approximately 1/5th of the number density. Saturated vapor pressure, again, is 47.343 

kPa at 80° C. The set backpressure at anode and cathode is 1.5 atm or 151.988 kPa. 

So, for H2/air polarization curve, pressure of dry O2 = PO2 = 1/5 * (151.988 - 47.343) = 

20.929 kPa. 

Thus, for H2/air polarization curve (vs RHE) from equation (3.4): 

 

Erev(H2|air) = 1.23 − 0.0495 + 0.0175 × log ([
104.645

101.325
]

2

× [
20.929

101.325
]) = 1.1685 V 

 

Tafel slope and the exchange current density can be determined from data in oxygen. 

So, one can estimate the kinetic overpotential ηkin
(k)

 at any stage of AST using equation 

(3.5). ηOhmic
(k)

 can also be calculated from the known values of ROhmic and RSheet at different 

AST stages. Experimentally, one can measure the overpotential η(k)(i) at any current 

density. From these quantities, one can estimate the concentration overpotential at any 

stage of AST. 

 
ηconc

(k) (i) = η(k)(i) − ηkin
(k) (i) − ηOhmic

(k) (i) = Erev − Ecell
(k) (i) − b × log [

i

i0 × RF(k)
]

                                                                    − i × (ROhmic
(k)

+
1

3
RSheet

(k)
) 

 

 

3.12 
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Thus, from equation (3.12), concentration overpotential at BOL can be explicitly 

calculated and need not be approximated as 0. Note that in H2/O2 setup, the 

approximation of ηconc
(0) (i) = 0 is necessary, otherwise the kinetic parameters cannot be 

calculated as no exact analytical formula for concentration overpotential that can applied 

to PEFC exists in literature. 

 

3.6. Ex-situ analytical characterization 

3.6.1. Scanning electron microscopy 
 

Scanning electron microscopy (SEM) was performed to identify degradation of Pt 

nanoparticles and to identify morphological changes of the catalyst layer due to 

degradation. The following procedure was followed to obtain sample cross-sections from 

the SEM. First, an area of about 1 cm × 1 cm in the middle of the MEA was cut from the 

MEA, which was then sandwiched between stainless steel or glass plate to keep flat. The 

assembly was then mounted in epoxy and sectioned to expose the cross-section. Multiple 

Buehler EcoMet 30 polishing paper were used to polish the cross-section with finish 

progressively increasing from 320 grit to 1200 grit. The polished cross-section was 

imaged in a JOEL-7200F field emission scanning electron microscope, equipped with an 

Oxford Instruments X-MaxN EDS detector.  Catalyst layer thickness measurement was 

carried out using ImageJ. Multiple measurements were taken at various locations across 

the entire 1 cm length of the cross-section. 

3.6.2. Focused ion beam scanning electron microscopy 
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To perform focused ion beam scanning electron microscopy (FIB-SEM), the cathode-side 

GDL was carefully peeled off the MEA to expose the cathode catalyst layer. The sample 

was then affixed to an SEM pin mount using carbon tape. The FEI Quanta 3D, a dual-

beam FIB/SEM instrument, was used for this analysis. The liquid gallium metal ion beam 

source was operated at an accelerating voltage of 30 kV, while the electron beam 

parameters were 10 kV and 93 pA. The sample stage was tilted at 52° such that the 

incident ion beam is perpendicular to the sample surface for slicing. A protective Pt layer, 

roughly one micron thick, was deposited on the surface of the catalyst layer. Side trenches 

and rough cuts to expose the surface of interest were milled at 500 pA, with several 

cleaning cuts performed at 30 pA to shave off destructed portions of the catalyst layer. 

With the given electron beam energy, the planar resolution of the SEM was 10 nm.  

After preparation, approximately 10 μm x 2 μm x 10 μm (length x width x depth) volume 

was investigated as the region of interest (ROI) via a combination of FEI’s Auto Slice and 

View program and manual SEM imaging. A 20-nm slice of the ROI was milled by the ion 

beam at 30 pA, followed by imaging with the electron beam under vacuum. Following 

image acquisition, the SEM micrographs were registered and aligned using Fiji ImageJ 

and the StackReg plug-in [48]. A portion of the ROI was then cropped and converted to 

8-bit. An FFT bandpass filter was applied to eliminate any vertical striation artifacts from 

the ion beam slicing. To achieve accurate thresholding, the image contrast was increased 

to elucidate the difference between solid and void volume. Once the pore area is 

elucidated, the porosity of each slice and the overall image stack can be calculated. 

Because of the SEM resolution, 10 nm was used as the bin size for pore diameter 

distribution. The in-plane and through-plane pore-space tortuosity factors of the pores 
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were calculated using the Tau Factor [49] add-on in MATLAB. Three-dimensional 

reconstruction of the cathode catalyst layer was accomplished using Dragonfly software. 

A pore space rendering was generated with the OpenPNM [50] workflow, and a pore size 

distribution for the cathode catalyst layer was obtained. In-house MATLAB scripts and the 

Curve Fitting application were used to plot probability density functions to fit the pore size 

distribution histograms. 

 

Figure 3.9 a, BOL b, 500 AST cycles and c, 2000 AST cycles. The first column shows the region of interest used for 
analysis from the raw FIB-SEM images. The region of interest excludes the areas that are either too close to the 
membrane or the platinum capping layers. The second column shows the raw grayscale images. The third column 
shows the segmented images. The color indicates solid phase (platinum, ionomer, and carbon). 

 

The critical part about FIB-SEM analysis is finding the right contrast so that the pore space 

is properly visible. An SEM image fundamentally shows contrast between the solid and 

the void phase. When viewing an image slice, the next image slice may also affect the 

overall interpretation. For instance, if there is a layer of solid material just behind a pore, 
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the pore may effectively look like a solid of slightly different contrast. In Figure 3.9 and 

Figure 3.10, solid is denoted by white and the void is denoted by dark colors. At low 

contrast, pores were not sometimes visible because of the solid layer behind. The 

contrast was increased to account for this issue. If the contrast is too high, the solid 

substances with lower density will appear dark, and as a result, will be interpreted as void. 

So, at very low contrast, the pores are under-counted. At very high contrast, the pores 

are over-counted. For the final data analysis, an intermediate contrast setting was chosen 

to correctly estimate the pore volume. 

 

Figure 3.10 Role of contrast adjustment for a proper analysis of pore-space at a, BOL b, 500 AST cycles and c, 2000 
AST cycles (contrast adjusted below). 

 

After proper segmentation, the images consist of correct pore and solid volumes. Local 

thickness procedure is performed on the pore-space to inscribe spherical kernels into 

each pore. Essentially, the largest possible sphere is being fit into the pore, and those 

voxels that belong to this sphere are ascribed to the diameter of the fit sphere. The pore-

size distribution histogram is generated Then a bimodal log-normal distribution is fit to the 

discrete pore size distribution. Inside fuel cell catalyst layers, a bimodal pore size 
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distribution is observed experimentally. The larger pores, known as the primary pores, 

are the void spaces between the carbon agglomerates. The smaller pores, called the 

secondary pores, are the void spaces inside each agglomerate. Uchida et al. were the 

first to suggest a bimodal pore size distribution inside catalyst layers from the mercury 

intrusion porosimetry data [51]. Log-normal distribution is usually fitted to the pore volume 

data of gas diffusion layers in fuel cell [19]. As a result, this can be used in the study for 

the pore size distributions inside the catalyst layer as well. The following formula is used 

for fitting: 

 
PDF (r) =  ∑ fr,k  {

1

√2 π r σk

exp [−
(ln r − ln ro,k)

2

2σk
2 ]}

k=1,2

 
3.13 

 

In equation (3.13), PDF stands for the probability density function. fr,k denotes the weight 

of the k’th distribution with the mean r0,k and the standard deviation σk. Clearly fr,1 + fr,2 = 

1. The distribution mean is (fr,1*r0,1 + fr,2*r0,2). There are two mean diameter and standard 

deviation values that can be reported- 1) quantities calculated from the segmented 

images itself, and 2) quantities calculated from the log-normal fits. The following data 

obtained for the pore size distribution at different stages of carbon corrosion (chapter 3) 

shown in Table 3.7 is an example. 

 

Table 3.7 Fitting parameters at BOL, after 500 AST cycles and after 2000 AST cycles. 

Parameter Value at BOL  Value after 500 
AST cycles 

Value after 2000 
AST cycles 

Mean diameter (nm) 50.6 72.1 55.7 

Mode (nm) 22.1 48.0 40.9 
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Standard deviation 
(nm) 

33.2 39.1 31.0 

R2 value 0.8 0.7 0.7 

σ1 (nm) 0.6 0.7 0.7 

σ2 (nm) 0.6 0.5 --- 

r0,1 (nm) 55.6 61.1 56.8 

r0,2 (nm) 31.4 78.1 ---- 

fr,1 (nm) 0.8 0.6 1.0 

 

 

3.6.3. Non-dispersive infra-red spectroscopy 
 

For non-dispersive infra-red (NDIR) spectroscopy the effluent stream from the cathode 

was split and one end of it was connected to the IAQ-CALCTM model 7545 NDIR sensor 

(TSI Incorporated, Shoreview, MN) during the AST cycles. This allowed for accurate and 

reproducible measurement of carbon dioxide and carbon monoxide ppm in the effluent 

stream as a function of time. The data was collected at every 2 seconds from the start of 

AST voltage cycling until the ppm values reached the initial baseline to account for all the 

residual oxidized carbon ppm. This data was utilized to estimate carbon loss in μg.cm-2 

of active area. 

During carbon corrosion AST (1-1.5 V voltage cycling), the anode feed was 100% 

humidified H2 and the cathode feed was 100% humidified N2 at 80 C (353 K). The flow 

rate was 0.2 slpm for both anode and cathode. Flow pressure was 1 atm absolute. It was 

assumed that the inlet and outlet flow rate at the cathode were same. However, the 

number flow rate was different, and can be calculated as follows: 

 dN

dt
|

in
=

dNN2

dt
|

in

+
dNvapor

dt
|

in

 
3.14 
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 dN

dt
|

out
=

dNN2

dt
|

in

+
dNvapor

dt
|

out

+
dNCO2

dt
|

out

+
dNCO

dt
|

out
  

3.15 

 

In the equations (3.14) and (3.15), it was implicitly assumed that dNN2/dt is same at both 

inlet and outlet as N2 does not react. 
dNvapor

dt
|

out
<

dNvapor

dt
|

in
 as water vapor reacts with C 

to form CO and CO2. The experimental data shows that CO2 is produced at much larger 

amount than CO. This happens because the potential applied, 1-1.5 V is higher than the 

known CO oxidation potential. So, the produced CO gets oxidized to CO2. The NDIR 

sensor measures ppm level of CO2 and CO. The CO2 and CO ppm readings can be 

converted to the C mass lost. First, the mass of CO2 produced from the measured ppm 

data is estimated as: 

 
mCO2

(cycle) =  ∫
dV

dt
ntot(ppmCO2

− ppmCO2,baseline)MCO2

time CO2 returns base level

AST start time

dt  
3.16 

 

 
mCO(cycle) =  ∫

dV

dt
ntot(ppmCO − ppmCO,baseline)MCO

time CO returns base level

AST start time

dt 
3.17 

 

In equations (3.16) and (3.17), dV/dt is the volume flow rate (0.2 slpm). The net molar 

density of outgoing species ntot is given by ntot = nN2
+ nvapor + nCO2

+ nCO. Among all 

the quantities, nCO is the most negligible. The baseline ppm level of CO2 and CO was 

subtracted because before AST, i.e., before any significant production of CO2 or CO due 

to AST, the baseline ppm levels were not 0. Thus, it had to be subtracted from the 



54 
 

observed ppm level to estimate the correct ppm of CO2 and CO that was produced due 

to the AST. Another important aspect of equations (3.16) and (3.17) are the upper limit of 

the integration. It was observed that the ppm levels return to the baseline after some time 

once the AST stops. The fuel cell operation was kept in idle mode until the ppm levels 

return to the baseline values. The integration was carried out until that time.    

The back pressure was kept at 1 atm during the time. Here Pback = Pgas + Pvapor. Pvapor = 

saturated vapor pressure at 80° C = 47.343 kPa, which is about half of the back pressure 

(1 atm = 100 kPa). So, the contribution of water vapor at this high RH cannot be neglected 

at all. In the expression of total molar density nN2
+ nCO2

+ nCO = nideal where the N2, CO, 

and CO2 can be assumed to be ideal gases, and can be estimated as nideal =
Pideal

RT
=

Pback − Pvapor

RT
=

Pback − Psat

RT
 = 18.4 mol/m3. Density of saturated water vapor is 293.8 gm/m3, 

and the molar density of saturated vapor at 80 C = 293.8 gm/m3 / 18.02 gm/mol = 16.3 

mol/m3. So, the molar density of water vapor is almost similar to that of ideal gas. This is 

also expected as the vapor pressure was almost half of the back pressure. So, the 

saturated vapor pressure was almost equal to the pressure exerted by the ideal gas inside 

the NDIR chamber. 

With these calculations, equations (3.16) and (3.17) can be simplified to (in units of μg): 

   

 
mCO2

(cycle) =  ∫ 0.0051(ppmCO2
− ppmCO2,baseline)

time when CO2 returns to base level

AST start time

dt   
3.18 
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mCO(cycle) =  ∫ 0.00324(ppmCO − ppmCO,baseline)

time when CO returns to base level

AST start time

dt   
3.19 

 

From the mass of CO2 and CO, mass of C lost can be calculated as: 

 
mClost

(cycle) =
3

11
mCO2

(cycle) +
3

7
mCO(cycle)   3.20 

 

The results of equation (3.20) are discussed in chapter 3. Below in Figure 3.11, plotted 

are the ppm levels of CO2 and CO (without the baseline corrections) as observed during 

the AST. Figure 3.11 a to c show the CO2 ppm levels whereas Figure 3.11 d to f show 

CO ppm levels. The MEA II was aged for 500 cycles and MEA III was aged for 2000 

cycles. So, the ppm data (for both CO and CO2) for the first 500 cycles were averaged 

between these two MEAs. The ppm data for the next 1500 cycles is only from MEA III. 

As can be seen in the Figure 3.11, the CO ppm levels are much lower than the 

corresponding CO2 levels. This is consistent as the potentials applied (1-1.5 V) are higher 

than the CO oxidation potential, as a result of which, most of the CO had been oxidized 

to CO2.  
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Figure 3.11 NDIR sensor data (in ppm) of CO2 and CO during the AST voltage cycling. 

 

3.6.4. Micro-X-ray diffraction  
 

Synchrotron micro-X-ray diffraction (μ-XRD) mapping was conducted at Beamline 12.3.2 

of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). 

A 10 keV monochromatic X-ray beam was focused to ∼2×5 μm2 by Kirkpatrick−Baez 

mirrors. The degraded MEAs disassembled from testing hardware were mounted on a 

x−y scan stage and tilted 25° relative to the incident beam. Diffraction images were 

recorded in reflection mode with a two-dimensional Pilatus-1 M detector mounted at 60° 

to the incoming X-ray, approximately 150 mm away from the probe spot. Exposure time 

at each position was 10 s. Calibrations for distance, center channel position, and tilt of 

the detector were performed based on a powder pattern obtained from a reference Al2O3 

particles taken at the same geometry. For mapping of the 1 cm ×1 cm area of each MEA 

samples (chapter 1) a scan of 50 × 20 points was performed with a step size of 200 µm 
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on the x-axis and 500 µm on the y-axis.  Finer 200 µm step size in x-axis was adopted to 

resolve the flow field channel (~0.78 mm) and land (~0.92 mm).  The X-ray scan diffraction 

data was then processed by XMAS [52,53]. Diffraction rings were integrated along the 

azimuthal direction and the peak width was determined by fitting a 2D Lorentzian function 

with an angular resolution of∼0.02°. Instrumental broadening was estimated using large 

Al2O3 crystals powder in the exact same detector configuration.  The estimated Pt particle 

size is an average from both cathode and anode catalyst for each measured location 

since the synchrotron X-ray penetrates both cathode and anode. In our measurement, 

change of Pt particle size before and after AST is dominated by the cathode Pt catalyst 

particle size increase, as minimal particle size growth occurred on the anode side, when 

the anode was fixed at 0.0 V vs R.H.E in pure H2 environment during AST. Please note 

that the step size in both x and y directions is different for maps in different chapters. 

3.6.5. Micro-X-ray fluorescence  
 

The micro-X-ray fluorescence (μ-XRF) measurements were performed using XGT-9000 

Horiba XRF microscope. A 10 µm capillary was utilized to map an area of 2048 μm by 

2048 μm near inlet and outlet with 1024 pixels in both x and y directions giving a resolution 

of 2 µm × 2 µm. The larger 20.48 mm × 20.48 mm (~ 4 cm2) area was also mapped using 

the 10 μm capillary with 1024 pixels in both x and y directions giving a resolution of 20 

µm × 20 µm. The X-ray energy was set to 50 keV. As the X-ray penetrates the full MEA 

(anode GDL, CCM and cathode GDL), the reflected X-ray signal to the detector includes 

Pt contribution from both anode and cathode. Thus, the quantified total average Pt loading 

is the sum of anode and cathode loading. 2D colormaps were generated in MATLAB 

using fluorescence images generated by the microscope and the quantified total average 
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Pt loading. The total average Pt loading of 550 μg.cm-2 with ± 2% spatial variation was 

quantified for the CCMs using a calibration curve generated from 10 µm capillary maps 

of calibration samples with known Pt loading. For Pt loading quantification L alpha peak 

was used. To ensure no variation is caused due to attenuation and the quantified data 

reflected true change, the total average Pt loading of each reported area was reconfirmed 

by using a larger 1.2 mm capillary at multiple spots (Table 3.8 of chapter 4 results). A 

variation of only ± 2% was observed due to attenuation. No GDLs were removed from the 

CCMs after ASTs. The GDLs also made sure that the CCM was completely flat during 

mapping before and after ASTs. To make certain that observed in-plane movement of Pt 

loading was not due to distortion of the CCM when placed under vacuum, an equilibrium 

time of ~ 3 hours was provided before any mapping. Lastly, the inlet and outlet were 

marked on the cathode GDL for further after AST synchrotron experiments. 

Table 3.8 Quantified average total Pt loading with different capillaries to understand variation due to attenuation. 

 Average total Pt loading  
(Maps with 10 μm 

capillary) 
μg.cm-2 

Average total Pt loading  
(3 spots with 1.2 mm 

capillary) 
μg.cm-2 

% 
attenuation 

Standard MEA  
4 cm2 – before AST 

559 549 1.78 

Standard MEA  
inlet – before AST 

559 552 1.25 

Standard MEA 
outlet – before AST 

553 547 1.08 

Standard MEA  
4 cm2 – after AST 

550 541 1.63 

Standard MEA  
inlet – after AST 

551 559 1.45 

Standard MEA  
inlet – after AST 

548 549 0.18 

    

Modified MEA  
4 cm2 – before AST 

558 552 1.07 
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Modified MEA  
inlet – before AST 

545 549 0.73 

Modified MEA 
outlet – before AST 

547 552 0.91 

Modified MEA  
4 cm2 – after AST 

498 487 2.20 

Modified MEA  
inlet – after AST 

477 470 1.46 

Modified MEA 
outlet – after AST 

535 543 1.30 

 

The synchrotron X-ray micro fluorescence mapping (chapter 4) was carried out at the 

exact identical location using identical raster scan step of the diffraction mapping (start 

and end point, step size and scan area). The Vortex-EM detector is positioned at an angle 

to the incoming X-ray beam. The monochromatic X-ray energy was increased to 12 keV 

for X-ray fluorescence measurements. 

To facilitate identical location μ-XRF mapping (chapter 4), a thin 25 μm PTFE template 

was prepared with alignment markers. Using the cathode flow field as reference, holes 

were cut out in the template near the inlet and outlet (Figure 3.12). The diameter of the 

holes was kept equal to the diagonal of the 2048 μm by 2048 μm area to be mapped. 

This ensured automatic alignment of the mapped areas when the template was placed 

(matching the alignment markers simultaneously) on the MEAs for mapping before and 

after the AST. Similarly, a PTFE template with square cut out of 4cm2 area was prepared 

to facilitate identical location mapping of the larger areas. 



60 
 

 

Figure 3.12 Images show sample preparation with 25 μm PTFE template for 0.04 cm2(L) and 4 cm2(R) areas. 

 

3.6.6. Micro-X-ray computed tomography 
 

Micro-X-ray computed tomography (μ-XCT) of MEAs and GDLs was performed at 

Beamline 8.3.2 at ALS synchrotron at LBNL, Berkeley, CA. Monochromatic X-rays with 

25 keV energy were selected. 50 µm LuAg:Ce scintillator, 10x lenses and sCMOS PCO 

Edge camera were used to produce an image with 0.65 µm pix-1. 200 ms exposure time 

was used with 1300 images collected per scan. To create the X-ray CT images, a three-

dimensional image stack is reconstructed using two-dimensional radiographs collected 

from 0 to 180o rotation. The reconstructions and phase retrieval were performed using 

the Gridrec algorithm with open-source TomoPy [54] The reconstruction parameters and 

details are described previously [55,56]. Image processing and 8-bit conversion were 

carried out with open-source Fiji/ImageJ [48] Dragonfly, Object Research Systems was 

used for 3D rendering. 

3.6.7. Computational Fluid Dynamics simulation with Lattice Boltzmann 

Method 
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The Lattice Boltzmann Method (LBM) is a computational fluid dynamics (CFD) technique 

for solving a wide variety of fluid flow problems in the complex structure of the porous 

medium. LBM was performed to simulate the liquid water injection inside the detailed 

structure of GDL samples. The model utilized free surface conditions and a time-

dependent simulation was used to capture the behavior of liquid water transport inside 

the GDL samples. XFlow 2020x (Build 102.03), which is a commercial CFD program that 

has a built-in LBM solver, was used to perform numerical simulations. The lattice element 

size was 0.65 µm, giving a total number of 18,312,548 to 22,353,320 elements, 

depending on the size and resolution of the computed geometry.  The computational 

domain has a size of 400 x 400 μm2 with the thickness depending on the sample. The 

time step was set to 0.1 μs. The liquid-water was injected under the sample at the same 

locations and flow rate at 1e-4 kg/s. The surface tension of liquid-water was set to 0.072 

N/m, which corresponds to the surface tension of water in contact with air at 25 ºC. 

Surface tension is also responsible for the contact angle (θ) where a surface meets a 

GDL surface. This is determined by the interactions across the fluid-fluid and fluid-solid 

interface. The GDL contact angle in the simulation was assumed to be constant and 

uniform at 110 degree. 

3.6.8. X-ray Photoelectron Spectroscopy 
 

The X-ray photoelectron spectroscopy (XPS) data were measured by Kratos AXIS Supra 

X-ray photoelectron spectrometer, with a monochromatic Al Kα operating at 225 W for 

survey spectra and 300 W for high-resolution spectra. The survey spectra were acquired 

using 160 eV pass energy, 1 eV step size, 100 ms dwell time, while the high-resolution 

spectra were acquired using 20 eV pass energy, 0.1 eV step size, 100 ms dwell time. For 
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each spectrum, the data were averaged by three random sample points and each sample 

point was averaged by specific cycles of scanning. All spectra were analyzed using 

CasaXPS software and fitted with 70 % Gaussian / 30 % Lorentzian line shape. 

4. Results 

4.1. Chapter 1: Mapping and probing heterogenous catalyst 

degradation under realistic automotive operating 

conditions 
 

Practically, in both small-scale single cell MEA evaluation and large-scale PEFC stack 

operation, CCMs are sandwiched between cathode/anode GDLs. And the entire   five-

layer assembly is placed between flow fields/bipolar plates, where the land sections press 

down the GDL under compression to maintain good electrical contact and gases flow 

mainly in the channels of the flow fields/bipolar plates. Depending on the flow field 

geometry and fluid dynamics at specific operating conditions, there may exist local 

variations in  mass transport, heat transport, water  transport, and current distribution over 

the area of  the catalyst layer, where local water accumulation, strongly influenced by the 

flow field geometry, plays an important role affecting  catalyst  durability [8,29,57]. Pt 

catalyst nanoparticles at specific locations are exposed to different local conditions (e.g.,  

RH, liquid water content, and gas composition [H2 and O2 gradients in the case of H2/air 

operation]), thus the localized degradation behavior likely deviates [58]. So far, 1D 

segmented cell design has shown some progress  in delivering insights into 

electrocatalyst degradation from start-up and shut-down cycles,  showing non-uniform 

ECSA loss between inlet and outlet regions [59]. But current understanding of this 

heterogeneity is still limited due to experimental limitation in resolving local degradation. 
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Particularly, how the heterogeneity of catalyst degradation correlates to its specific 

location does is quantitatively unknown. Thus, there is a need for detailed analytics of the 

Pt catalyst degradation with a fine 2D spatial resolution to elucidate such non-uniform Pt 

degradation behavior at the electrode level.  In this chapter, a new methodology to 

spatially resolve and quantify Pt catalyst nanoparticle degradation over a large area 

(several cm2) of aged MEAs was developed. The novel method was used to understand 

in detail the causes of heterogeneous Pt catalyst degradation rates by comparing ASTs 

in H2/N2 and H2/air environments under wet and dry operating conditions.  

4.1.1. Electrochemical characterization data 
 

Figure 4.1 a-d shows polarization curves for four MEAs during the AST. Over the course 

of 30,000 cycles (~ 50 hours) all four MEAs showed potential loss that indicates that 

degradation is taking place. Comparing the polarization curves for BOL and EOL for four 

MEAs a clear trend emerges, where higher potential loss at medium and high current 

densities is observed for MEAs cycled in N2 compared to those in air. Over the course of 

30,000 AST cycles, N2 Wet MEA had the largest polarization loss, which amounted to 0.2 

V at 0.8 A/cm2. For all four MEAs the polarization curves at the BOL and after 1,000 cycles 

either showed minimal difference (N2 Wet), showed improved performance after 1,000 

cycles (Air Dry) or did not show any differences (N2 Dry and Air Wet). 1,000 AST cycles 

translates to 1.67 hours of testing. The minimal improvement or no change of polarization 

during this 1.67 hours can be attributed to additional cell conditioning. Previous study has 

shown that for Pt/C (low surface area) the mass activity improves during first three voltage 

recovery cycles [60]. For the Air Dry MEA OCP of 0.95 V was observed at the BOL which 

decreased to, 0.94 V, 0.93 V at 15,000 and 30,000 cycles respectively. The OCV reported 
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here is collected after voltage recovery. But during the AST cycling in air environment, it 

was observed that the OCV (UPL for Air ASTs) decreased to 0.83 V (Figure 3.3), which 

is lower than 0.95 V UPL used for N2 ASTs. The OCV decrease during the voltage cycling 

caused the AST to be performed at lower values of UPL, which reduced the amount of Pt 

being dissolved. This lower rate of degradation is due to decreased amount of PtO formed 

at lower UPL [33,35,61]. The potential loss during AST for all four MEAs from 1,000 to 

5,000 cycles, from 5,000 to 15,000 cycles and from 15,000 to 30,000 cycles can be 

approximated as equipotential within the MEA but different between MEAs. Correlation 

between the polarization loss and the ECSA loss is discussed in the upcoming sections. 

 

Figure 4.1 Polarization curves collected after 0, 1000, 5000, 15000 and 30000 AST cycles for a, N2 Dry, b, N2 Wet, c, 
Air Dry and d, Air Wet. The polarization curves were carried in H2/Air at 80oC, 100 % RH, 150kPa(a) backpressure, 
1.5/1.8 stoichiometry anode/cathode. e, ECSA as a function of AST cycle number for N2 Dry, N2 Wet, Air Dry and Air 
Wet MEAs (top). Normalized ECSA as a function of AST cycle number (bottom). 

 

Figure 4.2 shows cyclic voltammetry curves for four MEAs from the BOL to 30,000 cycles.  

The ECSA for each experiment was calculated from the charge integrated under the HUPD 
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region with equation (3.1). For all MEAs with ageing the following observations were made 

regarding the CVs: i) the loss of the HUPD region, ii) the loss of adsorbed oxide species 

on Pt surface and iii) an increase in double layer capacitive current between 0.5 and 0.65 

V. The most pronounced reduction in HUPD region was observed for N2 Wet and N2 Dry, 

where, together with the decrease in ECSA, a reorganization in the Pt crystal structure 

was recognized, as almost complete disappearance of the peak in the region between 

0.1 and 0.15 V was observed, generally associated with the Pt (110) direction [62]. 

Pt(110) has shown to be the most unstable surface in rotating disk experiments, hence it 

is not surprising that its loss is the most pronounced in this study [62]. Figure 4.3 shows 

that hydrogen cross-over and shunt resistances have not changed significantly during the 

AST protocols and thus are not major contributors of the MEA degradation. 
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Figure 4.2 Cyclic voltammograms collected after 0, 1000, 5000, 15000, 30000 AST cycles for a, N2 Dry, b, N2 Wet, c, 
Air Dry and d, Air Wet. The CVs were carried in H2/N2 at 80°C, 100 % RH, 200 sccm/300 sccm anode/cathode. 

 

Figure 4.3 a, Hydrogen crossover and b, shunt resistance calculated from LSVs collected after 0, 1000, 5000, 15000, 
30000 AST cycles for N2 Dry, N2 Wet, Air Dry and Air Wet. The LSVs were carried in H2/N2 at 80°C, 100 % RH, 200 
sccm/300 sccm anode/cathode. 
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Figure 4.1 e shows the relationship of the calculated and normalized ECSA with the cycle 

number. Variation in the BOL ECSA is observed to be between 25 and 43 m2 g-1. N2 Dry 

MEA has the lowest BOL ECSA, which will be attributed to MEA-to-MEA variability during 

fabrication process, which also resulted in thinner catalyst layer (Table 4.2). Lower BOL 

double layer capacitance also confirms this observation (Figure 4.4). There is a slight 

increase in the ECSA values at 1,000 cycles for the three MEAs but N2 Wet, which can 

be attributed to additional cell conditioning as previously described. Such initial increase 

in the ECSA values has also been reported before [63]. A decrease in the ECSA is 

observed for all MEAs during AST cycling after 1,000 cycles. N2 Wet MEA shows the 

highest catalyst degradation, from 43 m2 g-1 at BOL to 10 m2 g-1 after 30,000 cycles. This 

MEA also showed the highest loss of electrochemical double layer capacitance, which 

corroborates the ECSA loss. Compared to the other three MEAs, this MEA started out 

with the highest ECSA and ended up with the lowest. Only 25 % of the ECSA is left at the 

EOL. This can be attributed to the UPL that remains at 0.95 V constantly. As discussed 

in the Introduction section, ECSA loss scales with the UPL. Air Dry has the least ECSA 

loss, and it maintains 80 % of its ECSA at the EOL (from 38 m2 g-1 at BOL to 32 m2 g-1 at 

EOL). Whereas Air Wet and N2 Dry show somewhat similar ECSA loss, maintaining 52 

% and 62 % of the BOL ECSA and having 18 m2 g-1 at the EOL. During ASTs in air 

environment, the UPL dropped to values below 0.9 V for both wet and dry conditions 

during voltage cycling. This lower UPL results in lower ECSA loss. Due to repeated 

oxidation and reduction of the Pt particles during AST cycling, Ostwald ripening and 

particle dissolution are the dominant degradation mechanisms that lead to the loss of 

ECSA through Pt particle size growth and Pt band formation in the- membrane. 
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Figure 4.4 Double layer capacitance for 0, 1000, 5000, 15,000, 30,000 AST cycles calculated from CVs for N2 Dry, N2 
Wet, Air Dry and Air Wet. The CVs were carried in H2/N2 at 80°C, 100 % RH, 200 sccm/300 sccm anode/cathode. 

 

Table 4.1 Tafel slopes extracted from 𝛥𝑉 vs. log(ECSAratio) at low current density. 

Condition Tafel slope at 100 mA cm-2 (mV decade-1) 

from BOL to EOL, where the decade 

refers to log(ECSAratio) 

Air Dry 134 

N2 Dry 195 

Air Wet 74 

N2 Wet 90 

 

With the loss of ECSA, change in activation overpotential of ORR can be calculated by 

taking the ratio of two Tafel equations at BOL and that during ageing and rearranging to 

obtain the following: 
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𝛥𝜂 =

2.303𝑅𝑇

𝛼𝐹
𝑙𝑜𝑔 (

𝑖0 ∙ 𝐸𝐶𝑆𝐴𝐵𝑂𝐿

𝑖0 ∙ 𝐸𝐶𝑆𝐴𝐴𝑔𝑖𝑛𝑔
) 

4.1 

 

where 𝛥𝜂  is the change in ORR overpotential from BOL to that during ageing, i0 is 

exchange current density that is assumed to be constant [47], R is gas constant, T is 

temperature, F is Faraday’s constant and 𝛼 is the symmetry coefficient that is taken to be 

1 at low current densities. Only ECSA changes during the ageing. When 𝛥𝜂 is plotted 

against log (ECSAratio), a Tafel slope can be calculated and compared to the expected 70 

mV decade-1 if all the overpotential losses during ageing are due to ECSA loss. Using 

equation (4.1), Tafel slopes are calculated at a low current density of 100 mA cm-2 and 

plotted in Figure 4.5 and summarized in Table 4.1, Tafel slopes of 90, 134 and 74 mV 

decade-1 for N2 Wet, Air Dry and Air Wet MEAs were observed, respectively. Thus, N2 

Wet and Air Wet show close to expected 70 mV decade-1 loss of overpotential, which is 

indicative that the polarization loss for these two cases is mainly due to the ECSA loss. 

For the Air Dry the high Tafel slope value of 134 mV decade-1 was observed, which is 

indicative that the polarization loss is not only due to ORR kinetics but might be affected 

by mass-transport or other phenomena. Overall, since the average electrode thickness 

was not changed during the AST cycling (Table 4.2), degradation of the catalyst support 

due to ageing is negligible. 

Table 4.2 Catalyst layer thickness of the four MEAs acquired with cross-sectional SEM for Control sample and aged 
samples. 

 Control Air Wet N2 Wet Air Dry N2 Dry 

SEM-Average Thickness (µm) 8.13 ± 0.59 9.32 ± 0.27 8.76 ± 0.26 8.13 ± 0.48 7.45 ± 0.17 
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Figure 4.5 Tafel slope analysis at low current density of 100 mA/cm2. Tafel slopes were calculated from polarization 
curves carried in H2/Air at 80oC, 100 % RH, 150kPa(a) backpressure, 1.5/1.8 stoichiometry anode/cathode. 

 

4.1.2. Catalyst layer thickness and Pt band formation 
 

Figure 4.6 shows the cross-sectional SEM images and EDS spectra for a Control sample 

and for the aged MEAs. The membrane is reinforced with ~15 µm layer of PTFE in the 

middle. The cathode catalyst layers are observed on the right and show uniformity in 

thickness. Pt-band formation is identified in case of N2 Wet conditions close to the cathode 

catalyst layer and PEM interface where Pt ions were reduced by crossover H2 and 

deposited inside the PEM (Figure 4.6 f). The large loss of ECSA for N2 Wet conditions 

can be ascribed to this complete loss of Pt from the cathode catalyst layer. Pt band 

formation in other MEAs was not sufficiently pronounced to be observed by SEM. The 

cathode catalyst layer thickness values are shown by Figure 4.6 g, where thickness 

ranged from 8.13 to 9.32 µm for three MEAs but N2 Dry, which had a lower thickness of 

7.45 µm. Furthermore, the two thicknesses from XCT for Baseline and for Air Wet are 

also reported in Figure 4.6 g. 
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Figure 4.6 (a-e top) Cross-sectional SEM images of the anode (left), PEM and cathode (right) catalyst layers and their 
respective EDS images, f, SEM image of the Pt-band formed within PEM for N2 Wet AST and g, the bar plot of the 
average thicknesses acquired from SEM and XCT. 

 

4.1.3. Pt nanoparticle size growth 
 

μ-XRD experiments were performed on the MEAs and 1 cm × 1 cm maps of the catalyst 

layer at the inlet, outlet and middle regions are shown in Figure 4.7. The Control sample 

has uniform particle-size distribution of average 3.2 nm. These particle sizes are 

consistent with previously reported value of 2.9 and 3.0 nm with local TEM methods 

[64,65], and to the 3.3 nm estimated by XRD [66] (for TKK TEC10E50E catalyst. Under 

dry conditions (Figure 4.7 b and c) the particle size growth is not significant compared to 

wet conditions (Figure 4.7 d and e). For Air Dry, there is no observable particle size 

change compared to the Control sample. This is also the sample that maintained 80 % of 

its ECSA at the EOL. N2 Dry shows some Pt particle size increase under land in the 

middle and near the gas outlet. Mean Pt particle size observed was 4.7 nm. From the 
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ECSA plots N2 Dry maintained 62 % of its ECSA at the EOL. Thus, the loss of 38 % of 

ECSA can be attributed to Ostwald ripening of particles from 3.2 nm to 4.7 nm via Pt 

dissolution. Air Wet and N2 Wet showed the highest Pt particle size growth under land. 

Particularly, for Air Wet, such growth was notable at the outlet. Maximum Pt particle size 

observed for N2 Wet was 14 nm, which is 4.5 times higher than the Control sample. For 

N2 Wet, the difference in particle size between land and channel is significant only in the 

outlet region. The particle size under the channel decreased from inlet to outlet. Non-

uniform humidification (inlet is more humidified compared to outlet owing to co-flow 

configuration and lack of produced heat and water due to absence of the ORR) is believed 

to be the cause for this heterogeneous particle size growth. Air Wet and N2 Wet at EOL 

maintained 50 % and 25 % of the BOL ECSA, respectively. Air Wet had more significant 

change in Pt particle sizes than N2 Wet from inlet to outlet, with prominent land to channel 

differences evident in all three regions. These significant changes in Air Wet are attributed 

to produced water mostly at the LPL (0.6 V) and subsequent heat generated due to ORR 

during voltage cycling. Differences in oxygen transport under land and channel lead to 

differences in ORR current (lower current under the land [67]. Therefore, catalyst layer 

located under the land is colder compared to the channel, as catalyst layer under the land 

generates less heat (due to lower ORR current). In addition, land conducts heat more 

effectively due to direct contact with the GDL fibers [68]. All this contributes to higher 

water content in the catalyst layer under land, which leads to increased PtO coverage 

and subsequent Pt dissolution, hence larger particle size under the land. Similarly, higher 

ORR current and therefore more heat is generated in the inlet region compared to outlet 

due to co-flow configuration of both anode and cathode gas feeds. As a result, outlet will 
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be at a lower temperature than inlet and more humidified, which causes water 

accumulation in the outlet region [68,69] (more under lands). This leads to higher growth 

of Pt nanoparticle size in outlet region compared to inlet for air case. Previous neutron 

imaging studies have shown such water accumulation in air environment at the outlet 

[69,70]. Such inlet/outlet catalyst degradation changes in air and N2 were observed 

previously [70,71] but  not directly with μ-XRD. 

 

Figure 4.7 1 cm × 1cm μ-XRD maps showing post-mortem Pt nanoparticle size distribution in three locations (outlet, 
middle and inlet) of the MEAs a, control, post-mortem with b, air in dry condition. c, N2 in dry condition, d, air in wet 
condition and e, N2 in wet condition. Insets show corresponding flow field geometry. 

 

These observations are valid for relatively wide lands of 0.92 mm and one option is to 

design a flow-field with narrower lands. A 14-channel serpentine flow field with 0.5 mm x 

0.5 mm width of land-channel (Figure 4.8 e) was used to perform N2 Wet AST and 

understand whether similar heterogeneous Pt degradation is observed. This flow-field 

also has a larger pressure drop from inlet to outlet and water will be pushed from under 
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the lands with gas crossflow, resulting in more uniform water distribution between land 

and channel. Figure 4.8 a to d shows the Pt nanoparticle size distribution maps and 

associated averaged distributions, where average particle size decreased from 9.3 to 6.7 

nm from the inlet to outlet. These are much smaller sizes compared to the Pt particle size 

observed for 0.92 mm lands. From the 2D micro XRD map no clear land-channel 

geometry was observed and unimodal Pt nanoparticle size distribution was seen. The 

flow-field design has a significant impact on catalyst layer degradation due to water and 

heat management and choosing narrow lands can minimize heterogeneous degradation 

of Pt catalyst. 
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Figure 4.8 a, Inlet location μ-XRD map and b, corresponding nanoparticle size distribution histogram. c, Outlet location 
μ-XRD map and d, corresponding nanoparticle size distribution histogram. e, 50 cm2 DOE flow field and f, BOL and 
EOL ECSA. 

 

The data from Figure 4.8 is summarized into a particle size distribution plot, shown in 

Figure 4.9, for the gas inlet, middle, and outlet of the MEAs. The Control sample showed 

log-normal size distribution with mean particle sizes of 3 nm near inlet and increasing to 

3.5 nm near the outlet. The inlet and outlet difference in Pt particle size is mainly due to 
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conditioning procedure for the Control sample. For the Air Dry MEA, the mean particle 

size increased from 3.3 nm at the inlet to 3.6 nm at the outlet. For N2 Dry the bi-modal Pt 

distribution is observed near the inlet with 3 nm and 4 nm mean Pt particle sizes, whereas 

for the outlet the mean increased to 4.6 nm.  

 

Figure 4.9 BOL and EOL catalyst particle size distribution in three locations (outlet, middle and inlet) for four AST 
MEAs. 

 

From the data for Air Wet, bi-modal Pt size distribution is observed, with mean Pt particle 

size increasing from 4 nm near inlet to 5.5 nm near outlet. This increase of particle size 

towards the outlet in Air Wet conditions is due to water accumulation at the outlet [69,70], 

as water is generated during AST. Lastly, a single log-normal sharp distribution is 

observed near the inlet and in the middle of the MEA for N2 Wet, with mean Pt particle 

size of 12 nm. The unimodal Pt distribution is because Pt distribution is more uniform 

under land and channel, as observed in Figure 4.7. But, near the outlet, bimodal 

distribution is observed again, due to smaller particle size under channel and larger 

particle size under land, with mean Pt particle sizes of 9.5 nm and 11.5 nm. Ostwald 

ripening is more pronounced for inhomogeneous particle size distribution, as smaller 

particles within nanometer distance to larger particles will dissolve and redeposit onto the 
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larger particles. Here, it is important to emphasize that locally (under land or under 

channel) a unimodal distribution is observed and only when land and channel distributions 

are overlayed, they become bimodal. 

4.1.4. X-ray photoelectron spectroscopy data 
 

The XPS survey spectra results are shown in Figure 4.10, with the corresponding data 

listed in Table 4.3. It is found that the surface C/F atomic concentration ratios range from 

1.17-1.08 for Control, 1.68-1.18 for N2 Dry, 1.34-1.06 for N2 Wet, 1.15-1.11 for Air Dry 

and 1.27-1.22 for Air Wet respectively (calculated by maximum C / minimum F and 

minimum C / maximum F), indicating that N2 Dry and N2 Wet have more ununiform 

ionomer exposure as F is the main content of Nafion®. Meanwhile, the average surface 

S/Pt atomic concentration ratios are found to be 1.78, 1.45, 1.28, 1.52 and 1.64 for 

Control, N2 Dry, N2 Wet, Air Dry and Air Wet separately (low atomic concentration 

elements don’t have as accurate standard deviation as high ones), implying that both N2 

Dry and N2 Wet MEA have worse ionomer coverage on Pt because sulfonate terminal 

groups of Nafion® are the proton conductive component and have high adsorption energy 

with Pt. These results are consistent with the phenomena in SEM and μ-XRD showing 

obvious Pt-band and larger particle size distribution of N2 MEA than Air MEA, all revealing 

that numerous platinum nanoparticles detached from the ionomers. 

Table 4.3 The XPS survey results of five MEA. At% – atomic concentration. Std – standard deviation 

 O 1s C 1s F 1s S 2p Pt 4f 

Sample At% Std At% Std At% Std At% Std At% Std 

Control 4.67 0.38 49.80 1.12 44.27 0.68 0.80 0.04 0.45 0.06 

N2 Dry 3.65 1.29 55.76 5.16 39.61 3.42 0.58 0.26 0.40 0.20 

N2 Wet 4.47 0.79 51.28 3.31 42.86 2.23 0.78 0.13 0.61 0.16 
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Air Dry 4.82 0.07 49.67 0.34 43.97 0.31 0.93 0.05 0.61 0.04 

Air Wet 4.11 0.27 52.41 0.52 42.21 0.45 0.79 0.04 0.48 0.04 

 

 

Figure 4.10 The XPS survey results of five MEAs. The corresponding data are listed in Table 4.3. 

 

High-resolution C 1s and Pt 4f with curve fitting are shown in Figure 4.11 and Figure 

4.12 respectively, with the corresponding results listed Table 4.4. The overlapping five 

MEA C 1s and Pt 4f after the normalization of maximum intensities to 1 are also given to 

compare the shapes, as Figure 4.12 and Figure 4.11 a. It can be found that the relative 

atomic concentrations of sp2 carbon (graphitic), which is the main chemical state of the 

carbon support but doesn’t exist in ionomer structure, are ~32% for Control and Air Dry, 

about 36% for N2 Wet and Air Wet, and as high as 41% for N2 Dry. The high sp2 

concentration in N2 Dry is consistent with the survey result that it has the most non-

uniform ionomer exposure as described before.  
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Figure 4.11 Curve fitted high-resolution C 1s of five MEA: a, Overlapped spectra with the maximum intensities 
normalized to 1 (a.u.); b, Control; c, N2 Dry; d, N2 Wet; e, Air Dry; f, Air Wet. 

 

Table 4.4 The curve fitted results for high resolution a, C 1s and b, Pt 4f of five MEA. At% – relative atomic 
concentration. Std – standard deviation. 

a Control N2 Dry N2 Wet Air Dry Air Wet 

States At% Std At% Std At% Std At% Std At% Std 

C 1 sp2 32.68 1.97 41.13 6.22 36.59 4.95 32.60 0.96 36.61 0.44 

C 2 sp3 2.29 0.36 2.10 0.28 2.32 0.55 2.33 0.44 1.92 0.16 

C 3 C-OH 4.35 0.23 5.25 0.73 4.72 0.68 4.23 0.21 4.85 0.02 

C 4 C-O 2.73 0.09 2.90 0.09 2.71 0.12 2.88 0.03 2.78 0.15 

C 5 C=O 2.74 0.05 2.79 0.26 2.76 0.19 2.96 0.14 2.82 0.04 

C 6 COOH 3.02 0.33 2.60 0.64 3.12 0.48 3.29 0.11 3.09 0.10 

C 7 C-F 22.28 3.04 17.07 7.94 22.08 5.82 24.67 1.76 21.91 2.43 

C 8 C-F2 22.24 0.55 18.21 1.04 18.93 1.75 19.69 1.21 19.12 1.88 

C 9 C-F3 7.66 0.67 7.94 2.39 6.78 1.50 7.34 1.02 6.89 0.41 

b Control N2 Dry N2 Wet Air Dry Air Wet 
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States At% Std At% Std At% Std At% Std At% Std 

Pt0 44.21 0.95 46.58 2.34 55.94 0.63 43.45 0.15 47.75 1.41 

Pt2+ 36.39 0.74 35.79 2.19 28.09 0.57 35.60 0.44 33.84 0.10 

Pt4+ 19.41 0.95 17.63 0.38 15.97 0.09 20.94 0.48 18.41 1.31 

 

 

Figure 4.12 Curve fitted high-resolution Pt 4f of five MEA: a, Overlapped spectra with the maximum intensities of Pt 4f 
7/2 normalized to 1 (a.u.); b, Control; c, N2 Dry; d, N2 Wet; e, Air Dry; f, Air Wet. 

 

The high-resolution Pt 4f spectra in Figure 4.12 reveals the surface composition of the 

platinum catalyst, comprised of reduced metallic platinum (Pt0) and oxidized states of 

platinum: “surface oxidized platinum” (Pt2+), usually associated with the presence of 

surface platinum oxide (PtO), and “edge oxidized platinum” (Pt4+) usually associated with 
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the PtO2 represented at nanoscale by “edge oxide”. XPS observations suggest that N2 

Wet MEA sample has the highest relative Pt0 atomic concentration ~56 % and Air Wet is 

the 2nd highest, of about 48 %, while the one of Control MEA sample shows only ~44 % 

(all concentrations are based on relative participation of the given moiety in the surface 

presence of the total chemical species). Higher content of metallic Pt0 can be attributed 

to larger nanoparticle size. In such larger particles a substantial portion of platinum atoms 

would be located inside the nanoparticle and thus will not contribute to electrocatalytic 

activity. On the other hand, the relative atomic concentrations of “edge” Pt4+ are found to 

be 19.4 %, 17.4 %, 16.0 %, 20.9 %, and 18.4 % for Control, N2 Dry, N2 Wet, Air Dry and 

Air Wet, respectively. In contrast with Pt0, larger Pt nanoparticle size leads to smaller 

surface area and hence lower edge Pt. In general, the high-resolution Pt 4f XPS spectra 

is consistent with the Pt size distributions observed by microscopy and estimated by XRD. 

XPS spectra corroborates also with the direct observations of “Pt band” formation and Pt 

nanoparticles clustering in cross-section SEM and micro-XRD described above, 

confirming that N2 Wet sample MEA registers severe platinum dissolution and re-

agglomeration.  

Specific hypothesis on the Nafion® ionomer redistribution can be made from the analysis 

of the relative intensities change in component structure of the high-resolution C 1s 

spectra provided in Figure 4.11 a and Table 4.4.  It should be noted that sp2 carbon 

species (often termed “graphitic”) is the main chemical state of the (element) carbon in 

the carbonaceous support but is entirely absent in the chemical structure of Nafion® 

ionomer, were all the carbon is in sp3 state. The relative atomic concentration of sp2 

carbon is ~32 % for Control and Air Dry, it elevates to about 36 % for N2 Wet and Air Wet, 



82 
 

and as high as 41 % for N2 Dry MEA sample. The high sp2 concentration in the N2 Dry 

sample is consistent with the microscopy survey result indicating that it has the least 

uniform (most heterogeneous) ionomer distribution, concurrent with the observation of 

highest “exposed” carbonaceous support for that sample from XPS. Another interesting 

spectral XPS segment is the carbon-fluorine region ranging from 290-296 eV binding 

energy (the higher the BE is, the more F atoms are bonded with the C). Considering the 

Nafion® chemical structure one can conclude that C-F moiety is associated solely with 

the sulfonate group of the ionomer, C-F2 is the main building block of the Nafion® polymer 

backbone and C-F3 is the ionomer backbone terminal. Thus, the ratios between such 

moieties present in the spectra of MEA samples could indicate the levels of heterogeneity 

and interactivity of these components of the Nafion® chain. We can see that the ratio of 

C-F/C-F2 are calculated to be 1.17-0.84 for Control, 1.46-0.47 for N2 Dry, 1.62-0.79 for N2 

Wet, 1.43-1.10 for Air Dry and 1.41-0.93 for Air Wet. Higher ratio values for N2 Dry and 

N2 Wet imply that they have most heterogeneous sulfonate distributions, which is 

consistent with lower C/F ratios in survey spectra. The reason why N2 Dry has the highest 

deviation in both C/F ratio (in the survey XPS spectra) and C-F/C-F2 ratios (in the high-

resolution C 1s spectra) is probably because the sulfonate ionomer group is hydrophilic 

and has less mobility at lower humidity adding a surface/chemical component to the 

explanation of the drying phenomena and associated with it structural changes at 

hierarchy of scales. 

4.1.5. Morphology of catalyst layer and catalyst loading changes 
 

Figure 4.13 shows the XCT volume rendered images of the Control MEA (Figure 4.13 a) 

and the MEA with AST cycling in Air Wet conditions (Figure 4.13 b). These images reveal 
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the woven structure of the catalyst layer. After ageing some of the catalyst coated 

membrane is swollen into a crack in a microporous layer (Figure 4.13 b). As it is shown 

in Table 4.2 the catalyst layer thickness remains approximately unchanged after the AST, 

the result was also confirmed via the XCT data, where through comparing Figure 4.13 c 

and Figure 4.13 d it is seen that the thickness of the catalyst layer remains unchanged 

after the AST. The inhomogeneity in catalyst layer thickness is mainly due to it having a 

pattern. 

 

Figure 4.13 XCT volume-rendering of a, control and b, Air Wet MEA. The average CL thickness is shown as a 2D map 
for c, control and d, Air Wet MEA. 
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To understand whether Pt loading distribution is correlated to Pt nanoparticle size 

distribution, or whether Pt nanoparticle growth is a local phenomenon, μ-XRF mapping 

for N2 Wet and Air Wet MEAs at the EOL was performed. N2 Wet and Air Wet MEAs were 

selected because they showed the highest Pt nanoparticle size changes between the 

land and channel. Figure 4.14 a shows the 2 mm x 2 mm location mapped with micro 

XRF near the outlet. The micro XRF signal comes from both anode and cathode catalyst 

layers (control sample loading ~ 0.6 mgPt cm-2). Figure 4.14 b shows the Pt loading 

distribution curves for the three MEAs. The average Pt loading decreased from 0.6 mgPt 

cm-2 to 0.5 mgPt cm-2 for both N2 Wet and Air Wet MEAs, indicating a loss of 0.1 mgPt cm-

2 of Pt from the cathode catalyst layer. Such loss of Pt loading can occur due to removal 

of effluent water containing Pt ions from the MEA. This Pt loading loss may be higher 

near the outlet due to water accumulation. Similar Pt loading loss was observed in 

previous studies, where Pt ions were detected in effluent water [57].  
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Figure 4.14 a, Flow-field used in the fuel cell assembly with highlighted area (near outlet) where μ-XRF maps of the 
MEAs have been taken, b, the loading of Pt for the MEAs plotted via averaging μ-XRF maps, c, the optical image of 
cathode catalyst layer of pristine MEA d, control sample micro XRF map, e, N2 Wet AST MEA micro XRF map and, e, 
Air Wet AST MEA micro XRF map. The size of the scale bar in c is 1 mm. 

 

No such Pt loading loss was observed for N2 Dry AST sample as shown by Figure 4.15. 

μ-XRF also maps the patterned structure of the catalyst layer, where the optical image of 

catalyst layer is shown by Figure 4.14 c. Optical image clearly confirms that the structure 

of the catalyst layer is patterned with a thread pitch of 250 µm. Figure 4.14 d shows the 

control sample MEA μ-XRF map near the outlet. Local bare spots are observed that are 

primarily due to gaps in the catalyst layer pattern and some manufacturing defects. 

Figure 4.14 e and Figure 4.14 f show μ-XRF maps of N2 Wet and Air Wet MEAs, where 

no loading redistribution was observed under the land or channel. This observation 

confirms that the Pt particle size growth under land is a local phenomenon. 
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Figure 4.15 a, Nitrogen Dry AST sample average Pt loading and b, μ-XRF map of Nitrogen Dry AST sample. 

 

Figure 4.16 summarizes the land and channel differences due to Pt dissolution during N2 

Wet and Air Wet ASTs. Under the land and in N2 Wet AST Pt nanoparticle size increases 

mainly due to high mobility of Pt ions and high redeposition rates. Furthermore, observed 

Pt-band formation within the membrane is also due to high Pt ions mobility. For N2 Wet 

AST under the channel lower Pt dissolution rates are expected because of less water 

present in the catalyst layer under the channel. For Air Wet AST smaller Pt nanoparticle 

size is observed under land compared to N2 Wet AST which can be primarily attributed 

to the decreasing UPL, due to dropping OCV during voltage cycling. Fewer Pt2+ ions are 

observed due to lower amount of PtO formation at decreasing UPL. Also, under these 

AST conditions no Pt band formation was observed in the membrane. For Air Wet AST 

the Pt nanoparticle size under channel is smaller, as there is less water and lower UPL 

during cycling. 
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Figure 4.16 A mechanistic summary of observed Pt degradation mechanisms in N2 and Air Wet AST conditions. 

 

4.2. Chapter 2: Effect of gas diffusion layers on catalyst 

durability in varied cathode gas environment 
 

In this study three widely used and commercially available GDLs were selected to 

elucidate their impact on cathode catalyst layer degradation. The selected GDLs were 

designed for high RH and high current density operating conditions. The MEAs were 

prepared using Sigracet 22BB (22BB), Freudenberg H23C6 (H23C6) and AvCarb MB30 

(MB30) as cathode GDLs. All three MEAs were first tested in the nitrogen environment 

AST with fixed UPL. Following this, two GDLs were down selected to be tested in air 



88 
 

environment AST to simulate actual PEFC operation. Advanced characterization 

techniques were used to spatially resolve Pt degradation between the three MEAs with 

different GDLs. In addition, computational fluid dynamic (CFD) simulations using Lattice 

Boltzmann method (LBM) were utilized to predict water distribution in the MEAs. 

4.2.1. Morphology visualization and analysis of gas diffusion layers  
 

X-ray CT was used to characterize morphological differences between the three GDLs 

studied. The cross-sectional tomograph of 22BB in Figure 4.17 a shows a relatively level 

MPL surface with a significant presence of cracks. The in-plane images show that cracks 

have approximately 10 - 20 μm width. The cracks penetrate the entire thickness of the 

MPL and potentially provide a low-resistance pathway for the transport of reactants and 

products to and from the cathode catalyst layer. It can also be noticed from both the cross 

sectional and the in-plane grayscale images that 22BB has a MPL which is embedded in 

the GDS. This embedding most likely happens when the MPL slurry is casted on the 

GDS, and the slurry flows into the substrate before drying completely. Lastly, the images 

show that the GDS was made of chopped carbon fibers held together by the 

carbonaceous binder. Figure 4.17 d shows the porosity of 22BB GDL, as a function of its 

thickness, which is about 209 μm. The MPL meso-porosities in this study were neglected 

and the only porosity measured was for the macroscale cracks. The cracks within MPL 

occupied about 20 % of the surface area, furthermore 22B showed the MPL to be 

embedded into 50 % of the GDS.  As the embedded MPL disappeared, the porosity 

plateaued giving an average porosity value of 78 %. A broad and bimodal distribution of 

pore diameter in the GDS was observed, resulting in an average pore radius of 14.7 μm 

for 22BB. The bimodal distribution was fit with the probability density function (PDF) of 
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log-normal bi-modal distribution, where the fitting parameters show two radii of 

distribution, 2.2 μm and 13.6 μm, as shown by Table 4.5 a. 
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Figure 4.17 (Left) 2D grayscale cross-section tomographs (above) and in-plane tomographs (below). The GDLs studied 
are: a, 22BB b, H23C6 and c, MB30. (Center) 3D reconstructions with MPL and GDS view. (Right) d,e, and f, porosity 
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as a function of GDS thickness (above) and pore size distribution (below) for 22BB, H23C6 and MB30 respectively. 
Scale bars,100 μm. 

 

Table 4.5 Probability density function fitting parameters for a, Sigracet 22BB b, Freudenberg H23C6 and c, AvCarb 
MB30. 

 

Tomographic images of H23C6 in Figure 4.17 b show a smooth and thin MPL that is not 

embedded over a GDS and is almost free-standing. The GDS is made of curled carbon 

fibers that are mechanically bound. This GDS does not have a carbonaceous binder. A 

sharp increase in the porosity followed by a plateau was observed for H23C6 in Figure 

4.17 e, which is indicative of the distinct transition between MPL and GDS. The average 

porosity of H23C6 was found to be 80%. Figure 4.17 e also shows a narrow but bimodal 

pore radius distribution for the GDS of H23C6 highlighting its uniformity with an average 

pore radius of 7.6 μm. The PDF log-normal distribution fits show the radii of distribution 

are 4.4 μm and 8.4 μm, as reported by Table 4.5 b. Figure 4.17 c shows tomographic 

images of MB30, which reveal a highly uneven and undulating MPL surface with presence 

of large pores of approximately 5-10 μm. The voids within MPL make it highly porous. 

Like 22BB, MB30 also has an embedded MPL as seen in the in-plane images and 3D 

rendering. The GDS has fibers like 22BB but the carbonaceous binder used is highly 
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porous. The pores in both the MPL and the binder suggest use of sacrificial material 

during the manufacturing to increase porosity. Figure 4.17 f shows that MPL is much 

more porous compared to 22BB and H23C6 with a linear increase in porosity near 

MPL|GDS transition, when plotted as a function of through thickness. This is indicative 

that the MPL is embedded in the GDS, which can also be observed visually. The average 

porosity of MB30 is 83%. Figure 4.17 f also reveals the somewhat narrow pore radius 

distribution of the MB30 GDS with an average pore radius of 10.9 μm. The in-plane 

tortuosity values were computed to be similar for three GDLs, as shown in Table 1. Bi-

modal log-normal fits were generated with mean radii of 3.4 μm and 9.6 μm as shown by 

Table 4.5 c. The morphology of 22BB and MB30 are somewhat similar, with similar 

average radii, embedded MPLs, fibers of GDS being bound by a binder. H23C6 is 

significantly different with smaller average pores, free-standing MPL, curled carbon fibers 

and higher thickness. Table 4.6 summarizes values of all the critical parameters of the 

three selected GDLs. Figure 2.3 shows 3D reconstructed images of 1cm by 1 cm area 

highlighting key features of each GDL over a broader scale. 

Table 4.6 GDL properties for SGL 22BB, H23C6 and AvCarb MB30. 

Parameters Sigracet 22BB Freudenberg 

H23C6 

AvCarb MB30 Unit 

Total thickness 209 ± 9 226 ± 6 182 ± 7 µm 

Micro Porous Layer 

Thickness 

74 ± 7 35 ± 3 41 ± 9 µm 

Porosity 78% 80 % 83% - 

In-plane tortuosity, in-

plane 

1.21 1.26 1.31 - 
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Average pore radius, 

rave 

14.7 7.6 10.9 µm 

 

4.2.2. Electrochemical characterization data after N2 AST 
 

 

Figure 4.18 Polarization curves collected at BOL, 1000, 5000, 15000 and 30000 AST cycles in differential conditions 
at 80°C in 100% RH under 150 kPa (a) pressure.  a, 22BB. b, H23C6. c, MB30 and d, before vs. after AST. The high-
frequency resistance (HFR) is plotted on the right-side y-axis. 

 

Polarization curves in differential conditions collected at 0, 1000, 5000, 15000 and 30000 

N2 AST cycles stage for each GDL MEA are shown in Figure 4.18 a - c. All the MEAs 

show significant voltage losses in the kinetic and mass transport regions of the 

polarization curves over the course of the AST. This loss in voltage for each GDL can be 
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associated with coarsening of Pt nanoparticles resulting in the loss of ECSA. For all the 

MEAs, voltage loss within the first 5000 AST cycles is mostly kinetic and is dominated by 

decrease in the ECSA, since the slope of the polarization curve does not change. After 

15000 cycles, a change of slope in the polarization curve is evident. No significant change 

in the high frequency resistance (HFR) suggests that this change in slope could be due 

to increase in the oxygen mass transport resistance or loss of ionic conductivity in the 

cathode catalyst layer, both of which will be discussed in the next section. A direct 

comparison of before and after AST polarization curves from the three MEAs were plotted 

in Figure 4.18 d. For each GDL MEA, identical cell voltages were recorded in the kinetic 

region at the BOL, which is expected as GDL should not impact kinetic region at low 

geometric current densities. Different GDLs can result in different HFR due to inadequate 

and uneven compression leading to differences in ohmic overpotentials. But care was 

taken in this study to achieve optimum GDL compression with lowest possible HFR value 

for each GDL. As a result, 22BB, H23C6 and MB30 all showed negligible differences in 

HFR, with values in the range of 85-95 mOhm.cm2. This also eliminated any undesired 

catalyst degradation caused due to suboptimal settings and allowed a fair comparison of 

polarizations before, during and after AST. The effect of GDL emerges in the mass 

transport region. At the BOL, 22BB shows the lowest overpotential followed by H23C6 

and MB30 at 1 A.cm-2, 1.5 A.cm-2 and 2 A.cm-2. This can be credited to the MPL cracks 

of 22BB, which facilitated better removal of produced water and prevented water 

accumulation in the cathode catalyst layer at high current densities. After AST, no 

significant difference was observed in the kinetic and ohmic regions of the polarization 

curves suggesting catalyst degradation led to identical ECSA loss for all three nitrogen 
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environment ASTs. The improved overpotential in the mass transport region of 22BB 

carried throughout the N2 AST, when compared to H23C6 and MB30. This also underlined 

the potential effectiveness of cracks as a strategy to improve MEA performance in the 

mass transport region. 
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Figure 4.19 a, ECSA loss as a function of number of AST cycles. b, Pressure independent oxygen mass transport 
resistance as a function of decreasing rf. c, Average oxygen mass transport resistance at the Pt-ionomer interface 
during nitrogen AST. d, Ionomer conductivity as a function of number of AST cycles. e, Mass activity calculated at 0.9 
V from Tafel plots generated from polarization data collected in oxygen environment plotted as function of number of 
AST cycles. f, Voltage loss at 0.8 A.cm-2 as a function of number of AST cycles. 
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For MEAs with three different GDLs, the ECSA during nitrogen environment ASTs was 

plotted as a function of the number of AST cycles in Figure 4.19 a. The ECSA was 

calculated by integrating the hydrogen underpotential deposition region (0.1 V - 0.4 V) 

from CVs collected in hydrogen/nitrogen (anode/cathode) under atmospheric pressure 

(Figure 4.20). Before the nitrogen environment AST, 22BB, H23C6 and MB30 showed 

initial ECSA values of 35.42 m2.g-1, 33.1 m2.g-1 and 34.6 m2.g-1 respectively. Minimal 

differences observed in the initial ECSA values are from sample-to-sample variation. 

Approximately 50% of the initial ECSA value was lost by all the GDLs within the first 5000 

cycles of the nitrogen environment AST (i.e., within 16% of the total AST duration). After 

AST, ECSA values for 22BB, H23C6 and MB30 were 6.50 m2.g-1, 7.50 m2.g-1 and 6.53 

m2.g-1 respectively, resulting in a total loss of approximately 78% of the initial ECSA value 

for all the GDLs. No differences were observed in the ECSA loss trend between the three 

MEAs with different GDLs, although a very small difference can be noted in the after AST 

normalized ECSA plot (inset Figure 4.19 a) with 22BB and MB30 showing the lowest 

values. The ECSA loss corresponds well with the almost identical increase in kinetic 

overpotentials observed in the air polarization curves. The loss in the ECSA is dominated 

by increase in the Pt nanoparticle size due to electrochemical Ostwald ripening followed 

by Pt band formation near the membrane/cathode interface or via effluent water. Figure 

4.19 b shows pressure independent oxygen mass transport resistance (RPI) as a function 

of decreasing roughness factor (rf) as the AST progresses. After 5000 cycles apparent 

increase in the RPI can be noticed as the rf decreases below the threshold of ∼ 40. This 

apparent increase in the RPI can lead to evolution of mass transport overpotentials at 

current densities as low as 0.5 A.cm-2 and cause change in slope of the ohmic region as 
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observed in air polarization curves of the three GDLs. Oxygen mass transport resistance 

at the Pt-ionomer interface (RPt
O2) after AST, given by the slope of total oxygen mass 

transport resistance (RTotal) vs rf-1 at different total pressures [41] (Figure 4.21) was 

averaged and is shown in Figure 4.19 c for all three GDLs. At 160 kPa, 22BB shows a 

value of ∼ 3.5 s.cm-1 while H23C6 and MB30 show values close to ∼ 2.1 s.cm-1 and 2.3 

s.cm-1, respectively. This means that a higher contribution from RPt
O2 in RPI is seen for 

22BB suggesting either less contact between ionomer and the Pt catalyst due to particle 

size increase and/or decreased average Pt loading compared to H23C6 and MB30. 

Ionomer conductivity in the catalyst layer was plotted as a function of the number of AST 

cycles in Figure 4.19 d. The conductivity was calculated by fitting the EIS measured in 

hydrogen/nitrogen (anode/cathode) at 0.2 V (Nyquist plots in Figure 4.22). A small 

increase in the conductivity is noticed in the first 5000 cycles for all the GDLs. Therefore, 

ionic conductivity is not responsible for the slope increase in the polarization curves 

observed in Figure 4.18. Mass activity calculated from Tafel plots (Figure 4.23) is shown 

in Figure 4.19 e. All the GDLs showed a Tafel slope close to the theoretical value of ∼70 

mV.dec-1. The trend of mass activity loss agrees well with the loss of ECSA. No significant 

change in the Tafel slope was observed before and after the nitrogen environment AST. 

An average of ∼ 78% of initial mass activity was lost by all the GDLs after AST failing to 

achieve the DOE target of less than 40% loss of initial mass activity. Lastly, Figure 4.19 

f shows voltage loss trend at 0.8 A.cm-2 for each GDL over the course of the AST. There 

are identical voltage losses for all the GDLs at each stage of the AST with none of them 

meeting the DOE voltage loss target of less than 40 mV of the initial value. Approximately 

100 mV of voltage loss was observed at 0.8 A.cm-2 for each MEA. To summarize, the 
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electrochemical characterization results show no difference in degradation of MEAs 

having 22BB, H23C6 and MB30 GDLs in nitrogen environment ASTs at 100% RH. This 

suggests that the Pt oxide coverage, which is the primary degradation stressor, remains 

unaffected by significant differences in GDL morphology at 100% RH in a non-reactive 

environment with absence of electrochemically produced water. This can be attributed to 

Kelvin effect, where the incoming water vapor will condense on the surface of Pt 

nanoparticles causing insignificant differences of Pt oxide coverage within the cathode 

catalyst layers having different GDLs. 

 

Figure 4.20 Cyclic voltammograms collected in H2/N2 (anode/cathode) at 80°C in 100 % RH under atmospheric 
pressure at various stages of the AST for each GDL MEA. a, Sigracet 22BB b, Freudenberg H23C6 c, AvCarb MB30 
and d, before and after AST. 
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Figure 4.21 Total oxygen mass transport resistance (calculated from limiting current experiments using 0.5 %, 1% and 
1.5 % oxygen concentrations) plotted as a function of decreasing roughness factor over the course of AST for 120 kPa, 
160 kPa and 200 kPa of absolute pressure. a, Sigracet 22BB b, Freudenberg H23C6 and c, AvCarb MB30. 

 

 

 

Figure 4.22 Potentiostatic electrochemical impedance spectroscopies collected in H2/N2 (anode/cathode) at 80°C in 
100 % RH under atmospheric pressure at various stages of the AST for each GDL MEA. a, Sigracet 22BB b, 
Freudenberg H23C6 and c, AvCarb MB30. 
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Figure 4.23 Tafel plots generated from polarization data collected in H2/O2 (anode/cathode) at 80°C in 100 % RH under 
150 kPa (a) pressure at various stages of the AST for each GDL MEA. a, Sigracet 22BB b, Freudenberg H23C6 and 
c, AvCarb MB30. 

 

4.2.3. Analysis of Pt nanoparticle size and Pt loading after N2 AST 
 

 

Figure 4.24 a, Mapped area of the flow field with inlet and outlet marked. b - e, (Above) micro x-ray diffraction maps 
and (below) micro x-ray fluorescence maps. f, Percentage of average Pt loading loss for each GDL MEA after nitrogen 
environment AST. 

 

Active area (4 cm2) of each GDL was mapped before and after the nitrogen environment 

AST using μ-XRD and μ-XRF techniques to study the Pt nanoparticle size growth and Pt 

mass loading changes. Figure 4.24 a shows the 2 cm by 2 cm mapped area with respect 
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to the 5 cm2 flow field used. Figure 4.24 b- e show μ-XRD maps (above) and normalized 

μ-XRF maps (below) for control, 22BB, H23C6 and MB30 respectively. An average Pt 

nanoparticle size of 2.69 ± 0.10 nm can be observed for the control sample (i.e. before 

AST). An average Pt nanoparticle size of 9.08 nm ±0.86 nm was observed for 22BB while 

an average Pt nanoparticle size of 9.11 nm ± 0.82 nm and 9.26 nm ± 1.54 nm was 

observed for H23C6 and MB30, respectively. All the MEAs showed a significant increase 

in the Pt nanoparticle size after nitrogen AST, resulting from electrochemical Ostwald 

ripening mechanism. Somewhat similar distribution of Pt nanoparticle size in the 2D 

mapping is observed for 22BB, H23C6 and MB30. Generally, larger nanoparticle size 

area is located at the first 90° turn, near inlet, of the serpentine flow field. In H23C6, the 

larger nanoparticle size area extends further to the next 90° turn, compared to 22BB and 

MB30. Even though all the three MEAs show heterogeneity with a greater increase in Pt 

nanoparticle size closer to the inlet, some degree of heterogeneity can be observed for 

the MEA having 22BB compared to H23C6 and MB30. To further understand this 

degradation heterogeneity, micro XRF maps were analyzed and quantified. An average 

Pt loading of 601 μg.cm-2 was seen for the control sample, which is a summation of the 

anode and cathode Pt loadings. All the GDLs showed some amount of Pt loading loss 

from the cathode catalyst layers loadings evident from the μ-XRF maps normalized using 

control sample loading (to eliminate sample to sample variation and clearly understand 

the effect of GDLs). Like the μ-XRD maps, a difference in average Pt loading after AST 

(Table 4.7) was clearly noticed between the three MEAs with 22BB showing the lowest 

average Pt loading. Figure 4.24 f shows MEA with 22BB having ∼ 16 % loss of initial Pt 
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loading, which is more than twice when compared to H23C6 and MB30 that show a Pt 

loading loss of ∼ 6-7%.  

Table 4.7 Average Pt loading before vs after AST for each GDL MEA from x-ray fluorescence with estimated Pt loading 
loss %. 

 

Understanding of GDL morphology from the μ-XCT data suggests that this difference in 

Pt nanoparticle size increase and average Pt loading loss between MEAs having 22BB 

vs H23C6 and MB30 could be related to the presence of MPL cracks in 22BB. Presence 

of MPL cracks can result in a higher flux of liquid water from the cathode catalyst layer. 

Therefore, a much larger fraction of the Pt ions have a high probability of leaving the 

cathode catalyst layer through effluent water. This explains the lower increase in average 

Pt nanoparticle size and decrease in average Pt loading (after AST in 22BB) as a lower 

fraction of Pt ions are available for redeposition on nearby larger nanoparticles.  

Previously, an operando small angle x-ray scattering study has shown significant loss of 

Pt loading in flowing conditions when compared to stagnant conditions [30]. In addition to 

this, multiple studies have reported such heterogeneity in Pt nanoparticle size increase 

(between inlet-outlet and land-channel) [28,29,52] and loss or change in cathode catalyst 

layer Pt loading [31], which can be explained through differences in liquid water flux. 
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4.2.4. Electrochemical characterization data after air AST 
 

 

Figure 4.25 a, Before vs after AST differential polarization curves collected at 80°C in 100% RH under 150 kPa (a) 
pressure. b, Before vs after AST Tafel plots generated from polarization data collected in oxygen environment. c, Before 
vs after AST ECSA. d, Before vs after AST mass activity calculated from Tafel plots at 0.9 V. 

 

To confirm the average Pt loading loss trend and solidify that Pt oxide coverage and 

hence degradation at 100% RH will not be affected by electrochemically produced water 

(due to Kelvin effect), MEAs were subjected to AST in air environment on the cathode. 

GDLs 22BB and H23C6 were selected as they display a significant difference between 

their morphologies. Figure 4.25 shows before and after air AST electrochemical 

characterization. Like nitrogen environment ASTs, no difference is observed in the 
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polarization curves in Figure 4.25 a between the two MEAs after degradation. The 

voltage loss at 0.8 A.cm-2 is ∼ 50 mV which is half of that seen in the nitrogen 

environment. The average Pt nanoparticle size after air AST for both the GDLs was ∼ 

3.90 +0.31 nm which is also significantly lower compared to nitrogen ASTs. This 

difference between particle size in N2 AST and air AST is primarily due to the decreasing 

UPL limit during voltage cycling in case of air ASTs (as UPL is set to be OCV in air AST 

case) highlighted by Figure 3.4 a and b. Figure 3.4  b also shows that the voltage cycling 

profile experienced by both the GDLs over the course of AST was similar. Figure 4.25 b 

shows Tafel plots before and after AST with little to no difference between the two MEAs 

after degradation. The Tafel slope shows minimal change, as well. Therefore, the 

calculated mass activity at 0.9 V plotted in Figure 4.25 d is similar after degradation. A 

loss of ∼ 60% of initial mass activity was observed. Figure 4.25 c shows initial ECSA 

values of 29.8 m2.g-1 and 28.9 m2.g-1 for 22BB and H23C6 respectively. The slightly lower 

ECSA values for the air AST MEAs are from batch-to-batch variation. Almost 50% of initial 

ECSA was lost after the air AST. Therefore, it can be confirmed that, like nitrogen ASTs, 

no difference in electrochemical performance was noted after degradation in air ASTs for 

22BB and H23C6. Figure 4.26 shows additional electrochemical characterization while 

Figure 4.27 shows μ-XRF maps of control sample along with 22BB and H23C6 after air 

AST.  



106 
 

 

Figure 4.26 Cyclic voltammograms, linear sweep voltammograms and electrochemical impedance spectroscopies (left 
to right) before and after air environment AST. a,b and c, Sigracet 22BB. d, e, and f Freudenberg H23C6. 

 

A similar difference of average Pt loading loss can be seen between MEAs having 22BB 

(7.5 %) and H23C6 (3.7 %) GDLs after air AST. The overall percentage of loading loss 

has decreased for both MEAs due to decreasing UPL, but the difference caused due to 

the GDLs has stayed constant. 
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Figure 4.27 4 cm2 μ-X-ray fluorescence maps after air environment AST of MEAs with Sigracet 22BB and Freudenberg 
H23C6 GDLs d, percentage loss in average Pt loading after air AST. 

 

4.2.5. Lattice Boltzmann simulations of water transport in gas diffusion layers 
 

Lastly, computational fluid dynamic (CFD) simulations using Lattice Boltzmann method 

(LBM) were performed to simulate water transport through the GDLs. X-ray CT images 

were used as simulation domains. Figure 4.28 a, b and c show 3D reconstructions of 

22BB, H23C6 and MB30 with simulated flow of liquid water through the GDLs (above) 

along with 2D colormap cross sections of liquid water saturation (below). Water was 

injected at the bottom of the MPL, to simulate liquid water formation (electrochemically 

produced or condensed) in the cathode catalyst layer and transport through the MPL. 

After injection, liquid water starts building up pressure to escape through the hydrophobic 
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pores of the MPL. In the case of 22BB the breakthrough pressure was found to be at 8.5 

kPa. This low value is due to the presence of MPL cracks, as they provide a low-pressure 

preferential pathway for water to escape. This can be seen from the breakthrough 

pressure difference between 22BB vs H23C6 and MB30 in Figure 4.28 d.  

 

Figure 4.28 a, b, and c, (Above) 3D reconstructions of liquid water saturation simulation, (below) 2D colormaps of liquid 
water saturation. d, Breakthrough pressure as function of time. e, Liquid water saturation as a function of length. 

 

A breakthrough pressure of 8.5 kPa was observed for 22BB while 12.8 kPa and 21.9 kPa 

pressures were observed for H23C6 and MB30, respectively. Table 4.8 contains 

stagnation pressure for each GDL. All the data confirms a higher flux of liquid water in the 
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cathode catalyst layer with 22BB as the GDL compared to H23C6 and MB30. This results 

in loss of dissolved Pt ions from the cathode catalyst layer via effluent water as confirmed 

by the micro XRF maps previously.  Average liquid water saturation (Figure 4.28 e) inside 

GDS was observed to be highest for 22BB (24%) resulting in better liquid water removal 

from the cathode catalyst layer due to MPL cracks. H23C6 and MB30 show much lower 

liquid water saturation of 7% and 13%, respectively resulting in low liquid water flux. 

 

Table 4.8 Stagnation pressure for 22BB, H23C6 and MB30 calculated from CFD simulations using LBM. 

 

 

4.3. Chapter 3: Correlating the morphological changes to 

electrochemical performance during carbon corrosion 
 

Despite many studies, it is still unclear what chain of events are triggered by carbon 

corrosion and how these morphological changes affect electrochemical performance. 

This study attempts to understand the complex interplay. Commercially available CCMs 

were subjected to the DOE carbon corrosion AST up to 2000 AST cycles. Standard 

electrochemical tests were performed to diagnose the electrode health at the BOL after 

100, 500, and 2000 AST cycles. Carbon loss was quantified by NDIR spectroscopy. 

Cathode catalyst layer thickness was measured by SEM. FIB-SEM was used to study the 
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change in the pore structure. XPS was used to measure the concentration of oxides on 

the carbon surface to qualitatively study the change in hydrophilic behavior. Lastly, μ-

XRD and μ-XRF were used to measure catalyst nanoparticle size and catalyst loading 

respectively. 

4.3.1. Electrochemical performance and cathode catalyst layer carbon loss  
 

 

Figure 4.29 a, Differential polarization curves in air collected at the BOL, after 100, 500, 2000 AST cycles with HFR 
plotted on the right y-axis. b, Carbon loss estimated from NDIR spectroscopy for 0-100, 100-500 and 500-2000 AST 
cycles. c, Cyclic voltammograms. d, ECSA at BOL, after 100, 500, and 2000 AST cycles. Carbon loss is plotted in both, 
absolute amount (μg.cm-2) and corresponding percentage from the total carbon lost. 
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Figure 4.29 provides a discussion on the quantification of carbon loss during AST and its 

effects on the electrochemical performance of the MEA at various stages of AST. Figure 

4.29 a shows the polarization curves collected in H2/air (anode/cathode) environment at 

80°C in 100% RH under 150 kPa backpressure in differential conditions. The high 

frequency resistance (HFR) is also measured and plotted. The cell overpotential 

increased after carbon corrosion, but two distinct trends were observed. After 100 AST 

cycles, there was no visible mass transport limitation. The HFR remained almost 

unchanged (75 mΩ.cm2). The increase in overpotential is mostly kinetic and can be 

attributed to the loss of the ECSA (Figure 4.29 d). After 500 AST cycles, the slope in the 

high current density increases which indicates a significant increase in the O2 mass 

transport resistance (MTR), which will be shown later in Figure 4.34 c. After 2000 AST 

cycles, the HFR increased to 100 mΩ.cm2 and the polarization curve showed severe 

mass transport limitation. This observation suggests a possible collapse of cathode 

catalyst layer pore structure. Figure 4.29 b shows the amount of carbon lost calculated 

from the NDIR measurements. Carbon loss during different AST cycles was the following- 

57 μg.cm-2 during the first 100 cycles (~ 40% of the total loss), 53.5 μg.cm-2 during the 

next 400 cycles (~ 38% of the total loss), and 32 μg.cm-2 during the last 1500 cycles (~ 

22% of the total loss). Figure 4.29 b also shows that carbon loss rate decreases with 

ageing. Amorphous carbon in disordered domains corroded faster than graphitic carbon, 

whose oxidation rate was much slower [37]. The amount of amorphous carbon reduced 

with ageing, and the corrosion rate slowed down. Figure 4.29 c and d show how CV and 

ECSA changed during the carbon corrosion AST. ECSA was calculated from the CVs by 

integrating the charge in the hydrogen underpotential deposition (H-UPD) region and 



112 
 

dividing it by the monolayer H-UPD charge of 210 μC·cm-2 (standard value for an 

electrochemically clean and polished polycrystalline Pt [72]). Figure 4.29 c shows that 

the current in both H-UPD and oxide regions decreased with ageing. However, in the 

capacitive region (~ 0.3-0.6 V) during the anodic scan, current density was maximum after 

100 AST cycles and then decreased afterwards. The increase of current in this potential 

window, despite decreasing capacitance with ageing (Figure 4.31 a), was due to quinone 

oxidation [73]. This trend is consistent with previous observations [74]. It is likely that 

quinone oxidation predominantly occurred on the amorphous carbon. With ageing, the 

amount of amorphous carbon decreased, and quinone oxidation rate decreased 

subsequently. Figure 4.29 d shows that ECSA decreased monotonically with ageing from 

42.4 m2.g-1
Pt at BOL to 15 m2.g-1

Pt after 2000 AST cycles. Hence, nearly 65% of the initially 

active Pt area was lost after 2000 AST cycles. The loss of ECSA did not exactly correlate 

with the rate of carbon corrosion. Comparing Figure 4.29 b and d, although carbon loss 

in the first 100 AST cycles was similar to that in the next 400 AST cycles, ECSA loss was 

almost 3 times higher in the first 100 AST cycles. Overall, both ECSA (65% of the total) 

and carbon (40% of the total) losses were fastest during the first 100 AST cycles. 

4.3.2. Analysis of Pt nanoparticle size and loading  
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Figure 4.30 a, b, and c, μ-XRD maps with average Pt nanoparticle size at BOL, after 500 and after 2000 AST cycles. 
d, and e, μ-XRF maps with average Pt loading at BOL and after 2000 AST cycles. 

 

Pt loading and nanoparticle size distribution data is required to understand the reason for 

ECSA loss after carbon corrosion. Figure 4.30 a, b, and c show the μ-XRD maps of 

average Pt crystallite sizes over 1 cm2 area (20% of the entire MEA) at BOL, after 500, 

and 2000 AST cycles. Figure 4.30 d and e show the μ-XRF maps of Pt loading at BOL 

and after 2000 AST cycles. Figure 4.30 a, b, and c show that the median size of Pt 

nanoparticles increased from 2.76 nm at the BOL to 3.79 nm after 500 AST cycles, and 

finally to 4.28 nm after 2000 AST cycles. μ-XRF maps in Figure 4.30 d and e show that 

the average Pt loading in the MEA did not change even with 65% loss in the cathode 

catalyst layer thickness (Figure 4.32) after 2000 AST cycles. This rules out any Pt loss 

from the MEA and any ECSA loss due to it. The combined facts of: i) largest ECSA 
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decrease (65% of total loss) and ii) fastest carbon corrosion rate (40% of total loss) during 

the first 100 AST cycles, and iii) carbon in the disordered domains that preferentially 

contain Pt nanoparticles oxidized fast, strongly suggest that Pt detachment was the 

principal reason for the loss of ECSA. Pt nanoparticles located on amorphous carbon 

detached rapidly, which contributed to most of the total ECSA loss. Pt agglomeration 

occurred simultaneously although not as aggressively and continued to occur until the 

end of AST. Only 10% of the total ECSA loss occurred in the last 1500 AST cycles, 

indicating that the remaining Pt that did not detach during ageing, was most likely bonded 

to the graphitic carbon. This might also explain why the increase in Pt nanoparticle size 

was so small compared to the catalyst corrosion AST (0.6-0.95 V cycling) with similar 

ECSA loss [29]. Additional evidence is necessary to understand if agglomeration of Pt 

occurred on the surface of the carbon support [75] or in the ionomer-liquid phase. 

4.3.3. Impact of carbon corrosion on cathode catalyst layer conductivity 
 

The effects of carbon corrosion on Ohmic resistance (ROhmic), proton transport resistance 

(sheet resistance RSheet) and double layer capacitance (sheet capacitance CSheet) of the 

cathode catalyst layer, studied by EIS, are shown in Figure 4.31. The EIS datasets were 

fitted with a transmission line model as discussed by Eikerling and Kornyshev [42]. In the 

equivalent transmission line model, it was assumed that the charging is purely capacitive 

(electronic). Sheet resistance and capacitance are strongly dependent on the structural 

properties of the cathode catalyst layer, which generally change during carbon corrosion. 

The sheet capacitance was due to both Pt and carbon. Details of the fitting procedure, 

with individual plots with standard errors are discussed in section 3.5.3. 
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Figure 4.31 a, Sheet capacitance b, ohmic resistance and c, sheet resistance of the cathode catalyst layer at BOL, 
100, 500 and 2000 AST cycles. 

 

Figure 4.31 a shows that sheet capacitance of the cathode catalyst layer decreased 

monotonically from an initial BOL value of 206 mF.cm-2 to 107 mF.cm-2 after 500 AST 

cycles and remained nearly constant for the last 1500 AST cycles. The measured BOL 

value of sheet capacitance is in good agreement with value reported by Liu et al. for 

Pt/Vulcan and I/C ratio ~ 1 [76]. Similar loss in sheet capacitance due to carbon corrosion 

was observed before [77]. The loss of sheet capacitance with ageing was due to: (i) 

reduction in the effective carbon surface area due to corrosion, and (ii) loss of Pt ECSA. 

Overall, carbon and Pt ECSA losses correlate well with the decreasing sheet capacitance. 

In Figure 4.31 b, the ohmic resistance (ROhmic) remained nearly constant up to the first 

100 AST cycles (~ 60 mΩ.cm2), increased to ~ 86 mΩ.cm2 after 500 AST cycles and 

remained nearly unchanged for the rest of the AST. Jung et al. reported a similar trend 

[78]. As carbon provided the electronic conductive pathway, its corrosion most likely 

increased the contact resistances between the cathode catalyst layer and the diffusion 

media. ROhmic most likely increased as a result of that. Figure 4.31 c shows that the sheet 



116 
 

resistance decreased from 78 mΩ.cm2 at BOL to 14 mΩ.cm2 after 500 AST cycles, and 

then increased to 29 mΩ-cm2. The BOL value is in good agreement with that reported by 

Makharia et al. [79] for I/C = 0.8 with Pt/Vulcan carbon catalyst. SEM images of cathode 

catalyst layer (Figure 4.32) show that the thickness decreased from 11.9±1.4 μm at BOL 

to 5.0±1.1 μm after 500 AST cycles, and finally to 4.2±0.8 μm after 2000 AST cycles. As 

a result of this electrode thinning from carbon loss, H+ transport length was reduced, and 

its transport resistance decreased. The maximum decrease in sheet resistance was 

observed between BOL and 100 AST cycles (61 mΩ-cm2), which correlates with a large 

carbon loss in the first 100 AST cycles (57 μg.cm-2). This indicates that thinning might 

have occurred at the highest rate during the first 100 AST cycles. In absence of any pore 

structural collapse, the sheet resistance should have monotonically decreased. This trend 

is observed up to 500 cycles. The increase after 2000 AST cycles might be related to a 

change in ionomer network as a result of a drastic change in the pore structure. It will be 

shown later in Figure 4.33 that a structural collapse occurred during the last 1500 AST 

cycles. Both porosity and pore percolation decreased significantly. This might have 

resulted in discontinuity in the ionomer network as well as inefficient hydration inside the 

electrode. Since H+ ion conductivity through ionomer decreases with the decreasing 

hydration, sheet resistance increased. 
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Figure 4.32 Reduction in thickness of cathode catalyst layer due to carbon corrosion. a, BOL. b, After 500 AST cycles. 
c, After 2000 AST cycles. The bright spots are due to charge accumulation in the membrane which is electronically 
non-conductive. Scale bar is 10 μm. 

 

4.3.4. Cathode catalyst layer pore structure analysis 
 

Pore structure evolution during carbon corrosion AST was analyzed using FIB-SEM and 

is shown in Figure 4.33. Figure 4.33 a shows the 3D reconstruction of the solid and void 
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phases inside the catalyst layer, Figure 4.33 b shows representative 2D slices, Figure 

4.33 c shows the pore size (diameter) distribution, Figure 4.33 d shows the pore-space 

tortuosity, and Figure 4.33 e shows the variation of porosity as a function of through plane 

distance inside the cathode catalyst layer. The solid phase comprises of Pt, carbon, and 

the ionomer. The discrete pore size data was fit with a log-normal distribution [19]. Details 

of the FIB-SEM image analyses and the pore size distribution fitting are provided in 

section 3.6.2. 
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Figure 4.33 a, 3D reconstruction of the solid phase and the pores with b, corresponding 2D view highlighting pore 
connectivity and oxygen diffusivity. c, Pore diameter distributions with log-normal fits. d, In-plane and through-plane 
pore space tortuosity factors. e, Porosity of the cathode catalyst layer as a function of its thickness, where 0 corresponds 
to the location of the first slice. Scale bars, 1 μm. 
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The decrease in porosity with ageing is clear from the 3D reconstructions in Figure 4.33 

a, and also from the corresponding in-plane 2D view in Figure 4.33 b. Figure 4.33 a also 

shows that pore connectivity decreased with ageing. The mean porosity of the cathode 

catalyst layer at BOL was 42 ± 4%. The observed porosity is consistent with that 

measured by others using FIB-SEM and porosimetry [80–82]. After 500 AST cycles, the 

porosity decreased slightly to 38 ± 6%. This decrease is low compared to the significant 

reduction in cathode catalyst layer thickness observed after 500 AST cycles from SEM 

(~5.9 μm). After 2000 AST cycles, the porosity decreased to 26 ± 4% with only slight 

change in the cathode catalyst layer thickness (~0.8 μm). Porosity decreased by 12% 

during the last 1500 AST cycles. Figure 4.33 c shows that the mean pore diameter at 

BOL was 50.6 nm, increased to 72.1 nm after 500 AST cycles, and then decreased to 

55.7 nm after 2000 AST cycles. The mean values were calculated from the raw data 

instead of the fitting function. Figure 4.33 c also shows that the pores less than 50 nm in 

diameter decreased in number after 500 AST cycles. This observation indicates that 

carbon from the smaller pores oxidized faster than carbon from the larger pores, probably 

because smaller pores were in the disordered domains that oxidized faster. As a result, 

the smaller pores became larger, and the mean diameter increased. An opposite trend 

was observed during the last 1500 AST cycles. Pores smaller than 50 nm increased in 

number while those larger than 50 nm decreased in number. This is most likely due to the 

pore structure collapse that occurred in this period. Larger pores collapsed and the mean 

pore diameter decreased as a consequence. Figure 4.33 d shows that both the in-plane 

and through-plane pore-space tortuosity factors increased with ageing. The in-plane 
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tortuosity was 4.28 at BOL. After 500 AST cycles, it increased to 7.95. After 2000 AST 

cycles, it increased to 26 which is nearly 6 times the BOL value. Similarly, the through 

plane pore space tortuosity was 2.7 at the BOL. After 500 AST cycles, it increased to 

5.73, and after 2000 AST cycles, it increased to 23.5. So, during the last 1500 AST cycles, 

the in-plane and through-plane tortuosity factors increased by 83% and 85.6% 

respectively. The overall data in Figure 4.33 indicates that a significant pore structure 

collapse occurred during the last 1500 AST cycles. 

FIB-SEM and NDIR spectroscopy data shows that changes in the pore structure were 

initiated as soon as carbon corrosion started. But porosity and pore connectivity did not 

change significantly during the first 500 AST cycles, even though almost 78% of the total 

carbon loss occurred. A major change in the pore structure was observed during the last 

1500 cycles, when only 22% of the total carbon corrosion occurred. This implies that until 

sufficient carbon had corroded, the pore structure held the pressure of the cell hardware 

and did not collapse. This observation is significant as it explains the apparent lag 

between carbon loss and the pore structure collapse.  

4.3.5. Impact of carbon corrosion on mass transport of the cathode catalyst 

layer 
 

Figure 4.34 provides electrochemical evidence of pore structure collapse in the cathode 

catalyst layer. Differential polarization curves in H2/O2 environment were collected at 80°C 

in 100 % RH under 150 kPa of backpressure. The data was used to generate Tafel plots 

in the kinetic region shown in Figure 4.34 a. Kinetic parameters like Tafel slope and 

exchange current density were analyzed and used to calculate concentration 
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overpotential in oxygen environment plotted in Figure 4.34 b. The detailed calculation of 

concentration overpotential is reported in section 3.5.4. 

 

Figure 4.34 a, Tafel plots with apparent increase in Tafel slope over the course of AST. b, Concentration overpotentials 
at low current densities in differential oxygen conditions. c, total O2 MTR as a function of pressure and d, non-Fickian 
O2 MTR as a function of decreasing roughness factor. The deviation of the MTR values from the 0.053 + 11.2/RF 
sec.cm-1 line after 2000 AST cycles indicates a severe pore structure collapse that occurred in the last 1500 AST cycles. 

 

Figure 4.34 a shows that Tafel slope increased with ageing in the following order: 71 

mV.dec-1 at BOL, 76.8 mvV.dec-1 after 100 AST cycles, 87.4 mV.dec-1 after 500 AST 

cycles, and finally reached 106.8 mV.dec-1 after 2000 AST cycles. The slope was 
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calculated after iR correction (with Reff = ROhmic + RSheet/3) and H2 crossover current 

correction [47]. The H2 crossover current was estimated from LSVs (Figure 3.7). The 

Tafel slope is an intrinsic characteristic of the ORR on Pt and does not depend on 

electrode morphological parameters like ECSA, porosity etc. Thus, it is not supposed to 

be affected due to carbon corrosion. This observed increase in the Tafel slope with ageing 

was, therefore, an apparent effect. The iR correction included the RSheet contribution, so 

the change in H+ conduction was already considered. Figure 4.34 c and d show that O2 

MTR increased significantly with ageing. Higher values of Tafel slope were, thus, an effect 

of mass transport limitation. Harzer et al. [23] and Arisetty et al. [83] observed similar 

increase in Tafel slope after catalyst corrosion AST ( ~ 0.6 – 0.95 V cycling). Assuming 

the Tafel slope to be equal to the BOL value of 71 mV.dec-1 throughout ageing, ηconc was 

calculated for both H2/O2 and H2/air environments. The detailed calculations are provided 

in section 3.5.4. (H2/O2 case) and 3.5.5. (H2/air case). From the H2/O2 polarization curve 

at BOL, Tafel slope and the Pt area specific exchange current density were calculated. 

These two parameters were assumed to be constant throughout ageing. This data, along 

with the assumption that ηconc ≈ 0 at BOL, were used to calculate ηconc at different ageing 

states. In the H2/O2 case, Figure 4.34 b shows that ηconc was less than 20 mV after 100 

AST cycles, which is consistent with the slight apparent increase (~5.8 mV.dec-1) in the 

Tafel slope from Figure 4.34 a. After 500 AST cycles, ηconc reached a maximum value of 

48 mV at 289 mA.cm-2. After 2000 cycles, ηconc sharply increased with the current density 

due to pore structure collapse and reached a maximum value of 80 mV at 136.6 mA.cm-

2. Figure 4.35 shows that ηconc in the H2/air environment increased with ageing, albeit 
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with much higher values. This trend of increasing ηconc is due to the increasing O2 MTR 

with ageing. 

 

Figure 4.35 Concentration overpotential (in air) as a function of current density at different stages of carbon corrosion. 
Ix is the correction due to hydrogen crossover current density. 

. 

The O2 mass transport resistance (MTR) was calculated at different AST stages using O2 

limiting current experiments and the results are shown in Figure 4.34. Figure 4.34 c 

shows the total O2 MTR (Rtotal) as a function of backpressure, and Figure 4.34 d shows 

the non-Fickian or pressure independent O2 MTR (𝑅𝑂2

𝑛𝐹) as a function of decreasing 

roughness factor (rf). Electrode roughness factor is the ratio of Pt active area to electrode 

geometric area. Figure 4.34 d also shows the empirical relationship between 𝑅𝑂2

𝑛𝐹 and rf 

that is known to be valid for the cathode catalyst layers [84]. 
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𝑅𝑂2

𝑛𝐹 = 𝑅𝑂2,𝑀𝑃𝐿
𝑛𝐹 + 𝑅𝑂2,𝐶𝐶𝐿

𝑛𝐹 +
𝑅𝑂2

𝑙𝑜𝑐𝑎𝑙
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= 0.053 +
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𝑐𝑚
 

4.2 

 

In equation (4.2), 𝑅𝑂2,𝑀𝑃𝐿
𝑛𝐹  and 𝑅𝑂2,𝐶𝐶𝐿

𝑛𝐹  stand for non-Fickian MTR arising from the pores 

smaller than the mean free path of O2 in the MPL and the cathode catalyst layer 

respectively. 𝑅𝑂2

𝑙𝑜𝑐𝑎𝑙 is the MTR at the local Pt-ionomer interface. Pant et al.43 and 

Nonoyama et al.44 experimentally measured 𝑅𝑂2,𝑀𝑃𝐿
𝑛𝐹 and 𝑅𝑂2,𝐶𝐶𝐿

𝑛𝐹  respectively, which add 

up to the roughness-independent 0.053 sec.cm-1 term in equation (4.2). For electrodes 

with lower roughness (ECSA), 𝑅𝑂2

𝑛𝐹 increases according to equation (4.2). 

From Figure 4.34 c, Rtotal at 150 kPa increased in the following order: 0.71 sec.cm-1 at 

BOL, 1.08 sec.cm-1 after 500 AST cycles, and 1.8 sec.cm-1 after 2000 AST cycles. A 

change in slope of the linear fit of Rtotal can be observed from BOL to 500 AST cycles and 

more significantly after 2000 AST cycles. Since carbon in the diffusion media did not 

corrode significantly, the change in the slope was due to the increase in overall MTR in 

the cathode catalyst layer. Collapse of the pore structure during the last 1500 AST cycles 

qualitatively explains this observation. Figure 4.34 d shows 𝑅𝑂2

𝑛𝐹for decreasing roughness 

of the cathode catalyst layer. Figure 4.29 d showed that ECSA, or equivalently, 

roughness decreased with ageing. Figure 4.34 d shows that up to 500 AST cycles, 𝑅𝑂2

𝑛𝐹 

varied according to equation (4.2). This implies that the change in 𝑅𝑂2

𝑛𝐹, up to 500 AST 

cycles, can be approximately explained by decrease in the ECSA, without any significant 

pore structure collapse. However, after 2000 AST cycles, measured 𝑅𝑂2

𝑛𝐹 (0.53 sec.cm-1) 

was significantly higher than that predicted by equation (4.2) (0.3 sec.cm-1). This result 
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implies that the increase in 𝑅𝑂2

𝑛𝐹 in the last 1500 AST cycles cannot be explained by the 

decrease in ECSA alone. Following the argument of previous modeling works [85,86], 

this originated from an increased 𝑅𝑂2,𝐶𝐶𝐿
𝑛𝐹  caused by severe collapse in the pore structure, 

which is also supported by the FIB-SEM data in Figure 4.33. This is perhaps the most 

direct electrochemical evidence of the pore structure collapse. 

4.3.6. Impact of carbon corrosion on wettability of the cathode catalyst layer 
 

Finally, to understand the impact of carbon corrosion on wettability of the cathode catalyst 

layer, surface chemistry and oxygen surface groups were studied by XPS Survey and 

high-resolution XPS spectra have been acquired from exposed catalyst layer locations at 

BOL, after 500, and 2000 AST cycles. The background corrected deconvoluted fine 

spectra for C1s region showing the relative abundance of different surface carbonaceous 

moieties are shown in Figure 4.36 and the quantitative results are summarized in Table 

4.9. The total concentration of carbonaceous surface oxides was 22.2% at BOL, 24.9% 

after 500 AST cycles, and 23.6% after 2000 AST cycles. The increase of relative 

concentration of COOH group, in particular, between 0 and 500 AST cycles was clearly 

observed. Table 4.9. also shows that percentage of individual C-F bonds decreased from 

28.9% to 14.5% after 500 AST cycles and stayed constant around 17% after 2000 AST 

cycles. This could be explained as ionomer degradation in the cathode catalyst layer. 

From the C-C bond statistics, the relative abundance of graphitic carbon (signified by the 

relative content of the sp2 hybridized moieties) increased after 500 AST cycles which can 

be interpreted as an effect of further oxidation, and hence a loss of amorphous carbon 

(usually derived from the relative content of the sp3 hybridized moieties).  
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Figure 4.36 a, At BOL b, after 500 AST cycles and c, after 2000 AST cycles. 

 

The total growth of surface carbonaceous oxides due to the AST was rendered 

statistically insignificant. This is consistent with the quantitative results by Macauley et al., 

where carbonaceous surface has been found to be effectively passivated by oxides 

around 0.8 V vs RHE [74]. Hence, application of AST (1-1.5 V) did not result in the any 

additional increase is surface oxides coverage, but rather advanced the terminal oxidation 
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of predominantly amorphous carbonaceous domains to CO2. Thus, even though the 

surface oxides did not increase significantly, the decreased overall porosity and the 

collapse of pore connectivity, have had a pronounced negative effect on water 

management in the cathode catalyst layer. 

Table 4.9 Relative concentrations for surface species at BOL, after 500 and 2000 AST cycles for carbon. 

  Chemical 

       species 

AST stages 

Oxide groups on C Fluorine signal (from 

ionomer binder) 

C-C bonds 

C-OH C-O C=O COOH total C-F C-F2 C-F3 Total sp2 sp3 Tota

l 

BOL 4.1 4.7 7.9 5.5 22.2 28.9 6.9 4.2 40 32.9 2 34.9 

500 AST 

cycles 

2.8 3.3 5.9 12.9 24.9 14.5 16.1 1.7 32.3 38.1 4.2 42.3 

2000 AST 

cycles 

4.5 3.5 5.2 10.4 23.6 17 12.3 1.8 31.1 41.8 2.8 44.6 

 

 

4.4. Chapter 4: Revealing in-plane movement of Platinum after 

heavy-duty lifetime 
 

Recently, in situ identical location transmission electron microscopy (IL-TEM) and ex situ 

identical location scanning transmission electron microscopy (IL-STEM) techniques using 

aqueous electrolyte rotating disk electrode (RDE) setup have been utilized to elucidate 

electrocatalyst degradation mechanisms [75,87]. The more common IL-STEM uses a 

gold coated TEM grid which allows atomic level imaging, energy dispersive X-ray 

spectroscopy (EDS) and electron energy-loss spectroscopy (EELS) analysis of 



129 
 

electrocatalyst in the same region at different lifetime stages. Combined results from both 

techniques have identified Pt dissolution as the primary and dominant ECSA loss 

mechanism followed by Pt nanoparticle size increase through migration-coalescence and 

Pt nanoparticle detachment from carbon support. Contrarily, MEA tests have shown that 

nanoparticle size increase by electrochemical Ostwald ripening is the dominant ECSA 

loss mechanism [8]. Such disparity is caused by the complicated cathode catalyst layer 

operation environment within MEA, where multiple transport processes at the 

electrocatalyst-support-ionomer interface play a crucial role [88]. In addition to 

electrocatalyst and ionomer properties, the transport processes are also affected by the 

operating conditions, PEFC components and cathode catalyst layer morphology [29]. This 

is also the reason for poor translation of electrocatalyst ORR activity from RDE to MEA-

scale [88]. Furthermore, electrocatalyst degradation is strongly influenced by loading, and 

RDE working electrodes employ ultra-low electrocatalyst loading (ng.cm-2) deposited on 

either carbon or gold surface compared to MEA-scale where a much higher loading is 

deposited on membrane. This can lead to degradation rates that deviate substantially 

from realistic conditions. Various studies have attempted to eliminate this disparity by 

using different electrolyte flowrates, operating temperatures and electrode configurations 

in the RDE setup [30,87]. However, concerns regarding the relevance of identified RDE-

scale degradation mechanisms to MEA-scale remain. To date, MEA-scale AST studies 

commonly rely on ex situ TEM of scraped electrocatalyst from the cathode catalyst layer 

and SEM/EDS analysis of MEA cross-sections [31]. Although, this reveals nanoparticle 

size increase and through-plane changes like Pt band formation, the techniques fail to 

capture in-plane degradation phenomenon. Recently synchrotron µ-XRD studies 
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revealed important in-plane heterogeneity in Pt nanoparticle size increase due to 

influence of operating conditions and PEFC components [28,29,52]. Thus, to mitigate the 

risk of misidentifying degradation mechanisms and misdirecting the electrocatalyst 

material development it is very important to validate the results with thorough MEA-scale 

analysis which captures realistic aspects of electrocatalyst degradation. 

 
Thus, in this chapter commercially available CCMs from Gore® designed for HDV 

application were subjected to accelerated stress tests (ASTs) simulating HDV lifetime. A 

simple method was utilized to achieve for the first time MEA-scale identical location μ-

XRF (IL-μ-XRF) spectroscopy maps before and after the AST. The IL-μ-XRF mapping of 

the MEA was performed in-plane near the inlet and outlet regions of the cathode gas flow 

field. Analysis of identical locations revealed distinct changes in Pt loading strongly 

influenced by its initial distribution and by cathode catalyst layer morphology. A modified 

cathode GDL MEA was used to highlight the effect of PEFC components on 

electrocatalyst degradation. The resulting heterogeneous Pt degradation was 

successfully quantified using the developed method. Finally, synchrotron μ-XRD and μ-

XRF experiments were performed successively on identical locations to establish a 

currently unknown correlation between nanoparticle size increase and changes in loading 

after the AST. Electrochemical characterization was performed at various stages of the 

AST to support the spectroscopic analysis. 
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4.4.1. Electrochemical characterization data 

 

Figure 4.37 a, Polarization curves with HFR collected at 80°C in 100% RH under 150 kPa of absolute backpressure in 
H2-air differential environment. b, ECSA calculated from CVs collected at 80°C in 100% RH under 100 kPa of absolute 
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backpressure in H2-N2 environment. c, Tafel plots generated from H2-O2 differential environment data collected at 80°C 
in 100% RH under 150 kPa of absolute backpressure. (Inset) Mass activity at 0.9 V calculated from the corresponding 
Tafel plots. 

 

Polarization curves with high frequency resistance (HFR) collected at 80°C in 100% RH 

under 150 kPa of absolute backpressure in H2-air (anode-cathode) differential conditions 

during various stages of the AST are plotted in Figure 4.37 a. Except a very small drop 

within first 10,000 AST cycles, the cell HFR remains unchanged throughout the AST. 

Such slight initial decrease in HFR has been previously reported [60] and is usually 

attributed to additional cell conditioning. As the AST progresses and the electrocatalyst 

undergoes degradation, a monotonic increase in kinetic and mass transport cell 

overpotentials can be observed. An overpotential increase of ~ 25 mV and ~ 33 mV is 

seen at geometric current densities of 0.8 A.cm-2 and 1.5 A.cm-2 respectively. Thus, the 

MEA achieved set DOE target of ≤ 30 mV of increase in overpotential at 0.8 A.cm-2. A 

small change in the slope of polarization curves can be noticed between 60,000 and 

90,000 AST cycles. As the HFR is constant, this change in slope could be due to increase 

in oxygen mass transport resistance usually caused by the decrease of Pt roughness 

factor (rf) below a threshold value [84]. Figure 4.37 b shows ECSA (calculated by 

integrating the hydrogen underpotential deposition region from cyclic voltammograms in 

Figure 4.38 plotted at different stages of the AST. The ECSA decreased by ~ 32% after 

90,000 AST cycles. The loss in ECSA agrees well with the observed increase in cell 

overpotentials. Tafel plots generated from data collected in operating conditions same as 

the polarization curves but in O2 cathode environment are plotted in Figure 4.37 c. The 

Tafel slope is close to the theoretical ORR value[45] of 70 mV.dec-1 and does not change 

through the AST. Plot inset Figure 4.37 c shows the mass activity at 0.9 V calculated 
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from the Tafel plots. A ~ 45% decrease is observed in mass activity which follows a loss 

trend similar to the ECSA. 

 

Figure 4.38 Cyclic voltammograms collected at 80°C in 100% RH under 100 kPa of absolute backpressure in H2-N2 
environment at different stages of the HDV AST. 
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4.4.2. Identical location μ-X-ray fluorescence revealing in-plane Pt movement 
 

 

Figure 4.39 a, b In-plane Pt loading maps of inlet (a) and outlet (b) with regions marked to establish identical location 
before and after the HDV AST. c, d Corresponding histograms of the inlet and outlet respectively showing the 
unchanged unimodal Pt loading distribution before and after the HDV AST. Scale bars, 500 μm. 

 

Using a thin PTFE template with alignment markers (section 3.6.5.), IL-μ-XRF 

spectroscopy was performed on MEA before and after HDV lifetime. The spectroscopy 

was performed in-plane on an area of 2048 μm by 2048 μm with a resolution of 2 μm by 
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2 μm near inlet and outlet of the serpentine cathode flow field. Figure 4.39 a and b show 

the 2D IL-μ-XRF maps near inlet and outlet respectively. Corresponding loading 

histograms are shown in Figure 4.39 c and d. Marked locations A,B,C in the inlet map 

before AST and A’,B’,C’ after AST establish successful mapping of identical locations. 

Only one location is marked hereafter to signify identical location. A total average Pt 

loading of 559 μg.cm-2 was quantified in the before AST inlet map with presence of several 

local hotspots within initial distribution of Pt loading. The size of such local loading 

hotspots may differ, but it is a recurring feature found in various commercially available 

and in-house made CCMs fabricated using completely different techniques. One reason 

for development of such local loading hotspots is attributed to agglomeration of the carbon 

support influenced by solvent ratios, ionomer, drying conditions and dispersion 

methodology [89]. The before AST outlet map also shows features similar to the before 

AST inlet map with a total average Pt loading of 553 μg.cm-2 which falls within the 

observed spatial variation of ± 2% (section 3.6.5.). The after AST inlet and outlet maps 

show a total average Pt loading of 551 μg.cm-2 and 548 μg.cm-2 respectively. A clear 

increase in the intensity of local loading hotspots and development of cracks can be 

noticed in both the inlet and outlet after AST maps. However, a higher degree of cracking 

can be observed in the outlet map suggesting some heterogeneous degradation between 

inlet and outlet. The loading histograms of inlet and outlet before AST show a unimodal 

initial distribution of Pt loading. The distribution stays unimodal after the AST with a 

negligible change in the total average Pt loading as it falls within the observed spatial 

variation. A larger representative area of ~ 4 cm2 out of the 5 cm2 active area was also 

mapped with a resolution of 20 μm by 20 μm ( Figure 4.45 a). A total average Pt loading 
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of 559 μg.cm-2 and 550 μg.cm-2 was quantified for the 4 cm2 before and after AST maps 

respectively. 

 

Figure 4.40 a, b Local ~ 400 μm × 400 μm areas before and after the HDV AST from inlet (a) and outlet (b) IL-μ-XRF 
maps of the standard MEA. The marked regions highlight evolution of local loading hotspots and preferential movement 
of Pt loading away from cracks. Scale bar, 100 μm. 

 

To study the increase in intensity of local loading hotspots, IL-μ-XRF maps were closely 

examined before and after the AST. Figure 4.40 a shows one of the many (Figure 4.41) 

local 400 μm by 400 μm areas from inlet which delineates development of such local 

hotspots after AST. Marked locations A and A’ in Figure 4.40 a clearly indicate in-plane 

movement of Pt which led to evolution of a hotspot where the average total Pt loading 

increased from ~ 750 μg.cm-2 to ~ 1100 μg.cm-2. An average increase of ~ 32 % can be 
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seen for formation of hotspots specifically observed in Figure 4.40 a. Such hotspots 

evolved selectively in locations with local loading already ≥ 750 μg.cm-2 confirming that 

initial Pt loading distribution plays a crucial role in how the Pt distribution will evolve during 

AST.  
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Figure 4.41 Various local ~ 400 μm × 400 μm areas from IL-μ-XRF maps of a, standard MEA outlet b,c modified MEA 
inlet and d, modified MEA outlet highlighting evolution of local loading hotspots and movement of Pt loading away from 
cracks after HDV AST. 
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Thus, formation of such hotspots could be driven by relatively low inter-nanoparticle 

distance in the initial stages followed by decrease in the local surface energy of the region 

later. The striking in-plane movement of Pt on the scale of tens of μm after AST may 

signify that electrochemical Ostwald ripening in the cathode catalyst layer is not a local 

effect as currently believed. Figure 4.40 b shows another local 400 μm by 400 μm area 

before and after AST from the outlet. Such maps also revealed a preferential movement 

of Pt away from the cracks making them more prominent after AST. The preferential 

movement of Pt could be thermodynamically driven due to difference between local 

surface energies of the regions. The transmission images (Figure 4.42) showed that 

cracks are present before AST and become more prominent after AST. Most likely, the 

cracks formed during the drying step of CCM fabrication and caused sparse distribution 

of Pt loading within. Different studies have reported that cracks result in low breakthrough 

pressure for removal of liquid water [90]. This can cause high liquid water flux in the 

cathode catalyst layer cracks consequently decreasing the local concentration of Pt ions. 

The sparse loading distribution within cracks (high surface energy) coupled with low local 

Pt ion concentration can intensify Pt degradation in and around cracks. The heavy in-

plane movement of Pt along with the presence of loading hotspots within ~ 0 to 5 μm of 

a crack certainly substantiates the role of cathode catalyst layer morphology on Pt 

degradation. Cracks can also aid the through-plane movement of Pt ions either towards 

the membrane (via ionomer phase) or out of the cathode catalyst layer (via effluent water). 
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Figure 4.42 Identical location transmission images of a, modified MEA inlet and b, modified MEA outlet before and 
after the HDV AST. c, Corresponding percentage area of cracks before and after AST. Scale bar, 500 μm. 
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4.4.3. Effect of MPL cracks on Pt degradation 
 

To understand if Pt degradation can be impacted by MEA components and to confirm if 

the developed identical location method could quantify such effects, a GDL with modified 

MPL was used on the cathode of MEA subjected to HDV lifetime. Cracks of width ~ 30-

50 μm were milled in the MPL (section 3.1.) with a pitch of 1 mm in a direction 

perpendicular to the land/channels of the flow field and were confirmed by μ-XCT (Figure 

4.43).  

 

Figure 4.43 Through-plane (top) and in-plane (bottom) grayscale images from μ-XCT of a, Freudenberg H23C6 GDL 
and b, Freudenberg H23C6 GDL with ~ 20 μm wide cracks fabricated in the MPL. 

 

Figure 4.44 a and b show IL-μ-XRF maps of modified MEA inlet and outlet (before and 

after AST) respectively. Like the standard MEA, significant in-plane movement of Pt 

loading with increase in the number of local loading hotspots can be observed between 
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maps before and after AST of both inlet and outlet regions of the modified MEA. However, 

in contrast to the standard MEA a substantial heterogeneous degradation after AST was 

noted between the inlet and outlet. A loss in the total average Pt loading of inlet from 545 

μg.cm-2 to 477 μg.cm-2 was effectively quantified before and after AST. This ~ 13% loss 

in the total average Pt loading is significantly higher than the observed ± 2 % spatial 

variation and ± 2% variation due to attenuation (section 3.6.5.). Thus, it may be assigned 

to the loss of Pt ions out of the mapped area. To understand if this loss from the mapped 

area was not due to Pt redistribution to the other parts of the active area caused by an in-

plane movement of Pt, 4 cm2 out of the 5 cm2 active area was also mapped (Figure 4.45 

b). A similar trend of decrease in average total Pt loading from 558 μg.cm-2 to 498 μg.cm-

2 was quantified equating to ~ 10 %. Thus, the heterogeneous degradation resolves the 

small ~ 3% drop observed in the loss of total average Pt loading between the large 4 cm2 

and local inlet area. On the other hand, the total average Pt loading of the outlet was 547 

μg.cm-2 and 535 μg.cm-2 before and after AST, respectively. The decrease was negligible 

compared to the inlet and fell quite close to the observed spatial variation confirming 

heterogeneous degradation between the inlet and outlet was caused by the modified 

GDL. A remarkably high crack development can be observed for inlet after AST with 

modified GDL explaining the ~ 13% loss in total average Pt loading. The crack formation 

for the outlet is close to that observed within standard MEA after AST, all of which show 

minimal change in the total average Pt loading. This further elucidates the role of cracks 

in through-plane and in-plane transport of Pt ions Figure 4.44 c and d show inlet and 

outlet loading histograms for the modified MEA respectively. The initial unimodal 

distribution stays same after the AST for both however, histogram for inlet after the AST 
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shifts left owing to the observed loss in total average Pt loading. The identical location 

approach allowed successful quantification of evolution of cracks, inlet-outlet degradation 

heterogeneity and the effect of MEA components on electrocatalyst degradation. 

Although out of scope for this study, it must be noted that observed loss of Pt loading can 

be corroborated by ICP-MS of effluent water. 

 

Figure 4.44 a, b In-plane Pt loading maps of inlet (a) and outlet (b) before and after the HDV AST. c, d Corresponding 
Pt loading distribution histograms of the inlet and outlet respectively. The unimodal distribution was unchanged before 
and after the HDV AST however a loss in inlet average total Pt loading was observed. Scale bars, 500 μm. 
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Figure 4.45 Representative 20.48 mm × 20.48 mm μ-XRF mapped area (~ 4 cm2 out of the 5 cm2 active area) for the 
a, standard MEA and b, modified MEA before and after the HDV AST. Corresponding quantified average total Pt loading 
reported in the bottom right of each map. 

 

Compared to the standard MEA, modified MEA (Figure 4.46) before AST showed 

identical overpotentials in the kinetic and ohmic regions. Higher cell overpotentials 

observed in the mass transport region were most likely due to the MPL modification. After 

AST, cell overpotentials increased more for the modified MEA in all regions driven by 

relatively high Pt degradation. Cell overpotential increase of 33 mV at 0.8 A.cm-2, 54 % 

loss in mass activity at 0.9 V and 41 % loss in ECSA was observed after AST for the 

modified MEA. Interestingly, after AST the H2 crossover saw an increase of 16% for the 

modified MEA indicating increased membrane degradation by combination of cathode 

catalyst layer and MPL cracks. 
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Figure 4.46 a, Polarization curves and b, Tafel plots of standard and modified MEAs before and after the HDV AST. c, 
Comparison of cell overpotential increase at 0.8 A.cm-2 and 1.5 A.cm-2 d, ECSA e, mass activity at 0.9 V and f, crossover 
current density between standard and modified MEA at various stages of the HDV AST. 

 

4.4.4. Correlation between Pt nanoparticle size and loading 
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Figure 4.47 a, Before HDV AST 300 μm × 300 μm maps showing no correlation between Pt nanoparticle size and 
loading distribution. b, c Inlet and outlet of the standard MEA respectively showing a strong linear correlation between 
Pt nanoparticle size and loading distribution after AST. Scale bar 50 μm. 

 

Figure 4.47 a, b and c show 300 μm by 300 μm synchrotron μ-XRD maps of CCM before 

AST, inlet-after AST and outlet-after AST respectively along with μ-XRF maps of the same 

location (section 3.6.5.). No correlation can be observed between Pt nanoparticle size 

and loading distribution for the CCM before AST. The average Pt nanoparticle size before 

AST is 3.63 nm with a Pearson’s correlation of – 0.07 between the 2D maps of 
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nanoparticle size and loading (Table 4.10). A Pearson’s correlation of 0 means no linear 

relationship while a correlation of -1 or +1 indicates complete linear relationship between 

two maps. The inlet and outlet after AST show a direct linear correlation (positive 

correlation) between the Pt nanoparticle size and loading with a Pearson’s correlation of 

+0.37 and +0.33, respectively. This means that increase in Pt nanoparticle size is driven 

by the local increase in Pt loading. The average inlet and outlet Pt nanoparticle size 

increased to 5.80 nm and 6.84 nm, respectively. Some local hotspots in the μ-XRD maps 

show a nanoparticle size increase of almost 8 nm after AST. The synchrotron μ-XRD and 

μ-XRF maps of the modified MEA (Figure 4.48) also show direct linear correlation with a 

Pearson’s correlation of +0.42 for inlet. More interestingly, the average inlet Pt 

nanoparticle size increased to 6.76 nm even after ~ 13% loss in the total average Pt 

loading was quantified from the IL-μ-XRF after AST. Thus, coupled with the established 

correlation above, for a μm scale region in the cathode catalyst layer undergoing 

degradation, Pt nanoparticle size increase and loss in loading are mutually inclusive. This 

finding is extremely important as it provides blueprint to prevent the depletion of Pt near 

the membrane-cathode interface in the through-plane direction by developing a hybrid 

cathode catalyst layer structure with targeted low surface energy regions. 

Table 4.10 Pearson’s correlation between the Pt nanoparticle size (μ-XRD) and Pt loading (μ-XRF) for various locations 
of standard and modified MEA before and after the HDV AST. 

 Pearson’s correlation 

Pristine - before AST -0.07 

Standard MEA inlet - after AST +0.37 

Standard MEA outlet - after AST +0.33 

Modified MEA inlet – after AST +0.42 
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Figure 4.48 Synchrotron μ-XRD and μ-XRF maps of modified MEA inlet after HDV AST. Scale bar, 50 μm. 

 

5. Conclusions 
 

5.1. Effect of operating conditions and flow field geometry on 

catalyst degradation 
 

Four MEAs were tested under different RH and gas environments using standard DOE 

AST protocols (voltage cycling from 0.6 V to 0.95 V/OCP for 30,000 cycles) and 

investigated for heterogeneous catalyst degradation. The ASTs conducted were under 

40 % or 100 % RH and in H2/Air or H2/N2 environment, termed here as Air Dry, Air Wet 

or N2 Dry and N2 Wet. For H2/Air experiments the UPL during AST was limited by the cell 

OCP. The effect of flow field land and channel was further investigated using the US 

DRIVE FCTT adopted AST protocols. A combination of electrochemical characterization 

and post-mortem characterization techniques (SEM/EDS, μ-XRD, μ-XCT, μ-XRF and 

XPS) is used to unravel the heterogeneity of Pt degradation at inlet/outlet and 

land/channel locations. 
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Polarization curves showed potential loss in all the regions: activation, ohmic and mass-

transport from 1,000 cycles to 30,000 cycles. Cyclic voltammetry plots showed that 

different Pt facets disappear at different rates (Pt (110) had highest dissolution rate) in 

the HUPD region during cycling. Largest ECSA loss was observed for N2 Wet, then Air 

Wet, N2 Dry and Air Dry operating conditions (wet - 100% RH dry- 40% RH). Tafel slopes 

were calculated from potential loss at BOL and during ageing vs. log (ECSAratio) at 100 

mAcm-2 indicating that the loss in polarization for MEAs in wet conditions is mainly due to 

ECSA loss (~70mV dec-1 Tafel slope), whereas for dry conditions there are additional 

losses in polarization that cannot be explained by the ECSA loss alone.  

Cross-sectional SEM, X-ray CT and EDS showed that the catalyst layer thickness 

remained approximately unchanged during ageing. Optical imaging and μ-XCT showed 

that catalyst layers have woven structure. Micro XRD corroborated the ECSA loss, 

showing largest Pt particle size (~14 nm) for N2 Wet AST, second largest for Air Wet AST 

(~7 nm) and smaller for N2 and Air Dry AST (~4-5 nm). The difference in absolute mean 

Pt particle size at the EOL between N2 and air environment is due to the difference in the 

UPL during voltage cycling. UPL for air environment AST is OCP, which decreases during 

cycling, reducing PtO coverage and decreasing Pt dissolution rate during cathodic voltage 

sweep. Heterogeneity of catalyst degradation under land and channel is prominent in Air 

Wet AST due to produced water mostly at the LPL (~0.6 V), which exacerbates the 

difference in thermal management of land and channel. Higher water content in catalyst 

layer under land increases PtO coverage and subsequently promotes Pt ion formation 

and mobility. Co-flow configuration of humidified gases cause water accumulation in the 

outlet region, which leads to heterogeneous particle size growth between inlet and outlet. 
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The XPS study showed that relative Pt0 atomic concentration increased in a sequence N2 

Wet, Air Wet, Dry ASTs and Control. Higher metallic Pt content is due to larger 

nanoparticle size, as Pt0 is located inside the nanoparticle.  The μ-XRF analysis confirmed 

that Pt nanoparticle size growth is a local phenomenon, as Pt loading does not follow a 

land-channel pattern. The analysis also confirms loss of Pt from the cathode catalyst 

layer. 

For durable operation of PEFC under dynamic load and homogeneous catalyst 

degradation it is desirable to minimize the land area to reduce relatively cold locations 

(under land) in the catalyst layer. Flow-field with 0.5 mm width lands showed 

homogeneous catalyst degradation with no Pt nanoparticle size differences due to land-

channel geometry. Furthermore, operating in a counter-flow or using alternative gas flow-

field configuration can help reduce inlet-outlet degradation heterogeneity. Lastly, 

designing a dynamic load cycle with lower UPL by using system level control can reduce 

Pt nanoparticle size growth due to Ostwald ripening. Overall, for improved catalyst layer 

durability it is desirable to operate at sub humidified conditions due to reduced Pt ion 

migration in ionomer, which is a function of water content. Thus, higher temperature 

operation can help keep lower relative humidity in the stack but at the same time may 

contribute to other component (non-catalyst) degradation, therefore, careful optimization 

is needed.  

5.2. Effect of gas diffusion layer water management on 

catalyst degradation 
 

Catalyst ASTs were performed on MEAs using commercially available GDLs Sigracet 

22BB, Freudenberg H23C6 and AvCarb MB30 in both nitrogen and air environments. 
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Micro X-ray computed tomography was performed on each GDL to analyze differences 

in morphological properties such as thickness, porosity, pore size distribution and to also 

identify critical features. Thorough in-situ electrochemical characterization was performed 

at various stages of the ASTs to better understand the degradation phenomena. μ-XRD 

mapping was used to analyze increase in average Pt nanoparticle size while μ-XRF 

mapping was used to quantify average Pt loading after ASTs. Computational fluid 

dynamic simulations using Lattice Boltzmann method were performed on water injection 

μ-XCT data collected for each GDL to understand liquid water saturation/flux and 

breakthrough pressure. 

From μ-XCT, the embedded nature of MPLs in 22BB and MB30 was detected while 

H23C6 showed a free standing MPL. MPL thicknesses of 74 ± 7 μm, 35 ± 3 μm and 41 ± 

9 μm were observed for 22BB, H23C6 and MB30, respectively. MPL of 22BB showed 

cracks, which resulted in better water management confirmed by slightly better 

electrochemical performance in the mass transport region. The cracks provided a direct 

pathway for removal of liquid water from the cathode catalyst layer. An ECSA loss of 78% 

and 60% was observed after nitrogen and air ASTs respectively for each MEA. A voltage 

loss of 100 mV (DOE target 40 mV) was observed in the air polarization curves after the 

nitrogen ASTs of each GDL. Close to 50% of initial ECSA and 47% of initial mass activity 

was lost within the first 5000 AST cycles by all the MEAs. Although some differences were 

observed in the mass transport region before and after AST (due to significantly different 

GDL morphologies), no difference was observed in electrocatalyst degradation (arising 

due to differences in GDLs) from electrochemical performance. μ-XRD maps showed an 

increase in the average Pt nanoparticle size for all GDL MEAs, which correlate with the 



152 
 

ECSA loss data. The MEA with 22BB as cathode GDL showed a much higher degree of 

heterogeneous Pt nanoparticle size growth with a lower average Pt nanoparticle size after 

nitrogen AST. μ-XRF maps also showed almost 16% of average Pt loading loss for 22BB 

compared to 6-7% average Pt loading loss for H23C6 and MB30.  

CFD simulations using LBM showed that 22BB had the lowest breakthrough (8.5 kPa) 

and stagnation pressure (3.7 kPa) coupled with the highest (24%) liquid water saturation 

compared to H23C6 and MB30. A combined analysis of micro XCT, micro XRD, micro 

XRF and CFD simulation suggests that higher liquid water flux due to presence of MPL 

cracks in 22BB results in more direct loss of dissolved Pt ions from the cathode catalyst 

layer. This also suggests that different pathways were taken by the three GDL MEAs to 

reach similar ECSA loss. 

Although the electrochemical difference cannot be observed for 30,000 AST cycles (LDV 

lifetime) it may show up after 90,000 AST cycles (to simulate HDV lifetime) and in dry 

operating conditions. The direct loss of dissolved Pt from the system is also critical in 

terms of Pt recycling. The study highlights the importance of designing GDLs with end-

of-life performance target. 

5.3. Chronology of catalyst layer pore structure collapse due to 

carbon corrosion 
 

Commercially available PEFC MEAs were subjected to the DOE adopted carbon 

corrosion AST. The morphological changes that occurred after carbon corrosion were 

studied using spectroscopic and electron microscopy techniques and the results were 

correlated with the electrochemical performance. The corrosion showed two phases: in 
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the initial phase (~ 500 cycles), carbon corroded rapidly (about 78% of the total loss) and 

the cathode catalyst layer lost thickness fast (~ 78% of the total reduction). Pt detached 

from the support as the latter corroded, and ECSA dropped sharply (~ 90% of the total 

loss). The sheet capacitance (~ 95% of the total reduction) and resistance of the cathode 

catalyst layer decreased significantly too. Due to the loss of electrical contact, Ohmic 

resistance increased slightly. However, no significant change in the pore structure was 

observed. The increase in O2 mass transport resistance was primarily due to the loss of 

ECSA. In the later phase (~ 1500 cycles), carbon corrosion, ECSA loss, cathode catalyst 

layer thinning, and sheet capacitance reduction slowed down significantly. However, a 

drastic collapse occurred in the cathode catalyst layer pore structure. Porosity (~ 75% of 

the total reduction) and pore connectivity (> 80% of the total) decreased considerably. 

This resulted in a significant increase of O2 mass transport resistance (65% of the total 

increase). Tafel slope was found to increase from 71 mV.dec-1 to 106.8 mV.dec-1 with 

ageing. It was an apparent effect due to increasing mass transport resistance. The AST 

did not result in any significant growth of oxides, but the overall water management of the 

cathode catalyst layer might have deteriorated due to the loss of porosity and pore 

connectivity. 

5.4. Identical location μ-X-ray fluorescence mapping after 

heavy-duty vehicle lifetime 
 

Commercial CCMs designed for HDV applications were subjected to AST simulating HDV 

lifetime. A simple approach was used to facilitate IL-μ-XRF spectroscopy of MEAs before 

and after the AST. The novel results revealed striking in-plane movement of Pt loading 

strongly influenced by the initial loading distribution. Increase in the intensity and evolution 
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of local loading hotspots with preferential movement of Pt loading away from the cathode 

catalyst layer cracks was observed and successfully quantified. A GDL with cracked MPL 

was used on the cathode to understand the effect of PEFC components on Pt 

degradation. The identical location approach exposed heterogeneous degradation 

between inlet-outlet and allowed quantification of ~ 13% loss in total average Pt loading 

for the inlet after AST. Synchrotron μ-XRD and μ-XRF experiments showed a direct linear 

correlation between Pt nanoparticle size and loading, which developed only after AST. 

The increase in average Pt nanoparticle size to 6.76 nm for modified MEA inlet even after 

~ 13% loss in total average Pt loading suggested that nanoparticle size increase and 

loading loss are mutually inclusive for a cathode catalyst layer area undergoing 

degradation. 

6. Future work  
 

6.1. Materials development to enhance durability of PEFCs 
 

6.1.1. Modification of catalyst interface 
 

Dissolution of Pt ions during reduction of oxide is the primary catalyst degradation 

mechanism. Thus, delaying the onset of oxide formation to potentials greater than 0.9 V 

could be a viable strategy to improve long term ORR catalyst material durability. Based 

on initial reports at RDE scale, this may be done by addition of small molecule additives 

(to modify the catalyst-ionomer interface) such as poly-melamine formaldehyde (PMF) 

and ionic liquids (ILs.) Such small molecule additives can also boost the catalyst specific 

activity. Pt nanoparticles doped with transition metals such as Cobalt and Nickel are 
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highly active ORR catalysts and promising candidates for commercial use. However, they 

suffer significant degradation due to transition metal leaching affecting the activity 

followed by ionomer conductivity and permeability. Small molecule additives also have 

the potential to prevent such leaching of transition metals. Efforts will be required to 

optimize the catalyst-ionomer-additive interface in the catalyst layer at MEA scale through 

use of different solvents and solvent ratios. 

6.1.2. Use of carbon support morphology  
 

A strong interaction of catalyst nanoparticles with the carbon support in addition with 

narrow distribution of nanoparticle size can help alleviate degradation caused due to 

agglomeration and coalescence. This can be achieved by utilizing carbon support 

morphology to create physical barriers for pathways of agglomeration and coalescence. 

For instance, a highly microporous (2 nm) metal-organic framework-based carbon 

support can be used to limit Pt nanoparticle size growth. This can be done by deposition 

of nanoparticles inside micro and relevant mesopores (3 to 4 nm) which can also create 

a significant physical separation and prevent degradation through migration and 

coalescence.  

6.2. Engineered catalyst layers to reduce PEFC degradation 
 

6.2.1. Hybrid loading catalyst layers 
 

An approach of targeted low surface energy regions with hybrid loading of catalyst in both 

in-plane and through plane directions of the catalyst layer where exacerbated degradation 

is observed can be used to increase the durability. For instance, a layer of just carbon 

and ionomer in between the PEM and catalyst layer may prevent Pt band formation and 
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catalyst depletion. Similarly, higher loading in degradation prone regions (such as inlet) 

can be used to eliminate heterogenous degradation. 

6.2.2. Carbon-free catalyst layers 
 

A way to improve carbon corrosion durability would be to completely eliminate carbon 

from the catalyst layer. Use of catalyst thin films to do this is promising however quite 

challenging. Such catalyst layers can also be used as corrosion tolerant anodes to 

prevent degradation from fuel starvation. 

6.3. System-level mitigation strategies to increase PEFC 

lifetime 
 

Limiting upper potential limit, operation under low relative humidity conditions and 

optimized flow field geometry are critical system-level mitigation strategies to significantly 

reduce degradation. Innovative ways to limit UPL will be necessary without causing 

thermal management issues until material durability improves. Also, it will be important to 

consider its effects on other PEFC components (such as PEM) and overall system 

efficiency. 
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