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Abstract 

 

Graphene and its functionalized derivatives, such as nitrogen-doped graphene, have 

recently become a popular substrate material for the proton exchange membrane fuel cell 

(PEMFC) due to its enhanced electrical conductivity, electrochemical stability, and 

increased surface area when compared to the conventional, carbon black. In order to further 

develop the alternative fuel industry, the Pt catalyst within the PEMFC must also be 

considered. Single Pt atoms have a higher surface area to volume ratio when compared to 

nanoparticles, thus offering the potential to create a more affordable and efficient PEMFC. 

In this thesis, electrode materials comprising single Pt atoms and clusters, produced using 

atomic layer deposition (ALD) on various C derivatives, including graphene, N-doped 

graphene, carbon nanotubes (CNTs), and N-doped CNTs (NCNTs) are investigated 

through the utilization of aberration corrected transmission electron microscopy. 

 Structural and chemical analysis was performed on thermally exfoliated N-doped 

graphene and CVD-produced graphene that was exposed to N+ ion sources. It was 

determined that the thermally exfoliated N-doped graphene maintained the short-range 

order of the graphene lattice; however, local inhomogeneities existed for the total N 

concentration, and the specific N-dopants within and between graphene sheets. More 

importantly, Pt atoms and clusters were observed and determined to be primarily stabilized 

at the edge of the N-doped graphene sheets. The stabilization of the Pt atoms and clusters 

resulted in a significantly higher mass and specific activity for the hydrogen evolution 

reaction, when compared to the use of a graphene substrate and Pt nanoparticles on C black. 

The N+ ion implantation in the CVD graphene showed the incorporation of N-dopants; 

however, electron energy loss spectroscopy revealed structural damage to thin sheets. 

NCNTs were also characterized in this thesis as possible gas containers, and as a 

substrate material to examine the effects of varying ALD conditions. It was determined 

that the NCNTs were an effective N2 gas conduit, wherein a decreasing pressure was 

observed with an increase to the inner diameter of the nanotubes. Using similar NCNTs, 
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the effect of dosing time, temperature, and substrate on the Pt size were analyzed using 

ALD. While no singular condition resulted in the sole production of single Pt atoms, 

modifying both the substrate and dosing time were shown to provide the greatest potential 

for producing individual Pt atom catalysts. 

  



 

 

v 

Acknowledgements 

 

I would like to take this opportunity to thank all the individuals who have contributed to 

the completion of my thesis. Whether it was acting as a mentor, being a person to bounce 

ideas off or helping me understand the theory behind the microscope, to just being someone 

who got my mind off work when I desperately needed a break. Without all of you, I would 

not have finished my thesis, or my Ph.D.; this is not just my accomplishment, but yours as 

well. 

 The first person I would like to thank is my supervisor, Prof. Gianluigi Botton, for 

all your guidance and care. You answered all my theory based questions and encouraged 

my exploration with the microscope through specific training sessions with experts in 

different fields. Unlike other supervisors, you also acted as a nurturer when I would 

approach you with my panicky questions during exam time and throughout my thesis 

writing. I am truly grateful for having you as my supervisor. While this may not be 

appropriate for a thesis, I know you will understand; thanks, dog. 

I would also like to thank my committee members Prof. Adam Hitchcock and Prof. 

Joey Kish. I have greatly appreciated the comments and suggestions you have provided 

regarding my work during our numerous committee meetings, and meetings outside those. 

These comments have improved my understanding of this work and improved the quality 

of my thesis. Furthermore, I would like to thank Prof. Hitchcock for voluntarily running 

experiments on my samples to help confirm results. 

I owe a lot to my collaborators, Prof. Andy Sun and various past and present 

members of his research group at Western University, in particular, Shuhui Sun, Naincai 

Cheng, and Andrew Lushington. Thank you for providing me with such interesting 

materials to examine, and the opportunity to learn so much about carbon based materials 

and the PEMFC, both of which may have very bright futures in the academic community. 

I also want to acknowledge the CCEM staff. I am grateful to Andreas Korinek and 

Andy Duft for maintaining the microscopes in good operating condition and for knowing 



 

 

vi 

the answers to my trouble-shooting questions. I owe a lot to Andy, without his help many 

of my experiments would not have been possible. Thank you for modifying equipment to 

suit my needs, and being willing to help design and machine new parts to make my work 

possible. Iôm also thankful for Travis Casagrande, who performed all the Auger 

quantification and SEM imaging in this thesis, and became a good friend. I look forward 

to future game nights. 

My group members have contributed greatly to my knowledge in the microscopy 

field, but also in maintaining my sanity throughout the years. I have been lucky to work 

with an amazing group of individuals. All of them have taught me so much and encouraged 

many of my ideas. While everyone played a role in the completion of my thesis, there are 

a few specific individuals I would like to thank. To begin, I would like to thank Nicolas 

Gauquelin for introducing me to the microscope and acquiring many of my first images 

and spectra. Next, I would like to thank both Nicolas and Matthieu Bugnet for taking the 

time to painstakingly train me on various aspects of the microscope; not to mention the 

many late nights and weekends you stayed with me on the microscope just so I could finish 

acquiring that one last (or ten last) spectra. Not to be forgotten are David Rossouw, Alex 

Pofelski, Isobel Bicket, Andrew Scullion, Lidia Chinchilla, Michael Chatzidakis, and 

Kevin Villegas for your contribution to the work listed in this thesis. Lastly, a big thank 

you to Mickey Chan, Steffi Woo, Matthieu Bugnet, Sagar Prabhudev, Alex Pofelski, Isobel 

Bicket, Viktor Kapetanovic, and Eric Daigle for always being there when I need someone 

to hang out with and especially for listening to me vent while completing my thesis writing. 

A special thank you is necessary to Kelly Leighton and Matthieu, for both 

volunteering to edit my thesis for its grammatical and technical content. I greatly appreciate 

the hard work and the improvements you made to my thesis. 

 Last but certainly not least, I would like to express my gratitude for my family and 

friends. While you may not have helped me scientifically, you helped me mentally. Every 

time I thought I had enough, you were there with your encouragement and loving words. 

Jeff, I know you took the brunt of my stress, and for that I am very sorry, but know that I 



 

 

vii  

appreciate your patience and am blessed to have you by my side. Your strength and ability 

to make me smile kept me going in those difficult moments. I would also like to thank my 

grandparents for all their encouragement and pride in the work that I do. My only regret is 

that I wasnôt able to finish my Ph.D. before my Drediôs passing; however, I know he would 

be very happy to see me finish, as he was a great supporter of my academic endeavours. 

To my brother, Dan, thank you for making me laugh, whether it is from my memories of 

you as a kid, or just being yourself now. Master Alvey, Master Hance, and Ms. Jolanta 

Oko, thank you for taking me as a student, your training provided me with a creativity and 

strength that I carried throughout my Ph.D. process. Pooper, you were the best furry study 

buddy I could have asked for, and you will be missed; for you I have included my ñcarbon 

zooò in my thesis. Lastly, I would like to thank my parents, Deb Stambula and Nick 

Stambula. Together you have always provided me with patience, nurturing, and when 

needed, tough love. With your guidance and encouragement, I have gained confidence, 

courage, and a work ethic required to finish this thesis. 

 

 

 

Figure 1 My love for animals and my creative side led to find animals in graphene sheets and 

carbon nanotubes (colouring applied with ImageJ). Welcome to the carbon zoo! 

 

 

To my parents, with love. 

  



 

 

viii  

Table of Contents 

 

Abstract ..................................................................................................... iii  

Acknowledgements .................................................................................... v 

Table of Contents .................................................................................... viii  

List of Figures ......................................................................................... xiv 

List of Tables .......................................................................................... xvii  

List of Abbreviations and Symbols ...................................................... xviii  

Declaration of Academic Achievement .................................................. xix 

Chapter One ............................................................................................... 1 

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

1.1 Fuel Cells: A Quick Introduction ......................................................................................... 2 

1.1.1 PEMFC ............................................................................................................ 3 

1.1.1.1 Challenges and Solutions .................................................................... 5 

1.1.2 Hydrogen Evolution Reaction ......................................................................... 6 

1.2 Material Selection ................................................................................................................ 7 

1.2.1 Catalyst Operation and Selection .................................................................... 8 

1.2.1.1 Pt Deposition ..................................................................................... 10 

1.2.1.2 Atomic Layer Deposition .................................................................. 11 

1.2.1.3 Catalyst: Pt Atoms and Clusters ........................................................ 13 

1.3 Electrode Support .............................................................................................................. 15 

1.3.1 Graphene ....................................................................................................... 16 

1.3.1.1 Nitrogen-Doped Graphene ................................................................ 19 

1.3.1.2 Advantages and Limitations .............................................................. 20 



 

 

ix 

1.4 Summary............................................................................................................................ 24 

Chapter Two .............................................................................................26 

Electron Microscopy .................................................................................26 

2.1 Electron Interactions with Matter....................................................................................... 27 

2.2 Using TEM to Study Graphene and Heavy Atoms ............................................................ 29 

2.2.1 High Resolution TEM ................................................................................... 32 

2.2.1.1 Increasing the Temporal Coherence .................................................. 35 

2.2.1.2 Electron Source Selection ................................................................. 36 

2.2.1.3 Monochromator Excitation................................................................ 36 

2.2.1.4 Electron Source Acceleration Voltage .............................................. 37 

2.2.1.5 Examples of HRTEM Imaging of Graphene ..................................... 38 

2.2.2 High Resolution STEM ................................................................................. 40 

2.2.2.1 STEM Image Formation .................................................................... 40 

2.2.2.2 Examples of HRSTEM Imaging of Metal-Graphene Interactions .... 43 

2.2.3 EELS ............................................................................................................. 44 

2.2.3.1 Elemental Quantification using EELS .............................................. 46 

2.2.3.2 Signal Processing: Independent Component Analysis ...................... 47 

2.2.3.3 Examples of EELS Characterization of Metal Atoms on N-Doped 

Graphene and CNTS ..................................................................................... 47 

2.2.4 Special Techniques: Identical Location Transmission Electron Microscopy 

(ILTEM)  ................................................................................................................. 49 

2.3 Auger Photoelectron Spectroscopy .................................................................................... 49 

2.3.1 Elemental Quantification using Auger Spectroscopy ................................... 51 

2.4 Summary............................................................................................................................ 52 



 

 

x 

Chapter Three ...........................................................................................53 

Structural and Chemical Characterization of Graphene with Pt Atoms 

and Clusters ..............................................................................................53 

3.1 Experimental Conditions ................................................................................................... 54 

3.1.1 Material Preparation ...................................................................................... 54 

3.1.2 TEM Sample Preparation .............................................................................. 54 

3.1.3 Microscope Settings ...................................................................................... 54 

3.1.4 Quantification of HAADF Images and EEL Spectra .................................... 56 

3.2 Results and Discussion ...................................................................................................... 57 

3.2.1 Graphene ....................................................................................................... 57 

3.2.2 Nitrogen-Doping ........................................................................................... 62 

3.2.2.1 Density Functional Theory (DFT) ELNES Calculations .................. 66 

3.2.3 Pt Catalyst...................................................................................................... 77 

3.2.4 Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene 85 

3.2.4.1 HER Electrocatalyst Selection .......................................................... 88 

3.2.4.2 ALD Pt Catalysts on N-Doped Graphene and Graphene Nanosheet 

Supports for the HER .................................................................................... 89 

3.2.5 ILTEM of Pt on Graphene and N-doped Graphene ...................................... 94 

3.2.5.1 Experimental Conditions ................................................................... 95 

3.2.5.2 ILSTEM of Pt on Graphene and N-Doped Graphene ....................... 98 

3.3 Summary ......................................................................................................................... 102 

Chapter Four........................................................................................... 105 

Production and Characterization of Single Sheet N-Doped Graphene 105 

4.1 Nitrogen Quantification on TEM Grids Using Auger Spectroscopy ................................ 107 



 

 

xi 

4.1.1 Experimental Conditions and Design .......................................................... 108 

4.1.2 Results and Discussion ................................................................................ 112 

4.2 Production of N-Doped Graphene TEM Grids Using In-House Techniques ................... 117 

4.2.1 Characterization of N-Doped Graphene Using High Resolution STEM .... 118 

4.2.2 NanoMill®: Nitrogen Ion Source ................................................................ 119 

4.2.2.1 Experimental Conditions ................................................................. 119 

4.2.2.2 Results and Discussion .................................................................... 122 

4.3 Pd Deposition on Pristine Graphene TEM grids .............................................................. 129 

4.4 Summary.......................................................................................................................... 133 

Chapter Five ............................................................................................ 135 

NCNT Characterization and ALD Fine Tuning ................................... 135 

5.1 Gas Filled NCNTs with ALD Pd ..................................................................................... 136 

5.1.1 Experimental Conditions ............................................................................. 137 

5.1.1.1 Material Preparation ........................................................................ 137 

5.1.1.2 High Resolution Imaging ................................................................ 137 

5.1.1.3 Auger Quantification ....................................................................... 138 

5.1.1.4 EELS Quantification and ICA Conditions ...................................... 138 

5.1.2 Identification of Gas and Elemental Components ....................................... 143 

5.1.3 Pressure Quantification ............................................................................... 153 

5.2 ALD Fine Tuning to Consistently Produce Single Atom Catalysts with NCNTs ............ 160 

5.2.1 Experimental Conditions ............................................................................. 164 

5.2.1.1 Material Preparation ........................................................................ 164 

5.2.1.2 HAADF Imaging ............................................................................. 164 

5.2.1.3 Image Quantification ....................................................................... 165 



 

 

xii  

5.2.1.4 Error Analysis and Histogram Formation ....................................... 168 

5.2.1.5 EELS Analysis ................................................................................ 172 

5.2.1.6 Auger Analysis ................................................................................ 173 

5.2.2 Elemental Quantification and Examination of NCNTs ............................... 173 

5.2.3 Effect of ALD Conditions ........................................................................... 182 

5.2.3.1 Effect of Dosing Time ..................................................................... 183 

5.2.3.2 Effect of Temperature ..................................................................... 187 

5.2.3.3 Effect of Substrate ........................................................................... 190 

5.3 Summary ......................................................................................................................... 192 

Chapter Six.............................................................................................. 195 

Synopsis and Future Work ..................................................................... 195 

6.1 Future Work and Considerations ..................................................................................... 199 

References ............................................................................................... 203 

Appendix ................................................................................................. 239 

Appendix 1: N-doping Graphene TEM Grids using a Plasma Cleaner and Gentle MillTM .... 239 

Appendix 1.1 Plasma Cleaner: Nitrogen Plasma Source ..................................... 239 

Appendix 1.1.1 Experimental Conditions ................................................... 239 

Appendix 1.1.2 Results and Discussion ...................................................... 241 

Appendix 1.2 Gentle Mill: Nitrogen Ion Source .................................................. 246 

Appendix 4.2.1 Experimental Conditions ................................................... 246 

Appendix 4.2.2 Results and Discussion ...................................................... 248 

Appendix 2: N-K Edge Reference Spectra ............................................................................ 252 

Appendix 3: N-K EELS Maps Gas Filled NCNTs ................................................................ 253 

Appendix 4: Images Used for ALD Pt Quantification ........................................................... 254 

Appendix 5: Individual Histograms from Each Tube Analyzed in Appendix 4 ..................... 262 



 

 

xiii  

Appendix 6: STEM Image Simulation ................................................................................... 268 

Appendix 7: Copyright Permissions ...................................................................................... 271 

  



 

 

xiv 

List of Figures 

 

Figure 1.1 PEMFC electronic assembly commonly known as a membrane electrode assembly .................. 4 
Figure 1.2 PEM water splitting electronic assembly. .................................................................................. 7 
Figure 1.3 d-band theory for transition metals. ......................................................................................... 10 
Figure 1.4 Pt ALD reaction mechanism for ALD ..................................................................................... 12 
Figure 1.5 The growth rate of Pt nanoparticles as a function of the number of ALD cycles of Pt ALD on 

acid treated carbon paper .......................................................................................................................... 13 
Figure 1.6 Catalytic activity of Pt atoms and clusters, as a function of d-band center. .............................. 15 
Figure 1.7 Two-dimensional graphene crystal structure of sp2 bonded C .................................................. 17 
Figure 1.8 Pt chemically reduced on few-layer graphene sheets ............................................................... 19 
Figure 1.9 Possible dopants in N-doped graphene. ................................................................................... 20 
Figure 1.10 Pt atom locations on N-doped graphene. ............................................................................... 23 
 
Figure 2.1 Simplistic schematic of the electron interactions with matter. .................................................. 28 
Figure 2.2  HRTEM image formation. ..................................................................................................... 34 
Figure 2.3 HRTEM images and computed diffractogram from a single sheet of graphene. ....................... 39 
Figure 2.4 Simplified schematic of STEM image formation and the relative detector positions. ............... 40 
Figure 2.5 HAADF micrographs of graphene with deposited metals. ....................................................... 44 
Figure 2.6 Schematic of EELS total spectrum and ELNES....................................................................... 45 
Figure 2.7 Simplified schematic of a KLL Auger electron excitation. ...................................................... 51 

 
Figure 3.1 HAADF and HRTEM images of N-doped FLG and commercially available graphene. ........... 58 
Figure 3.2 Diffraction pattern of N-doped graphene with 50 ALD Pt cycles. ............................................ 59 
Figure 3.3 C-K ELNES from various C sources. ...................................................................................... 61 
Figure 3.4 EELS of C-K, N-K, and O-K edges acquired from N-doped graphene with 50 ALD Pt cycles. 62 
Figure 3.5 Normalized EEL spectra of C-K and N-K edges acquired from three N-doped graphene sheets 

with 50 ALD Pt cycles and two separate areas on sheet 1. ........................................................................ 64 
Figure 3.6 Relaxed and optimized structures used for DFT calculations ................................................... 68 
Figure 3.7 Convergence of the basis set of the graphene structure using the total DOS............................. 69 
Figure 3.8 Converged DOS for the five structures outline in Figure 3.6 ................................................... 71 
Figure 3.9 N-dopant PDOS for the total N contribution and N-p states..................................................... 73 
Figure 3.10 Calculated N-K ELNES for each N-dopant ........................................................................... 76 
Figure 3.11 HAADF images of 50, 100, and 150 ALD Pt cycles on N-doped FLG. ................................. 79 
Figure 3.12 HRTEM image of N-doped graphene with 50 ALD Pt cycles at two separate locations ......... 80 
Figure 3.13 EDX spectra from a refence area and the sample. .................................................................. 81 
Figure 3.14 Calculation of Pt atoms (purple) located at an edge site bonded to C atoms (brown) adjacent to 

a pyridinic-dopant (green)......................................................................................................................... 83 
Figure 3.15 ADF images and respective HER activity of N-doped graphene with 50 and 100 ALD cycles.

 ................................................................................................................................................................. 92 
Figure 3.16  Catalytic activity comparison of N-doped graphene to graphene with 50 ALD Pt cycles. ..... 94 
Figure 3.17 IL-TEM microscopy set-up and notes for easy identification of sample positions. ................. 96 
Figure 3.18 Electrochemical ILTEM experimental set-up and results. ...................................................... 97 
Figure 3.19 ILTEM results of the graphene substrate with 50 Pt ALD cycles ........................................... 99 
Figure 3.20 ILTEM results of the N-doped graphene substrate with 50 Pt ALD cycles .......................... 101 

 

Figure 4.1 TEM holder adaptation for Auger quantitation ........................................................ 109 



 

 

xv 

Figure 4.2 Auger quantification experimental set-up with TEMH. ........................................... 110 

Figure 4.3 Auger quantification TEMH configurations............................................................. 112 

Figure 4.4 Effect of tilt angle and aperture arrangement when operating at 10 kV on a holey C 

TEM grid. .................................................................................................................................. 114 

Figure 4.5 Effect of accelerating voltage, tilt angle, and aperture size on the PD from a holey C 

TEM grid. .................................................................................................................................. 115 

Figure 4.6 SEM image of a hole in the C film with various tilt angles and the comparison of the 

Auger spectra acquired over a hole and over an aperture. .......................................................... 116 

Figure 4.7 HR-STEM images of Graphene Supermarket© TEM grids ..................................... 119 

Figure 4.8 NanoMill® experimental set-up. .............................................................................. 120 

Figure 4.9 Auger quantification of various NanoMill® experiment configurations .................. 124 

Figure 4.10 SEM SE images comparing N-doped graphene to N-doped graphene with O2/H2 

plasma exposure. ........................................................................................................................ 125 

Figure 4.11 HRTEM and EELS analysis of NanoMill® N-doped graphene sample. ................ 128 

Figure 4.12 ALD Pd on Graphene Supermarket© TEM grid .................................................... 130 

Figure 4.13 EELS spectrum images acquired from ALD Pd on a Graphene Supermarket grid. 132 

 

Figure 5.1 Various steps used in the quantification of the N2 pressure within the NCNT. ........ 141 

Figure 5.2 Experimental measurement of the diameter of the NCNTs. ..................................... 142 

Figure 5.3 NCNT images acquired by (a) SEM (b,c) ADF, and (d,e) HRTEM......................... 144 

Figure 5.4 EELS N-K maps and edges from NCNTs. ............................................................... 146 

Figure 5.5 Higher energy NCNT ICA results showing different spectral components .............. 149 

Figure 5.6 NCNT ICA C-K results showing different spectral components .............................. 150 

Figure 5.7 ICA results from Figure 5.4 ..................................................................................... 152 

Figure 5.8 EELS N2 gas quantification results. ......................................................................... 156 

Figure 5.9 Quantitative analysis of the N density (atoms/nm3) for each compartment within the 

NCNTs containing N2 as a function of the NCNTsô compartment volume. ............................... 160 

Figure 5.10 Experimental steps used for the quantification of the Pt equivalent diameter. ....... 167 

Figure 5.11 Error analysis for the Pt quantification process. ..................................................... 169 

Figure 5.12 Error analysis results from five days of study on a single HAADF image with bins 

showing the experimental error. ................................................................................................. 170 

Figure 5.13 EELS analysis of NCNT before Pt deposition. ...................................................... 176 

Figure 5.14 EELS analysis of Pt deposited on NCNTs for 30 minutes at a temperature of 250°C.

 ................................................................................................................................................... 177 

Figure 5.15 Second and third, EELS analysis of Pt deposited on NCNTs for 30 minutes at a 

temperature of 250°C. ................................................................................................................ 179 

Figure 5.16 EELS analysis of Pt deposited on NCNTs for 60 minutes at a temperature of 250°C
 ................................................................................................................................................... 180 

Figure 5.17 High energy EELS analysis of Pt deposited on NCNTs for 60 minutes at a temperature 

of 250°C ..................................................................................................................................... 181 

Figure 5.18 Effect of dosing time on the equivalent diameter of Pt with NCNTs and a temperature 

of 250°C ..................................................................................................................................... 185 

Figure 5.19 Effect of dosing time on the equivalent diameter of Pt with PCNTs and a temperature 

of 250°C ..................................................................................................................................... 186 



 

 

xvi 

Figure 5.20 Effect of dosing time on the equivalent diameter of Pt with NCNTs and a temperature 

of 100°C ..................................................................................................................................... 187 

Figure 5.21 Effect of temperature on the equivalent diameter of Pt with NCNTs and a constant 

dosing time of 1 minute ............................................................................................................. 188 

Figure 5.22 Effect of temperature on the equivalent diameter of Pt with NCNTs and a constant 

dosing time of 30 minutes .......................................................................................................... 190 

Figure 5.23 Effect of substrate on the equivalent diameter of Pt with a constant dosing time of 1 

minute and a temperature of 250°C ............................................................................................ 192 

 
Figure A.1.1 N2/H2 plasma activated in the Solarus 950 Gatan Advanced Plasma System. The central 

window shows the pink colour of the plasma inside the chamber. ........................................................... 240 

Figure A.1.2 Quantification results from N plasma exposure. ................................................................ 243 

Figure A.1.3 STEM images and EELS analysis from N-doped graphene after exposure to the Solarus 

plasma cleaner at 30 W for 20 minutes with direct N plasma exposure and Pt deposited using 50 ALD 

cycles. .................................................................................................................................................... 245 

Figure A.1.4 Gentle Mill experimental set-up. ....................................................................................... 247 

Figure A.1.5 Average N % (normalized to C and N) in Graphene Supermarket© TEM grids, as 

characterized by Auger spectroscopy ...................................................................................................... 249 

Figure A.1.6 STEM images and EELS analysis of Gentle Mill sample acquired at 50 V for three minutes 

using a current of nine to ten ɛA. ............................................................................................................ 250 

 

Figure A.2.1 EELS N-K reference spectra acquired from gaseous species.............................................. 252 

 

Figure A.3.1 N-K areal density maps normalized to the maximum areal density for each individual NCNT.

 ............................................................................................................................................................... 253 

 

Figure A.4.1 250°C NCNT 1minute ....................................................................................................... 254 

Figure A.4.2 250°C NCNT 30 minutes .................................................................................................. 255 

Figure A.4.3 250°C NCNT 60 minutes .................................................................................................. 256 

Figure A.4.4 100°C NCNT 1 minute ...................................................................................................... 257 

Figure A.4.5 100°C NCNT 30 minutes .................................................................................................. 258 

Figure A.4.6 175°C NCNT 1 minute ...................................................................................................... 259 

Figure A.4.7 250°C PCNT 1 minute ...................................................................................................... 260 

Figure A.4.8 250°C PCNT 30 minutes .................................................................................................. 261 

 

Figure A.6.1 JEMS multislice ADF image simulations of six graphene layers ....................................... 268 

Figure A.6.2 Line profiles acquired from averaged intensities in the yellow rectangle in Figure A.6.1. .. 269 

Figure A.6.3JEMS multislice ADF image simulations from 21 nm thick graphene sheet........................ 270 

  



 

 

xvii  

List of Tables 

 

Table 1.1 Electron mobility in various C support materials. ...................................................... 24 

 

Table 2.1 Equations to calculate optimized C1 and C3 coefficients. .......................................... 35 

 

Table 3.1 Atomic N fraction deduced from quantification of the EELS N-K edges .................. 65 

Table 3.2 LAPW basis set and ELNES convergence values. .................................................... 69 

 

Table 5.1 Auger quantification of NCNTs after Pd deposition. ................................................. 145 

Table 5.2 Number of images analyzed, and the number of Pt entities counted per image. ........ 172 

Table 5.3 Auger Spectroscopy elemental quantification of NCNTs. ......................................... 175 

Table 5.4 Average measurement values from various deposition parameters of the first ALD cycle 

for Pt on NCNTs and PCNTs ..................................................................................................... 183 

 

  



 

 

xviii  

List of Abbreviations and Symbols 

 

ADF annular dark field 

ADT accelerated degradation test 

ALD atomic layer deposition 

at. % atomic percent 

BF bright field 

C1 defocus 

C3 third-order spherical aberration 

C5 fifth-order spherical aberration 

CC chromatic aberration 

CVD chemical vapour deposition 

CNT carbon nanotube 

DF dark field 

DOS density of states 

DFT density functional theory 

ECSA electrochemically active surface area 

EDXS energy dispersive X-ray spectroscopy 

EELS electron energy loss spectroscopy 

EPW exit plane wave 

ETEM environmental transmission electron 

microscopy 

FC fuel cell 

FEG field emission gun 

FLG few layer graphene 

FWHM full width at half maximum 

GDL gas diffusion layer 

GDP gross domestic product 

GHG green house gas 

GIF GATAN image filter 

HAADF high angle annular dark field 

HOPG highly oriented pyrolytic graphite 

HPLC high performance liquid-chromatography 

HRTEM high resolution transmission electron 

microscopy 

ICP-AES inductively coupled plasma-atomic  

emission spectroscopy 

ILTEM identical location transmission electron  

microscopy 

ILSTEM identical location scanning transmission  

electron microscopy 

k-mesh number of k-points in reciprocal space 

LaB6 lanthanum hexaboride 

LAPW linear augmented plane wave 

LDA linear density approximation 

MAADF medium angle annular dark field 

MD molecular dynamics 

MeCpPtMe3 (methylcyclopentadienyl) trimethyl 

platinum 

MLLS multiple linear least square 

MO molecular orbital 

MWCNT multi-walled carbon nanotube 

NCNT nitrogen-doped carbon nanotube 

ICE  internal combustion engine 

PCNT pristine carbon nanotube 

PCTF phase contrast transfer function 

PD percent difference of Auger C-KLL signal 

for a hole and C film 

PD10kV percent difference of Auger C-KLL signal 

measured at 10 kV for a hole and C film 

PDOS partial density of states 

PEMFC proton exchange membrane fuel cell 

PSD particle size distribution 

ORR oxygen reduction reaction 

OTF optical transfer function 

RKmax number of basis set functions 

ROI region of interest 

sccm standard cubic centimeter per minute 

SCF self consistent field 

SE secondary electrons 

SEM scanning electron microscopy 

SWCNT single-walled carbon nanotube 

STEM scanning transmission electron microscopy 

STM scanning tunnelling microscopy 

STXM scanning transmission X-ray microscopy 

TEM transmission electron microscopy 

TEMH transmission electron microscope grid 

holder for Auger spectroscopy 

VASP Vienna Ab initio software package 

wt. % weight percent 

XANES X-ray absorption near edge structure 

XPS X-ray photoelectron spectroscopy 

Z atomic number

  



 

 

xix 

Declaration of Academic Achievement 

 

 

Peer-reviewed publications: 

 

 

S. Stambula, N. Gauquelin, M. Bugnet, S. Gorantla, S. Turner, S. Sun, J. Liu, G. Zhang, 

X. Sun, G.A. Botton, Chemical Structure of Nitrogen-Doped Graphene with Single 

Platinum Atoms and Atomic Clusters as a Platform for the PEMFC Electrode, The Journal 

of Physical Chemistry C, 118 (8), 3890-3900, 2014. 

 

N. Cheng1, S. Stambula1, D. Wang, M. Norouzi Banis, J. Liu, A. Riese, B. Xiao, R. Li, T-

K. Sham, L-M. Liu, G.A. Botton, X. Sun, Platinum single-atom and cluster catalysis of the 

hydrogen evolution reaction, Nature Communications, 7, 13638, 2016. 

 

E.T. Bjerglund, M.E.P. Kristensen, S. Stambula, G.A. Botton, S.U. Pedersen, K. 

Daasbjerg, Efficient Graphene Production by Combined Bipolar Electrochemical 

Intercalation and High-Shear Exfoliation, ACS Omega, 2 (10), 6492-6499, 2017.  

 

                                                 
1 Contributing first authors. 





Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

1 

 

 

 

Chapter One 

Introduction  

 

 

 

There is an international consensus that climate change is occurring and can be attributed 

to greenhouse gas (GHG) emissions, with the transportation sector being one of the top 

contributors to GHG emissions in Canada [1]. Short term emission trends show a decrease 

in GHG emissions since 2005 in all sectors with the exception of transportation [2], where 

the common internal combustion engine (ICE) of road vehicles is responsible for 81 

percent of fuel use in the transportation sector [2], [3]. Not only are natural disasters 

expected due to climate change, as seen by increased extreme weather activity in recent 

years, but more importantly the cost and risk can amount to five percent of the global gross 

domestic product (GDP) by 2050 [4]. This suggests that climate change mitigation is 

required to reduce costs associated with natural disaster occurrences and risk management.   

In an effort to decrease or remove GHG emissions from road transportation, 

modifications to industry and personal attitudes are essential [3]. As vehicles are becoming 

more economically viable, a global increase in car ownership has been observed. With 

more vehicles at the disposal to individuals, road congestion has increased, and general 

trends show individual motor travel rather than public transportation or zero-emission 

modes of transportation (i.e. walking or cycling) have been preferred [3]. In order to 

maintain the convenience and preference of personal vehicles and still decrease GHG 

emissions, low- or zero-emission vehicles must become the norm.    
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Global adoption of a new technology for the masses requires that the performance 

matches or exceeds current technology. Within the transportation industry this includes 

vehicle power, speed, travel distance, and refueling time. A variety of technologies are 

available with reduced GHG emissions for personal use vehicles, with batteries and fuel 

cells (FCs) primarily competing as the new industry favourite. Each option has reduced 

GHG emissions in comparison to the ICE; however, neither option is zero-emission due to 

the required processes to produce the fuels [3]. In regards to performance, batteries lag 

behind the ICE and FCs due to their weight; generally causing the vehicles to operate at 

lower speeds or travel less distance on a single charge [3], [5]. Furthermore, battery-

operated vehicles can take hours to refuel [3]. Accordingly, to increase the desirability and 

probability of adopting a new clean technology to replace the ICE, it is recommended that 

FC vehicles be considered as the key candidate [6].  

 

 

1.1 Fuel Cells: A Quick Introduction  

 

FCs were first realized by Sir W. Groves in 1842, where he demonstrated that the 

connection of a circuit consisting of separate catalysts in O2 and H2 rich environments 

produced an electrical current [7]. This particular construction is known today as the proton 

exchange membrane FC (PEMFC); however, it is only one of six main classes of FCs. 

Each class of FC is determined by the reacting gases, and the operating temperature [8]. 

Generally, low temperature FCs have lower reaction kinetics and require more complex 

catalyst and electrode designs to facilitate the electrochemical reactions [8]. Further, the 

reacting gases control the power of the FC, as determined by the number of electrons 

delivered to the load, and complexity of a single reaction scheme. The variations in the FC 
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classes impart each FC to a specific application [8], such as personal power sources for 

houses or cars, or scaling to power grid energy production [9]. 

 The FC compatibility with a specific application requires the delivery of a suitable 

quantity of power. The PEMFC lends itself to the automotive industry, where it can be 

utilized to replace the ICE [8]. The PEMFC offers the benefits of low CO2 emissions [10], 

a higher energy conversion efficiency in comparison to the ICE [10], and the simplicity of 

the PEMFC design suggests that less mechanical damage will occur during operation [8]. 

The low operating temperature also offers a fast start-up, as the FC does not require an 

initial heating, therefore instantaneous operation is possible as desired in automobiles [11]. 

 

 

1.1.1 PEMFC 

 

The PEMFC makes use of a spontaneous reaction between protons and O ions to produce 

water. Separation of the chemical reactions by isolating the electrodes results in a potential 

drop that can be utilized as a power source when applied to a load. The anode yields protons 

and electrons from H2 in the presence of a catalyst, as expressed by 

ςὌ ᴼτὌ τὩ      (1.1). 

The protons react with O atoms through a reduction reaction to form water, 

ὕ τὩ τὌ ᴼςὌὕ    (1.2), 

where a theoretical potential drop of 1.229 V is generated [10]. A membrane is placed 

between the electrodes for electrical isolation to ensure the electrons are delivered to the 

load; however, the membrane must conduct protons to facilitate (1.2), thus it is referred to 

as an electrolyte (Figure 1.1). The membrane is composed of a hydrophobic backbone with 

hydrophilic side-chains [8], therefore in the presence of water the polymer phase separates 

into a porous system where the morphology and pore size are controlled by the relative 

lengths of the backbone and side-chains. Secondly, the side-chain must contain a negative 

charge to facilitate the transportation of the proton to the cathode, whilst preventing the 
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transportation of O2- ions to the anode. Water is required in the membrane to create the 

porous system and create a medium for free movement of the proton. The conductivity of 

the electrolyte is controlled by the water content; typically, 20 water molecules per one 

side chain is ideal to prevent swelling or incomplete phase separation of the porous system 

[8]. 

 The entire PEMFC contains various components to aid in the delivery of the 

reactant gases and manage the water content in the membrane (Figure 1.1). Following the 

electrodes, a gas diffusion layer (GDL) is fabricated, consisting of a series of macroporous 

to microporous C paper coated with a hydrophobic polymer (generally 

polytetrafluoroethylene) [12], [11]. The GDL controls the diffusion of the reacting gasses 

to the electrode to ensure an even distribution is obtained across all catalysts [11]. Further, 

the polytetrafluoroethylene prevents excess water produced by (1.2) from clogging the 

membrane. Lastly, a current collector plate is placed at the end of each assembly to collect 

the generated current, introduce the reacting gases, separate the coolant and FC 

components, and isolate individual FCs when arranged in a stack for increased power 

production [12].  

 

 

Figure 1.1 PEMFC electronic assembly commonly known as a membrane electrode assembly 

(adapted from [13]).  
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1.1.1.1 Challenges and Solutions 

 

The theoretical potential drop imposed by the electrochemical reactions in the PEMFC is 

never achieved due to the most prevalent energy-losses that occur during the chemical 

reaction and transport of the electrons to the load, leading to a potential drop as low as 

approximately 0.6 V [14]. These losses are a result of poor kinetics at the electrode where 

the oxygen reduction reaction (ORR) is rate limiting, permeation of reactants and electrons 

through the membrane, and ohmic losses caused by electrical resistance in the electrode 

material [10], [8]. The poor kinetics and ohmic losses are a direct result of the catalyst 

selection and the electrode support conductivity, respectively. Selecting an electrode 

support of higher electrical conductivity than C black will increase the efficiency of the 

PEMFC by ensuring all electrons produced at the catalyst are delivered to the load. Further, 

selection of a catalyst with a proficiency in performing the ORR and many active sites will 

decrease the potential loss, as the reaction rate and number of reaction sites will increase, 

respectively. It has been shown that Pt operates most efficiently as a homocatalyst for both 

the hydrogen oxidation reaction and the ORR [8]. The number of active sites can be 

increased by increasing the surface area of the catalyst, as catalysts facilitate surface 

reactions. A method to increase the surface area of a material while utilizing the same load 

can be achieved by decreasing the size, thereby moving from bulk Pt catalysts to 

nanoparticles. 

 A major challenge for economical mass-production of the PEMFC is introduced 

through the high cost of the precious metal, Pt. Possible solutions include further 

downsizing the Pt catalyst into clusters or atoms [15]. This suggests that a method of 

producing Pt clusters must be developed. An additional issue plaguing the FC industry 

results in decreased efficiency over time due to catalyst degradation. Generally, 

nanoparticles will grow from dissolution of small particles followed by redeposition on 

larger particles (Ostwald Ripening), random particle movement on the support material 
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resulting in agglomeration, or small clusters depositing on large particles to reduce the 

Gibbôs free energy by increasing the atomic coordination [12]. Degradation can be 

prevented by increasing the catalyst to support bond energy, thus further stabilizing the 

catalyst and decreasing the opportunity for diffusion and dissolution. 

 The US Department of Energy has set targets and measurement standards for FC 

light-duty vehicles with a standard production rate of 500,000 vehicles manufactured per 

year [9]. Within the 2015 and 2020 year targets the start-up time, specific power (650 

W/kg), and power density (650 W/L) have thus far been met; however, the vehicles are 

still lacking durability (5,000 hours with less than a 10% loss), and cost ($40/kW) [9]. The 

electrocatalyst and support material are major contributors to the targets not met hitherto, 

due to the high cost of the Pt catalysts, and degradation of the Pt catalysts and membrane 

support [9]. 

 

 

1.1.2 Hydrogen Evolution Reaction 

 

Within the renewable energy sector, hydrogen production is critical to ensure pure H2 gas 

is widely available for the PEMFCs in the automotive industry. Commonly, steam 

reforming of hydrocarbon gases is utilized; however, this results in GHG emissions and 

the reduction of individual countryôs autonomy of power production [16], [17]. Preferably, 

a clean production method would be utilized, such as an electrolysis method that uses 

electricity for the water splitting reaction. The greenness of this method can be argued 

depending on the nationôs individual electricity production method, but in certain 

circumstances such as hydroelectricity, the water splitting method can be made clean 

through electrolysis [17]. 

 Using a similar set-up to the PEMFC, PEM water splitting makes use of proton 

conduction through a water-soluble membrane. A potential greater than 1.229 V must be 
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applied to drive the reverse reactions of the PEMFC [10], in which hydrogen gas is 

produced at the cathode (hydrogen evolution reaction (HER)), 

ςὌ ᴺτὌ τὩ      (1.3), 

and oxygen is produced at the anode 

ὕ τὩ τὌ ᴺςὌὕ    (1.4) 

as described in Figure 1.2. Similar challenges associated with the PEMFC, as outlined in 

Chapter 1.1.1.1 Challenges and Solutions, also apply to the PEM water splitting reaction, 

thus leading to the overall reduction in the efficiency and a need for a higher applied 

potential than 1.229 V. The material selection, as discussed in the following sections, also 

apply to the HER reaction, but the specific electrocatalysts used for the HER will be 

discussed in Chapter 3.2.4.1 HER Electrocatalyst Selection. 

 

 

Figure 1.2 PEM water splitting electronic assembly. 

 

 

1.2 Material Selection 

 

Before economical mass production can be considered for the PEMFC, the efficiency must 

be increased by addressing the loss mechanisms and cost. Specifically, the support material 
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must have high electrical conductivity to decrease the ohmic losses, high surface area to 

increase catalyst loading, and it must have the ability to form strong covalent bonds with 

the catalyst to prevent Pt agglomeration during deposition and cycling [18], [19]. Further, 

the support material must be thermally and electrochemically stable to prevent degradation 

of the support during FC operation [18], [19].  

The selection of the catalyst must also be addressed, such that it is desired to 

decrease the Pt loading while maintaining or increasing the electrochemically active 

surface area (ECSA). The process of decreasing the catalyst size to increase the surface 

area to volume ratio suggests the use of nanoparticles, or Pt clusters and atoms. Moreover, 

the use of a secondary catalyst for the ORR, such as a dopant in the support material would 

benefit the PEMFC as this could increase the number of active catalytic sites.  

 

 

1.2.1 Catalyst Operation and Selection 

 

The sole purpose of a catalyst is to facilitate chemical reactions by increasing the proximity 

and changing the electron distribution within reactants. The ORR can occur through three 

different mechanisms that can produce four or two-electrons [20]. The adsorption of O2 in 

a side-on manner results in the consumption of four-electrons; however, the adsorption of 

O2 end-on can proceed in the two or four-electron pathways, producing hydrogen peroxide 

and water, respectively [20]. The mechanism is further complicated by the fact that the 

proton can react with O through surface adsorption or by direct bonding to an O atom [21]. 

Ideally, the four-electron process will be followed, as this enhances the total current per 

single surface reaction. 

 Norskov proposed a method to predict the activity of a catalyst by the position of 

the d-band center for the transition metals, which is summarized herein [22]. The d-band 

is formed from the overlapping density of states (DOS) of the valence d-orbital electrons. 

When an adsorbate approaches the surface of a metal, the presence of a metallic band at 
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the same energy as a molecular orbital (MO) causes the formation of an interaction state 

between the electrons originating from the metal and molecule. The interaction state is 

broadened in comparison to the MO (Pauli Exclusion Principle), and forms a bonding and 

antibonding orbital when the d-band is narrow. The activity of the catalyst can be predicted 

by the center of the d-band, as this determines the position of the interaction state with 

respect to the Fermi level. The Fermi level is located at the highest filled electron orbital 

energy at absolute zero, where all energy states below are populated by electrons, and all 

states above are empty. As the d-band center shifts towards the Fermi level, the antibonding 

orbital of the interaction state shifts above the Fermi level and is no longer populated, thus 

strong chemisorption occurs between the metal and adsorbate (Figure 1.3 (a)). Conversely, 

when the d-band center shifts away from the Fermi level, the antibonding orbital is filled 

and adsorption is unstable, therefore leading to a lack of adsorption or enhanced desorption 

kinetics due to the instability in the chemisorption bond. When considering catalysis, the 

chemisorption process should not be too strong, as all active sites will be filled by the 

molecular adsorbates, and the dissociative process for the ORR will be prevented. Further, 

the binding energy of the adsorbate cannot be too weak, such that adsorption will not occur, 

or the desorption rate will surpass the dissociation rate. Figure 1.3 (b) compares the binding 

strength or d-band energy to the activity of varying catalysts for the ORR [22]. This 

suggests that Pt has the optimum binding energy for the ORR kinetics, thus providing its 

highest activity and dictating its conventional use in the PEMFC [22]. 
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Figure 1.3 d-band theory for transition metals. (a) Schematic of DOS illustrating the 

chemisorption strength as a function of d-band metal position and adsorbate molecule interactions 

(adapted from [22]). (b) Volcano plot for the ORR as a function of O binding energy (ȹE0). 

Reprinted with permission from ref. [23]. Copyright 2004 American Chemical Society.  

 

 The O2 dissociation to form the adsorbed hydroxide species is rate limiting in the 

ORR. Therefore, increasing the d-band center of Pt would hinder the catalytic process, as 

the adsorbed molecular O2 would remove active sites for dissociation [24], [25]. The 

catalyst-adsorbate interaction is further complicated when you move from well-defined 

surfaces of nanoparticles to metallic clusters of 2 to 20 nm, as the substrate-catalyst bond 

energy will affect the energy states of the catalyst [22], [26] and the geometric structure of 

the nanoparticle will affect the interaction strength with the adsorbate [27]. 

 

 

1.2.1.1 Pt Deposition 

 

Conventionally Pt nanoparticles are deposited by chemical and heat reduction, sputtering, 

and electrodeposition [28]. Typically, these deposition techniques on graphene and C 

nanotubes (CNTs), result in nanoparticle diameters ranging from 2 to 9 nm [28]. The 

geometry and size of Pt nanoparticles have been extensively studied to investigate their 

effect on the catalytic activity for particles of 3 nm and greater [27]. Upon reducing the 

size of Pt nanoparticles, three effects are hypothesized to cause a modification in the ORR 
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rate: increased surface area, increased density of edge and kink sites to enhance adsorption, 

and varying crystal face ratios [29].  

Ideally, the particle size will continue to decrease in an effort to decrease the 

loading and cost induced by the use of the Pt catalysts; eventually resulting in the 

employment of ultra-small Pt clusters (<1 nm). Unfortunately, the production of Pt clusters 

with a narrow size distribution is extremely difficult, due to agglomeration in an effort to 

reduce Pt surface energy through increased coordination. Experimentally, little is 

understood about the ORR on Pt clusters as trends concerning regular crystal structures do 

not apply due to the decreased coordination and lack of structure in the clusters. Moreover, 

the ORR is further complicated by the enhanced kink sites from the low coordination, and 

surface-bonding effects as the electron-distribution is modified from the Pt-substrate 

binding energy [30]. Additionally, the understanding of Pt cluster catalysts is not certain, 

as there is a debate in literature concerning whether clusters or nanoparticles are more 

electrocatalytically active for the ORR (discussed in detail in Chapter 3.2.4 

Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene). The need for a 

method to produce Pt clusters of consistent size and distribution is required to 

experimentally determine the ORR when downsizing Pt nanoparticles to clusters. 

 

 

1.2.1.2 Atomic Layer Deposition 

 

A method to produce conformal and homogenous thin films has been developed through a 

self-limiting process. Atomic layer deposition (ALD) utilizes a single gas phase reaction 

of chemical vapour deposition (CVD) and separates them into discrete surface reactions. 

In the case of Pt ALD, the substrate is first purged with a Pt precursor 

((methylcyclopentadienyl) trimethyl platinum (MeCpPtMe3)), followed by a purge gas to 

remove the reactant from the chamber. The O2 precursors are then introduced into the 

chamber to form Pt-O on the surface and hydrocarbon by-products. The subsequent cycle 
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of Pt gas forms a Pt thin film or Pt nanoparticles on the surface of the substrate (Figure 

1.4). One entire cycle includes the Pt gas precursor, purge gas, O2 precursor, and final 

chamber purge [31]. The thickness of the thin film can be controlled by the number of ALD 

cycles, gas pressures, temperatures, and substrate material (discussed in detail in Chapter 

5.2 ALD Fine Tuning to Consistently Produce Single Atom Catalysts with NCNTs). 

 

 

Figure 1.4 Pt ALD reaction mechanism for ALD. (i) In the first cycle the Pt precursor is 

introduced into the chamber. After the chamber is purged, (ii) O2 gas is introduced into the 

chamber, causing the oxidation of the hydrocarbons. After a final purge the cycle begins again 

with (iii) the introduction of the Pt precursor (from [32]).  

 

 ALD on an inert surface, such as graphene, results in the formation of nanoparticles 

rather than thin films, as the entire surface is not ideal for chemisorption [33]. 

Consequently, the size of the nanoparticles depends on the number of ALD cycles and 

defects in the graphene lattice [34]. It has been experimentally demonstrated that ALD 

produces Pt particles of 2 to 3 nm when grown on varying substrates and with altering 

deposition parameters (i.e. temperature, gas concentration, pressure) [35], [34], [36], [37], 

[38]. Liu et al. reported on ALD of Pt on acid treated C paper [38]. Figure 1.5 demonstrates 

an initial substrate-enhanced growth rate attributed to the nucleation of Pt on functional 

groups (<20 ALD cycles), which created Pt atoms and clusters, followed by a linear growth 

in Pt loading through the production of Pt nanoparticles as a function of ALD cycles [38], 
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[39], [34]. This suggests that by operating in the initial regime, in which only Pt atoms and 

clusters are deposited, it may be possible to stabilize single Pt atoms and clusters on 

graphene. 

 

 

Figure 1.5 The growth rate of Pt nanoparticles as a function of the number of ALD cycles of Pt 

ALD on acid treated carbon paper. Reprinted with permission from ref. [38]. Copyright 2009 

John Wiley and Sons.  

 

 

1.2.1.3 Catalyst: Pt Atoms and Clusters 

 

Theoretical and experimental studies have been conducted to understand the mechanism 

of catalysis on Pt clusters and atoms, specifically concerning H2 oxidation and O2 

reduction. St. John et al. designed a layer-by-layer deposition technique to examine the 

ORR on substrate-free Pt clusters [29]. It was determined that the adsorption strength of 

OH after O2 dissociation limited the ORR, as less free sites for adsorption were available 

and progression of the reaction reduced in comparison to nanoparticles. On the other hand, 

Zhou et al., through density functional theory (DFT) calculations, showed that small Pt 

clusters (Pt2) resulted in increased H2 dissociative chemisorption and H desorption energy 



Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

14 

in comparison to bulk crystalline Pt surfaces, due to the strong overlap of the Pt 5d orbitals 

with the H 1s orbital [40]. It was illustrated by Toyoda et al., that the substrate affects the 

activity of the Pt cluster for the ORR, where the bond strength between the catalyst and 

substrate determines the available electronic states in the Pt cluster [30]. Figure 1.6 (a) 

illustrates the shift in d-band center for Pt clusters of varying size on different substrates. 

The binding energy increase in defective graphene (Pt/G(d)), compared to pure graphene 

(Pt/G), results in a decreased d-band energy for small clusters due to the enhanced Pt 

coordination with the substrate [30]. The decreased d-band energy of Pt on glassy C for 

larger nanoparticle diameters results in an increased ORR activity (Figure 1.6 (b)) from the 

decreased O2 adsorption energy [30]. This suggests that small Pt clusters on defective 

graphene from vacancies or N-doping can possibly result in an enhanced ORR activity, as 

a wide range of d-band centers can be achieved through controlling the number of atoms 

in the Pt cluster. Holme et al. confirmed that the N-dopants decrease the d-band center of 

Pt clusters (Pt4); however, a direct correlation of adsorption energy and d-band center does 

not form the volcano plot introduced from Norskov [41]. Because Pt clusters do not 

resemble classic bulk surfaces, the d-band center and the adsorption energy are not 

expected to be correlated, but the work-function illustrates a means of determining the 

correlation between the graphene defects and the ORR activity [41]. This suggests that NH 

bonds, interstitial N, and double vacancies may result in the highest ORR activity. Holme 

et al. also suggested that the ORR activity is increased, as the two-electron pathway is not 

stable on Pt clusters (Pt4) on N-doped graphene, as was experimentally corroborated by 

Bai et al., thus the four-electron pathway is favoured [41], [42]. Lastly, single Pt atoms 

were experimentally examined by Qiao et al. as a possible Pt catalyst, thus resulting in the 

ultimate surface area to volume ratio [43]. It was determined that single Pt atoms on an 

Fe2O3 substrate resulted in an increased CO oxidation activity in comparison to Pt clusters, 

as the Pt atoms transferred electrons to the substrate upon chemisorption which increased 

the availability of 5d states for molecular adsorption. This suggests that the positive charge 

induced on C atoms from N-doping can result in catalytically active single Pt atoms. Recent 
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review papers have outlined other single atom catalysts for the use in both the ORR and 

HER [44], [45], [46]; however, specific details will be discussed in Chapter 3.2.4 

Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene. 

 

 

Figure 1.6 Catalytic activity of Pt atoms and clusters, as a function of d-band center. (a) d-band 

center position as a function of the number of Pt atoms per cluster for various Pt surfaces and 

substrates with (b) the respective experimental ORR activity for Pt on glassy C (Ptn/G from (a)). 

Reprinted with permission from ref. [30]. Copyright 2011 American Chemical Society. 

 

 

1.3 Electrode Support 

 

In the 19th century, Groveôs FC consisted of a porous Pt support to increase the ECSA for 

catalytic interaction, while also facilitating the diffusion of the gaseous species [47]. It was 

later realized that powdered materials increase the surface area to volume ratio compared 

to bulk materials, thus a transition to Pt black was utilized as the electrode material and the 

first FC was employed in space by NASA. A loading of 2-4 mg·cm-2 was observed to be 

limiting the cost of the FC, therefore the Pt was distributed on C black, resulting in a 

reduced Pt loading of 0.35 mg·cm-2 with a similar performance [48]. The operation rate 
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was maintained by increasing the surface area of Pt and the conductivity of the support 

through the use of C black, thus decreasing the ohmic loss in the FC. 

Although C black enhanced the Pt loading by introducing a high surface area 

support, it is highly susceptible to degradation. Shao et al. reviewed potential degradation 

mechanisms of C black and illustrated that both electrochemical and chemical reactions 

can degrade the C support [18]. C corrosion occurs at a standard half-cell potential with 

reference to H of 0.207 V and can be written as: 

ὅ ςὌὕᴼὅὕ τὌ τὩ     (1.3). 

According to Wu et al. the kinetics of the reaction are slow and corrosion is negligible 

below a potential of 1.1 V [12]. Nevertheless, the corrosion rate is enhanced in an 

environment lacking H2, therefore corrosion is generally a product of FC start-up [12]. 

Further, the C support can undergo degradation through reaction with water: 

ὅ ὌὕᴼὌ ὅὕ     (1.4) [18]. 

Unfortunately, both degradation mechanisms are enhanced by the presence of Pt, thus 

promoting the decomposition of C at Pt sites which results in the loss of Pt during FC 

cycling [12], [18]. Another deterring mechanism is the production of CO in (1.4), as it acts 

as a poison to Pt catalysts, thus promoting the decrease of active sites available for the ORR 

[18]. Stevens et al. determined that a higher degree of graphitization produces a C support 

that is less susceptible to degradation due to the enhanced chemical stability [49].  

 

 

1.3.1 Graphene 

 

Two-dimensional crystals have been theorized for many years; however, it was not 

physically produced and experimentally examined until 2004, resulting in Geim and 

Novoselov being awarded the Nobel Prize for Physics in 2010 [50]. Graphene is a two-

dimensional crystal composed of sp2 bonded C, which is the basis material for zero-

dimensional fullerenes, one-dimensional CNTs, and three-dimensional graphite (Figure 
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1.7). Because the entire volume of graphene is essentially a surface, a large surface area to 

volume ratio is available for Pt deposition. Further, electrons and holes undergo ballistic 

transport in graphene, thus resulting in an enhanced electrical conductivity as scattering 

centers are separated by 0.3 ɛm even in the presence of a 1012 cm-2 dopant concentration 

[51]. It should be noted that to maintain the electrical conductivity of graphene the material 

cannot exceed 10 layers [52]. The increased surface area and electrical conductivity 

suggests that the use of graphene as an electrode support will greatly increase the FC 

efficiency through possible increased Pt loading and decreased ohmic losses. 

 

 

Figure 1.7 Two-dimensional graphene crystal structure of sp2 bonded C used to form (a) zero-

dimensional fullerenes, one-dimensional CNTs, and (c) three-dimensional graphite. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Materials (ref. [51]), copyright (2007). 

 

 Graphene can be produced through mechanical exfoliation of graphite [51], [53], 

[54], CVD [55], [56], [57], and chemical/thermal exfoliation of graphite oxide [58], [59], 

[60]. Mechanical exfoliation of graphite using the scotch-tape method and CVD produce 

pristine graphene; however, the process of removing and transferring the sheets from the 

growth medium to the device is time consuming and a single sheet is produced in a single 

https://www.nature.com/nmat/
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process. Thermal exfoliation uses the intrinsic CO2 gas produced when heating graphite 

oxide to create a large pressure between the graphite layers for separation [58], [59], [60]. 

This facile process is fast and can be applied to a substantial amount graphite powder, thus 

producing a large yield of graphene. Unfortunately, the elimination of the gas in the process 

of separation is destructive and produces vacancies in the graphene lattice. Additionally, if 

the process is incomplete, the graphene can consist of many layers and contain O-species. 

For the purpose of mass-production of non-pristine graphene sheets, thermal exfoliation is 

preferred compared to CVD, as it offers a fast and inexpensive method to create a large 

yield of product. 

The strong sp2 bonding in pristine graphene precludes the availability of dangling 

bonds for chemisorption with exception to edges and defects within the structure, thus it is 

chemically and electrochemically stable. The increased stability proves useful to prevent 

the support degradation; however, it can result in large Pt nanoparticles, as the entire 

surface area cannot be utilized for Pt deposition (Figure 1.8) [61]. It has been theoretically 

determined through DFT calculations [62], [63], and experimentally [61], [64] confirmed 

that Pt atoms experience a larger binding energy when located at a defect- or edge-site on 

the graphene sheet, due to increased coordination and the ability to chemisorb through 

dangling bonds. The diffusion across graphene sheets to defects and edges will promote Pt 

agglomeration, therefore decreasing the surface area to volume ratio of the electrocatalysts. 

Shao et al. showed that the incorporation of defective multi-sheet graphene as the electrode 

support for FCs results in a comparable activity to C black; however, the durability of the 

support was increased [65]. Defect sites in graphene occur from vacancies or edges in the 

hexagonal C lattice, and from incomplete oxidation reduction, thus leaving O-containing 

species on the surface of the graphene sheets. The specific O-species are debated in 

scientific literature; however, it is suggested that the surface contains hydroxyl, epoxy, 

carbonyl, and carboxyl groups [66], [67], [68]. Unfortunately, graphene oxide is an 

insulator, thus it is desirable to decrease the oxide species [67]. 
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Figure 1.8 Pt chemically reduced on few-layer graphene sheets with arrows pointing to graphene 

edges, where large nanoparticles and a high density of Pt are observed. The inset shows Pt 

clusters located at defects in the graphene sheet. Reprinted with permission from ref. [61]. 

Copyright © 2012 American Chemical Society.  

 

 

1.3.1.1 Nitrogen-Doped Graphene 

 

Functionalization is utilized to introduce dopants into the graphene lattice to enhance the 

number of available binding sites in graphene. A common dopant used is N, where a range 

of dopant-types are available to offer advantages, such as participation in the ORR, and 

increased Pt binding energy. The possible N-dopants include amino, pyridinic, pyrrolic, 

and graphitic, as illustrated in Figure 1.9 [69], [70], [71]. Benefits of the N-doing include 

an increased Pt dispersion [35], Pt agglomeration prevention [41], and an increase in the 

number of ORR active sites [72], [73].  
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Figure 1.9 Possible dopants in N-doped graphene. Schematic produced using Vesta software 

[74].  

 

A common method of N-doping can be accomplished by introducing the graphene 

powder into an N-rich environment at elevated temperatures [35] or in the case of single 

sheet graphene, performing the CVD in an ammonia/methane rich environment [75]. The 

high temperature provides energy to break the existing C bonds, while forming bonds 

between the N and C atoms. It has been experimentally shown that as the temperature is 

increased the predominant dopants move from amino, pyridinic/pyrrolic, followed by 

graphitic, as the increased energy permits increased coordination between the N-dopant 

and C lattice [35]. It should be noted that the pyrrolic-dopant only forms in the presence of 

a five-member ring defect in the graphene lattice [76]. Further, the specific gas used to 

introduce the N-dopant determines the sigma bonded N-dopant; where ammonia introduces 

an amino bond, and urea introduces a urea and amino bond [77].  

 

 

1.3.1.2 Advantages and Limitations 

 

Experimental and theoretical evidence suggests that N-doped graphene acts as an ORR 

catalyst. The specific dopant responsible for this effect is still controversial in the scientific 

literature, as the reaction cannot be directly observed with current microscopy techniques. 

Multiple sources attribute the induced positive charge on the adjacent C atoms in the case 
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of graphitic, pyridinic, and pyrrolic dopants to facilitate molecular adsorption for the ORR 

[41], [76]. Deng et al. state that the additional electron in the N atom can donate electrons 

to the adjacent C atom for the backdonation process of the rate limiting O2 dissociation 

[78]. Further, in the case of pyridinic and pyrrolic dopants, the O2 can directly bond to the 

N atom, where the lone electron pair will participate in backdonation [78]. Xing et al. 

experimentally corroborated that the pyridinic dopant is the most active site for the ORR 

process, but suggested that the C atom adjacent to the pyridinic dopant is the active species 

[79].  According to Ni et al. the graphitic dopant aids in increasing the ORR rate as it 

decreases the energy barrier for O2 dissociation, accredited to impurity levels in the band 

gap as the graphene is transformed from a zero-bandgap semi-metal into an n-type 

semiconductor [80]. Wang et al. expanded on this point, suggesting that the electronic 

states in the band gap of N-doped graphene will approximately align with the empty 

antibonding orbitals of O2, thus facilitating the electron backdonation process for O2 

dissociation [72]. Alternatively, it has been reported that pyridinic dopants produce a 

higher activity for the ORR; however, the relative strength of the pyridinic dopant versus 

the edge location has not been determined, as the four-electron process is also favoured at 

graphene edges [81]. Kim et al. further examined the ORR process using DFT, and 

ascertained that the majority of electron transfer prefers the two-electron process, as 

determined by the lower energy barrier for end-on adsorption [24]. They also concluded 

that the graphitic N atom located adjacent to a zig-zag edge had the highest selectivity for 

the four-electron process and lowest activation energy for the rate limiting step of O2 

dissociation. The reaction scheme proposed by Kim et al. resulted in the breaking of the C 

to N bond during the ORR, creating a pyridinic N-dopant from the original graphitic-type 

dopant. The paper suggests that this reaction scheme may address the controversy in the 

scientific literature, as the N could be measured as a graphitic- or pyridinic-type dopant 

depending on detection before or after ORR cycling [24]. Experimental results disagree 

with theoretical calculations in the case of ORR in acidic media for N-doped graphene, 

where the less efficient two-electron process dominates [72], [73], [42]. Although the N-
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doped graphene participates in the ORR, an additional catalyst is still required to maintain 

an efficiency equivalent to Pt on C black.  

 

 Other than participating in the ORR, the act of N-doping graphene increases the Pt 

binding energy to the graphene lattice. Kong et al. [62] and Groves et al. [82] determined 

that Pt prefers to bind to bridge locations of graphene in the absence of a defect or dopant. 

The process of chemisorption leads to a covalent bond between the C atoms and Pt through 

the process of double bond breaking with Pt donating electrons to the ˊ* orbital of the C 

atoms in graphene, and the C atoms donating electrons to the d-band orbital in Pt [82]. A 

defect in the graphene lattice results in an increased binding energy by the presence of three 

binding sites, where the existence of dangling bonds at graphene edges further increases 

the binding energy of C and Pt [62]. This results in anisotropic diffusion, as the enhanced 

binding energy results in a larger activation barrier along graphene edges than on graphene 

surfaces [62]. The incorporation of N-dopants in graphene is another method to increase 

the binding energy of Pt to C, where the C atom adjacent to the N atom forms the 

chemisorption bond (Figure 1.10) [62], [41], [82]. It is suggested by Holme et al. that the 

positive charge invoked by the N-dopant on the C atom attracts Pt, as the Pt will transfer 

charge during the formation of a covalent bond [41]. The increased binding energy from N 

results in a decreased particle size and improved distribution, as Pt ripening and 

agglomeration is reduced and nucleation at the defect sites is encouraged [41]. It is 

suggested that Pt will nucleate at N-dopants and vacancies before binding to the pure 

graphene surface [41]. Zhang et al. experimentally observed the effect of the increased Pt 

nucleation energy on N-doped graphene, as an improved Pt distribution and decreased Pt 

catalyst size was observed in comparison to pure graphene [69]. It was suggested that the 

pyridinic N is responsible for the improved catalyst distribution [69]. Calculations 

performed by my own collaborators also confirm these results [32]. It was shown that the 

bonding of a Pt atom to two C atoms and one N atom at a pyridinic/single vacancy defect 

(pyridinic dopant) resulted in the transfer of electrons from the Pt atoms to the N atom, and 
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in a stronger bond to the pyridinic dopant than to a graphene lattice [32]. The electron 

transfer was observed experimentally using XANES, wherein samples comprising small 

Pt clusters and atoms resulted in a higher total unoccupied DOS for the 5d character when 

compared to Pt nanoparticles [32]. In contrast, Lin et al. experimentally determined with 

electron energy loss spectroscopy (EELS), that during the production of Cr -N bonds at a 

divacancy (pyridinic dopant), the N atoms donate electrons to the metalôs 3d state, causing 

a reduction of the metal [83]. These differing results suggests that the specific catalyst and 

defect site can influence the bonding characteristics and the filling of the metalôs 

catalytically active energy state. This further complicates the understanding of how the 

atoms/clusters contribute to the ORR, and the role the dopant plays due to its defect 

configuration within the graphene lattice.   

 

 

Figure 1.10 Pt atom locations on N-doped graphene. N-doped graphene (N is blue atom in the 

graphene lattice) with blue Pt adatom bonded to C adjacent to a graphitic N dopant. Reprint with 

permission from ref. [82]. Copyright © American Chemical Society.  

 

These calculations suggest that the N-dopant is responsible for an increased Pt-C 

binding energy, which is confirmed through experimental observation on N-doped hollow 

C spheres from Galeano et al. [84]. Smaller particle sizes were observed on the N-doped 

substrate in comparison to the non-N-doped samples, resulting in better Pt dispersions and 

a higher ECSA. This resulted in an initial high mass activity for the ORR on the N-doped 

samples in acidic media compared to the other samples, but a lower specific activity 

comparable with conventional catalysts [84]. Unfortunately, it was determined that 

between 360 and 1080 ORR cycles, the ECSA drastically decreased from the loss of the 
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smaller, less stable Pt clusters, resulting in a decrease in the catalytic activity [84]. This 

suggests that more studies are required to examine the Pt degradation mechanisms with 

respect to N-doped samples. 

 Although N-doped graphene facilitates the ORR and increases the Pt-C binding 

energy, it limits the electrical conductivity of graphene by introducing scattering centers 

from defects into the lattice. Further, the incorporation of graphitic-type dopants creates an 

n-type semiconductor, thus decreasing the electrical conductivity from the intrinsic semi-

metal zero band-gap graphene [70], [85]. Electron mobility in graphene, N-doped 

graphene, and C black can be observed in Table 1.1. The direct correlation of conductivity 

and mobility suggests that the conductivity of the N-doped graphene will be less than pure 

graphene; however, the value is much larger than C black. This implies that N-doped 

graphene will enhance the conductivity of the electrode support in comparison to the 

conventional material, thus increasing the overall efficiency of the FC. 

 

Table 1.1 Electron mobility in various C support materials. 

Source Mobility (cm 2V-1S-1) 

Pure Graphene [70], [57] 300-1200 

N-doped Graphene (8.9 atomic %) [70] 200-450 

Carbon Black [86] 3.6-6.3 

 

 

1.4 Summary 

 

In order to address the current state of GHG emissions and its contribution to climate 

change, the automotive industry should be targeted by moving away from the traditional 

ICE to new cleaner technology, such as PEMFCs. The current state of the PEMFC 

technology still requires improvements in effort to reach the targets set by the US 

Department of Energy, wherein the primary concern is the electrode support degradation 
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and catalyst selection related to the cost and efficiency. Within this thesis, the use of higher 

electrically conductive and increased corrosion resistant support material will be analyzed 

through the use of graphene and CNTs. In effort to further decrease the degradation 

mechanism, due to Pt dissolution, N-doped substrates will be examined. Furthermore, the 

cost of the catalyst will be addressed through the production of ultra-small Pt clusters and 

Pt atoms by utilizing the ALD technique. This suggests that the material must be 

characterized at the atomic scale, to observe the small Pt catalysts and the graphene support, 

which will be completed using electron microscopy techniques. This thesis is focused on 

the material characterization of a real electrode support material, followed by the in-house 

production of single-sheet N-doped graphene for theoretical investigations of the N-

dopants and Pt catalysts. Lastly, N-doped CNTs (NCNTs) will used as a platform to 

understand the effects of different ALD conditions on the Pt size and density, to fine-tune 

the sole production of Pt atoms. Full characterization of the NCNTs will also be completed 

using electron microscopy techniques. 
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Chapter Two 

Electron Microscopy 

 

 

 

A variety of characterization techniques are utilized to analyze the quality of graphene and 

functionalized graphene to understand the defect density and chemical bonding. The defect 

density is commonly analyzed with Raman spectroscopy through comparison of the D and 

G bands; however, this gives a relative percent without the qualification of the specific 

defects and distribution through observation [66]. Further, the chemical bonding can be 

determined through X-ray absorption near edge spectroscopy (XANES), and X-ray 

photoelectron spectroscopy (XPS), but the distribution and specific locations of the defects 

with respect to the graphene lattice is not possible [87]. Scanning transmission X-ray 

microscopy (STXM) can be used, as it collects the transmitted X-rays with the XANES 

techniques while scanning the X-ray beam over a desired area of the sample. STXM allows 

the mapping of each XANE spectra with respect to the position on the graphene lattice; 

however, the best achievable spatial resolution is 10 nm with a more general value of 25 

nm [88]. Lastly, the material has been characterized on the atomic scale using scanning 

tunneling microscopy (STM) for the purpose of locating dopants and analyzing defects. 

Unfortunately, the process of obtaining STM maps is time consuming and the resolution 

concerning chemical bonding is restricted to the tip sensitivity [87].  

Ideally, structural and chemical bonding information can be derived on the atomic 

scale with the possibility of directly relating the spectroscopic results to specific atoms 
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within the graphene structure. It would be beneficial to have each characterization tool 

located within one instrument to allow for multiple examination techniques on a single 

location of the graphene lattice. Transmission electron microscopy (TEM) has proven ideal 

for the characterization of graphene, as atomic resolution is possible with the option of 

mapping chemical components and bonding information with respect to structural 

information, as will be discussed below. 

 

 

2.1 Electron Interactions with Matter  

  

The source of the electron signals must be understood to determine the appropriate imaging 

and spectroscopy techniques to gather the desired information from the sample of interest. 

A simplistic schematic diagram of the signals generated when high energy electrons 

interact with a thin specimen (<100 nm) can be seen in Figure 2.1 (a). Within this figure, 

only the signals that pertain to this thesis are labelled and briefly discussed herein, as many 

more signals can be produced from the interaction of electrons with the sample, but are 

outside the scope of this report. The characteristic peaks from the X-ray signal, inelastically 

scattered electrons, and Auger electrons are labelled K, L, and M, based on the respective 

principle quantum numbers labelled in Figure 2.1 (b). 
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Figure 2.1 Simplistic schematic of the electron interactions with matter. (a) Interaction of a fast 

electron with a thin specimen and the produced signals analyzed in this thesis, and (b) the atomic 

model with the corresponding principle quantum number (n) and characteristic peak labels for X-

rays, EELS, and Auger electrons.  

 

 Using a scanning electron microscope (SEM) secondary electrons (SEs) can be 

detected. During the incident electron interaction with a thick specimen the electrons can 

lose energy through inelastic scattering with electrons in the sample. Secondary electrons 

are generated through these inelastic scattering events, such that the outer shell electrons 

from the atoms within the sample, or conduction band electrons, are excited with enough 

energy to escape the surface of the sample [89]. While travelling through the sample the 

SEs will lose energy, thus only those close to the surface can escape before the kinetic 

energy is completely attenuated [89]. These electrons provide topographical information 

about the sample and were used to analyze features of NCNTs [89].  

The SEM can also be used in conjunction with an Auger detector to chemically 

map surface elements by examining the Auger electrons and SEs. Auger electrons are 

created during the de-excitation of a core electron to its ground state from an excited state, 

due to an ionization process through inelastic scattering with the incident beam. This 

technique will be discussed in more detail below, but in brief, during the de-excitation 

process the internal energy of the electronic transition is converted to the excitation and 

release of another electron. The kinetic energy of this electron can be detected, which is 

sensitive to the elemental identity in which the electron originally resided. Due to the 

secondary nature of the excitation event for the Auger electrons, they are of low energy 

and can only escape the sample surface from a few nanometers, thus this is a surface 
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sensitive characterization technique. Auger electrons were used in this report to quantify 

the N concentration within N-doped graphene and NCNTs. 

Similar to Auger electrons, X-rays are produced during the de-excitation of a core 

electron to its ground state after being ionized to an empty energy state from an inelastic 

excitation with the incident electron. During the de-excitation, energy related to the 

difference in the energy of the empty and core states causes the release of a photon (X-

ray). The X-rays are characteristic of each element, as each element have unique energy 

states, thus the characteristic X-rays can be used for elemental identification and 

quantification. The X-rays can be detected in both SEM and TEM through a detector 

located above the sample. Through the use of X-ray detection in TEM the presence of Pt 

was found on the N-doped graphene samples. 

 The transmitted elastic electron signal is used in TEM and has many practical 

applications for analyzing the sample structure, and chemical composition, simply by 

examining the different signals generated from the transmitted electrons. Additionally, the 

transmitted inelastic electron signal can be inspected using EELS, wherein the chemical 

composition, and bonding can be determined. Each signal will be discussed in more depth 

based on the techniques used in the remaining chapters of this thesis. 

 

 

2.2 Using TEM  to Study Graphene and Heavy Atoms 

 

The TEM was invented in 1931 by Ernst Ruska and Max Knoll, where electron sources 

and spherical electromagnetic lenses were used to produce the transmitted image of 

elastically scattered electrons to provide structural information of the material under 

examination. Theoretically, the use of electrons for imaging can produce a spatial 

resolution on the sub-angstrom scale, due to the inverse relation between wavelength and 

energy. Elastically and inelastically scattered electrons from sample interactions can be 

detected with a camera or an energy filter spectrometer, thus supplying information 
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concerning material structure, elemental distribution, chemical bonding, and elemental 

composition.  

Two key electron imaging techniques include the broad beam based TEM, where 

all scattered electrons are collected over a large illumination area on the specimen, and 

scanning TEM (STEM) which utilizes a raster scanning probe source on the specimen to 

examine elastically scattered electrons from the sample with respect to position. Physically 

the instrument contains an electron source, which under ideal conditions acts as a point 

source. In reality the electrons are emitted from a tip with a small but measurable radius 

and varying electron energies, thus resulting in partial spatial and temporal coherence of 

electrons interacting with the sample [90]. Further, aberrations in the primary imaging and 

probe forming lens (objective and condenser lenses) distort the information transfer to the 

back-focal plane, which limits the image resolution for both TEM and STEM. 

The resolution of the microscope can be enhanced through aberration correction 

with multipole lens and by increasing the electron energy; however, when examining 

fragile samples, low energies are required to prevent knock-on damage. Knock-on damage 

occurs when the energy of the incident electron exceeds the displacement energy of the 

sample, therefore damaging the sample by causing the elimination of atoms [91]. 

Particularly, grapheneôs composition of a single layer of light atoms makes the material 

inherently susceptible to knock-on damage above electron excitation voltages of 86 kV 

[92], [93], [94]. Meyer et al. reported that at enhanced doses of 1010 e-nm-2 (dose rate 3.5 x 

105 e-nm-2s-1) at 80 kV in TEM can instigate knock-on damage in graphene when operating 

in TEM mode [93]. On the other hand, Robertson et al. determined that at higher dose rates 

in TEM (108 e-nm-2s-1) it was possible to induce damage with a lower electron dose, 

wherein a dose of 3 x 109 e-nm-2 at 80 kV caused an average of 0.1 atoms per nm2 to be lost 

from the graphene lattice [94]. The increased defect rate determined by Robertson et al. 

was suggested to be caused by knock-on damage from phonon excitation due to local 

heating from the electron source and enhanced vibrations in the z-direction, which 

increased the electron momentum and sputtering rate [94].   
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Alternatively, a dose rate of 2.54 x 1010 e-nm-2s-1 did not result in a sputtering event 

of pristine graphene when operating in STEM mode at 80 kV and situating the beam on a 

single C atom for five minutes (assumed dose of 7.6 x 1012 e-nm-2). Nevertheless, large 

holes were observed approximately 5 to 20 nm away from the electron beam after a 30 

minute continuous STEM exposure, due to chemical etching from Fe catalysts and indirect 

beam exposure [94]. Furthermore, it should be noted that areas containing contamination 

and edge sites are more inherently susceptible to knock-on damage due to the reduced 

stability as compared to the pristine graphene lattice, thus edge atoms can be displaced at 

energies as low as 20 kV [95], [93], [96]. Lowering the energy of the electron source 

reduces induced beam damage; however, the overall achievable resolution of the image is 

limited [93]. This was confirmed by Suenaga et al., where it was determined that imaging 

edge structures required a large decrease of excitation voltage to prevent damage 

originating from the decreased atomic coordination [95]. Additionally, Suenaga et al. 

validated the ability to atomically examine the electronic structure of single C atoms in the 

graphene lattice, resulting in local electronic variations depending on its location along the 

edge or within the bulk structure with an electron source of 30 kV [97]. In this experiment 

damage was still induced on the sample when acquiring spectrum images, thus the dose 

was reduced by using line scans [97]. To reduce knock-on damage, most graphene 

experiments in literature are completed with the use of a 60 kV electron source, with an 

aberration-corrector, and a reduced current. 

Based on the microscopes available at the CCEM, high resolution images were 

performed with an 80 kV electron source. Using the pixel size as reference for the probe 

size, an over estimation for the approximate upper dose used during STEM image 

acquisition in the experiments of this report is 1.4 x 107 e-nm-2 and a dose rate of 1.4 x 1012 

e-nm-2s-1. A more reasonable estimation of the dose and dose rate is acquired when 

considering a probe size of 0.06 nm for annular dark field (ADF) imaging conditions 

(measured from the full width half maximum (FWHM)), as measured from a single C atom 

in Chapter 4.2.1 Characterization of N-Doped Graphene Using High Resolution STEM 
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which results in a dose of 6.9 x 106 e-nm-2 and a dose rate of 2.3 x 1011 e-nm-2s-1. When 

operating in high angle ADF (HAADF) imagining conditions, a probe size of 0.2 nm (as 

measured by Pt atoms in Chapter 5.2 ALD Fine Tuning to Consistently Produce Single 

Atom Catalysts with NCNTs) was used, resulting in a maximum dose and dose rate of 9.6 

x 105 e-nm-2 and 1.9 x 1010 e-nm-2s-1. 

 

 

2.2.1 High Resolution TEM  

 

This section is summarized from Rolf Erniôs book ñAberration-corrected imaging in 

transmission electron microscopyò [90]. For more comprehensive details on the exit plane 

wave (EPW) of the electron beam, aberrations in the objective lens, and the operation of 

the image corrector, consult this easily readable and very detailed textbook. The first step 

in high-resolution TEM (HRTEM) micrograph image formation occurs when the initial 

plane electron wave travels down the TEM column with its wave vector (k0) parallel to the 

optical axis. When the beam reaches the sample, it diffracts at angles determined through 

Braggs law (Figure 2.2 (a)), where the diffracted beams are focused on the back focal plane 

of the objective lens, forming a diffraction pattern [90]. The partial beams (kg) generating 

the diffraction spots then interfere to produce an HRTEM micrograph in the image plane 

[90]. The HRTEM micrograph contains structural information of the specimen described 

by the phase shift experienced by the incident electron wave when interacting with the 

sample. This information is contained in the wave function of the electron plane wave 

(EPW) exiting the specimen. Modifications to the EPW function can be introduced through 

aberrations in the objective lens dictated by the phase contrast transfer function (PCTF) 

(Figure 2.2 (b)), which are transferred to the final HRTEM image. Therefore, the contrast 
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comprising the HRTEM image contains information about the specimenôs atomic potential 

and the lens aberrations. 

Generally, the PCTF is an oscillating function with respect to spatial frequency, 

thus resulting in varying contrasts for different spatial frequencies within the HRTEM 

image. The pass-band is the range of spatial frequencies that fall within a single PCTF 

value, and ensures that the image intensity can be directly interpreted as the sampleôs 

atomic potential [90]. The pass-band and point resolution (spatial frequency with the first 

zero crossing of the PCTF) can be enhanced by adjusting lower order aberrations (defocus 

(C1)) to compensate for the intrinsic third-order spherical aberration (C3), which is known 

as the Scherzer defocus [98]. Ideally, the PCTF wil l have a large pass-band and the point 

resolution will exceed the information limit (maximum spatial frequency contributing 

intensity to the image), therefore producing an image wherein contrast reversal does not 

occur for different spatial frequencies [90]. Very specific conditions are required to expand 

the pass-band, thus most HRTEM images require image simulations to accurately interpret 

the contrast of the image. Furthermore, the effect of the partial spatial and temporal 

coherence of the electron source can be seen in Figure 2.2 (b), as envelopes which reduce 

the contrast in the image and restricts the information limit of the TEM image. In the case 

of conventional TEM, the limiting C3 aberration of the objective lens causes the spatial 

coherence envelope to damp the PCTF, thus causing a low frequency information limit. 
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Figure 2.2  HRTEM image formation. (a) Ray diagram schematic of the interaction of the 

electron with the specimen and the focusing power of the objective lens. (b) The objective lens 

influences the contrast in the HRTEM image, as dictated by the PCTF. The PCTF (intensity) was 

generated in JEMS [99] to illustrate the effect of the aberrations on the HRTEM image contrast.  

 

 Multipole lens (image corrector) are utilized to correct for intrinsic and parasitic 

geometrical aberrations up to the third-order [100], [101], which limit the resolution and 

spatial coherence of the source [90], [100], [101]. By minimizing the lens aberrations, the 

transfer function approaches finite values for a broad range of spatial frequencies and the 

spatial coherence no longer damps the image intensity. However, aberrations of an order 

greater than three now limit the resolution. Similar to the conventional TEM, in TEMs 

containing image correctors, optimized conditions must be utilized by setting lower order 

aberrations to compensate for higher-order aberrations. When the intrinsic C3 is controlled, 

the fifth-order spherical aberration (C5) limits the resolution. The C5 is considered a fixed 

positive finite aberration due to the geometry of the objective lens. An optimized C1 and 

C3 can be derived when the C5 is limiting the resolution through different numerical and 

analytical approaches (Table 2.1) [90]. It is apparent in Table 2.1 that a negative C3 is 

required to compensate for the positive fifth-order spherical aberration C5, thus this 

condition is called negative spherical aberration imaging. Upon optimization of the lens 

aberrations, the pass-band and point resolution of the PCTF can be expanded, thus allowing 
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for the direct interpretation of the HRTEM images. It should still be noted that when 

working with crystalline samples contrast can arise from crystallographic features, 

thickness, and atomic potentials, therefore even when working in optimized TEM 

conditions, care must still be taken when examining the contrast of images. 

 

Table 2.1 Equations to calculate optimized C1 and C3 coefficients. These are used to compensate 

for the intrinsic limiting C5 when using an image corrector, where qmax is the maximum spatial 

frequency transferred and ɚ is the wavelength of the electron source [102], [103]. 

 Scherzer (2.1) Chang (2.2) Lentzen (2.3) 

Defocus C1 ὅ ȟ
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ὅ ȟ
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ὅ‗ή  

Third-order 
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C3 

ὅ ȟ

σȢς ‗ὅ  

ὅ ȟ

ςȢψψ‗ὅ  

ὅ ȟ

ρπ

σ‗ή
ψ

ω
ὅ‗ή  

 

 

2.2.1.1 Increasing the Temporal Coherence 

 

The microscope configuration for negative spherical aberration imaging results in bright 

atomic contrast on a dark background when operating with a required negative C3 and a 

positive C1. Unfortunately, now the partial temporal coherence limits the information 

transfer. Also, the introduction of the image corrector causes an increase in the source of 

current instabilities in the post-objective lens, thus inherently increasing the chromatic 

aberration (CC) from approximately 1.2 mm to 1.4 mm [104]. Currently, chromatic 

aberration correctors are available that can correct the CC from the source instabilities and 

the objective lens [105]; however, only a few exist in the world which are dedicated to very 

specific uses, therefore a different approach to decrease the energy spread of the imaging 
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electrons is required until the development of the chromatic aberration correctors have 

advanced. Three methods to improve the temporal coherence include the selection of the 

electron source, the use of a monochromator, and the selected incident electron acceleration 

voltage. 

 

 

2.2.1.2 Electron Source Selection 

 

A common method used to enhance both the spatial and temporal coherence is the 

operation of a field emission gun (FEG) rather than a thermionic source, such as 

Lanthanum hexaboride (LaB6) [104]. A consequence of the weakening of both the spatial 

and temporal coherence envelopes for the FEG is an increase in the information limit. 

These effects are due to the fact that the FEG offers a smaller tip radius, higher brightness, 

and lower energy spread of the electron beam [106]. This suggests that the use of a FEG is 

necessary for HRTEM imaging; however, an inherent energy spread of approximately 0.8 

eV still exists [106]. 

 

 

2.2.1.3 Monochromator Excitation 

 

Further improvement of the temporal coherence requires a decrease in the electron energy 

spread of the source, which can be completed with a monochromator. Various 

monochromator designs have been created which comprise electromagnetic lenses, 

electrostatic lenses, and an energy selecting slit [107]. The specific selection of a 

monochromator design will determine the energy spread and electron current of the source 

[108]. The monochromator disperses the electrons into a line ranging from high to low 

energy, where a slit can be used to select a single electron energy, thus creating a 

monochromatic source and decreasing the energy spread (0.1 eV) and temporal coherence 
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envelope [108], [109]. An increasing excitation voltage of the monochromator results in a 

stronger dispersion and a lower energy spread, as the relative energies of the electron 

source are more readily separated [110]. However, the use of a monochromator also 

reduces the electron current, especially with high dispersions as the electrons of varying 

energies are no longer focused to a single point (excitation = 0.0). The decreased current 

leads to a reduction in the signal to noise ratio of the image and limits the maximum 

magnification that can be achieved before the contrast in the image diminishes [110]. The 

selection of a moderate excitation voltage will ensure that the electron source has a low 

energy spread, while also maintaining a beam current that can reach high magnifications. 

Omission of a selection slit (rainbow mode) will also increase the current used to acquire 

the image; however, a slightly higher energy spread is obtained [110]. To optimize the 

energy spread of the monochromator, the lenses can be tuned without the slit. Further, the 

beam must be condensed to the dispersion line to maintain the monochromatic source, 

therefore strengthening the spatial coherence envelope. When the monochromator is used 

in combination with an image corrector the spatial coherence envelope will not limit the 

PCTF as the low spherical aberration offsets the increased beam divergence semi-angle. 

 

 

2.2.1.4 Electron Source Acceleration Voltage 

 

Lastly, the information limit of the microscope can be enhanced by increasing the electron 

energy; however, as previously mentioned, when examining fragile samples low energies 

are required to prevent knock-on damage. This puts an emphasis on the requirement for an 

image corrector, FEG electron source, and a monochromator to increase the spatial 

frequency of the information limit [107]. Freitag et al. [107] compares the PCTF for a 

conventional TEM, spherical aberration correction, and spherical aberration correction 

with the application of a monochromator. They indicate that the pass-band increases with 

each subsequent change in the imaging system; first due to the decrease of the axial 
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aberrations and weakening of the spatial coherence envelope, and second to the weakening 

of the temporal coherence envelope, respectively [107].  

 The information limit and point resolution of a microscope should be determined 

for specific imaging conditions to determine if an HRTEM micrograph can be directly 

interpreted. If the information limit exceeds the point resolution, the micrographs should 

be compared to HRTEM simulations using equivalent microscope conditions. 

 

 

2.2.1.5 Examples of HRTEM Imaging of Graphene 

 

Although, there is a means to directly interpret the structural information from the HRTEM 

micrographs, atomic distinction is not strong. The small scattering angle collected when 

performing HRTEM indicates that the detected electrons interact with atomic valence 

electrons of the sample. This interaction allows for the extraction of the structural 

information; however, there is not a direct correlation of valence electrons in chemical 

bonds with atomic charge [111]. Using negative spherical aberration imaging with an 

aberration corrected microscope, Meyer et al. showed that the graphene lattice can be 

directly extracted (Figure 2.3 (a)) when spatial frequencies reached the 1.23 Å reflection 

in the characteristic hexagonal pattern of the computed diffractograms (Figure 2.3 (b)) 

[103]. Care must still be taken when interpreting the image as indicated by Warner et al., 

as multilayered graphene sheets at varying defocus may have a similar lattice in HRTEM 

micrographs to a single layer sheet [52]. Further, the computed diffractogram from Figure 

2.3 (b) does not elucidate the number of layers in the graphene structure as each graphene 

sheet contains an identical lattice. Upon tilting a monolayer of graphene, the intensity of 

the diffraction spots remains constant; however, an isotropic broadening will occur due to 

1 nm corrugations in the graphene lattice used to maintain the stability of the sheet and 

two-dimensional structure [112]. Anisotropic broadening of diffraction spots can be 

attributed to misorientations between multilayered graphene sheets and grain boundaries 
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within graphene sheets, as a range of misorientation angles will produce a set of hexagonal 

spots at varying rotation angles [113], [114], [115], [116]. Alternatively, multilayered 

graphene results in a decreased intensity of the diffraction spots as a function of specimen 

tilt, but isotropic broadening is not observed as a function of the tilt -angle as the two-

dimensional structure is no longer maintained [112]. The fact that the intensity of the 

diffraction spots change for multilayered graphene, suggests that small specimen tilts from 

imperfections in the graphene lattice will result in brightness variations across a multi-

layered graphene sheet in a HRTEM micrograph [112]. To fully interpret the structure and 

number of sheets within graphene, the sample should undergo a tilt series to examine the 

effect on the intensity of the diffraction spots, followed by HRTEM simulations using 

multislice theory introduced by Kirkland [111]. 

 

 
Figure 2.3 HRTEM images and computed diffractogram from a single sheet of graphene. (a) 

HRTEM micrograph of graphene lattice using negative spherical aberration imaging (scale bar is 

2 Å) and (b) the computed diffractogram with labelled reflections. Reprinted (adapted) with 

permission from ref. [103]. Copyright 2008 American Chemical Society.  
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2.2.2 High Resolution STEM 

 

Similar to HRTEM, STEM examines elastically scattered electrons from the interaction of 

the incident electron source with the atomic potential of the sample. The uniqueness of 

STEM originates from the use of a probe rather than a broad beam to examine the 

specimen. The probe is formed on the sample by placing the specimen in the back focal 

plane of the objective lens, where the electron beam is focused to a point on the sample 

(Figure 2.4). Raster scanning is employed to move the probe across the surface of the 

sample, where a convergent beam diffraction pattern is formed in the detector plane from 

each scanned location.  

 

 
Figure 2.4 Simplified schematic of STEM image formation and the relative detector positions. 

 

 

2.2.2.1 STEM Image Formation 

 

Diffraction pattern overlap is necessary to produce lattice fringes when using the STEM 

imaging technique, which can be accomplished by utilizing a larger limiting aperture. 
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Moreover, the annular shape and angular position of the STEM detectors determines the 

intensity of the image, as low to high scattering angles can be collected with an annular 

detector. When operating in STEM a bright field (BF) and annular dark field ADF detector 

can be utilized simultaneously, due to the hole in the ADF detector. Similar to HRTEM, 

the intensity function of the BF detector relies on the coherence of the scattered 

wavefunction and forms an image with an intensity that is a convolution of the sampleôs 

atomic potential and the PCTF [117]. 

On the other hand, the ADF detector can be used to collect elastically scattered 

electrons at much higher angles. Simplistically, when moving to higher collection angles 

and assuming the reciprocity theory between STEM and TEM, it can be understood that 

incoherent imaging conditions are satisfied as the collection angle increases [117]. 

Mathematically this is shown when examining the intensity function for ADF imaging 

conditions, which is a convolution of the objectôs atomic potential with the probe shape 

[117]. This can be understood as applying an optical transfer function (OTF) to the samples 

atomic potential when transferring from reciprocal space (specimen) to real space 

(detector) [117]. Unlike the PCTF in HRTEM, the OTF is a monotonically decaying 

function with respect to the spatial frequency and does not oscillate like the PCTF, thus the 

contrast in ADF images can be directly interpreted as the objectôs atomic potential [117]. 

It should be remembered that the incoherence of the electrons forming the image will 

depend on the inner angle of the ADF detector, as small inner angles will lead to more 

coherent wavefunctions, thus moving towards a PCTF [117]. 

The intensity of an ADF image can be further controlled to collect specific signals 

through adjustment of the inner semi-collection angle of the detector. In the literature, 

medium angle ADF (MAADF) imaging has an inner angle of approximately 50-60 mrad, 

and HAADF has an inner angle of approximately 80-90 mrad [118]. The inner angle can 

be controlled based on the camera length selected during the experiments. In this thesis, 

the MAADF imaging conditions are referred to ADF. The higher collection angles 

achieved when using the ADF detector, as opposed to the BF detector, indicate that they 
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collect Rutherford scattered electrons, thus these images contain elemental information 

through nuclear interactions of the incident electrons with the sample. This suggests that 

HAADF images of atoms with a high atomic number (Z) are of higher intensity, as these 

atoms can scatter electrons to higher angles than low Z material. The contrast of the 

HAADF imaging technique is proportional to Z1.6, therefore a sample of constant thickness 

has an intensity variation corresponding to the elemental composition [90]. The exponent 

of Z depends on the collection angles, where larger collection angles lead to the 

approximation of Z2. Furthermore, the mass of the sample can be imaged with HAADF, 

such that a linear increase in the signal exists for stacked atoms in a column [117], but this 

increase is no longer linear when working in MAADF conditions [118]. Generally, 

HAADF conditions are acquired to directly observe the Z- and mass-contrast in the image, 

due to the combination of the incoherent imaging conditions with the Rutherford scattering, 

thus image interpretation is more direct when compared to HRTEM imaging. MAADF is 

used when imaging light elements in effort to increase the signal, as lower Rutherford 

scattering angles are experienced when the atomic number is decreased. 

In STEM imaging, the probe size dictates the image resolution, therefore methods 

to increase the resolution through decreasing the probe size must be considered. Generally, 

a condenser aperture is used to limit the introduction of aberrations in the probe from the 

objective lens, thus increasing the resolution of the OTF. This aperture will control the 

convergence semi-angle of the probe (Ŭ in Figure 2.4), therefore influencing the diffraction 

limit  [118]. It should be noted that the diameter of the probe is affected by the diffraction 

limit and the source size, which is directly related to the probe current to brightness ratio, 

and inversely related to the semi-convergence angle [118]. This suggests that the largest 

aperture that removes the probe aberrations should be utilized in effort to increase the semi-

convergence angle, or in other words, to decrease both the diffraction limit and the source 

size. Similar to HRTEM, an aberration-corrector can be used for the probe forming lens, 

thus decreasing the aberrations in the probe and allowing a larger semi-convergence angle 

to be used. When working at low acceleration voltages with an aberration-corrector, it has 
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been determined that above approximately 50 kV the beam is limited by the C5 when the 

C3 has been corrected. Additionally, when operating below 50 kV the beam is limited by 

CC, therefore similar strategies discussed above to increase the temporal coherence should 

be utilized for these operating conditions [118]. In this thesis, a probe size of 0.2 nm was 

achieved with a limiting aperture of 50 ˃m and spot 9 (19 mrad, as measured by FEI), and 

0.06 nm with an aperture of 70 m˃ and spot 10 (26 mrad, as measured by FEI), respectively. 

 

 

2.2.2.2 Examples of HRSTEM Imaging of Metal-Graphene Interactions 

 

ADF has proven invaluable in examination of metal-graphene interactions, as the 

difference of the atomic number between the C lattice and metal atoms results in large 

contrast variations in the image, thus allowing easy identification of atomic positions and 

distributions. Ramasse et al. demonstrated the observation of various metal atoms on a 

graphene lattice through HAADF, as observed in Figure 2.5 [119]. The bright intensity in 

the images is due to the high electron scattering of the metallic atoms and the low intensity 

results from individual C atoms. It was also confirmed by Zan et al., using HAADF that Pt 

binds at bridge sites on the graphene lattice; however, adsorption will first occur on 

hydrocarbon contamination [120]. In Figure 2.5 beam excitation is visible through 

streaking of the metallic atoms, as they diffuse of the graphene and hydrocarbon surface. 

Interestingly, it was observed that contact between the metal atoms and graphene lattice 

under beam irradiation resulted in enlarged hole formation for non-gold metals [120]. They 

attributed this to local heating of the graphene lattice, thus lower dose rates should be 

considered when examining metal-graphene interactions [120]. Many other researches 

have published STEM images of the individual C lattice of graphene and CNTs with 

interacting metal atoms [121], [122]. 
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Figure 2.5 HAADF micrographs of graphene with deposited metals. (a) Pd, (b) Ti, and (c) Al. 

Reprint with permission from ref. [119]. Copyright © 2012 American Chemical Society.  

 

 

2.2.3 EELS 

 

Detection of inelastically scattered electrons proves useful for analytical measurements of 

elemental composition and chemical bonding within a material. Interaction of the incident 

electrons with the specimen can result in a loss of energy due to excitation of atomic 

electrons. Detection of the incident electron energy-loss, when exciting a bound electron 

to the conduction band from the sample, with use of a spectrometer results in an intensity 

graph with peaks corresponding to energy levels within the material (Figure 2.6 (a)). 

Specific regions in the EEL spectrum are outlined in Figure 2.6 (a), where the transmission 

of electrons that are elastically scattered comprise the ñzero-lossò peak, excitation of 

electrons from the valence band to the conduction band contributes to the ñlow-lossò region 

(50-100 eV), and excitation from the core energy level electrons to the conduction band 

forms ñcore-lossò states [123]. Core-loss states can be used for elemental identification, as 

each element has unique energy levels and binding energies. The core-loss states are 

labelled based on the ground state of the excited core-electron (K implies an excitation 

from a 1s state). More importantly the core-loss states contain information concerning the 

chemical bonding within a material through the examination of the first 10-20 eV of a core-

loss edge, known as electron energy-loss near edge structure (ELNES) (Figure 2.6 (b)) 
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[123]. Within crystalline material the conduction band will contain empty electronic states, 

where the specific number of states per energy are not equivalent and can be described 

through the DOS of the material. ELNES is an approximate image of the empty DOS of a 

material, which is sensitive to the chemical state and the bonding environment [123]. 

Botton illustrated the DOS for graphite, where a large number of available states occur at 

the ˊ* and ů* energy levels, thus suggesting an increased probability of core excitation into 

these states compared to the other available empty states [123]. This is observed in the 

ELNES as two strong peaks with other oscillations occurring from available states in the 

continuum. The simultaneous acquisition of the HAADF image and EEL signal through 

the removal of the BF detector results in the acquisition of a data cube with the x and y 

positions corresponding to the Rutherford scattered electron HAADF image, and the z-axis 

to the EELS spectrum [124]. The data cube allows for elemental mapping, thus providing 

identification of elements within an HAADF image to be used to determine elemental 

distribution and chemical bonding [123]. 

 

 

Figure 2.6 Schematic of EELS total spectrum and ELNES. (a) EEL spectrum produced from the 

inelastic interaction of an incident electron with N2 gas filled NCNT with respective labelled 

regions, and (b) schematic of ELNES produced from the empty DOS of the material under 

investigation. 
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2.2.3.1 Elemental Quantification using EELS 

 

Other than simply identifying elemental composition and bonding environments, EELS 

can be used for elemental quantification, such that the edge intensity depends on the 

inelastic cross-section for the specific ionization process, and elemental concentration. 

Details on EELS quantification can be found in ñElectron Energy-Loss in the Electron 

Microscopeò by Egerton [125], but a brief explanation will be discussed herein. Commonly 

the integration method is used to determine the areal density (atoms/nm2) and/or atomic 

ratios. During quantification, the background signal is first removed by modeling the pre-

edge region with a power law. Secondly, a partial inelastic scattering cross-section (ůk(ɓ,ȹ)) 

is modelled based on the element of interest, EELS collection angle, and the energy range 

under consideration. When calculating the areal density (N), the integrated intensity of the 

zero-loss peak (I0) and the core-loss edge (Ὅ), must both be collected, such that when 

performing deconvolution to remove the effects of plural scattering, 

ὔ
ȟЎ

ȟЎ
     (2.4) [125]. 

Atomic ratios are calculated using a similar method; however, due to the nature of the 

calculation, the zero-loss peak is not required, thus the calculation can be more versatile 

when considering experimental conditions. When different elements are quantified, and a 

deconvolution is not performed to remove the plural scattering, energy windows of the 

same size should be used. The atomic ratio of element A (Na) and element B (Nb) can be 

completed by employing the integrated intensity of each element (Ika(ɓ,ȹ) and I jb(ɓ,ȹ)) and 

their respective scattering cross-sections (ůka(ɓ,ȹ) and ůjb(ɓ,ȹ), respectively), 

ȟЎ ȟЎ

ȟЎ ȟЎ
    (2.5) [125]. 

Both equations (2.4) and (2.5) have been implemented in this thesis to determine the 

absolute and relative atomic fraction of N within various samples. 
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2.2.3.2 Signal Processing: Independent Component Analysis 

 

Often when extracting EELS elemental maps, signal processing can be quite difficult due 

to overlapping EELS edges. Within this thesis issues from overlapping edges have resulted 

in poor background subtractions or the inability to spectrally separate the overlap of a broad 

edge (Pd-M) with a sharp well-defined excitation (N-K). Furthermore, when performing 

atomic resolution EELS, noise often dominates the signal due to the requirement of fast 

spectral acquisition, in effort to reduce beam damage. In these cases, signal processing 

routines can be used to extract the individual signals from the spectrum image. Independent 

component analysis (ICA) has been used in this thesis to separate overlapping spectral 

features in order to observe the origin of ů* and ́ * C-K peaks within NCNTs, to separate 

overlapping edges, such as the Pd-M and N-K edges, and to extract mixed signals such as 

FeOx catalysts from only Fe catalysts. ICA separates statistically independent components 

from a mixed source by considering a linear combination of independent sources [126]. 

When using the ICA algorithm each component is considered of equal importance, 

therefore component one is of no more importance than the other components. Hyperspy 

[127] has been used to implement the ICA on spectrum images found within this report. 

 

 

2.2.3.3 Examples of EELS Characterization of Metal Atoms on N-Doped Graphene and 

CNTS 

 

The detection of the N-K edge through XANES is strongly prevalent in scientific literature. 

XANES detects the disappearance of X-rays through an absorption process from a core 

level electron excitation within the material under study. The intensities of the XANES and 

EELS peaks are related to the excitation cross-sections for each element and concentration. 

Because each N-dopant has a different bonding environment, each has a separate peak in 

the N-K edge. Specific values for these peaks have been measured with XANES, XPS, and 
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calculations based on the DOS of N-doped graphene; however, the peaks and chemical 

species vary between papers with an energy range of 396-403 eV with a consistent 

arrangement of species from low to high energy of pyridinic, pyrrolic, amino, cyanic, and 

graphitic [69], [128], [77], [129], [130], [131], [132]. Zhang et al. determined the relative 

change in N-species concentration as a function of temperature through XANES detection 

[69]. An increase in temperature resulted in the N-dopant species transforming from 

primarily amino to pyridinic, and finally to graphitic-type dopants. Unfortunately, the local 

variations of N-dopants within graphene sheets cannot be observed in XPS and XANES, 

as they examine the average dopant presence over a large area due to the lower spatial 

resolution of the technique with respect to TEM. Li et al. used EELS to map the N-K edge 

through simultaneous acquisition of HAADF and EELS for a N-doped CNT with Fe 

catalysts [133]. It was determined that Fe predominately binds next to N; however, the 

specific N-species and the C-Fe bond could not be resolved through enhanced noise levels 

associated with low atomic concentrations. Lin et al. [132], later used atomically resolved 

EELS to determine that multiple metallic atoms (Cr, Mg, Al, Mn, Ca, Fe, Ti) prefer to bind 

to pyridinic-N sites, wherein bonds are formed with the C and N atoms in vacancies to 

stabilize the metallic species. They later went on to examine the effect of the N-species on 

the spin state of Cr atoms and determined that as the Cr formed bonds with more N atoms 

the d-band became filled from the lone N electron pairs [83]. The d-band filling suggests 

that a method exists to control the spin state of the adsorbed atom through N-defect 

manipulation. These experiments demonstrate the benefit of EELS versus XANES, 

through the ability to atomically resolve binding species from the higher spatial resolution 

offered by the electron probe when STEM is utilized. 
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2.2.4 Special Techniques: Identical Location Transmission Electron 

Microscopy (ILTEM)  

 

Generally, catalyst sizes and distributions are compared before and after ex situ 

electrochemical cycling. Unfortunately, there often exists inhomogeneities between the 

support structures on a single TEM grid, thus the catalysts analyzed are not being directly 

observed and compared, but an average picture of the sample is being collected. It would 

be beneficial to directly image the same area before and after cycling, in order to observe 

the explicit effects of the electrochemical reactions on the catalysts. This can be 

accomplished through the direct cycling of the TEM grid containing the support and 

catalyst material. ILTEM has been developed such that TEM grids are cycled in 

conventional rotating disk electrode experiments, and the exact catalysts are imaged before 

and after cycling [134]. Through detailed image analysis, a change in particle size can be 

measured similar to ex situ results, but more importantly, the direct change of individual 

catalysts can be observed [134]. Moreover, other than examining the structures in 2D 

projections, this quasi in situ technique can be coupled with tomography to examine the 

volume changes and nearest-neighbour distances in the catalysts before and after cycling 

[135]. Also, rather than only probing structural changes through imaging techniques, 

ILTEM can be paired with EELS to observe chemical and morphological changes in the 

support and catalyst material [136]. 

 

 

2.3 Auger Photoelectron Spectroscopy 

 

Similar to EELS, Auger photoelectron spectroscopy examines an inelastic scattering event; 

however, the incident electron beam is not detected in this case, rather the released Auger 

electron is analyzed. After the ionization of an atom from inelastic scattering from ground 
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state W (Figure 2.7 (a) and (b)), the atom will undergo a de-excitation process (Figure 2.7 

(c)), wherein an electron from a higher energy state X will move to state W, thereby 

releasing energy. This energy can result in the production of a characteristic X-ray or it can 

cause the emission of an electron (Auger electron) from state Y (Figure 2.7 (d)). The Auger 

electron generated is characteristic to the specific element and the energy states involved 

in its production. Commonly, the Auger electron peak is labelled with each of the energy 

states (WXY), related to Figure 2.1, and common transitions include KLL, MNN, and LVV 

[137]. Through the detection of the kinetic energy of the Auger electron the elemental 

composition can be determined [137]. Generally, Auger electrons will be released with 

kinetic energies below 2,000 eV, otherwise the fluorescent yield takes over and X-rays are 

subsequently produced [137]. Due to the low energy of the Auger electrons they have a 

small attenuation length, thus they are extremely surface sensitive, resulting in sample 

emission from thicknesses varying from 0.3 to 3 nm [137]. Furthermore, the Auger peak is 

small in comparison to the background, therefore the derivative of the peak is utilized for 

more precise measurements, such as elemental quantification or bonding examination. 
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Figure 2.7 Simplified schematic of a KLL Auger electron excitation. (a) Ground state of an atom 

illustrating the labels of the energy levels, as related to the principle quantum number. (b) The 

atom is ionized from an inelastic scattering event with an electron source, (c) the excited electron 

moves back to the ground state, and (d) an Auger electron is released due to the de-excitation 

process.  

 

 

2.3.1 Elemental Quantification using Auger Spectroscopy 

 

Identification of the characteristic Auger electron energies through spectral analysis 

indicates the elements present in the sample. Through intensity examination the relative 

atomic ratio of these elements can be quantified, such that the intensity depends on the 

elemental concentration, ionization cross-section, and the fluorescent yield [137]. 

Quantification is usually completed through the comparison of the experimental intensity 

of the peak-to-peak height from the derivative of the signal to a pure elemental reference 
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acquired using the same experimental conditions (spectra resolution, current, voltage, and 

the emission angle) [137]. When the Auger peaks are separated, and the signals do not 

overlap, a single reference spectrum can be used to determine the mole fraction (Xa) of the 

element (A) under consideration,  

ὢ     (2.6) [137], 

where IA is the peak-to-peak intensity of the experimental data, and Ὅ is the peak-to-peak 

intensity of the reference spectra. Once the mole fractions of all the individual elements are 

determined, the relative atomic percent of each element can then be quantified. Using this 

method, the Auger peaks were quantified in this thesis with specific conditions outlined in 

each individual section. 

 

 

2.4 Summary 

 

In effort to fully understand the material produced and potentially engineer the most 

efficient electrode for the ORR and HER the electrode material must be characterized on 

the atomic scale. Using electron microscopy techniques, the structure of the N-doped 

graphene and NCNT supports will be analyzed using HRTEM and ELNES examination 

with EELS. HAADF and ADF will be used to examine the heavy metal structures with 

respect to the support material. Furthermore, quantification of N concentration and specific 

N-dopants within the support material will be performed using Auger electron 

spectroscopy and EELS, respectively. Lastly, using quantification techniques in 

combination with HAADF imaging, the ALD technique will be fine-tuned to understand 

the effects of the temperature, dosing time, and the nature of the substrate on the size of 

the Pt catalysts. 
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Chapter Three 

Structural and Chemical Characterization of Graphene 

with Pt Atoms and Clusters 

 

 

 

In order to understand and optimize the production of Pt atoms and clusters in the absence 

of nanoparticles, it is crucial to determine the preferred binding locations of the Pt atoms. 

Additionally, the effect of the graphene structure, specific N-dopants, and the Pt size 

(atomic to sub-nanometer clusters) on the catalytic activity can only be understood and 

optimized through detailed characterization of the materialôs structure at the atomic scale. 

Through the use of TEM, the N-doped graphene and Pt catalyst were fully characterized. 

It is demonstrated that the combination of N-doped graphene with ALD Pt generates 

clusters and single atoms, resulting in a catalyst with a high surface area to volume ratio 

for the PEMFC. Specifically, HRTEM and HAADF imaging were utilized to determine 

the structural information of the graphene lattice and the Pt distribution. Electron 

diffraction and EELS were used to investigate the quality of the N-doped graphene, local 

variation of N content, and the site preference of N in the lattice. These techniques 

ultimately provide a full understanding of the material structure, deeming them invaluable 

tools and techniques for material optimization. DFT was used to examine the origins of the 

N-dopants within the EELS N-K edge, and ILTEM was utilized to observe the presence of 
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Pt atoms before and after electrocatalyst cycling. A mix of Pt atoms, clusters, and 

nanoparticles were also examined for their efficiency as catalysts for the HER. 

 

 

3.1 Experimental Conditions 

 

 

3.1.1 Material Preparation 

 

All material preparation was performed by collaborators in Dr. Andy Sunôs group at 

Western University and the specific details can be found in reference [138]. 

 

 

3.1.2 TEM Sample Preparation 

 

The N-doped graphene powders were transferred to a 200-mesh copper grid with a lacey 

amorphous C support via the dry-press method. Samples with hydrocarbon contamination 

were baked in a TEM holder overnight at 100ºC to minimize electron beam induced  

contamination. 

 

 

3.1.3 Microscope Settings 

 

The samples were examined with an 80 kV electron beam to reduce knock-on damage to 

the graphene [92], [93]. In addition, the high electrical conductivity of N-doped graphene 

inherently reduces the possibility of ionization damage to the sample [139]. HRTEM and 

HAADF experiments were performed with an FEI Titan 80-300 Cubed TEM equipped 
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with a monochromator, hexapole-based aberration correctors (Corrected Electron Optical 

Systems GmbH) for the image and probe lenses, and a high brightness field emission gun 

(XFEG). For HRTEM, the spherical-aberration correction of the objective lens was set to 

a negative spherical aberration imaging configuration [139] and a monochromated beam. 

Similarly, HAADF-STEM was performed with the aberration-corrector tuned to minimize 

spherical aberration in the probe lens. 

 EELS and nanoprobe diffraction experiments were carried out with an FEI 80-300 

Cryo-Twin TEM equipped with a monochromator, and a Schottky field emission gun 

(SFEG). Specifically, the ELNES from the EEL spectra was extracted to understand the 

bonding environment of the C, N, and O atoms. The EELS acquisition for the N-K edge 

was performed in STEM mode with the spectrum imaging technique implemented by the 

GATAN Digital Micrograph software. The monochromator was used to achieve an energy 

resolution of 0.08 eV as measured from the FWHM of the zero-loss peak. The low N 

concentration in the graphene and small cross-section of the N-K edge increases the 

difficulty in collecting the ELNES [140]. Long acquisition times ranging from 3.0 to 4.0 

seconds/pixel were utilized to acquire the N-K edge with a high signal to noise ratio to 

ensure the fine structure corresponding to each N-dopant was resolved. A dispersion of 0.1 

eV/pixel was used for the EELS acquisition of the C-K and the N-K edges, with the areas 

carefully monitored before and after acquisition of the spectra to ensure contamination 

from surface hydrocarbons did not influence the fine structures. The EEL spectra 

containing the O-K edge were acquired on the FEI Titan 80-300 Cubed with a dispersion 

of 0.2 eV/pixel for simultaneous acquisition of C-K, N-K, and O-K edges. The background 

of the EEL spectra was removed using a power-law fit [141]. Lastly, the energy dispersive 

X-ray spectroscopy (EDXS) data was acquired with an FEI Tecnai-Osiris microscope 

equipped with a Super-EDX spectrometer and a single aligned excitation voltage of 200 

kV2. 

                                                 
2 Special thank you to Dr. Feihong Nan for performing EDX analysis at CANMET Materials Technology 

Laboratory, a facility supported by Natural Resources Canada. 
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3.1.4 Quantification of HAADF Images and EEL Spectra 

 

The quantification and processing of the HAADF images to determine the location of Pt 

with respect to the graphene edges were carried out as follows. A band-pass filter was first 

applied to the HAADF images in order to determine the Pt atom locations. Images were 

then smoothed with a Gaussian blur, and the local gradients (Sobel filter) were examined 

to determine the position of the edges of the graphene sheets. Lastly, the Pt atoms and 

graphene edge outlines were then superimposed on the original image. All images were 

personally visually inspected to ensure the Pt locations were correct; manual addition and 

removal of Pt atom locations was performed when it was apparent that the routine failed 

with comparison to the original image. The coding utilized for the HAADF analysis and Pt 

location was written with Andrew Scullion using MATLAB. Coding for Pt filled circles 

was completed using a publicly available code by Sadik Hava produced in 2010, which 

makes use of code from Zhenhai Wang generated in 2002. These codes are available 

through MATLABôs online forum, MATLAB central file exchange3. 

Quantification of the sample composition was determined using EELS edges. The 

concentration of the N and O atoms were calculated using the quantification routine in the 

GATAN Digital Micrograph software with the Hartree-Slater cross-section model and the 

extraction of the signals of the N-K and O-K edges relative to the C-K edge. 

 

 

                                                 
3 Code was found at http://www.mathworks.com/matlabcentral/fileexchange/27703-draw-a-filled-

circle/content/filledCircle.m 
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3.2 Results and Discussion 

 

 

3.2.1 Graphene 

 

Graphene obtained from thermal exfoliation of graphite oxide [142] is susceptible to 

incomplete exfoliation at reduced temperature and time, thus producing few-layer graphene 

(FLG), as observed by the fringes induced by folding in Figure 3.1 (a) (orange arrows 

indicating fringe locations) and the overview of the N-doped FLG sheet in the bottom inset 

of Figure 3.1 (c). The defects inflicted on the graphene lattice by the thermal exfoliation 

[143] and the incorporation of N-dopants can be visualized with HRTEM images in single-

layer graphene, as illustrated by Gómez-Navarro et al. [144] and Meyer et al. [103], [145]. 

For the use of qualitative analysis and comparison, Figure 3.1 (b) of commercially-

produced CVD graphene illustrates the characteristic hexagonal lattice of graphene with 

slight contamination from hydrocarbons floating on the surface as islands (encircled in blue 

in Figure 3.1 (b)). While the CVD-grown graphene is not defect-free (defects may be 

intrinsic or beam induced), in qualitative comparison, the N-doped graphene is highly 

defective on the long-range, as suggested by the multitude of grain boundaries and layers 

from the edges of the N-doped graphene sheets in the HRTEM image (Figure 3.1 (c)) with 

confirmation from the computed diffractograms (Figure 3.1 (c) and (d) top inset).  In the 

short range, the complex hexagonal lattice of the N-doped FLG is visible in the thin regions 

of the N-doped graphene edge (Figure 3.1 (c)), where the computed diffractogram of the 

bulk area image (Figure 3.1 (d) top inset) confirms the presence of the hexagonal lattice of 

graphene. Two sets of hexagonal elongated spots in the diffractogram (encircled in blue 

and green) indicate that the N-doped graphene in this area contains two main grain 

orientations. An isotropic broadening of the diffraction spots can be observed in the 

diffractograms originating from the N-doped graphene, while distinct diffraction spots are 

observed for the CVD-grown graphene. The angular broadening is attributed to multiple 
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low and high angle misorientations, likely due to the defects present in the lattice, lattice 

folding, and the presence of misoriented sheets within and between graphene layers [113], 

[114]. 

 

 

Figure 3.1 HAADF and HRTEM images of N-doped FLG and commercially available graphene. 

HAADF image after 150 Pt ALD cycles on N-doped graphene. The edges of the graphene sheets 

are labeled in (a) in orange, indicating that the thermally exfoliated graphene does not consist of 

single sheets. HRTEM micrographs were acquired from (b) commercially obtained graphene, (c) 

the edge of an N-doped graphene sheet (C3 -40 ɛm), and (d) the bulk area of N-doped graphene 

after 50 ALD cycles (C3 -15 ɛm). The commercial graphene contains floating hydrocarbons 

encircled in blue. The lower inset in (c) shows a general overview of the N-doped graphene 

sheets (scale bar 1ɛm). Fourier transform diffractograms are displayed in the top insets of (b), (c) 

and (d) and illustrate the characteristic hexagonal structure of graphene. The 12 elongated 

diffraction spots highlighted with circles (green and blue) in (d) are a result of two main grain 

orientations, while the broadening of the diffraction spots can be attributed to stacking 

misorientations, defects in the graphene lattice, and lattice folding within the field of analysis. 

The top inset in (d) suggests that the short-range order of the hexagonal lattice is maintained. 

Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American 

Chemical Society.  
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The quality of the graphene is further examined using nanoprobe diffraction as 

observed in Figure 3.2. A graphitic diffraction pattern is obvious through the hexagonal 

pattern, thus suggesting that the area examined was thick and not pure single sheet 

graphene. Additionally, the diffraction spots are anisotropically broadened in a similar 

fashion to the computed diffractogram. Most importantly, the obvious hexagonal 

arrangement of the computed diffraction pattern reveals that the short-range graphene 

structure is maintained after N-doping. Because the graphene sheet is multilayered, and the 

broadening is anisotropic, corrugations are not responsible for the broadening [112]. This 

indicates that the broadening is due to the fact that the sheets are multilayered and highly 

defective. 

 

 

Figure 3.2 Diffraction pattern of N-doped graphene with 50 ALD Pt cycles. The diffraction 

pattern shows elongated spots from grain and stacking misorientations, lattice folding, and defects 

within the lattice in the field of analysis, where a single main grain was analyzed (gamma 

adjusted). Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 

American Chemical Society.  

 

The nature of the local environment of the C atoms in the FLG was studied through 

a comparison of the C-K edge ELNES of the N-doped graphene (Figure 3.3 (a) green plot) 

to the amorphous C support on the TEM grid (Figure 3.3 (a) red plot) and commercial 

graphene (Figure 3.3 (a) black plot)4. While a first inspection reveals similarities in the 

                                                 
4 The graphene EELS spectrum was acquired by Dr. David Rossouw using commercial graphene obtained 

from Graphene Supermarket©. 
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overall shape of the three spectra, the sharp ˊ* peak (labeled as C1) and ů* peak (C2) of 

the C-K edge of the N-doped graphene bears strong similarities to the pure graphene EEL 

spectrum, as opposed to the weak ˊ* and broad ů* peak of the amorphous C, where C is in 

the sp2 configuration. The excitonic peak at approximately 292 eV in C2 is present in both 

the pure graphene and N-doped graphene, while it is absent in the amorphous C-K edge. 

This suggests that defects introduced from the N-doping process do not affect the very 

short-range order (i.e. the C is still mostly in trigonal coordination) and the hybridization 

of the C atoms in a detectable way, which is likely due to the small concentration of 

dopants. The slight broadening of the ů* peak (C2) of the N-doped graphene in comparison 

to the commercial graphene indicates longer-range distortions and is consistent with the 

disorder observed from the computed diffractograms in Figure 3.1 (d). In particular, the 

loss of some fine-structure features occurring in the C-K edge after the excitonic peak (e.g. 

at 296, 302 and 306 eV) and a broadening of the ́* peak (C1) in the N-doped graphene 

EEL spectrum, as compared to the reference graphene, suggests the highly defective nature 

of the N-doped graphene. 
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Figure 3.3 C-K ELNES from various C sources.  (a) C-K edge ELNES spectra from amorphous 

C (red), N-doped graphene with 50 ALD Pt cycles (green), and pure graphene (black). The C-K 

edge ˊ* and ů* peaks are labeled as C1 and C2, respectively. The N-doped graphene and 

amorphous C EEL spectra in (a) were acquired from the corresponding coloured outlined areas in 

(b) and the EEL spectrum of pure graphene in (a) was acquired from a standard commercial 

reference sample. Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright 

© 2014 American Chemical Society.  

 

 Defects in the structure of the N-doped graphene lattice can be attributed to the 

graphene production method and the N-dopants. Direct visualization of the N-dopant atoms 

is not realistically possible due to the multilayered nature of the sample and the similarity 

in electron scattering of the C and N atoms that gives rise to contrast in imaging techniques 

in TEM [69]. Consequently, the site location of specific dopants in images such as Figure 

3.1 (c) and (d) cannot be taken further in this work. An additional defect source is due to 

the incorporation of O-species from the incomplete reduction of the graphite oxide, 

resulting in hydroxyl, epoxy, carbonyl, and carboxyl groups on the surface of the graphene 

lattice [66], [67]. These moieties can give rise to the broader onset of the ů* peak (C1) of 

the N-doped graphene edge in Figure 3.3 (a), but no single peak attributed to any of the O 

groups appear to dominate this well-resolved region [146], [147]. O-containing defects 

contribute to the structural defects observed in Figure 3.1 (d), as EELS analysis of the O-

K edge indicates a 9.08 ± 1.19 at. % (atomic percent, normalized to C, N, and O) O within 
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the sample (Figure 3.4). This suggests that the defects in the graphene arise from the 

thermal exfoliation production method, incomplete reduction, and N-species; however, as 

suggested by the various characterization techniques the overall short-range graphene 

quality is preserved. Moreover, Ca contaminants were found on the N-doped graphene 

samples, which occasionally correlated with Pt catalysts. 

 

 

Figure 3.4 EELS of C-K, N-K, and O-K edges acquired from N-doped graphene with 50 ALD Pt 

cycles. The ́ * and ů* components of the C-K edge are labeled as C1 and C2, respectively. 

Furthermore, the N-K edge is also divided by the ́* (N1) and ů* (N2) regions, where the O-K 

edge contains only a ů* (O2) component. Reprinted with permission from ref. [138] (S. Stambula 

et al. 2014). Copyright © 2014 American Chemical Society.  

 

 

3.2.2 Nitrogen-Doping 

 

Various experimental results report the incorporation of specific N-species in the graphene 

lattice through XANES of the N-K edge, [69], [77], [128], [129] XPS binding energies, 

[71], [148], EELS [131], [149], [132], and DFT calculations [150], [130], [131], [149], 

[132]. The N-dopant atoms were detected here with EELS through examination of the N-

K edge, as shown in Figure 3.5. Through quantification of the spectra, relative to the C-K 

edge, the local concentration of the N atoms in different areas was determined (Table 3.1). 
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The noise associated with the N-K edge is a result of the low atomic N concentration, as 

reported in Table 3.1. In addition, from inspection of the near edge structure, the presence 

of strong features in the N-K edge from 397-400 eV associated with a *́  hybridization 

(P1-P3), and the feature at 405 eV (P4) associated with a ů* hybridization can be observed. 

Each N-dopant species has a specific bonding environment that represents a characteristic 

peak in the N-K edge fine-structure appearing in the energy range from 397 to 400 eV. The 

identification of the peaks is not entirely straight forward, due to discrepancies in literature 

and the uncertainty in the absolute energy in EELS measurements; however, it can be 

suggested that the peaks can be identified with increasing energy as pyridinic/pyrrolic (P1), 

amino/cyanic (P3), and graphitic (P3) (recognized in Figure 3.5) [69], [128], [77], [129], 

[130], [131], [132], [151]. Unlike Nicholls et al. [140], an additional well-resolved feature 

attributed to the N atoms is not observed in the C-K edge, as the EEL spectra were averaged 

over hundreds of nanometers in an effort to extract the N-K edge rather than acquiring 

atomically resolved spectra from surrounding C atoms. However, when comparing the C-

K and N-K edge on a relative energy scale (Figure 3.5) the similar covalent bonding 

between the C and N atoms is evident. 
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Figure 3.5 Normalized EEL spectra of C-K and N-K edges acquired from three N-doped 

graphene sheets with 50 ALD Pt cycles and two separate areas on sheet 1. The ́ * and ů* 

components of the C-K edge are labeled as C1 and C2, respectively. Furthermore, the N-K edge 

is also divided by the ́* (P1-P3) and ů* (P4) regions, where P1 to P3 are attributed to the 

individual N-dopants of pyridinic-/pyrrolic-, amino-/cyanic-, and graphitic-type, respectively. 

Energy scale is within ± 2 eV. Adapted with permission from ref. [138] (S. Stambula et al. 2014). 

Copyright © 2014 American Chemical Society. 

 

 Although we cannot be quantitative in the absolute N-species concentration 

because reference spectra of individual species are not available, changes in the relative 

contributions of N atoms in various bonding environments can be shown. It is possible to 

infer, from the N-K near edge structure (Figure 3.5), that there are local variations in the 

relative proportions of different N-species between N-doped FLG sheets, and even possibly 

within a single sheet, as the relative intensity of the P1 to P3 peaks (hence the weight of 



Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

65 

pyridinic/pyrrolic, amino/cyanic, and graphitic moieties, respectively) vary locally. The N 

concentration, as determined by EELS analysis, is within the same compositional range 

between each examined sheet in Figure 3.5 (Table 3.1); however, local variations in the 

distribution and concentration of the individual N-species exist among the graphene sheets. 

This is specifically evident through the presence of three peaks in sheet 2 (P1, P2, and P3), 

whereas only two peaks (P1, and P3) are observed in the other N-doped graphene sheets.  

P2 is not visible in the ́* region due to the possible overlap from the strong P3 peak.  

 

Table 3.1 Atomic N fraction deduced from quantification of the EELS N-K edges from Figure 

3.5 (error acquired from EELS quantification routine in Digital Micrograph). Reprinted with 

permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical 

Society. 

graphene sheet number (area number) 
Percent N 

(normalized to C and N) 

1 (1) 7.3 ± 1.0 

1 (2) 6.6 ± 0.9 

2 6.9 ± 0.9 

3 6.0 ± 0.8 

 

From spatially resolved EELS measurements of several FLG flakes, it is also clear 

that N is not present in every sheet, or its concentration is below the practical detection 

limit of EELS of approximately 0.5% in our experimental conditions. It can be proposed 

that the variation in the relative overall concentration between sheets may be an effect of 

the location of the sheet within the bulk powder during the doping process. The ammonia 

gas would likely be more readily available to sheets directly exposed to the flow of the gas 

rather than within regions of the batch powder where doping would be limited by diffusion. 

N-doped graphene sheets in Table 3.1 were likely located near the surface of the batch 

powder during the doping process, while the sheets without a detectable N-K edge were 

likely located deeper within the powder. 

  The N-K near edge structures of the electrode material presented here suggests that 

each of the dopant sites (pyridinic/pyrrolic (P1), amino/cyanic (P2), and graphitic (P3)) are 

present in the samples under consideration. It is thus possible to infer that an enhanced 
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ORR activity is expected when these materials are tested for their electrochemical 

performance. Nevertheless, the N-dopants are not homogeneously distributed across the 

graphene sheets or within the FLG sample, thus possibly resulting in local variations of the 

ORR. Our results also suggest that local measurements such as the ones reported in the 

present work, rather than average measurements with broad-beam methods, need to be 

carried out in order to optimize the synthesis and thus ensure full utilization of the electrode 

support for the ORR. 

 

 

3.2.2.1 Density Functional Theory (DFT) ELNES Calculations 

 

In order to better understand the origins of the peaks in the *́ region of the N-K edge, DFT 

was used to model the ELNES structure using WIEN2k [152].5 WIEN2k is an ab initio 

based software package used to calculate electronic structure of ground state material 

through the implementation of DFT using a full potential basis set. The choice of a full 

potential basis set makes this software package unique, as it includes all electrons in its 

calculation rather than employing pseudo-potentials, where the core-states and nuclei are 

combined into a single potential [153]. This program is commonly used to calculate 

ELNES spectra [131], [154], as the calculated total DOS is very precise from the full 

potential code. Unfortunately, this can lead to lengthy calculations, thus WIEN2k is not 

recommended for large unit cells. For more information on WIEN2k and its 

implementation, the following references can be consulted [155], [156], [157]. 

In order to complete the calculations, graphene crystal structures were produced 

following a simulation from Warner et al. [154]. Two main considerations were applied as 

follows: (1) a large (25 Å) c-spacing was used to prevent the interaction of graphene sheets, 

and (2) the sub-units for the N-doped graphene sheets were increased to a 3x3x1 super-cell 

                                                 
5 I would like to thank Dr. Matthieu Bugnet and Dr. Stefan Löffler for discussions concerning DFT 

implementation, WIEN2k code, and WIEN2k downfalls for graphene modelling. 
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to prevent the interaction of the dopants [154]. Each graphene structure was produced by 

Dr. Ali Malek, wherein they were relaxed using the Vienna Ab initio simulation package 

(VASP) before their use in WIEN2k. Using the ñ.cifò files of the relaxed structures, five 

different graphene structures were examined (Figure 3.6): graphene, graphitic N-dopant, 

pyridinic N-dopant at a zig-zag edge, amino N-dopant, and a Pt adatom with a graphitic N-

dopant. Based on in-depth analysis of DFT parameters on ELNES calculations from single 

sheet graphene [149] and single-walled carbon nanotubes [131], the core-hole was 

excluded from the calculation. While a core-hole best replicates the physical electron 

excitation during the EELS process, when included in the DFT calculation the ELNES 

results in a poor spectral match; however, the agreement with the experimental spectrum 

is better when the core-hole is omitted. A possible explanation for the poor spectral match 

when adding the core-hole is that it is added into an arbitrary conduction state without the 

consideration of electron rearrangement after excitation. In reality, the ground state 

electronic structure will be modified from the introduction of an electron into the 

conduction band, which will affect the ELNES spectra and could result in the poor 

agreement observed by others. 
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Figure 3.6 Relaxed and optimized structures used for DFT calculations (a) legend, (b) graphene, 

(c) graphitic N-dopant, (d) pyridinic N-dopant, (e) amino N-dopant, (f) graphitic N-dopant with 

Pt adatom. All structures were constructed using Vesta software [74]. 

  

Following the construction of each structure, the symmetry was optimized using 

WIEN2k, and the DOS were produced with the TETRA program [158], [159]. The self-

consistent field (SCF) calculation was used to converge the basis set by examining the total 

DOS with varying number of basis set functions (RKmax) and the number of k-points in 

reciprocal space (k-mesh) for each structure (Figure 3.7). A linear augmented plane wave 

(LAPW) basis set was selected, and the linear density approximation (LDA) was used for 

the calculation of the exchange-correlation energy based on ref. [131]. For the structures 

containing the single Pt adatom, the calculations were performed with spin polarization. 

Following the convergence of the DOS, the ELNES structures for the atoms of interest 

were produced using the TELNES3 program [157]. The k-mesh was gradually increased 

for each structure until convergence was achieved. The convergence and collection semi-

angles for the ELNES calculation were selected to be a median value of 20 mrad. 

Additionally, the spectra were selected to be sampled in all directions to remove the 

anisotropic effects of the graphene structure. It was believed that this would better represent 
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the nanosheets observed in Figure 3.5, due to the fact that the graphene sheets were 

randomly oriented from the defects found within the graphene lattice. Further, a 

spectrometer Gaussian broadening of 0.4 eV was added to each spectrum based on 

experimental conditions. For more accurate spectra simulations, a Lorentzian with a linear 

energy broadening should be applied to the converged spectra to resemble the lifetime of 

the excited state. Unfortunately, this broadening in WIEN2k is too strongly implemented, 

and therefore was not utilized, and an external code should be written at a later date. 

Convergence values for the LAPW basis set and ELNES for each structure can be found 

in Table 3.2. 

 

 
Figure 3.7 Convergence of the basis set of the graphene structure using the total DOS by first 

converging the (a) RKmax, followed by the convergence of the (b) k-mesh. Spectra were acquired 

with 50 k-points and broadened by 0.003 Rydbergs. 

 

Table 3.2 LAPW basis set and ELNES convergence values. 

 LAPW Basis Set ELNES 

Structure RKmax k-points k-points 

Graphene 7.0 4 x 4 x 1 12,000 

Graphitic 6.5 4 x 4 x 1 6,000 

Pyridinic 6.5 12 x 12 x 1 8,000 

Amino 5 13 x 13 x 1 1,000 

Graphitic-Pt 6.5 6 x 6 x 1 2,000 

 



Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

70 

 The DOS from the total crystal structure, an isolated C atom, and the N-dopant can 

be found in Figure 3.8 with a broadening of 0.03 Rydbergs applied to the spectra. It is 

expected that the incorporation of various defects and N species within the graphene lattice 

will affect the DOS, as the electronic properties are being modified through a doping 

process. It has been suggested that the graphitic N-dopant acts as an n-type electronic 

dopant to the graphene crystal structure, as an additional electron is added into the lattice 

[87]. Alternatively, it has been theorized in literature that the amino- and pyridinic- type 

dopants result in a p-type doping [87]. From Figure 3.8 (a) the effects of the doping can be 

observed through relative shifts to the total DOS with respect to the Fermi energy (0 eV) 

of the graphene structure. Graphene behaves as a semi-metal with a zero-band gap, which 

is observed at the Fermi energy. When examining the total DOS of the graphitic dopant 

with respect to the pure graphene structure, a shift towards lower energy appears with 

respect to the Fermi energy, thus filling the conduction band and illustrating the n-type 

doping. Interestingly, the Pt atom on the graphitic-type dopant seems to have weakened 

the n-type behaviour from the total DOS, thus indicating that the additional N atom 

incorporated into the graphene lattice is acting in the chemisorption bond with the Pt atom. 

The p-type characteristic of the other dopants is not as obvious; however, there are electron 

states that appear at the Fermi level which is an indication of the doping process, and a 

potential shift in the valence bands towards a higher energy. It can be noted from Figure 

3.8 (b) that the N atoms affect the total partial DOS (PDOS) of an individual isolated atom 

that is located ~5 C atoms away from the dopant. This indicates that the N atoms are not 

effectively isolated from each other and are interacting. Based on the atomic models, the 

N concentration are set to 2.8 at. % for the graphitic and pyridinic dopants, and 2.6 at. % 

for the amino dopant. This is not ideal, as it does not replicate a single N-dopant, thus 

interaction of the N-dopants will occur within the computation. Li et al. suggested that a 

change in the dopant concentration with the size of the crystal structure can modify the 

nature of the N-K ELNES, as seen through intensity variations and fading of the higher 

energy oscillations [130]. Lastly, the total PDOS of the N-dopants can be observed in 
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Figure 3.8 (c). Here, the contribution of the changes in the total DOS observed in Figure 

3.8 (a) can be isolated to the N-dopants,  such that the n-type behavior from the graphitic 

dopant is observed in Figure 3.8 (c) as a shift of the conduction band to energies below the 

fermi energy, and the p-type behavior of the amino and pyridinic dopant is observed as a 

shift in the valence band towards higher energies. As a final note, the graphitic-Pt dopant 

has a nearly overlapping DOS for the spin-up and spin-down calculations, suggesting that 

spin polarization calculations are not necessary in this structure. 

 

 

Figure 3.8 Converged DOS for the five structures outline in Figure 3.6 showing the (a) total 

DOS, (b) total C PDOS from an isolated C atom (same legend as (a)), and (c) the total PDOS 

from the N-dopant. Spectra were acquired with 50 k-points and broadened by 0.03 Rydbergs to 

smooth the noise.  

 

 When probing the ELNES structure in graphene, we are observing the 1s Ÿ 2p 

transition of the core electron, and in doing so, we are examining the ˊ* and ů* unoccupied 

states from the pz, and px and py orbitals, respectively. With this being said, the total PDOS 

of the N atoms and their p-orbitals are plotted in Figure 3.9. Simply by examining the total 

N-PDOS, it is apparent that local changes with the band structure occurs based on the 

incorporated N-dopant, indicating the origins of the sensitivity of the N-K edge for 

fingerprinting the type of dopant present in the sample. Based on the N-p states, the 

approximate shape of the N-K edge can be resolved, such that it contains the sharp ˊ* peak 

at lower energy and broader ů* peak at higher energy with respect to the Fermi energy. 

Interestingly, of the four structures examined, the peaks in the pyridinic type dopant were 
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more spread out. It should be noted that in the case of the pyridinic-type dopant, the py 

orbital is out of plane due to the optimized orientation introduced by WIEN2k, thus the py 

orbital is related to the ˊ* state and the pz and px orbital are related to the ů* state. The 

broadening of the N-PDOS for the pyridinic-type dopant differs from Schiros et al. [87], 

Lie et al. [130], and Lin et.al [132], in which sharp ˊ* peaks were observed. This could be 

an effect of the doping concentration, as suggested by Li et al. [130], or due to the fact that 

the pyridinic dopant was set at a zig-zag versus a vacancy configuration commonly used 

in literature. 
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Figure 3.9 N-dopant PDOS for the total N contribution and N-p states. PDOS of (a,c,e,g,i) the 

total N contribution as constructed from the N-s and N-p states and of (b,d,f,h,j) the N-p state as 

constructed by the px, py, and pz states. The specific dopants examined are (a,b) graphitic, (c,d) 

pyridinic, (e,f) amino, (g,h) graphitic-Pt-spin down, and (i,j) graphitic-Pt-spin up.  
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Using the converged DOS and the TELNES3 program, the N-K edge ELNES from 

each N-dopant was calculated, as shown in Figure 3.10. Through comparison of the 

calculated ELNES to the N-p PDOS in Figure 3.9 (d), the origins of the peaks in the N-K 

edge can be determined. As expected, the amino and pyridinic structures resulted in broad 

*́ and ů* peaks, which differ from those found in literature [87], [130], [132]. However, 

the graphitic-dopant results in a sharper *́ (~0 eV) and ů* (~7 eV) peak, which more 

closely resembles literature structures [131], [149], [154], [132]. The comparison with the 

experimentally obtained N-K edge from Figure 3.5 to the computed structures in Figure 

3.10 is the most important aspect for examining the validity of the calculation, as these 

structures would ideally be used to characterize the specific peaks associated with the N-

dopants in the graphene N-K edge. Unfortunately, the three peaks observed in the 

experimental N-K edge were not replicated from the calculation, except for the graphitic 

dopant. Initially, optimism for this calculation was quite high, based on the successful 

modelling in literature of C-K ELNES from graphene using WIEN2k and other DFT based 

codes. Unfortunately, the structure in which we are trying to characterize is quite complex, 

thus leading to a higher degree of complications when attempting to model the system. 

First, the graphene used to obtain the N-K in Figure 3.5 is multilayered, and has a total 

doping concentration of ~7 at. % (normalized to C and N) or less with varying 

concentrations of individual dopants. It has been suggested by Li et al. that the 

concentration of the dopants will affect the DOS and hence the ELNES structure [130]. 

This suggests that a model structure that better represents the experimental conditions 

should be used. In an effort to obtain a more representative distribution of the N-dopants, 

X-ray spectroscopy can be used to gather the relative at. % for each dopant on an average 

scale. Furthermore, the presence of different defects in the graphene lattice have been 

shown to greatly affect the ELNES of the C-K edge, thus it can be suggested that the 

selection of the N-dopants and the defects with their relative proximity to the N-dopant 

under examination, may also affect the overall N-K edge [160]. Through inspection of the 

HRTEM images in Figure 3.1 (c) and (d), possible defects may range from point defects to 
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graphene edges and folding. Therefore, the effect of defects on the N-K should be also be 

examined. Lastly, Arenal et al. [131] noted that the presence of N in an amorphous C layer 

resulted in a significant change in the N-K edge with respect to the graphitic-dopant, 

resulting in a broadening and overlapping of the *́ and ů* peaks. As they suggested, this 

amorphous layer may not be visible at low magnifications or spatial resolution, thus it 

would not be accounted for in the proposed N-K edge structures. The N-K edge acquired 

experimentally here was collected at a low magnification, to increase the signal to noise 

ratio, thus an amorphous layer may have gone unnoticed, therefore possibly resulting in 

the discrepancies between the experimental and computed N-K ELNES. Overall, it is 

suggested that the individual dopants modeled using WIEN2k do not represent the 

configuration of the N-dopants in this system. It is possible that the spectral signatures 

found in literature match the experimental data with more precision than the results found 

here, due to the fact that single sheet graphene and CNTs were examined with specific 

dopant configurations imaged with STEM.  
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Figure 3.10 Calculated N-K ELNES for each N-dopant, (a) pyridinic, (b) amino, (c) graphitic, (d) 

graphitic-Pt-spin down, and (e) graphitic-Pt-spin up.  

 

Comparison of the WIEN2k data to calculations and experiments in literature 

suggests that WIEN2k can effectively calculate the N-K edge of the graphitic-type dopant. 

Other than the potential causes for the disagreement between the ELNES calculated in 

Figure 3.10, and the experimental data in Figure 3.5 discussed above, additional causes of 

inconsistencies may be due to the method in which the ELNES calculation is implemented.  

First, the calculation only considers single atom inelastic scattering, and excludes all other 
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scattering events that will physically occur between the incident electron and the crystal 

(i.e. elastic scattering, multiple scattering, and channeling). Because graphene is a single 

layer, this effect should bear little influence on the accuracy of the simulation to produce 

the same structure as the ELNES spectra. However, in the case of the experimental data 

which is from a multilayered graphene sheet, this may have a small effect. Secondly, the 

existence of an excitonic state between the core-hole and excited electron is poorly 

described by DFT. With the complexity of the structure to be calculated, and the short-

comings of the code, the possibility of achieving a direct spectral match between the 

experimental and computed ELNES is unlikely without the direct characterization of the 

Pt bonding location with respect to the specific N-dopants and lattice defects. 

 

 

3.2.3 Pt Catalyst 

 

The Pt atoms and clusters deposited on N-doped graphene through ALD are visible in 

Figure 3.11 (a,b,c) using HAADF imaging, where they appear as bright dots over a darker 

background, corresponding to the graphene support and vacuum. In each image, the N-

doped graphene has localized small regions with fewer layers (examples encircled in 

orange) and folds, resulting in intensity variations in the support material through the mass-

contrast contribution in the HAADF signal. The graphene and N-doping production 

method consistently yields multilayered, and folded sheets, as determined through HRTEM 

(Figure 3.1 (c)). Due to the multilayered nature of the N-doped FLG and sheet 

misorientations observed from the computed diffractogram (Figure 3.1 (d)), the graphene 

lattice cannot be resolved using the experimental conditions for our HAADF imaging. 

Similarly, the exact location of the Pt atoms with respect to the graphene hexagonal lattice 

and the N-dopants, as done previously by other researchers with other elements on single 

layer graphene, cannot be retrieved [140], [120], [161]. However, through quantitative 

analysis of the HAADF signals in our images, we can retrieve the location of the edges 
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(yellow lines) composing the N-doped FLG and Pt atom and cluster locations (pink dots) 

(Figure 3.11 (d,e,f)). From this analysis, it is clear that the Pt atoms are primarily located 

along the edges of the graphene stacked nanosheets, with few Pt atoms situated in the 

central part of the sheets (indicated by green arrows). Remarkably, in each set of ALD 

cycles (50, 100, and 150), Pt atoms and few-atom clusters are observed on the N-doped 

graphene support, rather than nanoparticles. According to Sun et al. [162], increased ALD 

cycling results in increased Pt loading, and the formation and growth of nanoparticles on 

pure graphene nanosheets. Instead, our work shows that the growth of nanoparticles did 

not occur within the N-doped graphene samples, as the atoms and clusters appear to be 

stabilized, and thus rendered immobile by the defects within the graphene lattice and the 

N-dopants. Also, a decreased nominal Pt loading in comparison to the graphene nanosheets 

reported by Sun et al. [162] may be responsible for the lack of nanoparticles in the N-doped 

samples. Furthermore, our measurements show that the specific Pt density in the N-doped 

samples varied amongst locations on the graphene sheets, likely due to local variations in 

defects in the graphene lattice, N-dopant concentration, dopant site distribution, and 

variations in Pt loading. It is expected, as suggested by Hsueh et al. [34], that increasing 

the number of ALD cycles and therefore the Pt loading, will eventually form nanoparticles 

as the N-dopant and edge nucleation sites are filled by Pt atoms; however, this was not 

observed up to the 150 ALD cycles in our work. 
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Figure 3.11 HAADF images of 50, 100, and 150 ALD Pt cycles on N-doped FLG. Raw (left) and 

processed (right) HAADF images of (a,d) 50, (b,e) 100, and (c,f) 150 ALD Pt cycles on N-doped 

graphene, respectively. The orange circles in the raw images locate the specific areas with fewer 

layers in the graphene lattice from the destructive thermal exfoliation process. The processed 

images outline the edges of the graphene nanosheets with yellow lines, and the Pt atoms and 

clusters are distinguished with pink dots. These are simply overlaid on the original raw image. 

Green arrows highlight atoms that are not located on the edges of the graphene sheets. Specific 

details of the processed images can be found in the experimental section. Reprinted with 

permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical 

Society.  
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 HRTEM, using negative spherical aberration imaging conditions (Figure 3.12), can 

be used to provide complementary information to the HAADF images in Figure 3.11. The 

Pt atoms are observed as sharp dots in the HRTEM images [163], [164] and the amorphous 

C contamination is encircled in blue, where the contrast of the image is dependent on the 

microscope imaging parameters. However, the unambiguous identification of Pt atoms and 

clusters is difficult in the HRTEM images, due to the multiple-layered nature of the 

graphene. To more precisely observe the location of the Pt with respect to local graphene 

defects and N-dopants, experiments with single sheet graphene would need to be 

conducted. 

 

 

Figure 3.12 HRTEM image of N-doped graphene with 50 ALD Pt cycles at two separate 

locations (a) and (b) (C3 -15 ɛm for each image). The amorphous C contamination is encircled in 

blue. The Pt atoms and clusters can be identified as sharp dots; however, the multilayered nature 

of the samples makes the precise location of Pt ambiguous. Reprinted with permission from ref. 

[138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical Society.  

 

Further, the presence of Pt on the N-doped FLG is confirmed with EDXS on a 

similar sample to Figure 3.11 with 100 ALD Pt cycles on N-doped graphene (Figure 3.13). 

Small Pt peaks are present in the EDX spectrum of the sample (Figure 3.13), while no such 

peaks are observed in the reference spectrum acquired over vacuum. The Cu, and C in the 
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reference spectrum are due to the lacey C support on the Cu TEM grid, while the Mo and 

Mn are likely originating from the sample holder, apertures, and instrumental 

contributions. Both the sample and the reference spectrum contain Si, which could be a 

contaminant originating from the lacey C support. The spectrum from the N-doped FLG 

and the comparison of the in-vacuum spectrum confirm that the Pt signal is arising from 

the sample rather than instrumental effects or contamination. Further, the O in both the 

reference and sample spectra is related to the oxidized Si that contaminated the lacey C 

support, and an incomplete reduction of the graphite oxide, respectively. 

 

 

Figure 3.13 EDX spectra from a refence area and the sample. (a) TEM image of respective areas 

utilized to acquire (b) the reference and sample EDX spectra (similar sample to those in Figure 

3.11 with 100 ALD Pt cycles on N-doped graphene). Reprinted with permission from ref. [138] 

(S. Stambula et al. 2014). Copyright © 2014 American Chemical Society.  

 

The relationship between the Pt observation and the detection of N in different 

bonding configurations can now be considered. Through various calculations [41], [76] in 

literature, it has been shown that Pt is expected to bind to the C atoms adjacent to N-dopants 

due to the imposed positive charge. Indeed, Holmes et al. [41] showed that N incorporation 

increases Pt nucleation and that Pt ripening is unfavorable over pyridinic sites. This creates 
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an ideal situation for Pt catalyst deposition as it results in an increased Pt loading without 

Pt agglomeration, as shown in Figure 3.11 and Figure 3.12, through the production of Pt 

atoms and clusters. The predominant location of Pt at N-doped graphene edges (Figure 

3.11), and the lack of Pt ripening is consistent with calculations [62], suggesting that the 

adsorption energy of Pt on graphene is enhanced at edge locations due to dangling bonds 

and the presence of pyridinic-type dopants at the FLG edge, thus allowing for the stable 

formation of atoms and clusters. Additionally, Kong et al. [62] calculated that the diffusion 

rate of Pt on the surface of graphene is greater than the diffusion at edge sites, which is 

consistent with the experimental data found here with the location of Pt on graphene edges. 

An additional contribution to the observation is due to Groves et al. [82], who concluded 

that N-doping enhances the adsorption energy of Pt on C. Thus, the presence of Pt atoms 

and clusters located on the terraces of the graphene nanosheets (labeled with green arrows 

in Figure 3.11), and not as Pt nanoparticles, is likely linked to N-dopants increasing the Pt-

C bond energy, or to vacancies in the graphene lattice [41]. This possibly suggests that the 

Pt remains in atomic and atomic-cluster form on the N-doped graphene due to the 

incorporation of vacancies and edge defects, and the increased binding energy between Pt 

and C from N-dopants; thereby reducing the mobility of Pt on the surface of the FLG, and 

preventing the growth into larger nanoparticles. The EEL spectra in Figure 3.5 indicate that 

pyridinic-N (peak P1) is contained in each examined graphene nanosheet, which can 

influence the preferential position of Pt atoms and clusters at the edge of these sheets. 

According to calculations performed by Holmes et al. [41], Pt nucleation is more favorable 

on pyridinic-type dopants rather than graphitic-type, while Pt ripening is unfavorable on 

pyridinic-type in comparison to graphitic-type. Our study agrees with these calculations 

[41], as the EEL spectra in Figure 3.5 indicate that both pyridinic (P1)- and graphitic (P3)-

type dopants moderate the effect of both ripening and nucleation in the sample. In 

collaboration with Dr. Ali Malek (Simon Fraser University), calculations were performed 

to determine the binding energy of Pt on different N-dopants in single sheet graphene. It 

was determined that the Pt binding energy was greatest when located in binding spots 1 
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and 5 (or 6) in Figure 3.14 on pyridinic-type dopants, as compared to graphene and 

graphitic N-dopants. The schematic diagram in Figure 3.14 illustrates the bonding 

configuration of the stabilized Pt atoms at the edge location adjacent to the pyridinic-type 

dopant. One should note, however, that the binding energy of Pt to a pyridinic-type dopant 

at a vacancy or the vacancy on its own were not calculated, thus it cannot be completely 

ruled out that the highest Pt binding energy occurs at the edge location of the pyridinic-

type dopant. Nevertheless, it is clear from Figure 3.11, and the calculations performed to 

produce Figure 3.14, that Pt prefers to nucleate at edge sites, thus resulting in the formation 

of atoms and clusters at edges rather than a continued growth to nanoparticles from the 

increased binding energy of available dangling bonds, and the decreased ripening from N-

dopants.  

 

 

Figure 3.14 Calculation of Pt atoms (purple) located at an edge site bonded to C atoms (brown) 

adjacent to a pyridinic-dopant (green). Based on energy calculations performed by Dr. Ali Malek 

the most stable configuration of Pt on N-doped graphene occurs at locations 1 and 5 (or 6). 

Structure was constructed using Vesta software [74].  

 

It is still unclear if the sheer volume of graphene defects and edges within the N-

doped FLG effect the preferred bind spots, and hence the size of the Pt examined. It can be 

argued that the Pt atom will prefer to bind to edge locations or defects, whether or not an 

N-dopant is present. Other than calculations, this would require an in-depth experiment 

ensuring the ALD is performed with identical experimental set-up on graphene and N-

doped graphene samples that contain the FLG sheets with the same ratio of the 
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circumference of the edges to the surface area of the basal plane. This experiment could be 

completed in the future; however, a high difficulty level is expected due to estimating the 

total edge area with respect to the surface area of the basal plane. Only ratios that are 

relatively similar should be examined and compared for the Pt size on graphene and N-

doped graphene substrates to ensure the edge effects are removed from the experimental 

results. Further complications with this study could result from observations of Pt on 

graphene from Zan et al. [165], [120]. They found that metal atoms can be mobile under 

the electron beam and divide small clusters into atoms, which inevitably leads to the 

distribution of atoms along the graphene edges, wherein catalytic hole growth and repair 

can ensue. Wang et al. also determined that Si atoms are mobile and can also act as catalysts 

for graphene hole growth under electron beam exposure [166]. With this understanding it 

is possible to propose that the Pt atoms were dragged to the edge of the N-doped graphene 

sheets with the help of the electron beam. In the specific conditions used in the experiments 

discussed earlier, the movement of the Pt atoms with the beam cannot be conclusively 

omitted. It can be suggested that if the Pt atoms did move under the influence of the electron 

beam, then this movement would inevitably result in the Pt atoms finding the most stable 

sites, thus suggesting that the edge location is the preferred nucleation sites when the atoms 

are provided conditions for diffusion.  

The role of N-dopant sites on the ALD growth mechanism can also be discussed. 

Literature on C nanotubes indicates that a substrate-enhanced growth rate of ALD Pt occurs 

when defects are introduced by O plasma treatment [34], [167]. That work showed that Pt 

atoms initially attach at defect sites, and then linearly grow into nanoparticles with 

subsequent ALD cycles once the defect sites were filled [34]. This suggests that 

preferential formation of Pt atoms and clusters can be controlled through the number of 

successive ALD cycles, where Pt atoms and clusters will form when nucleation sites 

remain available by ensuring the Pt atomic density does not exceed the lattice defect 

density. The literature discussed here, and the results shown in Figure 3.11, suggest that in 

order to ensure Pt atoms and clusters are consistently formed, both defective N-doped 
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graphene and ALD are required to increase the binding energy from dangling bonds at 

defect sites and N-dopants, and to control the Pt density with deposition cycles, 

respectively. Because the N-dopant species and overall N concentration are not consistent 

between and among graphene nanosheets as shown here, the Pt distribution is varied. 

Unfortunately, with more ALD cycles this could result in low N concentration graphene 

nanosheets containing Pt nanoparticles, while other areas with high N concentration will 

still maintain atoms and clusters. In an effort to homogenize the Pt distribution, and 

potentially the Pt size (assuming more ALD cycles are performed) and specific activity, 

the N-dopant distribution and concentration must be made consistent. 

 

 

3.2.4 Electrochemical Activity of Pt Atoms and Clusters on N-Doped 

Graphene 

 

Taking an industrial perspective, the production of stable single Pt atom catalysts is 

important when considering the potential for the overall reduction in the cost to the 

PEMFC, but the real figure of merit is the catalytic activity of the single atoms. The 

literature predicts, through DFT calculations, the potential for single atoms to behave as 

efficient ORR catalysts through the optimization of the electronic structure when bonded 

to a defective graphene lattice [30]. Conversely, it is generally believed, within the FC 

community, that the catalytic properties of Pt are limited to particles with a diameter of 2 

to 3 nm [168], [169]. This belief potentially originates from the examination of clusters 

and particles consisting of the ñmagic numberò of Pt atoms to form stable icosahedron 

structures [168]. When comparing non-symmetrical structures to the icosahedron Pt13 

cluster, which have similar electronic properties, it was determined that the less 

symmetrical Pt12 had a catalytic activity greater than 2-fold when compared to Pt13 [168], 

and Pt19 had a greater than 3-fold catalytic activity [170]. This suggests that when dealing 

with Pt clusters, as opposed to nanoparticles, the surface geometry can greatly change the 
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catalytic activity. Thus, the pure electronic model predicted by Hammer and Norskov [22] 

may no longer hold. It was determined through DFT that the sharp edges of the non-

symmetrical clusters were responsible for the enhanced ORR catalytic activity [170]. This 

finding was contradicted by Aarons et al. through a detailed electron microscopy analysis 

accompanied by DFT calculations, in which the O binding energy of real catalysts was 

calculated through atom counting in nanoparticles ranging in size from approximately 2 to 

5 nm [27]. It was determined that the reduced atomic coordination induced from the surface 

roughness of the real particles, in comparison to the commonly examined cube-octahedron 

particles, increased the O binding energy for small Pt nanoparticles [27]. These calculations 

showed a steep decrease in the potential for catalytic activity for particles less than 3.5 nm.  

It can be suggested that the binding energy of O to the Pt catalysts cannot be directly 

compared for nanoparticles to real non-symmetrical Pt clusters, due to the drastic change 

in atomic coordination and shape. Under these circumstances more calculations and 

experiments are required for the ORR of small clusters and single atoms. More specifically 

in the case of clusters and single atoms, the electronic structure of the substrate and atom 

must be considered as one entity, as the electron exchange during the bonding process can 

result in a general modification in the electronic structure of the catalyst. It has been 

observed through experimentation and predicted from DFT calculations that there is a 

reduction in the number of electrons in the d-orbital for single Pt atoms when adsorbed on 

N-doped graphene [32]. Unfortunately, the work performed through our collaborators, 

showed that the single atom Pt catalysts were not effective for the ORR. X. Zhang et al. 

determined that single atom Nb catalysts embedded in graphitic sheets had a higher kinetic-

limiting current density than commercially available Pt catalysts (in a basic medium), 

which they attributed to the promotion of the four-electron pathway [171]. Additionally, 

Zhang et al. [172] reported that the combination of single Ru atoms with N-doped graphene 

produce a higher mass activity of the ORR reaction in an acidic medium similar to the 

PEMFC. Through DFT calculations they proposed that a Ru=O-N4 species contributed to 

the enhanced catalytic activity [172]. Similarly, Fe atoms in C/N macromolecules have 
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been seen to be active for the ORR, which has been ascribed to a transition in oxidation 

state at different applied potentials [173], and a FeN4C12 moiety [174].  More examples of 

successful single atom catalysts for the ORR are reviewed by Zhang et al. [44], wherein 

Co atoms were shown to have an ORR activity greater than commercially available Pt 

nanoparticles on C black [175]. The specific cause for the poor ORR activity observed for 

the samples presented in this work is not completely understood, but can be hypothesized 

to be related to the effect of the substrate [41], the particle sizes [30], or potentially the 

presence of the organic component of the Pt precursor due to incomplete reduction during 

ALD. Choi et al. demonstrated that the ORR on Pt atoms on S-doped C zeolites undergo 

the two-electron pathway, which is less prevalent on larger clusters and Pt nanoparticles, 

wherein the four-electron pathway dominated  [176]. This suggests the Pt atoms may be 

kinetically sluggish for the ORR, thus resulting in the poor activity observed for the ALD 

samples. 

In later experiments, it was determined that the production of only single Pt atoms 

and clusters using the ALD technique as shown in Figure 3.11 was an irregularity. It was 

more commonly found that the size of the Pt entities could vary from single atoms to 

nanoparticles when operating at as low as 50 ALD cycles. Qualitative variations in Pt size 

and density were observed on N-doped graphene and graphene nanosheets within 

individual and between multiple experimental runs, thus it should be noted that the Pt 

cluster size during ALD is not as easily controlled as previously discussed. The Pt size can 

be affected by many contributing factors such as the number of cycles, deposition 

temperature, O2 pressure and exposure time, Pt precursor exposure time, and the substrate 

[177], [178], [34], [179]. Furthermore, these values can be system dependent, thus a 

detailed analysis is required to understand the preferred deposition conditions for each 

individual ALD system. With these considerations, the direct reason for the low catalytic 

performance of the Pt atoms, clusters, and nanoparticles for the ORR is complicated, such 

that a range of Pt sizes exist in a single electrocatalytic experiment. The system is then 

further obscured by the fact that the Pt may be adsorbed to different locations on the N-
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doped graphene lattice, including various N-dopants, graphene defects, edge locations, and 

surface hydrocarbon contamination. According to Holme et al. the specific binding 

location of the Pt on the N-doped graphene can vary the d-band center of the Pt cluster, 

thus resulting in individual changes in the activity [41]. Moreover, the electronic structure 

of the Pt cluster or particle will also vary with Pt size [168], [169], [170]. Through the 

combined electronic and geometrical effects from the substrate and cluster size, an ideal 

system may be constructed; however, this will require in-depth DFT analysis and a better 

controlled production method for both the N-doped graphene and Pt deposition. 

Examination of controlled Pt deposition will be analyzed in Chapter Five. 

Unexpectedly, it was experimentally determined that the Pt atoms, clusters, and 

nanoparticles are electrochemically active for the HER. It can be proposed that the faster 

kinetics of the HER contribute to the enhanced electrochemical activity for the HER 

opposed to the ORR, thus the reaction may be less affected by changes in the electronic 

and geometrical variations of the Pt entities on different N-dopants and defect sites. The 

following section will outline potential HER catalysts, and the experimentally achieved 

activity for the ALD Pt on N-doped graphene and graphene nanosheets, in comparison to 

conventional Pt nanoparticles on C black. 

 

 

3.2.4.1 HER Electrocatalyst Selection 

 

Utilizing the same d-band theory as the ORR reaction, preferred electrocatalysts for the 

HER reaction can be assigned based on the individual electronic system. Once again 

Norskov et al. performed detailed DFT analysis on the HER reaction to determine the free 

energy of adsorption of H on bulk catalyst surfaces, and compared these to experimental 

values in the literature [180]. Similar to the ORR, Pt homocatalysts are the most active for 

the HER, as the adsorbed H atom does not bind too weakly or strongly based on the d-band 

center [180]. As is the case with the ORR reaction, alternative catalysts are being 
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investigated to reduce the use of Pt, thus allowing the reduction in cost for the HER. As 

outlined in numerous review papers, other catalysts include: Pt/non-precious metal alloys 

(Ni-Mo), transition metal chalogenides (MoS2), and non-metallic materials with 

carbides/nitrides/borides/phosphides [181], [182], [183], [184], [185]. Examination and 

comparison of various electrocatalysts to Pt for the HER indicates that work is still required 

to further increase the catalytic activity of the new potential catalysts in order for them to 

be competitive with Pt. Within the following section, Pt atoms and clusters will be 

examined as potential electrocatalysts to examine the effect of the size reduction and 

substrate on the efficiency for the HER. 

 

 

3.2.4.2 ALD Pt Catalysts on N-Doped Graphene and Graphene Nanosheet Supports for 

the HER 

 

During these experiments the material preparation, ALD, and electrochemical 

characterization were completed by Dr. Sunôs group as described in ref. [32]. STEM 

analysis was performed with an FEI Titan 80-300 Cubed TEM using ADF imaging 

conditions and an XFEG operating at an 80 kV accelerating voltage. The hexapole based 

probe corrector was utilized to minimize the aberrations in the probe forming lens. Prior to 

imaging, the samples were baked at 100°C in vacuum to prevent beam-induced 

contamination. 

 Qualitative image analysis was completed for the N-doped graphene nanosheets for 

both 50 and 100 ALD cycles before and after accelerated degradation tests (ADT) (Figure 

3.15 (a-d)) for 1,000 electrochemical cycles. Prior to electrochemical cycling the N-doped 

graphene samples were examined and determined to have a range of Pt sizes from atoms, 

clusters, and nanoparticles. It should be noted that for both 50 and 100 ALD cycles the Pt 

size ranged from atoms to nanoparticles with inhomogeneous distributions between N-

doped nanosheets from the same production batch. It is possible that this inhomogeneous 
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distribution of Pt sizes could be a result from the observed inhomogeneity in the N-doping 

described in Chapter 3.2.2 Nitrogen-Doping. The Pt loading6 was measured using 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES), which showed a 

lower Pt loading (2.1 weight % (wt. %)) on the 50 ALD cycled sample compared to 100 

ALD cycles (7.6 wt. %). Based on the loading it is expected that the 100 ALD samples 

should contain a higher quantity of Pt nanoparticles. 

While physical characterization is important, the real figure of merit is the activity 

of the catalysts. Linear sweep voltammetry was used to determine the catalyst mass 

(normalized to Pt loading) and specific (normalized to geometric area of electrode) activity 

at an overpotential of -0.05 V (Figure 3.15 (e)), as compared to conventional Pt 

nanoparticles (4.2 nm)7 on C black supports. Examination of the activities before 

electrochemical cycling indicate that the ALD samples performed significantly better than 

the conventional Pt catalysts. While the ALD samples showed inhomogeneity between the 

N-doped sheets, it can be proposed that the presence of the Pt atoms and clusters resulted 

in the increased catalytic activity observed for those samples. Moreover, a significant 

improvement in the activity can be observed in the 50 ALD sample when comparing both 

the specific and mass activity before and after ADTs (Figure 3.15). Qualitative analysis 

was performed for the ALD samples after the ADT test (Figure 3.15 (c) and (d)), which 

did not reveal a drastic increase in particle size with cycling; however, due to the 

inhomogeneity in the Pt size on the N-doped nanosheets, this statement is not conclusive. 

Cases in which inhomogeneous sizes exist within a single experimental batch require a 

more detailed analysis when comparing catalysts before and after cycling, which was 

outside of the scope of this investigation, but is outlined in Chapter 3.2.5 ILTEM of Pt on 

Graphene and N-doped Graphene of this thesis. While the exact cause for the increased 

activity of the ALD N-doped samples compared to the Pt/C sample cannot be specific, due 

                                                 
6 ICP-AES was measured by Dr. Sunôs group. 
7 Size of nanoparticles were measured by Dr. Sunôs group from HRTEM images acquired at the CCEM with 

an FEI Titan 80-300 Cryo-Twin TEM with an SFEG and a 300 kV source. 
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to the inhomogeneous nature of the Pt deposition, it can be suggested that the Pt atoms and 

clusters are responsible for this occurrence. This agrees with Bulushev et al. [186], who 

determined that single Pt atoms on N-doped C nanofibers increased the turnover frequency 

for the HER in formic acid when compared to samples containing larger nanoparticles. In 

the future, better control of the ALD process is desired, such that a more precise size range 

can be achieved, thereby resolving the dispute in literature related to the particle size versus 

catalytic activity through firm and conclusive evidence. 
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Figure 3.15 ADF images and respective HER activity of N-doped graphene with 50 and 100 

ALD cycles. ADF images of (a) 50ALD Pt cycles on N-doped graphene nanosheets, (b) 50 ALD 

Pt cycles on N-doped graphene nanosheets after ADT, (c) 100 ALD Pt cycles on N-doped 

graphene nanosheets, and (d) 100 ALD Pt cycles on N-doped graphene nanosheets after ADT 

[32] (N. Cheng, S.Stambula et al. 2016). (e) The electrochemical activity of the species in (a)-(d) 

and for conventional Pt nanoparticles on C black electrodes, as measured by Dr. Sunôs group at 

an overpotential of -0.05V. Adapted from [32] (N. Cheng, S.Stambula et al. 2016). 
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 In an attempt to better understand the system, the effect of the substrate was also 

examined, in which ALD was used to deposit Pt on graphene nanosheets (Figure 3.16 (a)). 

Similar to the N-doped graphene, the graphene nanosheets exhibited a range of Pt sizes 

from atoms to nanoparticles, which could vary locally and between multiple graphene 

nanosheets. Through comparison of the catalytic activity of the N-doped graphene to the 

graphene nanosheets, it can be observed that there is a slight reduction in the activity when 

comparing samples with 50 ALD cycles. The reduction in the Pt activity on the graphene 

substrate versus the N-doped graphene substrate could originate from the substrate effect, 

due to the different bonding nature of Pt on different defects or dopants. These results are 

similar to Bulushev et al. [186], wherein they found that the Pt atoms have an improved 

turnover frequency on N-doped C nanofibers in comparison to non-doped C fibers. Fei et 

al. [187] also established that Co atoms performed more efficiently for the HER when 

deposited on N-doped graphene, as opposed to graphene; however, the Co atoms on the N-

doped graphene did not out-perform the Pt/C sample. Importantly, the catalytic activity of 

the 50 ALD graphene nanosheet sample is higher than the Pt/C sample. This further 

supports the fact that the Pt atoms and clusters present on the ALD samples (N-doped and 

pristine graphene) are responsible for the increased catalytic activity as compared to the Pt 

nanoparticles found on the C black substrate. This result also illustrates that the electronic 

structure of the catalyst atoms/clusters still dictates the activity of the HER, thus, as 

predicted by Norskov et al. [180], Pt is the most efficient homocatalyst for the HER. 

Furthermore, as apparent in Figure 3.16 (c), the activity observed after the ADTs on the 

graphene sample caused a greater decrease in the specific activity compared to the N-doped 

graphene support. This may suggest that the stronger Pt adsorption energy [32] on the N-

doped substrate is responsible for the decreased reduction in the catalytic activity with 

cycling, when comparing the N-doped graphene to graphene substrate, thus resulting in 

more stable Pt atoms and clusters with electrocatalytic cycling. STEM images were also 

acquired after ADT of the graphene samples, but quantitative analysis was not performed. 

From the images shown in Figure 3.16 (b) a slight increase in the Pt size is plausible; 
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however, the inhomogeneous nature of the deposition method must be considered, 

therefore a fair comparison between the Pt size before and after cycling is not possible 

when associating individual nanosheets. 

 

 

 

Figure 3.16  Catalytic activity comparison of N-doped graphene to graphene with 50 ALD Pt 

cycles. ADF images of (a) 50 ALD Pt graphene nanosheets and (b) 50 ALD Pt graphene 

nanosheets after ADT [32] (N. Cheng, S.Stambula et al. 2016). The specific activity of species in 

(a) and (b) compared to 50 ALD Pt on N-doped graphene nanosheets. Adapted from [32] (N. 

Cheng, S.Stambula et al. 2016). 

 

 

3.2.5 ILTEM  of Pt on Graphene and N-doped Graphene 

 

In order to account for the effects of the inhomogeneities of the Pt catalysts on the graphene 

support material, identical location STEM (ILSTEM) imaging needs to be used to examine 
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the stability of the Pt atoms and clusters for the HER. This method is used to study both 

graphene and N-doped graphene support material for a sample prepared with 50 Pt ALD 

cycles. The initial experimental design and results will be discussed in the following 

sections with possible improvements and considerations for future experiments. 

 

 

3.2.5.1 Experimental Conditions 

 

The experimental set-up (with exclusion to the microscope settings) and sample 

preparation was completed through consultation with a post-doctoral fellow in the group 

with IL-STEM  experience, Dr. Lidia Chinchilla. Au Quantifoil® holey C TEM grids from 

Ted Pella Inc with a 300 mesh and 2 m˃ holes were used to support the graphene substrate. 

A dilute graphene (and N-doped graphene) powder (light grey in colour) was suspended 

and ultrasonicated in high performance liquid chromatography (HPLC) grade methanol. 

One drop was applied to the TEM grid using a glass pipette. The sample was baked in 

vacuum at 100°C overnight, prior to TEM examination. High resolution HAADF imaging 

was completed using the Titan 80-300 Cubed with the spherical aberrations in the probe 

lens minimized. A dose and dose rate of approximately 2.0 x 105 e-nm-2 and 7.8 x 109 e-

nm-2s-1 were used, respectively. A series of images with increasing magnification were 

acquired and mapped such that the exact location of the graphene sheets could be found 

after cycling (Figure 3.17). 
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Figure 3.17 IL-TEM microscopy set-up and notes for easy identification of sample positions. (a) 

The direction that the TEM grid was placed into holder was noted to ensure a mirror image was 

not obtained if inserted upside down after cycling, and (b) the location of the sample within the 

TEM mesh was noted with respect to the center of the grid. A series of images ((c) and (d)) with 

increasing magnifications were acquired while noting the location of each subsequent image. The 

number of holes in the Quantifoil holey C was used as a reference to find the sample (c) before 

and (d) after cycling.  

 

 The TEM grids were then sent to Western University, where Dr. Niancai Cheng 

performed the electrochemical cycling for the HER. In order to cycle the TEM grid, it was 

held in contact with the glassy carbon electrode using gold wire and scotch tape (Figure 

3.18 (a) and (b)). The polarization curves for the graphene and N-doped graphene 

substrates with 50 Pt ALD cycles are compared in Figure 3.18 (c), in which different curves 

are observed for each substrate. It is possible that the difference in the polarization curves 

originate from the substrates/catalyst, such that the N-doped substrate results in catalysts 

that are more efficient for the HER reaction, as determined in Chapter 3.2.4 
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Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene. A reference grid 

without a sample was not examined; however, the difference observed in the polarization 

curves from the two substrates suggests the individual substrates were involved in the 

cycling process. Furthermore, the polarization curves before and after 1,000 cycles can be 

seen for the graphene (Figure 3.18 (d)) and N-doped graphene (Figure 3.18 (e)) substrates. 

It is evident in the curves that the initial catalyst was more efficient than the cycled samples, 

wherein the graphene sample saw a larger decrease in activity after 1,000 cycles. These 

results resemble those observed in Chapter 3.2.4 Electrochemical Activity of Pt Atoms and 

Clusters on N-Doped Graphene. After the electrochemical cycling was completed, the 

TEM grids were used for imaging. The samples were stored in air at room temperature and 

were baked at 100°C overnight in vacuum before HAADF imaging. 

 

 

Figure 3.18 Electrochemical ILTEM experimental set-up and results. (a) RDE electrode holding 

a TEM grid in contact with the glassy carbon electrode using gold wire and scotch tape and (b) a 

schematic of the electrode contact. Initial polarization curves from (c) TEM grids with graphene 

and N-doped graphene with 50 Pt ALD cycles, and (d) and (e) of graphene and N-doped with 50 

ALD Pt cycles, respectively, before and after electrochemical cycling for the HER.  
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3.2.5.2 ILSTEM of Pt on Graphene and N-Doped Graphene 

 

Two different graphene nanosheets can be observed in Figure 3.19 (a) and (d) before 

cycling. From the image it is evident that variability exists between the two graphene sheets 

concerning not only the Pt loading but also the average Pt size. The Pt loading in Figure 

3.19 (a) is qualitatively significantly higher, thus resulting in the formation of larger Pt 

sizes likely due to the increase growth regime during the ALD cycles. The HAADF images 

demonstrate that the graphene substrate results in the production of single Pt atoms, Pt 

clusters, and Pt nanoparticles, with an inhomogeneous distribution across the graphene 

sheets. The inhomogeneous distribution could be an effect of the substrate, or an intrinsic 

effect of the ALD disposition on powders, based on its location within the ALD chamber. 

Other than noting the inhomogeneity of the Pt catalyst on the graphene support, Figure 

3.19 (a) and (c) can be compared to (d) and (e), respectively, to observe the difference in 

the individual catalysts before and after cycling. Within Figure 3.19 red arrows were used 

to point to locations of Pt growth after cycling, and the yellow arrows point to Pt 

atoms/clusters that underwent dissolution, whether through complete Pt loss or a size 

decrease. While not all Pt entities were examined, the arrows indicate that both Pt growth 

and dissolution are occurring simultaneously on the graphene sample. It can be suggested 

that the growth mechanism appears to be occurring through coalescence of the Pt 

atoms/particles in close proximity to each other, while the dissolution mechanism may be 

caused by the loss of the Pt atoms to the electrolyte. In an effort to provide a better image 

of the comparison of the ñbeforeò and ñafterò conditions, an overlay was produced in 

Figure 3.19 (c) and (f). It is clear there were significant changes to the substrate material 

preventing the direct overlap of the images before and after HER cycling. It is unclear if 

these changes were due to the sample handling, electrochemical changes to the substrate, 

or potential beam effects through interaction with the catalyst or the edges of the sample. 

Nevertheless, from these figures it can be inferred that Pt undergoes growth and dissolution 

with cycling, but most importantly, atoms still appear after cycling. More cycles should be 
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completed to determine the point in which the particle growth and dissolution are 

detrimental to the catalyst surface area, thus leading to a poor catalytic performance. This 

can potentially be used to understand the life-time of the Pt catalyst, and to devise methods 

in which the life time can be improved. 

 

 

Figure 3.19 ILTEM results of the graphene substrate with 50 Pt ALD cycles  (a) and (d) before, 

and (b) and (e) after cycling, respectively. Overlay images were produced ((c) (brightness and 

contrast adjusted) and (f) (gamma, brightness, and contrast adjusted) for the two different 

graphene sheets analyzed, wherein arrows were used to show Pt catalyst growth (red) and 

dissolution (yellow). The colour coding of the overlay images is such that the blue image was 

acquired from before cycling ((a) and (c)) and the red image after cycling ((b) and (e)).  

 

 The N-doped graphene nanosheets were also examined before (Figure 3.20 (a) and 

(d)) and after (Figure 3.20 (b) and (e)) 1,000 HER cycles. These images are quite 

representative of the 10 areas analyzed, such that they are composed primarily of Pt atoms 

and clusters with some nanoparticles. Similarly, to the graphene substrate, arrows were 

used to indicate Pt growth (red) and dissolution (yellow). Interestingly, while likely a 

coincidence, each nanosheet seemed to have Pt undergo either growth or dissolution. Yet, 
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in Figure 3.20 (b) a nanoparticle formed in a location without a clear presence of a cluster 

or nanoparticle before cycling. This growth process could have originated from single Pt 

atoms in an effort to minimize the overall surface energy of the system, or it may indicate 

re-deposition from dissolved Pt in the electrolyte solution during cycling. This dissolution 

could have taken place from any number of other N-doped graphene sheets that are 

simultaneously cycled on the TEM grid, such as that observed in Figure 3.20 (e). 

Furthermore, modifications to the N-doped graphene substrate can be observed in the 

overlay images (Figure 3.20 (c) and (f)). Again, the exact reason for the change in the 

substrate is unknown, but can be potentially attributed to sample handling, electrochemical 

changes to the substrate, or potential beam effects through interaction with the catalyst or 

the edges of the sample. Similar to the graphene sample, Pt atoms and clusters are clearly 

observed to be stable on the N-doped graphene sheets after HER cycling, likely accounting 

for the increased activity observed after cycling from the N-doped samples in Chapter 3.2.4 

Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene. Direct 

quantitative analysis and comparison of the ILSTEM images before and after cycling are 

required to directly determine the change in the number of Pt atoms and clusters on the 

different substrates after cycling. 
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Figure 3.20 ILTEM results of the N-doped graphene substrate with 50 Pt ALD cycles (a) and (d) 

before, and (b) and (e) after cycling, respectively. Overlay images were produced ((c) (brightness 

and contrast adjusted) and (f) (gamma, brightness, and contrast adjusted) for the two different 

graphene sheets analyzed, wherein arrows were used to show Pt catalyst growth (red) and 

dissolution (yellow). The colour coding of the overlay images is such that the blue image was 

acquired from before cycling ((a) and (c)) and the red image after cycling ((b) and (e)).  

 

 While the results for ILSTEM of Pt in the form of single atoms and clusters seems 

promising based on Figure 3.19 and Figure 3.20, some potential issues with this 

measurement technique should be addressed before future measurements and quantitative 

results are performed. It was previously mentioned that the beam can interact with Pt 

atoms, causing them to move on the substrate, wherein it has been observed that they tend 

to edge locations [120]. Furthermore, the beam has also been observed to break apart Pt 

clusters into Pt atoms in high-beam current conditions [120]. Thus, for techniques such as 

ILSTEM, in which it is desired to determine the direct effect of electrochemical cycling on 

the Pt catalysts, the effect of the beam would ideally be removed, or at the very least 

understood for particular experimental conditions. It is recommended that a quantitative 
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analysis be completed on the Pt mobility with the desired imagining conditions, such that 

the mobility is minimized. In order to accomplish reduced Pt motion, it may require 

utilizing a lower beam energy [188] with a lower dose rate and/or dose. Once the Pt motion 

is determined through fast sequential STEM image analysis, quantitative data can be 

collected from the ILSTEM images, such that the exact location of the Pt atoms and sizes 

can be better trusted, and the effect from the beam and electrochemical cycling can be 

separated. 

 Additionally, experiments should be completed to ensure the transferring and 

storing of the TEM grids is not responsible for changes to the Pt catalysts or the substrate. 

As suggested by Mayrhofer et al. [134], a sample with known Pt sizes should be analyzed 

via ex situ and using ILSTEM. Two electrochemical conditions can be chosen from the ex 

situ experiments, such that one is known to induce change in the Pt size and the other has 

no effect on the Pt. The same sample batch and electrochemical cycling conditions can then 

be applied on the ILSTEM grids. The Pt size and change in substrate can be monitored 

after cycling and compared to the ex situ results. If a change in the Pt was observed in the 

control sample, where the cycling conditions should have little to no effect on the Pt, it 

would suggest that the grid transfer and cycling is inducing an unwanted modification and 

should be identified before further detailed experiments are performed. This is an important 

aspect of the study, as bright spots which were not initially present, can be seen decorating 

the Quantifoil C after electrochemical cycling (Figure 3.18). 

 

 

3.3 Summary 

 

In summary, a detailed chemical and structural investigation of N-doped FLG graphene 

derived from graphite oxide on which Pt was deposited by ALD has been presented. From 

HRTEM and computed diffractograms, it has been shown that the short-range hexagonal 

characteristic lattice of graphene was largely preserved after N-doping, but a high density 
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of defects was present. Detailed high-resolution spectroscopic analysis through ELNES of 

the C-K edge showed that the nature of the graphene sp2 hybridization, consistent with 

strong ˊ* and ů* peaks, was maintained after N-doping. The dopant-site locations of the 

N-species were probed through detailed analysis of the N-K edge, which showed strong 

features consistent with pyridinic/pyrrolic, amino/cyanic, and graphitic sites. Based on the 

literature that has been discussed, the features present in the near edge structures promote 

an increase in the Pt-C binding energy. It has been demonstrated that the dopant 

concentration varies among and within the graphene sheets and that local probing 

techniques, rather than bulk average methods, must be used to assess the effectiveness of 

the doping process. Most importantly, the effects of the reduced Pt particle size achieved 

through ALD and the prevention of the Pt agglomeration from N-doping and dangling 

bonds were apparent through HAADF and HRTEM imaging, where only single Pt atoms 

and atomic clusters were observed. These are sustained primarily at graphene edges with 

few atoms and clusters stable on terrace sites. This effect was maintained up to 150 ALD 

cycles without the formation of nanoparticles.  

 ALD cycled samples were also analyzed for the HER catalytic activity in 

comparison to conventional Pt/C catalysts. It was determined that both the 50 and 100 ALD 

cycled samples resulted in higher specific and mass activities than the conventional Pt 

nanoparticles on C black. Upon STEM examination of the ALD samples it was determined 

that a range of Pt sizes existed: from atoms and clusters to nanoparticles. Because all 

samples produced with ALD, independent of the substrate, resulted in higher activities for 

the HER in comparison to the conventional nanoparticles, it is feasible that the Pt atoms 

and clusters are responsible for the observed enhanced catalytic activity. Furthermore, upon 

comparing the N-doped graphene substrate to the graphene substrate, it was determined 

that the specific activity of the Pt was more stable after ADTs on the N-doped support, 

which can potentially be attributed to the enhanced Pt binding energy to N-doped graphene. 

Further examination of this material is required to fully understand the mechanism behind 

the enhanced catalytic activity, such as the Pt size, and specific dopant/defect effects. 



Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

104 

Before these effects can be fully understood, the control of the Pt deposition and the 

substrate dopants must be enhanced. Nevertheless, the enhanced HER activity of the ALD 

Pt on the N-doped graphene is a great step forward for the hydrogen FC industry. 

 Lastly, steps towards ILSTEM imaging were performed on N-doped graphene and 

graphene substrates with 50 ALD Pt cycles. This method is preferred over ex situ cycling 

such that it allows for the direct observation of the same Pt catalysts before and after 

cycling, thus removing any ambiguities associated with inhomogeneous distributions of Pt. 

Both Pt growth and dissolution were observed on the N-doped graphene and graphene 

substrates, but most importantly the Pt atoms and clusters were stable on individual sheets 

after electrochemical cycling. While this experiment was promising, in order to rule out 

effects of the beam and sample handling on the Pt atom location, control experiments are 

required for the future. 
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Chapter Four 

Production and Characterization of Single Sheet N-

Doped Graphene 

 

 

 

Multilayer N-doped graphene produced through thermal reduction and exfoliation prevents 

the physical and spectroscopic identification of individual N-dopants due to the projection 

effect of the overlapping graphene sheets. Thus, the production of single sheet graphene 

for the more fundamental examination of N-dopants is highly desirable. This limits 

production and doping methods to CVD growth and/or post-processing of supported or 

freely suspended graphene sheets. For the ease of TEM characterization, it is preferred to 

N-dope suspended graphene TEM grids, thus taking advantage of commercially available 

mass produced single-sheet graphene grids and the removal of a potential processing step.  

Doping graphene through plasma or ion implantation, which are well established 

methods from the semiconductor industry, has been investigated in literature. By using an 

N2 plasma source, it has been reported that approximately 1% [189] to 8.5% N [190] can 

be doped into the graphene lattice depending on the power of the plasma source and 

exposure time; resulting in the production of pyridinic, pyrrolic, graphitic and nitrogen 

oxide dopants.  Unfortunately, plasma doping results in the introduction of oxygen as high 

as approximately 13% [189], which is undesirable as graphene oxide behaves as an 

insulator [67]. It was suggested that defects created during plasma doping resulted in the 
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increased O content in the graphene lattice due to oxidation when exposing the sample to 

air. Lin et al. suggests that the N content cannot exceed a few atomic percent for graphitic-

type dopants; however, higher concentration levels may exist for other N-dopants [132]. 

In an effort to decrease the O content in the N-doped graphene, N+ ion beams have 

been examined as a N-doping post-processing procedure. Initially, energies as high as 30 

keV at varying fluences (1012 to 1014 ions·cm-2) were utilized to damage the graphene 

sheets, which were then post-annealed in ammonia to create the N-dopants, at a doping 

level of approximately 1% [191]. Using high-resolution microscopy and a He source of 30 

keV, it was determined that a single sheet of graphene could withstand fluences up to 3 x 

1015 ions·cm-2 before inducing major structural changes [192]. However, it was determined 

that surface contamination had become an issue at low beam exposures and greatly 

increased with exposure time [192]. Rather than using such large beam energies, Åhlgren 

et al. determined, through molecular dynamic (MD) studies and DFT calculations, that the 

efficiency of N-doping reaches a maximum probability of 55% at an energy of 50 eV when 

using only an N+ ion source [193]. Experiments then followed using energies of 2 eV to 

150 eV, in which doping occurred solely from the ion beam [194], [195], [196], and from 

the amalgamation of ion beam exposure and a post-annealing step [197], [198], [199]. 

Generalizations from these studies concerning the experimental conditions indicate that, as 

the ion beam energy is increased, the N concentration increases, defect density increases 

to the point of irreversibility with annealing after 150 eV, and a preferential pyridinic-

dopant appears [199]. Furthermore, Bangert et al. observed that at an energy of 25 eV the 

N concentration reaches an average value of 1%; however, this value can have local 

variability [196]. The ion fluence has also been seen to affect the defect density in the 

graphene lattice, where a fluence greater than 1015 ions·cm-2 could result in the formation 

of amorphous C even when operating at low ion beam energies (20 eV) [191], [195]. In 

addition, the exposure time of the ion beam not only increased the N concentration, but 

also resulted in the preferred formation of pyridinic-type dopants due to damage induced 

in the graphene lattice after long exposure times [194], [199]. Lastly, annealing has been 
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used to recover the graphene lattice from the defects formed during ion bombardment, 

which resulted in the increased formation of graphitic-type dopants and a decrease in N2 

captured in the multilayered graphene sheets [197], [199]. 

This chapter will outline investigations regarding in-house doping methods using 

modified electron microscopy sample preparation instruments to produce N plasma sources 

and low energy N+ ion beams. Additionally, a quantification method of the N content was 

optimized for TEM grids using Auger spectroscopy to detect N with a concentration up to 

approximately 1%. 

 

 

4.1 Nitrogen Quantification on TEM Grids  Using Auger 

Spectroscopy 

 

Auger spectroscopy8 is a surface analysis technique, in which electrons can be detected 

from an escape depth of 0.3 to 3 nm from the surface of the sample [200]. Under typical 

Auger operating conditions, graphene is examined only after it has been transferred to or 

grown on a solid substrate [201]. Therefore, to examine a free-standing graphene film on 

a TEM grid, care must be taken to reduce the instrumental source of electrons from below 

the sample. Graphene Supermarket© produces graphene TEM grids consisting of one to 

six layers or 0.3 to 2 nm in thickness, respectively, thus Auger electrons can originate from 

beyond the graphene source. When examining the free-standing graphene films, electron 

sources may emanate from within the spectrometer chamber, resulting in an increased 

background and unexpected elemental sources during Auger detection. The following 

section will discuss methods devised to reduce the detection of electrons originating from 

                                                 
8 All Auger spectroscopy and quantification was performed by the CCEM operator, Travis Casagrande. 
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below the sample, and perform Auger quantification from free-standing graphene TEM 

grids. 

 

 

4.1.1 Experimental Conditions and Design 

  

A new holder for the Auger quantification of a TEM grid was designed after discussing the 

potential issues with an expert in the field9. It was suggested to produce a holder in which 

the TEM grid could be suspended over a small hole with a large aspect ratio to prevent the 

detection of the material below the TEM grid, while simultaneously reducing any 

background electrons from interacting with the sample. Other than the geometry of the 

holder, the material selection was also of importance to reduce the background signal 

generated from SE and backscattered electrons. Therefore, a material with a low 

backscatter electron yield and non-overlapping Auger peaks with the N-doped graphene 

was of primary interest. Considering these conditions, the holder was composed of Al and 

machined to the specifications shown in Figure 4.1 (a).10 During the design of the 

schematic, it was determined that the TEM grid would be held in the Technoorg LindaTM 

Model IV5 Gentle Mill holder, as it securely holds TEM grids while suspending the 

samples in air. The measurements of the schematic in Figure 4.1 (a) were set based on 

measurements from the Gentle Mill holder, resulting in the final holder displayed in Figure 

4.1 (b). The Gentle Mill holder is composed of Ti, which unfortunately slightly overlaps 

the N-KLL edge; however, the background signal will be minimized through our 

experimental design and should have little effect on the final N quantification. Thus, for 

the proof of concept of N-doping the graphene TEM grids, the Gentle Mill holder will be 

used to reduce the cost of creating a specialty holder for the TEM grid. In the future, for 

                                                 
9 I would like to thank Dr. Nestor J. Zaluzec for discussing this point with me during the 2014 CCEM summer 

school. 
10 Special thank you to Andy Duft for helping in the schematic measurements and performing the machining 

of the holder. 
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best quantification results, a holder with a design similar to the Gentle Mill holder can be 

machined from Al to reduce the Auger peak overlap. If elemental quantification is to be 

performed on other materials suspended on TEM grids, the material selection should be re-

examined. 

 

 

Figure 4.1 TEM holder adaptation for Auger quantitation (a) schematic and (b) machined 

product.  

 

 The JEOL JAMP-9500F field emission Auger in the CCEM was used for the 

quantification of N content. Typically, the Auger microscope is operated at an energy of 

10 kV, a current of 20 nA, and a tilt of 30° with respect to the electron gun (Figure 4.2 (a)). 

In order to determine the best experimental design for the TEM grid using the new holder 

(TEMH) the effect of the voltage, tilt angle, and use/placement of an aperture were 

examined. This was accomplished with the utilization of a holey C TEM grid. During the 

examination, a spot analysis was acquired from the film of the holey C TEM grid and a 

neighbouring hole, which were each suspended over the hole in the TEMH, producing the 

representative spectra in Figure 4.2 (b). Full spectra were initially acquired to observe the 

elements detected by the spectrometer when using the TEMH and a TEM grid. It is 

apparent that an Al peak does not exist, suggesting that Auger electrons were not detected 

from the TEMH. C, O, and Si peaks were found on the holey C film and over the hole, 

which originate from the TEM grid. 
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Figure 4.2 Auger quantification experimental set-up with TEMH. (a) Schematic of the Auger 

arrangement. (b) Spectra acquired from the TEMH when looking at a holey C TEM grid with 

spectra collected from the C film and a hole, respectively. The spectra were acquired with an 

energy of 10 kV, tilt angle of 0°, and a beam current of 40 nA.  

 

 Ideally, Auger electrons should not be detected from the hole in the C film. 

However, this background signal can occur from the excitation of Auger electrons from 

the nearby C film, due to the interaction with the primary electron beam or from 

backscattered electrons and/or SEs that are excited from the holder and/or the sample 

chamber. Three experimental designs were used to minimize the signal acquired over the 

hole in the C film:  utiliz ing only the TEMH (Figure 4.3 (a)), inserting a Pt aperture on top 

of the TEM grid when using the TEMH (Figure 4.3 (b)), and placing the aperture below 

the TEM grid when using the TEMH (Figure 4.3 (c)). The effect of varying the aperture 

size from 300 ˃ m to 800 ˃ m was investigated to reduce the background Auger signal. For 

each analysis, a spectrum was acquired on the C film and compared to the spectrum 

obtained from an adjacent hole (Figure 4.3 (d)). The background signal was quantified by 

comparing the relative difference in the C-KLL signals attained from the C film and hole, 

respectively. During examination of the tilt angle for a single voltage at 10 kV with the 
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different geometrical arrangements outlined in Figure 4.3 (a), (b), and (c), the difference 

between the highest C-KLL peak intensities (Ipeak in Figure 4.3 (e)) was analyzed: 

ὖὩὶὧὩὲὸ ὈὭὪὪὩὶὩὲὧὩ ὖὈρπὯὠ ὼρππϷ  (4.1). 

In addition, a more generic version of equation (4.1) was used when comparing 

experiments completed at different voltages, such that the relative C-KLL peak heights 

were examined by comparing the difference between the highest peak intensity (Ipeak) and 

the lowest peak intensity (Ibackground) (Figure 4.3 (e)), 

ὖὩὶὧὩὲὸ ὈὭὪὪὩὶὩὲὧὩ ὖὈ  ὼρππϷ 

(4.2). 

A PD of 100% would indicate that no signal was detected over the hole, which would result 

in the ideal experimental scheme without a background signal. The following section will 

use equation (4.1) and (4.2) to examine the effect of the proposed experimental design, the 

primary electron beam energy, and tilt angle (Figure 4.2 (a)) on the removal of the 

background Auger electrons when examining a TEM grid. 
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Figure 4.3 Auger quantification TEMH configurations with (a) no aperture, (b) Pt aperture above 

the TEM grid, and (c) the Pt aperture below the TEM grid. Each measurement was completed 

with a spectrum acquired from (d) the C film (+1) and the hole (+2) producing a (e) C-KLL 

Auger peak11.  

 

 

4.1.2 Results and Discussion 

 

The C-KLL peak was examined for the holey C TEM grids using the TEMH (Figure 4.1) 

and equation (4.1). First, the effect of the TEMH tilt angle with respect to the electron gun 

was examined when operating under typical Auger conditions with an accelerating voltage 

                                                 
11 Figure 4.3 (e) produced by Kevin A. Villegas (summer student) for varying thicknesses of graphene on 

SiO2. The thicknesses were determined using light microscopy. 
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of 10 kV. Initially the TEMH with the tilt angle varying from 0° to 50° at intervals of 5° 

(Figure 4.4) was examined. At each tilt angle the PD10kV from equation (4.1) was used to 

determine the decrease in the background signal. Without the use of an aperture (Figure 

4.4 purple), it was observed that as the tilt angle increased the PD10kV decreased, thus 

resulting in a higher background with an increasing tilt angle. It is possible that as the 

holder was tilted the primary electron beam was potentially striking the side of the high 

aspect ratio hole in the TEMH, resulting in the production of SEs and/or backscattered 

electrons that were possibly resulting in the excitation of Auger electrons of the C film 

around the hole. It was hypothesized that the background signal could be reduced by 

decreasing the hole size in the TEMH, as less primary electrons would enter the high aspect 

ratio hole in the TEMH. Rather than completely re-machining the holder, as a quick test, 

an Al film with a small hole (size unknown) was placed on top of the TEM grid and an 

increase in the PD10kV (Figure 4.4 green) was observed with respect to the purple curve 

(no aperture). Having success with this make-shift Al aperture, a Pt aperture of 300 ˃ m 

was placed above (Figure 4.4 orange) and below (Figure 4.4 blue) the TEM grid within the 

Gentle Mill holder as outlined in Figure 4.3 (b) and Figure 4.3 (c), respectively. Overall, 

an increase in the PD10kV was observed for both positions of the aperture, with the greatest 

value being obtained when the aperture was placed below the TEM grid. Simulations were 

not performed to determine the specific reasoning behind the difference in the PD10kV 

value with the position of the aperture. It can be speculated that when the aperture is above 

the TEM grid the background electrons generated from the TEMH have an opportunity to 

interact with the C film and through scattering mechanisms could result in the production 

of Auger electrons in the area free from the aperture. 
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Figure 4.4 Effect of tilt angle and aperture arrangement when operating at 10 kV on a holey C 

TEM grid.12 

 

 Following the positive results of positioning the aperture below the TEM grid 

(Figure 4.3 (c)), the effect of the acceleration voltage, tilt angle, and aperture size was 

analyzed in Figure 4.5. When using the 300 ɛm aperture the maximum PD achievable was 

approximately 84% at 20 kV. Upon increasing the aperture size to 800 ɛm, an increase in 

the PD was achieved when directly comparing equivalent acceleration voltages of 10 kV 

and 20 kV, respectively. More importantly, when operating at 20 kV with a Pt aperture of 

800 ɛm below the TEM grid, a PD ranging from approximately 98% to 99% was achieved 

with a tilt angle of 50° to 0°, respectively. It can be hypothesized that the PD increased 

when increasing the aperture size because the Pt may have been acting as a source of 

background electrons; therefore, an increase in the aperture size could result in the 

reduction of the background signal when working in the center of the aperture. It should 

be noted that an acceleration voltage of 10 kV would be ideal as the quantification 

                                                 
12 Error bars are missing, as only one point spectra was acquired for each data point. 
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standards are collected under these conditions; however, the poor PD at 10 kV prevents its 

use, thus the 20 kV acceleration voltage should be utilized. This suggests that the 

quantification results may not be exact, but it can be assumed that the effect of the different 

voltage on the N quantification will equally affect each measurement, thus the values can 

be relatively compared. 

 

 

Figure 4.5 Effect of accelerating voltage, tilt angle, and aperture size on the PD from a holey C 

TEM grid.12 

 

To reduce the source of electrons originating from below the sample, based on 

Figure 4.5, it is suggested to complete the quantification of the N-doped graphene TEM 

grids at an acceleration voltage of 20 kV with an aperture of 800 ɛm placed below the TEM 

grid at a tilt angle of 0°. However, when operating at 0° with the TEMH it was determined 

that the contrast in the SE image was reversed (Figure 4.6 (a)) in comparison to the 

conventional operating conditions (Figure 4.3 (d)). It is possible that at this tilt angle 

electrons (secondary and backscattered) are being excited through the hole of the TEMH, 

resulting in the increased brightness at 0°. Due to the unusual contrast encountered at this 
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tilt angle and the relatively stable PD when operating at 20 kV with an 800 ɛm aperture 

below the TEM grid, a tilt angle of 30° (standard operating angle) will be utilized for the 

quantification in the following sections (Figure 4.6 (b)). When comparing the Auger 

spectra on the Pt aperture and hole (Figure 4.6 (e)), it is clear that the signal greatly 

decreased within the hole, resulting in a PD of 98%. An Al-KLL peak was found in the 

hole, originating from the Al TEMH. Both C-KLL and O-KLL are found on the aperture 

and hole from surface contamination. The examination of the low intensity spectra 

originating from the hole illustrates that the TEMH was successful in removing the electron 

source from below the sample, thus resulting in the collection of Auger electrons primarily 

from the suspended sample on the TEM grid. 

 

 

Figure 4.6 SEM image of a hole in the C film with various tilt angles and the comparison of the 

Auger spectra acquired over a hole and over an aperture. (a) SEM image acquired with the 

TEMH at 20 kV and a tilt angle of 0°. (b) SEM image of Auger quantification set-up without a 

TEM grid. Full scan Auger spectra were acquired over (c) the Pt aperture (+2) and (d) the hole 

(+1), which are then compared in (e) when acquired with a 20 kV acceleration voltage, 800 ɛm 

aperture, and 30° tilt.   

 



Ph.D. Thesis ï Samantha Stambula McMaster University ï Materials Engineering 

 

117 

It should be noted that it was qualitatively determined through multiple 

examinations during Auger quantification of N-doped graphene, that smaller holes resulted 

in lower PDs between the sample and the hole. This suggests that there is a minimum 

diameter at which the Auger spectrometer collects signal, but this was not investigated 

further and may be a source of error in the Auger quantification. For conciseness and 

accuracy, in the future, the effect of the size of the hole diameter on the PD should be 

measured and compared to prevent signal overlap during individual spot quantification. 

Furthermore, the effect of the diameter size should be re-examined with regards to Figure 

4.5 to ensure the PDs were not artificially affected by the diameter of the hole. For the sake 

of the thesis, the fact that the 20 kV source results in the highest PD suggests that it is 

sufficient for the Auger quantification. To ensure the hole diameter does not greatly affect 

the quantification results, the measurements presented in the following section were only 

acquired from quantification in which the PD is greater than 80%. Moreover, during future 

analysis, multiple data points should be collected with respect to each experimental 

condition in Figure 4.5 to determine the accuracy of the measurements. 

 

 

4.2 Production of N-Doped Graphene TEM Grids Using In-

House Techniques 

 

Three in-house electron microscopy instruments were examined as N sources to produce 

single sheet N-doped graphene: Solarus plasma cleanerTM, Technoorg Linda Model IV5 

Gentle Mill TM, and a Fischione NanoMill®. Graphene Supermarket© TEM grids [202] 

were purchased as the graphene source. Varying experimental conditions were examined 

and the concentration of N was quantified first using EELS, followed by a more accurate 

measurement technique for low N concentration, as outlined in Section 4.1, using Auger 

spectroscopy. The NanoMill® results were the most promising for the production of the 
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single-sheet N-doped graphene, which are discussed in this section. For more details 

concerning the plasma cleaner, and Gentle MillTM, Appendix 1: N-doping Graphene TEM 

Grids using a Plasma Cleaner and Gentle MillTM should be consulted. 

 

  

4.2.1 Characterization of N-Doped Graphene Using High Resolution 

STEM 

 

The aberration correctors allow the acquisition of high resolution images in both TEM and 

STEM. STEM imaging was performed using ADF (detector semi-angles of 31.4 mrad to 

191.9 mrad, as measured by FEI) conditions with an FEI Titan 80-300 Cubed TEM 

equipped with hexapole-based aberration corrector (Corrected Electron Optical Systems 

GmbH) for the probe lens, and a high brightness field emission gun (XFEG). The aberration 

corrector was tuned to minimize spherical aberration in the probe lens. An imaging current 

of 40 to 100 pA was used (maximum dose of 1.7 x 107 e-nm-2 and dose rate of 1.9 x1011 e-

nm-2s-1) to increase the signal to noise ratio. Based on the discussion in Chapter 2.2 Using 

TEM to Study Graphene and Heavy Atoms defects were observed in the graphene lattice at 

this high of a dose, thus the lower dose discussed in that chapter was utilized for the 

subsequent images. It has been suggested in literature to increase the signal to noise ratio 

by over-sampling the graphene lattice through the collection of more pixels, while working 

at a lower dose [122]. This method to increase the signal is suggested for future experiments 

to limit the beam damage imposed on the sample. Figure 4.7 illustrates images of Graphene 

Supermarket© TEM grids [202] before N-doping, acquired with an 80 kV ((a) low and (b) 

high magnification) and (c) 40 kV electron source. As expected, the images acquired using 

the higher acceleration voltage resulted in a better spatial resolution; however, the 

correctors could be optimized such that graphene imaging was possible at an acceleration 

voltage as low as 40 kV. Due to time constraints and ease of operation, 80 kV was used to 
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examine the structure of the graphene lattice after the various in-house doping techniques 

and conditions were trialed. 

 

 

Figure 4.7 HR-STEM images of Graphene Supermarket© TEM grids using an ((a) (gamma 

adjusted) and (b)) 80 kV and (c) 40 kV electron source (gamma adjusted).  

 

 

4.2.2 NanoMill ®: Nitrogen Ion Source 

 

The Fischione Instruments Inc. Model 1040 NanoMill® was considered as the most 

favourable potential source, due to the fact that it can produce a low energy ion beam 

(minimum 50 eV) that also operates with a low current (pA adjustments available), 

providing more control of the source energy and overall fluence exposed to the sample. 

During these experiments the ion energy, overall fluence, and impact angle were examined. 

 

 

4.2.2.1 Experimental Conditions 

 

The Fischione Instruments Inc. Model 1040 NanoMill® (Figure 4.8 (a)) equipped with an 

electron impact source using an N2 gas supply was operated at 50 and 100 eV. A 

magnification of 100x was used to increase the exposure area of the TEM grid in the fast 
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scan imaging mode. A base vacuum of 2 x 10-6 torr was achieved with a specimen operating 

under vacuum upon exposure to the N2 gas of 4 x 10-4 torr. All experiments were performed 

at room temperature and a maximum tilt angle of 90° was examined. To complete the tilt 

experiments the supplied sample holder (Figure 4.8 (b)) was used up to 30°, and a new 

holder was made in-house13 (Figure 4.8  (c)) to rotate 360°, allowing the maximum 90° 

angle to be achieved. The fluence (ions·cm-2) was approximated using  

ὪὰόὩὲὧὩ 
    Ȣ Ⱦ

   (4.3) 

in which the current is measured in amps, time in seconds, and area in cm2. The beam size 

is unknown at a beam energy as low as 50 eV and a N2 gas source, therefore it was assumed 

that the area in equation (4.3) is the area scanned by the beam at 100x magnification (1.7 

mm by 1.7 mm resulting in an area of 0.0289 cm2). The beam size is likely smaller than 

the scanned area, thus the fluences reported may be underestimated. Additionally, the exact 

nature of the ionic charge within the plasma is unknown (assumed to be 1+), which could 

alter equation (4.3) by a division of the charge; however, this would then increase the 

current by the same amount, thus cancelling the effect. 

 

 

Figure 4.8 NanoMill® experimental set-up. (a) Fischione Instruments Inc. Model 1040 

NanoMill® (b) conventional holder and (c) in-house 360° holder.  

 

                                                 
13 360° holder machined by Andy Duft. 
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 The ion beam current was measured prior to sample loading and was adjusted using 

the NanoMill® controls. A specific time and current was selected to provide the desired 

fluence to the sample in a single experiment. The current could vary within approximately 

10 pA during a single exposure, therefore the approximate mean current was used during 

the calculation of equation (4.3) and the reported fluences are not exact. It is suggested that 

for future experiments the current by monitored for an entire TEM grid exposure to better 

characterize the current fluctuations and determine if the current is consistent throughout 

the entire ion exposure. Examining the current will ensure a more accurate calculation of 

the ion fluence. When operating at 50 eV the image cannot be focused, therefore care must 

be taken to ensure the sample is centered in the ion beam without exposing the sample to a 

high energy beam source. A dummy sample was first placed in the NanoMill® and focused 

at a high ion energy (200 eV) and centered in the screen. The energy was gradually 

decreased until 50 eV, when the sample was no longer visible. The dummy sample was 

then removed and the pristine Graphene Supermarket© TEM grid was placed in 

approximately the same location. The grid was then inserted in the NanoMill® and exposed 

to the N+ ion source for the indicated time based on the desired fluence. The samples were 

rotated from 10° to 90° with respect to the ion beam (Figure 4.8 (c)). 

Image analysis was performed using monochromated negative spherical aberration 

imaging with HRTEM at 80 kV on the Titan 80-300 Cubed. EELS experiments were 

carried out with an FEI 80-300 Cryo-Twin TEM equipped with a monochromator and an 

XFEG. The EELS acquisition was performed in STEM mode with the spectrum imaging 

technique implemented by the GATAN Digital Micrograph software, using the 

monochromator to achieve an energy resolution of 0.08 eV as measured from the full width 

at half maximum of the zero-loss peak. Prior to performing EELS experiments the sample 

was baked at 150°C for 17 hours to prevent beam contamination that had previously been 

problematic when the sample was not baked or baked at 100°C. A dispersion of 0.1 

eV/pixel was used for EELS acquisition of the C-K and the N-K edges. The spectra in the 

spectrum image were aligned and calibrated in energy to the C-K edge pi* peak (285 eV) 
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using built-in functions in GATAN Digital Micrograph. The spectra presented in this 

section were summed based on the intensity in the DF image which is related to the 

thickness of the graphene sheets. Python code written by Isobel Bicket (PhD student in the 

group) was used to sum spectra from a polygonal area [203]. 

 Auger quantification was used to determine the average N content as outlined in 

Chapter 4.1 Nitrogen Quantification on TEM Grids Using Auger Spectroscopy. The values 

reported for quantification have been normalized for C and N content; however, beam 

contamination could not be avoided so it should be noted that the N content may be slightly 

underestimated. For quantification purposes, six to nine locations were examined and 

averaged for each experiment. The signal and background on the holes were measured for 

reference to ensure a clean source signal was obtained, and all signals included in this 

examination contained a PD greater than 80%. 

 

 

4.2.2.2 Results and Discussion 

 

Multiple experiments were conducted to examine the effects of ion energy, fluence, and 

tilt angle on the average N % in graphene. Figure 4.9 (a) shows the results obtained from 

the various doping conditions, where the average N % (normalized to C and N) is plotted 

with the error bars obtained by the two-tailed one-sample Studentôs t-test with a probability 

of 0.05. The large error bars indicate the wide data spread acquired from the Auger 

quantification. It is believed that this spread may originate from the sample not being fully 

centered in the ion beam during doping due to the lack of spatial resolution when operating 

at 50 eV, the sample drifting during the doping experiment, and the instability in the 

current. For conciseness, the exposure time and current are supplied in the legend for each 

data point. A colour coding was utilized to more easily examine the plot, such that all 

orange points were acquired at a beam energy of 50 eV and a tilt angle of 30°, and the pink 

data points were acquired at a beam energy of 50 eV and a fluence of approximately 2 x 
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1015 ions·cm-2. Direct observation of Figure 4.9 (a) (orange points) indicates that increasing 

the fluence when operating at a fixed energy and tilt angle results in an increased N 

concentration; however, the maximum concentration of approximately 0.86 ± 0.20% 

(normalized to C and N) occurs at 50 eV and a tilt angle of 90°, which agrees well with 

literature [189], [191], [196]. It appears that the concentration plateaus at a fluence between 

approximately 1.2 x 1015 ions·cm-2 and 1.5 x 1015 ions·cm-2. The exact reason for the 

plateau is unknown, but it can be hypothesized that it may be related to the contamination 

production observed by Pan et al. [192] at 3.0 x1015 ions·cm-2 when operating at 30 keV. 

When examining the series of pink data points, it is evident that as the tilt angle increases 

the N concentration also tends to increase. This phenomenon has been predicted in 

literature for O ions by Bai et al., in which a maximum probability of O substitution at 50 

eV occurs at 90° [204]. It should be noted that at a tilt angle greater than 30°, the precision 

in the angle is quite poor due to the 360° rotation of the new holder. While a rough 

approximation of the angle was completed with a 10° scale marked on the holder with 

permanent marker, the exact angle is unknown, which could account for the overlap of the 

data points ranging from 40-50° and 70-90°, respectively. However, this trend can also be 

observed at a fluence of 5 x 1014 ions·cm-2, wherein the mechanical adjuster within the 

NanoMill® was used to set the angle. In this case, as the tilt angle increased, the N 

concentration also increased, thereby corroborating the trend observed at the higher dose. 

There is a violation of this trend when comparing the low dose (yellow star) and high dose 

(pink star) analysis for a 90° tilt, wherein the low dose doping resulted in a lower 

concentration than the 30° tilt samples at a similar dose. This may be an artifact of the angle 

adjustment or the data points may be influenced by the instability of the current, centering 

of the sample, or sample drift during doping. Furthermore, as the energy is increased when 

maintaining the dose, an increase in the average N % is observed to reach approximately 

1.6 ± 0.5% (normalized to C and N) at 100 eV. This effect cannot be explained based on 

the DFT calculations performed in literature that predict a higher probability of N 

substitution as opposed to vacancy formation at 50 eV versus 100 eV [193], [204]. Because 
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50 eV is the minimum operating condition of the NanoMill®, it is possible that the beam 

energy is more stable at 100 eV, which may account for the higher N content.  

 

 

Figure 4.9 Auger quantification of various NanoMill ® experiment configurations. The data 

points represent the mean values acquired from six to twelve measurements and the error bars 

show the sample error as calculated by the two-tailed one-sample Studentôs t-test with a 

probability of 0.05.  

 

In order to further increase the N concentration, experiments were performed in 

which the graphene was first exposed to an oxidizing environment using a 10 s and 60 s 

exposure to a 50 W O2/H2 plasma source. This method was used to induce defects with the 

O plasma source which could then be occupied with a N-dopant. Unfortunately, an O2 feed 

gas could not be used in the NanoMill® as it could damage the ion gun, therefore a two 

step-experiment with the plasma cleaner was utilized. According to Figure 4.9 (a) (green 

points) the O plasma exposure had little effect on the N concentration when normalized to 
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C. The reason for this may simply be due to the fact that the damaged sites from the plasma 

cleaner acquired an O-species when exposed to air during the transfer from the plasma 

cleaner to the NanoMill®. The O content was not examined during Auger quantification 

of the N-doped graphene without the exposure to the O plasma; however, comparison of 

the SEM images during Auger examinations (Figure 4.10 (a), (b), (c)) shows the damage 

induced by the plasma cleaner as pitting after 10 s and 60 s, respectively. 

 

 

Figure 4.10 SEM SE images comparing N-doped graphene to N-doped graphene with O2/H2 

plasma exposure. (a) N-doped graphene (NanoMill® 50 eV, 85 pA, 8 hours, 30° tilt), (b) N-

doped graphene with 10 second plasma pre-exposure (NanoMill ® 50 eV, 220 pA, 2.9 hours, 30° 

til t, 10 s O2/H2 50 W plasma), and (c) N-doped graphene with 60 second plasma pre-exposure 

(NanoMill® 50 eV, 220 pA, 3 hours, 30° tilt, 60 s O2/H2 50 W plasma).  

 

 HRTEM imaging (Figure 4.11 (a) and (b)) and EELS spectra (Figure 4.11 (e) and 

(f)) were utilized to examine the structure after N-doping without exposure to an O plasma 

source. Following a doping level of approximately 0.50 ± 0.21 % (normalized to C and N), 

the graphene structure is still intact, which can be observed in a window of amorphous C 

contaminants. The amorphous C likely originates from the TEM grids, as Graphene 

Supermarket© grids tend to have high surface coverage of hydrocarbons; however, 

increased coverage may have developed due to ion exposure [192]. The FFT acquired from 

the entire image displays the characteristic hexagonal pattern acquired from graphene 

sample, wherein multiple grains can be observed in the FFT of the low magnification image 

(Figure 4.11 (b)). However, care must be taken when examining this sample, due to the 
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fact that the grid is not in focus upon doping. Although unlikely, it is possible that the area 

examined with HRTEM was not exposed to the N+ ions. To conduct further evaluation of 

the doping process, EELS was completed on a sample produced using the NanoMill® with 

a beam energy of 50 eV, a fluence of approximately 2.0 x 1015 ions·cm-2, and a tilt of 90°. 

By employing Auger spectroscopy, it was determined that the sample was N-doped to 0.5 

± 0.6 % (normalized to C and N). This low N content in comparison to the equivalent 

sample in Figure 4.9 (a) (pink star) may indicate that the current was not maintained 

throughout the duration of the doping process, the sample  was not centered in the ion beam 

or the sample drifted during ion exposure; further emphasizing the approximation of the 

total fluence the graphene receives. EELS spectra from this sample were separated based 

on the thickness of the local graphene sheets, as observed in the dark field (DF) image 

(Figure 4.11 (c)). The shaded areas in Figure 4.11 (d) show the areas in which the spectra 

were summed to form the final spectra appearing in Figure 4.11 (e). The purple region is 

the thinnest, followed by the red region, with the blue area being the thickest, respectively. 

Upon examination of the three spectra it is apparent that an N-K edge exists in the thinnest 

area. The fact that the N-K edge was observed in the thin area and not the thick area was 

not surprising, as the concentration of N in this sample is quite low, and a deconvolution 

was not performed to remove plural scattering effects from the sample. Due to the weak 

N-K edge observed in the thin specimen and the lack of the N-K edge in the thick regions, 

the fine structure of the C-K edge can be utilized to examine the effect of the NanoMill®. 

The thicker regions in red and blue appear to have a sharp *́ and ů* peak at 285 eV and 

292 eV, respectively, which is characteristic of graphene. More interestingly, when 

examining the ELNES of the thin region (purple), the shape of the fine structure of the C-

K edge is modified. The ́* and ů* peaks are still present, but they have weakened and 

broadened with respect to the thick graphene regions. Moreover, the fine structure at higher 

energies after the ů* peak in the thin region is lost and a broad onset to the ů* peak is 

observed. These spectra did not undergo low-loss deconvolution to remove multiple 

scattering effects. This suggests that within the thin region the long-range order of the 
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graphene lattice has been lost, or the sheet has a thin layer of amorphous C, while the 

graphene lattice is maintained with short-range order. This has been observed in the N-

doped graphene in Chapter 3.2.1 Graphene and in graphene oxide in literature [205]. 

Furthermore, a shoulder on the ů* peak has been observed in atomic resolution EELS of 

N-doped graphene, as reported by Nicholls et al. [140]. The broadening of the ů* peak 

could be related to the formation of this shoulder from the presence of the N-dopants. 

Because atomic EELS was not performed for this sample the reason for the broadening 

cannot be directly specified, but based on the Auger results and loss of fine-structure in the 

C-K edge, it can be speculated that the N+ ions doped the graphene lattice. However, the 

loss of fine structure could be attributed to damage from the N-doping process and/or a thin 

layer of surface contamination. The broadening effects of the ́ * and ů* peaks were not 

observable in EELS when examining the thicker regions, likely due to the fact that only 

the top-most sheets exposed to the beam were damaged, and the fine structure of the 

undamaged lower graphene sheets overwhelms the C-K signal in these regions. Upon 

normalizing the thick and thin regions using a 5 eV window at 300 eV, it is evident that 

the ́ * and ů* peaks are of similar intensity, further confirming the fact that the graphene 

lattice is present after the doping process; however, the lack of fine structure after the ů* 

peak is indicative of a defective graphene lattice. 
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Figure 4.11 HRTEM and EELS analysis of NanoMill® N-doped graphene sample. HRTEM 

images at (a) low and (b) high magnifications were acquired after N-doping of approximately 

0.50 ± 0.21 % (normalized to C and N, error calculated from the two-tailed one-sample Studentôs 

t-test with a probability of 0.05) (NanoMill® 50 eV, 75 pA, 20 h, 30°). An EELS spectrum image 

was collected from a multi-layered region as observed in the (c) DF image and the EELS 

spectrum image was summed into (d) three polygonal regions based on the graphene thickness, 

resulting in (e) three separate EELS spectra. (f) Normalized EELS spectra acquired from the 

thinnest and thickest regions of the spectrum image.  

 
































































































































































































































































































