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Abstract

cell technology is taking the lead in energy transition for sustainable energy sources, but it is constrained

by various factors, most importantly, the cost of precious catalysts. The advancement on the development

and exploration of novel, cheap and highly effective and stable electrocatalyst tackling the challenges that

are critical with ongoing research such as catalyse oxygen reduction reaction in the fuel cell. To bench-

mark the electrocatalyst, two conventional methods/device are used, i.e. RDE and MEA, which have

several limitations. In this work, gas diffusion electrode GDE half-cell setup which is a novel optimised

benchmarking tool is used to determine the ORR activity of electrocatalysts and aimed to bridge the

gap between fundamental and applied electroanalytical devices as RDE and MEA. To investigate the

versatility of GDE method, various catalysts were investigated to optimise the catalyst layer such as

commercial Pt/C catalyst, advanced Pt/HGS catalyst and non PGM Fe-N-C catalyst. The Pt/C proved

to be high performing catalyst with ECSA of 66.59 m2/gpt approaching the current density of 2 A/cm2

at 0.63 VRHE in 1.0 M HClO4. As compared to HClO4, the Pt/C suffered from severe degradation

in 1.0 M H2SO4 facing mass transport limitation. The addition of membrane to commercial Pt/C in

both electrolytes to mimic the conditions of PEMFC gave a comparable activity with less degradation.

However, the Pt/C approached to extreme mass transport limitation in synthetic air due to the low

concentration of O2. The performance of Pt/C in alkaline was superior by achieving limiting current

density of 2 A/cm2 at 0.8 VRHE , which was highest in comparison to literature and it is believed to be

overestimated due to huge difference for forward and backward scan. Stress cycling of Pt nanoparticles

confined highly graphitised spheres support Pt/HGS improved the catalyst activity. After subjecting

to 10,000 and 30,000 cycles, the ORR activity enhanced up to 50 mV, and thus the catalyst layer was

optimised accordingly. AEMFC conditions were also be mimicked in GDE cell with non PGM catalyst

Fe-N-C which was investigated in 1.0 M KOH for the stability, ionomer activation and reproducibility.

The catalyst layer was optimised with high ion exchange ionomers, and it has been found that the catalyst

activity can be enhanced to approximately 80-100 mV by several breaking and time-based(max 48 hours)

ionomer activation procedures. The Fe-N-C showed stability during ORR in O2 but faced severe degra-

dation in O2 backed degradation cycling, which requires more investigations. Thus, GDE is proved to be

a very effective method for quicker, reliable optimisation of electrocatalyst performance but with several

challenges which are discussed in this work and it can be used to optimise the catalyst layer properties
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with minimum efforts. The issues can be addressed by merging different characterisation mechanism and

metal ions dissolution quantification techniques that will enable this method to be upgraded for fuel cell

electrocatalyst research and development sector.

Keywords

Oxygen reduction reaction; Non precious metal group catalyst; Platinum confinement; Gas diffusion

electrode; AEMFC; PEMFC.
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Resumo

A tecnologia das células de combust́ıvel lidera a transição energética para fontes de energia sustentáveis,

mas é limitada por vários fatores, principalmente por catalisadores de metais preciosos. O avanço no

desenvolvimento e exploração de novos eletrocatalisadores altamente eficazes, estáveis e baratos, tem

como objectivo superar os desafios que são cŕıticos na investigação actual, tais como catalisar a reação

de redução de oxigénio nas células de combust́ıvel. Para avaliar o eletrocatalisador, são utilizados dois

métodos / dispositivos convencionais i.e., RDE and MEA que têm várias limitações. Neste trabalho, a

configuração de semi-célula de eléctrodo de difusão gasosa, que é uma nova ferramenta de avaliação de

eletrocatalisador utilizado otimizada para ORR, visa preencher a lacuna entre dispositivos eletroanaĺıticos

fundamentais e aplicados tais como RDE e MEA. Para investigar a versatilidade do método GDE, foram

investigados vários catalisadores para otimizar a camada cataĺıtica, tais como o catalisador comercial

Pt/C, o catalisador avançado Pt/HGS e o catalisador Fe-N-C não PGM. A Pt/C provou ser um catal-

isador de elevado desempenho com ECSA de 66,59 m2/gpt aproximando-se da densidade de corrente

limite de 2 A/cm2 a 0,63 VRHE em HClO4 1,0 M. Em comparação com o HClO4, a Pt /C sofreu elevada

degradação em H2SO4 1,0 M enfrentando a limitação de transporte de massa. A adição de membrana a

Pt/C comercial em ambos os eletrólitos para mimetizar as condições de PEMFC originou uma atividade

comparável, com menor degradação. No entanto, a Pt/C aproximou-se da limitação de transporte de

massa extrema em ar sintético devido à baixa concentração de O2 e à contaminação do ar. O desempenho

de Pt/C em meio alcalino foi superior ao atingir uma densidade de corrente limite de 2 A/cm2 a 0,8 VRHE ,

que foi a mais elevada em comparação com a literatura e se acredita que esteja sobre-estimada devido à

enorme diferença nos varrimentos num sentido e no sentido contrário. O ciclo de tensão de nanopart́ıculas

de Pt confinadas e altamente grafitizadas Pt/HGS melhorou a atividade cataĺıtica. Após sujeitar a 10000

e 30000 ciclos, a atividade ORR aumentou até 50 mV e, portanto, a camada de catalisador foi otimizada

concordantemente. As condições de AEMFC também foram mimetizadas na célula GDE com catalisador

Fe-N-C não PGM, que foi investigado em KOH 1,0 M relativamente à estabilidade, ativação de ionómero

e reprodutibilidade. A camada de catalisador foi optimizada com ionómeros de elevada permuta iónica e

verificou-se que a atividade do catalisador pode ser aumentada para aproximadamente 80 -100 mV por

vários procedimentos de ativação de ionómero baseados em quebra e tempo (máximo de 48 horas). O

Fe-N-C provou ser estável durante ORR em O2, mas enfrentou degradação severa no ciclo de degradação
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suportado em O2. Assim, GDE provou ser um método muito eficaz para uma otimização mais rápida e

confiável do desempenho do eletrocatalisador, mas com vários desafios que são discutidos neste trabalho

e pode ser usado para otimizar as propriedades da camada de catalisador com um esforço mı́nimo. Estes

problemas podem ser resolvidos através da fusão de diferentes mecanismos de caracterização e técnicas

de quantificação de dissolução de iões metálicos que permitirão a utilização desse método para o setor de

investigação e desenvolvimento de eletrocatalisadores de células de combust́ıvel.

Palavras Chave

Reação de redução de oxigênio; Catalisador de grupo de metais não preciosos; Confinamento de platina;

Eletrodo de difusão de gás; AEMFC; PEMFC.

vi



Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Literature Review and Fundamentals 7

2.1 Fuel Cell Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Fuel cell Kinetics and Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Proton Exchange Membrane Fuel Cell(PEMFC) . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Alkaline Exchange Membrane Fuel Cell(AEMFC) . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Reaction Pathways for Oxygen Reduction Reaction ORR . . . . . . . . . . . . . . . . . . 20

2.6 Electrocatalysts for Oxygen Reduction Reaction ORR . . . . . . . . . . . . . . . . . . . . 22

2.6.1 PGM State of the Art Pt/C Electrocatalyst . . . . . . . . . . . . . . . . . . . . . 22

2.6.2 Advanced Platinum Alloy Electrocatalysts . . . . . . . . . . . . . . . . . . . . . . . 24

2.6.3 Core Shell Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6.4 Non PGM Electrocatalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.7 Electrocatalyst Activity and Stability Methods for ORR Evaluation . . . . . . . . . . . . 29

2.7.1 Cyclic Voltammetry (CV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.7.2 Electrochemical Impedance Spectroscopy EIS . . . . . . . . . . . . . . . . . . . . . 31

2.8 Degradation Investigation via Accelerated Stress Test AST . . . . . . . . . . . . . . . . . 34

2.9 Recent Advancement of Electrocatalyst for ORR and Characterization Methods . . . . . . 35

3 Materials and Methodology 39

3.1 Catalyst Coated GDL Electrodes Preparation . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1.1 Commercial Pt/C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1.2 Advanced Platinum Catalyst Pt/HGS . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1.3 Non PGM Fe-N-C catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 GDE half-cell measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.1 Electrochemical Testing Protocol for GDE . . . . . . . . . . . . . . . . . . . . . . . 42

vii



4 Results and Discussions 48

4.1 State of the art Platinum Catalyst supported on Carbon . . . . . . . . . . . . . . . . . . . 49

4.1.1 Impact of non-membrane and membrane coated GDL catalyst layer on ECSA . . 50

4.1.2 ORR performance in O2 purged cathode in HClO4 and H2SO4 . . . . . . . . . . . 53

4.1.3 ORR performance degradation in synthetic air back purged GDL in different elec-

trolytes for PEMFC in GDE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.1.4 Variation in ORR activity for forward and backward scan in oxygen purged cathode

during polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.1.5 Activity of commercial Pt /C catalyst in alkaline media for AEMFC in GDE half-

cell setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Advanced Pt/HGS catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2.1 Impact of stress cycling on the activity enhancement of Pt/HGS . . . . . . . . . . 64

4.2.2 Validation of performance optimization by continuous potential cycling . . . . . . 67

4.2.3 Complications during for ORR with EIS for Pt/HGS . . . . . . . . . . . . . . . . . 71

4.2.4 ECSA determination and complications for Pt/HGS . . . . . . . . . . . . . . . . . 73

4.3 Non PGM Fe-N-C Catalyst Investigation for ORR in Alkaline Media . . . . . . . . . . . . 76

4.3.1 Degradation in AST Oxygen (O2) and Argon (Ar) . . . . . . . . . . . . . . . . . . 76

4.3.2 Impact of Ion Exchange Capacity IEC . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3.3 Catalyst layer optimization of Fe-N-C LIEC by Activation Procedure . . . . . . . 83

4.3.4 Reproducibility Fe-N-C HIEC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3.5 Stability of Fe-N-C with HIEC Ionomer in ORR O2 . . . . . . . . . . . . . . . . . 87

4.3.6 Impact of non-Optimize Fe-N-C with H+ Conducting Ionomer Nafion™in 1.0 M

HClO4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5 Conclusion 91

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Extended Investigation for Errors and Problem Estimation and Reproducible Results128

7 Publication 133

viii



List of Figures

1.1 Statics of Platinum applications, demand, extraction, and reserves availability worldwide.

A: Global platinum demand breakdown by the area of application in 2019. B: Global

Capacity of fuel cell shipment from 2011-2019 worldwide for transportation section C:

Estimated platinum metal reserves available globally. D: Global extraction of platinum

from mines from 2015-2019 worldwide [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Illustration of single simple fuel cell. Reproduced with the permission from Royal Society

of Chemistry [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Influence on Fermi level by applied positive and negative potential for redox reaction .

Reprinted from [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Tafel plot example with cathodic and anodic slopes. Reprinted from [39] . . . . . . . . . . 15

2.4 Polarization curve for PEMFC with activation, ohmic and concentration polarization re-

gions . Reprinted from [40] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 j−η representation of a hypothetical electrochemical reaction where at high overvoltages,

a linear fit of the kinetics to the Tafel approximation allows determination of j◦ and α.

Reprinted from [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 PEMFC Membrane electrode assembly structure with Gas diffusion layer and membranes.

Reprinted from [57] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.7 Alkaline exchange membrane fuel cell with a systematic flow diagram of reactions on cath-

ode and anode. Reprinted from [62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.8 Reaction Mechanism of ORR proposed by Wroblowa et al. Reprinted from [84] . . . . . . 22

2.9 Platinum alloy volcano plot for ORR. Reprinted with permission from [98]. Copyright

2019 Springer Nature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.10 Platinum alloy volcano plot for ORR. Reprinted with permission from [98]. Copyright

2019 Springer Nature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.11 Core shell nano particles synthesis approach. Reprinted with permission from [126] Copy-

right 2013 American Chemical Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

ix



2.12 Systematic representation of Fe-N-C active sites. Reprinted with permission from Elsevier

[144] Copyright 2018 Applied Catalysis B: Environmental . . . . . . . . . . . . . . . . . . 28

2.13 Pt Cyclic voltammogram in acid electrolyte .Reproduced from [151] . . . . . . . . . . . . 30

2.14 A complete circuit illustration for PEMFC for Nyquist Plot. Reprinted with permission

from Elsevier [156] Copyright 2018 International Journal of Hydrogen Energy . . . . . . . 33

2.15 Nyquist Plot(a) half cell with catalyst layer in planner form (b) half cell with catalyst

layer in porous form (c) full PEMFC. Reprinted with permission from John Wiley and

Sons [159] Copyright 2005 International Journal of Energy Research . . . . . . . . . . . . 33

3.1 Schematic view of gas diffusion electrode GDE half cell assembly. A Detailed demonstration

of all GDE parts with the configuration. B: Cross sectional view of electrode electrolyte

interface with flow channels. Reprinted from [15] . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 Different methods of uncompensated resistant determination for ORR and the deviation

at high current densities.Reprinted from [15] . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Complete protocol for commercial Pt/C activity determination in ORR for PEMFC based

GDE half cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4 Modified protocol for maximum activity for Pt/HGS in HClO4 after several stress test

cycles with interval of 1000,2500,5000,10000 and 30000 cycles . . . . . . . . . . . . . . . . 46

3.5 Protocol for Fe-N-C in investigation for AEMFC in GDE for stability and activation studies 47

4.1 Cleaning cycles for Pt/C HISPEC 4000 in GDE half-cell for PEMFC . . . . . . . . . . . . 50

4.2 Comparison of CVs for commercial Pt/C catalyst with 0.3mgPt/cm
2 in HClO4 and H2SO4

with and without membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Electrochemical surface area of commercial Pt/C with and without membrane in GDE . . 52

4.4 Polarization curve of commercial Pt/C for ORR in O2 obtained via SGEIS . . . . . . . . 54

4.5 Tafel commercial Pt/C for ORR in O2 obtained via SGEIS (current is normalize to geo-

metric area) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.6 Polarization curve of commercial Pt/C in ORR for synthetic air . . . . . . . . . . . . . . . 56

4.7 Tafel Plot commercial Pt/C in ORR for synthetic air . . . . . . . . . . . . . . . . . . . . . 57

4.8 Impact of forward and backward scan on polarization . . . . . . . . . . . . . . . . . . . . 59

4.9 Pt/C Cyclic voltammogram before and after ORR in O2 with no severe difference . . . . 60

4.10 Pt/C polarization curve and Tafel plot for activity investigation in KOH electrolyte . . . 61

4.11 Backward and forward sweep defence in activity for Pt/C in alkaline that can lead to

overestimated errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.12 Pore confinement of Pt nanoparticles in hallow graphite spheres .Reprinted with permission

from [256], Copyrights 2012 American Chemical Society . . . . . . . . . . . . . . . . . . . 64

x



4.13 Polarization curve and Tafel plot showing ORR performance of non-activated samples in

1.0 M HClO4 for Pt/HGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.14 Low loading Pt/HGS performance enhancement by 10- 30k stress cycles in HClO4 . . . . 68

4.15 Tafel Plot of Pt/HGS with 0.04mgPt/cm2 loading in comparison with commercial HISPEC-

4000 Pt/C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.16 Pt/HGS surface morphology changes during cycling. Reprinted from [257] . . . . . . . . . 69

4.17 Polarization curve of Pt/HGS with high loading showing the performance enhancement by

potential cycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.18 Tafel plot of high loading Pt/HGS with comparable stability to Pt/C . . . . . . . . . . . 71

4.19 Voltage fluctuation with respect to time during SGEIS current range steps . . . . . . . . . 72

4.20 Disturbance in Nyquist plot with no observable semi-circle in high frequency region . . . . 72

4.21 Cyclic voltammogram of Pt/HGS with high and loading GDL . . . . . . . . . . . . . . . . 73

4.22 Baseline correction problem during integration and high peak current in hydrogen adsorp-

tion potential region leading to overestimation of ECSA . . . . . . . . . . . . . . . . . . . 74

4.23 ECSA after several steps of stress cycling by integrating the HUPD area for Pt/HGS . . . 75

4.24 Polarization curve of Fe-N-C with average loading 1.5 mgFe−N−C/cm2 facing degradation

during ORR in O2and Ar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.25 Tafel plot showing that severe degradation in high current density for ORR AST in O2 . . 78

4.26 CVs of Fe-N-C before and after AST in Ar with no significant difference in capacitance . 79

4.27 Fe-N-C AST for 5000 cycles in O2 (left) and Ar (right) in the potential limit of 0.6-1.0 VRHE 80

4.28 Polarization curve showing the performance difference for high and low anion exchange

capacity ionomer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.29 Tafel plot showing the difference of activity in low current density region for nearly similar

catalyst loading with different exchange capacity . . . . . . . . . . . . . . . . . . . . . . . 82

4.30 Fe-N-C LIEC ORR performance enhancement by immersion time-based activation procedure 84

4.31 Tafel plot of Fe-N-C with LIEC optimization . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.32 Fe-N-C LIEC CVs demonstrate the different capacitance during different activation time . 86

4.33 Fe-N-C HIEC Polarization curve showing the reproducibility of results . . . . . . . . . . . 86

4.34 Tafel Plot of Fe-N-C LIEC in comparison with state-of-the-art Pt/C catalyst . . . . . . . 87

4.35 The stability of optimized Fe-N-C (1.18 mg/cm2 with HIEC before and after ORR in

Polarization curve (top) and Tafel curve(bottom) . . . . . . . . . . . . . . . . . . . . . . . 88

4.36 Severe degradation of Fe-N-C with proton conducting ionomer in acid electrolyte . . . . . 89

6.1 The Impact of data correction and the effect of iR leading to high difference in ORR activity129

6.2 The errors during activation procedure of Pt/HGS after 1000 degradation cycles . . . . . 129

6.3 Reproducible results of several samples in GDE half cell for Fe-N-C in 1.0M KOH . . . . 130

xi



6.4 Comparison of modified samples Fe-N-C with LIEC activation in GDE half cell to previous

research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.5 Reproducible results of ORR activity in numerous SGIES steps in GDE half cell for Fe-N-C

in 1.0M KOH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.6 The ORR activity effect of non activated Fe-N-C LIEC with degradation cycles in Ar-

Multiple test of ORR in O2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.7 The ORR activity effect of highly activated (48Hrs) Fe-N-C LIEC with degradation cycles

in Ar-Multiple test of ORR in O2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.8 Comparison of activity degradation of Pt/HGS in synthetic air with commercial Pt/C

catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.9 Commercial Pt/C HISPEC 4000 recorded voltammogram at 50, 100 and 200 mV/sec with

ECSA before and after stress test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

xii



List of Tables

1.1 DOE targets for electrocatalyst from 2015-2020 for transportation application [17] . . . . 6

2.1 Fuel cell types characteristics based on their design and working principles . . . . . . . . . 10

2.2 US FCTT AST protocol for PEMFC fuel cell electrocatalyst. Adopted from [177] . . . . 35

xiii



xiv



Acronyms

AFC Alkaline Fuel Cell

AEM Anion Exchange Membrane/Alkaline Exchange Membrane

AEMFC Anion Exchange Membrane Fuel Cell/Alkaline Exchange Membrane Fuel Cell

AST Accelerated Stress Test

CCM Catalyst Coated Membrane

CV Cyclic Voltammetry

ECSA Electrochemical Surface Area

EIS Electrochemical Impedance Spectroscopy

FET Floating Electrode

FCV Fuel Cell Vehicle

GDE Gas Diffusion Electrode

GDL Gas Diffusion Layer

HIEC High Ion Exchange Capacity

HGS Hollow Graphite Spheres

HOR Hydrongen Oxidation Reaction

LIEC Low Ion Exchange Capacity

MEA Membrane Electrode Assembly

MCFC Molten Carbonate Fuel Cell

OER Oxygen Evolution Reaction

ORR Oxygen Reduction reaction

OCV Open Circuit Voltage

PAFC Phosphoric Acid Fuel Cell

xv



PEM Proton Exchange Membrane/Polymer Electrolyte Membrane

PEMFC Proton-Exchange Membrane Fuel Cells/Polymer Electrolyte Fuel Cell

PGM Precious Group Metals

RDE Rotating Disk Electrode

RHE Reversible Hydrogen Electrode

SGEIS Staircase Galvanic Impedance Spectroscopy

SOFC Solid Oxide Fuel Cell

SA Synthetic Air

xvi



1
Introduction

Contents

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1



1.1 Motivation

In the era of Global warming, the mainstream concern for all countries is to stabilize greenhouse gases

concentration caused by anthropogenic activities imposing drastic changes in eco and biosphere. The CO2

emissions surged up to 1.7% of total emissions (33.1 Gt CO2) in 2018 caused by high energy demand

as energy production industries contributes to 30% of CO2 emissions [1]. The focus of big economies is

diverting towards sustainable environment under the framework of the Kyoto Protocol and Paris agree-

ment [1]. According to Environmental Indicator Report for European Economic Area published in 2018,

the objectives of green and low carbon economy constrained by greenhouse gases from transportation

sector is unlikely to be achieved by 7th Environmental Action Plan implementation (2014-2020). The

transportation industry and businesses have a significant contribution in greenhouse gases emission as in

2017, nearly 27% of total EU emissions came from mobile vehicles, making it the second biggest pollu-

tant emitter after energy production sector [2]. Fuel cell technology emerged as a significant technology

to reduce the petroleum needs for transportation, stationary and cross-cutting applications with rapid

progression.

From several decades, the research and development has been carried out to combat the challenges of

fuel cell commercialization. The versatility of fuel cell broadens its scope to transportation and power

generation sector from fuel cell electric vehicles to integrated combined heating and power systems and

reformer systems [3]. The infrastructure for fuel cell vehicles (FCV) is growing to further advancement

as more H2 powered vehicles are being produced primarily in Germany, Japan and the USA. Japan has

surpassed every other country with a massive infrastructure of 92 hydrogen refuelling stations. The au-

tomobile industry also stepped with a sustainable business model to produce fuel cell vehicles such as

Toyota planned to produce 30,000 vehicles per year in 2020, Hyundai is targeting for 40,000 units per

year production facility with 6.2 Billion US dollars investment [4]. In 2019, it was forecasted that the fuel

cells shipped for transport purposes would reach a capacity of almost 907.8 megawatts. The most deliv-

ered fuel cells to customers belong to the transportation sector, and thus the supply has been increasing

exponentially (see Figure 1.1). This trend shows the potential of zero-emission- fuel cell applications in

the transportation sector and interest of the business community, but certain factors act a barrier for

widely possible commercialization.

Fuel cell relies heavily on catalyst mainly platinum, which acts as a significant barrier to overcome the

cost-related issues in a fuel cell and the potential depletion of platinum reserves worldwide. As per the

breakdown analysis of fuell cell systems, the fuel cell catalyst costs around 41% of the total stack ac-

counts for 500,000 units per year projected in 2017 [3]. The projected cost for the fuel cell system is

nearly around 45 USD/kW with a target of 30 USD/kW by the US Department of Energy. From the

past decade, the commercial (FCV) sector focused on the reduction of platinum loading, which eventu-

ally reduces the total cost of the system. The platinum consumption in the commercial sector is widely

2



varied for different numbers of applications. Auto-catalyst industries are major sectors in the market of

platinum consumption to 34.33% of total available platinum in the market shown in Figure 1.1 as most of

which is utilized in the fuel cell. Most of the platinum metal reserves available worldwide are present in

South Africa nearly 63,000 metric ton which is 95% of total reserves available today in Earth crust (see

Figure 1.1C). Increasing demand and depleting reserves of precious metal catalysts are one of the major

concerns for fuel cell industrial applications. In 2017, the platinum loading targets had been reduced to

0.125 mg/cm2 (around 10 g/vehicle) as compared to 1.0 mg/cm2 (80 g/vehicle) in 2002 and even the 10

g of platinum will add the cost of 300 USD per vehicle. Over time, there is a parallel relation in fuel cell

system cost and catalyst loading, which results in the reduction of 84% system cost and 88% platinum

loading [4].

In the past years, extensive research has been carried out for electrocatalyst of fuel cell, especially in

PEMFC. The commercialization of PEMFC is constrained by limited power density and stability [5],

mostly a trade-off between efficiency and durability. The catalyst must be able to bear extensive poten-

tial cycling and shutdown events for over 5000 hours lifetime and produce at least 1-1.5 A/cm2 at 0.6

VRHE [6]. The high current density is limited by the sluggish kinetic reaction of ORR at the cathode

for which high over-potentials are required to reach nearly to a theoretical value of open-circuit voltage

OCV to 1.23 VRHE [7]. Catalyst deactivation limits the efficiency of the fuel cell, and if performance

loss exceeds to >10%, it would be a great challenge to meet the requirement of 8000 hours which is

equivalent to 150,000-mile coverage in cars [5]. Due to the high price and scarcity of platinum metal,

the better performance with engineered ultra-low loading catalysts (0.1 mg/cm2) or other alternative is

desirable. Advanced catalyst synthesis methods can overcome the cost-performance gap, such as mod-

ifying and controlling the composition and surface of platinum nanoparticles at the microscopic level

or investigating the substitutes of Platinum metal groups PGM with similar performance and stability.

The structural modification (nanowires and thin films) of pure platinum leads to higher stability while

the different catalytic configuration (bimetallic or trimetallic) of platinum leads to higher activity. Two

primary factors can classify the activity of the catalyst, i.e. specific activity and mass activity. The

specific activity provides information to estimate the parameters (turn over frequency) for tuning the

surface and electronic structure of catalyst [8].

To meet the technical targets, the research on ultra-low loading and non-Precious Group Metals (PGM)

catalysts has increased, and several methods are used to investigate the electrocatalyst for fuel cell in

laboratory [9]. The main approach is to use the minimum amount of catalyst in rapid screening with

validated results. The benchmarking of electrocatalyst for the fuel cell is mainly done in Membrane Elec-

trode Assembly MEA to estimate the actual realistic performance. The experiment is time-consuming

and requires many parameters controlling procedures and electrode preparation for testing. Other meth-

ods like half-cell catalyst benchmarking tests provide electrocatalysis performance in less time with good
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hydrodynamics for low loading catalysts [10]. The preferred half cell method to investigate fundamental

catalytical performance is the rotating disk electrode RDE method, which eliminates the requirement

of membrane assembly preparation complex procedures. Various groups determine the ORR and ECSA

estimation with good reproducibility in thin-film RDE which leads to the adaptability of this technique

for Pt on Carbon and Non-Carbon support catalyst, Pt/HGS, Nanoparticles, Pt alloys, Thins film, Non-

PGM catalysts [11–14]. PEMFC faces several challenges with platinum as a catalyst due to corrosive

conditions in the cell with very high overpotentials. An alternative fuel cell that works on less corrosive

environments with effective performance is AEMFC which can help to investigate further development

of non-PGM electrocatalysts. It will require an extensive amount of research to be done with numerous

testing to benchmark new catalyst. Several methods are employed to benchmark electrocatalyst such

as RDE, MEA, half cell GDE and floating electrode. The bottleneck for RDE technique is an unap-

proachable current density to real fuel cell conditions as the limiting current draws near to 6 mA/cm2

at 1600 rpm. RDE measurements are usually performed at ambient temperature and 1 bar oxygen par-

tial pressure that limits the oxygen solubility in electrolyte hence resulting in low current densities due

to low concentration and diffusion coefficients of dissolved gases. Catalyst performance can differ to a

broad range from 0.6-0.9 VRHE due to mass transport phenomena inside the catalyst layer. It could

lead to the misinterpretation of RDE results in which catalyst perform better at 0.9 VRHE because the

catalyst assembly is immersed in an electrolyte (oxygen saturated) providing superior access to electrons

and protons while poor results for higher current densities in MEA. To overcome the gap and to take

advantage of a fast and simplified method of RDE and high current densities of MEA, another method

has been developed to benchmark catalyst in half cell gas diffusion electrode GDE setup for investigating

the kinetics of electrocatalyst for ORR [15]. In this work, the standard and advanced PGM and non PGM

electrocatalyst will be benchmarked for ORR in novel GDE half-cell to determine parameters affecting

the performance of fuel cell in real-time.

1.2 Objectives

The objectives of this thesis are to investigate the catalytic activity for oxygen reduction reaction and to

benchmarking the state of the art commercial, advanced, and non-platinum catalyst. Furthermore, the

stability of electrocatalyst in oxygen and argon and synthetic air will also be investigated along with the

degradation of the advanced platinum catalyst.

• Electrocatalyst benchmarking for ORR in GDE half cell which is used to bridge the gap between

RDE and MEA method

• Investigation of the different electrolytes in PEMFC conditions for the commercial platinum catalyst

in GDE half cell
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• Investigation of the advanced platinum electrocatalyst Pt/HGS with activation and break-in pro-

cedures to analyze the most active state of electrocatalyst

• Testing of non-PGM electrocatalyst with different specialized ionomer for alkaline fuel cell along

with an investigation of catalyst and ionomer activation time concerning stability in alkaline elec-

trolyte

• Stability and reproducibility for Fe-N-C for AEMFC conditions in GDE Half cell

• Addressing the problems and errors for ORR performance in GDE half cell investigation

Figure 1.1: Statics of Platinum applications, demand, extraction, and reserves availability worldwide. A: Global
platinum demand breakdown by the area of application in 2019. B: Global Capacity of fuel cell
shipment from 2011-2019 worldwide for transportation section C: Estimated platinum metal reserves
available globally. D: Global extraction of platinum from mines from 2015-2019 worldwide [16]

0Data is extracted from individual reports from different organizations and compiled together. Source:http://www.
example.com/the
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Table 1.1: DOE targets for electrocatalyst from 2015-2020 for transportation application [17]

Characteristics Unit 2015 Target 2020 Target

PGM Content g/kW 0.16 0.236
PGM loading mgPGM/cm2 0.13 0.125
Mass Activity A/mgPGM at 900mV IR-Free 0.5 0.44

PGM free catalyst activity A/cm2 at 900mV IR-Free 0.016 >0.044
Performance Loss at 1.5A/cm2 mV 65 >30

Initial activity loss %mass activity loss 66 <40
Support Stability %mass activity loss 41 <40
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The fuel cell is an electrochemical device that converts chemical energy into electrical energy with

unique features of the one-step process as compared to multi-step combustion-based systems (chemical-

thermal-mechanical-electrical) [18]. Due to the high energy conversion efficiency around 40% as compared

to conventional power generation systems (photovoltaics, wind turbines and generators, reciprocating

engine range from 6-40%), it is considered to be an up-and-coming solution with significant research

in past decade [19]. The concept of fuel cell dated back to early 18th century by the British chemist

Humphry Davy who worked on the discovery of new metals by splitting common compounds with the

help of voltaic pile. Taking the same concept of electrolysis, in 1839 the welsh chemist William Robert

Groove also known as the father of fuel cell introduced a “gas battery” (known as a fuel cell) and

demonstrated that the current could be generated by the reaction of hydrogen and oxygen through a

reverse process. He defined his experiment by an expression “I cannot but regard the experiment as

an important one...”. Later in 1889, the British chemists Charles Langer and Ludwig Mond advanced

the Grooves invention “gas battery” by introducing the three-dimensional porous electrodes with coal as

fuel contrary to grooves argument that only pure hydrogen can be used as fuel in cell and began a new

approach for electrochemical fuel systems [20]. In 1958, a British engineer Francis Thomas Bacon worked

on the Langer and Mond cell and developed a fully operational fuel cell (Alkaline fuel cell AFC) which

was later used by Apollo space mission and Harry Karl Ihrig farm field tractor. Since the development of

new material Teflon in 1950, the material was then used for acid electrolyte and hence, at the end of 1950,

two chemists from General Electric (GE), Willard Thomas Grubb and Leonard Niedrach designed the

fuel cell (Polymer electrolyte membrane fuel cell PEMFC) which was then used by NASA and McDonnell

Aircraft in the interim of Gemini space program [21–23]. Since the 19th century until now, the fuel cell

technology is emerging with better designs and efficiency for a broad range of commercial applications.

2.1 Fuel Cell Fundamentals

A fuel cell comprises of two electrodes anode (negative electrode) and the cathode (positive electrode)

which are spatially separated by an electrolyte. In principle, two half electrochemical reactions are carried

out in fuel cell, the fuel (hydrogen gas) is oxidized at anode resulting in the production of electrons and

protons. The electrons flow through an electric circuit producing the current before making it to the

cathode while the protons penetrating the membrane recombine with electrons and produce H2O.

H2 
 2H+ + 2e− (2.1)

1

2
O2 + 2H+ + 2e− 
 H2O (2.2)

H2 +
1

2
O2 = H2O (2.3)
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The critical component of the fuel cell is a unit cell, and different types of the fuel cell may vary in design,

but they follow a similar working principle, as mentioned in Figure 2.1.

Figure 2.1: Illustration of single simple fuel cell. Reproduced with the permission from Royal Society of Chem-
istry [23]

Typical components of the fuel cell are bipolar plates, gas diffusion layer, catalyst layer and membrane.

The bipolar plates which serve as flow channel/distributor made from metal or carbon composite. Their

main functions are to act as a current collector from the circuit, distribution of oxidants across electrode

and removal of the product(water) [24]. The micro-porous gas diffusion layers are an essential part of

fuel cell assembly, usually made from carbon-based materials with high conductivity. GDL facilitates the

diffusion of gases across catalyst layers and help to reduce the flooding due to hydrophobic properties [25].

The Oxygen reduction reaction (ORR) and Hydrogen oxidation reaction (HOR) occurs at the catalyst

layer. The role of the catalyst is to catalyse the oxidation and reduction reaction. Usually, the catalysts

(in nanoparticle forms of metal) are supported on a carbon base with high surface area to mass ratio,

which increases the catalyst utilisation. The catalyst is combined with ionomer such as Nafion™which

acts as a binder and helping protons to reach triple-phase boundary [26]. The membrane in fuel cell acts

as a barrier to avoid intermixing of both gases (H2 and O2), allowing only protons to flow, the membrane

is hydrophilic, absorbing the water [27] and hence increasing the conductivity forming protons conducting

channels. All the elements of the fuel cell are pressed together, forming a single cell Membrane electrode

assembly MEA, which are combined in the stack for practical applications [28–30]. Different fuel cell

are available in the market which are categorized based on electrolytes but differ in the performance,

efficiency, temperature range and applications. The classification of fuel cell is enlisted as below and the

characteristics of these fuel cells are mentioned in section 2.8

• Alkaline fuel cell AFC

9



• Proton exchange membrane fuel cell PEMFC

• Phosphoric acid fuel cell PAFC

• Molten carbonate fuel cell MCFC

• Solid oxide fuel cell SOFC

Table 2.1: Fuel cell types characteristics based on their design and working principles

Type Operating Temperature°C Power kW Efficiency Capital Cost (USD/kW) Lifetime [31]

AFC 100 1 - 100 kW 60% 200 10, 000
PEMFC <120 1 - 100 kW 60% 200 40, 000
PAFC 150-200 5 - 400 kW 40% 3000 40, 000
MCFC 600-700 300 kW - 3 MW 50% 1000 40, 000
SOFC 500-1000 1 kW - 2 MW 60% 1500 40, 000

This work is focused on fundamentals of PEMFC and AEMFC.

2.2 Fuel cell Kinetics and Thermodynamics

Since the fuel cell utilizes hydrogen as fuel, oxygen as an oxidizer with water as a product, the enthalpy

of reaction in the fuel cell is estimated by the difference of heat of formation (Hf) and reaction in the cell

by considering the reaction in Equation 2.4 and it can be calculated as follows.

∆Hcell = HfH2O −HfH2 −
1

2
HfO2 (2.4)

The portion of enthalpy of reaction can be converted into fuel cell electricity as some entropy is produced

by the reaction that cannot be converted into electricity which is correlated with Gibbs free energy.

∆G = ∆H − T∆S (2.5)

For Hydrogen/Oxygen fuel cell, the change in gibbs free energy is represented as

∆Gfcell = GfH2O −GfH2
− 1

2
GfO2

(2.6)

The change in Gibbs free energy varies with both temperature and pressure

∆Gfcell = ∆G◦
fcell −RTln

pH2 ∗ pO
1
2
2

pH2O
(2.7)

where ∆G◦
fcell is the change in Gibbs free energy at standard pressure, which varies with the temperature

T of the fuel cell in Kelvin, pH2, pO2 and pH2O are the partial pressure of the hydrogen, oxygen, and
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vapor, respectively. R is the universal gas constant (8.314 J/Kg K ). When all the gibbs free energy

converted into electrical energy, the fuel cell considered to be reversible and the voltage of fuel cell is

related to the change in gibbs energy.

∆Gf = −nFErev (2.8)

where F is Faraday constant (96485 coulombs) and E is the voltage of the fuel cell. The number n in the

equation is the number of electrons. Erev is called the reversible fuel cell potential, also known as the

thermodynamic potential. Several operating conditions can effect the reversible fuel cell potential, for

instance, the temperature dependence on the reversible voltage of fuel cell also known as Nernst voltage

and it can be represented by the Nernst equation [32]. In the case of a hydrogen fuel cell, for each mole

of hydrogen two moles of electrons pass around the external circuit ( n =2 ). So the physical meaning of

2FE is the electrical work (charge *voltage).

E = −∆Gf

2F
(2.9)

E = −
∆G◦

fcell

2F
+
RT

2F
ln
pH2 ∗ pO

1
2
2

pH2O
(2.10)

At standard state (25 °C and 1 atm), the value of the term −∆G◦fcell
2F is given by

E =
237.340 ∗ J/mol

2 ∗ 96485 ∗A.s/mol
(2.11)

E = 1.23V (2.12)

The reversible fuel cell potential changes with different temperatures and standard pressures. The relation

of change in Gibbs free energy, reversible cell voltage, and efficiency limit (high heating value HHV basis)

of hydrogen fuel cell reaction at different temperatures can be observed from the literature [32]. The

reversible or Nernst voltage of fuel cell is also known as theoretical open circuit voltage (OCV) which is

effected by both temperature and pressure and it is represented by the difference of cathode and anode

Nernst potential Er
candE

r
a respectively.

Etheo
OCV = Er

c − Er
a (2.13)

In PEMFC, for cathode reaction O2 + 4H+ + 4e− = H2O

Er
c = E◦

c +
RT

4F
ln(pO2[H+]4) (2.14)
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For anode reaction H2 = 2H+ + 2e−

Er
a = E◦

a +
RT

2F
ln

[H+]2

pH2
(2.15)

Where E◦
c and E◦

a are the standard cathode and anode potentials, respectively.

The theoretical OCV has the same value as the reversible cell potential. However, even when no

current is drawn from a fuel cell, there is irreversible voltage loss, which means that the actual values of

the OCV are always lower than the theoretically expected values. To date, a quantitative explanation for

such OCV behavior has not been clear in the literature. The lower values of OCV is always interpreted

by the mix potential which is the combined effect of several losses such as fuel cross over, internal shorts

and parasitic oxidation reaction that occurs at cathode. These losses makes a difference between the

measured OCV and the theoretical cell potential. So the actual OCV is represented as

EOCV = Etheo
OCV − Ecross − Emix (2.16)

Where Ecross is loss of OCV by the crossover of the fuel through the electrolyte. The electrolyte transfer

ions but in reality, some fuel also permeates to the membrane from anode to cathode. This fuel loss leads

to the current loss and it can react with the oxidant resulting in a depression at cathode potential. It

is believed that the H2 that has crossed over can form a local half-cell electrochemical reaction on the

cathode.

In fuel cell, when all gibbs free energy is converted into electrical energy then the maximum theoretical

efficiency of at at 25 °C is given by

η =
∆G◦

fcell

∆H◦ (2.17)

η =
237.1Kj/mol

286Kj/mol
= 83% (2.18)

The theoretical efficiency is sometimes also known as the thermodynamic efficiency or the maximum

efficiency limit The maximum efficiency of H2/O2 fuel cell is ≈ 83% (theoretical) [33]. At the standard

condition, the system reaches to the open circuit potential (theoretical) which is 1.23V [34]..

Kinetics of electrochemical reaction is different from the chemical reactions as it involves the transfer

of electrons between an electrode and chemical spices while in chemical reactions , the reaction occurs

without the liberation of electrons between two chemical species [32]. The electrochemical reactions are

necessarily heterogeneous because it takes place at electrode electrolyte interface. Since the electrons

are either consumed or generated during electrochemical reactions, the current i generated during the

electrochemical reaction is the measure of rate of reactions. From the Faraday Law

i =
dQ

dt
(2.19)
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where Q is the charge (C) and t is time. Since the current is the rate of charge transfer and if the reaction

results in transfer of n electrons then

i = nF
dN

dt
= nFv (2.20)

where (dN/dt = v is the rate of the electrochemical reaction (mol/s) and F is Faraday’s constant. As

the electrochemical reactions are heterogeneous i.e. reaction occurs at electrode electrolyte interface, the

current produced is related to the active area (A) of interface between electrode and electrolyte. This

proportionality makes current density j more fundamental than current and expressed in amperes/square

centimetre.

j =
i

A
(2.21)

The electron energy is controlled by potential which is a measure of electron energy and can be determined

by Fermi level. The direction of reaction is influenced by the control of electrode potential. Electrode

potential can be manipulated to trigger reduction or oxidation. The thermodynamic equilibrium electrode

potential (middle) corresponds to the situation where the oxidation and reduction processes are balanced.

Figure 2.2: Influence on Fermi level by applied positive and negative potential for redox reaction . Reprinted
from [35]

In general redox reactions, if the electrode potential is made to the negative than equilibrium, the reaction

will leads to reduced forms of chemical specie, as negative electrode forces the electrons out of the electrode

onto the electroactive species. By applying the positive potential than equilibrium potential, the reaction

will lead to formation of oxidized species by attracting the electrons to electrode and pulling them out

from electroactive species [35]. The current produced during an electrochemical reaction is limited as
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the rate of any reaction is finite. In order to initiate the reaction, an activation barrier impedes the

conversion of reactants to products. Only the species in the activated state can achieve the transition

state to the products. For overall reaction, the net rate is the different of forward and reverse reactions

and is defines as J = J1-J2, where J is the net reaction rate while J1 and J2 corresponds to the forward

and reverse reactions rates. In general both reaction rates are not equal and the activation barrier for the

forward reaction is much smaller than the activation barrier for the reverse reaction (G‡1 < G‡2 ). In

this situation, it stands to reason that the forward reaction rate should be much greater than the reverse

reaction rate. The net reaction rate can be written as

J = c(R)f(1) ∗ e
G‡1
RT − c(P )f(2) ∗ e

G‡2
RT (2.22)

where c(R) is the reactant surface concentration, c(P ) is the product surface concentration, G‡1 is the

activation barrier for the forward reaction, and G‡2 is the activation barrier for the reverse reaction,f(1)

is the decay rate of products and f(2) is the decay rate of reactants.

The reaction rates can be recasted to the current densities. At thermodynamic equilibrium, the

forward and reverse current densities must balance so that there is no net current density (j = 0). In other

words j1=j−2=j◦, j◦ is the exchange current density for the reaction. At equilibrium the net reaction

rate is zero, both forward and reverse reactions are taking place at a rate which is characterized by j◦; this

is called dynamic equilibrium. As moving away from the equilibrium, the new current densities (forward

and backward) can be rewrite by taking consideration of starting from j◦ to the change in direction of

activation barrier.

j1 = j◦e
αnFη
RT (2.23)

j2 = j◦e−
(1−α)nFη

RT (2.24)

The net current density will be

j = j◦(e
αnFη
RT − e−

(1−α)nFη
RT ) (2.25)

α is known as transfer coefficient and its value depends on the symmetry of activation barrier, its value

typically lies between 0 and 1. The Equation 2.25 is known as Butler-Volmer Equation and it is con-

sidered as the main equation for electrochemical kinetics [35]. The Butler–Volmer equation tells that

the current produced during reaction increase exponentially with the activation over voltage which is the

voltage loss to overcome the activation barrier. This represents that in practical application that to get

more current from fuel cell, we have to bear more burden of voltage of loss. The activation polarization is

split into two categories, one for the anode and other for the cathode. The anodic activation polarization

is associated with HOR while the cathodic activation polarization is related to ORR. To achieve the

maximum efficiency and performance, the polarization losses must be limited to much lower as possible.
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One approach is to reduce the losses within the cell by selecting appropriate materials with higher conduc-

tivity. For example, the ohmic drop can be decreased by an ultra-thin membrane with 10 µm thickness,

as investigated in Toyota Mirai by researchers [36]. One approach is to minimize the cell resistance in

between by reducing the contact resistant or by improving the electrical conductivity of stack through

appropriate material selection. Another approach is the proper designing of the gas distribution system

and high conductive GDL and catalyst layers. In the fuel cell, the facile nature of redox can be overcome

easily by appropriate electrocatalyst catalyst [37]. However, due to the higher-order and complexity of

ORR, it is very challenging to overcome losses by activation polarization which can be dealt with by

designing novel catalysts.

The Butler Volmer equation applies to all reactions in a fuel cell as different reactions produce different

products. The kinetic parameters with low values impose sluggish kinetics which affects the perfor-

mance. In the fuel cell, the HOR reaction is fast enough as compared to ORR, which occurs at the

cathode. Therefore, the significant activation loss occurs at the cathode. ORR reactions are complicated

because sluggish requires more steps and molecular re-organization [38].

Figure 2.3: Tafel plot example with cathodic and anodic slopes. Reprinted from [39]

To achieve high current density, the fuel cell must be designed to operate with high efficiency possible.

Normally, the commercial fuel cells operate at 0.65-1.0 VRHE within the efficiencies of 40-60% by providing

enough power for respective applications [41]. The higher efficiency is restricted by losses in polarization

and can be seen in Figure 2.5 in polarization curve for PEMFC with activation, ohmic and concentration

polarization regions [40].

In respect to the fuel cell kinetics, the Butler-Volmer equation can be simplified into two different ap-

proximation and only applicable if the activation overpotential is either very large or very small. When

activation overvoltage is too small (less than about 15 mV at room temperature or, more fundamentally,

when j << j0),

j = j◦
nFη(act)

RT
(2.26)
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Figure 2.4: Polarization curve for PEMFC with activation, ohmic and concentration polarization regions .
Reprinted from [40]

When activation potentials are higher in range of 50-100 mV, the second part of Butler-Volmar equation

will be negligible and forward reaction dominates leading to irreversible reaction. The equation will be

represented as

j = j◦(e
αnFη(act)

RT ) (2.27)

Solving this equation for η(act) results in

η(act) =
−RT
αnF

lnj◦ +
RT

αnF
lnj (2.28)

The slope η(act) and lnj is straight line. If this equation is generalized in the form given as

η(act) = a+ blogj (2.29)

This equation is known as the Tafel equation, and b is called the Tafel slope. This equation is important

to electrochemical kinetics and predates the Butler–Volmer equation.

Figure 2.5: j−η representation of a hypothetical electrochemical reaction where at high overvoltages, a linear
fit of the kinetics to the Tafel approximation allows determination of j◦ and α. Reprinted from [35]
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2.3 Proton Exchange Membrane Fuel Cell(PEMFC)

The polymer electrolyte membrane fuel cell also known as Proton exchange membrane fuel cell is a H2/air

fed fuel cell that generates electricity through oxidation of hydrogen at the anode during the reduction

of oxygen at the cathode. The first PEMFC (1 kW) was employed by NASA for space shuttles in the

1960s for the propose of drinking water system [42]. Due to high cost and poor stability, the PEMFC

technology was out of the commercial scope during the 1970s. With the development of materials and

catalyst, it comes back to commercial applications in 1980s [43]. The PEMFC utilizes the proton ex-

change membrane as the electrolyte. The reactions in PEMFC are kinetically promoted with the help of

catalysts when the chemical energy of the fuel is converted into electrical energy at electrode-electrolyte

interface [44]. The PEMFC stack is a unit of repetitive cells arranges parallel. Every single cell consists

of two electrodes (cathode and anode) and capable of generating 0.6-0.7 V per cell.

Each cell is connected to other cells with the help of bipolar plates which functions as current collec-

tors [45], the plates are also responsible for delivering reactant gases and removing exhaust gases and

byproduct, i.e. water but at the same time availability of water in PEMFC can cause performance de-

terioration if the adequate water content is not available in the membrane. Due to the excess weight of

bipolar plates (accounts for 80% of the total weight of single cell [46]), research has been carried out for

an alternative lightweight, highly conductive and stable materials such as graphite, carbon-polymer com-

posites and metallic materials such as titanium [47,48]. The carbon-based GDL with 100-200 micrometre

thickness [49] helps to provide the uniform distribution of gases and also a decisive factor for water man-

agement [50]. The GDL has essential features which are porosity and permeability that can be optimized

to enhance the performance [51]. The GDL is usually made of carbon with excellent strength, better

electrical conductivity and corrosion-resistant. To prevent the flooding, a hydrophobic agent (ionomer)

is added to a layer which also reduces the gas flow. In order to prevent the permeation of reactant gases,

proton exchange membrane in PEMFC plays a vital role which is mostly based on perfluorosulfonic acid

ionomer or Nafion™ [52]. It offers excellent stability and proton conductivity, but they are susceptible

to degradation by water content and temperature changes. In PEMFC, the oxygen reduction reaction

is six order slower than hydrogen oxidation reaction, therefore, less amount of catalyst needed at the

anode in PEMFC as it has been stated that the platinum loading at anode could be reduced to 0.003

mgPt/cm
2 without affecting any performance of fuel cell. The most important part of the fuel cell is the

cathode catalyst layer which is a complex structure of several materials such as carbon, ionomer, catalyst

nanoparticles, catalyst support and water. The catalyst layer is the point of the triple-phase boundary

where the oxygen, protons and electrons interface in the presence of a catalyst which eventually con-

tributes to the stability, utilization and performance of fuel cell. The mass scale application of PEMFC

is still limited due to several challenges such as high cost due to the platinum catalyst, bipolar plates,

and membrane. Yet, the recent research and reviews showed that alternative materials have potential to
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reduce the cost of the PEMFC to DOE target($30/kW with 8000 hours operation) and therefore, makes

it applicable to commercialization [53–56].

Figure 2.6: PEMFC Membrane electrode assembly structure with Gas diffusion layer and membranes. Reprinted
from [57]

2.4 Alkaline Exchange Membrane Fuel Cell(AEMFC)

The alkaline fuel cell is one of the oldest low temperature (60-80°C) fuel cell that generates electricity

through a redox reaction. The OH− ions generated at cathode reacts with hydrogen at the anode side.

The formation of hydroxyl ions is continuous as the water produced diffuses to the cathode and reacting

with oxygen [58]. The transfer of water is carried out from cathode to anode employing electro-osmotic

drag, due to complex dynamics, the AFC faces more challenges during fuel cell operations as compared

to PEMFC and yet imposing a significant barrier for commercialization. Alkaline fuel cell AFC was first

adopted for practical application as a power source for tractors by Allis Chalmers-US manufacturer in

1950s. Later in the 1970s, the first AFC stack was developed for personal transportation (car) by Karl

Kordech based on the current systems designed by Union Carbide Corp. (UCC) for General Motors.

Generally, the electrolyte used in AFC is KOH at 70°C started with the power range of 1-10 kW in the

1950s for NASA space program “Apollo” with a performance of 470 mA/cm−2 at 0.88 V [59, 60]. Due

to the functionality of AFC at high pH, the conditions in the cell enables the application of non PGM

catalyst. The modified form of AFC is AEMFC in which liquid electrolyte is replaced to reduce ohmic

losses by the introduction of anion exchange membrane in basic form AEM, which can affect the cost and

performance of the cell. The AEM provides permeation of hydroxyl and bicarbonate anions (OH, HCO3

and CO−2
3 ) while preventing the excess protons from flowing. The electro-kinetics of the catalyst mainly

non PGM is much better in alkaline rather than acid which faces stability issues, but the primary concern

of AEMFC is the carbonate formation by atmospheric CO2 which can block the pores of electrodes but
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also precipitates in the cell causing mechanical degradation [61].

Figure 2.7: Alkaline exchange membrane fuel cell with a systematic flow diagram of reactions on cathode and
anode. Reprinted from [62]

Several approaches have been carried out in the past to improve the efficiency and stability of fuel cell

such as AEMFC is preferred to AFC due to restricted electrolyte selection and controlling parameters

and exploring new ionomers and membranes. The KOH is more suitable electrolyte as compared to

NaOH because of higher conductivity and less solubility products [63]. In advanced systems, the KOH

is circulated continuously to avoid impurities, less exposure to CO2 which can poison the electrolyte

and ease in thermal and water management, less gradient of OH ions concentration and gas bubbles in

between electrodes [59]. These issues are not available for AEMFC as ionomer and membrane develop-

ment for the alkaline solution in OH− form is one of the strategies that can maximize the ionic contact

to catalyst sites so that mobility of hydroxide ion will be faster. In previous years, various AEM and

ionomer materials with polymers of arylene piperidinium, styrene, propylene, ether have been synthesized

with different cationic groups such as benzimidazolium, quaternary ammonium and pyridinium for high

conductivity [64]. One of the main problems in AEMFC is the risk of carbonation of AEM and ionomers,

which reduces the conductivity. Notably, at ambient conditions, the quaternary ammonium group are

unstable due to their affinity to CO2, which is convertible to carbonates and bicarbonate and the large

radius of anions will restrict their mobility.

The conductivity is drastically decreased from fully OH- form to fully carbonated from 100 to 70%; there-

fore, it is desirable to operate AEMFC in a CO2 free environment [65, 66]. Following Figure 2.7 depicts

the systematic view of AFC fed with H2/Air and KOH as an electrolyte, the products are electricity,

water and heat, the water is then utilized at the cathode in a stoichiometric ratio which could avo-aid

the possibility of flooding at the cathode side. Anion exchange membranes are an important part of

AFC, which typically consists of polymer with fixed ionic sites. The mobility of hydroxide ions through
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the membrane from cathode to anode is possible only due to these ionic groups. These polymers include

Polyvinyl chloride (high tensile strength, ionic conductivity, cheap) [67,68], Poly-arylene-ether(high con-

ductivity and stability) [69], Poly-tetra-fluoroethylene-PTFE (high chemical and thermal stability, less

water absorption and non-toxic) [70–72]. Functional groups are also used in AEM such as quaternary

ammonium (less mechanical degradation, high ionic conductivity and low overpotential) [73, 74], imida-

zolium (efficient OH− transport and ion exchange capacity) [75, 76]. AEM have a well-defined structure

with two phases. One can uptake water and OH− ions in the hydrophilic phase of the membrane while

other hydrophobic regions maintain stability by weakening nucleophilic attack [64]. However, the AEM

is prone to degradation by the effect of carbonation and irradiation. Flooding in the fuel cell is also an

issue, and the possibility of flooding is very negligible in AEMFC as water produced at the anode and

consumed at the cathode. However, if the balance of water management is not sustained, then there

is a problem of flooding at anode or catalyst layer drying out cathode [77]. One of the advantages of

AFC is that it is very tolerant to non PGM catalyst and thus opening a pathway to explore more cheap

electrocatalyst that can equate the performance of PGM catalyst.

Nevertheless, there are certain limitations for AEMFC to approach to industrial applicability such as

“CO2 syndrome” [78], low anode pH causing by the deficiency of electrolyte “KOH”, low conductivity of

membrane, fuel cross over at cathode and reduced catalyst utilization. The catalyst layer and membrane

thickness, ionomer content can also affect the performance of AEMFC, for instance, the high ionomer

content can impact the mass transport and could lead the catalyst and carbon particles to be electron

isolated [79]. However, there are still some challenges need to be addressed such as electrocatalyst for

the anode, although HOR reaction is simple and platinum and alloy been used for acid media but due

to AEMFC compatibility with non PGM, a highly active electrocatalyst is needed [80]. The carbonate

issues with solid electrolyte membrane is an open research area that has proved to be preferable as it

eliminates the possibility of carbonates precipitation [81,82].

2.5 Reaction Pathways for Oxygen Reduction Reaction ORR

The oxygen reduction reaction is one of the most important reaction at the cathode in the fuel cell, and

it is ineluctably more complex and critical than hydrogen oxidation reaction. In aqueous solution, ORR

follows two reaction pathways with parallel reaction mechanism and much larger overpotentials, highly

irreversible with multiple adsorption/desorption of species such as O, OH, O−
2 , HO−

2 , and H2O2 [83]. The

two different pathways are four electrons reductions from O2 to H2O and two-electron reduction from O2

to H2O2, which are dependent on the interaction of oxygen with the catalyst surface. In acid electrolyte,

the ORR at standard condition (25 °C) with thermodynamic potentials are presented in equations below.

O2 + 4H+ + 4e− 
 2H2O E◦ = 1.229VRHE (Direct four electron pathway) (2.30)
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O2 + 2H+ + 2e− 
 H2O2 E◦ = 0.67VRHE (Indirect two electron pathway) (2.31)

The indirect reduction is usually followed two other steps

H2O2 + 2H+ + 2e− 
 2H2O E◦ = 1.77VRHE (two electron reduction) (2.32)

or

2H2O2 
 2H2O +O2 E◦ = 1.77VRHE (direct decomposition) (2.33)

In alkaline electrolyte, the ORR mechanism is described by equations

O2 +H2O + 4e− 
 4OH− E◦ = 0.401VRHE (four electrons reduction) (2.34)

O2 +H2O + 2e− 
 HO−
2 +OH− E◦ = 0.080VRHE (two electrons reduction) (2.35)

and

HO−
2 +H2O + 2e− 
 +3OH− E◦ = 0.880VRHE (2.36)

he oxidation-reduction reaction proceeds through two pathways in acid and alkaline media with two

electrons with H2O2 and four electrons transfer with H2O. Damjanovic et al. introduced the mechanism

of ORR, and later Wroblowa et al. [84] improvised the proposition by presenting a complete sequential

analysis for ORR mechanism at a metal surface. The first step occurs at the surface region by the

diffusion of oxygen from the bulk phase to the electrode, leading to parallel pathways with a comparable

rate of reaction. At the electrode-electrolyte interface, the oxygen can follow two way of reduction process

through path K1 which involves the 4e− or K2 involving 2e− with H2O2 as an intermediate which further

reduced to water in an additional step K3. The decomposition of H2O2 to O2 and H2O can occur via

K4 pathway, the desorption and adsorption into solution or diffused back to the bulk through K5 and K6

routes respectively.

The kinetics of Pt redox reaction is much complex, considering the example of ORR on Pt which is

favoured by 4e− pathway by inter-molecular distance shortening of Pt-Pt promoted by geometric effect,

increasing d-band vacancies by altering the electronic structure or surface roughness. The potential

profile and sites blocking by anion adsorption can adversely affect ORR activity. The ORR pathways

can be altered easily by transport and double layer effect (depends on particle size) [85]. Considering the

example of Pt ORR in acid electrolyte (HClO4), the decomposition of H2O2 is limited by mass transport

in the potential range of 0.2-1.5 VRHE [86]. As the decomposition rate of H2O2 decreases with time,

the hydrogen peroxide is not able to be detected in the electrolyte as it triggers reactions on Pt surface

such as OHads production during interaction with reduced atom surface and oxidation by reducing on
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Figure 2.8: Reaction Mechanism of ORR proposed by Wroblowa et al. Reprinted from [84]

the surface. This makes H2O2 unstable on Pt and will lead to dissociation to OH. At OH free Pt surface,

the H2O2 dissociate on active platinum sites to OHads, because OH is not stable on Pt, the regeneration

of surface sites will occur leading to reduction steps and the desorbed OH free Pt sites will be available

again to dissociate other OH molecules. Oxides free Pt which is not yet stable properly will be re-oxidised

and become available for H2O2 oxidation [86]. At large overpotential (0.7 VRHE-equilibrium voltage for

peroxide) [87], there is possibility of H2O2 production during ORR, even though H2O2 is not relevant

to the Pt catalyst based ORR, but it must be taken into consideration that the oxidizing agent along

with acid electrolyte can deteriorate the PEM in fuel cell. During the reaction intermediates, the oxygen

will bind to the surface and yet, more losses will be induced by using the catalyst optimised for oxygen

evolution reaction OER and ORR [88]. Various models are available to analyse the oxygen reduction on

Pt such as Bridge, Griffith and Pauling model which are difficult to address and beyond the scope of the

thesis.

2.6 Electrocatalysts for Oxygen Reduction Reaction ORR

To catalyze ORR, numerous catalysts have been used since the past, and they are categorized into

precious and non-precious group metal catalyst.

2.6.1 PGM State of the Art Pt/C Electrocatalyst

The widely commercialized and state of the art catalyst for fuel is platinum nanoparticles support on

carbon and yet it is still known to be the best metal to catalyze ORR [41]. The electronic structure of

Pt benefits for OH and O2 binding energies that help this single metal catalyst for ORR than any other

metals (Ag, Pd, Ir, Ru). The crystallographic structure of platinum is an essential factor for ORR as
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redox reaction is sensitive to surface orientation. The crystal structure of Pt is oriented to face centre

cubes with plane index (111),(100) and (110) [85], due to irreversible surface oxidation which affects the

durability of catalyst, the platinum nanoparticles structure have a large number of defective active sites

which reduces the kinetics of redox reaction. Kinetics of Platinum catalyst has been under observation

through shape control and surface modification. Non-spherical shapes are more preferred to spherical

shapes which are difficult to create due to high symmetry of Pt cubic crystals, and the efficiency of

tetrahedron Pt nanoparticle is reported to be much higher than spherical nanoparticles [89].

The use of platinum as the electrode was started in 1839 by William Grove for water electrolysis. Since

from the beginning, the Pt black nanoparticle was used as a catalyst on both anode and cathode. Due to

the benefits of high stability and durability, the higher amount of Pt was used due to large overpotentials.

The Pt particles are suspended on the support (Carbon- Vulcan or Ketjen black), which is essential to

avoid the agglomeration of Pt particles that reduces the performance of the catalyst. The efficiency

of Pt nanoparticles is highly dependent on shape, size and morphology, which can be optimized and

control during synthesis for the advanced platinum catalyst. The morphology of nanoparticles can be

tuned into cubical, spherical to octahedron and tetrahedron structures, and different facets enclose each

structure. The commercial Pt/C is enclosed with low index facets (111) and (100) as these facets have

strong interaction to O2 molecules as indicated in the previous studies for ORR in HClO4 [90]. Pt/C

comes in different shapes from the single metal catalyst, monolayer 1D(nanotubes and nanowires) and

two-dimensional shapes. Control methods used to be employed to achieve excellent shape and facets. For

catalytic reaction, the electrochemical surface area and mass activity are significant factors that rely on

the catalyst size. Usually, the smaller Pt nanoparticles have been preferred to catalyze ORR reactions.

Commercial Pt/C catalyst has been synthesized through different methods such as nano capsules [91],

under-potentially deposition [92] and electron reduction [93], resulting in the particles with the range of

2-5nm [94]. The carbon support provides a high surface area, better conductivity and stability for Pt

nanoparticles (2-5nm). Due to issues like carbon corrosion at high potential values, the graphitized carbon

was used as support instead of carbon black which helped in delaying carbon oxidation, but graphitization

leads to low mass activity due to dispersion [95]. Several types of carbon support are used for commercial

Pt catalyst such as Carbon black(Vulcan), nanotubes, nanofibers, nano horns, mesoporous, carbon shells

colloid imprinted carbon, microemulsion templated carbon, hollow graphite spheres and graphene ranging

from 1-100 nm particle size with a high surface area of 50-2000 m2/g [96]. There are also carbon-free

supports available for electrocatalyst such as oxides, carbides and nitrides with high stability, but due to

their low conductivity, they face challenges for the performance of fuel cell [97].
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Figure 2.9: Platinum alloy volcano plot for ORR. Reprinted with permission from [98]. Copyright 2019 Springer
Nature

2.6.2 Advanced Platinum Alloy Electrocatalysts

Platinum alloys proved to be superior electrocatalyst for ORR as compared to single metal Pt/C, and it

was utilized in fuel cell since 1980s [41, 88]. They were classified as second-generation fuel cell catalyst.

Due to their higher activity and durability than a pure platinum catalyst, there are used in the application

for commercial fuel cell vehicle (Toyota Mirai) [36]. The activity of Pt alloys (bimetallic, ternary and

quaternary) is better due to different mechanisms such as structural effect [99, 100]. The bond distance

between platinum and transition metal is shorter due to compressive strains which makes the adsorption

of oxygen more favourable to active sites [101]. Due to the significant effect, the transition metals alloyed

with platinum such as (PtCo, PtNi, PtAg, PtAu, PtFe, PtAl, PtNi) were able to achieve comparable and

even higher activity than the pure platinum [102–107].

In some studies, it has been demonstrated that due to the smaller atomic size of a transition metal, lattice

contraction will occur resulting in reducing the bond distance of Pt-M. The other phenomena which make

the Pt alloys superior are the formation of oxides on the surface as the structural properties of alloys

prevent the poisoning species (OH and OOH) by debilitating the adsorption process [108, 109]. The

changing of d-band vacancy and downshifting of Pt is considered to be an essential strategy to increase

the ORR activity [110] because the Pt-M alloy balances itself in such a way for reducing surface oxide

coverage through strain(increasing overlap between d-orbitals) and ligand effect(weakening the binding

of adsorbates) [111]. The Pt-M alloys are also stable in acidic electrolyte due to “Pt-surface skeleton”,

a phenomenon that buildup a mono-layer surface over the bulk alloy protecting sub-surfaces from oxi-

dation. Since the active phase of a bulk alloy is the 1-2nm over-layer of roughly pure platinum makes
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Figure 2.10: Platinum alloy volcano plot for ORR. Reprinted with permission from [98]. Copyright 2019
Springer Nature

a “Pt skin” by providing more protection to the bulk catalyst [110, 112]. In the past years, significant

studies have been done to investigate the synthesis and composition control parameters of platinum alloys

such as synthesis of PtCox by annealing method and variation in composition by the amount of metal

precursor, Pt-Ni alloy by altering the d band through solid-state chemistry method. It has been found

that various compositions of binary metal alloys showed significant higher ORR activities as compared

to commercial Pt/C. The face effect also inspired research after the discovery of PtNi(111) which is ten

times more active for ORR than Pt/C(111) and demonstrate the effect of morphology control during

the synthesis process. The thermodynamics and kinetics of the facet growth mechanism can influence

the morphology properties during particles growth [113, 114]. Tri-metallic and quaternary Pt alloys are

optimized with the help of high throughput and density function theory DFT calculations by introducing

different elements for adsorption and desorption of oxygenated species. This is resulting in higher ORR

activity of ternary alloys such as Pt-Fe-Co, Pt-Fe-Ni(3.5 times high mass activity), Pt-Pd-Cu(4.7 times

high mass activity) as compared to some bimetallic and Pt/C electrocatalyst [115,116]. Despite the high

activity, Pt alloys still face several challenges such as corrosion, degradation and leaching. Base metal

leaching can impose a drastic effect (less oxygen diffusion, high resistance) on the fuel cell performance.

Due to the high affinity of metal cations to the sulfonic group leads to poisoning of ion exchange sites

in the membrane, which will restrict the movement of the proton. The leaching of metal can be caused

by several reasons as reported [41] including the excess deposition of base metal on a carbon support,

insufficient admits of alloys due to temperature variation and thermodynamic stability of base metals at

different conditions. In the fuel cell, the loss of activity of Pt alloys during potential cycling is mostly

due to de-alloying, which has been studied for PEMFC by several researchers. In acidic electrolyte, the
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alloyed metal at the surface of catalyst dissolves at high potential as the potential at PEMFC cathode is

higher than dissolution potential [117]. At the high potential, there will be much more possibilities for

the strong interaction between adsorbed species and solute metal ions. For Pt alloys, the surface oxide

formation will be a problem as some of the oxides do not have tendencies to reduce back to metallic form

such as NiOx and CoOx [118, 119]. The specific activity of Pt alloy is also prone to degradation due to

Ostwald ripening. Due to the converse effect, the dissolute platinum particles will redeposit causing a

thick layer formation on nano particles [120].

2.6.3 Core Shell Structures

In the case of bulk platinum catalyst, the Pt utilization is not subjected to comply fully with 70% of

the catalyst utilization [121]. Core-shell approach is highly regarded as efficient as compared to bulk

platinum by utilizing monolayer of Pt nanoparticles on other less expensive metal catalysts with higher

activities (Pt-AuNi, Pt-Cu, Pt-Pd) along with that it can influence in re-positioning of the d-centre band

and lattice parameters of thin Pt shells [122,123]. The core-shell approach also helps to design a Pt-alloy

based catalysts in such a way to minimize the Pt loading along with overcoming of the stability and

activity issues.

Several methods are available to synthesize the core-shell structures such as etching(electrochemical/chemical)

in which the less noble metal surface is covered with Pt layer, chemical reduction, vapour deposition and

electrodeposition. The monolayer of Pt can also be deposited on the non-platinum alloys (IrNi, PdFe,

etc.) with significantly higher activity and stability than single metal due to extra lattice strain and

alteration of properties. This shows that both parameters are highly influenced by synthesis procedure,

structure and composition of cores [124,125].

These cores are tuned with ligand (short-range electron charge transfer) and geometric effects (altering

the lattice constants) [127]. There have been 700 core shells identified by density function theory calcu-

lations DFT with 2nm nanoparticles based on bonding and segregation energies for ORR [128]. For the

single metal core Fe, Co and VIII B group elements are more reliable for the core of catalyst due to their

similar properties to Pt. The mass activity of these core-shell catalyst has significant for ORR, which is

4-22 times better than bulk platinum. Other metals having similar properties to those found in the peak

of volcano chart are also a promising candidate for core of catalysts, such as Cu, member of IB group

with similar properties of gold and silver [129]. For the typical fuel cell, the application of core shells

such as Ni-Pt, Co-Pt and Fe-Pt restricted due to complicating synthesis but favoured by high magnetism.

This facilitates the recovery of catalyst and for low price bulk platinum, and the overall effect is due to

poor kinetics and cost limitations [130]. There is still room for improvement to enhance the stability
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Figure 2.11: Core shell nano particles synthesis approach. Reprinted with permission from [126] Copyright 2013
American Chemical Society

and catalytic ability of Pt-based core-shell nanoparticles by modifying the core composition, core-shell

elements redistribution and shell thickness [107]. Besides extra steps in synthesis, the core-shell approach

is preferred for economic reason as the high surface area of active metal can be utilized with less amount

of precious metals [131] but also it tends to approach to the fuel cell commercialization level. Several

issues regarding durability and activity of the core-shell catalyst are yet to be addressed [132,133].

2.6.4 Non PGM Electrocatalyst

Due to the competitiveness of fuel cell technology, it is always a primary concern to search for alterna-

tives that can replace expensive Pt catalysts. Transition metal oxides are one of the non PGM group

materials that can achieve good ORR activity, and these include nitrides, oxides, and carbides [134,135].

As compared to other electrocatalysts, transition metals oxides are stable in acid due to oxidized state

and oxygen vacancies in their structure which are believed to be the reason for higher activity. However,

these materials suffer from poor conductivity and complexity in a synthesis which is still very challeng-

ing [136]. Several years of research emphasized on exploring metallic and non-metallic electrocatalyst

such as carbon, nitrogen-doped metal-carbon, non-metallic hetero-atom doped carbon, transition metal

oxides, nitrides and phosphides that can compete with the platinum to its activity and stability for

commercial applications [137, 138]. The most promising PGM free catalyst for ORR is metal-nitrogen-

transition metal complex supported on an inexpensive carbon support and indicated as M-Nx-C (where

M is the 4th period transition metals= Fe, Co, Ni etc. and x = number of atoms coordinating the metal).

These transition metals are abundant in nature and have been studied for four decades for redox reac-
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tion [139,140]. M-N-C catalysts are classified into two states such as pyrolyzed with inorganic state and

non-pyrolyzed with the organic state. Non-pyrolyzed state gives M-N-C a well-defined structure with

simple synthesis process while pyrolyzed M-N-C catalyst undergoes a high-temperature treatment and

provides better activity for catalytic reactions by enabling the formation of active sites [141, 142]. Each

element has a different function to support these reactions, the nitrogen-containing molecule helps the

formation of N atoms matrix to the carbonaceous material in the support. The nitrogen precursors are

in the form of small organic molecules pyrrole, melamine, bipyridine or gases such as NH3. It is essential

to achieve high activity because the active sites are atomically dispersed in MNx moieties for ORR [143].

In alkaline electrolyte, the M-N-C catalysts can be stable with negligible reduction for their ORR activity

while in acid, the catalysts may be unstable in metallic form and stabilization will be required by nitrogen

in order to retain stability and activity, this investigation will be addressed through a different approach

in this thesis. The most promising catalyst in the category of M-N-C is Fe-N-C catalyst with application

into a broad range of pH.

Figure 2.12: Systematic representation of Fe-N-C active sites. Reprinted with permission from Elsevier [144]
Copyright 2018 Applied Catalysis B: Environmental

Fe-N-C is synthesized by the pyrolysis of Fe and nitrogen precursor on carbon support at a high tem-

perature which helps the coordination of Fe for adjusting the electronegativity that helps to retain ORR

activity [145]. Other transition metals such as non-precious catalysts (Fe, Ni-Co and Cu), he trooped

Fe-N-C catalyst performed higher activity because of additional amount of iron by hetrodoping technique.

Even with 0.24% of iron, Fe-N-C catalytic activity could be higher to more positive onset with higher

stability in electrochemical measurements [146], N stabilized metal centre either in the form of N2 or

N4 favours the formation of active sites. At the same time, iron also acts as growth supporter during

28



synthesis. The activity loss in Fe-N-C can be due to low pyridine or unapproachable iron active sites.

With reaction to acid, the iron of Fe-N-C tends to leach providing the evidence that active sites contain

iron [147]. The activity of M-N-C also depends on the porous structure of catalyst support. In order to

select the best candidate for catalyst support, three considerations were taken as approaches such as the

amount of carbon, the diameter of particles and size of graphene layers.

2.7 Electrocatalyst Activity and Stability Methods for ORR

Evaluation

2.7.1 Cyclic Voltammetry (CV)

Several investigation techniques can help for the determination of electrocatalyst activity and stability

during the redox process in electrochemical systems. Among them, the voltammetry technique is one of

the widely applied techniques which works on the function of current response at a different potential.

It is developed by the discovery of Polarography by Czech chemist Jaroslav Heyrovsky in 1992 [148], A

polarization curve at steady state will be produced as a result, and it gives a high current density. Cyclic

voltammetry CV technique is one of the techniques of voltammetry used to examine the redox process

at the molecular level of electron transfer to initiative chemical reaction for initial catalysis qualitative

studies [149]. The voltammogram is the diagram obtained after CV technique which works on differ-

ent scan rate depends on the requirement. The potential is swept back and forth in a varied defined

voltage range with a suitable scan rate and current as a response in the cyclic region which represents

the cathodic and anodic reactions taken place. This technique is applied on different occasions, usually

before, during and after experiments to determine the condition of catalyst layers. The scan rate can be

reduced to absolute values in order to reduce specific capacitance. For non PGM catalyst (Fe-N-C), the

curve gives information about the capacitive current which shows the information of the specific surface

area of catalyst (as double-layer capacitance is proportional to an electrochemical specific area) in the

absence of Faradic reaction. The benefit of CV is the rapid results and sufficient information related

to the redox process (thermodynamics, the kinetics of electron transfer reaction, Gibbs free energy and

diffusion coefficients). The CV technique is based on potential sweep between two potential limits at a

known scan/sweep rate. The signal of excitation of each scan is in a triangle form; the peak in the curve

at their own potential shows the point where reactions are taking place on the electrode. For oxidation,

a positive potential is applied, and the electroactive species loose electron, which results in the rise of

anodic peak current [150]. When potential is applied in a negative direction, cathodic current peaks

will be observed giving information about the reduction step, and these steps start from a point when

species are not active. CV data is represented by two conventions such as IUPAC or US convention with
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just change in direction to 180°. In principle, if energy is provided to atom or molecule, it will have a

tendency to oxidized or reduced. Electrochemically active molecules are those who have lone pairs or

multiple bonds. CV informs about the kinetics of reactions at the electrode surface with the reaction

mechanism. In voltammogram, the magnitudes of peaks (both anodic and cathodic) are an essential point

of concern [39]. As the beginning of the experiment, the potentials are lower to a level that no reduction

conversion takes place to oxidized state as the bulk solution contains reduced species. When the redox

potential is positive enough that reduced species oxidizes at the electrode surface, then the current will

depend on mass transfer to the surface of the electrode. If no peaks are observed in the CV curve, then

the reaction will be referred to reversible, and the specific capacitance will be observed. Strong reductant

can be determined by switching the scanning to a negative direction while strong oxidant is determined

by applying a potential to positive scan [150]. The peak potential is the difference of anodic and cathodic

peak potential which are needed to get information about redox since redox reactions are not reversible

and this makes CV process more attractive due to non-ideality of the situation and the area to diagnose

properties [39].

Figure 2.13: Pt Cyclic voltammogram in acid electrolyte .Reproduced from [151]

Figure 2.13 depicts the CV of Pt/C electrocatalyst, the CV comprises of six regions which are hydrogen

evolution, hydrogen adsorption, hydrogen desorption, double layer region, Pt oxidation and Pt-O reduc-

tion region. In acidic electrolyte, protons (H+) are adsorbed reversibly by forming a monolayer at the

potential range of 0.05 to 0.4 VRHE . This process is reversible as adsorption and desorption take place

during a complete cycle with forwarding and backward sweep simultaneously. All these regions are linked

to the potential applied and its direction [39]. The three regions hydrogen adsorption and desorption

lie in the range of 0-0.35 VRHE . The double-layer capacitance is in the potential range of 0.3-0.8 VRHE
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and the oxide region. The hydrogen adsorption/desorption is the Hupd or also known as underpotential

deposited region, and it is important to determine the electrochemical surface area and refers to adsorbed

hydrogen monolayer on the catalyst surface [149]. The peaks of voltammogram providing information

about the reactions happening at the surface, the most prominent and sharp peaks lie in the Hupd region,

which is a matter of interest for researchers. Each peak in the hydrogen desorption region is related to

the reactions at a different surface facet of Pt such (110) and (100) [152]. Integrating the desorption

area with constant charge value gives an estimation of the monolayer of hydrogen, which will help to

determine the electrochemical surface area and catalyst utilization. The double-layer region is the area

where current is non-faradic, and the electrode is polarizable lies in the range of 0.35-0.8 VRHE , and no

redox reaction takes place in this region [152]. The oxidation region is beyond 0.8 VRHE where the Pt

atoms exchange with Oad and the growth of PtOx takes place with the formation of bulk oxides. More

concepts of CV techniques are addressed in this literature [153]. In this work, the cyclic voltammetry

with triangular sweep cycles technique will be used.

2.7.2 Electrochemical Impedance Spectroscopy EIS

Electrochemical impedance spectroscopy is one of the powerful diagnostic techniques to measure the ohmic

losses in the three-electrode setup in a steady-state condition. The first reported locally observation of

electrochemical impedance spectroscopy was given in 2003 by Brett et al. over a wide range of frequency

from 0.1Hz-10kHz for solid polymer fuel cell [154] which was later modified and patented by Schneider

and Scherer with their key classification experiments [34]. At constant current or constant potential,

the electrodes are excited in the variable frequency to achieve a sinusoidal response. The response

of perturbation gives quick information about electrode-electrolyte resistance, capacitance, and mass

transport. In order to achieve a suitable uniform response, the EIS system needs to behave linearly,

which can be implemented by letting the magnitude of perturbation too small. This technique involves

control over the frequency in a concept that all responses can be views together. The response of the

system is represented by Nyquist or Bode plot by applying harmonic perturbation resulting in kinetics

and transport properties [155]. For electrochemical cell, the impedance is described by the ratio of the

transfer function of potential and current.

Z(ω) =
E(ω)

I(ω)
(2.37)

In this equation E and I are the Laplace transform of potential and current function, Z(ω) is representing

the complex function whose real and imaginary part are Re(ω) and lm(ω) respectively. The magnitude

of complex function is estimated by the modulus of Z(ω).

|Z(ω)| =
√
ReZ(ω)2 + lmZ(ω)2 (2.38)
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The phase angle between each signal is calculated by the following equation

φ = arctan
lmZ(ω)

ReZ(ω)
(2.39)

In a system, the electrochemical can be represented by resistive and capacitive elements with an additional

element for mass transport effect known as the impedance of resistance. In the ideal system model, the

impedance of resistance is based on Ohms law.

Z(ω) = R (2.40)

The current that pass across the resistor will be

δI(t) =
E

R
∗ sin(ωt) (2.41)

Where R is resistance in ohms. The impedance of capacitance element will be

Z(ω) = −jωC (2.42)

Here J is the imaginary component and capacitance is represented by C; the resistive element can indicate

the resistance of solution. The resistive element can also represent the charge transfer while the capacitive

element can demonstrate the double-layer capacitance. Due to the non-ideal nature of systems that can

be based on electrode structure, high porosity which makes the EIS more sophisticated, a constant phase

element can be introduced. The redox reaction mass transport impedance also known as Warburg, by

taking concentration effect at the electrode and stagnant solution with no fixed diffusion layer can be

estimated by

Z(ω) = σ(1− j)
√
ω (2.43)

Z(ω) is dependent on frequencies, and is the concentration and diffusion coefficient of reactants. The

final impedance of all components in series will be estimated by using Kirchoff law and equals to the

summation of all impedance Zt= Z1+ Z2 +. . . .Zn, for parallel components these individual components

impedance value will go reciprocal.

The plot of the real part of impedance vs imaginary part is known as Nyquist plot Figure 2.15 with a

complete circuit of PEMFC can be seen in Figure 2.14 which helps in the quantification of resistance,

capacitance, and mass transport behaviour. As mentioned before that impedance spectroscopy can work

on a different arrangement of circuits, the Randles-Ershler circuit will produce semicircle of Nyquist

plot offsite to real axis [157]. Starting from the first point intercepting the real part caused by solution

resistance. Then this intercept follows the semicircle path when the arrangement if the resistor is parallel
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Figure 2.14: A complete circuit illustration for PEMFC for Nyquist Plot. Reprinted with permission from
Elsevier [156] Copyright 2018 International Journal of Hydrogen Energy

with a capacitor for double-layer capacitance and faradic charge transfer. Sometimes the system cannot

be modelled with an ideal capacitor, in such case constant phase element is used as it will help for

practical fitting purposes. The magnitude of the semicircle is positioned for the frequency [158].

Figure 2.15: Nyquist Plot(a) half cell with catalyst layer in planner form (b) half cell with catalyst layer in porous
form (c) full PEMFC. Reprinted with permission from John Wiley and Sons [159] Copyright 2005
International Journal of Energy Research

The smaller semicircle will be observable at higher frequencies if the reaction is facile. At low frequencies,

the mass transfer resistance will be observed. If there is a fixed thickness of the diffusion layer, the second

semicircle will have appeared, if the diffusion layer grows, then the semicircle will follow a straight line at

an angle of 45°. If there are no species of the reactant with a fixed thickness of the diffusion layer, then

the curve will surge to 90° line with an increase in impedance. Nyquist plots are used mostly to evaluate

the impedance parameters based on the number of arches, but Nyquist plots do not relate to indicate

frequency which makes the information incomplete [160]. On the other hand, bode plots demonstrate the

magnitude and phase angle vs frequency.
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Due to the versatility of the electrochemical cell modelling to a wide range of circuit with a different

combination of passive elements, it is easy to measure EIS results for different criteria. In EIS, the mass

transfer process is limited and directed in the low-frequency region while the charge transfer process is

dominated in the high-frequency region. The Bode plot is also used for EIS measurements and helps to

find a relation between phase shift and modulus of impedance. [39,161] In our work, we used the Nyquist

plot for EIS measurement in our three-electrode set up to determine the uncompensated resistance for

100% data correction.

2.8 Degradation Investigation via Accelerated Stress Test AST

The wide operating range of fuel cell in the potential limit of 0-1.5 VRHEwith the various break-in and

start-up steps, dynamic load cycling, humidity effect and temperature variations can cause performance

degradation. The degradation of performance is still challenging is focused on research, since these mech-

anisms are unavoidable. Therefore it is essential to understand the failure and degradation behaviour

of fuel cell (more specifically catalyst layer). During cycling, these mechanisms can lead to severe bad

results in the form of physical and changes [162]. These mechanisms include Ostwald ripening, catalyst

dissolution, poisoning, ionomer and membrane degradation and support oxidation [163]. Due to widely

research area of interest for the degradation mechanism of electrocatalyst, it is not feasible to operate

fuel cell for thousands of hours to analyze the impact. Accelerated Stress Test “AST” is one of the most

preferable and fast methods that helps to identify the key issues of electrocatalyst problems in shot time

to address the durability issues. AST method follows a specific protocol in a way to gather enough data

with comparability. Due to the advancement of material by design approach, novel electrocatalysts are

being developed, which requires an extensive effort to test with a suitable protocol. The AST protocol

can speed up the reliability test by skipping the detailed examination, but the protocol is subjected to

realistic fuel cell conditions in order to eliminate new failure mechanisms. Catalyst layer degradation

is crucial and utmost for the stability of fuel cell; it can be affected by both physical degradation and

chemical degradation [164]. These phenomena include the cracking of catalyst layer, catalyst poisoning

and washout, catalyst particles growth and migration [165–167]. Carbon oxidation (corrosion) is related

to the carbon-based support of catalyst [168]. In the electrochemical system, the carbon oxidation starts

at 0.207 VRHE [43], but its severity is negligible with potentially less than 1.1 VRHE in a fuel cell, as

the kinetics of corrosion process is very slow [169]. The carbon corrosion happens when there is a non-

uniform distribution of fuel and cross over issues during start-up and shutdown procedure. Nevertheless,

this reaction is catalyzed by the Pt catalyst mostly used in PEMFC by lowering the carbon oxidation

potential [170]. The gas diffusion layer is also one of the most important parts of MEA and GDE which

is also prone to degradation since it consists of carbon which is subjected to oxidation but also sub-

jected to the mechanical degradation and ionomer decomposition [171, 172]. The degradation of GDL
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results in alteration of structuring properties of GDL and hydrophobic loss and thereby affecting the

mass transport [173, 174]. To develop AST protocols with reduced experimental time and components

interaction, the failure mode has to be analyzed thoroughly. The AST method gives the advantage to

understand completely the degradation mechanism not different to the one encountered in the fuel cell,

but with certain limitations such as different degradation behaviour needs a different AST protocol with

specific conditions and cycles. Two organizations DOE and US Fuel cell council (USFCC) had exten-

sively developed AST protocols with specific standard operating procedures. Both organizations similarly

aligned the standardization of AST protocol, but AST protocols used in research is mostly adopted in

the context of DOE set of standards while USFCC AST protocol is applicable for long term applications.

These protocols for individual degradation mechanism is already presented in the literature with AST for

carbon supportGDL, operational degradation, membrane and catalyst layer [163, 175, 176]. Most of the

protocol available are valid for PGM and Non PGM electrocatalyst for PEMFC and yet the protocols

for AEMFC for individual degradation mechanism is yet to be developed and standardized.

Table 2.2: US FCTT AST protocol for PEMFC fuel cell electrocatalyst. Adopted from [177]

AST Cycling for Electrocatalyst
Conditions
Temperature 80°C
Relative Humidity Hydrogen/N2-100%
Pressure Atmospheric Pressure
Fuel/Oxidant Hydrogen/N2

Cycling
Number 30,000 cycles
Time per cycle 16 second
Sweep Triangle sweep cycles from 0.6-1.0VRHE at 50mV/sec
Parameters Frequency Target
Mass activity Initial and Final 6 40%loss of initial activity
Polarization curve 0,1K,5K.10K and 30K 6 30mV loss at 0.8A/cm2

ECSA 10,100,1K,3K,10K,20K and 30K 6 40%loss of initial area

2.9 Recent Advancement of Electrocatalyst for ORR and Char-

acterization Methods

Although the AEMFC research has been increased over the past decade for exploring non PGM catalyst

with a lower cost to compete with PEMFC, PEMFC is still favourable due to the performance gap. Now,

the activity of Pt in alkaline is much of an interest to see the performance of the high-cost catalyst in low

cost operating AEMFC. The water optimisation can enhance the performance of AEMFC catalyst by

adjusting the gas diffusion electrodes, Omasta et al. expressed that capacity of anion exchange ionomer
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with Pt in AEMFC with high potential of 0.75 VRHE at 2 A/cm2 [178]. Similarly, addressing the water

management issue in AEMFC by optimising ionomer ratio, catalyst loading for enhancing the water back

diffusion characteristics, the same research group achieved the activity of 0.75 V at 2 A/cm2 for platinum

in AEMFC [179]. The impact of high ion exchange capacity and type of ionomer can address the water

transport issues and stability of Pt in alkaline, the platinum exhibited high activity with 0.75 VRHE at 2

A/cm2 in fuel cell testing [180,181]. Just like mesoporous encapsulated Pt/C catalyst have high activity

as compared to Pt on Vulcan, same way Nitrogen-doped carbon encapsulated non-noble metals are also

auspicious. Nevertheless, there are more efficient materials that can be doped with carbon for better

performance. For instance, NFC@Fe/Fe3C catalyst under alkaline conditions are very much stable with

loss of ≈ 26 mV per 50,000 cycles and at half-wave potential with better activity than commercial Pt/C

catalyst (16 mV higher) as demonstrated by Karuppannan et al [182]. The same catalyst performed

less in acid conditions with ≈ 27 mV decay at 30000 cycles. In most of the research, The nitrogen-

doped catalyst has higher stability in the alkaline environment as compared to the commercial Pt/C in

the fuel cell tests [183, 184]. With the help of polymerisation techniques, scientists were able to develop

mesoporous carbon microspheres for Fe-N-C by citing the higher activity with a half-wave potential (E1/2)

of 0.86 VRHE in RDE experiments, due to stabilised adduct formed in alkaline media promoted by HO−
2 .

This is quite the opposite to stabilisation in acid media which is effected by the protonation of H2O2

leading to high overpotentials for ORR [185]. The catalytic activity of Fe-N-C for ORR is promising due

to carbonisation of catalyst for the mesoporous structure to provide metal ions a promoted pathway to

adsorbed O2 for comparability to Pt/C but still very challenging. Non PGM such Ag and Pd have also

widely studied electrocatalyst in replacement of Pt, Wang et al. worked on a new mechanism for radiation

grafted membranes which improved the shelf life of the catalyst, although the Ag/C catalyst achieved a

high activity of 0.6 VRHE at 2 A/cm2 but still the performance is lower to that of Pt [186]. In another

research, Wang et al. observed the same trend that has been observed by trying to optimise the Ag/C and

Pt/C electrocatalyst with newly drafter ionomer poly(ethylene-co-tetrafluoroethylene) but faced issues

with high gas crossover rates [187]. Similar trends with Pd and its alloy has been demonstrated by Omasta

et al. in AEMFC, the performance(0.5 VRHE at 2 A/cm2) of catalyst was still lower than Pt/C in alkaline

but with slow degradation [188]. It has also been examined that the Pd based alloys at the anode can

improve the performance of non-Pt/C catalyst in AEMFC, which also shows that the there is still a gap

for exploration of non-platinum catalysts for the anode in AEMFC [189]. For non PGM catalyst, the

full understanding of catalyst stability and material properties issue is still yet to be addressed, which

requires special protocol and advanced characterisation techniques such as MEA. Although, there is a

possibility to use existing developed protocols for PGM with addition stressors such as GDL ageing with

different gases, humidification and temperature [190–192]. For instance, the performance loss of GDL

is less aggressive with nitrogen as compared to air [193]. The humidification can lead to decrease the
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electrode hydrophobicity and high ionomer degradation after intensive operation of 1600Hrs [194, 195].

AEMFC is also widening the possibility of extensive research in material chemistry and several non PGM

catalysts that come into competition within the past years, showing promising high stability over several

hours of operation in RDE and MEA. In non PGM electrocatalyst, Fe-N-C is widely researched catalyst

for bothPEMFC and AEMFC. Firouzjaiei et al. [196] explained the conditions of Fe-N-C that the main

concern is not about activity but stability even though they approached 0.6 VRHE at 2 A/cm2 with Fe-

N-C at the cathode and Pt alloy (Pt-Ru) at the anode and it can even worse in PEMFC due to Fentons

reagent reaction. Nevertheless, as compared to Wang et al. [197] with Ag as AEMFC cathode with

performance loss of 50-100 mV, the Fe-N-C is still better than their counterpart non PGM. Previously,

various attempts have been made with the modified Fe-N-C by carbon capsuling, nanotubes and graphene

nanosheet but their performance ( 0.1-0.3 VRHE at 375 mA/cm2-1.6 A/cm2) was not comparable to the

recent studies [198–201]. However, since, Fe-N-C ORR in alkaline is still an open topic, various studies are

yet to come by optimisation of catalyst layer properties. Fe-N-C ORR in the acidic electrolyte has also

been studied in the past decade exhibiting the high performance but not comparable to commercial Pt/C

ORR in PEMFC. Proietti et al. first investigated the Fe-N-C in PEMFC, despite a good performance of

0.45 VRHE at 1 A/cm2, the decay rate was found to be faster as compared to Pt catalyst [202]. Later then,

Fe-N-C was optimised with carbon nanofibers, and it was able to achieve slightly better performance with

7-8 mV loss after 35000 cycles of operation [203]. There are lots of other efforts have been done to improve

the performance of Fe-N-C in acid through modified superficial support, doping Fe into zeolite framework,

by introducing more nitrogen-rich precursors but still the catalyst activity is not up to the mark in the

range of 0.3-0.5 VRHE at 1 A/cm2 [9, 204–207]. The performance of Pt/C is well known in PEMFC and

can be found in various research papers [96, 208–212], most of the test were carried out in RDE and

MEA, both results can differ due to mass transport by gases in MEA, and low practical current density

approach of RDE.Some researchers worked on optimisation of RDE or development of other methods

such as Fleige et al. improved the design of RDE by coupling magnetic drive to the electrochemical

cell in an autoclave to enable high temperature (140°C) and pressure conditions (100 bars). These

elevated conditions boosted the limiting current densities due to better solubility of reacting gases in

liquid electrolyte [212]. Generally, the data from RDE is extrapolated to PEMFC relevant densities (0.6

VRHE at 1.5–2.0 A/cm2) usually approaches to significant errors [7]. Floating electrode FET in the half

cell is another alternative method for RDE that implements the approach of high mass transport to the

realistic fuel cell conditions. Zlatis et al. investigated the ORR activity for 60 wt% Pt/C and approached

to the geometric current density of 800 mA/cm2 at 0.38 VRHE which is two orders higher than RDE

in the new FET technique. However, the current density is still limited to approach the realistic fuel

cell conditions. Even though, FET provides higher ORR current densities but the compatibility of mass

activity at 0.9 VRHE is differ in all techniques (RDE, FET and MEA) [213]. There was a gap that a new
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method could be introduced providing fast and reliable results approachable to limiting current density of

MEA and accuracy of RDE with low cost and less time consuming which will help researchers to optimise

and investigate the catalyst layer quickly. GDE in the half cell is one of the methods that can be regarded

as intermediate of RDE and MEA. Jia et al. investigated the platinum on Vulcan X-72 carbon support in

GDE setup and approached to 600 mA/cm2 limiting current density [214]. Pinuad et al. [215] enabled to

close this gap by introducing a graphite flow field channel for forced convection which approached to 1.75

A/cm2 limiting current density for platinum catalyst in 1.0 M HClO4 comparable to single-cell test. The

key feature for their GDE half-cell assembly is Modularity which simplifies the component assembling

and disassembling [215]. Inaba et al. introduced a modified GDE half-cell with a temperature-controlled

system and able to mimic the realistic fuel cell conditions and expected to bridge the performance gap of

fundamental research to fuel cell. They were able to achieve 1 A/cm2
geo at 60°C with 100% relative activity

and results were comparable to MEA by utilising Pt/C catalyst with ultra-low loading (0.05mg/cm2).

Due to kinetic current determination without extrapolation and the comparability with MEA makes this

technique an edge over TF-RDE [216]. As Pinuad et al. [215] approached the realistic conditions without

any transportation limit at higher current densities, Ehelebe et al. [15] further optimised the GDE design

and were able to achieve 2 A/cm2, which is highest approachable current density achieved until yet in

GDE half cells. Instead of fully immersing the compressed catalyst layer into the flow channel, they

introduced a separate attachable compartment confined to the geometric area of catalyst up to 2.01

cm2 without any active sides pressed facing to the electrolyte. They were able to get reproducible and

comparable GDE results to MEA and hence concluded that GDE half-cell measurements can serve as

an intermediate between Thin film-RDE and MEA [15]. As GDE method is already validated for Pt/C

evaluation, it is yet to be explored for the catalyst layer optimisation of non PGM and AEMFC, which

will be covered in this thesis.
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The experiment of catalyst layer investigation for ORR in GDE half requires series of steps which are

presented as below

3.1 Catalyst Coated GDL Electrodes Preparation

Multiple sets of GDEs were prepared in the laboratory at Helmholtz-Institut Erlangen-Nürnberg. The

focus of this research work was to investigate the ORR for commercial Pt/C, advanced Pt/HGS and non

PGM (Fe-N-C) catalyst. All samples with the similar loading tested in a set of two samples in order to

see reproducibility of results. The method of GDEs electrodes preparation is as following:

3.1.1 Commercial Pt/C

The commercial Pt/C was purchased from Fuel Cell Store consists of 40% of Pt on Carbon with loading

0.3 mgpt/cm2, surface area of 60 m2/g, 2% moisture content. The material type of gas diffusion layer is

carbon paper fibre with a pore size of 215 ±20 microns, the thermal conductivity of 0.3W and roughness

of 7.2µm. The resistivity of GDL is < 10 mΩ/cm2 with 5% Nafion content and < 10 ppm of impurities

(Fe, Co, Ni). The samples were withdrawn from the layers with manual punching tool in a circular shape

of 2.01cm (diameter). Some of the GDLs were hotpressed with Nafion™211 to mimic the conditions of

fuel cell electrode.

3.1.2 Advanced Platinum Catalyst Pt/HGS

The catalyst ink for GDE was prepared from Pt/HGS powder, the ink was comprised of 1 wt% of solid

in of 20 wt% isopropyl alcohol (IPA) in H2O. The ionomer Nafion520; DuPont to catalyst ratio (I/C-

gravimetric) was 1.05 wt%. The catalyst in glass crucible was placed in an ultrasonic bath, and the IPA

water solution was added to it dropwise. Later the ionomer was added in a similar manner, and the

ink was left for 2 minutes. The catalyst ink was then homogenized via ultrasonic horn (Hielscher) at

0°C 60W for 20 minutes. The gas diffusion electrodes were prepared by spray coating using the catalyst

ink onto gas diffusion media Freudenberg H23C8 (thickness 230 µm, resistivity 8 mΩ/cm2 and weight of

135 g/m2) via ultrasonic spray coater (Biofluidix) on a heated platform at 85°C. In order to achieve a

deposition rate of 6 µgPt/cm2 per cycle, the spray head was controlled for ink flow rate and movement

speed. The catalyst was prepared for two different loadings, i.e. 0.04 mg/cm2
Pt and 0.1 mg/cm2

Pt through

additional spray coating for high loading sample.

3.1.3 Non PGM Fe-N-C catalyst

The non PGM catalyst (Fe-N-C) for high pH GDE was prepared with two different ion exchange ca-

pacity i.e. High ion exchange capacity (HIEC) GDE and Low ion exchange capacity (LIEC) GDE with
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a total composition of 20wt% solids in 1-propanol. The composition of catalyst ink is 70wt% FeNC

(PMF-011904,commercial Pajarito Powder) is infused with the 30wt% of commercial ionomer for alka-

line conditions (Aemion™HNN5-00-X) with ion exchange capacity of average 1.6 meq/g LIEC and 2.4

meq/g for HIEC. The ionomer was first dissolved in the solvent, and later Fe-N-C powder was added

to the solution. The solution ink was homogenized by mechanical stirring for one hour, and then it was

placed for an additional one hour in an ultrasonic bath. Later, the ink was homogenized via stirrer all

overnight and then sonicated again for on the hour on the next day. Before depositing the ink onto

GDL, the ink was stirred again. The deposition of ink on Freudenberg H23C8 GDL was done via doctor

blading method in an automatic film applicator (ZAA 2300, Zehnter). The thickness of the wet film was

determined via adjustment of gap height on the doctor blade. The gap height was adjusted to 170µm,

resulting in the average loading of 1.3-1.65mg/cm2. The wet samples were later dried at 40°C for 2

hours, the first hour with atmospheric pressure and the second hour with reduced pressure. The weight

difference of samples measured the loading of Fe-N-C before and after catalyst ink deposition and solvent

evaporation by a weight balance (Sartorius Cubis®, 0.001 mg). Later then samples were punched for a

circular shape of 2.01cm2 area, in order to study the activation of samples, some samples of LIEC were

immersed into 1M KOH(Ensure) liquid for the period of without activation, 2*20 minutes, 24, 48 and 72

hours.

3.2 GDE half-cell measurements

To investigate the ORR activity of Fe-N-C catalyst, we operated the modified GDE half-cell developed by

Ehelebe et al. [15] which was already used to benchmark platinum catalyst without any mass transport

limitation and mimicked fuel cell conditions. The Figure 3.1 shows the schematic CAD view of GDE

and cross-sectional view of electrode-electrolyte interface. The cell is made up of PTFE which has very

high chemical resistance and strength [217]. The Viton O-rings were used for coupling the gas chamber

to the electrolyte chamber. It provides better sealing due to high compressibility. The cell is comprised

of two compartments, i.e. gas chamber and electrolyte compartment. The electrolyte compartment

(holdup volume 250 ml) is comprised of two chambers, one for reference electrode and other for working

electrode and electrolyte. The reference electrode compartment is connected to electrolyte compartment

and working electrode interface by lugging capillary in symmetrically oriented position (1mm apart

from the electrode-electrolyte interface) to reduce ohmic resistance between the working and reference

electrode (Ag/AgCl Metrohm). It does not impose any effect on electric field between working and

counter electrode (expanded mesh of Ir/Ta mixed metal oxide [AN45272] on Ti, (METAKEM)). To limit

the temperature variation up to 4 K, the distance between the counter and working electrode is kept

to minimum 1cm to depreciate cell resistance. The gas chamber comprised of low resistive (13 µΩ m)

graphite flow field (R8710, SGL CARBON) with channelling to ensure distributive gas flow over the
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gas diffusion electrode. The exposed area (2.01 cm2) of gas diffusion electrode to the electrolyte is not

compressed and supported by flow field from the back which also serves as a current distributor. For

unhindered conduction, the GDL is subjected to humidified gases (Air Liquid with purity 99.998% Ar,

O2, HO2 and synthetic air with 20% O2 in NO2 ) in both electrolyte and gas compartment by commercial

humidifier (Low Flow Humidification System, Fuel Cell Technologies, Inc) with mass flow controllers (EL-

Flow Se- lect, Bronckhorst) at 3 bar. Biologic potentiostats (VSP-300) with two 2A booster cables was

used for data acquisition and parameters control (potential, current) for all experimental investigations

of GDE half-cell.

Figure 3.1: Schematic view of gas diffusion electrode GDE half cell assembly. A Detailed demonstration of all
GDE parts with the configuration. B: Cross sectional view of electrode electrolyte interface with
flow channels. Reprinted from [15]

3.2.1 Electrochemical Testing Protocol for GDE

Before every experiment, the cell cleaning procedure was carried out in order to reduce the contamination

as we are using a high concentration of electrolyte (∼ 1.0 M) so there is a possibility of high impurities

[218]. The choice of high concentration of the electrolyte is to avoid any significant resistance by solution

and their respective errors [219]. The electrolyte was changed after every experiment to avoid electrolyte

decomposition and generation of ions such as chlorides from HClO4. The new cell was first cleaned with

soap and ultrapure water (18.2 MΩcm at 25°C, <1.7 ppb TOC water, Milli-Q IQ 7000 Merck). Then the

cell was boiled once in 1% HNO3 (Suprapure) and three times in ultra-pure water. The water is drained

after each boiling and replaced it with the freshwater. All parts of the cell were immersed in a large

beaker filled with saturated KMnO4 solution for overnight cleaning. The cell is then neutralized with

96% H2SO4 and 30% H2O2 (30ml) to ensure full dissolution of MnO2 to Mn+2 and then boiled three times

in ultrapure water to remove peroxide traces. After finishing each experiment, the GDE assembly was

rinsed three-time and boiled one time for the next experiment. Before every experiment, all components
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of GDE assembly were dried in air. The reference electrode was calibrated for the reversible hydrogen

electrode (RHE) before every experiment, and the potential of the reference electrode in RHE was shifted

accordingly. The test protocol was developed according to the parameters required for the investigation of

catalyst. The evaluation of commercial Pt/C was carried out to show that how GDE and (catalyst coated

membrane) CCM can be used to evaluate the catalyst layer properties for ORR. Firstly, the catalyst

was purged for 10 min with humidified Ar. Even though, the GDE and CCM measurement in our half

cell are less sensitive to contamination as compared to RDE due to large surface samples (2.01cm2 vs

0.2 cm2) and high loading (0.3 mg/cm2 vs 0.020 mg/cm2) [215]. The cleaning cycles were performed

(30-50) till the cyclic features remain stable with the potential sweep of 0.05-1.2VRHE . The GDE cell

developed by Ehelebe et al. [15] used for this study which is an optimized version of Pinuad et al. [215]

cell which requires at least 100-200 cleaning cycles to reach to a stable state. The cyclic voltammetry was

carried out at the scan rate of 50,100 and 200 mV/sec, within the potential range of 0.05-1.2 VRHE . The

electrochemical surface area ECSA of the catalyst was determined by integrating the hydrogen desorption

curve region and theoretical value of Pt surface Hupd value of 210 µC/cm2. However, there is a possibility

of overestimation of the surface area when correcting the baseline and enhanced peaks due to hydrogen

evolution reaction. This issue will be discussed later in the next section of this thesis??. So during ECSA

determination, the flow of Ar gas was stopped as it has been demonstrated in previous research that the

flow of gas through catalyst layer will prevent the hydrogen from accumulating at catalyst surface and

thus due to hydrogen evolution the potential will be shifted [220]. During the data processing, the CVs

were corrected to 100% by the following formula.

Ecorrected = Euncorrected + EAg/AgCl −Ru ∗ 1− (1− (CorrectionfactoriR)/100) (3.1)

To determine the ECSA and catalyst utilization, we need charge which is obtained by integrating the

area under the curve Next step is to find charge

qH = Area measure−Area capacitance (3.2)

The real surface is the ratio of charge to the hydrogen desorption charge density of bulk Pt (hydrogen

adsorbed onto the monolayer of Pt)

Sreal =
qH
qHPt

(3.3)

The ECSA can be determined by

ECSA =
Sreal

Catalyst loading ∗ Sgeo
(3.4)

Where Sreal is real surface area, Sgeo is the geometric area, qH is the charge bulk density, EAg/AgCl is
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potential of reference electrode Ag/AgCl and Ru is the uncompensated resistance Since our GDE half-cell

can approach to high current density 2A/cm2, therefore, to avoid errors during ORR determination, the

uncompensated resistance between reference and working electrode must be determined which is the sum

of all resistance (electrolyte, GDL, contact, flow field and catalyst layer resistance). The importance of

realization of uncompensated resistance was addressed by Ehelebe et al. that at 1 A, the difference of

10 mΩ can deviate the 10 mV in applied potential [15]. The ORR data was corrected by the following

equation.

Ecorrected = Euncorrected + EAg/AgCl −
Iuncorrected(mA)

1000
∗Ru ∗ (1− (CorrectionfactoriR)/100) (3.5)

The catalyst layer is purged with Argon from the back (through gas diffusion layer) to remove any

dissolved oxygen for ten minutes. All experiments have been carried out in 1.0 M HClO4 and H2SO4 for

Pt/C, 1.0 M HClO4 for Pt/HGS and 1.0 M KOH for Fe-N-C LIEC, Fe-N-C HIEC and Fe-N-C Nafion

electrocatalyst for optimal conductivity at room temperature. Cyclic voltammetry measurements were

being carried out in Ar saturated solution at 100mV/s with the potential range of 0.05 to 1.2 VRHE and

reported with 100% correction (95% in-situ and 5% post-processing compensation). All the voltages were

referenced to VRHE , which was measure before every experiment (around 0.015 to 0.026 VRHE for HClO4

and 1.015-1.026 VRHE for KOH ). The cell also equipped with mesh counter electrodes and Ag-AgCl

as the reference electrode. For ORR, spectroscopic galvanic impedance spectroscopy(SGEIS) technique

has been carried out with O2 flow (250 mln/min) from -0.1 mA to -4 A in both directions (forward and

backward) within the range of 10kHz to 10 Hz with 100% post-correction of iR compensation. The step

was repeated until the achievement of reproducible results. After that, degradation cycles were carried

out (5000-30000 cycles, depends on the requirement) within the potential limit of 0.6-1.0 VRHE in Argon

saturated environment at a flow rate of 250 mln/min and SGEIS ORR was carried out again to see the

stability of Fe-N-C after degradation cycles. More details of the protocol are mentioned in flowcharts for

each catalyst system.

Figure 3.2: Different methods of uncompensated resistant determination for ORR and the deviation at high
current densities.Reprinted from [15]
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Figure 3.3: Complete protocol for commercial Pt/C activity determination in ORR for PEMFC based GDE
half cell
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Figure 3.4: Modified protocol for maximum activity for Pt/HGS in HClO4 after several stress test cycles with
interval of 1000,2500,5000,10000 and 30000 cycles
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Figure 3.5: Protocol for Fe-N-C in investigation for AEMFC in GDE for stability and activation studies
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Fuel cell electrocatalyst research is mainly based on improving the cathode catalyst layers, and several

cathode electrocatalysts have been developed in the past and discussed in previous chapter 2. The central

aspect of catalyst development is an extensive series of quick evaluation methods for comparison and

investigation of newly developed catalysts. All the testings in fuel cell stack are time-consuming and

complex, and the various methods have been discussed in the previous chapter 2. GDE method was

chosen for this study, and it is employed to investigate the ORR phenomena, degradation and stability

studies for the state of the art commercial platinum catalyst, advanced platinum catalyst ( platinum

nanoparticles in hollow graphite spheres) and non-platinum catalyst (Fe-N-C with different ionomers).

The GDE half-cell provides full control in a mimic fuel cell environment with the possibility of imitating

the electrode conditions with potential cycling, start/stop control and acceleration degradation study

AST. This method anticipates generating reproducible and comparable results to the literature within a

series of experiments..

4.1 State of the art Platinum Catalyst supported on Carbon

The state-of-the-art platinum catalyst for PEMFC consisted of nanoparticles dispersed over high surface

area support, namely carbon/carbon black. The carbon/carbon black generally sourced from different

materials produced from petrochemicals or biomass through methods of partial oxidation and thermal

cracking [221–223]. During the synthesis, the carbon carries out contaminants within it, and those impu-

rities can be traced in the carbon support of fuel cell. During the synthesis of the commercial catalyst,

several other contaminants such as organic impurities from different reducing agents by platinum pre-

cipitation or inorganic impurities from the platinum salt can influence the electrocatalyst performance.

Before starting the ORR procedure, the catalyst was subjected to cleaning cycles in the potential range

of 0.05-1.2 VRHE .

The appropriate cleaning cycles used for this investigation were limited to 30-50 due to the observation

that prolonging the cleaning cycles may result in carbon corrosion [224]. To a certain extent, the carbon

oxidation in our GDE cell is quite negligible due to the controlled environment (scan rate 200 mV/s at

room temperature) This is according to the literature that carbon corrosion in insignificant until and

unless fast scan rate at 500 mV/s is applied in the potential regime of 0.6-1.5 VRHE [225]. The influ-

ence of impurities can be seen in CVs (Figure 4.1) by a distinctive difference between the first and 50th

cleaning cycle. In the first cycle, the suppressed peaks of oxidation are visible, and the current density is

continuously increasing after continuous cycling due to the oxidation of organic impurities. At the high

constant scan rate of 200 mV/sec, the process of impurities oxidation is faster that helps in cleaning the

platinum surface by adsorption of hydrogen and oxygen species and removal of organic impurities which

is an essential factor for further testing of catalyst.
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Figure 4.1: Cleaning cycles for Pt/C HISPEC 4000 in GDE half-cell for PEMFC

The area of Hupd also increased with each cycle which can be possible due to growth of the surface area

as the organic impurities remove from surfaces leading to more empty active sites of the catalyst. There-

fore, cleaning cycles help to further investigation of electrochemical surface area by cleaning the active

sites without much interference of catalyst itself [226]. This attribute of potential cycling leads to real

surface area exposure for better electrochemical reactions. However, there is a possibility of platinum

dissolution over the range of 0.85 VRHE as investigated by Cherevko et al. [227]. Although the activation

of the electrode depends on the cleaned surface, potential cycling also leads to structural changes in the

catalyst, which could affect the activation procedure.

4.1.1 Impact of non-membrane and membrane coated GDL catalyst layer on

ECSA

The commercial state of the art Pt/C catalysts were tested in the acid electrolyte with a concentration

of 1.0 M for HClO4 and 1.0 M for H2SO4. The CVs were determined at different scan rates, i.e. 50,

100 and 200 mV/s and only the results for a faster scan rate of 200 mV/s as shown in Figure 4.2

demonstrated in this section. At 0.09 VRHE , the hydrogen desorption peak is visible, which is related to

Pt with (110) facets, whereas the peak emerges at 0.23 VRHE relates to Pt (100) facets in agreement to

literature [228]. Pt (110) sites are affinitive to weak bounded hydrogen while the Pt (100) corresponds

to strong bond hydrogen to active sites. The CVs were obtained without the gases purged from the

back of GDE as it has been reported that inert gas flow can lead to underestimation of ECSA by

shifting the hydrogen evolution reaction to a more positive potential [220]. The peak values of potential
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are very similar to the literature [229] exhibiting the normal CVs for the acid electrolyte. In Hupd

region i.e. hydrogen underpotential region ranging from (0.05-0.3 VRHE), the double-layer region of

pseudocapacitance (0.3–0.7 VRHE) and oxides formation and reduction region (>0.7 VRHE). The intensity

of peaks exemplifies the oxidation and reduction of species. Also, there is an increase in the double layer

capacitance area due to surface roughness or high-water dipoles molecule concentration near to electrode-

electrolyte interface.

Figure 4.2: Comparison of CVs for commercial Pt/C catalyst with 0.3mgPt/cm
2 in HClO4 and H2SO4 with

and without membranes

The GDE half-cell test is reliable and has been investigated by a few other researchers [15, 215, 230]

observing reproducible results in a way that the similar experiments performed in a relatable environment.

Hence, several other factors must be taken into consideration to optimize the GDE cell such as reported

by Ehelebe et al. [15] to determine ECSA through experiments with low or no gas flows from the back of

GDE. An approach was given to flood GDE with water from the back, which could alter the effects at

gas electrolyte interface or with the minor gas flow. So, in these experiments, the ECSA was conducted

with Ar flow of 50 mln/min. In the CVs, the oxidation current is higher for samples without a membrane

(H2SO4 > HClO4) with an onset voltage '0.8 VRHE in the positive scan. It can be related to the

formation of species (Oxygenated) on Pt such Pt-OH. In the negative scan, the reduction peaks are visible,

leading to the reduction of Pt oxides. The onset voltage of Pt/C catalyst in H2SO4 for the formation of

oxygenated species shifted the peak current mainly caused by anion adsorption with a difference of 0.8

VRHE for HClO4 to 0.85 VRHE for H2SO4 possibly due to the strong bisulfate adsorption [231]. The CVs

were obtained in the oxygen-free environment, but the presence of O2 in the electrolyte is visible at 0.75

VRHE affecting the redox reaction of Pt/C. The samples without membranes were least affected by the

reduction, and there is a significant increase in reduction currents for GDL without membranes.
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Figure 4.3: Electrochemical surface area of commercial Pt/C with and without membrane in GDE

Due to the nanoparticles of catalyst, the surface area of Pt/C was determined through the electro-

chemical method, as the total surface area (Pt nanoparticles and carbon support) is proportional to

capacitive current. The adsorption and desorption of protons are specific to platinum. The electrochemi-

cal surface area of Pt/C electrocatalyst is found to be as 66.59 m2/gpt in HClO4,61.55 m2/gpt in H2SO4,

53.67 m2/gpt in HClO4(with membrane) and 25.49 m2/gpt in H2SO4 (with membrane). The sequential

order ECSA is similar to the CVs area, but the possibility of uneven estimation of ECSA could be sub-

jected the large error.

Although, this ECSA can be varied by the cleaning cycles which can decontaminate the catalyst layer

from impurities. There is also the possibility of overestimation of surface area due to baseline correction

of Hupd region. The charge value of Hupd, i.e. 210 µC/cm2 is also under debatable, and other researchers

might use different values which make it difficult for comparability. The specific ECSA of Pt/C-HISPEC

4000 is around 60m2/gpt which somehow satisfies our calculated ECSA except for the catalyst in H2SO4

with membrane mainly due to degradation mechanism. This estimation tells us the durability and vast

application for GDE, as CVs performed in RDE at lower scan rate and the possibility of some contamina-

tion on rings could alter the results. However, in half-cell, the iR correction is very crucial, and sometimes

it becomes substantial due to the high current density approach which is addressed by compensation to

achievable level (though 100% correction is not approachable due to potentiostats limitation to run the

system stably) through the feedback system. The difference between the electrochemical surface area for

Pt/C with same conditions but in the different electrolytes (HClO4 and H2SO4) is not similar can be

seen in Figure 4.3.

Until, it is still not clear that what will be the possibility of difference between ECSA; however, both sets

of experiments showed a similar trend, which means that results are reproducible. There might be several

reasons that can justify this difference, such as perchlorate or persulfate anion properties or difference in

impurities in both electrolytes. However, the possibility of acid strength can be neglected as both elec-

trolytes used with the same concentration of 1.0 M. Several reports have demonstrated that morphological

changes of Pt/C catalyst are much higher in H2SO4 as compared to HClO4 because of the high absorbing
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capability of sulfate ions on the platinum surface as compared to perchloric ions causing platinum ion

dissolution and inhibiting redeposition [208,232]. The influence of pH can also be one the primary factor

for this difference as H2SO4 is diprotic acid and can lead to a decrease in pH value from 1 to 0.96. Future

studies on the pH influence and different electrolytes for PEMFC with advanced tools can reveal more

information. Liquid electrolytes such as perchloric acid and sulfuric acid are the conventional electrolytes

used in PEMFC. However, each electrolyte has a different tendency for electrocatalytic activity. The

adsorption on platinum catalyst surface for perchlorate anions are weaker as compared to sulfate anions

can be related to the difference in activities limited by the active site’s blockage [233]. In CVs, the onset

of platinum oxidation shifts towards more positive potential while the hydrogen adsorption peak to more

negative for H2SO4 with and without membrane. It shows that H2SO4 is more prone to catalyst stability

as compared to HClO4 in similar conditions. The Cl- ions are common impurities, but the sulfate ions

can produce substantial retardation for the formation of the oxide. These anions can typically block the

active sites, causing limiting transport of protons [222,234]. Another possible impact is that the samples

with membrane have a less active area which could happen by distortion of the physical structure and

active sites damage due to hot pressing at high temperature and pressure. More experiments will be

required to validate the outcomes of this investigation which is beyond the scope of this thesis.

4.1.2 ORR performance in O2 purged cathode in HClO4 and H2SO4

The polarization curve and Tafel plot during ORR determined in oxygen via SGEIS technique with

forward and a backward scan was showing the typical redox behaviour of electrocatalyst in O2 in Figure

4.4 and Figure 4.5. The samples were tested with and without membrane in both HClO4 and H2SO4.

The activity was compared with literature to analyze the effect of a bonded membrane to ORR activity.

In Figure 4.4, it is revealed that the Pt/C in HClO4 approached to high current density of 2 A/cm2 from

0.607-0.633 VRHE . At 0.66 VRHE and 1.5 A/cm2, both polarization curves of Pt/C with and without

membrane showed a similar trend. Later then the divergence appears in polarization curves with a

difference of '26 mV. However, both samples exhibited the same onset and half-wave potential onset

(Eonset 0.871 VRHE , E1/2 0.706 VRHE). The difference can be regarded as flooding at the catalyst

surface, which can be minimized with more additional potential cycles. In comparison to other GDE

study, the results agree with other researchers [15, 215]. It was already perceived to see the different

behaviour of catalyst coated membrane and GDE, as GDE is interfaced directly to the bulk electrolyte

solution with the produced water to went back to the solution while CCM acted as a barrier for water

transport. The Pt/C in H2SO4 with and without membrane showed less performance with more negative

onset as compared to HClO4.

The sample without membrane approached to more positive onset as compared to sample with membrane
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Figure 4.4: Polarization curve of commercial Pt/C for ORR in O2 obtained via SGEIS

and thus to require low activation energy which makes sense that the membrane can add additional

resistance that could lead to losses. However, approaches to the high current density the sample without

membrane showed a proximate increase in degradation and approached to limiting current of 1.5 A/cm2

at 0.477 VRHE .

Due to the direct contact to the bulk electrolyte, there is a possibility of sulfate ions positioning and

blocking the active sites of catalyst as H2SO4 is a harsh acid with high concentration 1.0 M used in

this study. With the membrane, the Pt/C required high activation energy, but the performance was

batter and approachable to high performing Pt/C in HClO4. The sample approached the current density

of 2 A/cm2 at 0.59 VRHE . The better performance is due to the restriction imposed by membrane for

sulfate ions to deposit on the active sites of catalyst as compared to sample without membrane interfacing

directly to the bulk electrolyte. The degradation of catalyst in H2SO4 can also be mitigated by higher

temperatures, as approaching to high current densities, which can weaken the specific adsorption of SO−2
4

ions and this would be another research to determine the effect. In the 1.0 M concentration of electrolyte

(both HClO4 and H2SO4), it was expected to achieve a high current density due to enough H+ transport,

as compared to the test done in RDE in the literature previously [212]. It demonstrates that transport

will not be a limiting factor for our GDE catalyst. However, if the activity will be decreasing for a high

concentration of electrolyte, the catalyst layer will be subjected to the poising due to more impurities.

In O2, the achieved Tafel slope shown for all samples (Figure 4.5, as Pt/C exhibited the same activity

with and without membrane, their slope is similar. In the low current density region of 1 µA/cm2
Pt to

1 mA/cm2
Pt, the Tafel slope of 47.9 mV/dec is achieved. The higher slope of 84.43 mV/dec is achieved
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in the high current density region over 10 mA/cm2 in the range of 0.8-0.7 VRHE with mass transport

limitation stating 0.7 VRHE . As due to consistency of Tafel slop for Pt/C in HClO4 in high and low

current density region, the mass transport effects are at a minimum level, the transition between high

and low current density region occurs in the range of 0.75-0.8 VRHE . As the same behaviour in the

polarization curve, the Pt/C in H2SO4 with and without membrane was more prone to degradation. The

sample without membrane achieved the Tafel slope of 59.24 mV/dec in the low current density region

while 93.98 mV/dec in the high current density region with transport limitation started at 0.75 VRHE .

Pt/C with membrane achieved the Tafel slope of 60.06 mV/dec in low current density regions, and 86.48

mV/dec in high current density region transport limitation started at '0.7 VRHE .

Figure 4.5: Tafel commercial Pt/C for ORR in O2 obtained via SGEIS (current is normalize to geometric area)

The effect of the membrane cannot be neglected, the reason if the material of membrane, i.e. Nafion™,

which belongs to the sulfonic acid group and chemical closer to sulfuric acid. It shows that there is a

significant variation in results for different electrolytes.

The GDL without membrane showed better performance as compared to their counterpart with membrane

because the resistivity of the membrane causing a thick barrier of produced water and not be able to

push back to the bulk electrolyte as CVs were conducted without the gas purged from the cathode which

limits the water management system in the cell. The samples in H2SO4 were not able to cope up to

the HClO4; the performance can relate in the variation of Tafel slope to overpotential. In the previous

literature for Pt single catalyst performance in sulfuric acid, the crystal surface is more subject to high

sulfate anion adsorption [235] which could be the reason for the less performance of directly interface

Pt/C in H2SO4 without membrane. Another reason that can be perceived based on the observations that

the absorbed anion species such as chlorine and sulfate ions from HClO4 and H2SO4 can significantly

impact the deterioration of catalyst stability which is more severe for sulfate ions. The kinetic effect of

catalyst will enhance more peroxide production with the possibility of influence on membranes (especially

perfluorinated membranes) which usually degrades in the presence of radical ions [236, 237]. Previous
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kinetics studies of Pt and alloys showed that the activities in HClO4 are higher than H2SO4 which also

happens in our case [238]. Typically, it can be assumed that sulfate anions adsorption of Pt/C surface

has detrimental effects; it inhibits the reduction of oxides by blocking the active sites. To some extent,

the membranes are also prone to degradation has some positive effect by blocking the anions, and also it

does not affect the reaction pathway. Moreover, single-crystal studies could be more helpful to analyze

the effect, as it has been studied previously that different facets and geometry of Pt has a tendency to

adsorb selective anions such as (100) is more active towards ORR in H2SO4 while tetrahedral (111) facts

are more catalytic active for ORR in HClO4. However, it is still challenging to understand the behaviour

of chemisorb sulfate ions, causing detrimental effect, and yet several other advance studies can be done to

investigate it thoroughly. GDE gives an estimate of ORR performance of catalyst layer with and without

membrane and can give results nearly to same of fuel cell catalyst benchmarking methods.

4.1.3 ORR performance degradation in synthetic air back purged GDL in

different electrolytes for PEMFC in GDE

During air purging for ORR performance instead of oxygen, the performance drops drastically and even

reaches to mass transport losses. The same catalyst was not able to approach the current density of '2

A/cm2 as it has been seen before for ORR in oxygen in the previous section. The reason for the low

performance is the less concentration of oxygen at the electrode-electrolyte interface.

Figure 4.6: Polarization curve of commercial Pt/C in ORR for synthetic air

In comparison to ORR in H2SO4, the sample in HClO4 with and without membrane showed similar

performance till 0.7 VRHE at 247 mA/cm2 . Nevertheless, the performance difference exceeds to a
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certain level that sample with membrane approached to mass transport limitation at '900 mA/cm2

and sample without membrane approach to transport limitation at the current density of 1250 mA/cm2

at 0.35 VRHE . The activity of Pt/C in H2SO4 with/without a membrane is lower than HClO4. The

onset of Pt/C in H2SO4 is 0.84 VRHE as compared to onset in HClO4 which is 0.89 VRHE showing

that high activation energy is needed for Pt/C in H2SO4 to achieve high current density. The Pt/C

without membrane approach to limiting mass transport at 0.2 VRHE at 1.25 A/cm2 with a difference

of 15 mV and the difference is more or less similar in high current density region. The Pt/C with the

membrane was impacted by severe mass transport limitation at '1.0 A/cm2, and all the degradation

that happened for all samples were in ohmic loss region. The transport limitation can also be seen in

Tafel plot in Figure 4.7 where the current normalized to geometric area is plotted against potential , the

OCV of Pt/C are nearly to '0.986 VRHE for Pt/C (with and without membrane) in HClO4 and '0.96

VRHE in H2SO4 (withmembrane) which are lower than the literature CV values for PEMFC H2/O2 fuel

cell('1.23 VRHE) [239]. Near to theoretical value which is not approachable in a half cell as no external

hydrogen provided and no possibility of platinum dissolution which usually observed to highest from

OCV operation [240].

Figure 4.7: Tafel Plot commercial Pt/C in ORR for synthetic air

The Tafel slopes of same Pt/C catalyst in the different electrolyte is not similar, considering the Tafel

plot of Pt/C in HClO4 with a slope of 0.57 mV/dec in the range of 0.97-0.8 VRHE in low current density

region which is in agreement with Ehelebe et al. [241] for the same experiment done before in GDE half-

cell. The comparability of both samples with/without a membrane is similar, but the mass transport

limitation occurs at 0.77 VRHE with Tafel slope of '152 mV/dec facing severe degradation inactivity for

the sample with membrane. The Tafel slope of Pt/C in H2SO4 at low current density region from 0.97-0.8

VRHE is 65.53 mV/dec which becomes higher ('121 mV/dec) at high current density region from 0.75

VRHE . In order to look deep into the difference in activities, several reasons could have a different impact
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on performance. The first reason is the oxygen starvation as the concentration of oxygen in synthetic

air is less than pure 99.99% O2 which was used for ORR in O2 previously and had better catalytic

activity. Oxygen starvation is not a new phenomenon and widely studied before by other researchers for

PEMFC [242–244]. It can lead to issues like voltage reversal, non-homogeneous degradation of fuel cell

and current distribution [169, 242]. The most losses occur in this investigation are ohmic and slow gas

diffusion cathode. In order to avoid the slow gas diffusion, when the air was an oxidant at the cathode,

the flow rate of air was kept higher 375 ml/min as compared to oxygen 250 ml/min in GDE cell. The

impedance at low current density also performed in this work which significantly showed fewer losses and

stability in that region. However, in low current density region, the rate-determining process is charge

transfer which is already known with a better understanding of mass transport limitations [245]. There

are other parameters related to low performance such as the GDE works at high current densities as

compared to RDE with humidified gases that can generate excess water at the cathode. Now, GDL,

which is highly porous, can be affected by the water accumulated on the pores which would block the

adequate pore size for gasses to pass through. It can be predicted that oxidant might not be enough to

attain maximum current density till '2 A/cm2 that can lead the process of proton reduction to be taken

place in the cathode outlet area resulting voltage loss to negative. This reversal phenomenon [246] can be

controlled by adjusting the stoichiometric ratio of oxidants mainly air which can be related to high current

density [?]. In order to improve the mass transfer at high current density, the high driving force will be

needed, the optimization of GDE structural parameters will be helpful to mitigate the mass transport

resistances along with the current distribution across cathode is sensitive to air stoichiometry [247].

The current distribution is heterogeneous for air as compared to pure oxygen which tends to be more

homogeneous. With oxygen the current is distributed across the channel is dominated by oxygen gradient

resulting in high current density at the inlet of cathode while for air, the oxygen concentration gradient

is higher and resulting in more possibility of oxygen starvation. The performance of the catalyst with

the membrane in each electrolyte was low, which shows the hindrances in mass transport. The GDE

with membrane can be affected by the resistances in all regions of polarization (activation, ohmic and

mass transport). This resistance is related to the electronic resistance imposing by a membrane that can

affect the porous clusters of GDL and resulting in less diffusion of oxidant, which is already starved by

air purging. Although the membranes are essential for effective water management, it requires cathode

to be highly permeable with itself restricting gas permeability. If water management is poorly designed,

which is affected by the low availability of reactants to the hydrophobicity of the electrode, there will

be more gas diffusion losses. With all these results in the light of hypothesis and critical parameters,

the understanding of gas diffusion layer and its behaviour to various oxidants in the fuel cell is still in

question along with oxidant starvation and water accumulation issues.
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4.1.4 Variation in ORR activity for forward and backward scan in oxygen

purged cathode during polarization

The impedance spectroscopy was carried out with forwarding and backward scan, and most of the times,

especially for ORR in SA, the resulting polarization of both scans are not similar. In the Figure 4.8, an

example of Pt/C in SA ORR is given with the significant difference in polarization curves for both scans

with hysteresis. This difference is assumed to be directly related to the humidification of gases and water

management. Since it can be seen that a forward scan is leading to low current densities as compared

to backward scan. As approaching to high current densities in the forward scan, the water is generated

to a certain extent causing flooding at the cathode, but due to high humidification of the cathode at the

back sweep, the more positive can be observed in back sweep [60].

Figure 4.8: Impact of forward and backward scan on polarization

Despite of the difference, the concave of curves in both scan types is nearly similar at high current

densities. There are some other explanations given for the difference in forward and reserves scan that

the catalyst performance in both scans can differ due to reduction time on peroxide generation. At

100% relative humidity, the hydrogen peroxide generation will be higher if there is longer reduction time.

Nevertheless, in all experiments, this is not the only factor that affects the performance at cathodic and

anodic scans such as temperature, scan rate, humidity and rate of diffusion is also a complex function for

reduction time [248]. However, it is believable that the intermediates produced during the forward sweep

will be different from the backward sweep (typical scan direction) for voltammograms and impedance

spectra [249]. As the potential waveform is similar, so both forward and reverse scan should be similar.

The presence of oxygenated species covering the catalyst surface can block the active sites in forwarding

scan leading to a deviation with the back scan polarization curve [60,250]. This issue is still challenging
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to minimize the difference between both scan rates by effective water management and improving the

catalyst structural properties. However, the hysteresis of forward and backward is still unclear, and the

difference is usually caused by rate-determining step, and the question remains that either the cathodic

or anodic sweep are relatable. Therefore, in this work, the average value of cathodic and anodic sweeps

was taken into account, but if there is a difference of more than 20 mV, the conventional back sweep

polarization curve was preferred for consideration.

4.1.5 Activity of commercial Pt /C catalyst in alkaline media for AEMFC in

GDE half-cell setup

Due to the corrosive nature of the acidic electrolyte, the alkaline and neutral electrolytes research is a

widely investigated topic in past years. Alkaline electrolyte grabbed significant attention due to the ben-

eficial properties of the stable environment while imposing the problems of membranes stability. In most

of the cases, non PGM electrolyte was preferred for alkaline electrolyte research. Despite state-of-the-art

Pt catalyst outstanding performance in the acid electrolyte, it is yet not well reported for the alkaline

electrolyte. Although, acid electrolyte research was supported both theoretically and experimentally

through Sabatier volcano relationships that describes that surface binding is the primary descriptor for

the activity of electrocatalyst. Still, there is a gap for the descriptor of ORR performance in alkaline

with platinum as an electrocatalyst. The CVs of platinum in alkaline Figure 4.9 gives different features

as compared to CVs in acid (See Figure 4.3), especially in Hupd region, the peaks of hydrogen adsorption

occupy the different onset potential is approaching to a contracted double layer region.

Figure 4.9: Pt/C Cyclic voltammogram before and after ORR in O2 with no severe difference

The typical CVs of Pt/C in alkaline (KOH) agrees with the literature which comprises of three regions

underpotential deposition, double layer region and Pt oxidation region [251]. The voltammograms were

recorded at the scan rate of 100 mV/sec, and no significant degradation observed before and after ORR

steps. In the underpotential deposition regions, the peaks between 0.25-0.4 VRHE attributed to the in-
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teractive sites of Pt(110) and Pt(100). It is a crucial region due to anions adsorption on the surface from

the electrolyte. The position of peaks for their relative surface plane is similar to the single-crystal Pt in

alkaline media, and due to the minor shift after ORR towards more positive onset, it can be assumed that

some inhabitation effect occurred by blocked sites [252, 253]. By integrating the Hupd, the determined

ECSA was found to be 72 m2/gpt which is slightly higher than the available surface area in literature

i.e. 62 m2/gpt.

The high surface area could be possible by some interference of Pt oxide reduction, which can be restricted

by limiting the positive potential window. Similarly, the double-layer region also observed the similar

high currents originated from the capacitive nature of highly porous and conductive catalyst support

(Carbon). The Pt-oxide region in alkaline is very similar to that of acid electrolyte from 0.6 VRHE to

on-wards expecting the bulge in back sweep shifting to more positive potential than in acid. The KOH

has the ability to absorb oxidized species in an irreversible way on the Pt surface which is usually dis-

solved in acid, but it is yet to explore more the relation of binding energy as a descriptor of performance

in alkaline media for ORR.

Figure 4.10: Pt/C polarization curve and Tafel plot for activity investigation in KOH electrolyte

The ORR conducted in HClO4 and KOH with a similar catalyst is shown in Figure 4.10 and there is

a significant comparison. It is well known that ORR in acid electrolyte for Pt/C catalyst with relatively

high performance in Fe-N-C but ORR in alkaline electrolyte for Pt/C in AEMFC is still yet to explore

fully. Due to the versatility of GDE, the commercial Pt/C HISPEC-4000 was investigated at high current

densities. The catalyst in KOH exhibited very high activity of approaching to 2 A/cm2 at 0.799 VRHE

with a high onset value of 0.88 VRHE . In alkaline solution, the reaction needed less activation energy

approaching to high current density. While approaching to 2 A/cm2, the activity was changing linearly

with a different of 10-20 mV from 500-2000 mA/cm2. The same behaviour was observed in the second
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sample; therefore, the reproducibility of GDE for this experiment can be observed.

In comparison to ORR in HClO4, the catalyst exhibited lower activity in acid approaching to 2 A/cm2

at 0.751 VRHE with the similar onset and results in HClO4 agree with previous literature. The activities

deviation for ORR started at high current densities from 100 mA/cm2 up to 2 A/cm2 with an increasing

difference of 20-40 mV. Even though the activity of Pt/C in alkaline is relatively high than the latest

research approaching to 0.73 VRHE at 2 A/cm2, the results in GDE are not conclusive. In the Tafel plot

Figure 4.10, it can be observed that the activation losses are shallow as compared to Pt/C in HClO4 and

no server mass transport limitation is observed. The difference in Tafel plots for HClO4 and KOH can

be due to the water management issue or overestimation of the date at high current density region.

Figure 4.11: Backward and forward sweep defence in activity for Pt/C in alkaline that can lead to overestimated
errors

It can be observed that there is a possibility of overestimation through data correction and processing

or some unseen mass transport issues. This issue has been already addressed by Pinaud et al. [215]

that over-correction can lead to overestimated results and this is more crucial due to two factors such as

temperature variation causing changes in resistance and iR correction at high currents. Also, in previous

research, it has been stated that the stability of Pt/C in alkaline is fragile and aggressive, resulting in low

activity and loss of ECSA after several degradation cycles [254]. Therefore, the high performing results

are due to overestimation and correction of Nyquist plot which can be studied further to optimize the

protocol for Pt/C in alkaline.

Hypothetically, 1% of the error can deviate the polarization curve to 25 mV to a positive or negative

direction. Also, it can be seen in the Figure 4.11, the difference in forward and backward scan is very

uncertain, although the commercial catalyst usually contains Nafion™ which is proved to be valid for

water management and transport issues [32], there is more information yet to explore. Significantly, most

of the experiments for AEMFC were carried out with non PGM catalyst which is preferred over Pt/C

due to more stability, low cost and versatile applications [196,255].
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4.2 Advanced Pt/HGS catalyst

The state-of-the-art platinum electrocatalyst usually supported on carbon for maximum exposure to

active sites. However, due to the harsh conditions at the PEMFC cathode, the performance of elec-

trocatalyst is unstable during fuel cell operations mainly due to degradation mechanism during cycling.

Platinum is still considered as the state of the art electrocatalyst for PEMFC, the other factors that

can influence the catalyst performance are the support of catalyst since the significant issues such as

detachment, agglomeration, Ostwald ripening and support corrosion are related to surface. Therefore,

the optimization of catalyst support is one of the critical targets for electrocatalyst to improve perfor-

mance. Encapsulation of catalyst nanoparticles in mesoporous structures and nanostructure of support

is a proven method to enhance the stability of the catalyst. Over the past years, the carbon support was

studied for nanostructuring the carbon material into shells, nanotubes and templates having benefits of

catalyst utilization, stability and durability. There are quite a few studies of the influence of fuel cell

startup, accelerated cycling to the activity of the catalyst in nanostructured mesoporous support. In this

work, an advanced Pt/C catalyst on hollow graphite spheres (HGS) developed by Galeano et al. [256]

was studied that has particular mesoporous structure synthesized from graphitizing carbon with high

conductivity and porosity. The HGS has unique features of high surface area (>1000 m2/g ), inter-

connected pores and high order of graphitization which plays a crucial role to tackle catalyst particles

agglomeration and detachment issues in PEMFC cell [257]. The porous structure and cavities provide

separation and trapping of catalyst nanoparticles with maximum accessibility. Due to the mesoporous

network, the diffusion pathways are very selectable and short from the graphite sphere shells resulting

from the voids. As the carbon corrosion is an issue for catalyst support, the carbon is graphitized to

the support a 3D structural network with a high surface area that gives an advantage of inter-particle

distance [256,258,259].

The distribution of Pt nanoparticles has a more considerable influence on performance which can be

optimized during the synthesis stage by suppressing the degradation pathways for ORR ( such as ag-

glomeration and detachment) by changing the degree of graphitization. In order to achieve highly porous

HGS structure and encapsulating the Pt nanoparticles, “Confined space allowing” which is an advanced

version of impregnation-reduction proved to be newly developed technique that prevents the sintering

of nanoparticles and makes it more viable at high-temperature [260]. The particles are separated in the

mesoporous structure also helps in reducing the possibility of sintering. However, it is imperative to take

control of temperature, as, during the synthesis, the high-temperature annealing increases the effect of

the carbon layer covering the active sites by blocking the catalyst surface.

Due to the pore confinement approach through spatial distribution, the catalyst degradation pathways

can be suppressed, such as agglomeration and particle detachments. The morphological changes of the

mesoporous structure of HGS have been studied in RDE and single fuel cell [256, 261]. As the prepa-
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ration of Pt/HGS requires high temperature, the confinement can impose different properties during

electrochemical measurements due to surface morphology and exposure to the active site of encapsulated

catalyst.

Figure 4.12: Pore confinement of Pt nanoparticles in hallow graphite spheres .Reprinted with permission from
[256], Copyrights 2012 American Chemical Society

4.2.1 Impact of stress cycling on the activity enhancement of Pt/HGS

In this work, the effects of break-in procedure and AST cycles were carried out in GDE half-cell to

investigate the highest possible activity of Pt/HGS in 1.0 M HClO4. The approach is to get a state to

achieve maximum activation through intense cycling by applying positive potential from 0.6-1.0 VRHE .

The cycling can help to detach the excess carbon layer covering the active sites of sintered Pt nanopar-

ticles and helps in providing better accessibility for the reaction. The AST protocol was modified with

the number of cycling for ECSA after specific degradation cycles at room temperature with a scan rate

of 1.0 V/sec. In fuel cell, the testing for degradation that will last for several days is merely hard to

achieve, which limits us to operate the cycling at faster scan rates for enduring and reliable assessment.

The performance of catalyst activation through cycling was analyzed by Hupd method in Ar saturated

environment and the ECSA was determined before and after cycling for 2500, 5000, 1000 and 30000

potential cycles. Even though the periodic evaluation through Hupd method could impose artefacts and

more prone to degradation but at the end of life the electrocatalyst can be compared to the state of the

art catalyst or more samples testing for reproducible results. The content of Pt is directly related to the

surface area and more active sites exposure [262], so the loading of catalyst can also play an important

which will be discussed later. However, GDE half-cell measurement is vital for catalyst layer evaluation

and initial screening of catalyst, therefore, it is desirable to test all the catalyst at similar standard condi-
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tions. The identical conditions will give a better understanding of the collection of kinetic data as well as

durability studies. The performance in GDE half-cell can vary from the realistic fuel cell measurements

due to degradation test at the standard temperature as the electrocatalyst performance can be provoked

at high temperature [171]. Also, at higher scan rates, the performance can be overestimated by the

number of platinum oxides formation [263]. In the lab investigations done previously (not published),

it has been found that Pt/HGS requires ageing (10,000 cycles) to reach it maximum potential activity

and it will show better performance in PEMFC due to high oxygen diffusion through the mesoporous

structure. Most of the degradation and ageing test of platinum and carbon corrosion were carried out

in MEA with simulated startup and break-in procedures. Under simulated load-cycling conditions, the

main observed degradation mechanism changes to particle migration and coalescence and these stubble

mechanisms cannot be adequately identified in MEA and therefore opens an area for GDE half-cell to

investigate the most active state of Pt/HGS for PEMFC.

In order to understand the effect of ageing and the catalyst loading impact on the ORR performance,

samples with loading 0.04 mgPt/cm2 and 0.1 mgPt/cm2 were prepared, and the test has been done twice

to check the reproducibility of results. The samples were aged through cycling, and the polarization ORR

curve and Tafel plot was constructed from the data of SGEIS. The non-activated samples demonstrate

that the initial activity of Pt/HGS can be seen in Figure 4.13, where solid lines represent the sample with

different loading, and dotted lines represent that additional testing for reproducible results.

Figure 4.13: Polarization curve and Tafel plot showing ORR performance of non-activated samples in 1.0 M
HClO4 for Pt/HGS

The impact of loading of state-of-the-art Pt/C has been extensively studied by various researchers

that showed that the ORR performance is also dependent on optimal catalyst loading. It can be seen in

polarization curve Figure 4.13 that sample with higher loading of 0.1 mgPt/cm
2 approached the current

density of 2 A/cm2 at 0.65 VRHE with almost the same half-wave potential and onset potential of 0.75

VRHE . The second sample of the same loading exhibited the exactly similar trend. The sample with
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low loading of 0.04 mgPt/cm
2 approached the limited current density of '0.45 VRHE (average) at the

limiting current density of 2A/cm2. The onset potential of this sample was meagre compared to higher

loading sample with Eonset '0.6 VRHE . Therefore, low loading sample exhibited higher activation losses.

The difference of activities in both samples is less at low current densities while it is broadening as the

polarization approaches to limiting current density with a difference of '20 mV, the trend is also similar

to the catalyst investigation for Pt/C catalyst in GDE half-cell. The OCV of higher and lower Pt loading

ranges from '0.9-1.0 VRHE . The OCV of lower loading is slightly lower than the practical OCV value of

commercial fuel cell which can be possible through increasingly electrical conductivity across the catalyst

layer or some losses in the circuit and kinetic loss at cathode due to low loading [264]. The different

loadings exhibited different performances but with the reproducible results and the difference in the

specific activity of the same catalyst could be affected by mass transport and flooding of voids in catalyst

support. Although GDE method significantly investigate the catalyst performance, certain issues are

still yet to be addressed, such as water transport mechanism. The Tafel plot for non-activated samples

of low loading Pt/HGS (0.04 mgPt/cm
2), higher Tafel slope of 58.59 mV/dec in the potential range of

1.0-0.7 VRHE was achieved in low current density region (2.446-24.7 mA/cm2) and 152.15 mV/dec in high

current density region with potential over 0.6 VRHE . There is a gradient in the slope from mass transport

region over 0.6V VRHE , which shows that losses are higher for low loading Pt/HGS. The Tafel plot of

higher loading Pt/HGS (0.1 mgPt/cm
2) can also be seen in Figure 4.13, Tafel slop 64.56 mV/dec has

been found out in low current density region from 24.69-246.97 mA/cm2 in the potential range of 1-0.7

VRHE . However, the sample exhibit more or less similar activity with a Tafel slope of 93.65 mV/dec while

there has not been much difference between both samples with reproducible results showing that higher

same loading will exhibit better performance. The different loadings exhibited different performances

but with the reproducible results and the difference in the specific activity of the same catalyst could be

affected by mass transport and flooding of voids in catalyst support. Although GDE method significantly

investigate the catalyst performance, certain issues are still yet to be addressed, such as water transport

mechanism. The Tafel plot for non-activated samples is shown in Figure 4.13 for low loading Pt/HGS

(0.04 mgPt/cm
2), higher Tafel slope of 58.59 mV/dec in the potential range of 1.0-0.7 VRHE was achieved

in low current density region (2.446-24.7 mA/cm2) and 152.15 mV/dec in high current density region

with potential over 0.6 VRHE . There is a gradient in the slope from mass transport region over 0.6 VRHE ,

which shows that losses are higher for low loading Pt/HGS. The Tafel plot of higher loading Pt/HGS (0.1

mgPt/cm
2) can also be seen in Figure 4.13 with slope of 64.56 mV/dec has been found out in low current

density region from 24.69-246.97 mA/cm2 in the potential range of 1-0.7 VRHE . The sample exhibit more

or less similar activity with a Tafel slope of 93.65 mV/dec; however, there is not much difference between

both samples showing that higher loading exhibited better performance with reproducible results..
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4.2.2 Validation of performance optimization by continuous potential cycling

The most active state of the Pt/HGS for ORR in O2 was subjected to several break-in procedures and

continuous potential cycles till 30,000 cycles with an interval at 10000th cycle. The study confirms

the most active state for Pt/HGS by samples provider which quoted that “Pt/HGS reaches to the

most active state at 10,000 potential cycles”. In the previous research, the idea was given that the

surface area of catalyst increases by degradation cycles [257]. This indication gives an idea about the

encapsulated structures are being blocked or restricted. The blocked voids can affect the entrapped

catalyst nanoparticles, and therefore, the catalyst will require more activation. The main reason of

blockage is the carbon as support which can also cover the catalyst surface. The activation can be

achieved either by burning the carbon deposited over the catalyst surface through thermal treatments or

to oxidize the carbon in the proximity of catalyst nanoparticle, which is blocking the pores. The burning

approach is not appropriate; it will emit some byproducts such as CO and CO2; thus, the oxidation

in the electrochemical system is more appropriate and viable. The oxidation of deposited carbon over

the Pt nanoparticles surface is done by potential sweeping which helps to improve accessibility and also

wettability of channels in mesoporous structures eventually results in increasing access to the catalyst

nanoparticles. In comparison to other catalyst support such as Vulcan for Pt nanoparticles, Pt/HGS

demonstrated better stability with negligible losses and no agglomeration and even after degradation

test, Vulcan support proved to be more vulnerable with particles loss of more than half of the original

catalyst [256]. Most importantly, there are several limitations when it comes to the catalyst by design

approach with new support that can sustain the minimum amount of catalyst within the complex 3D

catalyst layer and absence of these 3D structures in RDE films can also lead to degradation mechanism

with possibility of misleading interpretation [265].

To see the activity enhancement, the sample with loading 0.04 mgPt/cm
2 was investigated and it can

be seen that sample is subjected for ORR at 10,000 and 30,000 cycles and compared with state of the

Pt/C with loading 0.041 mgPt/cm
2 in GDE half-cell. There is a uniform trend with potential loss as

approaching to high current density region. Initially, the Pt/HGS after catalyst cleaning cycles ('50)

before AST cycling, the sample approached to limiting current density of 2 A/cm2 at the potential of

0.451 VRHE and onset potential of 0.79 VRHE (see Figure 4.14). The activation losses are higher as the

OCV for Pt/HGS was 0.89 VRHE which is lower than the standard OCV value for H2/O2 fuel cell. In

comparison to state-of-the-art Pt/C, the difference in activity of catalyst with limiting current density

of 2 A/cm2 is 100 mV. However, this difference is lower than the activity difference at the half-wave

potential value, which is 180 mV. During 10000 cycles, the activity of the catalyst was enhanced greatly

from 0.45 VRHE to 0.51 VRHE at the current density of 2 A/cm2. The OCV value was highest to 0.93

VRHE approaching near to theoretical values.
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Figure 4.14: Low loading Pt/HGS performance enhancement by 10- 30k stress cycles in HClO4

Figure 4.15: Tafel Plot of Pt/HGS with 0.04 mgPt/cm2 loading in comparison with commercial HISPEC-4000
Pt/C

In comparison to the commercial state of the art Pt/C with almost similar loading 0.4 mgPt/cm2, the

catalytic performance of highly active Pt/HGS is still not approachable. However, in term of mass

transport, it can be seen in the Figure 4.15, the losses are higher for the respective catalyst at the high

current density region from 1 A/cm2 to 2 A/cm2 with almost 110 mV loss for commercial Pt/C and 50mV

for Pt/HGS. Despite the less initial catalytic performance of Pt/HGS, it is much stable with good mass

transport during the potential cycling of 10000 cycles. Researchers also confirm this stability of Pt/HGS

during cycling that Pt/HGS is subjected to fewer losses during degradation cycles [257,266]. The catalyst

is then subjected to a total of 30000 cycles and approached the 0.50 VRHE at 2 A/cm2. Initially, the

ORR performance of catalyst at low current density region reduced to '10-20 mV from the activity of

10000 cycles, but as it proceeds to high current density region, the performance improved with almost

similar activity to the most active state. The sample initially exhibits a slope of 44 mV/dec at low current
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density region (>0.6 VRHE) in Figure 4.15, but as it approaches high current density region with a slope

of 157.579 mV/dec, the catalytic performance degrades in the region <0.6 VRHE . The specific activity of

the most active state of catalyst at '0.89 VVRHE is 0.49 mA/cm2 which is comparable to literature(0.47

mA/cm2 at 0.9 VRHE) [256]. The support design approach of the catalyst by encapsulating into voids is

beneficial for stabilizing and retaining the performance, but it requires prior activation. Due to the voids,

the Pt nanoparticles do not suffer from the possible degradation mechanism such as detachment and

agglomeration because of suppression of accessibility to catalyst particles. This indicates that support is

affecting not only the activity of catalyst but also accessibility of electrolyte to the nanoparticles imposing

no limitations despite the confined particles.

Figure 4.16: Pt/HGS surface morphology changes during cycling. Reprinted from [257]

The Pt/HGS prepared with high loading of 0.1 mgPt/cm
2 through spray coating was investigated for

activation and compared with state of art Pt/C catalyst and low loading (0.04 mgPt/cm
2). The procedure

for activation was similar, as described earlier. Initially, the catalyst without activation achieved the

activity of 0.63 VRHE at the current density of 2 A/cm2. However, the onset of the polarization curve

was approached to '0.8 VRHE showing that high activation is required. In comparison to the state-

of-the-art Pt/C, the difference in activity is 40 mV. It can also be seen from Figure 4.17 that at the

half-wave potential, the activity of the non-activated catalyst is 10 mV higher than the potential at

limiting current density. This shows that high loading sample is prone to little structural changes as

thicker catalyst layer can impose the transport hindrance of gases and water within the catalyst layer.

After subjecting to 10,000 cycles, the catalyst performance was enhanced a little in the region of 0.64-0.68

VRHE but approaching to limiting current density of 2 A/cm2, it remains nearly equal to the non-activated

sample. However, after 30,000 cycles, the catalyst retained back to its initial activity of 0.6 VRHE at 2

A/cm2. In comparison to Pt/C, all activation state of catalyst approached to high activation losses and

the difference of ' 30 mV at 2 A/cm2. In the Tafel plot (Figure 4.18, all activation states exhibited

similar activity with an almost same slope which means there are no limitations due to flooding.
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Figure 4.17: Polarization curve of Pt/HGS with high loading showing the performance enhancement by potential
cycling

The OCV value lies around '0.97 VRHE and is nearly comparable to the OCV of commercial platinum

catalyst. In comparison to low loading catalyst, the ORR performance of 0.1 mgPt/cm
2 is almost '100

mV higher than the most active state of 0.04 mgPt/cm
2 (see Figure 4.14). The impact of high loading

catalyst comparison to low loading catalyst, in our case, the GDL area is constant 2.01cm2 and when

depositing the Pt/HGS, the high loading will approach higher catalyst layer thickness on the constant

surface area. The more the thickness of the catalyst layer, the more microporous structure will be

affected. The particles tend to be more agglomerate in clusters rather than a uniform distribution over a

defined area of cathode [267]. The effect of catalyst deposition technique can also influence the structural

properties of catalyst coated GDL. The high loading provides a high mass activity and more active sites

to catalyze the reaction. Therefore, the performance was better for 0.1 mgPt/cm
2. In comparison to

the commercial HISPEC Pt/C catalyst, the Pt/HGS was not able to compete the performance (Figure

4.4). Now, if we look into consideration that both catalysts have the same nanoparticles but different

supports which gives evidence that support also contributes to activity effect of catalyst. The pore

confinement of Pt/HGS (each nanoparticle is separated physically in a mesoporous structure) is rigid but

during graphitization and annealing the carbon layer deposits on the surface of the catalyst which can

be removed by aggressive cycling. The impact of cycling on the activity performance of the catalyst is

addressed before in this chapter. The nanoparticles are confined in pores due to the higher loading may

be subjected to excessive filled concerning the capacity. Giving a higher loading will increase the activity

but then also subjected to agglomeration and Ostwald ripening issues [257,261].
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Figure 4.18: Tafel plot of high loading Pt/HGS with comparable stability to Pt/C

4.2.3 Complications during for ORR with EIS for Pt/HGS

During the determination of the kinetics of ORR for Pt/HGS by SGEIS techniques, the fluctuation of

voltage at constant current step intervals (Figure 4.19) was observed throughout in most of the samples

which lead to several potential sources of errors. These errors could be external or internal which are

possible due to a particular geometry of catalyst and support, scan rates, impurities and not a well

developed and tested protocol.

To our understanding, the main reason is the flooding of an electrode by ionomer, as HGS is completely

porous support with the entrapped Pt nanoparticles. There could be the possibility of some pores

completed filled with Nafion™while others are filled partially may interpret as the fluctuation of voltage

through the time, the filled pores with Nafion block the active sites of nanoparticles. The other factor

that can contribute to the flooding issue is the lack of oxygen and the instability of catalyst support. As

there is not an effective water management system in GDE half cell because the GDL we used for Pt/HGS

was without membranes, that can affect the transport function of water produced at the cathode of a

fuel cell. Accumulated water works to increase the conductivity, but the excess water inside the cell on

catalyst layer results in the high partial pressure of water vapour then achieving the saturation pressure

for water condensation on GDL. The condensed water on GDL reduces the gas diffusivity and increase

hindrances in the layer by limiting and blocking the flow paths for oxygen in the cathode [268, 269].

In Figure 4.19, it can be seen that voltage fluctuates with respect to the time and during the constant

current provide for each step, the response was supposed to be constant. The hindrance to maintaining

a constant potential is somehow unknown. The related Nyquist plot of the same system and catalyst in

Figure 4.20 was not able to achieve a semicircle pathway. From the low-frequency region, it can be seen

that the curve was attempting a semicircular pathway while the disturbance occurs when approaching to

high-frequency region. During the investigation, several errors were generated, such as “Control amplifier

overload” and “E−channel overflow” causing the disruption and failure mode, which is responsible for

electrode material degradation. The degraded catalyst and porous support are affected by the hindrance
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of water removal and diffusion of gases. It was also observed in some experiments that approaching

amplifier overload leads to the dissolution of Pt/C catalyst. So, in this case, the proton conductivity is

also affected by stress condition and decomposition of the catalyst material. Another impact that can

be assumed is the corrosion of graphite spheres which could lead to uneven effect for surface area with

loss of active sites. This corrosion can also result from the formation of carboxyl groups through changes

in surface chemistry affecting the water management by flooding. As compared to RDE, GDE works

at high current densities which can expel more water leading to potential drop, yet the disturbance and

fluctuation of potential during ORR are still questionable and requires surface chemistry study. This

issue can be addressed by combining the GDE cell with surface characterization tools.

Figure 4.19: Voltage fluctuation with respect to time during SGEIS current range steps

Figure 4.20: Disturbance in Nyquist plot with no observable semi-circle in high frequency region
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4.2.4 ECSA determination and complications for Pt/HGS

Although, there are several methods to determine ECSA, the one we adopted for this study is Hupd

method by integrating the capacitance corrected charge in the range of 0.05-0.4 VRHE . The technique used

for this study to determine the ECSA was cyclic voltammetry for the estimation of adsorbed hydrogen

monolayer on platinum. In this experiment, the CVs were conducted at 100mV/sec for three cycles from

0.05-1.2 VRHE . The samples were not purged from the back of cathode as reported by Ehelebe et al. [15],

which could lead to more positive potential by hydrogen evolution. It can be seen that the loading of Pt

has an impact on the CVs, the capacitance current is higher for the sample with higher loading along

with the peaks of hydrogen adsorption and desorption.

Figure 4.21: Cyclic voltammogram of Pt/HGS with high and loading GDL

In the Hupd region, only one visible peak can be seen as compared to the commercial platinum catalyst,

which means that not all facets of Pt are involved in Pt/HGS structure. The first visible peak comprehends

to Pt(110) sites, the high current approaches to hydrogen oxidation and it can be seen that sample with

lower loading (0.04 mgPt/cm
2) has a less integral area under the curve from 0.05-0.4 VRHE as compared

to sample with high loading 0.1 mgPt/cm
2. It will lead to high ECSA for higher loading sample, the

primary effect can be observed in the Hupd region from 0.05-0.4 VRHE and the oxide region from 0.5-1.2

VRHE . Due to the difference in loading the peak current density is higher for higher loading but both

samples due to the same catalyst showed similar behaviour such as peak potential. The low oxidation

current for the low loading sample can be due to adsorbed species from the electrolyte to the block the

surface sites. It is stated before that the ECSA obtained from the hydrogen adsorption area must be

equivalent to the hydrogen desorption area, which is not valid for our case. In the cathodic scan, the area
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under the curve is less than the area for the anodic scan. This relates to the formation of a small amount

of hydrogen formed near to the potential of 0.05 VRHE . This molecular hydrogen will revolve around the

Pt surface to the electrolyte for oxidation during an anodic scan. The current from hydrogen oxidation

is then related to hydrogen desorption current and gives rise to desorption charge, which ultimately gives

a high peak for higher ECSA. It was observed that the rise of peaks is due to current from hydrogen

and thus the ECSA by Hupd will not be able to cope with the exact values. Also, in the reverse anodic

scan, the high amount of oxygen can be seen in a bulged curve in the region of 0.3-0.6 VRHE , this down

peak is more shifted to low positive potential for low loading catalyst. This is indifferent to the oxide

reduction peak in Pt/C in HClO4 [215] which lies in the regions of 0.6-0.8 VRHE and shifted to lower

potential 0.3-0.5 VRHE in Pt/HGS showing that the amount of oxygen present in the system and the Pt

oxides are reduced lately.

It can be seen in Figure 4.21 that the onset of hydrogen adsorption of low loading sample shifted to less

positive potential as compared to high loading which is likely to be believed that low loading sample is

not much catalytic active due to poisoning of Pt/HGS surface by impurities. The most common impurity

that can be linked to this work is Cl- anions because HClO4 was used as an electrolyte for this work [270].

The Cl- ions have devastated effects on Pt oxidation by poisoning the catalyst sites which could be used

for hydrogen adsorption [233]. Other ECSA methods can be taken into considerations. However, up to

now, this was the only way available for ECSA determination available during the investigation. Later

CO stripping could be used for GDE in order to eliminate all those errors related to baseline correction

and estimation of ECSA. The CO stripping is much more preferential method for ECSA estimation as it

avoids the overestimation of peak current density, better baseline correction and oxidation charge higher

than Hupd [11, 271].

Figure 4.22: Baseline correction problem during integration and high peak current in hydrogen adsorption
potential region leading to overestimation of ECSA

The Hupd method have several complications for over/underestimation due to the baseline correction

which can be seen in Figure 4.22 , some CVs are not suitable so due insignificant peak angle which makes

it hard to draw a parallel baseline to the capacitive region.
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The impact of activation can be seen during the intensive AST cycles affecting the surface area,

which ultimately have an impact on catalyst utilization. In order to verify the statement from Pt/HGS

manufacturers that the catalyst will achieve the maximum activity after subjecting to 10000 AST cycles,

the catalyst in this research was subject to 30,000 AST cycles as standardized by DOE to see after-effects

of 10K cycles. It is observable that the activation cycles can increase the electrochemically active surface

area. In the beginning, before and after ORR cycling, the ECSA was found to be '50.84-52 m2/gpt

which increased after 2500 cycles to 62 m2/gpt and then remain stable till 10k cycles with ECSA of 60

m2/gpt. Eventually, after 30,000 cycles, the ECSA reduced to lowest as 44.08 m2/gpt by not be able to

retain its initial surface area. Although, it is challenging to subject catalyst to cyclic voltammetry cycles

continuously, which requires stable cathode catalyst design to give reproducible results [272]. Initially,

the ECSA was similar showing that the catalyst not subjected to particles agglomeration and growth,

the chances of carbon corrosion is also negligible due to ECSA increases from 2500-10K cycles.

Figure 4.23: ECSA after several steps of stress cycling by integrating the HUPD area for Pt/HGS

The high ECSA is possible due to the graphitized support, which reduces the possibility of carbon

corrosion. A possible reason that could assume the pore filling nature of HGS support leading to pore

flooding as it consists of cavities covering the Pt nanoparticles support. During the stress cycling, the

degradation of ionomer, which is reasonable under cycling, could have reduced the flooding of pores which

will result in more exposure to the catalyst surface. The ECSA decrease after 30K cycles relates to severe

changes in the microstructure of catalyst and may be resulted in due to Pt dissolution and increase in

interparticle distance. Due to the complex structure and small particle size of Pt/HGS, several further

investigations would be needed which is out of the scope of this thesis such as Transmission electron

microscopy (TEM) and Scanning electron microscope (SEM) descriptive analysis to see the structural

changes within the catalyst support.
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4.3 Non PGM Fe-N-C Catalyst Investigation for ORR in Alka-

line Media

4.3.1 Degradation in AST Oxygen (O2) and Argon (Ar)

The degradation of Fe-N-C influenced by oxygen is well understood for PEMFC due to production of

Fenton reagent [273]. There is still a gap for degradation mechanism in AEMFC, which is addressed in

this work. The impact of gases (O2 and Ar) can impose different performance degradation behaviour

during stress cycling. There is yet no other studies available for the performance degradation comparison

in Ar and O2 for AEMFC. Most of the AST protocols are designed in such a way that the data can

be comparable and sufficient to give scale-up information. The AST protocol was used for Fe-N-C is

based on the protocol developed by Ehelebe et al. [15] for Pt/C in an acid electrolyte. However, there

is a need for extensive experiments to determine the proper AST protocol. The fuel cell performance

must be diagnosed for various factors such as ionic resistance, activity degradation with proper series of

experiments to propose a new accelerated protocol helping possibility to avoid failure mechanisms which

could ultimately lead to unrealistic conditions [163]. During the continuous cycling with the potential

sweep, the half-cell temperature can be increased due to the movement of electrons and radical ions.

The temperature change can affect the degradation (mechanical and chemical) of ionomer. Also, the

humidified oxygen was provided for AST, which would result in dimensional swelling of catalyst GDE

and the possibility of flooding. The protocol used for this study to investigate the degradation mechanism

of commercial non PGM catalyst (Fe-N-C Pajarito powder) is the modified version of Pt/C protocol for

PEMFC in GDE half-cell. A break-in procedure was not carried out before degradation cycles as there

is less possibility of carbon corrosion in alkaline media as compared to acid electrolyte [254]. The Fe-N-C

catalyst was examined for degradation through AST by cycling continuously in the potential range of

0.6-1.0 VRHE in Ar and O2 for 5000 degradation cycles. Under certain specific conditions, the catalyst

was subject to degradation by accelerating the cycles to 100 mV/sec leading to faster redox reaction. The

deterioration effect for any changes in the catalytic activity can be subjected to particles detachments,

leaching or flooding. The humidified gases are bubbled in the electrolyte and from the back of cathode

at 50 mln in 1.0 M KOH.

Figure 4.24 and Figure 4.25 represents the polarization curve and Tafel plot, the ORR measurement has

been carried out in a period of time before and after AST. In comparison to current density of 2 A/cm2,

the samples with Ar purged AST showed better performance after cycling with an increase in ORR

activity from 0.49 VRHE to 0.509 VRHE . The better activity after ORR gives a clue that activation of

the sample is necessary before the experiment; the study for activation is presented later in this section.

However, the severe degradation of catalytic activity occurred for AST with O2 from 0.49-0.233 VRHE .

It is interesting that catalyst was stable and showed similar ORR activity at high current density region
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to that of Ar-AST samples. The conclusive investigation is yet remaining with more experiments and

advanced tools.

Figure 4.24: Polarization curve of Fe-N-C with average loading 1.5 mgFe−N−C/cm2 facing degradation during
ORR in O2and Ar

In the beginning, in the low current densities region, all samples with an onset of 0.7-0.74 VRHE

exhibited similar performance, even though the activation losses are high, the ORR activity was affected

after AST-O2 samples in the mass transport region. The Ar-AST was stable throughout as the only

reactive oxygen available was present in the electrolyte as dissolved oxygen. However, if AST-O2 the cat-

alyst was subjected to ORR with oxygen, and again the capacitive currents are also higher with oxygen.

The observed onset for Fe-N-C before and after stress test is lower than commercial Pt/C catalyst. The

losses in oxygen cycling after AST test were 145 mV and 257 mV respectively, since, the difference is

not consistent. Therefore any general conclusion cannot be drawn. Although both samples followed the

same trend in after O2 AST, that catalytic activity of ORR started to decrease from the onset potential

of 0.742 VRHE and degrades while approaching to high current density region. The similar behaviour of

polarization curve can be seen in the Tafel plot (Figure 4.25), the OCV of all samples in the presences of

both gases is similar and comparable to Pt/C for PEMFC in the previous section.

The overall performance degradation can be seen in the high current density region of over 10 mA/cm2
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at 0.6 VRHE , the Tafel slope of Ar was reduced after AST from 125.71 mV/dec to 102.61 mV/dec with

activity enhancement while the slope of AST O2 increased from 229.2 mV/dec to 304.49 mV/dec showing

severe degradation. As the alkaline solution is very corrosive with the availability of dissolved water/O2,

it may be possible that Fe component of the catalyst was corroded, and the catalyst support is also

susceptible of corrosion but to a negligible extent.

Figure 4.25: Tafel plot showing that severe degradation in high current density for ORR AST in O2

In oxygen stress test, the catalyst performed less comparing to Ar stress test with its initial activity. The

difference in activities for Fe-N-C catalyst after AST in alkaline could be due to high oxygen availability,

and the electrolyte was thoroughly saturated with oxygen promoting 2 e− reduction of O2 to HO−
2 . The

stability in Argon could be possible due to non-reactive gas which did not deteriorate the outer sphere

mechanism which is usually promoted by the carbon support [223] since it has been already suggested that

most unsafe conditions affecting catalyst performance are cathode side (oxygen supply). It is believed

that the interatomic distance of Fe-C increases with the potential that can improve the OH adsorption

through oxidation of Fe2+ [4]. During cycling with AST-O2, much OH- radicals produced during 5000

cycles. It would lead to blocking the active sites of the catalyst. Another reason is the flooding of

catalyst as if the water production rate is faster during the accelerated test with O2 and the cathode side

is not able to consume all the excessive water formed during cycling. Since oxygen tends to oxidize and

corrode the Fe and carbon support, therefore it could be fatal for outer-sphere mechanisms [274]. The

degradation of Fe-N-C in O2 AST is visible clearly, and the same even worse trend could also be detected

with synthesis air. The visible degradation has the main impact on mass transport region. Although,

both samples of AST-O2 were tested in a similar environment, but the difference in results could be
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possible to not well-quantified degradation and more experiment study will give a decent approximation.

Also, there was no cleaning cycles performance which could result in the activity of ORR after ECSA

cleaning cycles in Ar and most of the degradation mechanism happened in the mass transport region.

Since AEMFC suffers from poor water management, it can be concluded that the degradation happens

in O2 is due to the excess amount of water generated and less amount of water consumed at the cathode,

since O2 is responsible for liberating OH- ions. While, in Ar, the ORR activity is high due to less amount

of water produced and consumed. The carbonation effect can also be taken into consideration that is

generated by the mitigation of atmospheric CO2 into the system. The other source of CO2 for the GDE

would be the feed gas (mainly air), but in this experiment, we used the pure O2, which reduces the

possibility of contamination. The CO2 from the atmosphere is not negligible as even a minimum number

of carbonates can cause overpotentials up to 400mV with 5000ppm concentration of CO2 [275]. During

AST cycles in O2, there is more possibility of carbonation as O2 is responsible for generating the OH-

ions which react with CO2 to form bicarbonates [276]. This is also one of the reasons that performance

degradation was seen in O2 as compared to AST in Ar with enhanced performance. However, it is not

possible to give an exact evidence that supports the argument and further supplementary characterization

methods can reveal more information.

Figure 4.26: CVs of Fe-N-C before and after AST in Ar with no significant difference in capacitance

Despite the improvement in ORR activity of Fe-N-C in Ar saturated degradation test of 5000 cycles,

there is significantly no noticeable change in the CVs, as shown in Figure 4.26. Due to similar double-layer

capacitance, it can be assumed that the Fe sites were not subjected to dissolution, ripening, and leaching

in a noble gas. As the N-C is not subjected to degradation in alkaline media, the total activity can be
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associated with the iron sites. Over at the 0.3 VRHE , there is no significant bulge/peak appears and CVs

with minimal changes in the cathodic scan showing that no carbon oxidation occurs. The active sites

are stable in Ar saturated degradation cycles in alkaline. However, the situation could differ for PEMFC

where anions such as ClO−4, HSO−4, Cl− can significantly poison the catalyst sites [277]. Although

there is no graphical integrative method to determine the ECSA such as for Pt/C, the overall assumption

can be withdrawn from the size of the capacitance area, which is proportional to ECSA. It is not very

easy to quantify the active sites or leached Fe in the electrolyte except for high quantification methods

such as a mass spectrometer. However, it is crucial to quantify the ECSA loss during cycling procedure

Figure 4.27: Fe-N-C AST for 5000 cycles in O2 (left) and Ar (right) in the potential limit of 0.6-1.0 VRHE

for an estimation of the catalyst layer active site structural changes. The ECSA determination criteria

are available for PGM catalyst but not for non PGM catalyst, which can be possible by the estimation

of catalyst dissolution and microscopic morphological change studies and it is beyond the scope of this

studies but will be addressed later. There are mass transport issues during AST in Oxygen which can

be regarded as OH- attack to the ionomer. In the degradation cycles Figure 4.27, it can be seen that the

lower potential limit for degradation cycle was not achieved, i.e. 0.6 VRHE with iR drop compensation and

it is addressed before in this chapter that no significant standard protocol is available for Fe-N-C catalyst

in AEMFC stability. Hence, when the catalyst was not able to achieve the lower potential limit, it can be

referred to as difficulty in adapting protocol which can be improved by intensive series of experiments. In

the beginning, the catalyst was able to achieve current density of 189 VRHE at 0.66 VRHE which has been

reduced to 143 mA/cm2 at 0.64 VRHE after 1000 cycle. Later, as the number of cycles increased, we can

see a gradual increase in activity, this shows that catalyst is subjected to activation due to non-uniform

performance in degradation cycling.
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4.3.2 Impact of Ion Exchange Capacity IEC

The Fe-N-C catalyst coated GDL was prepared with commercial Fe-N-C Pajarito powder and commercial

ionomer Aemion™, both are optimized for AEMFC to operate without the use of PGM. The ionomer

is classified into two categories with different ion exchange capacities (IEC), i.e. high ion exchange

capacity ionomer (HIEC) and low ion exchange capacity ionomer (LIEC). In this section, the comparison

and behaviour of Fe-N-C with different IEC is investigated. The main issue that affects the AEMFC

performance is the degradation (chemical) of ion exchange material either ionomer or anion exchange

membrane, which makes it unable to achieve the high activity as compared to Pt and its alloys in

PEMFC. This degradation effect is caused by the nucleophilic attack and some elementary reactions

between OH− anions and functional groups of ion exchange material [278]. Due to the instability issue,

the purpose of this work is to optimize the ionomer for better stability regardless of high performing

activity. Despite the efforts made for optimizing and synthesizing the new functional group, the high

current density and stability are yet to achieve [279]. The polarization curve of samples HIEC and LIEC

with loading ' 1.73VRHE is shown in Figure 4.28.

Figure 4.28: Polarization curve showing the performance difference for high and low anion exchange capacity
ionomer

Both sample exhibited almost similar activity in O2 ORR such as HIEC achieved 0.53 VRHE at current

density of 2A/cm2 and LIEC with 0.51 VRHE at 2 A/cm2 . The activation required for both samples are

different as HIEC with the onset of 0.8 VRHE and LIEC with the onset of 0.88 VRHE . It shows that high

activation needed for the sample with high IEC. Interesting, as approaching to half-wave potential, the

performance of LIEC was better, but the error bar shows that there is a difference in between forward
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and a backward scan can be doubted for LIEC suffering from water imbalance issue. After achieving the

half-wave potential, the HIEC performance-enhanced surpassing the LIEC activity that IEC content can

impact the performance and stability at high current density.

Regarding IEC of ionomers, Aemion™ activity with higher efficiency and OH- conductivity is significantly

better as compared to other ionomers with high IEC 1.3 meq/g [280]. The high IEC leads to high ionic

conductivity, more water uptake, which results in more dimensional swelling. As at the beginning, HIEC

requires more anions to activate, and it can be seen in the polarization curve that HIEC approached

to the less positive onset and less activity till half-wave potential. On the other hand, fully activated

and optimized LIEC performance slowed down at high current density due to loss of accessible sites and

less water to unhindered produced bicarbonate conduction, a significant problem for AEMFC [281]. The

swelling issue is also an essential factor that can limit the ORR activity for electrocatalyst to achieve

high current density. The dimensional swelling is not just limited to water intake but also the type of

electrolyte, and it has been studied before that in KOH, anion exchange polymer could be subjected to

80% of dimensional swelling even though it has highest conductivity [281].

Figure 4.29: Tafel plot showing the difference of activity in low current density region for nearly similar catalyst
loading with different exchange capacity

In the Tafel plot (Figure 4.29), the OCV of LIEC and HIEC Fe-N-C was found to be 0.99-1.01 VRHE

which is below thermodynamic value of H2/O2 fuel cell showing the activation losses. The LIEC Tafel

slope of 51 mV/dec was achieved in the low current density region of 0.1-10 mA/cm2 from 0.8-1.0 VRHE

and 181.94 mV/dec in the high current density region. This transition of the high slope of Tafel plot

shows that catalyst was subjected to degradation from 0.8 VRHE , which is high above the fuel cell limiting
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degradation potential of 0.6 VRHE . The HIEC Tafel slope of 99.89 mV/dec was achieved in low current

density region of 0.1-10 mA/cm2 from 0.7-0.95 VRHE and 102.11 mV/dec in the high current density

regions which shows that the performance degradation in the high current region for HIEC is not much bad

as for LIEC. The cold start functioning of GDE (shut down, start-up and a sudden break in procedure)

effect was also observed in for Fe-N-C IEC catalyst, and there is no significant performance degradation

observed. It shows that the Fe-N-C was not able to achieve the feasible peak performance that it can be

regarded as a replacement for Pt/C but due to its stable performance and not sudden degradation gives

an advantage. However, more work can be done with different immobilized backbone ionomers having

better IEC and durability that can be added to Pajarito powder. The extensive studies in GDE also

showed that how quick and optimize the GDE method is, that it can help to quickly investigate and

optimize the catalyst layer properties with the performance that can be relatable to fuel cell [241].

4.3.3 Catalyst layer optimization of Fe-N-C LIEC by Activation Procedure

The Fe-N-C catalyst coated GDL layers prepared by doctor blading were in the range of 1.5-1.7 mg/cm2

and shown as an average in results which were immersed in KOH to achieve high conductivity [282].

Since there is not optimal predefined protocol for Fe-N-C testing in half cell, we used the protocol for

PEMFC platinum catalyst for ORR evaluation [15]. The catalyst membrane with ionomer needs to be

converted to OH- form to prevent hindered nucleophilic attack, which can affect the conductivity and

ion exchange capacity [283]. The samples were preconditioned by immersing in KOH for several intervals

(rinsing, 40 Min, 24, 48 and 72 hours) and then washed with degassed water thoroughly to remove the

impurities. The GDL was then preserved in an airtight pack as it has been reported that upon exposure

to atmospheric CO2, the conductivity will reduce drastically to 60-70% in few hours due to rapid conver-

sion of OH- to mixed carbonate/hydroxide form [65,282,284]. Several breaks in procedures were carried

out in Ar saturated environment during cyclic voltammetry to initiate the activation.

The polarization curve and Tafel plot of all samples (averaged) in linear and logarithmic scale are demon-

strated in Figure 4.30 and 4.31, the 48h sample exhibit the high onset and have less linear drop during

activation losses. However, the sample with 72h loading has a rapid drop during activation losses and

with much severe mass transport limitation as compared to other samples with different activation time.

In comparison to activation losses, the sample with 48h activation exhibits the onset at 0.8 VRHE (Fig-

ure 4.30), the activity of all samples reduced gradually in the kinetically controlled region (0.6-0.9 VRHE).

the Tafel plot (Figure 4.31), 48h activation exhibited high performance while the 72h activation

falls below the non-activated samples. Variation in the activity is due to loss of cationic active sites,

ion dilution and swelling along with long term immersion of CCM in an electrolyte that increases the
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Figure 4.30: Fe-N-C LIEC ORR performance enhancement by immersion time-based activation procedure

impurity ions which needed to be removed accordingly [282,285]. The 72h immersion showed a significant

low performance that would be possible due to two reason. One possibility is Fe-N-C catalyst or ionomer

stability (resulting due to OH- attack at the C-2 position of Benzimidazolium ring) [286]. Another

possibility for less activity in the high current density region is due dimensional swelling and water

uptake for monovalent anion as reported in the literature that OH- ions can lead to more dimensional

swelling as compared to Cl− & I− ions [281,285]. In the kinetic region (around 0.8 VRHE), all the samples

exhibited a similar performance.

The CV’s for Fe-N-C catalyst, as shown in Figure 4.32 are quasi rectangular, which is due to the high

surface area of carbon matter. The area within the curves gives information for double-layer capacitance.

It can also be seen that in the CVs, as the activation time increases, the double-layer capacitance also

increased, due to the exposure of active sites and high surface area during activation except for 72 hr

sample as the high capacitance resulted due to reactive carbonate species from OH− ions to atmospheric

CO2 [287]. We took the highly optimize sample (48hr activation) and performed degradation and break-

in procedures, as shown in Figure 4.30. The load cycling protocol was used to investigate activity

degradation after 5000 Cycles from 0.6-1.0 VRHE . There is not a significant effect after 5000 degradation

cycles since Fe-N-C is a stable catalyst even after several degradation procedures and another reason is

that AST is performed at room temperature. As observed before that there is little morphology change

for Fe-N-C catalyst, the difference can be observed on the change of capacitance current densities. The

observed difference might be inconsistent due to geometric area coverage by particles detachment or as

an average decrease of the number of electrons involved per O2 molecule reduced(decreased selectivity

toward water formation). Since the activity was not approached to a high level may be interpreted as the
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Figure 4.31: Tafel plot of Fe-N-C with LIEC optimization

loss and modification highly active sites with the less selective sites after AST, the catalyst detachment

can be visualized from the minor change in CVs.

The CVs during AST underwent to negligible changes during the degradation cycles (5000) which

shows the high stability of metal-free catalyst in the alkaline electrolyte because the attribution of Fe-N-C

has a high stable 3D structure with high surface area and good conductivity [288, 289]. In a structural

way, the commercial ionomer is optimized for the C2 position by benzimidazolium ring, which has the

ability to shield the ionomer from OH− attach eventually lead to high molecular stability during 48 hours

of activation [281]. In comparison to the performance of previously synthesized Fe-N-C in the literature

that the impact of ionomer has a drastic impact on the activity of the catalyst and the optimized ionomer

has better performance than other Fe-N-C with ionomer (Tokuyama, ion exchange capacity 1.5 mmol/g)

and the commercial Pt/C [198, 199, 201]. Our Fe-N-C with Aemion™ionomer considerably have better

activity and with consistent activity in the kinetic region due to the high amount of surface oxide. The

polarization curve demonstrates that Pt/C (in the previous section) performed better than in high po-

tential region but less catalytic active and stable than Fe-N-C at high current densities.

The lower starting potential at OCV for Fe-N-C with 48 hrs activation at 1.01 VRHE is quite like others

which confirms that there is no problem of fuel cross over and mixed potential. Furthermore, in the

literature, the optimisation has been done to analyse the impact of ionomer ratio to Fe-N-C ratio which

approached the peak performance 35 wt.% ionomer approaching to 680 mA/cm2 [201]. As the ionomer

content increases, the conductivity of cathode also increases, which ultimately results for high perfor-

mance. Nevertheless, the particular limitation is possible as more and more ionomer content increases,

and there is a possibility of pores filling, which will block active suites and thus reducing activity. As

compared to the platinum catalyst in alkaline, the Fe-N-C showed better performance in high poten-
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Figure 4.32: Fe-N-C LIEC CVs demonstrate the different capacitance during different activation time

tial regions and thus made it suitable for alkaline fuel cell. The results presented of this subsection is

published in the ”Electrochemistry Communications” journal [241].

4.3.4 Reproducibility Fe-N-C HIEC

To investigate the reproducibility of results, Fe-N-C HIEC GDLs were prepared with loading from 0.89-

1.73 mg/cm2 for ORR in O2. The polarization curve in Figure 4.33 depicts the performance of Fe-N-C

in comparison to commercial Pt/C to the current density of 2 A/cm2. The impact of loading can be seen

that as the catalyst loading increases, the activity gets better but to a certain extent.

Figure 4.33: Fe-N-C HIEC Polarization curve showing the reproducibility of results
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The Fe-N-C achieved the limiting current density of 2 A/cm2 at 0.49-0.53 VRHE with a higher onset

of 0.80 VRHE which agrees with our previous results. Unlike Pt/C which very high activity of 0.7 VRHE

at 2A/cm2 in the acid electrolyte, the Fe-N-C perceived very high activation losses which are subjected

to hydration level of anion exchange material. Despite the similar performance in polarization curve, all

sample have different OCV without correlation to loading and the activity degradation starts at 0.8 VRHE

in the low current density region with an increasing slope in high current density region (Figure 4.34).

The performance gap is vast between Pt/C and Fe-N-C HIEC which may require some more activation

study to optimize the catalyst layer properties.

Figure 4.34: Tafel Plot of Fe-N-C LIEC in comparison with state-of-the-art Pt/C catalyst

4.3.5 Stability of Fe-N-C with HIEC Ionomer in ORR O2

To address the stability of catalyst and ionomer in alkaline, the optimized Fe-N-C with anion conducting

ionomer HIEC is subjected to ORR in O2 before and after 5000 AST degradation cycles in Ar.

It is well known that the properties of anion exchange materials change concerning time in a high pH

environment for a prolonged duration. Therefore, several methods can be used to optimize stability such

as exploring high conducting ionomer, carbonates reduction technique.

With the use of high conductive ionomer Aemion™ HIEC, the Fe-N-C was able to achieve and maintain

its performance at high current density. The performance of Fe-N-C is similar after subjecting to 5000

degradation cycles with the onset of 0.801 VRHE and approached limiting current density of 2 A/cm2

at 0.53 VRHE . Similarly, the OCV value for measurements is similar '1.0 VRHE with a Tafel slope of

110.2 mV/dec in low current density region of 0.1 mA/cm2 to 10 mA/cm2 from 0.8-1.0 VRHE . The

Tafel slope then increased to 142.55 mV/dec at high current density region, and it can be seen in Figure
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4.35 that the Tafel slope of both measurements is linear and almost similar which shows that not severe

degradation occurs in the system. The high stability of Fe-N-C shows that with Aemion™ ionomer can

cope the hydration level of the nucleophile. All the experiments conducted in 1.0 M KOH, high electrolyte

concentration corresponds to less water content resulting in high viscosity. Therefore, it will be interesting

to investigate the low concentration/less viscous electrolyte to observe the effect on stability [290]. As

approaching to high current density, the cathode is subjected to water starvation which leads to severe

hydration of anion exchange material and thus the catalyst will be acquiring high activation energy and

overpotentials, which can be seen in the polarization curve.

Figure 4.35: The stability of optimized Fe-N-C (1.18 mg/cm2 with HIEC before and after ORR in Polarization
curve (top) and Tafel curve(bottom)

4.3.6 Impact of non-Optimize Fe-N-C with H+ Conducting Ionomer Nafion™in

1.0 M HClO4

The Fe-N-C in the acid electrolyte has been studied in past years, but it still hasn’t gained much attention

due to low initial activity for ORR [14,291–293]. To see the effect of type of ionomer, Nafion™is added to
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Fe-N-C Pajarito Powder, and the effect can be seen in the polarization curve Figure 4.36. The catalyst

was subjected to sequential ORR in O2 to investigate any effect on the performance. The activity of

catalyst degrades gradually with less positive onset and approach to mass transport limitation without

reaching to the limiting current density of GDE i.e. 2 A/cm2. In the first ORR measurement, the Fe-N-C

approached to 930 mA/cm2 at 0.1 VRHE which reduced to 750 mA/cm2 at 0.1 VRHE for second and

third (after 5000 degradation cycles) ORR measurement.

Figure 4.36: Severe degradation of Fe-N-C with proton conducting ionomer in acid electrolyte

Now, if we look in CVs Figure 4.36, the voltammogram is not stable with fluctuation in current density

in both scans, and the pseudocapacitance is changing with increasing potential. The disturbance in the

system yet not enabled GDE to investigate the catalyst layer properties as the problem is continuous since

we have got reproducible results for this experiment. Now taking consideration of Fe-N-C, the catalyst

is optimized for AEMFC alkaline solution, especially KOH electrolyte. The Nafion is mostly used for

PGM catalyst as a binder in PEMFC, and the iron is most subjected to corrosion and dissolution in acid.

Although Fe-N-C showed a suitable activity for ORR in acid, its combination with different electrocatalyst

is a broad field of research. Now taking consideration of FeNC and Nafion™, the catalyst is not optimized

for PEMFC. The Fe-N-C is subjected to degradation which can be suspected of different routes such as

surface oxidation, carbon corrosion, protonation of N-group and demtallation [294]. The ORR selectivity

and activity of Fe-N-C Pajarito Powder is higher in alkaline electrolyte KOH as reported in chapter

2 as compared to acid due to the more robust and more accessible binding to HO−
2 as these ions are

predominant in KOH while the affinity is lower for H2O2. The condition can also be affected if the

Fe-N-C with Nafion as we know that Nafion is mostly used in PEMFC due to its excellent conductivity

(78 mS/cm) for H+ ions transportation [295], which in case of AEMFC, the Nafion conductivity for

ions transport is 2-20 mS/cm [296]. Nafion is also known for high water absorption ionomer which

can significantly dry out the cathode if not subjected to highly humidified O2 as the ionomer absorbed
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water within its structure. If this is true for our system, then degradation by dry condition lead to

Hofmann elimination resulting in loss of functional group in polymer. It has been found previously that

the formation of H2O2 in the presence of Fe-N-C is pH-dependent as acidic pH range is more selective

to H2O2 and Fe cations leading to reactive oxygen species formation [294]. However, there is not much

research available for the proper understanding of the combination of Fe-N-C with Nafion degradation

on a molecular level, and there is still a gap to identify the root cause of the problem either the problem

lies in the conduction of ionomer or the water management issue causes the observable performance

degradation.
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5.1 Conclusions

To address the challenges of benchmarking the electrocatalyst for ORR, a novel optimized GDE half cell

was used for this research to bridge the gap between fundamental and applied techniques such as RDE

and MEA. In this research, the catalyst layers were optimized with GDE and investigated for the activity

behaviour of ORR at high current density (2 A/cm2) approaching to MEA and reproducible and reliable

results similar to RDE. The novelty of GDE half cell is that the conditions can be created to mimic

the fuel cell environment and can be used for PEMFC and AEMFC electrocatalyst investigation. This

broadens the aspect of investigation and characterization of numerous types of catalysts such as PGM

and non PGM to optimize their ORR performance by the effect of several procedures, i.e. break-in, stress

cycling, ionomer activation and cold start. With all those benefits, there is still a gap to investigate the

water management issues which flooding in case of PEMFC and low hydration level in case of AEMFC

electrocatalyst. In this research, all research objectives were met to analyze the versatility of GDE half

cell investigation. The electrolyte and membrane can affect the performance of ORR electrocatalyst as

observed in the commercial Pt/C with and without membrane in a different acid electrolyte (HClO4 and

H2SO4). The type of electrolyte and addition of membrane have an effect on the ORR performance of

Pt/C. The ECSA of Pt/C HISPEC 4000 in GDE was 66.59 m2/gpt in 1.0 M HClO4, 61.55 m2/gpt in 1.0

M H2SO4 without membrane and 53.67 m2/gpt in 1.0 M HClO4 with membrane and 25.49 m2/gpt in 1.0

M H2SO4 without membrane. The ECSA of samples with the membrane is near to the specified ECSA

of HISPEC-4000 that is 60 m2/gpt. The addition of membrane reduced the ECSA due to the blockage of

the active site, but the samples were more stable in HClO4 > H2SO4. The gas purging from the back of

electrode also influenced the ORR activity of commercial Pt/C, oxygen and synthetic air was compared,

and the samples attain severe mass transport limitation in synthetic air due to low concentration of O2

with a loss of activity of 1 A/cm2. The radical chlorine and sulfate ions can poison the catalyst activity,

and the probability of Pt dissolution is high due to uncertain events of amplifier overloading. It has been

found that diprotic effect of H2SO4 can limit the activity of commercial Pt/C and the higher affinity to

sulfate ions on catalyst layer can reduce the performance and subjected to high mass transport limitation,

and it can be overcome with the introduction of ion-conducting Nafion™membrane. The Pt/C HISPEC

4000 with the loading of 0.3 mg/cm2 approached to limiting current density of 2 A/cm2 at 0.63VRHE in

1.0 M HClO4, the catalyst showed very high performance in KOH in contrast to the literature which shows

the overestimation of performance, and it is considered as a drawback in GDE half cell measurements.

The difference in sweeps mainly due to water management issue, can disturb the correct investigation

of ORR activity. The advanced Pt/HGS was investigated in 1.0 M HClO4 to validate the results from

the producers that it can reach to maximum activity after subjecting to 10k degradation cycles. It is

stated in past research that during the synthesis of Pt/HGS, the carbon that limits the non-particles

performance deposited during high-temperature annealing can be reduced by continuous cycling which
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is confirmed by this research the highest activity was achieved after 10k stress cycling AST. Pt/HGS

approached to the high surface area of over 60 m2/gpt, similar to the commercial Pt/C-HISPEC but the

activity was not comparable. The effect of loading showed an influence on ORR activity as Pt/HGS with

0.1 mg/cm2 achieved the highest activation of 0.63 VRHE in its most active state, and it has been found

that pores flooding issue can influence the disturbance during ORR determination. However, it is not

much compared to commercial Pt/C activity in literature and several issues regarding flooding of flooding

and forward/backward scan difference was also addressed in this research. Finally, the GDE half-cell was

conditioned to mimic the AEMFC for the optimization of non PGM electrocatalyst Fe-N-C (Pajarito

powder) and high anion conducting ionomer Aemion™ with different ion exchange capacity. The catalyst

layer was optimized by immersing the catalyst coated GDL in 1.0 M KOH for 48 hours demonstrating

the best performance and the catalyst showed very high and uniform stability with 5000 AST cycles in

the potential sweep of 0.6-1.0 VRHE . However, the gap still exists to reach the performance of highly

efficient Pt/C and alloys, Fe-N-C is a stable and cheap catalyst, but it is subjected to carbonation with

atmospheric CO2 in KOH and low activity. Several other investigations can be done in GDE such as

ECSA determination by CO stripping to tackle the issues we faced during H2 stripping and investigation

of Pt-alloys for ORR in the half cell. Due to quick and fast track GDE methods, it is possible to investigate

numerous catalysts in a short period of time quickly, but this investigation sometimes does not tell the

full story such as catalyst morphological changes during cycling, the amount of catalyst dissolution, these

properties investigation can be accommodated by combining GDE with other tools such as transmission

electron microscopy TEM and scanning flow cell- Inductively coupled plasma ICP mass spectrometer for

future work.
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K. J. J. Mayrhofer, and F. Schüth, “Toward Highly Stable Electrocatalysts via Nanoparticle Pore

Confinement,” Journal of the American Chemical Society, vol. 134, no. 50, pp. 20 457–20 465, dec

2012. [Online]. Available: https://pubs.acs.org/doi/10.1021/ja308570c

[257] J. C. Meier, C. Galeano, I. Katsounaros, J. Witte, H. J. Bongard, A. A. Topalov, C. Baldizzone,
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[259] A. Ramos, I. Cameán, and A. B. Garćıa, “Graphitization thermal treatment of carbon nanofibers,”

Carbon, vol. 59, pp. 2–32, aug 2013. [Online]. Available: https://linkinghub.elsevier.com/retrieve/

pii/S0008622313002509

[260] C. Song, S. R. Hui, and J. Zhang, “High-temperature PEM Fuel Cell Catalysts and Catalyst

Layers,” in PEM Fuel Cell Electrocatalysts and Catalyst Layers. London: Springer London, 2008,

pp. 861–888. [Online]. Available: http://link.springer.com/10.1007/978-1-84800-936-3{ }18

[261] C. Baldizzone, S. Mezzavilla, N. Hodnik, A. R. Zeradjanin, A. Kostka, F. Schüth, and K. J. J.
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and F. Jaouen, “The Achilles’ heel of iron-based catalysts during oxygen reduction in an acidic

medium,” Energy & Environmental Science, vol. 11, no. 11, pp. 3176–3182, 2018. [Online].

Available: http://xlink.rsc.org/?DOI=C8EE01855C

[295] Y. Sone, “Proton Conductivity of Nafion 117 as Measured by a Four-Electrode AC Impedance

Method,” Journal of The Electrochemical Society, vol. 143, no. 4, p. 1254, 1996. [Online]. Available:

https://iopscience.iop.org/article/10.1149/1.1836625

[296] G. Merle, M. Wessling, and K. Nijmeijer, “Anion exchange membranes for alkaline fuel cells: A

review,” Journal of Membrane Science, vol. 377, no. 1-2, pp. 1–35, jul 2011. [Online]. Available:

https://linkinghub.elsevier.com/retrieve/pii/S0376738811003085

127

http://link.springer.com/10.1007/s10008-015-3060-z
http://xlink.rsc.org/?DOI=C8EE01855C
https://iopscience.iop.org/article/10.1149/1.1836625
https://linkinghub.elsevier.com/retrieve/pii/S0376738811003085


6
Extended Investigation for Errors

and Problem Estimation and

Reproducible Results

128



Figure 6.1: The Impact of data correction and the effect of iR leading to high difference in ORR activity

Figure 6.2: The errors during activation procedure of Pt/HGS after 1000 degradation cycles
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Figure 6.3: Reproducible results of several samples in GDE half cell for Fe-N-C in 1.0M KOH

Figure 6.4: Comparison of modified samples Fe-N-C with LIEC activation in GDE half cell to previous research

Figure 6.5: Reproducible results of ORR activity in numerous SGIES steps in GDE half cell for Fe-N-C in 1.0M
KOH
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Figure 6.6: The ORR activity effect of non activated Fe-N-C LIEC with degradation cycles in Ar-Multiple test
of ORR in O2

Figure 6.7: The ORR activity effect of highly activated (48Hrs) Fe-N-C LIEC with degradation cycles in Ar-
Multiple test of ORR in O2
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Figure 6.8: Comparison of activity degradation of Pt/HGS in synthetic air with commercial Pt/C catalyst

Figure 6.9: Commercial Pt/C HISPEC 4000 recorded voltammogram at 50, 100 and 200 mV/sec with ECSA
before and after stress test
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