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Abstract 

The ever increasing demand of petroleum in the transport sector has led to 

depletion of low cost/low risk reserves, increased levels of pollution, and greenhouse gas 

emissions that take a heavy toll on the environment as well as the national economy. 

There is an urgent need to use alternative energy resources along with an efficient and 

affordable energy conversion system to arrest environmental degradation. Polymer 

electrolyte fuel cells (PEFCs) show great promise in this regard - they use hydrogen gas 

as a fuel that electrochemically reacts with air to produce electrical energy and water as 

the by product. In a fuel cell electric vehicle (FCEV), these zero tail pipe emission 

systems offer high efficiency and power density for medium-heavy duty and long range 

transportation. However, PEFC technology is currently challenged by its limited 

durability when subjected to harsh and adverse operating conditions and transients that 

arises during the normal course of vehicle operation. The hydrogen-based fuel cell power 

train for electric vehicles must achieve high durability while maintaining high power 

efficiency and fuel economy in order to equal the range and lifetime of an internal-

combustion-engine vehicle. The technology also needs to meet the cost targets to make 

FCEVs a commercial success. In this dissertation, one of the degradation phenomena that 

severely impede the durability of the system has been investigated. In scenarios where the 

cell becomes locally starved of hydrogen fuel, “cell reversal” occurs, which causes the 

cell to consume itself through carbon corrosion and eventually fail. Carbon corrosion in 

the anode disrupts the original structure of the electrode and can cause undesirable 

outcomes like catalyst particle migration, aggregation, loss of structural and chemical 

integrity. A comprehensive study using advanced electrochemical diagnostics and high 
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resolution 3D imaging was performed and a new understanding to extend PEFC life time 

and robustness, by implementing engineered materials solutions, has been achieved. This 

will eventually help in making fuel cell systems more efficient, durable and economically 

viable, in order to better harness clean energy resources. 

 

  



vii 

 

Table of Contents 

Acknowledgements ............................................................................................................. ii 

Abstract ............................................................................................................................... v 

List of Abbreviations ......................................................................................................... xi 

List of Figures .................................................................................................................. xiii 

Chapter 1   

Introduction ......................................................................................................................... 1 

1.1. Fuel Cells for Transportation Applications .......................................................... 1 

1.2. Polymer Electrolyte Membrane Fuel Cells .............................................................. 3 

1.2.1. In-situ Electrochemical Diagnostics ................................................................. 6 

1.2.2. Ex-situ Material Characterization ................................................................... 12 

1.2.3. Degradation in PEFCs..................................................................................... 14 

1.3. Outline and Overview of the Dissertation ............................................................. 15 

Chapter 2  

3D Morphological Analysis using Nanoscale X-ray Computed Tomography ................. 18 

2.1. Introduction ............................................................................................................ 18 

2.2. Nano-CT Imaging Basics ....................................................................................... 19 

2.3. Specimen Preparation Techniques ......................................................................... 25 

2.3.1. Fuel Cell Electrodes ........................................................................................ 26 

2.3.2. Thin-film and Membranes .............................................................................. 30 



viii 

 

2.3.3. Dispersed Particles .......................................................................................... 30 

2.3.4. In-situ Imaging and Samples Requiring Controlled Environment ................. 32 

2.4. Conclusion ............................................................................................................. 36 

Chapter 3  

Structure-Performance Relationship of PEFC Electrodes ................................................ 37 

3.1. Introduction ............................................................................................................ 37 

3.2. Electrochemical Diagnostics .................................................................................. 38 

3.2.1. Electrode Fabrication ...................................................................................... 38 

3.2.2. Experimental Protocol .................................................................................... 39 

3.2.3. Electrochemical Characterization ................................................................... 40 

3.3. Morphological Analysis ......................................................................................... 42 

3.4. Discussion .............................................................................................................. 47 

3.4. Conclusion ............................................................................................................. 48 

Chapter 4  

Degradation due to Cell Reversal ..................................................................................... 49 

4.1. Introduction ............................................................................................................ 49 

4.2. Cell Reversal .......................................................................................................... 51 

4.3. Reversal Tolerant Anode ....................................................................................... 53 

Chapter 5  

Effectiveness of Reversal Tolerant Anodes ...................................................................... 55 



ix 

 

5.1. Introduction ............................................................................................................ 55 

5.2. Electrochemical Diagnostics .................................................................................. 56 

5.2.1. MEA Fabrication ............................................................................................ 56 

5.2.2. Experimental Procedure .................................................................................. 59 

5.2.3. Electrochemical Measurement Results ........................................................... 62 

5.2. Morphological Analysis ......................................................................................... 73 

5.3. Conclusion ............................................................................................................. 80 

Chapter 6  

Role of Water in Degradation due to Cell Reversal ......................................................... 81 

6.1. Introduction ............................................................................................................ 81 

6.2. Electrochemical Diagnostics .................................................................................. 82 

6.2.1. MEA Fabrication and Experimental Procedure .............................................. 82 

6.2.2. Electrochemical Measurement Results ........................................................... 83 

6.3. Morphological Analysis ......................................................................................... 93 

6.4. Conclusion ............................................................................................................. 98 

Chapter 7  

Limitation of Existing Reversal Tolerant Anodes .......................................................... 100 

7.1. Introduction .......................................................................................................... 100 

7.2. Anomalous Behavior of OER Catalyst based Anodes ......................................... 102 

7.3. In-situ Electrochemical Diagnostics .................................................................... 106 



x 

 

7.3.1. Electrolyzer with IrO2 and IrO2/C Anodes ................................................... 108 

7.3.2. Challenges for In-house Electrolyzer and Possible Solutions ...................... 113 

7.4. Conclusion ........................................................................................................... 116 

Chapter 8  

Conclusions and Future Directions ................................................................................. 118 

8.1. Summary .............................................................................................................. 118 

8.2. Future directions .................................................................................................. 120 

References ....................................................................................................................... 125 

Appendix I: MEA Fabrication Using Decal Transfer Method ....................................... 151 

 

  



xi 

 

List of Abbreviations 

AFM  Atomic Force Microscopy 

BET  Brunauer-Emmett-Teller 

CCM  Catalyst Coated Membrane 

CT  Computed Tomography  

CV  Cyclic Voltammetry 

ECSA  Electrochemical Active Surface Area 

EDX  Energy Dispersive X-ray Spectroscopy 

EIS  Electrochemical Impedance Spectroscopy 

FEP  Fluorinated Ethylene Propylene 

FER  Fluoride Emission Rate 

FOV  Field-of-View 

FRT  First Reversal Test (or time) 

GDE  Gas Diffusion Electrode 

GDL  Gas Diffusion Layer 

HER  Hydrogen Evolution Reaction 

HOR  Hydrogen Oxidation Reaction 

HRES  High Resolution 

I-V  Current-Voltage 

LFOV  Large Field-of-View 

MEA  Membrane Electrode Assembly 

Micro-CT  Microscale X-ray Computed Tomography 

MIP  Mercury Intrusion  Porosimetry 

NEXAFS  Near Edge X-ray Absorption Fine Structure 

Nano-CT  Nanoscale X-ray Computed Tomography 

OCV  Open-Circuit Voltage 

OER  Oxygen Evolution Reaction 

ORR  Oxygen Reduction Reaction 

PEFC  Polymer Electrolyte Membrane Fuel Cell 



xii 

 

PEM  Polymer Electrolyte Membrane 

PTFE  Polytetrafluoroethylene 

RH  Relative Humidity 

ROI  Region-of-Interest 

RTA  Reversal Tolerant Anode 

SEM  Scanning Electron Microscopy 

SHE  Standard Hydrogen Electrode 

slpm  Standard liter(s) per minute 

SNR  Signal-to-Noise Ratio 

STXM  Scanning Transmission X-ray Microscopy 

TEM  Transmission Electron Microscopy 

XCT  X-ray Computed Tomography 

XRD  X-ray Powder Diffraction 

 

  



xiii 

 

List of Figures 

Figure 1.1. A radar chart showing the current state of fuel cell technology for 

automotive application as w.r.t. the 2020 DOE targets…………………………….. 3 

Figure 1.2. Schematic representation of the microstructure and transport in an 

MEA. ………………………………………………………………………………. 4 

Figure 1.3. (a) Polarization (I-V) curve for a PEFC with the losses (i.e., 

overpotentials) shown. (b) Power density plot obtained from the polarization 

curve, showing the dominating losses in different voltage regimes……………… 8 

Figure 1.4. A typical Nyquist plot obtained from electrochemical EIS 

measurement on a PEFC, along with the equivalent circuit model used to fit the 

plot………………………………………………………………………………… 10 

Figure 1.5. A typical CV curve for a PEFC, showing the electrochemical 

reactions corresponding to the current peaks………………………………………. 12 

Figure 2.1. Schematic diagram of the optics train used in the nano-CT………… 20 

Figure 2.2. (a) 3D rendering of a portland cement sample with tomographic slices 

on the cut-out surface, imaged using LFOV absorption contrast mode. (b) 

Tomographic slices and volume rendering of Ga-In embedded silicone elastomer, 

imaged using LFOV absorption contrast mode…………………………………….. 21 

Figure 2.3. (a) Tomographic slice through 3D image of Li-plated Cu wire. (b) 

Radiographs of Pt wire embedded polymer sensor. Both imaged in phase contrast 

mode……………………………………………………………………………....... 21 

  



xiv 

 

Figure 2.4. A tomography slice through the reconstructed image of a carbon-

based combustion particle, showing phase contrast imaging artifacts…………… 

 

22 

Figure 2.5. Tomography slices through a PEFC electrode (anode) (a) and track-

etched polycarbonate membrane (b), both imaged in HRES phase contrast mode... 23 

Figure 2.6. (a) Tomography slices through the imaged volume of soaked hydrogel 

polymer and volume rendering of the solid phase (dark pixel represent pores) [1]. 

(b) An intensity based volume rendering of carbon nano-fibers (~100 nm) with 

PTFE binder……………………………………………………………………… 23 

Figure 2.7. Intensity based volume rendering (LFOV absorption contrast) and 

tomography slices (LFOV phase contrast)………………………………………….     24 

Figure 2.8. Schematics of sample preparation and mounting for imaging PEFC 

electrodes, on MEAs in pristine state (a), and for post-mortem analysis (b)..…… 28 

Figure 2.9. (a) A clip-type sample holder with a triangular piece of Kapton
®
 film 

with dispersed catalyst particles. (b) A Kapton
®
 mesh used for trapping 

combustion particles to be imaged using nano-CT..……………………………… 32 

Figure 2.10. (a) Images of the flow-cell set-up mounted on nano-CT sample 

holder. (b) Radiographs of polycarbonate micro-capillary with incomplete catalyst 

layer packing……………………………………………………………………… 34 

Figure 2.11. (a) Image of the in-situ metal-ion battery set-up along with a 

schematic of the capillary-based cell. (b) Radiographs showing growth of Cu 

dendrite grown insitu during potential hold at 0.7 V. The plot at the bottom shows 

the current measured and the time-stamps of the radiographs are marked on the 

plot………………………………………………………………………………….. 

 

 

 

 

35 



xv 

 

Figure 3.1. Polarization curves (a) and power density plots (b) for MEAs with 

electrodes fabricated using catalyst ink with ultrasonication (black-circles) and 

without ultrasonication (blue-squares). The error bars show standard deviation in 

the measured current density values………………………………………………... 41 

Figure 3.2. (a) Raw tomography slice through the imaged electrode. The brighter 

pixels represent the solid phase, and the darker pixels represent pore phase. (b) 3D 

volume rendering of a cropped volume of the imaged electrode segmented into 

solid (Pt/C/ionomer, shown in grey) and pore phase (shown in dark grey or black). 

(c) The volume rendering of the solid phase with the agglomerates separated and 

labeled as different colors………………………………………………………… 43 

Figure 3.3. Size distribution of agglomerates in the catalyst layer of the two kinds 44 

Figure 3.4. (a) SEM image of the dispersed catalyst ink on a Kapton
®
 film 

(sputtered with 20 nm of gold). (b) 3D rendering of segmented agglomerate on the 

same region on the Kapton
®
 film with dispersed catalyst ink, imaged using the 

nano-CT. (c) Zoomed in images of a few agglomerates present in the FOV of (a) 

and (b)……………………………………………………………………………… 45 

Figure 3.5. Validation of agglomerate model against the experimental data……… 47 

Figure 4.1.  Cell voltage reversal of a conventional MEA with Pt/C anode………. 52 

Figure 4.2.  Schematic showing the major electrochemical reactions in a PEFC 

under regular operating condition and under hydrogen starvation condition (with 

RTA and without RTA)…………………………………………………………….. 54 

Figure 5.1. TEM image of an aggregate of IrO2 nanoparticle synthesized using 

Adam’s Fusion method. On the right is a higher resolution image (zoomed into 

 

 



xvi 

 

the region marked in red on the left image) showing individual IrO2 nanoparticles 

with particle diameter of ca. 5 nm………………………………………………….. 

 

58 

Figure 5.2. Voltage vs. time plot for first reversal of conventional MEA (i.e. 

MEA with RTA 0 wt%). The time has been denoted in terms of voltage reversal 

time (0 second corresponds to the cell potential becoming negative)……………… 61 

Figure 5.3. (a) First voltage reversal for MEAs with RTA (5 wt% and 50 wt%) 

along with MEA without RTA (0 wt%). (b) Voltage vs time plot for first and 

consecutive reversal tests in RTA 0 wt% and (b) RTA 50 wt% MEAs. ………… 64 

Figure 5.4. Performance degradation due to cell reversal in MEAs with RTA 0 

wt% (a), RTA 5 wt% (b) and RTA 50 wt% (c) shown by polarization curves 

measured at BOL and after each reversal test (the accumulated reversal time, ART 

after which the polarization curve was recorded, is shown in the legends). (d) The 

cell performance is shown in terms of voltage recorded at 1.2 A cm
-2

 current 

shown as a percentage of BOL value for the three kind of MEAs…………………. 65 

Figure 5.5. Reversal tolerance time of MEAs with different loadings of OER 

catalyst. FRT is the trace for first reversal test and ERTt=35% is the total reversal 

time till EOL was reached (i.e. degradation to 35% of BOL performance)……… 66 

Figure 5.6. Cell performance degradation rate due to cell reversal after first 

reversal test (a) and average degradation rate over the total reversal time (b)…… 67 

Figure 5.7. Nyquist plot from EIS measurements done of the RTA 0 wt% (a), 

RTA 5 wt% (b) and RTA 50 wt% (c)MEAs at BOL(black, squares), after first 

reversal test(blue, diamonds) and at EOL(red, circles). Change in Ohmic 

resistance (d), cathode charge transfer resistance (e) and anode charge transfer 

 

 

 

 



xvii 

 

resistance (f) of the MEAs with increase in voltage reversal time………………….  69 

Figure 5.8. (a-c) Cathode CVs for RTA 0 et%, RTA 5 wt% and RTA 50 wt% 

respectively. (d-f) Anode CVs for RTA 0 wt%, RTA 5 wt% and RTA 50 wt% 

respectively. The three traces are for CVs measured at BOL, after first reversal 

test and after EOL was reached, with the total reversal time denoted in the figures. 71 

Figure 5.9. Change in ECSA of Pt catalyst in the cathode (estimated from cathode 

CV) shown as percentage w.r.t. to the ECSA at BOL for all the MEAs with 

increasing accumulated reversal time (ART)………………………………………. 72 

Figure 5.10. Change in the difference in the H-adsorption peak on Pt with 

accumulated reversal time, obtained from the anode CVs of the MEAs………… 72 

Figure 5.11. 3D volume renderings of the anodes in pristine state are shown on 

the left (a, c and e) and in the EOL state is shown on the right (b, d and f). The 

volume in purple/blue is the intensity based rendering of the raw image showing 

the porous matrix of Pt/C-ionomer. The IrO2 is rendered in orange. The greyscale 

images, on the right of the volume renderings show a virtual cross-section 

(tomographic slice) through the imaged volume of the anode, in which, the bright 

zone is the anode. (The large bright parts are IrO2 and the grey region is the Pt/C-

ionomer matrix)…………………………………………………………………….. 74 

Figure 5.12. A schematic representation of a degraded RTA, showing carbon loss, 

Pt-catalyst agglomeration and isolation, and highly resistive ionomer network near 

the membrane………………………………………………………………………. 75 

Figure 5.13. (a) Anode thickness in pristine and EOL state of the MEAs. (b) and 

(c) Total volume and surface area of the segmented IrO2 agglomerates in the 

 

 



xviii 

 

pristine and EOL of RTA 5 wt% and RTA 50 wt% specimens, respectively. The 

bars show average value and the error bars show the standard deviation in the 

values……………………………………………………………………………….. 

 

 

77 

Figure 5.14. SEM images of MEA cross-sections: (a) MEA (RTA 0 wt%) in 

pristine condition and (b), an MEA (RTA 5 wt%) in EOL condition after several 

cell reversal tests…………………………………………………………………… 79 

Figure 5.15. Fluoride emission rate during regular operation and during reversal 

tests measured from effluent water from anode and cathode of the RTA 0 wt% 

MEA……………………………………………………………………………… 79 

Figure 6.1. (a) First reversal behavior of RTA 50 wt% MEA undergoing cell 

reversal at different RH conditions. (b) First reversal time (FRT) as a function of 

the RH. The dotted line is used as a visual guide. The shaded regions denote 

operation regimes for an RTA……………………………………………………… 84 

Figure 6.2. Cell potential measured at low RH under regular reactant gases (i.e. 

H2 at anode and air at cathode) shown to the scale of the voltage reversal plots. 

The inset is a zoomed in version of the plot to show small fluctuation in the 

voltage measured…………………………………………………………………… 86 

Figure 6.3. (a) Polarization curves measured at BOL and after each reversal test 

performed at 82% RH. (b) Performance decay of RTA MEAs due to cell reversal.. 88 

Figure 6.4. Degradation rate during first cell reversal at different RH conditions… 89 

Figure 6.5. Nyquist plots for EIS measured at BOL (black-diamonds), after first 

cell reversal (blue-squares) and at EOL (red-circles) for MEAs that have 

undergone cell reversal at 28% RH (a), 68% RH (b), and 82% RH (c)……………. 90 



xix 

 

Figure 6.6. Anode CVs at BOL, after first cell reversal and at EOL for MEAs that 

have undergone cell reversal at 28% RH (a), 68% RH (b), and 82% RH (c)……… 

  

92 

Figure 6.7. SEM images of anode surface of pristine MEA (a) and that of EOL 

MEA (i.e., catalyst layer-GDL interface) that has undergone cell reversal at 68% 

RH (b). The images on the right are the zoomed in images. The images were 

obtained using back-scatter electron detector. The brightest zones are IrO2 

agglomerates and the darkest regions are the pores and cracks on the anode 

surface. The medium greyscale intensity is the Pt/C/ionomer porous network……. 

 

 

 

 

 

95 

Figure 6.8. 3D volume rendering of anode of pristine MEA (a) and EOL MEAs 

which have undergone cell reversal at 28% RH (b), 68% RH (c) and 82% RH (d). 

The grayscale image on the right face of the volume shows a virtual cross-section 

through the imaged anode volume. IrO2 agglomerates have been segmented and 

rendered in orange in the 3D volume and they are the brightest phase in the 

tomographic slices shown. The intensity based rendering of the porous network of 

Pt/C/ionomer is shown in purple and is the bright layer in the tomographic slices. 

The footprint area of the anode volume rendered is 36 µm×36 µm……………….. 96 

Figure 6.9. Anode thickness and the total volume and surface area of IrO2 

agglomerates present in the EOL MEA shown as percentage of the quantities in 

the pristine anode. The bar height for the anode thickness shows the average value 

measured over all the tomographic slices through 36 µm×36 µm footprint area of 

the imaged anode volume with the error-bars showing the standard deviation……. 98 



xx 

 

Figure 7.1. The first reversal time for RTA 50 wt% MEAs subjected to cell 

reversal at 65C and 90C, at medium to high RH conditions. The data points are 

shown with blue squares and red circles respectively. The dotted lines are trend 

lines used as visual guides………………………………………………………….. 

 

 

 

  103 

Figure 7.2. (a) Hypothesized trend for the dependence of the rate of OER activity 

of IrO2 and the activity of carbon towards carbon oxidation (or corrosion), on 

water activity (i.e., RH).(b) A schematic for the hypothesis of non-uniform 

ionomer coverage on IrO2 particles (or agglomerates) as compare to that on Pt/C... 

 

 

 

108 

Figure 7.3. Image of the disassembled electrolysis cell hardware………………… 111 

Figure 7.4. Cell potential (equivalent to anode half-cell potential) during OER in 

PEM electrolyzer operated at 0.2 A cm
-2

…………………………………………... 111 

Figure 7.5. (a) Anode CVs at BOL and after 10 hr of OER in MEA with IrO2 

anode (b) Anode CVs at BOL and after 10 min of OER (i.e. after failure) of MEA 

with IrO2/C anode…………………………………………………………………... 112 

Figure 7.6. SEM images of electrolyzer anode surfaces with IrO2 (a) and IrO2/C 

(b). The zoomed in images of the red box bounded areas are shown below the 

corresponding images. Secondary electron detector was used. The bright 

agglomerated volumes were primarily composed of IrO2…………………………. 114 

Figure 7.7. Areal elemental map of IrO2/C anode obtained from EDX. (a) SEM 

image of the area mapped. (b)-(e) Map for F, Ir, O and C respectively……………. 115 

Figure 8.1. (a) Schematic of catalyst degradation caused by carbon loss due to the 

carbon corrosion reaction. (b) Schematic of a well-dispersed OER catalyst (IrO2), 

in a Pt/C matrix with good ionomer coverage for an effective RTA design………..   123 



1 

 

Chapter 1 

Introduction 

 

 

1.1. Fuel Cells for Transportation Applications 

Fuel cells are highly efficient systems that convert the chemical energy in fuels, 

such as hydrogen, methanol, carbon-monoxide, light hydrocarbons, etc. into electrical 

energy through electrochemical reactions. These fuel cells can be employed as efficient 

energy conversion devices for transportation, industrial, commercial and residential 

energy sectors. Fuel cells provide fuel flexibility, and can use renewable fuels including 

natural gas, biogas, etc. This reduces the dependence on petroleum imports and thus 

offers benefit to the national economy and energy security as well as enables the 

expanded utilization of renewable power (through use for hydrogen generation, storage 

and transmission). The transportation energy sector has contributed to the highest amount 

of green-house gas emission into the earth’s atmosphere in the last decade, and 70% of 

petroleum consumption, which has dire consequences to the environment, health and 

economy [2]. Replacing the conventional gasoline engines with high efficiency and zero-

emission electrical powered engines is necessary for moving towards a sustainable future. 

Hydrogen fuel cells that are also known as polymer electrolyte membrane fuel cells 



2 

 

(PEFCs) are popularly used for energy conversion in transportation energy sector. With 

the energy conversion and storage being decoupled for a fuel cell system, PEFCs can be 

employed in vehicles of short to high range, and from light to heavy duty. Unlike 

gasoline vehicles, fuel cell electric vehicles (FCEVs) are highly efficient, reliable, low 

maintenance and zero-tailpipe-emission systems. They share the similarity with gasoline 

vehicles in their refueling capability and high mile range. The prospect of replacing 

gasoline vehicles by electric vehicles has triggered a great volume of research and 

development activity for innovating material components, operation strategy and 

auxiliary systems for fuel cells. Great progress has been met in achieving the Department 

of Energy (DOE) automotive fuel cell 2020 targets of high power density, specific power 

and vehicle start and operation from freezing temperatures. However, the targets towards 

reducing the cost of the system down to $40/kW, increasing energy efficiency to 65% 

and meeting a total durability of 5000 hours operation of a fuel cell stack by the year 

2020 are yet to be achieved [3]. The radar chart showing the 2020 targets and the current 

status of the fuel cell technology, from the 2016 Annual Merit Review, Fuel Cell 

Technologies Office report is shown in Figure 1.1. In this dissertation, one of the 

degradation phenomena which challenge the durability and robustness of a fuel cell in 

automotive application has been investigated. The discussion has been coupled with 

economic optimization as well as the importance of the electrode morphology towards 

gaining high performance and cost minimization of the existing Pt-catalyst based 

hydrogen fuel cells. 
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Figure 1.1. A radar chart showing the current state of fuel cell technology for automotive 

application as w.r.t. the 2020 DOE targets. 

1.2. Polymer Electrolyte Membrane Fuel Cells 

At a very basic level, hydrogen fuel cells or PEFCs are comprised of a cathode, 

anode, and membrane- the entire unit is termed as the membrane electrode assembly 

(MEA). A schematic of an MEA is shown in Figure 1.2. Hydrogen splits into protons 

(H
+
) and electrons (e

-
) in the anode. The electrons go through an external circuit driving 

the electric load, while the polymer electrolyte membrane (PEM) allows protons to move 

from the anode to the cathode. At the cathode, the electrons and protons react with 

oxygen to produce water. The electrodes are porous, micro-structured films (also known 

as catalyst layer) consisting of carbon supported platinum catalyst nanoparticles bound in 

polymer electrolyte (ionomer) films that form a complex network of aggregates or 
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agglomerate structures with small-primary pores within them and larger secondary pores 

between the agglomerates [4], [5]. Hydrogen oxidation reaction (HOR) and oxygen 

reduction reaction (ORR) that takes place on the Pt catalyst in anode and cathode 

respectively, as shown in Equations 1.1 and 1.2, along with the equilibrium potentials: 

                                 H2  2H
+
 + 2e

-
,   E

o
 = 0.00 V (vs. SHE)                                      [1.1] 

                         O2 + 4H
+
 + 4e

-
  2H2O,   E

o
 = 1.23 V (vs. SHE)                                 [1.2] 

The ORR has more sluggish kinetics than the HOR, and hence catalyst loading in 

the cathode is maintained higher than that of the anode. Thus, the cathode catalyst layer is 

thicker than the anode catalyst layer, which has a lower Pt loading [6].  

 

Figure 1.2. Schematic representation of the microstructure and transport in an MEA.  

The catalyst layer microstructure, which determines the mass transport 

characteristics of the electrode, is very crucial to the performance output of a PEFC. The 

layer has to be porous and have percolating pore network, to allow the gaseous reactants 



5 

 

reach the reaction sites; and at the same time should have a good distribution of ionomer 

for the protons to be conducted to the Pt sites, which should be electronically well 

connected through a percolating conductive network.  The structure should also be 

capable of effectively removing the by-product water, which might condense in the pores 

and prevent reactants from reaching the Pt sites, especially at the cathode. Water 

management is also very important for proper functioning of a PEFC. The ionomer 

widely used in the fuel cell and as the PEM is a perfluorosulfonic acid (PFSA) based 

ionomer, Nafion
®

, which needs to be hydrated for high proton conductivity, and at the 

same time, accumulation of liquid water within the catalyst layer needs to be prevented 

[4], [7]. The microstructure and operation strategy affects the water management within 

the electrodes. 

The catalyst layers have a carbon based gas diffusion layer (GDL) on both sides 

of the MEA to provide electrical contact between the electrodes and the current collector, 

along with better water removal characteristics and mechanical and structural integrity to 

the MEA. The GDL architecture and design can be engineered for effective water 

removal from the MEA [8]. The GDL (carbon paper or cloth) is often treated with a 

hydrophobic polymer, like polytetrafluoroethylene (PTFE), to aid in water removal. It is 

also often coated with a micro-porous layer, with similar micro-structure as the catalyst-

layer, to improve the mechanical compatibility, good contact, and effective wicking of 

liquid water into the GDL [9]–[11]. The catalyst layer can be prepared by coating the 

ionomer-Pt/C catalyst particles dispersion onto the GDL, forming a gas diffusion 

electrode (GDE) [12] or coated onto the PEM, to form a catalyst-coated membrane 

(CCM) [13], [14]. 
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The transport pathways of the electrochemical reaction species that are illustrated 

in Figure 1.2 shows that a well-designed microstructure is indispensable to the efficient 

functioning of the fuel cell. Any disruption of the electrode morphology or degradation of 

any component of the cell is detrimental to the functioning of the PEFC. The 

experimental way of studying the performance, for diagnosing inefficacies and 

degradation phenomena in a fuel cell is through in-situ electrochemical tests and 

diagnostics, as well as ex-situ material characterization.  

1.2.1. In-situ Electrochemical Diagnostics 

The interplay of several electrochemical kinetics and transport mechanisms is 

responsible for power generation by a hydrogen fuel cell. In order to quantify the 

performance of a fuel cell and to diagnose loss of performance, it is necessary to measure 

its properties and electrochemical characteristics while in operation. It also helps in 

evaluating the effectiveness of any particular component of the PEFC. The popular tests 

for performing in-situ electrochemical diagnostics are measurement of polarization curve 

or current-voltage (I-V) curve, electrochemical impedance spectrum (EIS), and cyclic 

voltammetry (CV). Each of these techniques and their implications has been discussed in 

the following subsections [15], [16]. 

Polarization curve 

Polarization or I-V curve is recorded by measuring the steady-state response of a 

fuel cell. It alloys direct measurement of the performance of a cell at a given operating 

condition. Power output of a fuel cell can be directly obtained from the polarization 

curve. The measurement can be performed in a potentiostatic mode: controlling potential 
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and recording current output, or a galvanostatic mode: controlling current and recording 

voltage output. Several current and voltage steps are usually used in monotonically 

increasing (for current) or decreasing (for voltage) order starting at the open-circuit state. 

A typical polarization curve for an MEA is shown in Figure 1.3(a). The current is usually 

plotted as current density, i.e., current output divided by the geometrical active area of the 

MEA. For a fuel cell, the power or current output is directly proportional to the area of 

the MEA. Hence, for a fair comparison between MEAs and for different operating 

conditions current density serves as a better metric. Figure 1.3(b) shows the power output 

curve calculated from the polarization curve shown in Figure 1.3(a).  

The potential recorded at each current density is lower than the equilibrium cell 

potential because of losses in the system. The open-circuit voltage (OCV) is also lower 

than the equilibrium cell potential because of losses in the system induced by parasitic 

reactions within the electrodes, especially, due to H2 cross-over into the cathode across 

the membrane. When a load is applied across the electrode while fuel and oxidant is 

being supplied to the anode and the cathode respectively, losses induced by reaction 

kinetics (activation overpotential), electronic and protonic resistance (Ohmic 

overpotential) and mass transport limitation (concentration overpotential) due to finite 

rate of diffusion of the reactant species through the pores of GDL and catalyst layer to the 

reaction sites are observed. The regimes dominated by each of these losses are shown in 

Figure 1.3(b).  
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Figure 1.3. (a) Polarization (I-V) curve for a PEFC with the losses (i.e., overpotentials) 

shown. (b) Power density plot obtained from the polarization curve, showing the 

dominating losses in different voltage regimes. 

Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) measures the dynamic response of 

an electrochemical system unlike polarization curve measurement. It provides 
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information on the individual losses in the system. EIS is measured by recording the 

current response to a sinusoidal potential applied across the fuel cell or vice-versa. The 

measurement is done over a range of frequencies at a particular potential with fixed 

amplitude. The amplitude of variation is usually kept low (5% of the bias current in case 

of galvanostatic EIS), such that the current or voltage response within the range lies in the 

linear response zone on the polarization curve.  EIS measurement is usually plotted as a 

Nyquist plot, as shown in Figure 1.4. The activation or kinetic losses in the anode and 

cathode can be considered as impedances in series with the Ohmic resistance which can 

be considered as a linear resistor. The Nyquist plot can be fitted with an equivalent circuit 

model (shown as an inset in Figure 1.4). The anode and cathode impedances are 

represented as units with a resistor (representing Faradaic resistance, which is a function 

of kinetics of the electrochemical reactions) and capacitor (representing double-layer 

capacitance, which depends on the capacitive nature of the electrode-electrolyte 

interface) connected in parallel. The values of the component of the impedances can be 

de-convoluted from the Nyquist plot obtained from EIS measurement and used to 

understand the individual losses in the system. At low current values (in the activation 

regime), the mass transport losses are minimal and the loops in the Nyquist plot denote 

the kinetic losses in the anode and cathode. The equivalent circuit model used in the 

dissertation is a simplified model which allowed us to estimate the effect of the 

degradation phenomena on the Ohmic resistance and electrochemical kinetics of the 

anode and cathode reactions.  
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EIS however is difficult to conduct on a high power system or at fuel cell stack 

level; in which case, current-interrupt method is implemented to get an estimate of the 

individual losses. 

 

Figure 1.4. A typical Nyquist plot obtained from electrochemical EIS  measurement on a 

PEFC, along with the equivalent circuit model used to fit the plot. 

Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is also a dynamic response measurement for an 

electrochemical system. It is used to characterize the catalyst activity in a fuel cell. The 

measurement is done by sweeping the potential back and forth from nearly 0 V to around 

1.2 V (or lower) at a constant rate and the current response is recorded and plotted against 

the voltage. A typical CV curve is shown in Figure 1.5. The current response is a 
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combination of the constant capacitive charging current, which due to the linearly 

changing voltage and the current, and due to electrochemical reactions on the 

electrochemically active catalyst surface. In order to characterize the electrochemical 

activity of Pt catalyst in a PEFC, CV is performed in hydrogen-pumping mode, where 

hydrogen is supplied to the counter or reference electrode and the working electrode is 

supplied with inert gas like nitrogen. The peaks in the CV in 0.1-0.3 V range corresponds 

to hydrogen adsorption-desorption on the Pt active sites and the area under the curve is 

used to estimate the electrochemically active surface area (ECSA) of the Pt catalyst in the 

electrode. For the most accurate estimate of the ECSA using CV, the gas flow rate and 

temperature in the working electrode should be low [17]. The ECSA calculation in the 

dissertation uses the total charge transfer during hydrogen adsorption instead of the 

charge transfer during hydrogen desorption, which tends to vary with the change of the 

upper limit of the voltage sweep [18]. The ECSA was calculated as follows: 

ECSA =
Qℎ

catalyst loading ×  Qm
 

Where, Qh and Qm are the total charge transfer due to hydrogen adsorption onto Pt 

sites and the adsorption charge for an atomically smooth Pt surface. Qm is considered to 

be 210 µC/cm
2
. The area used for ECSA calculation is shown in Figure 1.5 (the voltage 

axis is converted to time for calculating the area). 
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Figure 1.5. A typical CV curve for a PEFC, showing the electrochemical reactions 

corresponding to the current peaks. 

1.2.2. Ex-situ Material Characterization 

As discussed earlier, the micro-structure of the fuel cell electrodes and GDL and 

the state of the PEM reflects on the electrochemical response obtained from the fuel cell. 

Besides, morphology, the chemical characteristics of the components also affects the cell 

performance. Thus, ex-situ material characterization is important for analyzing material 

and components of a fuel cell before being employed into an MEA to predict the 

performance and also after being tested and cycled for durability studies.  

The porosity of the electrodes can be determined by using ex-situ methods like 

mercury-intrusive-porosimetry (MIP) [19] and catalyst surface area can be determined by 

Brunauer-Emmett-Teller (BET) method [15]. 
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Several imaging tools (besides optical microscopy) have been used to determine 

structures of the components of an MEA. The electron based tools like scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) have been widely used 

to analyze MEA surface, cross-section in both pristine and degraded state, the latter being 

popularly used to study electrocatalyst structure, distribution and degradation [18], [20]–

[25]. X-ray based techniques like scanning transmission X-ray microscopy (STXM) 

[26]–[29], near-edge X-ray absorption fine structure (NEXAFS) [27], X-ray photon 

spectroscopy (XPS) [30], [31], X-ray diffraction (XRD) [18], [32], energy dispersive X-

ray spectroscopy (EDX, which in-fact, can also performed in an SEM, using electron 

beam instead of X-rays) [32], [33], X-ray computed tomography (XCT: micro-CT and 

nano-CT denoting microscale and nanoscale resolution yielded by the systems 

respectively) [5], [19], [34]–[37]. Atomic force microscopy (AFM) has also been 

implemented to characterize structural and electronic properties of the catalyst layer and 

the PEM or other PEFC precursors [31], [38]–[41]. 

XCT is used to obtain three-dimensional (3D) images and specimen can be 

imaged in ambient conditions or under controlled environmental conditions. Hence, it has 

been used for in-situ and in-operando studies for fuel cells, e.g., to study evolution of the 

structure or image water transport through the pores and gas channels of the fuel cell 

hardware [36], [42], [43]. Neutron imaging has also been used for in-situ visualization of 

water transport in a fuel cell while in operation [44]–[47]. In this dissertation, nano-CT, 

SEM and EDX have been used for material characterization. 
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1.2.3. Degradation in PEFCs 

Limited durability of a PEFC, when used in a fuel cell stack of an FCEV increases 

the lifetime cost of the system and reduces the reliability of the technology. In order to 

meet the 5000+ hours operation of an FCEV, each component of the fuel cell should be 

resistant to stress conditions [3]. The catalyst and catalyst support are crucial to effective 

performance of the fuel cell and hence it is important to prevent their degradation. An 

automotive fuel cell stack experiences several start-up/shut-down (SU/SD) cycles during 

its lifetime.  SU/SD causes air-fuel boundary in the anode, which can cause the cathode 

half-cell potential to shoot higher than 1 V, which induces carbon corrosion [48]–[50]. 

Air-fuel boundary can be prevented by adopting protected SU/SD with advanced 

operational strategies. MEA degradation can occur when the cell in in idling state, or at 

open circuit potential [51]–[53]. The high potential can cause damage to the catalyst 

support at the cathode. The high potential can also accelerate ionomer degradation. The 

transients that an automotive fuel cell is subjected to, also challenges the durability of the 

catalyst. Large potential swings and cycling can cause Pt dissolution [54]. Besides loss of 

catalyst ECSA, it can also cause Pt migration/deposition into the PEM [55]. Pt in the 

PEM can in-turn cause severe degradation of the PEM by free radical (•OH) formation 

that can cause the polymer chain scission [51], [56]–[58]. This leads to membrane 

thinning (and eventual pin holes in the PEM, leading to cell failure) or electrical shorting 

by the Pt nanoparticle network. Another common cause for catalyst degradation is 

poisoning. Carbon-monoxide or other contaminants present in H2 feed gas or in the air 

feed can cause passivation of the Pt ORR and HOR reaction sites; thus, adversely 

affecting the cell performance [59], [60]. Cation contaminants can adversely affect the 
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ionomer conductivity as well [51]. Cathode flooding can cause temporary loss of cell 

performance because the reactant gases cannot reach the Pt sites [61], [62]. However, the 

degradation of performance is reversible in this case and the power revives when the 

water is removed. This is also analogous to the case when the cathode might have a 

depleted supply of air, causing the cell to lose power, but does not cause any irreversible 

damage to the cell [51]. On the other hand, hydrogen fuel starvation at the anode, caused 

by anode flooding or blockage in the fuel supply line or during freeze-start, etc., can 

cause severe irreversible damage to the cell and cause catastrophic cell failure [63]–[66]. 

Fuel starvation can cause “cell reversal” (more details in Chapter 4) due to high potential 

at the anode that induces carbon corrosion. The anode, which has a low catalyst loading, 

can be easily depleted of its carbon support. Besides, catalyst agglomeration and loss of 

ECSA, the corrosion can extend to the GDL carbon as well and the high potential can 

cause cell heating, membrane thinning and pin holes and electrical shorting of the cell, 

causing the cell to meet “sudden death”, which can shut down the fuel cell power, 

causing the car to stop abruptly. Cell reversal is a serious degradation issue that needs to 

be addressed for ensuring safety of an FCEV and commercial success of fuel cell 

technology. In this dissertation, cell reversal caused by fuel starvation, has been 

investigated. A strategy of protecting the cell from failure has been discussed along with 

the limitations of the existing strategy and ways of mitigation.  

1.3. Outline and Overview of the Dissertation 

This dissertation contains detailed discussion of degradation phenomena which 

can severely shorten the life of a fuel cell stack used for automobile application, thus 
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increasing the lifetime cost of such a system. The studies have been performed on lab-

scale with well controlled operating conditions, in order to delineate the effects of 

different operation parameters (such as gas flow rate, temperature, relative humidity, 

catalyst loading, etc.), understand the mechanism of such degradation phenomena and the 

effectiveness of the solution strategy. All the PEFCs were operated in single-cell mode. 

Besides performing in-situ electrochemical diagnostics, we also analyzed the micro-

structure of the cell components.  

The basics of the functioning and implementation of nano-scale X-ray computed 

tomography (nano-CT) has been described in Chapter 2. This imaging technique was 

mostly used for acquiring three-dimensional images for characterizing the fuel cell 

electrodes. The Chapter has mention of few other material characterization examples 

from collaborative research activities and independent projects besides the dissertation 

topic.  

Chapter 3 contains details of a project on correlative study of PEFC performance 

and micro-structure of the electrode, which highlighted the importance of electrode 

architecture at nano- and micro-scale towards minimizing under-utilization of expensive 

Pt catalyst and improving the power output of the cell. The work served as a robust way 

of analyzing fuel cell electrodes and relating the micro-structural features to the overall 

performance of the cell when used for power generation. The analysis method used, has 

been implemented in other research projects undertaken in our research group. 

Chapter 4 introduces the degradation phenomenon that is caused by fuel 

(hydrogen) starvation and how it can lead to catastrophic failure of conventional fuel cell. 
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In-situ electrochemical diagnostics and morphological analysis was performed to study 

the change in performance, structure and properties of the MEA due to starvation.  

The application of a material-based mitigation strategy to combat the fast 

degradation due to fuel starvation: causing cell reversal is explained in Chapter 5. A 

reversal tolerant anode for the study was designed by adding water-electrolysis catalyst in 

addition to hydrogen-oxidation electrocatalyst (Pt). The effectiveness and utilization of 

the additional catalyst was analyzed by varying the catalyst loading in the anode. Chapter 

6 discusses the effect of temperature and relative humidity on the effectiveness of the 

material-based degradation mitigation strategy. The limitations and the challenges 

encountered with the material to ensure long-term protection of the cell, has been 

investigated further, with controlled experiments and ex-situ material characterization. 

The preliminary results that verified part of the hypothesis for deactivation of the catalyst 

have been presented. 

Finally, Chapter 8 summarizes the dissertation and also discusses the future 

directions for the research. The possible strategies that can be implemented to protect 

PEFC electrocatalyst and meet the durability goal for Pt-based PEFCs for automotive 

application have been described. 
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Chapter 2 

3D Morphological Analysis using 

Nanoscale X-ray Computed 

Tomography 

 

 

2.1. Introduction 

 The nano-CT is a unique tool which allows non-invasive imaging of internal 

structures of composite material in high-resolution. The system obtains X-ray 

transmission images of the sample from several angles and then the images are 

computationally back-projected and combined to yield a 3D image of the sample. The 

advantages of using nano-CT over other 3D microscopy techniques, e.g. focused-ion 

beam sectioning with scanning electron microscopy (FIB-SEM) and transmission 

electron microscopy CT (TEM-CT), are the ambient imaging environment and non-

destructive imaging processes, enabling in-situ, in-operando, and 4D (i.e., 3D spatial and 

time) studies [19], [36], [67]–[70]. The system used for obtaining 3D images presented in 
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the dissertation, was the UltraXRM-L200 (also known as the Ultra-800, Carl Zeiss X-ray 

Microscopy-formerly Xradia, Inc., Pleasanton, CA, USA). This system is lab-scale nano-

CT with low X-ray dosage (compared to the synchrotron sources), which is 

advantageous, because the X-ray is less damaging to sensitive materials e.g. polymers 

like Nafion
®
 [71], living cells like yeast, etc. [72], [73]. However, the low dosage 

decreases the photon counts and hence to maintain high signal-to-noise ratio (SNR), the 

exposure times are usually of the order of minutes. In this chapter, the imaging basics of 

the X-ray microscope and the various methods used for specimen preparation and 

imaging fuel cell samples as well as other materials have been described. 

2.2. Nano-CT Imaging Basics 

 The nano-CT (UltraXRM-L200) uses a copper-rotating anode that generates X-

ray of 8 keV energy, powered by a lab-scale X-ray generator (40 kV, 30 A). The X-ray 

passes through a mono-capillary condenser, which uses reflective optics and high 

aperture to re-focus the X-rays onto the sample after passing through the pinhole. The 

high resolution attained (with limitation on the source to object and object to detector 

distance) is because of the high-precision zone-plate (Fresnel diffraction lens) used in the 

system [74]. Figure 2.1 shows a schematic of the nano-CT optics. The X-ray computed 

tomography uses radiographs (transmission X-ray images) obtained from different angles 

of the sample and computationally reconstructs the 3D structure by filtered back 

projection of the radiographs. The imaging is done in the ambient environment. The 

maximum resolution is 50 nm (limited by the resolution achieved by the Fresnel zone-

plate) with a maximum pixel resolution of 16 nm. There are two modes of operation of 
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the nano-CT categorized by the field-of-view (FOV) and image resolution: The high 

resolution (HRES) mode, with 16 µm FOV, voxel size of 16 nm (practical limit of spatial 

resolution is 50 nm) and the large field-of-view (LFOV) mode, with 65 µm, voxel size of 

64 nm (practically achieved spatial resolution is 120-150 nm). 

 

Figure 2.1. Schematic diagram of the optics train used in the nano-CT. 

The nano-CT is capable of differentiating materials based on their X-ray 

attenuation coefficient, which is a function of the atomic number (Z) and density. This is 

termed as absorption contrast, some examples of which are shown in Figure 2.2(a) and 

(b). However, many engineering materials, including fuel cell specimens, have elements 

with low atomic numbers (e.g. carbon, polymers, soft tissue) that yield low X-ray 

absorption contrast with the background or other components within the material. For 

improving contrast in such materials, the nano-CT uses the Zernike phase contrast ring. 

Figure 2.3 (a) illustrates a tomographic slice through the 3D image of a copper wire 

electroplated with lithium metal, and the phase contrast helped distinguish the Li layer 

from the surrounding air. Figure 2.3 (b) shows a radiograph obtained with Zernike phase 

contrast which enhanced contrast at the interface between parylene and carboxy-methyl 

cellulose, which have very similar density and effective Z.   
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Figure 2.2 (a) 3D rendering of a portland cement sample with tomographic slices on the 

cut-out surface, imaged using LFOV absorption contrast mode. (b) Tomographic slices 

and volume rendering of Ga-In embedded silicone elastomer, imaged using LFOV 

absorption contrast mode [75]. 

 

Figure 2.3 (a) Tomographic slice through 3D image of Li-plated Cu wire. (b) 

Radiographs of Pt wire embedded polymer sensor. Both imaged in phase contrast mode. 

Although phase contrast really helps in imaging low Z materials in high-

resolution, it reduces the inherent density-based and Z-based contrast to certain extent 

and it is associated with artifacts such as, shade-off and halo. Shade-off refers to the 
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diminishing intensity of the image, such that the intensities are close to that of the 

background, at voxels away from the edge of the material. Halo is a false edge (dark and 

bright pair) created at the interfaces of two phases of the material, which helps in 

enhancing the contrast visually. Both these artifacts (shown in Figure 2.4) pose challenge 

to the use of automated intensity based image segmentation tools, and necessitates 

development of phase retrieval algorithms for segmenting such materials for image 

analysis [76].  

 

Figure 2.4. A tomography slice through the reconstructed image of a carbon-based 

combustion particle, showing phase contrast imaging artifacts. 

On the other hand, this artifact is very useful for enhancing contrast between 

pores and solids, while imaging porous materials with pores with dimension of the order 

of and lower than the thickness of the halo, e.g. catalyst layers (Figure 2.5 (a)), porous 

membranes (Figure 2.5 (b)) and polymers (Figure 2.6 (a)) as well as for imaging nano-

fibers (Figure 2.6 (b)). The overlapping halo from the closely spaced interfaces, creates a 

good contrast between the pores or within the fibers, thus making intensity based 

segmentation easy and robust for these materials. 
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Figure 2.5. Tomography slices through a PEFC electrode (anode) (a) and track-etched 

polycarbonate membrane (b), both imaged in HRES phase contrast mode. 

 

Figure 2.6. (a) Tomography slices through the imaged volume of soaked hydrogel 

polymer and volume rendering of the solid phase (dark pixel represent pores) [1]. (b) An 

intensity based volume rendering of carbon nano-fibers (~100 nm) with PTFE binder. 

Besides, the capability of imaging materials in multi-scale by exploiting the 

LFOV and HRES imaging mode, another useful technique to maximize the potential of 
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the nano-CT, is to combine the absorption contrast with phase contrast. This is especially 

useful for imaging composite materials which have high density and/or high Z 

components along with other low density and/or low Z materials, which might or might 

not be porous. The absorption contrast helps in obtaining density or Z based uniform 

intensity in the high contrast phases, thus makes material segmentation and 

differentiation easy for image analysis, while the low Z materials gain enhanced contrast 

(in addition to high contrast in pores) in the phase contrast mode. The combined 

information of the two imaging modes, applied on the same volume of sample has been 

useful for non-platinum group metal (non-PGM) catalyst based fuel cell electrode 

characterization as well as for imaging Li-ion battery cathode [77], [78]. An intensity 

based volume rendering of the absorption contrast image and tomography slices of the 

phase contrast image, through the imaged volume of non-PGM electrode are shown in 

Figure 2.7. 

 

Figure 2.7. Intensity based volume rendering (LFOV absorption contrast) and 

tomography slices (LFOV phase contrast) 
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2.3. Specimen Preparation Techniques 

 Although the nano-CT provides a way to image internal structures of a material in 

a non-invasive manner, there are limitations with respect to sample size, such that the 

detector receives sufficient photon counts after the X-rays are transmitted through the 

sample. This makes preparing and mounting a specimen for imaging important. It can 

help maximize SNR of each radiograph and hence, improve the quality of the 

reconstructed 3D image. It was found that the best quality of reconstructed image was 

obtained when the specimen fitted in the FOV of the nano-CT, especially for composite 

materials. However, this can be discounted for flat samples which are much larger than 

the FOV in one plane and smaller than the FOV in the other [79]. Another possible cause 

of imaging artifact could be caused by sample drift during the scan. Sample drift can be 

largely controlled by using appropriate sample mounting techniques. Nevertheless, there 

can be small drifts (~1 µm) due to unavoidable circumstances, like stage thermal changes 

or some material relaxation in the sample itself. For correcting such drifts, a fiducial 

marker, e.g., a microsphere of a material with high X-ray attenuation (such as gold), can 

be used (Figure 2.6 (b)). A single (or sometimes a few) fiducial marker can be placed, by 

electrostatic or van-der-Waals interaction, in the FOV on the sample surface using a 

microspore equipped with micro-manipulator before starting the tomography scan. The 

center of the circle (projection of the sphere) can be tracked through all the radiographs 

and thus any sample-drift can be corrected before reconstructing the 3D image. This 

usually leads to a small decrease in the reconstructable volume of the sample.  A fiducial 

marker is highly recommended for imaging samples in HRES mode, because of the high 

resolution required of the image and also for samples which are prone to volumetric 
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changes due to thermal and humidity changes. The latter also requires optimization of the 

tomography scan time such that the imaging time minimizes the chances of big sample 

drifts. A well-controlled environment in the nano-CT room and pre-equilibrated sample 

also reduces the possibility of sample drift. A drift caused by material relaxation outside 

the field of view, causing displacement of the sample volume can be corrected; however, 

any volumetric changes within the imaged volume cannot be corrected using a fiducial 

marker. A few techniques of sample preparation and mounting have been described in the 

following sub-sections for different types of materials. 

2.3.1. Fuel Cell Electrodes 

PEFC electrodes are porous network of Pt/C nano-particles. The catalyst 

nanoparticles and the ionomer film thickness are smaller than the resolution limit of the 

nano-CT, however the pores, which are of the order of 100 nm, are resolved by the HRES 

mode. A simple method of imaging the structure of an electrode in its pristine state is by 

using a piece of an inert but rigid film like Kapton
®
, which is popularly used as a decal 

substrate before transferring the electrode to the PEM. If one assumes that, the structure 

of the coated layer does not vary through the thickness (which might not be true when 

drying of the catalyst ink on the substrate is fast), one can chip off or scrape off a small 

part of the layer and mount it on a pin (1 cm tailors’ pin) tip using epoxy such that the 

vertex is towards the top, which can be imaged using HRES phase contrast mode. The 

pin can be bent, such that a thin sliver will nearly fit into the 16 µm FOV [5].  

A second method of mounting the sample is, to cut a triangular piece of the 

Kapton
®
 coated with the catalyst layer (using fresh stainless steel blades) and gluing it 
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onto a pin tip (to be mounted on the sample holder). Then the pin tip can be bent, such 

that the catalyst layer would be on the top when the pin is mounted onto the sample 

holder (pin vise or the clip type holder). The tip of the triangle can be centered in the 

FOV and imaged. The sample will be prismatic and for a clean-cut triangle, the apex 

should always fit in the FOV.  

 The third and more robust method of preparing a PEFC electrode for imaging is to 

cut out a pillar using a high-precision laser-mill (QuickLaze 50ST2, ESI
®
) and mounting 

it on a flattened (by filling) tip or the head of the pin. This method is especially useful for 

MEA samples, where the electrode is coated onto the PEM. This method was used for the 

preparing sample for the images that are shown in Chapters 4, 5 and 6. A small 0.5 mm × 

0.5 mm specimen was extracted from the MEA and then mounted onto Kapton
®
 film 

fixed on a flattened pin-head using silver-epoxy composite adhesive (regular epoxy tends 

to flow and solidify around the edges of the sample and occlude the electrode volume 

close the membrane surface; and it makes imaging of PEFC anodes, which are usually 

thin and of the order of 5 µm, very difficult), such that the electrode was the topmost 

layer [14]. The electrode was then ablated with a low energy laser beam of 355 nm 

ultraviolet wavelength, leaving only the pillar-shaped electrode with diameter of 

approximately the size of the FOV (preferably a few microns larger, so that the ablated 

surface remains outside the FOV) on the membrane surface. The pillar-shaped anode 

specimen was made such that most of the volume of the specimen remains in the FOV for 

all nano-CT radiographs. The same method can be used for imaging an electrode coated 

onto a Kapton
®
 film. 
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A major challenge in imaging the anode on a PFSA ionomer membrane (such as 

Nafion
®

) is specimen drift due to volumetric changes of the membrane as well as curling 

of the edges of the piece of the membrane during the scan, due from the inherent 

sensitivity of the PFSA ionomer membrane to even small changes of the ambient 

humidity. To minimize the possibility of edge curling, after ablating the anode catalyst 

layer around the pillar specimen, a sharp razor blade was used (with extreme care) to cut 

off the extra membrane around the pillar under a stereo microscope, leaving 

approximately 100 μm ×100 μm square piece of MEA with the anode pillar on the pin. 

Nafion
®

 (membrane with thickness of 25 µm and higher) was difficult to ablate using the 

low power laser beam used to ablate carbon based electrode. The same was observed 

with PTFE membranes, which could not be ablated using the laser. In order to correct for 

minor specimen drift during computational reconstruction, spherical gold and silver 

nanoparticles were used as fiducial markers. 

 

Figure 2.8. Schematics of sample preparation and mounting for imaging PEFC 

electrodes, on MEAs in pristine state (a), and for post-mortem analysis (b) [14]. 

In the case of post-mortem analysis of degraded cells (discussed in Chapter 5 and 

6), where the MEA has 5 layers (PEM, electrodes and corresponding GDLs), the GDL 
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was detached from the side, which was not being imaged and that side was placed on the 

Ag-epoxy layer. Leaving the GDL intact on the electrode being imaged, allows one to 

investigate any possible changes at the GDL-electrode interface along with the 

membrane-electrode interface. The same method of laser-ablation to make a pillar-

sample was used for this MEA. Figures 2.8 (a) and (b) show schematics of the sample 

preparation for the pristine (just the CCM) and an MEA (with GDL on the electrode) 

specimens, respectively 

In the case of using laser ablation for preparing samples for nano-CT out of a 

Nafion
®

 membrane with electrodes coated on both sides, there is an additional step 

required to obtain a robust sample. When the piece of MEA (or CCM) is glued on to the 

flat Kapton
®
 film and the electrode on the top surface is ablated. The electrode on the 

epoxied surface ablates as well because the Nafion
®
 is fairly transparent to the laser. This 

causes the sample to sit loose on the support film. Hence, after the sample preparation, 

the piece of MEA (after cleaving off the extra membrane around the pillar-sample) can be 

transferred onto the flattened pin surface (with or without a small piece of Kapton
®
 

support film, which ensures a flat platform for the sample) coated with Ag-epoxy as the 

final step. The manipulation can be done using fine-tipped tungsten needles while 

working under a stereo-microscope. 

The laser ablation technique (to form pillar samples) has also been useful for fast 

sample extraction from solid-oxide-fuel-cells (SOFCs). A green laser beam, which 

ablates metals and ceramics, is used in this case. Unlike in a PEFC, the components of an 

SOFC are rigid and have ceramic based (i.e. high X-ray attenuation) materials. This 

requires the sample size to be smaller than the FOV of the nano-CT in order to increase 
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transmission of X-rays through the sample and maintain good signal-to-noise ratio (SNR) 

in the images. FIB-lift out has been popularly used [80], [81] for extracting samples for 

nano-CT; however, the process is usually time consuming and cost-intensive.  

2.3.2. Thin-film and Membranes 

 The major challenge with mounting thin-film samples for imaging is that they are 

prone to sample drift (either due to its own weight or motion induced by the drift within 

the nano-CT. Films that are fairly rigid can be mounted as a triangular piece onto the 

clip-type sample holder or glued onto a pin, which is then mounted using the pin-vise or 

clip-type sample holder.  However, films that have thickness ~10 µm (such as the track-

etched polycarbonate membrane/filter, shown in Figure 2.5 (b)) are prone to sample 

movement during the scan. A way to impart rigidity to the sample is to cut a small piece 

out of the membrane, such that the ratio of thickness to characteristic length is ~1:10; 

e.g., a 6 µm film can be cut into a ~100 µm triangular piece and mounted on a pin, such 

that only ~50 µm of the film stands free on the top. Another way of imparting rigidity is 

by rolling the piece around the pin tip about its vertex such that the tip part will still have 

a flat region to fit into the 16-65 µm FOV. A fiducial marker is always wise to use in 

these cases of imaging flimsy samples. 

2.3.3. Dispersed Particles 

 In order to image dispersed particles to analyze their morphology, a suitable 

substrate is required to mount the particles on. Kapton
®
 film, which is rigid as well as low 

X-ray attenuating material, is a good candidate for depositing particles for tomography. 
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In most cases, an electrostatic (or van-der-Waal’s) interaction is sufficient for the 

particles to adhere to the substrate. This method was used for imaging dispersed catalyst 

ink to image individual agglomerates that constitute a PEFC electrode (e.g., Figure 3.4). 

Diluted catalyst ink was deposited on a 25 µm Kapton
®
 film and allowed to dry; then a 

triangular piece of the film was mounted for imaging. In a few cases, radiographs 

(moasaic) of an extended area had to be obtained, in order to find a FOV highly 

populated with the particles to be imaged, so as to obtain a statistically significant 

number of particles. The region-of-interest (ROI) might not necessarily be at the vertex of 

the triangle, which ensures a smaller sample size and a better quality image. However, in 

case of imaging dispersed particles, which are deposited on a substrate without much 

intricate structure, such as Kapton
®

 film, a sample size much larger than the FOV in one 

of the dimensions does not negatively affect the image quality. It is however necessary to 

use a substrate that has very low X-ray attenuation. Another example of imaging particles 

on a large substrate is shown in Figure 2.9 (b), where a Kapton
®

 mesh was used to trap 

combustion particles of certain size. The same mesh was mounted on the nano-CT 

sample holder to image particles trapped on it. One of the particles imaged in the on the 

mesh is shown in Figure 2.4.  

 The nano-CT has also been successfully used for imaging materials that are much 

larger than the FOV in the planar direction, while having a thickness that fits in the FOV, 

and have enough photon counts registered on most of the radiographs recorded through a 

full 180⁰ rotation of the sample. In some cases a few projections have very low SNR (the 

ones which have X-rays passes through the full length of the broad sample), which can be 

eliminated from the set of images used for computational reconstruction of the 3D image.  
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Figure 2.9 (a) A clip-type sample holder with a triangular piece of Kapton
®

 film with 

dispersed catalyst particles. (b) A Kapton
®

 mesh used for trapping combustion particles 

to be imaged using nano-CT. 

2.3.4. In-situ Imaging and Samples Requiring Controlled 

Environment 

 The nano-CT provides an ambient imaging environment; hence, it can 

accommodate special environmental chambers in which samples can be mounted for 

imaging. This also enables us to perform in-situ and in-operando imaging. The image of 

the hydrogel sample shown in Figure 2.6 (a) was recorded with the hydrogel soaked in 

water to prevent the pores from collapsing as the sample dries [1]. A piece of hydrogel 

was introduced into a Kapton
®
 capillary tube, with an inner diameter of 1 mm and 25 µm 

thick wall, filled with water. Both the ends of the capillary were sealed using silicone 

sealant. The capillary was then glued onto a pin with their axes parallel and the hydrogel 

was imaged as it was suspended in water. Some gold particles were sprinkled onto the 
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piece of hydrogel before placing it in the capillary, in order to help us track and correct 

for any sample movement during the tomography scan. A similar capillary mount was 

used for imaging the liquid metal-silicone composite shown in Figure 2.2 (b). In this 

case, the elastomer was cured within the capillary, in order to avoid any alteration to the 

morphology of the liquid-metal globules within the elastomer that could have been 

caused by shear stress of cleaving/cutting the elastomer to the dimension of the FOV of 

the nano-CT. 

 Capillary based set-ups have also been useful for developing in-situ experimental 

environment for the nano-CT. A flow-through cell set-up was developed for imaging 

water imbibition within a porous catalyst layer packed within a capillary with inner 

diameter ~50 µm (in order to image in HRES mode that will resolve the meso-pores 

within the catalyst layer). An image of the flow through cell is shown in Figure 2.10 (a). 

However, there was a challenge towards obtaining a good catalyst packing within the 

micro-capillaries. An example of incomplete catalyst packing within a polycarbonate 

capillary is shown in Figure 2.10 (b).  
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Figure 2.10 (a) Images of the flow-cell set-up mounted on nano-CT sample holder. (b) 

Radiographs of polycarbonate micro-capillary with incomplete catalyst layer packing. 

 A set-up for an in-operando study of dendrite growth in a metal-ion battery was 

also developed by housing two wire-electrodes in an electrolyte filled Kapton
®
 capillary. 

To make the set-up robust and flexible, high-pressure fittings were used on either side 

that was used to feed in electrolyte and replenish it, when required. An I-shaped beam 
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was used to support the steel-tube fittings using magnetic mounts. The thin metallic 

section parallel to the capillary did however obstruct the view of the ROI (tip of the metal 

wire, i.e. the electrode). While acquiring images over 180⁰ rotation of the sample, it led to 

10% missing projections because of the beam. However, the 3D image could still be 

reconstructed using the software provided by Zeiss (formerly Xradia Inc.), and the 3D 

image quality can further be improved by using advanced reconstruction algorithms [82], 

[83]. An image of this set-up is shown in Figure 2.11 (a), and radiographs of the Cu 

dendrite at a few time intervals during potential cycling of the in-situ cell are shown in 

Figure 2.11 (b). This set-up will be used for 4D-CT (time-resolved 3D images during in-

operando studies) to investigate the failure of batteries due to dendrite growth and 

develop control strategies [84]. 

 

Figure 2.11 (a) Image of the in-situ metal-ion battery set-up along with a schematic of 

the capillary-based cell. (b) Radiographs showing growth of Cu dendrite in-situ, during 

potential hold at 0.7 V. The plot at the bottom shows the current measured and the time-

stamps of the radiographs are marked on the plot. 
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2.4. Conclusion 

 The nano-CT with 8 keV X-ray source and equipped with optics for high-

resolution and phase contrast is very versatile to image a varied range of composite 

materials comprising of low attenuating components like polymers and carbon to high 

attenuating materials like metals and ceramics. X-ray CT is a tool, popularly used in 

industry to perform non-destructive failure analysis, at macro to nano-scale. The non-

invasive imaging also enables in-situ and in-operando studies as well as allows further 

material analysis using other tools for extensive material characterization. Besides image 

acquisition and reconstruction to obtain a 3D image, image segmentation and image 

analysis is also important to extract useful information of the image data and characterize 

morphology of materials imaged. All these techniques need to be developed and 

advanced hand-in-hand, to make the most efficient use of the tool and technique for 

scientific advancement in various fields. 
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Chapter 3 

Structure-Performance Relationship 

of PEFC Electrodes 

 

 

3.1. Introduction 

High loadings of expensive platinum catalyst in PEFC cathodes increase cost and 

hinder commercial competitiveness. Unfortunately, achieving a desired mass activity of 

the catalyst is challenged by the mass transport resistances imposed by the electrode 

structure [85]. There exist many prior theoretical and numerical modeling studies on the 

cathode catalyst-layer microstructure to understand the ionic, electronic and mass 

transport processes in the electrodes and their effect on PEFC performances [86]. One 

common model to predict oxygen transport loss is the agglomerate model [87], [88], 

which resolves the coupled oxygen diffusion and oxygen reduction reaction within the 

composite volume of the Pt/C/ionomer agglomerate phase. A key result of the 

agglomerate model is the increased mass transfer losses with larger agglomerates [19], 

[88]. However, there is a deficit of direct experimental validation of these models. In this 

study, the effect of electrode morphology on PEFC performance has been experimentally 
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validated. The electrode morphology was analyzed from 3D imaging of the cathode 

catalyst layer as well as from 3D imaging of individual agglomerates formed in electrode 

ink itself, using the nano-CT. Nano-CT has previously been used in imaging of PEFC 

catalyst layers to quantify porosity, pore and solid phase size distributions [19], [89], [90] 

and to evaluate the effects of agglomerate size distribution on the predictions of the 

agglomerate model for the catalyst layer [88]. The 3D imaging of the electrode and the 

dispersed agglomerates presented here, provide insight into the electrode architecture and 

any inherent anisotropy in the solid aggregate structure and in the pore network that 

collectively impact the complex transport processes in the electrode. Electrochemical 

testing of fuel cells using the same electrodes, reported hereinafter, further assists in 

direct correlation of electrode morphology and overall PEFC performance. 

3.2. Electrochemical Diagnostics 

3.2.1. Electrode Fabrication 

The PEFC electrodes were fabricated using a catalyst ink composed of carbon 

black supported Pt catalyst (Pt/C: HISPEC4000


 grade, Johnson Matthey, UK ) mixed 

with ionomer solution (Nafion


 D521 grade, DuPont, USA) with deionized (DI) water 

and isopropanol (IPA) in a 1:1 ratio as the dispersion media [12]. The same initial 

catalyst ink was used to prepare two batches of electrodes by first manually painting a 

predetermined volume of the ink onto GDLs, in a single coating step, and then drying 

them at ambient conditions for 24 hours. The first batch of electrodes (B1) were 

fabricated using the catalyst ink, which had been stirred for 24 hours on magnetic stirrer. 



39 

 

The second batch (B2) was made using the catalyst ink which was ultrasonicated for 10 

minutes, in addition to 24 hour of stirring. The two 1 cm
2
 GDEs from each batch were 

heat-pressed onto a polymer electrolyte membrane (Nafion
®
-115) to prepare the MEAs. 

The catalyst loading on the cathodes and anodes of both the batches were ca. 0.66±0.02 

mgPt/cm
2
. Each MEA was assembled in a cell hardware (designed for 5 cm

2
 cells) using 

incompressible gaskets of fiber-glass reinforced PTFE films of predetermined thickness, 

such that the GDLs are compressed by 20%.  

3.2.2. Experimental Protocol 

The electrodes were otherwise identical except for an additional sonication step of 

the ink used to fabricate them. Both set of electrodes were tested using the same protocol. 

The cell was conditioned for 8 hours at 80°C and 100% relative humidity to activate the 

cell components and obtain stable measurements. All the electrochemical measurements 

except the CV were done at the same conditions. The cell was left overnight, which 

provides time for the ionomer membrane and the electrodes to mechanically equilibrate. 

The next morning, the cell was heated up to 35⁰C and CV was performed on the cathode 

by scanning through potentials from 0.04 V to 0.9 V at a scan rate of 40 mV s
-1

. The CVs 

were repeated for 10 times, until the signal stabilized to the same curve. During CV, the 

cell was supplied with 100% water-saturated H2 to the anode and N2 to the cathode at a 

rate of 0.1 slpm (which was the lowest stable flow rate obtained using the test stand). 

Next, the cell and humidifiers were heated up to 80⁰C, while being held at OCV with the 

reactant gases being supplied to the electrode: H2 for anode and air for cathode. The 

polarization curves were measured coupled with EIS measurements (with 5% voltage 
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perturbation amplitude used and frequency of 10 kHz to 100 kHz, which gave us an 

estimate of the high-frequency resistance, i.e. Ohmic resistance) at every voltage steps. 

The performance of the cell was measured in potentiostatic mode. The voltage steps used 

were such that the activation regime had closely spaced voltage steps (with 5 min residual 

time till 0.8 V) after which steps of 0.2 V were used down till 0.2 V (with 10 min residual 

time). Constant flow rates of 0.1 slpm was used for both air and H2, with a back pressure 

of 50 kPa (i.e. operating pressure of 1.5 atm). The gas flow and temperatures were 

controlled using the fuel cell test stand (FCT-150S, Bio-Logic, France) and the 

electrochemical measurements were done using a potentiostat (VSP, Bio-Logic, France).  

3.2.3. Electrochemical Characterization 

The polarization curves and the power density plots are shown in Figure 3.1. The 

plots have been corrected for Ohmic overpotential. The current values (and the power 

density values) plotted in the polarization curve (and power-density curve) were averaged 

over the last one minute of the potential-holds and the standard deviations are shown as 

error-bars. The Ohmic resistance in the system (ionic and electronic) was calculated from 

the high-frequency impedance values at all the I-V measurement points. The performance 

of both the electrodes was identical at the activation regime. The ECSA values of 

platinum in the cathodes, measured from CVs of both kinds of MEAs were also found to 

be similar at 30±4 m
2

Pt/gPt. The difference in performance shows up in the mass transport 

regime, which indicates that the difference in performance is primarily due to differences 

in diffusion characteristics of the cathode, which is directly related to the morphology of  
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Figure 3.1. Polarization curves (a) and power density plots (b) for MEAs with electrodes 

fabricated using catalyst ink with ultrasonication (black-circles) and  without 

ultrasonication (blue-squares). The error bars show standard deviation in the measured 

current density values. 

a 

b 
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the respective electrodes. The ultrasonicated catalyst layer has better transport properties 

due to better dispersion leading to smaller agglomerates (details are discussed in the next 

section). 

3.3. Morphological Analysis 

Samples for 3D imaging using nanoscale X-ray computed tomography (nano-CT) 

were obtained by painting the two batches of catalyst ink on polyimide (Kapton
®
) films. 

The catalyst layer was taken from the polymer film so that the GDL’s microporous layer 

that has similar morphology as the catalyst layer would not be accidentally included in 

the imaged volume. The images were recorded in Zernike Phase contrast mode that 

provided high contrast between the pore phase and the solid phase (Pt/C/ionomer), as 

seen in the raw tomography slice in Figure 3.2(a). The images of the two kinds of catalyst 

layers were normalized to the same range of intensity after they were cropped to a 

volume within the sample. After segmenting the images into pore and solid phase, shown 

in Figure 3.2(b), we used a morphological separation algorithm to split the solid phase 

into interconnected solid domains, which we consider to be the catalyst agglomerates, 

shown in Figure 3.2(c).  
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Figure 3.2. (a) Raw tomography slice through the imaged electrode. The brighter pixels 

represent the solid phase, and the darker pixels represent pore phase. (b) 3D volume 

rendering of a cropped volume of the imaged electrode segmented into solid 

(Pt/C/ionomer, shown in grey) and pore phase (shown in dark grey or black). (c) The 

volume rendering of the solid phase with the agglomerates separated and labeled as 

different colors. 

The same intensity threshold was used on both the nano-CT images of the 

electrodes and morphological separation with the same parameter was applied to 

deconstruct the solid network into constituent agglomerates. The image analysis was 

performed using commercial software (Avizo Fire
TM

, FEI). Figure 3.3 shows the size 

distribution of agglomerates based on effective diameter (calculated using deff = 6V / A; 
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where V and A are the volume and surface area of each labeled solid domains from the 

images). The B1 electrode shows a larger percentage of larger agglomerates, whereas the 

distribution is skewed towards smaller particle sizes for the B2 electrode. The porosity 

was computed to be 49% for both the samples. The porosities being similar, the poorer 

performance of the B1 electrode in the mass transport regime was not due to through-

plane transport in the catalyst layer but due to increased mass transport loss within larger 

agglomerates arising from the increased oxygen diffusion distance to the Pt within the 

agglomerate interiors, as suggested by the agglomerate model [87], [88]. 

 

Figure 3.3. Size distribution of agglomerates in the catalyst layer of the two kinds. 

We have also imaged the agglomerates in the dispersed phase obtained by drying 

a diluted catalyst ink on a Kapton
®
 film to verify the agglomerate structure and size 

resolved using nano-CT against the corresponding 2D image using SEM. The dispersed 

agglomerate shapes and sizes were consistent with the ones obtained from the electrode 
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image as shown in Figure 3.4. The majority of agglomerates were found to have effective 

diameters ranging from 100-350 nm.  Zoomed-in images of few agglomerates are shown 

in Figure 3.4(c). There were a few agglomerates captured in the dispersed layer, which 

might be a combination of a few smaller agglomerates. 

 

Figure 3.4. (a) SEM image of the dispersed catalyst ink on a Kapton
®

 film (sputtered with 

20 nm of gold). (b) 3D rendering of segmented agglomerate on the same region on the 

Kapton
®

 film with dispersed catalyst ink, imaged using the nano-CT. (c) Zoomed in 

images of a few agglomerates present in the FOV of (a) and (b). 
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The agglomerate model gives us an estimate of the effectiveness factor of the 

catalyst layer, which can be defined as the ratio of the actual reaction rate to the ideal 

reaction rate, if transport was infinitely fast. It has a strong dependence on the size of the 

agglomerates, especially at higher overpotentials, i.e. at lower voltages or higher currents. 

The model assumes the agglomerates to be spherical with a uniform ionomer film on its 

surface. To compare our results to the agglomerate model, we used the volume averaged 

effective diameters of the two types of electrodes as the inputs and obtained the values of 

current density for both kinds of electrodes. The percentage difference in the power (or 

current density) generated by the cells with different representative agglomerate size in 

the cathodes: obtained from the model, and from the polarization curves, are plotted 

against the cell voltages in Figure 3.5. The experimental data is fairly consistent with the 

predictions of the model, implying the significance of nanoscale morphology of the 

electrodes. An increment in percentage loss in current density for the larger agglomerates 

with decreasing cell voltage is observed, indicating a higher contribution from smaller 

agglomerates at a high current operation, as reported by researchers earlier [88]. 
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Figure 3.5. Validation of agglomerate model against the experimental data. 

3.4. Discussion 

 In order to ensure high utilization of the expensive Pt catalyst, the electrode 

architecture has to be conducive to fast transport, including protonic, electronic and 

gaseous transport to the catalyst sites. High utilization of catalysts will lead to a decrease 

of catalyst loading, as per the DOE 2020 cost targets for a fuel cell stack for automotive 

application. However, as the Pt catalyst loading decreases, and with smaller agglomerate 

sizes, more surface area is created: the ionomer-catalyst interfacial resistances become 

more dominant [91]–[93], which limits the maximum power output of the cell. An 

alternative to developing low cost fuel cell stack for FCEVs is to eliminate precious metal 

based catalyst altogether and using non-precious metal catalyst in the cathode for ORR 

[78], [94]. [78]. 
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3.4. Conclusion 

 The role of electrode microstructure in the maximum power output of the fuel cell 

has been elucidated in this chapter. The agglomerate model analysis demonstrated in this 

chapter provides some confirmation of the agglomerate model approach for modeling and 

simulating microstructural transport losses. The actual structure of the electrode, obtained 

using nano-CT can be used as a direct input to the computational analyses to study the 

electrochemical performance of a fuel cell coupled with the transport phenomena. This 

approach has also been useful for analysis the hierarchal structure that is found in the 

thick non-PGM cathode catalyst-layers. The correlation of electrode microstructure and 

catalyst agglomeration with the catalyst utilization and electrode performance has been 

implemented for elucidating the degradation mechanism in fuel cells, as has been 

described in the following Chapters of the dissertation. 
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Chapter 4 

Degradation due to Cell Reversal 

 

 

4.1. Introduction 

A very severe cause of PEFC degradation is called “cell reversal” and it can result 

from partial to complete fuel starvation. Hydrogen starvation at the anode can arise from 

a malfunction of the hydrogen supply system or hydrogen passage blockage by foreign 

impurities, water flooding or ice formation (during winter) in the pores and/or in the fuel 

supply lines [33], [95]. Hydrogen starvation could be exacerbated when FCEVs are 

operated under transient conditions such as start-up and rapid load change (i.e. high 

accelerating conditions). Any delay in response of the fuel supply system under such 

conditions can lead to an insufficient amount of hydrogen reaching the anode. This has 

usually been observed to affect the cells downstream in a cell stack [65]. When the anode 

of a particular cell in the stack is starved of hydrogen, the anode is unable to perform the 

HOR to produce enough electrons and protons to support the load. The cell instead goes 

into a capacitive charging mode, where the other cells in the stack drive current through 

the starved cell. Thus, the anode of the starved cell has alternate reactions being driven in 
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order to produce electrons and protons and thus complete the load circuit. Initially, the 

anode undergoes the water electrolysis reaction with Pt catalyzing the reaction, but soon 

after, the carbon corrosion reaction takes over. The latter causes the anode to consume 

itself to sustain the load demand. The loss of carbon support causes collapse of the 

electrode structure: It causes Pt nanoparticles to agglomerate, hence reduces the 

electrochemical active surface area. Carbon corrosion also changes the hydrophobicity of 

carbon particles, collapses pores in the electrode and causes delamination at the 

membrane-electrode interface. Under prolonged hydrogen starvation, the carbon in the 

micro-porous layer of the gas diffusion layer can also be oxidized and lost. The high 

overpotentials of these reactions produce a lot of thermal losses. Local hydrogen 

starvation can lead to hot spots in the MEA, resulting in pin-holes through the membrane 

and GDL, shorting the two electrodes. The high potentials also aggravate ionomer 

degradation [52], [53], [57]. Thus, if cell reversal is not interrupted, it causes catastrophic 

cell failure. This would mean, a car will stop in the middle of highway traffic if such an 

event occurs, making it very dangerous for commercial implementation. However, severe 

hydrogen starvation events are rare. Nevertheless, a single event is enough to damage a 

fuel cell stack, thus indirectly increasing the lifetime cost of a FCEV.  

The phenomenon of cell reversal caused by hydrogen starvation is sometimes 

confused with degradation phenomena at the start-up/shut-down of a fuel cell [48], [96]–

[98]. During a fuel cell start-up, air is present in the anode and, if the air is not completely 

flushed out of the anode by hydrogen, before drawing power out of the cell or stack, an 

air-fuel boundary is formed at the anode, which in turn causes a spatial rise in potential in 

the cathode, resulting in carbon corrosion at the cathode until the air in the anode is 
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completely consumed or replaced by hydrogen. The same is true during shut-down, when 

the hydrogen supply to anode is terminated, after which ambient air fills the pores and 

supply lines of the anode. In both of these cases, the degradation due to carbon corrosion 

occurs at the cathode causing loss of Pt ECSA for the ORR, along with changes in 

hydrophobicity of carbon support and pore structures, interfering with the cell 

performance. Certain robust control strategies have been proposed, that can prevent a 

formation of an air-fuel boundary, thus eradicating degradation during such transients 

encountered in regular fuel cell operation [51], [99]–[101].  

In this chapter, the electrochemical phenomena of cell reversal resulting in carbon 

corrosion at the anode are described.  

4.2. Cell Reversal 

When a current is drawn though a fuel cell starved of hydrogen, the water 

electrolysis reaction (oxygen evolution reaction: OER, Eq. 4.1) and carbon oxidation 

reactions (carbon corrosion reactions, Eqs. 4.2 and 4.3) are driven in the anode to produce 

electrons and protons. Both of these reactions are non-spontaneous, they consume energy 

from the fuel cell stack, i.e., the starved cell is consuming power instead of producing 

power. The thermodynamic equilibrium potential of water electrolysis reaction is 1.23 V. 

This leads to an increase in anode potential (EAn) relative to the cathode potential (ECa) 

until the cell potential (ECell) reverses (ECell = ECa – EAn < 0 V). Although the equilibrium 

potentials for carbon corrosion reactions are low, due to sluggish kinetics (high activation 

barriers), they usually set in when the electrode potential is above 1 V [33], [95], [102]–

[105]. The negative cell potential resulting from hydrogen starvation at the anode is 
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termed cell reversal. A typical cell reversal response from a conventional PEFC is shown 

in Figure 4.1. The cell potential was found to become negative when the anode was 

starved of hydrogen. The first few seconds of starvation was accompanied by water 

electrolysis. Then the voltage plummeted down (i.e., the anode half-cell potential shot up) 

and carbon corrosion became the major reaction to sustain the load current. The load was 

terminated when the cell potential reached -2 V to prevent catastrophic failure of the cell. 

It is clear that, if the current load was higher than 0.2 A cm
-2

, which was used for this 

particular test, the voltage reversal time (i.e. the starvation sustenance time) would have 

been much shorter. 

                            2H2O  O2 + 4H
+
 + 4e

-
, E

o
 = 1.232 V (vs. SHE)                             [4.1] 

                       C + 2H2O  CO2 + 4H
+
 + 4e

-
, E

o
 = 0.207 V (vs. SHE)                         [4.2] 

                        C + H2O  CO + 2H
+
 + 2e

-
 , E

o
 = 0.518 V (vs. SHE)                          [4.3] 

 

Figure 4.1.  Cell voltage reversal of a conventional MEA with Pt/C anode. 
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Cell voltage reversal does not only bring the stack power output down but also 

causes severe and irreversible damage to the cell. The excessive heat generated and high 

potential can lead to pin holes in the electrolyte membrane, causing the MEA to be 

electrically shorted, eventually leading to catastrophic cell failure [33], [95], [104] unless 

the rise of the anode potential is intentionally stopped or delayed through system control 

strategies, such as cell voltage and exhaust gas monitoring [105], [106], flushing of the 

anode compartment with excess hydrogen to eliminate accumulated nitrogen and/or 

water,  which have been employed on FCEVs over the last decade [107]. These electronic 

controls are, however, prone to faulty outputs and the best control strategy to control 

degradation due to cell reversal is a materials-based solution [33], [104].  

4.3. Reversal Tolerant Anode 

The existing concept for a materials-based solution involves adding a water 

electrolysis catalyst, i.e. an OER catalyst into the PEFC anode. This helps prolong the 

water electrolysis stage during hydrogen starvation and, in the process, prevent the anode 

half-cell potential increase beyond 1.8 V. Thus, the driving potential for carbon corrosion 

is maintained at a minimal value and the cell is protected from self-consumption of the 

anode while fuel-starved under load demand. These anodes are termed Reversal Tolerant 

Anodes (RTA). Figure 4.2 is a schematic of a cell reversal phenomenon, in the presence 

and absence of an RTA. RTAs reported in the literature use a variety of OER catalysts, 

such as IrO2, RuO2, TiO2, IrxSn1-xO2, PtIr, IrRu, PtIrRu, etc. [33], [104], [105]. For this 

study, IrO2 was selected as a representative model catalyst because it is known to be the 

most stable and active OER catalyst [108], [109]. Most of these catalysts have precious 
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metals as their major component, which makes RTAs expensive. FCEVs typically use a 

large-sized stack consisting of several hundreds of unit cells employing MEAs with an 

active area of several hundred square centimeters [110] and implementation of RTAs 

would increase the cost of these systems.   

 

Figure 4.2.  Schematic showing the major electrochemical reactions in a PEFC under 

regular operating condition and under hydrogen starvation condition (with RTA and 

without RTA). 

This increasing durability of PEFCs along with cost optimization for automotive 

application necessitates a detailed fundamental understanding of cell reversal phenomena 

and degradation mechanisms to maximize the effectivity of the additional catalyst and/or 

enhanced cell design. Detailed studies on MEAs with RTAs and their performance and 

limitations will be discussed in the following Chapters. 
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Chapter 5 

Effectiveness of Reversal Tolerant 

Anodes 

 

 

5.1. Introduction 

 Addition of an OER catalyst into the electrode can ensure protection for the 

susceptible carbon catalyst support. An alternative strategy to adding an OER catalyst to 

the anode is to add voltage monitoring devices for each fuel cell in the stack to keep track 

of a reversed cell (i.e. a cell with depleted hydrogen supply) and bypass the current load 

to prevent further damage of the cell due to reversal. However, implementation of such a 

control system complicates the system design and also increases the lifetime maintenance 

cost. Moreover, electronic controls can be erroneous and any delay in response can still 

lead to permanent damage to the anode. Therefore, it is imperative to come up with a 

simpler robust method for mitigating the degradation. Adding a material that can 

spontaneously enhance the rate of the harmless OER reaction in hydrogen starved 

conditions, controlling the anode half-cell potential to low value, until sufficient 

hydrogen supply is resumed, at the anode is a robust strategy to prevent the catastrophic 
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failure of a cell. An analogous method has also been widely implemented at the cathode 

to protect the carbon support from corrosion during transience of start-up/shut-down and 

in open circuit conditions. 

 As discussed earlier in Chapter 1, the cost of a fuel cell stack is a barrier towards 

FCEV being a commercial success. Introduction of additional catalyst, which is mostly 

based on precious metals like iridium, further increases the cost of fuel cell MEAs. Thus, 

it is important to understand the mechanism of degradation due to cell reversal, the role 

of the OER catalyst in an RTA, and its effectiveness in that role. This will enable cost 

efficient and effective design of electrodes that will be less susceptible to degradation. 

With this objective, we have simulated well controlled cell reversal conditions for lab 

scale single MEA tests and performed in-situ electrochemical diagnostics and ex-situ 

morphological characterizations on the MEAs to elucidate the degradation phenomena 

and the role of RTA. The following section describes the details of the experimental 

procedure followed by discussion of the experimental observations and image analysis. 

5.2. Electrochemical Diagnostics 

 5.2.1. MEA Fabrication 

The MEAs used in the study were fabricated in the Hyundai Fuel Cell R&D 

facility. Nafion


 211 was used as the polymer electrolyte membrane (i.e. ionomer 

membrane) and the catalyst-layers were coated onto either sides of the membrane using 

the decal transfer method [13], [111] using a Kapton


 film as the decal surface. The 

catalyst layers were fabricated with a carbon-supported platinum catalyst having 40 wt% 
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Pt (Pt/C: HISPEC4000


 grade, Johnson Matthey, UK) and an ionomer binder (Nafion


 

D2021 grade, DuPont, USA) dispersed in a solvent based on DI water and IPA. The 

ionomer content in the electrode was 30 wt% with respect to the total solid content of a 

dried electrode. The Pt loadings of anode and cathode were 0.1 and 0.4 mg cm
-2

, 

respectively. This implies that the anode catalyst layer was thinner than the cathode 

catalyst layer. 

The water electrolysis catalyst, IrO2, was synthesized by the Adams fusion 

method [112], [113]. The amount of IrO2 in an anode was varied to be 5 and 50 wt%, 

with respect to the amount of Pt catalyst in the anode; i.e., the RTA 5 wt% MEA 

contained 0.005 mg cm
-2

 of IrO2 and the RTA 50 wt% contained 0.05 mg cm
-2

 of IrO2. 

The IrO2 nanoparticles were mixed with the Pt/C catalyst and ionomer dispersion to make 

the catalyst ink, which was then coated onto the decal surface and transferred onto the 

ionomer membrane to form the reversal tolerant anodes. A TEM image of the IrO2 used 

in the catalyst ink is shown in Figure 5.1. 
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Figure 5.1. TEM image of an aggregate of IrO2 nanoparticle synthesized using Adam’s 

Fusion method. On the right is a higher resolution image (zoomed into the region marked 

in red on the left image) showing individual IrO2 nanoparticles with particle diameter of 

ca. 5 nm. 

Commercially available gas diffusion layers (25 BC GDL, SGL Carbon GmbH), 

which has microporous layers, were used for both the anode and the cathode. The catalyst 

coated membrane (CCM) and gas diffusion layer (GDL), on either sides of the cell were 

housed between two graphite bipolar plates, which had a serpentine flow channels (0.5 

mm deep; 1 mm width). Non-compressible fiber-glass reinforced PTFE sheets were used 

as gaskets for both the anode and the cathode, such that the GDL compression was nearly 

20%. The cell hardware was manufactured by Scibner Associates Inc. 

The CCM obtained from Hyundai Research Laboratory were of 25 cm
2
 area and 

we used 4 cm
2
 MEAs by cutting 4 square pieces of the larger MEA and preparing the 

sub-gasket out of 25 µm Kapton
®
 films with adhesive backing, such that 4 cm

2
 of MEA 

area remained unmasked. 
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5.2.2. Experimental Procedure 

We measured the beginning-of-life (BOL) polarization curves under a regular 

reactant gas supply (i.e., hydrogen at the anode and air at the cathode with flow rates of 

0.13 and 0.43 slpm respectively) after the cell was fully activated. For activation, the cell 

was cycled at current densities of 0.05 to 1 A cm
-2

 for 8-10 hours, until the cell potential 

at each current density was stable. The cell operating temperature was 65
o
C and the cell 

was kept at 100% relative humidity (RH), for all electrochemical measurements including 

cell reversals, polarization, EIS, and CV. The control of gas flow, humidity, heating and 

measurement of polarizations and conditioning of the cell was performed using the FCT-

150S Fuel Cell Test Stand (Bio-Logic, France) and the cell reversal tests, EIS and CV 

measurements were performed using VSP Potentiostat (Bio-Logic, France). 

After completing all electrochemical measurements at BOL, we subjected the cell 

to cell reversal conditions by simulating an extreme case of hydrogen starvation. First, a 

constant current of 0.2 A cm
-2

 was drawn from the cell while supplying sufficient 

hydrogen to the anode and air to the cathode. Then the hydrogen supply was switched to 

nitrogen after 0.5 min. The initial cell voltage (under hydrogen supply) was 

approximately 0.8 V. On replacing hydrogen by nitrogen, the cell voltage began to 

decrease gradually (still staying positive) until the residual hydrogen was used up. Then 

the cell potential sharply dropped to a negative voltage and  plateaued at around -1.1 V 

(i.e. EAn~ 1.9 V), which has been attributed mainly to water electrolysis with traces of 

carbon corrosion [102], [114], [115]. This is followed by another decrease in potential 

and a, second plateau around -1.7 V (i.e. EAn~ 2.5 V) was observed, which represents the 
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major carbon corrosion regime [114]. A voltage cut-off of -2.0 V was used, to prevent the 

cell potential from plummeting down further, which can result in permanent cell failure, 

disallowing one to take electrochemical measurements at partially degraded states. The 

temporal voltage change in a conventional MEA (i.e. RTA 0 wt%) is depicted in Figure 

5.2 (which is also Figure 4.1). The time for the cell voltage to reach from 0.0 to -2.0 V is 

defined as a voltage reversal time (VRT). After each reversal test, the cell was flushed 

with nitrogen (both anode and cathode) and left it idle overnight to allow the cell 

components to rehydrate and equilibrate. The following day polarization curves, EIS, and 

CV measurements were done on the cell using the same settings as in the BOL 

measurements. Afterwards, the reversal test was repeated. This process was continued 

until the cell performance at 1.2 A cm
-2

 dropped to nearly 35 % of its BOL performance. 

This was considered to be the end-of-life (EOL) state of the cell.   

The first reversal for RTA 0 wt% is the first uninterrupted reversal test when the 

cell potential hit -2 V. For RTA 5 wt% and 50 wt% MEAs, however, the first reversal 

time corresponds to the sum of the reversal times until the cell potential reached -2 V. For 

these MEAs, the reversal tests were interrupted and the load was cut off at the time 

stamps of the reversal tests of RTA 0 wt% and RTA 5 wt% MEAs, in order to compare 

the durability of MEAs with RTA to the ones without and also to compare durability of 

two MEAs with different loadings of the OER catalyst. 
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Figure 5.2. Voltage vs. time plot for first reversal of conventional MEA (i.e. MEA with 

RTA 0 wt%). The time has been denoted in terms of voltage reversal time (0 second 

corresponds to the cell potential becoming negative.) 

During start-up of the cell after the end of each reversal test (which is followed by 

nitrogen purge through both electrodes), nitrogen was first purged through the electrodes 

to remove the air that would have displaced the nitrogen after the cell-shut down. Then, 

the cell was re-conditioned by applying loads in increasing steps for an hour. As the cell 

degraded after each reversal test, the maximum current load was limited such that the cell 

potential stayed above 0.3 V, to prevent any cell-aging during conditioning. In order to 

avoid any possible degradation at the cathode due to an air-fuel boundary caused by the 

presence of air in the anode, the nitrogen purge was essential. The hydrogen and air 

supplies were started five minutes before the load (or current) cycling was performed 

such that a stable OCV was recorded. The time for OCV hold was limited at five minutes, 
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thereby minimizing degradation when the cathode is held at a high potential that can 

itself cause carbon corrosion.  

The re-conditioning was followed by recording of cell polarization in 

galvanostatic mode. The polarization curves were recorded 2 to 3 times (the signal was 

pretty stable). After polarization, EIS was performed on the cells at 0.1 A cm
-2

 and 0.4 A 

cm
-2

, with an AC amplitude of 5% of the DC current and a frequency between 0.1 Hz to 

100 kHz. CV was performed on the cathode to estimate the ECSA and any possible 

changes in the electrode and Pt/C catalyst in cathode due to cell reversal. The cell was 

purged with nitrogen at the cathode and hydrogen at the anode for an hour (when the 

OCV of the cell was nearly 0.01 V) and then then the voltage was scanned from 0.04 V to 

1.2 V and back, at 50 mV s
-1

 scan rate. The CV sweeps were recorded for 30 times, such 

that successive CV curves overlapped. The gas flow rate was 0.13 slpm for both anode 

and cathode. This was followed by measurement of the anode CV, to study the changes 

in the anode catalyst layer. Before performing the voltage scans, the both the anode and 

cathode were purged with nitrogen for 30 min and then hydrogen was introduced to the 

cathode and nitrogen to anode and the cell was allowed to purge for 1 hour. The anode 

CV was then performed with 0.13 slpm gas flowrate. The long purge was required 

because of the large humidifier bottles within the test stand (which is equipped for 50 cm
2
 

fuel cells), which caused larger residual volume for the gases. 

5.2.3. Electrochemical Measurement Results 

The “first cell reversal” for RTA 0 wt%, 5 wt% and 50 wt% MEAs are shown in 

Figure 5.3(a). In the case of the RTA 0 wt% MEA, Pt/C catalyzes the water electrolysis 
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reaction for a brief moment until it gets deactivated and the reaction proceeds to carbon 

corrosion dominated regime. The duration of the water electrolysis plateau (ECell ~ -0.8 to 

-1.1 V) is much longer for the RTA 5 wt% and RTA 50 wt% MEAs and increases 

significantly with increasing amount of IrO2 catalyst, making the MEA more durable and 

reversal tolerant. However, after a finite amount of time, the OER catalyst also appears to 

be deactivated for water electrolysis and the cell voltages of the RTA 5 and 50 wt% 

MEAs also plummet down to lower cell potentials, hitting the -2.0 V when the current 

load was removed. 

After the first reversal, the successive reversal times were very short [14]. Figure 

5.3(b) shows the first reversal and the second reversal (which eventually caused the cell 

to reach EOL) of RTA 0 wt% MEA. The first reversal has a water electrolysis regime 

which is lacking in the consecutive reversal test, implying that the electrolysis catalysis 

ceased after the first deactivation. The same phenomenon is observed for MEAs with 

RTA. The first voltage reversal signal and the two consecutive ones are shown in Figure 

5.3(c). Even the carbon corrosion overpotential rises after the carbon oxidation plateau 

during the first reversal test (clearly seen in Figure 5.3(b)), resulting in fast cell potential 

drop to -2 V cut-off. The accumulated reversal time (ART) at each reversal is shown in 

the figure legends. 
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Figure 5.3. (a) First voltage reversal for MEAs with RTA (5 wt% and 50 wt%) along with 

MEA without RTA (0 wt%). (b) Voltage vs time plot for first and consecutive reversal 

tests in RTA 0 wt% and (b) RTA 50 wt% MEAs.  
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Figure 5.4. Performance degradation due to cell reversal in MEAs with RTA 0 wt% (a), 

RTA 5 wt% (b) and RTA 50 wt% (c) shown by polarization curves measured at BOL and 

after each reversal test (the accumulated reversal time, ART after which the polarization 

curve was recorded, is shown in the legends). (d) The cell performance is shown in terms 

of voltage recorded at 1.2 A cm
-2

 current shown as a percentage of BOL value for the 

three kind of MEAs. 

The performance decay of the cell is evident from the polarization curves after the 

first and the consecutive reversals. Figure 5.4(a)-(c) shows the polarization curve at BOL 

and after first reversal test and the following reversal tests. The legend shows the 

accumulated reversal time after which each polarization measurement was recorded. In 
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Figure 5.4(d), we have plotted the cell voltage recorded at current density of 1.2 A cm
-2

 

during polarization measurements vs. the reversal time (ART) as percentage w.r.t. BOL 

performance. This plot reflects the performance decay due to cell reversal. A similar 

trend in performance decay is observed in all the three cases with the difference in the 

time of reversal tolerance. The performance decrease appears gradual until the first 

reversal test, after which it accelerates with an increase in reversal time, which also 

corresponds to short reversal dwell time. The first reversal time (FRT) and the total 

reversal time (i.e. the time until the MEA reaches EOL, denoted at ERT) appears to scale 

with the amount of the OER catalyst in the anode, as seen in Figure 5.5.  

 

Figure 5.5. Reversal tolerance time of MEAs with different loadings of OER catalyst. 

FRT is the trace for first reversal test and ERTt=35% is the total reversal time till EOL was 

reached (i.e. degradation to 35% of BOL performance). 

  Figure 5.6 elucidates the effectiveness of the RTA in the MEA. Figure 5.6(a) 

depicts the degradation rate after the first reversal time. It shows the percentage loss 
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(w.r.t BOL) of performance (quantified as voltage at 1.2 A cm
-2

) after the first reversal 

divided by FRT. The lower the value, the better the reversal tolerance is. We can see that 

there is a huge benefit of adding OER catalyst from the steep drop in degradation rate 

from the MEA without RTA (RTA 0 wt%) to RTA 5 wt%. However, RTA 50 wt% 

shows only 2.2 times lower degradation rate than RTA 5 wt% in spite of having 10 times 

the amount of OER catalyst. Figure 5.6 (b) depicts the overall or average degradation rate 

due to cell reversal. It is the percentage loss of performance measured at EOL (measured 

as voltage loss at 1.2 A cm
-2

 at EOL w.r.t BOL divided) divided by the total reversal 

time.  The overall degradation rate due to cell reversal decreases sharply from RTA 0 

wt% to RTA 5 wt%. The OER catalyst at 50 wt% shows improved utilization as the 

reversal tests were repeated.  The degradation rate was found to be 8 times lower than 

that of the RTA 5 wt% MEA.  It indicates that the utilization of OER catalyst is higher at 

lower loading of OER catalyst during the first occurrence of cell reversal, while with 

repeated stress conditions, the utilization of the available OER catalyst in higher loading 

RTA increases to a certain extend.  

 

Figure 5.6. Cell performance degradation rate due to cell reversal after first reversal test 

(a) and average degradation rate over the total reversal time (b). 
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 The degradation rate after the first reversal test is a very crucial durability 

quantification parameter for a fuel cell MEA, because it determines the fate of the fuel 

cell stack when it faces fuel starvation for the first time, and it also determines the time 

that can be allowed before actively mitigating the fuel starvation, so that the cell does not 

meet sudden death. In a practical application of a fuel cell stack for FCEV, a 20% loss in 

performance is considered end-of-life and the stack is replaced. Hence a short duration of 

cell reversal leading to cell degradation can be very detrimental to the lifetime of the 

stack and hence the cost. 

EIS was performed at BOL and after every reversal tests. Fig. 5.7(a)-(c) are the 

EIS data obtained at 0.1 A cm
-2

 (activation regime) for each MEA. The Nyquist plots for 

EIS, recorded at BOL, after the first reversal and at EOL are shown in each plot. A 

significant increase in Ohmic resistance (ROhm) was observed, along with the increase in 

anode (Ran) and cathode (Rca) charge transfer resistances. The values of Ran and Rca were 

estimated by fitting the experimental data to a simple equivalent circuit model [15] (also 

described in Chapter 1). The magnitude increase of the resistances w.r.t. BOL resistances 

is shown in Fig. 5.7(d)-(f). All the resistances show a trend similar to that of the voltage 

degradation profiles with reversal time, with the increase in Ohmic resistance specially 

matching the sudden drop of performance (i.e. sudden increase in resistance) after the 

first reversal test. Thus, the increase in Ohmic resistance can be considered to be a major 

contributor to the cell performance decay.  
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Figure 5.7. Nyquist plot from EIS measurements done of the RTA 0 wt% (a), RTA 5 wt% 

(b) and RTA 50 wt% (c)MEAs at BOL(black, squares), after first reversal test(blue, 

diamonds) and at EOL(red, circles). Change in Ohmic resistance (d), cathode charge 

transfer resistance (e) and anode charge transfer resistance (f) of the MEAs with 

increase in voltage reversal time. 
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Fig. 5.8(a)-(c) show the cathode CVs and Fig. 5.8(d)-(f) show the anode CVs of 

the three kinds of MEAs. For simplicity, only the measurements at BOL, after the first 

reversal test and at EOL are plotted here. The anode CV patterns show a gradual 

evolution from the first reversal test to the consecutive ones. The cathode CVs do not 

show much difference before and after reversals, except for a slight decrease in the 

electrochemical surface area (ECSA) of the Pt catalyst [14]. The change in ECSA for the 

MEAs with progressing reversal time is depicted in Figure 5.9. The slight decrease of 

ECSA, which scaled with the accumulated reversal time, might have been an effect of the 

repeated potential sweeps the cathode was subjected to after each reversal test [50], [57], 

[116]. The anode CVs on the other hand show significant changes after the reversal tests. 

Prominent new redox peaks evolved around 0.6 V which is characteristic of carbon 

oxidation/corrosion [50], [63], [117]. These peaks could have resulted from the surface 

oxide formation due to the hydroquinone-quinone (HQ-Q) redox reaction (Eq. 5) on the 

carbon support surface [50], [118]. 

                                              C = O + e
-
 + H+ → C─OH                                               (5) 

It is also interesting to observe that the redox peak current decreases gradually after the 

first reversal test; hence, the peak current is lower in the EOL CVs. It implies that the 

HQ-Q redox reaction is weaker after the first oxidative conditions were experienced, 

possibly due to loss of electroactive carbon surface. 

A consistent change in the current densities at the hydrogen adsorption peaks for 

Pt in anode resulting from cell reversal is also detected. The switching of the current 

peaks corresponding to strongly and weakly adsorbed H on Pt in the CVs after reversal 

implies physio-chemical changes of Pt catalyst and changes in its crystal size [18]. The 
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difference between the peak currents corresponding to H-adsorption on Pt crystal 

surfaces is quantified and plotted as a function of voltage reversal time (Figure 5.10) and 

is also found to decrease, i.e., becomes negative after first reversal and decreases further 

with increasing reversal time. 

 

Figure 5.8.(a-c) Cathode CVs for RTA 0 et%, RTA 5 wt% and RTA 50 wt% respectively. 

(d-f) Anode CVs for RTA 0 wt%, RTA 5 wt% and RTA 50 wt% respectively. The three 

traces are for CVs measured at BOL, after first reversal test and after EOL is reached, 

with the total reversal time denoted in the figures. 
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Figure 5.9. Change in ECSA of Pt catalyst in the cathode (estimated from cathode CV) 

shown as percentage w.r.t. to the ECSA at BOL for all the MEAs with increasing 

accumulated reversal time (ART).

 

Figure 5.10. Change in the difference in the H-adsorption peak on Pt with accumulated 

reversal time, obtained from the anode CVs of the MEAs. 
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5.2. Morphological Analysis 

The MEA samples were imaged in 3D in its pristine state and at EOL condition. 

The large-field-of-view (LFOV) absorption contrast mode (field-of-view of 65 µm with 

spatial resolution of 150 nm) was used for the tomography scans. In LFOV absorption 

mode, a direct mapping of the Pt catalyst distribution in the anode was obtained from the 

image intensity, although the macropores (~100 nm) pores were not resolved. The anode 

samples were extracted by laser ablation, such that the imaged volume remains 

untouched, making sure no artifacts were introduced from sample preparation method 

(further details in Chapter 2). Nano-CT is the perfect instrument to image internal 

structures in 3D non-destructively. Figure 5.11 presents an internal cropped volume of 

each reconstructed image of anodes in pristine and EOL states. The greyscale images 

shown on the right face of the 3D images represent a raw tomographic cross-section of 

the anodes, where the bright region represents the solid domain comprising Pt/C while 

the brightest zones (shown in orange in the volume renderings) are IrO2 agglomerates. A 

significant loss in the anode thickness and corresponding increase in the intensity [14] of 

the anode in the EOL images w.r.t. pristine anode was observed. This clearly shows 

evidence of loss of carbon support from the anode. Careful observation of the pristine vs 

EOL anode structure, reveals that the low asperities on the top surface (resulted from 

decal transfer method of anode fabrication) of the anode is preserved in the EOL state 

despite the loss of carbon support. This suggests that carbon loss is more concentrated at 

the membrane-anode interface causing structural collapse and electrically and ionically 

disconnected volumes, resulting in a huge increase in Ohmic resistance, as shown in 

Figure 5.12. 
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Figure 5.11. 3D volume renderings of the anodes in pristine state are shown on the left 

(a, c and e) and in the EOL state is shown on the right (b, d and f). The volume in 

purple/blue is the intensity based rendering of the raw image showing the porous matrix 

of Pt/C-ionomer. The IrO2 is rendered in orange. The greyscale images, on the right of 

the volume renderings show a virtual cross-section (tomographic slice) through the 

imaged volume of the anode, in which, the bright zone is the anode. (The large bright 

parts are IrO2 and the grey region is the Pt/C-ionomer matrix). 
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Figure 5.12. A schematic representation of a degraded RTA, showing carbon loss, 

Pt-catalyst agglomeration and isolation, and highly resistive ionomer network near the 

membrane. 

The RTA 5 wt% (Figure 5.11(c) and (d)) and 50 wt% (Figure 5.11(e) and (f)) 

anodes show agglomeration of OER catalyst which limits the utilization of the expensive 

IrO2. The images bear evidence that IrO2 is physically still existent in the EOL anodes, 

although their OER functionality seems to be lost from the electrochemical 

measurements. This demands further studies to understand the deactivation of the RTA 

(discussed in Chapter 7).  
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 The thickness of the anode was measured over the tomography slices through the 

internal volume of the imaged samples and the average thickness is shown in Figure 5.13 

(a). The variation in the anode thickness across the imaged area is shown by the error 

bars indicating the standard deviation values. The IrO2 agglomerates were segmented out 

of the greyscale 3D images (as shown in Figure 5.11 as well), labelled, and 

morphological data was characterized. The total volume and the total surface area of 

OER catalyst in the footprint of 36 µm × 36 µm of the RTA 5 wt% and RTA 50 wt% are 

shown in Figure 5.13 (b) and (c), respectively. Higher loading of IrO2 lead to higher 

degree of agglomeration, resulting in loss of effectivity of the catalyst. The total volume 

of the catalyst in RTA 50 wt% is nearly 10 times that of RTA 5 wt%. However, the 

calculated surface area (which is not equivalent to the total electrochemically active 

surface area of the catalyst) is only about 5 times higher than that of RTA 5wt%. Larger 

agglomerates also cause an increase in the mass transport losses during the OER, as has 

been discussed in Chapter 3.  

On comparing the pristine anode with the EOL anode, a significant loss of 

catalyst layer thickness is seen. The RTA 5 wt% seems to lose the highest amount of 

carbon support. The reason for retention of anode thickness in RTA 50wt% might have 

resulted from the huge IrO2 catalyst boulders contributing to the average catalyst-layer 

thickness. Some loss in the OER catalyst volume and surface area is also evident. This 

might have resulted from loss or dissolution of IrO2 itself (due to high range of potentials 

from 0 to 2.8 V it has been subjected to) and loss of internal porosity of the catalyst 

agglomerates [32], [119]–[122]. However a significant amount of IrO2 is retained in the 

EOL state as well, which again reinforces the fact that the cessation of water electrolysis 



77 

 

was not due to complete disappearance of the OER catalyst, but there should be some 

kind of irreversible deactivation of the catalyst during cell reversal. 

 

Figure 5.13. (a) Anode thickness in pristine and EOL state of the MEAs. (b) and (c) Total 

volume and surface area of the segmented IrO2 agglomerates in the pristine and EOL of 

RTA 5 wt% and RTA 50 wt% specimens, respectively. The bars show average value and 

the error bars show the standard deviation in the values. 

The cross-section of the pristine MEA and the MEA at EOL was also imaged 

using SEM and there was also no significant change observed in the PEM or the cathode 

of the MEAs (Figure 5.14). This suggests that all the changes in the anode led to the 

majority of performance loss. In order to verify any degradation of the ionomer (which is 

common at high potentials [53], [56]–[58], [123]), fluoride emission measurements 

(using Orion™ Fluoride Electrodes, Thermo Fisher Scientific, USA) were also performed 

on the effluent (or condensed) water from the anode and cathode exhaust, collected 
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during the cell reversal period and the following conditioning process (to allow the gases 

to leach any residual ionomer degradation species). However, there was no significant 

change in fluoride concentration from the regular operation to reversal state. Moreover, 

the variation in the concentration did not correlate with the loss in performance of the cell 

(Figure 5.15).  The reason for detecting low concentration of fluoride ion compared to 

fluoride ion emission during accelerated stress tests of MEA (e.g., long-term OCV hold 

tests) could be the following: The high stoichiometry flow rates of gases resulted in 

higher amount of water being condensed from the excess gases and a very small amount 

of water is actually produced within the cell during ORR during the cell reversal 

conditions at low current density (the MEA active area was also small); the ionomer 

degradation must have been very low and limited to the dispersed ionomer within the 

electrode and not the bulk electrolyte membrane. This reinforces the fact that any damage 

to the ionomer membrane had only minor contribution to the overall loss of the cell 

performance. It is however interesting to note that, the fluoride emission rate is highest 

during the first reversal test although the degradation rate during the first reversal is lower 

than that during the following reversals. This indicates that cell reversal does lead to 

ionomer degradation to a small degree and the first time the reversal is experienced does 

the maximum damage to the ionomer. 
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Figure 5.14. SEM images of MEA cross-sections: (a) MEA (RTA 0 wt%) in pristine 

condition and (b), an MEA (RTA 5 wt%) in EOL condition after several cell reversal 

tests. 

 

Figure 5.15. Fluoride emission rate during regular operation and during reversal tests 

measured from effluent water from anode and cathode of the RTA 0 wt% MEA. 
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5.3. Conclusion 

  The higher the loading of the OER catalyst in the anode, the higher was the 

tolerance to reversal and slower was the degradation rate. However, 50 wt% (w.r.t. Pt 

loading) of OER catalyst loading is a relatively high amount of precious metal-based 

catalyst, which increases the cost of a fuel cell stack. There exists a trade-off between 

increased durability of the cell and minimizing the cost. The current study revealed that 

the catalyst utilization in the RTA is low because of the high degree of agglomeration of 

the IrO2 particles. A better design of the RTA can yield higher activity of the OER 

catalyst and ensure higher reversal tolerance capability with a reduced loading of the 

catalyst. 
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Chapter 6 

Role of Water in Degradation due to 

Cell Reversal 

 

 

6.1. Introduction 

 Chapter 5 depicted that water electrolysis is the basis for the durability of RTAs. 

Water is not only essential for the OER to proceed, but it is also a reactant in carbon 

corrosion reaction. Thus, water plays an important role in cell reversal phenomena. To 

ensure protection from cell reversal, an RTA needs to be effective under all operating 

conditions, including high temperature (i.e., > 80
o
C) and high and low relative humidity 

(RH) conditions. In this Chapter, I will discuss the phenomena of cell reversal on MEAs 

with RTA 50 wt% under a range of RH conditions and at a high operating temperature. 

An operation of fuel cells at high temperature is preferred because it enhances the heat 

rejection capacity of the fuel cell system to the environment, thus reducing the radiator 

size in FCEVs leading to more compact designs [124], [125]. Non-intuitive behavior of 
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RTA at higher RH conditions has been found. In this chapter, the observations and 

critical vulnerability of RTA at high temperature have been discussed [126].   

6.2. Electrochemical Diagnostics 

6.2.1. MEA Fabrication and Experimental Procedure 

The electrochemical diagnostics protocol was similar to that described in Chapter 

5. The MEAs with RTA 50 wt% were used for the water-activity dependence tests. A 

new protocol was used for the reversal tests only. We simulated degradation due to cell 

reversal at high temperature for RTA 50 wt% MEAs by heating the cell to 90⁰C and 

setting the reactant humidifier temperature at 46, 60, 65, 75 and 85⁰C, to maintain the RH 

within the cell at 14%, 28%, 36%, 55%, 68% and 82% respectively for different sets of 

experiments. Relative humidity for both the anode and cathode was kept the same to 

avoid any uncertainties of water content in the reactant gases owing to intra-cellular 

water transport. The cell was conditioned at a high temperature and respective RH 

conditions for an hour before the cell reversal test was performed, to obtain a steady 

operation at those conditions. As described in Chapter 5, while conditioning the cell, the 

higher limit of the current at which the cell was operated was set such that the cell 

potential recorded was > 0.3 V. This would prevent any irreversible cell aging before and 

during the diagnostics itself. We measured the polarization curve, EIS and CV at a cell 

temperature of 65⁰C and 100% RH to make the diagnostics consistent and eliminate 

effects of temperature and RH on the electrochemical measurements to yield reliable 

comparison of the degradation phenomena for different cases. The dry conditions in the 
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cell increase the ionic resistance in the cell which causes the cell potential to drop under 

fuel-supply as well as fuel starved condition. At lower RH, the overpotential for OER 

reaction also increased causing higher anode half-cell-potentials.  In order to hit the 

second plateau in the voltage reversal pattern and allow longer reversal dwelling times (to 

make the degradation experiments faster), the voltage cut-off was decreased to -2.5 V. 

The reversal testing was repeated until the voltage at 0.4 A cm
−2

 (representing the cell 

performance) fell below roughly 30% of its BOL value and was then considered to be at 

the end-of-life (EOL) state. Unlike the protocol described in Chapter 5, the first reversal 

test was uninterrupted, i.e. for all the MEAs the load was not ceased under hydrogen 

starved condition until the voltage cut-off was reached. 

6.2.2. Electrochemical Measurement Results 

Figure 6.1(a) shows the first reversal behavior of the RTA MEAs under cell 

reversal at different RH conditions. The reversal behavior for intermediate RHs, i.e., 55–

68% being similar, only the voltage reversal plot for 68% RH is shown for simplicity. 

Similarly, for the dry regime 28-36% RH cases, only a representative case of first 

reversal behavior at 28% RH is shown. Fig. 6.1(b) shows the duration of the first reversal 

(first reversal time, FRT) plotted as a function of RH. It summarizes the effect of RH on 

the durability of PEFCs with an RTA. The FRT is considered to be an important metric 

for the reliability of an RTA strategy, because the moment the water electrolysis regime 

transitions to carbon corrosion regime, the cell potential quickly drops to very low (i.e. 

high negative values) values and if the potential drop is not externally controlled, it leads 

to catastrophic failure of the cell. 
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Figure 6.1. (a) First reversal behavior of RTA 50 wt% MEA undergoing cell reversal at 

different RH conditions. (b) First reversal time (FRT) as a function of the RH. The dotted 

line is used as a visual guide. The shaded regions denote operation regimes for an RTA. 
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From Figure 6.1, it is clear that at very dry conditions (e.g. at 14% RH), the cell 

environment is deficient of water in the anode for water electrolysis or carbon corrosion 

(resulting in high concentration overpotentials) to proceed and hence the anode potential 

rises (i.e. ECell drops) very fast to sustain the load resulting in a very short FRT. We call 

this regime as “H2O limited”, where the RTA is unable to protect the cell from failure in 

case of hydrogen starvation. The next zone around 28-36% RH shows very interesting 

behavior. As the tests were repeated with several cell builds, the FRT was found to vary 

by a large magnitude (25 to 79 min). Figure 6.1(b) depicts the average value for FRT 

along with the standard deviation for each RH case tested. The cell voltage under H2 

starvation condition also shows huge oscillating nature in this regime. It has been 

reported that the periodic build-up and removal of liquid water in the cell could cause 

unstable cell performance and the voltage oscillations could result from either poisoning 

effects of the catalysts or complex water dynamics [127]–[129]. In order to ensure if the 

oscillations resulted from changes in ORR potential due to ionomer hydration-

dehydration induced water dynamics in the cathode, another cell was operated at 0.2 A 

cm
-2

 under 28% and 36% RHs while H2 and air was supplied to the anode and cathode 

respectively. The magnitude of periodic oscillations observed in this condition was 

negligible (Figure 6.2) and the frequency was much lower than that observed at cell 

reversal condition (Figure 6.1(a)), which clearly indicates that the huge oscillations in 

reversal condition resulted from the interplay of ionomer-water dynamics with water 

electrolysis on IrO2 and oxidation of carbon support in the anode. The unpredictable 

nature of this regime makes it unfavorable for vehicle operation and we term this regime 

as “Unstable”.  
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Figure 6.2. Cell potential measured at low RH under regular reactant gases (i.e. H2 at 

anode and air at cathode) shown to the scale of the voltage reversal plots. The inset is a 

zoomed in version of the plot to show small fluctuation in the voltage measured. 

The intermediate regime of 55%-68% RH was found to be most consistent with a 

small range of FRT variation, making the regime highly predictable w.r.t. the reversal 

dwelling time. This regime is thus coined as the “Robust” zone. The durability of the 

RTA at higher RH conditions was also tested by subjecting the cell to reversal condition 

at 82% RH. Higher RH means higher water activity, i.e., it is expected to provide a 

favorable condition for IrO2 to facilitate water electrolysis under this condition. However, 

in contrary to our expectation, the FRT was much shorter than in the intermediate RH 

case (and also much shorter than 65⁰C, 100% RH case, although higher temperature 

should increase the activity of OER catalyst [24]). This finding suggests that there is a 

complex interplay of the activity of IrO2 as an OER catalyst and activity of carbon for 
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oxidation with the change in temperature and water activity, which is not well understood 

at the current state. The hypothesis to explain the phenomena has been described in 

Chapter 8. The faster deactivation of the RTA at higher RH and higher temperature 

conditions needs further investigation at a fundamental level. This zone is named 

“Deactivated” because of the short FRT and apparent deactivation of the OER, making 

the condition unfavorable for vehicle operation. 

Figure 6.3(a) illustrates the polarization curve for 82% RH case, measured at BOL 

and after every reversal as a representative case. Only one set of polarizations curves is 

shown because the other cases exhibited similar degradation patterns. The cell 

performance was compared based on a cell potential when at 0.4 A cm
-2

. When the cell 

performance decreased to around 30% of BOL performance the cell is considered to have 

reached EOL. The loss of performance with each reversal test for all the RH cases tested 

is shown in Figure 6.3(b). For the 28 and 82% RH experiments, the decay pattern for the 

most representative case (i.e., that had the FRT closest to the average of the repeated 

tests) case is included in this plot. From the slope of the decay curves, one can see the 

different rate of degradation at different RH conditions. In order to quantify the rate of 

degradation, the percentage loss in performance per reversal time has been plotted against 

the RH in Figure 6.4. It shows the rate of degradation until the first reversal test. During 

the first reversal test, the degradation is slower than the consecutive reversals. However, 

the first degradation rate is a crucial metric to standardize the effectiveness and durability 

of an RTA because the first event (when the cell potential hits -2.5 V) is enough to 

degrade the cell down by 20% (that too when the reversal is actively mitigated by using 
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voltage cut-off), which is practically EOL for real-life application in FCEVs, if it happens 

to all the cells in the stack. 

 

Figure 6.3. (a) Polarization curves measured at BOL and after each reversal test 

performed at 82% RH. (b) Performance decay of RTA MEAs due to cell reversal. 
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Figure 6.4. Degradation rate during first cell reversal at different RH conditions.  

EIS was measured at BOL and after each reversal test for each of set of MEAs. 

Figure 6.5, shows the Nyquist plots obtained from EIS measurements for 28%, 68% and 

82% RH cases as representative of the three possible regimes of vehicle operation. The 

Figure shows only the Nyquist plots for EIS measured at BOL, after first reversal and 

after EOL was reached. We can clearly see that the increase in Ohmic resistance (ROhm) is 

more pronounced as the RH for cell reversal increases and the increase in anode charge 

transfer resistance (Ran) becomes less pronounced. The prominent loop on the left 

(especially observed in the low to medium RH range), corresponding to Ran is very rare 

for a PEFC because of fast HOR kinetics and minimal mass transfer resistance in a 

regular fuel cell.  
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Figure 6.5. Nyquist plots for EIS measured at BOL (black-diamonds), after first cell 

reversal (blue-squares) and at EOL (red-circles) for MEAs that have undergone cell 

reversal at 28% RH (a), 68% RH (b), and 82% RH (c). 
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This suggests that there are subtle differences in the final degraded form of the anode as 

the cell reversal occurred at different RH ranges. An increase in cathode charge transfer 

resistance (Rca) is also observed, especially in the medium to high RH regimes. The 

higher increase in the 68% RH case might be due to higher reversal dwelling time as 

compared to the 82% RH case. 

The evolution of the anode CVs with cell reversal at different RH values also 

show a different trend (Figure 6.6). The anode CV for the 28% RH case (Figure 6.6(a)) 

appears to lose all the characteristic H-adsorption/desorption peaks, which suggests 

deactivation of Pt for the HOR or dissolution due to large magnitude potential cycling 

during cell reversal. The smaller increase in ROhm also correlates with lower carbon loss 

(represented as anode thickness loss in Fig. 6.7(a)) and absence of the carbon oxidation 

redox peaks around 0.6 V (likely to have resulted from HQ-Q redox reaction on the 

carbon catalyst support surface [50], [118]), which are present in the 68% and 82% RH 

after-reversal CVs. The relative change in the H-adsorption peak current densities are 

also present in the intermediate to high RH reversal cases as we observed in Chapter 5, 

implying a similar degradation mechanism for these cases despite the difference in 

reversal tolerance time altered by the elevated temperature and lower humidity of the 

gases. It is also interesting to notice the drop of the double layer capacitance and the 

carbon oxidation peaks as the reversal tests were repeated (as seen from the EOL CV in 

Figure 6.6). This implies that, despite the short lived cell reversals after the first reversal 

test, the carbon oxidation must have been aggravated and reduced in the amount of 

electrochemically active surface area of carbon. The reduction in the peak could also 
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have resulted from partial removal of the adsorbed organic species on repetitive cycling 

of the MEA for the electrochemical diagnostics. 

 

Figure 6.6. Anode CVs at BOL, after first cell reversal and at EOL for MEAs that have 

undergone cell reversal at 28% RH (a), 68% RH (b), and 82% RH (c). 
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6.3. Morphological Analysis 

 A section of the MEA was taken and the anode surface was imaged using a 

scanning electron microscope (SEM) (Quanta 200 FEG, FEI) with its back-scattered 

electron detector. The GDL was carefully separated from the degraded anode using 

tweezers to expose the anode's surface. Figure 6.7(a) shows the anode surface on the 

pristine MEA and Figure 6.7(b) shows the anode surface of the 68% RH EOL MEA. The 

bright zones in the SEM images are the agglomerates of IrO2 in the anode. A very 

heterogeneous distribution of IrO2 is observed. Comparing the pristine anode surface 

(Figure 6.7(a)) and the EOL anode surface (Figure 6.7(b)), no apparent change in the 

content or distribution of IrO2 was found. The SEM images gave us only limited 2D 

information for the anodes. In order to obtain volumetric data , to characterize and 

analyze possible alteration in the morphology of the anode in three-dimensions (3D), we 

used nano-CT. Nano-CT also aided in inspecting the internal interfaces between 

components, such as void formation at the membrane-anode interface. It is well known 

that carbon corrosion can yield significant changes to PEFC electrode morphology due to 

the removal of the catalyst's carbon support and the collapse of the electrode [50], [54], 

[59], [117], [130]–[136]. Nano-CT provides the ability to image within samples in a non-

invasive and non-destructive nature and has been previously used to investigate the 3D 

structure of fuel cell electrodes [12], [19], [89], [90]. In order to gain further insight into 

the nature of the reversal degradation, nano-CT analysis was performed on pristine anode 

samples and EOL anode samples after being tested at different RH conditions. Figure 

6.8a shows the 3D images of the pristine anode and Figures 6.8 (b), (c) and (d) show the 

EOL anode for the 28%, 68% and 82% RH cases respectively. The pristine anode has a 
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significant amount of IrO2 particles (rendered in orange color) distributed within the 

anode catalyst layer, which apparently remains similar in the EOL anode. The 

tomographic slice is shown on the right side (in greyscale) of the 3D renderings. These 

are the virtual cross-sections through the imaged volume of the anodes. The brightest 

phase represents IrO2 agglomerates, while the grey region is the Pt/C porous network and 

dark phases indicate mainly ionomer binder and pores that have low X-ray absorption 

coefficient and hence low intensity values. The nano-CT images were obtained in the X-

ray absorption mode with an FOV of 65 μm and a voxel resolution of 64 nm. After the 

reversal tests, it was observed that the thickness of the EOL anode decreased 

significantly. In particular, the cross-sectional tomograph of the EOL anode exhibits a 

thinner and brighter anode as compared to that of the pristine one, which is attributed to 

higher concentration of Pt catalysts in the anode, due to the loss of carbon support via 

carbon corrosion during the reversal tests. The morphological changes in the other EOL 

anode samples at 28% and 82% RHs appear similar to that at 68% RH. 
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Figure 6.7. SEM images of anode surface of pristine MEA (a) and that of EOL MEA (i.e., 

catalyst layer-GDL interface) that has undergone cell reversal at 68% RH (b). The 

images on the right are the zoomed in images. The images were obtained using back-

scatter electron detector. The brightest zones are IrO2 agglomerates and the darkest 

regions are the pores and cracks on the anode surface. The medium greyscale intensity is 

the Pt/C/ionomer porous network. 
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Figure 6.8.3D volume rendering of anode of pristine MEA (a) and EOL MEAs which 

have undergone cell reversal at 28% RH (b), 68% RH (c) and 82% RH (d). The grayscale 

image on the right face of the volume shows a virtual cross-section through the imaged 

anode volume. IrO2 agglomerates have been segmented and rendered in orange in the 3D 

volume and they are the brightest phase in the tomographic slices shown. The intensity 

based rendering of the porous network of Pt/C/ionomer is shown in purple and is the 

bright layer in the tomographic slices. The footprint area of the anode volume rendered 

is 36 µm×36 µm. 

Quantitative analysis of the 3D images (shown in Figure 6.9) reveals that the 

anode thicknesses, IrO2 agglomerate volumes, and surface areas for all the EOL anodes at 
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28%, 68%, and 82% RHs generally decreased. The reduction of anode thickness resulted 

from severe carbon corrosion as well as microstructural collapse of the anode [99], [124], 

[125], [137], [138], while the decrease in IrO2 volume and surface area might be 

attributed to the degradation, redistribution, or densification of the initially nanoporous 

IrO2 catalysts during the reversal tests. It is noteworthy that the EOL anodes at all RHs 

retain a significant amount of IrO2 catalysts. Thus, the eventual cessation of the water 

electrolysis cannot be attributed completely to the loss of IrO2. Rather, there is some 

electrochemical deactivation mechanism, which needs to be further investigated. The 

volcano-type behavior of the reversal time with respect to the water-activity (proportional 

to RH) might have resulted from a competition between the increase of IrO2 OER activity 

with higher RH and the opposing increase in the rate of deactivation with higher RH 

(which could be related to the carbon oxidation reaction's water activity dependence). 

The loss of anode thickness and the loss of OER catalyst are inversely correlated. The 

MEA undergoing cell reversal at 28% RH had the least loss of anode thickness, which is 

consistent with negligible increase in Ohmic resistance (Figure 6.5(a)) while the MEA 

undergoing cell reversal at 82% RH experienced highest loss of anode thickness which 

also correlates well with the increase in Ohmic resistance, likely to have been caused by a 

high resistance protonic network due to carbon loss near the membrane (explained in 

details in Chapter 7). However, the loss in IrO2 was higher in case of 28% and 68% RH 

cases, which might have resulted from longer reversal time, although longer reversal time 

also means that the IrO2 was active for water electrolysis for a longer duration at 58% RH 

but at 82% RH, it became deactivated faster. 
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Figure 6.9. Anode thickness and the total volume and surface area of IrO2 agglomerates 

present in the EOL MEA shown as percentage of the quantities in the pristine anode. The 

bar height for the anode thickness shows the average value measured over all the 

tomographic slices through 36 µm×36 µm footprint area of the imaged anode volume 

with the error-bars showing the standard deviation. 

6.4. Conclusion 

 In this chapter, the durability of the RTA has been tested at different operating 

conditions. Besides, loss of durability and effectiveness of the OER catalyst at very low 

RH conditions, loss of durability was observed at high RH as well. The latter is 

considered anomalous because, high RH implied high water activity, which should 

promote OER. The shorter water electrolysis time at very low RH is intuitive because of 

non-availability of water as a reactant which makes the OER overpotentials high, thus the 
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anode quickly attains higher potentials. The deficit of water also impedes the carbon 

corrosion reaction. Hence, the loss of anode thickness was lower for the 28% RH case as 

compared to the 68% and 82% RH cases. The significant difference between the 

degradation characteristics of the water-deficient or “H2O limited” regime with the 

“Robust” and water-excess or “Deactivated” regime, as observed from the EIS and CV 

measurements indicate that the role of water is very crucial to the effectiveness of an 

RTA. Besides managing the fuel cell operating conditions and/or design of the electrodes 

to ensure higher durability of a fuel cell stack, further investigation into the OER catalyst 

deactivation mechanisms is necessary to mitigate the degradation due to cell reversal.  
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Chapter 7 

Limitation of Existing Reversal 

Tolerant Anodes 

 

 

7.1. Introduction 

 Industry demands automotive polymer electrolyte fuel cells (PEFCs) that are 

universally robust and tolerant to random, unexpected occurrences and harsh operation. 

Although, advanced control schemes can enable this to a degree, it is preferred that the 

system’s material set is sufficiently robust to all possible operating conditions. PEFCs are 

vulnerable and encounter rapid and catastrophic failure if there is hydrogen blockage and 

starvation. If unmitigated, the fuel cell will ultimately consume its anode via carbon 

corrosion, making the entire stack inoperable. Previous chapters discuss the strategy of 

implementing a material based solution of integrating a catalyst that promotes the 

harmless water electrolysis over carbon corrosion. Such an electrode, traditionally termed 

as an RTA, was fabricated by the addition of OER catalyst to the conventional Pt/C based 

anode. However, there exist challenges with the conventionally used RTA materials. The 

electrolysis catalyst additive in the RTA fails after only a short duration of cell reversal 
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(Chapter 5) and under certain conditions, its performance is highly impaired (Chapter 6). 

Moreover, the effective implementation of the RTA strategy of using a water electrolysis 

catalyst requires a continuous source of water. In freezing conditions, the mobility of the 

water may be highly restricted, which might limit the activity of OER catalyst towards 

water electrolysis. Very little is known about both of these issues. Based on these 

challenges, the primary objective was to investigate the cause of the failure of an RTA 

based on OER catalysis. The experiments conducted in this regard have been described in 

this chapter. 

Our findings indicate that the current strategy of adding expensive OER catalysts 

in the anode, to enhance the durability of automotive fuel cells, is only a temporary 

solution.  RTAs, with OER catalysts, show high vulnerability to temperature and 

humidity conditions. The interaction of the HOR catalyst, OER catalyst and the carbon 

support while operating PEFCs under stress conditions is not well understood. The failure 

of the RTA at water-excess (i.e., at high RH) conditions was unexpected because water is 

the key reactant for OER. There exist contradictory reports on the role of water on carbon 

corrosion as well [136], [139], [140]. The effect of water activity on co-existing carbon 

corrosion and water electrolysis reactions is complicated and has not been investigated 

before, to the best of our knowledge. The complexity of the electro-thermo-chemical 

phenomena occurring in a PEFC makes it difficult to pin-point the exact cause of 

degradation. In order to delineate the electrochemical phenomena under cell reversal 

conditions, we need to subject each material component of the RTA to the same stress 

conditions and study their behavior at various operating conditions, mimicking the stress 

conditions an FCEV can be subjected to. By gaining insight into how each of these 
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materials influence the overall degradation mechanism when put together in an RTA, we 

can eventually design a better RTA by engineering the material and the electrode 

architecture. Our research goals are to fundamentally probe the mechanisms of 

degradation due to cell reversal and to investigate the reason behind the loss of 

functionally of the OER catalyst, to enable us to propose an effective strategy to mitigate 

degradation in fuel cells. 

7.2. Anomalous Behavior of OER Catalyst based Anodes 

 In a PEM electrolyzer, the OER catalysts (like IrO2) remain active for 1000s of 

hours [109]. When the same OER catalysts were used within a PEFC anode, they were 

found to deactivate in about an hour (as for RTA 50 wt% MEAs) [126], [141]. The 

stability of IrO2 in an acidic medium subjected to potentials ranging from 0-2.8 V (vs. 

SHE) is questionable [32], [109], [119], [120], however, from post-mortem analysis of 

the PEFC anodes, IrO2 is found to exist in the electrodes even after they fail. 

Nevertheless, it failed to promote the OER during cell reversal tests for long. The cause 

of “sudden death” of the RTA after a certain duration of water electrolysis (during cell 

reversal) in-spite of the physical presence of the OER is unexplored and requires 

controlled experiments to investigate it 

 In addition to generally becoming deactivated, the OER catalyst also exhibited 

anomalous relation to water activity (which is a function of RH). The activity of IrO2 

towards OER should increase with increasing RH, due to higher availability of the 

reactant (i.e., water). This trend was true through medium RH values (50-70% RH), but 

the trend was reversed beyond that. We observed a decline in the OER activity and faster 
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deactivation of the IrO2 in the PEFC anode at high RH (>70% RH).  Higher operating 

temperature also surprisingly deteriorated the RTA performance. If we compare the total 

time of first reversal (i.e. water electrolysis time) at 65⁰C to that at 90⁰C at similar RH 

conditions, the latter was found to last for a shorter duration than the former , as shown in 

Figure 7.1. This was opposite to the trend of increasing catalytic activity with increasing 

temperature. 

 

Figure 7.1. The first reversal time for RTA 50 wt% MEAs subjected to cell reversal at 

65C and 90C, at medium to high RH conditions. The data points are shown with blue 

squares and red circles respectively. The dotted lines are trend lines used as visual 

guides.  

In order to identify the cause of the RTA’s failure after extended period of cell 

voltage reversal, the following hypotheses are proposed as the mechanisms for the failure 

of RTAs: 
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1. Poisoning of the OER catalyst by organic species generated by minor 

amounts of carbon corrosions during cell reversal while the anode was still 

in the electrolysis potential regime. 

2. Electronic disconnection of the OER catalyst during reversal due to minor 

amounts of carbon corrosion in the water electrolysis potential window, 

which causes the OER catalyst to become electronically insulated. 

The anomalous behavior of the OER catalyst (resulting in volcano-type behavior 

of reversal time with increasing RH) could have the following hypothesized mechanism: 

1. There is a competition between the consumption of water for OER and 

carbon oxidation reaction.  The rate of increase in activity of carbon 

towards oxidation surpasses the rate of increase in activity of IrO2 towards 

OER with increasing water activity (or RH) after a certain threshold. A 

schematic is shown in Figure 7.2(a). 

 

2. The distribution of ionomer, which transports the water to the catalyst and 

to the carbon support for the reactions, is not uniform. There is a 

possibility that the ionomer (Nafion®) does not coat the IrO2 agglomerates 

as well as it coats the Pt/C nanoparticles, resulting in better water access to 

the carbon and facilitating higher rate of carbon corrosion at high RH 

instead of OER at IrO2. A schematic for the hypothesis is shown in Figure 

7.2(b). 
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Figure 7.2 (a) Hypothesized trend for the dependence of the rate of OER activity 

of IrO2 and the activity of carbon towards carbon oxidation (or corrosion), on water 

activity (i.e., RH).(b) A schematic for the hypothesis of non-uniform ionomer coverage on 

IrO2 particles (or agglomerates) as compare to that on Pt/C. 

It is necessary to test the hypotheses in order to mitigate the failure of RTAs. 

Anodes with each material component of the RTA or with a combination of two 

components were designed and tested as MEAs in electrolyzer mode. The 

electrochemical response recorded and the ex-situ elemental and structural mapping, 

indicated the possible mechanisms for the failure of an OER catalyst in an RTA. 
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7.3. In-situ Electrochemical Diagnostics 

The experimental set up and MEAs were designed to simulate the cell reversal 

conditions on anodes which were fabricated out of one or a combination of components 

(materials) of conventional RTA anode, so as to delineate the role of each material in 

degradation due to cell reversal. The composition of the cathode was kept similar to that 

used for the earlier studies.  One set of anodes were fabricated out of IrO2 in order to test 

if the OER catalyst tends to get deactivated on its own and was used as a control case to 

compare the other results. Next, an anode that was fabricated with a combination of 

IrO2/C was tested to validate our hypothesis of IrO2 deactivation in an RTA because of 

carbon oxidation species. We used Nafion
®
 as the ionomer binder for all anodes to make 

the transport processes (mainly water and gases) in these systems analogous to that in the 

MEAs with an RTA. The catalyst ink was prepared such that the volume percentage in 

the electrode was same as that in the RTA MEAs tested earlier. This would ensure similar 

ionomer coverage on the catalyst particles.  

A fuel cell hardware (designed in-house by former PhD student, Dr. William 

Epting) was used with certain modifications for the electrochemical diagnostics. The 

hardware was equipped with a 1 cm
2
 serpentine flow field machined on graphite plates. 

The end plates were made up of aluminum and were paired with gold-plated copper 

current collectors. Rectangular silicone rubber 15 W (AC) heaters (SRFG-103, Omega, 

USA) were attached on both the end plates to control the cell temperature. Temperature 

of the cell was managed using PID controllers with Omega’s self-adhesive thermocouple 

temperature sensors for the temperature input. The thermocouple was attached to the 
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graphite flow-field of the cathode. A snapshot of the disassembled cell hardware is shown 

in Figure 7.3. The cell can be operated in either electrolyzer or fuel cell mode. In 

electrolyzer mode, the anode was supplied with inert gas (e.g. N2) at varied RH, to 

replicate the electrochemical test conditions of our prior work. Water electrolysis and/or 

carbon oxidation will take place at the anode depending of the components in the anode. 

In order to eliminate carbon from the anode completely, a titanium mesh was used as the 

GDL instead of a carbon based GDL for the anode, which also served as the flow field.  

The copper current collector on the anode side was replaced by a titanium sheet (100 µm 

thick), because of the corrosion resistant nature of Ti; and paired with another piece of Ti 

sheet with gas inlet and outlet ports and alignment holes machined onto it. In electrolyzer 

mode, the cathode will receive protons from the anode through the PEM (Nafion
®

 211, 

same as that used for the RTA MEAs) and support hydrogen evolution reaction (HER). 

In fuel cell mode, the cathode can perform ORR while under “cell reversal” conditions. 

However, the overpotentials in the cathode due to ORR will affect the cell potential while 

operating the cell at different RH conditions and introduce artifacts in the anode potential 

reading if the anode and cathode potential is not monitored separately. However, if the 

cell is operated in electrolyzer mode, the cathode potential will be nearly 0 V (vs. SHE) 

due to low overpotentials associated with HER. Thus, the cell potential will be equivalent 

to the anode potential. Monitoring the cell potential while operating the cell in 

galvanostatic mode will give us insight on the electrochemical activity of each 

component towards OER and/or carbon oxidation. The individual catalyst/element testing 

as the anode will also give us a direct evidence of the deactivation of the IrO2 as well as 

that of Pt for OER, in the presence or absence of carbon. The following sub-sections 
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describe the tests that have been performed and the preliminary results, as well as the 

challenges faced and discussion of the possible solutions. 

 

Figure 7.3. Image of the disassembled electrolysis cell hardware. 

7.3.1. Electrolyzer with IrO2 and IrO2/C Anodes 

 Two batches of electrodes were prepared to test our first set of hypotheses for 

OER catalyst deactivation. One batch contained IrO2 (99.9% purity, Sigma-Aldrich) 

mixed with 5 wt% Nafion
®
 dispersion (D521, Alfa Aesar) and additional deionized (DI) 

water such that the solvent was 4:1 DI water: isopropanol (IPA). The solid percentage in 

the catalyst ink was 5 wt%. The ink was dispersed by 30 min ultrasonication (using a 

sonic bath) and stirred for 24 hours on a magnetic stirrer before coating a glass-fiber 

reinforced PTFE film. A 9 cm
2 

area was coated with the catalyst ink and allowed to dry in 

ambient conditions for 24 hours. The amount of ink applied to the PTFE film was 

predetermined to obtain a loading of 5 mg of IrO2 on a 1 cm
2 

area of the electrode (The 
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loading was also verified by measuring the film before and after decal transfer). The film 

was then cut into 1 cm × 1 cm pieces to be used for decal transfer [13], [111], [142] onto 

a Nafion
®
 membrane to fabricate the electrolyzer anode (details in Appendix I). An 

identical protocol was used for the IrO2/C anode fabrication. The amount of carbon 

(Vulcan XC 72R) in the catalyst ink was calculated such that the electrode would have 

10% by volume of carbon and 5 mg/cm
2
 of IrO2. A commercial GDE (Fuel Cell Store, 

Texas, USA) with 0.3mg/cm² Pt loading (using 40% Pt/C catalyst) was coated on a 

Sigracet 29BC Carbon Paper GDL was used as the cathode. PTFE based gaskets were 

used for both the anode and the cathode. The cathode GDE was heat-pressed onto the 

PEM to ensure low contact resistance at the cathode-membrane interface. The MEA with 

1 cm
2
 active area was then assembled into the cell hardware (with Ti mesh as anode 

GDL).   

 The cell was heated to 65⁰C and a constant current of 0.2 A was applied to the 

cell while recording the cell voltage. This mimicked the case of fuel starvation and cell 

reversal for the PEFCs tested. 100% water-saturated N2 (inert) gas was supplied to both 

the anode and cathode at a constant flow rate of 0.1 slpm (high-stoichiometric flow rate). 

The MEA with only IrO2 as the anode was conditioned by cycling the anode through 0.01 

to 0.2 A current in steps for 8 hours before the chronopotentiometric test. The gas flow 

rate and humidification was controlled using the fuel cell test stand (850e, Scribner 

Associates Inc., USA) and the electrochemical tests were performed using a potentiostat 

(VSP, Bio-Logic, France).  The conditioning step was skipped for the IrO2/C MEA to 

prevent any interference with the quantification of the total OER time at a current density 

of 0.2 A/cm
2
, so that we can compare it with the PEFC reversal time. Polarization curve 
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for the IrO2 anode was also measured before and after the chrono-potentiometric test and 

a negligible change in the performance was observed. The overpotentials for the PEM 

electrolyzer however, were pretty high (i.e. poor performance w.r.t conventional PEM 

electrolyzers [109], [143]) and it could have resulted from poor electronic conductivity 

and mass transport resistances. The performance could be improved by optimizing the 

anode fabrication method and cell assembly. Figure 7.4 shows the duration of OER for 

the two kinds of MEAs with the upper bound for anode potential (~ cell potential) being 

6 V (the highest anode potential limit set for the RTA tests was 3.3 V). The IrO2 anode 

sustained OER with anode potential of <2 V for more than 100 hours which was >100 

times the total cell reversal time survived by RTA 50 wt% MEA (given that the loading 

of IrO2 in the electrolyzer anode was 100 times). This indicated that IrO2 does not 

deactivate for water electrolysis on its own. However, the anode with carbon had its 

potential rise beyond 3.3 V in about 10 min. The potential ascent was steep, similar to 

that observed in PEFCs during cell reversal. The initial anode potential for OER was also 

higher than that of the IrO2 anode. This observation suggests that the presence of carbon 

triggers the deactivation of IrO2 towards the OER and increases the anode potential, 

which can lead to catastrophic failure of the PEFC. The use of 10 vol% of carbon ensured 

that the carbon is not the backbone of electronic connectivity of the IrO2 particles. Hence, 

we can conclude that the failure of the electrolysis cell was not due to carbon corrosion or 

carbon loss leading to electronically isolated IrO2 agglomerates. One of the possible 

reasons for failure could be: some carbon oxidation species poisoning the IrO2 catalyst to 

render it electrochemically inactive for OER. X-ray photoelectron spectroscopy on the 

failed anodes can provide information of the poisoning species. Similar to the RTA 
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MEAs, on repeating the test, the low potential dwelling time was even shorter; the cell 

reached the potential cut-off in a minute. A second possibility could be poor mass 

transport characteristics of the anode with the ionomer preferentially coating the carbon 

instead of the IrO2 agglomerates. Another MEA with the same anode failed to sustain 

OER for longer than 10 minutes (i.e., maintain low anode potentials) even when a lower 

current of 0.1 A cm
-2

 was drawn through the electrolysis cell. 

 

Figure 7.4. Cell potential (equivalent to anode half-cell potential) during OER in PEM 

electrolyzer operated at 0.2 A cm
-2

. 

The irreversibility of such a poisoning was confirmed when the OER dwelling 

time was not affected even after subjecting the anode to a reducing environment and 

potential cycling during CV measurements. CV measurements were done on both kinds 

of anodes at the beginning of life condition and after the test (in case of IrO2/C anode, 

after failure and in case of IrO2 after 10 hours of OER). The CVs are shown in Figure 7.4. 

For the CV measurement, H2 was supplied to the cathode and N2 at the anode at 0.1 slpm 

with the cell at 65⁰C and 100% RH. The CV pattern of the IrO2 anode at BOL shows 
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significant IrO2 electrochemical surface area. The surface area reduces by a small amount 

after 10 hours of OER, which is due to instability and dissolution of IrO2 in acidic 

medium of the PEM electrolyzer. The IrO2/C anode, however, did not show any 

significant IrO2 surface area even at BOL, and the area within the CV curve reduced 

further on use, showing almost no electrochemical surface area of the catalyst [109], 

[143], [144]. The BOL CV shows Ohmic characteristics. This could have possibly been 

caused by non-uniform and poor ionomer distribution leading to low electrochemically 

active surface area and poor protonic conductivity as well. 

 

Figure 7.5 (a) Anode CVs at BOL and after 10 hr of OER in MEA with IrO2 anode (b) 

Anode CVs at BOL and after 10 min of OER (i.e. after failure) of MEA with IrO2/C 

anode. 

 Anodes fabricated using the same composition and protocol were tested with 

lower RH (60% RH), however the potential recorded was unsteady and, even for the IrO2 

anode, the cell potentials recorded were higher than 3 V from the beginning of the 

current-hold test. This disallowed us to test the second set of hypotheses to unravel the 

cause of the volcano-type dependence of RTA durability with increasing RH.  
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7.3.2. Challenges for In-house Electrolyzer and Possible Solutions 

The possibility of poor ionomer distribution in the electrolyzer anode was verified 

using SEM and Energy-dispersive X-ray spectroscopy (EDX). The IrO2 in the anode was 

heavily agglomerated (shown in Figure 7.6), which reduces the utilization of the OER 

catalyst.  

The ionomer coating on the agglomerates also appeared scarce. The EDX signal 

obtained from F, Ir, O, and C for an area on the IrO2/C anode surface is shown in Figure 

7.7. The signal intensity of F and Ir appears complementary to each other; implying that, 

the ionomer (PFSA) coating on the IrO2 agglomerates was poor. The C and F signal 

appears to overlap in the images, indicating preferential coating of the carbon particles. 

This explains the poor OER performance of the IrO2 anode as well as the Ohmic nature 

of the IrO2/C anode and high overpotentials for OER reaction. Poor distribution of 

ionomer not only increases the Ohmic resistance due to poor proton conductivity, but also 

increases mass transport losses because the water in vapor form needs to diffuse through 

the ionomer to reach the catalytic surface for OER to take place. This issue is not 

encountered for conventional PEM electrolyzers, because they use liquid water as the 

reactant [143], [145]–[148]. The same reason resulted in unsuccessful experiments for 

investigating the anomalous behavior of IrO2 with lower RH. When the RH was reduced 

below 100%, the OER potential increased to above 3 V even for the IrO2 anode. Using 

current densities as low as 0.05 A cm
-2

, the anode could sustain the OER at potentials 

around 2 V. However, that was not enough to perform rigorous experiments to measure 

the activity of the catalyst at different RH.  
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Figure 7.6. SEM images of electrolyzer anode surfaces with IrO2 (a) and IrO2/C (b). The 

zoomed in images of the red box bounded areas are shown below the corresponding 

images. Secondary electron detector was used. The bright agglomerated volumes were 

primarily composed of IrO2. 
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Figure 7.7. Areal elemental map of IrO2/C anode obtained from EDX. (a) SEM image of 

the area mapped. (b)-(e) Map for F, Ir, O and C respectively. 

A way to alleviate the current challenges is to ensure good catalyst ink dispersion. 

The high-energy sonicator, e.g. an ultrasonication probe might have been useful to obtain 
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a better dispersion of the ionomer as well as reduce the agglomerate size, making the 

OER catalyst more effective. The cell assembly should also be optimized to reduce the 

contact resistances. For this study, the gasket thickness for the anode was selected such 

that it was 5% lower than the average thickness of the Ti mesh, which was used as the 

GDL; in order to ensure good contact between the incompressible Ti mesh and the Ti 

current collector. 

When a steady voltage measure can be successfully obtained from the electrolyzer 

MEAs, polarization curves can be measured for IrO2 anode at different RH and 

temperature conditions, from which the catalytic activity of IrO2 can be obtained as a 

function of temperature and RH. Similar activity function can be obtained for carbon for 

carbon corrosion reaction, but using a carbon anode without any catalyst. This will shed 

light on the reason behind the anomalous volcano type behavior of the RTA MEA with 

increasing RH. 

7.4. Conclusion 

 The deactivation of OER catalyst for water electrolysis in a PEFC electrode after 

short time duration was caused by the presence of carbon. The potentials of water 

electrolysis are conducive to carbon oxidation. The carbon oxidative species could have 

possibly poisoned the catalyst critically. Any species irreversibly adsorbed onto the OER 

catalyst surface could also have reduced the electrochemically active surface area of the 

catalyst. It was also found that the tendency of IrO2 to agglomerate into large particles 

reduces the utilization of the catalyst. The ionomer distribution also plays an important 

role in increasing the effectiveness of the OER catalyst by providing a low resistive 
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pathway for proton transport. The durability of an RTA which uses OER catalyst can be 

improved by optimizing the electrode fabrication and catalyst ink formulation such that a 

better dispersion, smaller agglomerates and good ionomer coverage of the catalyst is 

obtained.  
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Chapter 8 

Conclusions and Future Directions 

 

 

8.1. Summary 

 In this dissertation, one of the degradation phenomenon that affect the durability 

of a PEM fuel cell has been investigated. Cell reversal, which is an outcome of hydrogen 

starvation at the anode, causes severe degradation and eventually leads to cell failure. A 

single cell failure in a fuel cell stack used in an FCEV will shut down the whole stack 

power. Hence, it is necessary to implement a strategy to prevent catastrophic cell failure. 

System-level control strategies interfere with the operation of the fuel cell stack and 

challenge the reliability of the operation; hence, a material based solution has been 

implemented for the current study. In this dissertation, a water-electrolysis (i.e., OER) 

catalyst has been added to a conventional anode, in order to promote water-electrolysis 

and prevent carbon corrosion during hydrogen starvation. This slowed down the rate of 

degradation of the cell performance and made the cell tolerant to reversal conditions for 

10 to 30 times longer than a conventional PEFC anode. However, in order to ensure 

5000+ hours of life of a fuel cell stack for a mid-size vehicle, the target is to make a cell 
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survive at least 10 hours of cell reversal conditions, which has not been achieved yet. 

Increasing the loading of the OER catalyst increases the reversal tolerance time[14], 

[126], [149], but, as a result of these catalysts being based on precious metals, the system  

cost increases, making it even more challenging to meet the DOE cost target for PEFCs. 

Moreover, from the current study, it was found that, although the increase in reversal 

tolerance time scaled with the increase in loading, it did not scale well with the rate of 

degradation during cell reversal. This was because of inefficient distribution of the 

catalyst particles in the electrode. The OER catalyst forms large agglomerates when used 

in high loading in the electrodes. Agglomeration leads to low utilization of the catalyst as 

well as high mass transport losses. This was similar to the relation of the cathode catalyst-

layer structure to the transport characteristics affecting the overall cell performance.  

 The anodes with OER catalyst additions were also tested for their effectiveness in 

different fuel cell operating conditions. The role of relative humidity (i.e., water activity) 

was found to be very crucial to the performance of the catalyst, which in-turn determines 

the reversal tolerance of the cell. A volcano-type relation was observed for the OER 

catalyst used in the RTAs with respect to the water activity, though the cause is not fully 

clear. These are useful for designing the anodes and determining favorable operating 

conditions for the fuel cell stack. 

Mechanisms for deactivation of the OER catalyst in an RTA have been proposed 

and experiments were designed to validate the hypotheses. It was found that the presence 

of carbon in the electrode, severely limits the water-electrolysis activity of the OER 

catalyst. The morphology of the electrode was again found to be significantly affecting 

the performance of the PEM electrolyzer anodes that were tested for validating the 
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proposed mechanisms. Some of the hypotheses could not be successfully tested because 

of poor ionomer coverage on the OER catalyst particles, severely limiting the OER 

activity when water is supplied in vapor form.  

Further optimization of the in-house electrode fabrication method is required to 

test all the hypotheses. An efficient strategy to mitigate degradation due to cell reversal 

can be achieved after gaining a complete understanding of the deactivation mechanism of 

the OER catalyst. Besides, investigating and implementing better electrode architecture 

and material, other possible means of protecting the fuel cell from carbon corrosion are 

discussed in the following section. 

8.2. Future directions 

 The primary goal should be to achieve longer durability along with cost 

optimization. The low utilization of expensive OER catalyst in an RTA can be minimized 

by preventing agglomeration of the catalyst particles and thus increasing the 

electrochemically active surface area and improving catalyst utilization. OER catalysts, 

like IrO2, are very prone to aggregation and hence, the catalyst-layer fabrication method 

would need to be modified for making the RTAs. High energy dispersion for the catalyst 

ink will help break the agglomerates in solution before coating it on the membrane, GDL 

or decal substrate. The ultrasonicator-bath used for the in-house electrode for the 

experiments described in Chapter 7 was not capable of preventing agglomeration, as was 

observed from the SEM images, which depicted the micron sized IrO2 agglomerates in 

the anode catalyst-layer. A sonication probe which can be dipped within the ink in a vial 

to agitate and mix the dispersion could have been more efficient in reducing 
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agglomeration. Likewise, the fabrication method of the RTAs should be optimized to 

obtain a better distribution of the OER catalyst and thus prolong its durability. Besides 

high-energy dispersion of catalyst ink, the solvent can be modified and surfactants can be 

added to the catalyst ink formulation that will refrain the catalyst nanoparticles from 

aggregating. 

 From Chapter 7, it was also found that the IrO2 agglomerates have poor ionomer 

coverage, which increases the OER overpotential for low RH operation of the cell. In the 

fuel cell MEAs with RTA, the Nafion
®
 is likely to form a uniform coating on the Pt/C 

catalyst particles rather than on the IrO2 agglomerates. This makes water transport to the 

OER sites at low humidity conditions difficult. Assuming that IrO2 is most active for 

OER when water is available in liquid form, the OER activity will be poor at low 

humidity conditions. Nafion
®
 is believed to transport water through the PFSA network 

and polymer nano-channels in liquid form[25], [150], [151]. The lack of Nafion
®

 

coverage on IrO2 agglomerate, while the Pt/C has good coverage, can also explain the 

reduced reversal time at high RH conditions. At high RH, the water transport rate to the 

carbon might have been faster than that to the IrO2, thus the protonic and reactant 

transport resistances being lower for carbon corrosion reaction than OER, the anodes 

degraded faster resulting in shorter reversal time. It is hence crucial to ensure good 

ionomer coverage on the OER catalysts to reduce the reactant diffusion and protonic 

transport resistances for OER at low activation losses during cell reversal. The ionomer 

dispersion can be improved by changing the solvent for catalyst ink dispersion [152]–

[154]. Pre-treated OER catalyst particles can be employed, such that the ionomer film 

coats them. The catalyst-layer fabrication can also be done by hot-pressing dry-ink 
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dispersion onto the PEM [155], [156]. The morphology of the electrodes should be 

characterized in order to find the best method of fabricating the RTAs. 

 After the OER catalyst utilization is improved by better electrode designing 

strategies, the effectiveness of the RTA should be tested for freeze start conditions as 

well. The possibility of fuel starvation is higher when an FCEV is subjected to freezing 

temperatures, when frozen water can cause blockage in fuel channels or anode pores. 

Low temperature (below - 20⁰C) can cause water to be immobilized within the ionomer 

as well as in the electrode pores [157]. The activity of OER catalyst at such low 

temperatures with mobilized or immobilized water needs to be investigated in a PEFC 

electrode, to develop degradation mitigation strategies for freezing temperatures.  

 The root cause of cell failure due to cell reversal, electrocatalyst degradation in 

cathode and anode due to transients during fuel cell operation is carbon corrosionas 

depicted in Figure 8.1 (a). Thus using a corrosion resistant catalyst support can alleviate 

the cause of degradation.  Carbon based catalyst support, such as carbon-nanotubes, 

carbon-nanofibers, modified graphene, surface-functionalized carbon, etc. that are more 

resistant to corrosion than Vulcan XC-72R which is the most commonly used carbon 

support in PEFCs [157], [158], should be used. An example of a well-dispersed OER 

catalyst with good ionomer coverage and possibly supported on a low-surface area 

carbon nanoparticles is shown in Figure 8.1 (b). 
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Figure 8.1. (a) Schematic of catalyst degradation caused by carbon loss due to the 

carbon corrosion reaction. (b) Schematic of a well-dispersed OER catalyst (IrO2), in a 

Pt/C matrix with good ionomer coverage for an effective RTA design. 

There exist studies in literature, proposing the use of metal oxide based support 

for Pt catalyst, such as SnO2, TiO2, IrO2, TiB2, ITO, etc., which are not only corrosion 

resistant, but can also support OER for sustaining the load during fuel starvation without 

degrading the electrode structure and components [159]–[162]. However, most of the 

oxide-supports suffer from poor electronic conductivity and lower surface area than the 

porous carbon support that are currently highly developed and is the state-of-the-art 

catalyst support for PEFCs, for providing highest Pt activity, ECSA and stability [157]. 
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Some researchers have proposed a hybrid catalyst support by pairing corrosion resistive 

carbon support with oxides, such that high surface area with several catalyst loading sites 

and good electronic conductivity are available along with the protection from corrosion 

due to preferential OER on the metal-oxides or other OER catalyst used [158]. There are 

however very few studies on alternative catalyst support for use in PEFC electrodes to 

prevent degradation due to catalyst support corrosion, and the new materials need to be 

optimized and tested for long term durability and catalytic activity retention in form of an 

MEA before it can be implemented commercially. The cost of production of such 

supports also needs to be substantially lowered for industrial adoption of the materials. 

Moreover, the GDL, which has carbon in it, is also susceptible to carbon corrosion. 

Removing carbon from the electrode will not be sufficient to prevent degradation due to 

cell reversal, load cycling and start-up/shut-down of fuel cell stacks. The GDL also needs 

to be engineered or the carbon GDL could be completely replaced by metal-oxide foam, 

which has its own limitations due to high material and manufacturing costs as well has 

high bulk and contact resistances [157]. 
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Appendix I 

MEA Fabrication Using Decal 

Transfer Method 

In this section, the procedure for fabricating PEFC electrode using the decal-

transfer method has been described. The method is primarily based on the procedure 

described in [13], [111] and [142], however, some changes were needed to achieve best 

results in the specific laboratory conditions and equipment. The steps are enumerated 

below: 

1. The catalyst ink was coated onto a PTFE-coated fiber glass fabric (bought from 

McMaster-Carr) and dried in ambient condition for 24 hours. This film was used 

as the decal. Some researchers have reported the use of Kapton
®
 as the decal 

substrate [13], [154], which did not work so well in our case. 

2. The decal was cut into the size of the MEA that is to be fabricated, and a piece of 

Nafion
®
 membrane of a larger size was taken (this is to assure better gas sealing 

around the edges of the MEA which is masked by the sub-gasket). The catalyst 

coated side of the decal was placed on the membrane. 

3. Meanwhile the hot-press (Carver, Inc.) was heated up to 120⁰C. The decal-

membrane assembly was placed between layers of stacked up layers of PTFE-

coated fiber glass fabric with adhesive backing. A schematic of the assembly is 
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shown in Figure A.1. These layers in were housed between two 1/16” thick 

metallic sheets. The layers of film with adhesive backing have a silicone layer, 

which acts as a compressible layer that helps distribute the pressure from the hot 

press uniformly on the decal substrate and membrane. The uniformity of the 

pressure can be checked using pressure sensitive films in between the platens. 

This whole assembly is then plated between the heated plates. 

 

Figure A.1. Schematic representation of the arrangement of the film layers for MEA 

fabrication using decal-transfer. 

4. The platens were then pressed together. The load applied was 360 lb for a MEA 

surface are of 1 - 4 cm
2
 for 5-8 min. The plates can be rotated by 90 every 2 min, 

to ensure the whole area gets uniform pressure. This step is not necessary for 

small (~ 1 cm
2
) surface area. 
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5. The pressure was released the films along with the thin metal plates is carefully 

taken out of the hot-press and left undisturbed to cool for ~ 10 min. The decal 

substrate was then peeled off the membrane. This leaves the catalyst layer bonded 

onto the membrane. The weight of the decal substrate should be measured before 

and after the decal transfer, to determine the catalyst loading on the MEA. 

6. In order to coat both the anode and the cathode onto the membrane, the decal 

transfer can be done in a single step with the two decals on either side of the 

membrane or one after the other. The former is preferred because it will subject 

the membrane to the high heat condition for a shorter duration thus reducing 

possibilities of heat induced degradation of the membrane. 
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