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ABSTRACT 

For the purpose of energy conversion from the hydrogen oxidation reaction (HOR) and 

oxygen reduction reaction (ORR), never-before synthesized platinum-cobalt nanowires grown on 

activated carbon were applied to a rotating ring-disk dual-electrode (RRDE) to study their 

performance, efficiency, and kinetics toward the ORR compared to a benchmark commercial 

catalyst.  

Also, majority {010} facet growth-directed lithium iron phosphate (LFP) was produced by 

a solvothermal synthesis via capping agents to host short lithium diffusion distances in lithium ion 

battery (LIB) cathodes for increased specific capacity at high power rates. The ultrathin nanosheets 

produced were characterized by SEM, TEM, AFM, XRD, Raman spectroscopy, and 

electrochemically tested by cycling them between two voltage thresholds.  Further, multiple 

carbon-addition techniques were employed to enhance conductivity and charge transfer to the 

nanosheet active material. These ultrathin, micron-sized nanosheets synthesized from a bottom-up 

approach, yielding the thinnest to date, 12 nm profile in the direction of lithium diffusion. 

Keywords: Nanosheet, Nanoplatelet, Nanowire, Growth Directed, Capping Agent, 

Electrocatalyst, Power Density, Alloying, Electrochemical Cell, Coin Cell, Graphene



 

ADVANCED NANOSTRUCTURES FOR ENERGY STORAGE AND CONVERSION 

 

by 

 

ROBERT JOHN WAINRIGHT 

B.S. Agricultural Engineering (Electrical/Electronics and Mechanical Systems), 

University of Georgia, 2013 

 

A Thesis Submitted to the Graduate Faculty of The University of Georgia  

in Partial Fulfillment of the Requirements for the Degree 

MASTER OF SCIENCE 

ATHENS, GEORGIA 

2015 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2015 

Robert John Wainright 

All Rights Reserved 



 

ADVANCED NANOSTRUCTURES FOR ENERGY STORAGE AND CONVERSION 

 

By 

 

ROBERT JOHN WAINRIGHT 

 

 

 

 

 

 

 

 

 

 

 

Major Professor:        Ramaraja Ramasamy 

                                                                                         

 

 

 

 

  Committee:  Tina Salguero 

                                                                                                              Zhengwei Pan 

          

          

 

 

 

Electronic Version Approved: 

 

Suzanne Barbour 

Dean of the Graduate School 

The University of Georgia  

August 2015



iv 

DEDICATION 

 My deepest gratitude goes to my friends, family, fellow students and peers, as well as 

professors who constantly gave their thoughts, time, and energy to help guide me through this 

degree. Without their amiable demeanors and words of encouragement and advice, these projects 

would have seemed much more difficult and may have never progressed as far nor taught me 

nearly as much! 

 I would like to give special thanks to my lab mates’ positive attitudes and elevating 

thoughts and actions. Thank you all for offering me your friendship and always lending support 

by taking the time to listen and provide optimistic feedback despite your hectic schedules. Thank 

you all so much for teaching me everything you did about science, for opening up and sharing 

yourselves, your cultures, and for genuinely caring about me and my research/experimentation and 

giving helpful suggestions and guidance to stay focused on the goal of graduation, even when 

things frequently did not go as planned. Many thanks to a true electrochemist/experimentalist, 

Yogeswaran Umasankar AKA “Yogesh” (our former Post Doc.), Naren (my biotechnologist ), 

Jarryd (thanks for revising my writing and it’s been a pleasure experimenting with a chemist), Yi 

Fang (thanks for the car rides, ordering supplies, and friendship), Yan Zhou (also thank you for 

the car rides, friendship, and chemistry expertise ), Maryam (helped me with battery material 

synthesis), Veronica (helped me with fuel cell catalyst synthesis), David (set up the fuel cell test 

station so I didn’t have to ;) ), Bryan (thanks for running the lithium ion battery project I partly 

designed so I didn’t have to), Leigh Karas, and Nick Stom. Thanks for the fun Spring 2014 

Electrochemical Society Conference Dr. Ramasamy, Yogesh, Naren, Yi, and Yan!



v 

 I am also extremely grateful for my immediate family for always listening, even when they 

knew nothing about my experimental difficulties. Thank you so much to my Mom, Dad, and older 

brother, Reeve, for always being there for me and constantly reminding me that all of the struggles 

of research were only temporary and that this would be over before I knew it and to simply enjoy 

the journey and exposure to equipment while it lasted: you were right; the time flew by and now 

that things started to click, I wish I had longer here to learn and take advantage of the equipment 

and experienced and knowledgeable students and professors. 

 It will be strange for me to soon never again walk through the door of the Nano-

Electrochemistry Lab (NEL) at The University of Georgia and greet all of my lab mates in the 

same place at the same time and never again have the freedom and equipment to study 

nanomaterials for energy under the direction of a professor that extended me creative freedom to 

study areas of personal interest in nanoscience and electrochemistry. 

 Thus, I attribute virtually all success herein to my principal investigator (PI) and mentor, 

with whom it was a great pleasure working for the past three years, Dr. Ramaraja P. Ramasamy. 

Through his advisership and consultation, I have apprenticed to become an electrochemist and 

nanoscientist in the fields of materials science and energy storage and conversion. One of the 

biggest privileges I was given was being able to work in the areas in which I am interested: 

inorganic nanomaterials for electrochemical energy storage and conversion, such as lithium ion 

batteries and nano-electrocatalysts. I will forever be grateful for him providing me the tutorage 

and opportunity to work and learn in his laboratory while making friends and colleagues as I built 

a well-developed, interdisciplinary research network.  

It was an honor to have met and worked with those in my lab as well as other professors in 

our research facilities such as Dr. Zhengwei Pan (a personal mentor whom I initially befriended 



vi 

on rides to and from his Nanotechnology class and our building, Riverbend Research Lab South) 

and his research group, as well as Dr. Tina Salgero and her students whom so kindly provided 

salient advice, let me reserve and share their equipment, use their supplies, and provided material 

characterization; I am also highly grateful to (primarily) two of her students, Timothy Pope and 

Gregory Neher (whom also collaborated and helped run much of the XRD, TEM, AFM,  and 

Raman characterization as well as some nanosheet synthesis, carbon coating, battery making, etc., 

shown herein), who taught me so much about lithium ion batteries as well as nanosheets and 

materials synthesis. Matthew Davidson in the Salguero Lab also helped provide insight into the 

reactions and to make me feel more at-home in a lab across campus. I am also grateful for Drs. 

Pan (Physics and Engineering) and Salguero (Chemistry) for agreeing to serve on my committee 

as materials scientists/experts to help guide me in materials synthesis and characterization 

techniques. 

Also, thank you Jared McKnight for being an awesome co-TA who would do anything 

above and beyond to greatly help the students as well as myself and our Fluid Mechanics 

professors! Also special thanks to Drs. Brock Woodson and Peter Carnell, who hired me as a TA 

for their Fluids classes and were great instructors and a pleasure for whom to work and provided 

my personal funding (minus research expenses) for the entire second year. 

 I am also very appreciative for all of my graduate-level course professors (including Dr. 

Minko, a polymers expert with whom I also formed a collaboration in superhydrophobicity via 

fluoro-silanation of Li3-1.7, terminology explained later) as well as everyone else that I met 

through different student organizations, collaborative corporations, and in daily  research. I am 

thankful for the chance to use all of the equipment that I had access to at The University of Georgia, 



vii 

as well as the chemical supplies from my own lab and borrowed from others, including the vast 

reserves of Dr. Jason Locklin.  

 Lastly but by far not least, I would like to thank my amazing girlfriend, Jessica Ozbolt, for 

being my closest friend, who weathered the trials and tribulations with me regarding difficulties in 

[my] research: synthesizing repeatable nanostructures and [the kicker] getting them to have high 

electrochemical activity. Thank you so very much Jessica for listening to my rather dry stories 

about the arduous lab days and nights, day in and day out. Thank you for having prepared dinner 

upon my arrival home on a near-nightly basis, for shouldering the majority of the house (and then 

apartment) chores, and taking care of the boys (Saint and Dozer, my knucklehead lab-mixes) when 

I frequently had to work from morning until bedtime (especially the second year when I TAed 

Fluid Mechanics on top of the usual research/experimentation and 6000 and 8000 level classes, 

etc.). Also, thank you for driving the majority of our vacations so I could do graduate work, and 

thank you so very much for all the rides to and from the Chemistry building to run experiments 

while avoiding the hour round-trip waiting for/riding the River’s Crossing bus! Many thanks for 

helping me in more ways than I can name, and I will always cherish all of our wonderful memories 

and am truly grateful and blessed to have shared the past four years with such a heartfelt, 

admirable, smart and talented, wonderful person! 

 I would also like to thank all of my friends in Athens, including, but not limited to: Brandon 

Savage (my best friend whom recently started Pharmacy School at Mercer in Atlanta, Georgia), 

Tim Enright (we serendipitously met on the bus, and he introduced me to polymers and many ideas 

of nanoparticles, surface modification, and organic synthesis), Andrey Zakhara (helped watch my 

dogs when I was really busy), Oleksandr Trotsenko (my friend and a roommate of the former two: 

all in Dr. Minko’s nanoparticle/polymers lab that moved down from New York a semester into my 



viii 

graduate program that has made all the difference), Ricky Kerns, Corbin Newton, Ross Furlong, 

Ryan Furlong (these four are childhood friends from back home), Patrick, Khush Brahmbhatt, Mac 

White, Miriam Perryman, Mark Trudgen, Michael LeCompte, David Henry, Matt Becton, Josh 

Willis, James Bale, (previous nine from the College of Enginereing, CENGR), Evan White, 

Anandi, Jeremy Yatvin (previous three from Dr. Locklin’s Polymers Lab), Greg Neher, Tim Pope, 

Matt Davidson, Matt Bloodgood (these four from Dr. Salguero’s Lab), Pradip Basnet, Lu Zhu (two 

previous from Dr. Zhao’s Lab), Emily and Kevin (Dr. Starai’s Lab), Sam White, Ash, Clayton 

Gilbert, Mikhil Desai, and many, many more! 

 And again, thank you all so much to everyone who helped give me advice, 

worked/collaborated with me, was a friend, or merely a friendly acquaintance I saw/knew in 

passing!



xi 

Acknowledgements 

I would like to thank Dr. Zhengwei Pan for graciously letting me use his tube furnace, 

giving me rides to class, letting me come talk nanotech, and most of all, for being a good friend. I 

would also like to thank Dr. Tina Salguero for supplying her expertise, equipment I was allowed 

to use, all of the resources I consumed for my research in her lab, and for her experienced/well-

trained/great Ph.D. students (Timothy Pope and Gregory Neher) who helped me tremendously! 

Also, special thanks to everyone in my lab (Dr. Ramasamy [PI], Dr. Yogeswaran Umasankar 

[former Post-Doc], Jarryd Ashby, Narendran Sekar, Yi Fang, Yan Zhou, Veronica Zhang, Maryam 

Manouchehri, Bryan Grommersch, David Flake, Leigh Karas, and Nick Stom), all of the students 

in my classes, my professors, my friends, my girlfriend Jessica Ozbolt, and everyone else involved! 

I will always remember everything you all did to aid in my success and look forward to coming 

back to visit and learning of all of your successes throughout the years! I can’t thank you all 

enough, and it would have been far more difficult and not possible without all of your support! 

 

 

 

 

  



xii 

TABLE OF CONTENTS 

Acknowledgements ........................................................................................................................ xi 

CHAPTER 1                                                                                                                                                

SYNTHESIS AND CHARACTERIZATION OF ADVANCED NANOMATERIALS ...................................... 1 

Nanomaterials ................................................................................................................................. 1 

Materials Characterization ............................................................................................................. 1 

X-ray Diffraction (XRD) .................................................................................................................... 1 

Scanning Electron Microscopy (SEM) ............................................................................................. 3 

Transmission Electron Microscopy ................................................................................................. 4 

Atomic Force Microscopy ............................................................................................................... 5 

Raman Spectroscopy ....................................................................................................................... 7 

Fourier Transform IR Spectroscopy ................................................................................................ 9 

Energy-dispersive X-ray Spectroscopy .......................................................................................... 11 

CHAPTER 2                                                                                                                                                 

GRAPHENE: FROM SYNTHESIS TO APPLICATIONS ........................................................................ 15 

Introduction .................................................................................................................................. 15 

Graphene Synthesis ...................................................................................................................... 17 

Exfoliation via Intercalation Compounds ...................................................................................... 17 

Synthesis of Graphene Oxide........................................................................................................ 17 



xiii 

Reduction of Graphene Oxide ...................................................................................................... 18 

Graphene from Silicon Carbide .................................................................................................... 21 

Chemical Vapor Deposition .......................................................................................................... 22 

Roll to Roll Chemical Vapor Deposition ...................................................................................... 23 

Graphene to Graphane .................................................................................................................. 24 

Exfoliation of Graphite .................................................................................................................. 25 

Applications of Graphene ............................................................................................................. 25 

Photo catalysis: Semiconducting Nanomaterials .......................................................................... 27 

Photovoltaics ................................................................................................................................. 28 

Dye-Sensitized Solar Cells ........................................................................................................... 29 

Water-Splitting .............................................................................................................................. 30 

Electronics..................................................................................................................................... 31 

Biosensors ..................................................................................................................................... 35 

Medicine ....................................................................................................................................... 40 

Graphene in Space ........................................................................................................................ 41 

Future Developments ................................................................................................................... 42 

Conclusions ................................................................................................................................... 42 

CHAPTER 3                                                                                                                                     

ADVANCED NANOMATERIALS FOR ENERGY STORAGE AND CONVERSION IN LITHIUM ION 



xiv 

BATTERY (LIB) CATHODES AND LITHIUM IRON PHOSPHATE SYNTHESIS AND CHARACTERIZATION

 ...................................................................................................................................................... 45 

Introduction .................................................................................................................................. 45 

Lithium Iron Phosphate (LFP) ........................................................................................................ 47 

Hydrothermal Synthesis of LFP ..................................................................................................... 48 

Solvothermal and Hydrothermal Syntheses and Suppression of LFP Growth in the <010> ........ 51 

Experimental Synthesis of LFP Nanosheets .................................................................................. 53 

Results ........................................................................................................................................... 54 

Raman Characterization ................................................................................................................ 68 

Conclusions ................................................................................................................................... 69 

CHAPTER 4                                                                                                                                                   

LITHIUM IRON PHOSPHATE NANOSHEET ELECTROCHEMICAL EVALUATION IN LITHIUM ION 

BATTERY (LIB) COIN CELLS ............................................................................................................ 70 

Lithium Ion Diffusion Coefficient in LFP ........................................................................................ 73 

Conductivity .................................................................................................................................. 73 

Experimental ................................................................................................................................. 74 

Preparation of LFP-NS/C ............................................................................................................... 74 

Surface Carbon Coating ................................................................................................................ 74 

Graphene Addition ........................................................................................................................ 76 



xv 

Battery Assembly .......................................................................................................................... 77 

Battery Preparation ....................................................................................................................... 79 

Results ........................................................................................................................................... 80 

Conclusions ................................................................................................................................... 82 

CHAPTER 5                                                                                                                                                   

PLATINUM AND PLATINUM-COBALT NANOWIRES FOR ENERGY CONVERSION IN PROTON 

EXCHANGE MEMBRANE FUEL CELLS (PEMFCs) ............................................................................ 84 

An Introduction to Proton Exchange Membrane Fuel Cells ......................................................... 84 

Electrochemistry of Hydrogen Fuel Cells ...................................................................................... 86 

Non-Noble Metal Catalysts ........................................................................................................... 90 

Small Diameter Supported Platinum Nanowires .......................................................................... 91 

Mixed Composition Nanowires..................................................................................................... 92 

Core-Shell Nanostructures ............................................................................................................ 93 

Hollow Nanostructures ................................................................................................................. 94 

PtCo/C Nanoparticle Synthesis ..................................................................................................... 95 

Carbon Functionalization .............................................................................................................. 96 

Experimental Synthesis of PtNWs/C ............................................................................................. 96 

Experimental Synthesis of PtCoNWs/C ......................................................................................... 97 

Catalyst Ink and Electrode Preparation ........................................................................................ 98 



xvi 

Electrochemical Characterization ................................................................................................. 98 

Results and Discussion .................................................................................................................. 99 

Characterization ............................................................................................................................ 99 

Electrochemical Analysis............................................................................................................ 104 

Conclusions ................................................................................................................................. 113 

APPENDIX .................................................................................................................................... 115 

Appendix Figures ......................................................................................................................... 115 

 



1 

CHAPTER 1                                                                                                                                                

SYNTHESIS AND CHARACTERIZATION OF ADVANCED NANOMATERIALS 

Nanomaterials 

Recent advances in materials synthesis have led to much invested interest in their synthesis 

and characterization in pursuit of novel properties. Nanomaterial uses range from increasing 

surface area to catalyzing chemical reactions to providing new and interesting properties like 

superhydrophobicity, superconductivity, and plasmonic resonance.  These and other interesting 

traits have drawn much attention to controlled and scalable synthesis of nanomaterials.  

There have been many successful techniques devised to synthesize nanomaterials. Many 

approaches are available to synthesize nanostructures of controlled morphology, including 

aqueous phase synthesis (capping agents, emulsions, stabilizers), aqueous/organic solvent 

interface synthesis, hydrothermal or solvothermal synthesis, polyol reduction, chemical vapor 

deposition (CVD), metal-organic chemical vapor deposition (MOCVD), thermal vapor deposition 

(TVD), physical vapor deposition (PVD), electrodeposition, extreme ultraviolet lithography 

(EUVL), focused ion beam (FIB) machining, directed self-assembly (DSA), molecular beam 

epitaxy (MBE), atomic force microscopy (AFM), nano-printing, atomic layer deposition (ALD), 

vacuum arc deposition, solid-state synthesis, vapor-liquid-solid (VLS) method, etc. 

 Often, wet synthesis methods are more practical from an industrial standpoint to scale up 

synthesis in bulk batches, whereas other techniques feature much more slow growth of the 

nanostructures, like CVD, where nano- or micro- structures are deposited on a surface and are
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limited to the available surface area and slow growth-kinetics due to low-density chemical species 

in the gas-phase. Therefore, from an engineering, practical product development standpoint, often, 

a wet-phase or solution-based synthesis offers a much larger scale of production and can produce 

structures more economically than gaseous-state reactions. 

Materials Characterization 

There are many materials characterization techniques that are often employed to gather 

information about synthesized or unknown materials. For brevity and relevance, only the major 

characterization techniques used herein will be discussed, but there are numerous other methods 

that can be similarly utilized to gain further understanding of materials. 

X-ray Diffraction (XRD) 

X-rays are scattered by electrons in crystalline materials and form diffraction patterns that 

can be used to characterize the material by comparing it to a library of standard, known material 

XRD patterns. Source x-rays propagate in phase to the sample and get elastically scattered by 

atoms in crystalline configurations. A detector is used to detect discreet energy levels as a function 

of the Bragg angle.  The Bragg angle (ϴ) is related to the geometry between the diffraction angles 

by the relationship: 

                2dhklsinϴ = nλ                          [1.1] 

Here, dhlk is the interplanar spacing in the crystal lattice, n is an integer number of wavelengths, 

and λ is the wavelength of the incident x-rays.1  

This was discovered by W.H. Bragg and W.L. Bragg to explain why crystal face cleavage 

causes different reflection angles of incidence denoted theta (ϴ).1 The geometric relationship of 

the equation is shown in Figure 1.1: 
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Figure 1.1. Schematic of the mechanism of Bragg diffraction.2 

This is known as x-ray interference, or Roentgenstrahlinterferenzen, also known as x-ray 

diffraction (XRD). This is a very powerful characterization technique that is capable of 

characterizing periodic, repeating crystals as was hypothesized centuries earlier. This discovery 

was invaluable to materials characterization, and the Braggs’s received the Nobel Prize in Physics 

in the year 1915 for characterizing the crystal structures of ZnS, NaCl, and diamond. Bragg’s Law 

is commonly used to differentiate the x-ray scattering pattern of crystals, but the structure of all 

states of matter can be studied with beams from the electromagnetic spectrum, including electrons, 

neutrons, protons, and ions, etc., by using wavelengths of similar length to the crystal lattice 

spacing of the structures under study.3 This technique is one of the most powerful material crystal 

structure identification methods due to a highly repeatable signal that is easily matched to XRD 

crystallographic pattern material libraries that contain the signature patterns for nearly all known 

crystalline materials, allowing a material scientist the ability to check crystalline sample 

composition in less than thirty minutes in most cases.2  
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Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy uses the various electron emissions from a sample which is 

stricken by a focused beam of electrons derived from an electron gun under ultra-high vacuum 

(UHV) conditions (which also prevent beam interference by gaseous species).  The electron beam 

is focused to the sample by the condensing lenses and scanning coils, allowing the researcher to 

change the focus of the sample.  When the electron beam hits the sample, electrons from the sample 

are emitted, and these secondary electron emissions can be scanned and analyzed by the electron 

probe microanalyzer (EPM). Figure 1.2 displays the configuration of the SEM: 

 

Figure 1.2. Schematic of  a typical SEM design.4 

SEM utilizes these secondary electron emissions as well as backscattered electrons from 

the sample to generate an image of the sample in question. By changing the excitation level of the 

coils, the electron beam can be increased or decreased in diameter.  A lower excitation level of the 
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coils diffracts the electron beam less strongly, resulting in a higher-resolution image.5 Images of 

the sample are obtained through the use of the Everhart-Thornley (E-T) electron detector, 

capturing backscattered electrons (BSEs) and secondary electrons (SEs) with the positively 

charged E-T detector that collects the emitted electrons.  These electrons, after interacting with the 

sample, are mapped via fluorescent imaging in the cathode ray tube (CRT) of the SEM. The images 

produced are semi-three-dimensional and allow the researcher a high resolution image that gives 

insight into the overall as well as surface morphology and is one of the most widely used 

techniques in nanomaterials characterization. 

Transmission Electron Microscopy 

Transmission electron microscopes (TEM) consist of an electron gun that acts as a cathode, 

firing an electron beam through the Weinheldt cylinder to focus the beam and adjust the resolution 

of the image.6 This beam transmits through the sample to the viewing lenses, allowing the observer 

to obtain the two-dimensional qualitative analysis of the sample.7 . The operation consists of an 

electrical supply that supplies high voltage to the cathode which is heated and ejects electrons 

under UHV; the electrons are concentrated by the first lens (electromagnetic coil) to form a more 

intense beam, and then a second lens (electromagnetic coil) is applied.  

The specimen sits on a copper grid, and the electrons that pass through the specimen 

interact with the grid, and the third lens (projector lens) magnifies the image on a fluorescent screen 

at the machine’s base. The sample may be rotated and moved using goniometers to obtain images 

of specific areas of the sample. Analysis of the electrons that pass through the sample consist of 

the intensity of the electron in question: a higher intensity electron transmission would suggest a 

lower mass thickness. This final TEM image is then viewed directly through either a viewing portal 

via binoculars on the side or a signal processor and TV monitor.8 TEM is another qualitative 
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analytical technique used to characterize samples and enhance images of organic and inorganic 

samples.  The samples obtained in TEM are two dimensional, with analysis of the sample 

dependent on the darkness of the image of the sample. TEM can then be used to quantify the size-

distribution of the nanoparticles of the sample by transforming the darker portions of the scans to 

a two-dimensional image of the sample in whole.9  Measurements of the nanoparticle sizes are 

then quantified by measuring the size of the pixels of the image.9 TEM allows for a higher quality 

resolution over SEM, and the crystal structure of the sample in question can be analyzed through 

selected area electron diffraction (SAED). However, these images lose one spatial dimension 

compared to SEM. 

Atomic Force Microscopy 

Atomic force microscopy (AFM) allows for the analysis of a sample’s physical surface 

properties.  An AFM microscope utilizes the force derived from a laser beam aimed at a lever 

which moves across a sample. The probe can maintain contact with the surface through electrical 

controls as it is controlled to move across the surface of the sample. As the lever moves across the 

sample, the force applied to the point of the lever deflects the laser, which is recorded by a 

photodetector.10 The photodetector then records the various angles and positions of the deflected 

laser off the cantilever as shown in Figure 1.3.10 
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Figure 1.3. Schematic of an AFM setup.11 

This technique allows for a wider range of samples, as a vacuum is not needed to conduct 

the analysis.  AFM is conducive to analyzing a broader array of media that would not be available 

for more volatile characterizations.  Some probes can also use different properties to analyze the 

sample, including the magnetic field, electrical properties, or intermolecular interactions. Images 

obtained from the photodetector are typically displayed in a multicolored, two-dimensional layout 

that can then be reprogrammed into a three-dimensional display of the physical features of the 

surface to the level of nanometers. The different colors depict different topographical heights of 

the sample surface as shown in Figure 1.4.11 



7 

 

Figure 1.4. Schematic of an AFM tip cantilever and a surface.12 

Raman Spectroscopy 

Raman Spectroscopy is a technique that can be used for qualitative and quantitative 

analysis. When a monochromatic light source is shined on a sample, the light that scatters is almost 

all of a single frequency – that of the excitation source. This phenomenon can be described as 

elastic scattering. The rest of the light undergoes a shift in energy due to chemical interactions that 

occur between the incident monochromatic light and the various molecules in the sample. These 
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molecular bonds all contain vibrational energy of distinct characteristic levels, so when they 

become excited, the frequencies of scattered light vary in accordance with the percentage of types 

of bonds present. This is known as inelastic scattering, and the discrepancy between the two types 

of scattered light can be plotted to create a spectrum similar to an IR transmission. An image is 

shown below in Figure 1.5 that graphs them together, allowing for easy comparison of the two.13 

 

Figure 1.5. Raman Spectroscopy and IR transmission are depicted together.13 

Because Raman bands are created by the oscillations of an induced dipole, they are not as 

intense as the bands that arise from symmetrical molecules. Asymmetric molecules also have 

bands, but because the oscillations are not as strong, they appear much weaker than their IR 

counterparts. IR band are caused by the interaction of light and the dipole, but the entire difference 

between the two lies in the oscillating nature of symmetric molecules, as well as heavier molecules 

that vibrate more as well as multiple-bond vibrations.13 

Similar to IR, Raman Spectroscopy can measure a sample’s chemical constitution 

quantitatively and qualitatively. The Raman bands are proportionate to the molecular bond 

concentrations, and their sharpness can be easier to analyze than the broader bands from an IR 
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transmission. Because Raman can analyze the type of bond based on how heavy it is, and therefore 

how significant the oscillations are, it can provide valuable insight that IR cannot. Ultimately, these 

two techniques are best used complementarily to reveal a sample’s molecular signature.13 

Fourier Transform IR Spectroscopy 

As was seen with Raman Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR) 

is also a quantitative as well as qualitative characterization method that relies on the varying extent 

that chemical bonds in matter absorb infrared radiation.  When samples are exposed to infrared 

radiation, molecular bonds react in predictable and documented patterns of emitted energy.  This 

energy is recorded and analyzed in FTIR spectrometers; these work by emitting infrared radiation 

from a source, which is split into two beams with a device called an interferometer, where the 

beams each hit their respective mirror:  one stationary and one mobile.   

 

Figure 1.6. Schematic of an interferometer.14 

When the beams of light interact upon returning to the mirror, they create constructive and 

destructive interferences at different wavelengths as the mobile mirror moves in a highly controlled 

fashion during the analysis.15  These different frequencies of the recombined circularly polarized 
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light allow samples to be irradiated by light separately at different individual wavelengths.  As the 

sample absorbs the infrared radiation and the bonds of the molecules become excited, the atoms 

vibrate, and the FTIR spectrum depicts this excitation in the form of spectral absorption. With the 

adjustable beams of light, several different wavelengths can be applied to the sample over a period 

of time, and the detector is able to incorporate all frequencies of the analysis and computes the 

complete IR spectrum of the sample using the Fournier transform algorithm, Equation 1.1.14 

          f(ν) = ∫ 𝑓(𝑡)
∞

−∞
e+i2πνt dt                        [1.1] 

With the utilization of the different frequencies, one can obtain the interferogram with the 

detector.  Equation 1.1 gives the relation between the frequencies sent by the radiation source 

and time of the tests.14  

 

Figure 1.7. Schematic of a spectrometer arrangement.16 
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Energy-dispersive X-ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) is a technique used to identify particular 

elements and their proportions in a sample. First, a scanning electron microscope (SEM) is used 

to generate an image.  From here, an X-ray spectrum of the image will be generated to give the 

characteristic and continuum X-ray results – the characteristic X-rays will show up as energy 

peaks over the background continuum X-rays and will depict the various elements in the sample. 

These elements will be distributed based on their atomic number, with the Y-axis showing 

counts and the X-axis giving the energy levels at each of the corresponding counts.17  

 To produce a characteristic peak, first, a high-energy incident electron is fired at the 

sample. This will eject an electron from an inner shell, and the void will be replaced with an 

electron from an outer shell. The “superfluous energy” emitted as the outer shell electron moves 

to the inner shell will be captured as an X-ray characteristic of the atom, and the X-rays of different 

energy levels will form characteristic peaks at distinct energy levels in the spectrum.17 

 EDX can also be used to gain information about a specific part of the sample by keeping 

the electron beam at one spot rather than scanning the entire sample. This is useful for finding the 

density of an element at a certain part of the sample and can be used repeatedly to create a map of 

the elements as they lie in the sample. An example of such a map is shown below: 17 
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Figure 1.8. Elemental Mapping via EDX.17 

As you can see, the multiple scans of the same sample show how the various elements are 

distributed throughout unevenly.17 

 In order to determine the element from the characteristic radiation line, Moseley’s Law 

needs to be employed. Moseley’s law states that: 

                  𝐸 =  𝐶1 (𝑍 −  𝐶2)2        [1.2] 

In the equation, E serves as the energy of the emission line for a given X-ray series, Z is the atomic 

number, and C1 and C2 are constants. With increasing atomic number, the X-rays for each series 

increase. K, the inner shell, is the series with the highest excitation potential, and the further out a 

shell is, the lower its overall potential. This trend is vital to analyze the elements in the sample.17 

 EDX has a limit of detection of around 1000-3000 ppm, and the background continuum 

needs to be accurately assessed. This can be done through either an estimation process where the 
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background is subtracted wherever it does not fit the peaks, or it can be accounted for by a fitting 

model using an algorithm to define the continuum as an analytical function. In order to get the 

Peak to Background Ratio, the following equation must be used.17     

   P/B = 1/Z [(E0 – EC) / EC] n-1                              [1.3] 

In this equation, EC is the critical ionization energy, E0 is the accelerating voltage, Z is the atomic 

number, and n represents a constant based on a particular element and shell.17-18 

 The X-ray detector itself is comprised of a collimator assembly, an electron trap, a 

transparent window to allow X-rays in while preserving a vacuum inside the detector, a crystal 

typically made of “silicon, into which is drifted lithium”, a Field Effect Transistor (FET), and a 

cryostat. An image of an X-ray detector is shown below.17    

 

Figure 1.9. X-Ray Detector Schematic.17 
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The collimator assembly is the first object the X-rays come into contact with. It ensures 

that the detector only picks up X-rays from the appropriate excited area. Next, the electron trap, a 

pair of magnets, deflects any electrons that might cause unwanted “background artifacts.” After 

the X-rays pass through the window, they strike the Si (Li) crystal, creating energy. This energy is 

absorbed by the crystal through “a series of ionizations” that create electron-hole pairs, after which 

the electrons move into the conduction band of the semiconductor.  

The hole acts as a free positive charge within a crystal lattice, and then a voltage is applied 

to both ends of the crystal to produce a charge signal. This signal intensity is “directly proportional 

to the energy of the incident X-ray.” Once the signal is received, it undergoes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

amplification. The FET does this by measuring the charges of the X-rays and outputting it as 

voltage. The FET and crystal need to be cooled periodically so that the signals can be separated 

from the electronic background noise inherent to the detector – this is done using a cryostat with 

liquid nitrogen.17 
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CHAPTER 2                                                                                                                                                 

GRAPHENE: FROM SYNTHESIS TO APPLICATIONS 

Introduction 

 Diverse and overwhelming attention from nearly all corners of science has been devoted 

to graphene due to its remarkable electrical, thermal, optical, and mechanical properties, to name 

a few. This chapter investigates many paths to the synthesis of graphene, as well as the many 

potential applications that result from a material with such extraordinary characteristics. Synthesis 

techniques include the synthesis of graphene oxide and the reduction of graphene oxide by thermal, 

chemical, electrochemical, and photonic means, as well as the synthesis of graphene from graphite 

exfoliation, epitaxial growth on silicon carbide, chemical vapor deposition, and also the 

transforming of graphene into graphane. The potential applications of graphene include, but are 

by no means limited to, photo catalysis, electronics, fuel cells, composites, membranes, water 

filtration and purification, and medicine. This review serves as an overview of many of the 

synthesis techniques and myriad applications of graphene, introducing many of the key concepts 

that pertain to these two areas. 

Graphene has been one of the most widely studied nanomaterials since its isolation in 2004 

by Andre Geim and Konstantin Novoselov at the University of Manchester.19 Prior to the isolation 

of graphene, carbon nanotubes were at the top of the research totem and remain one of the most 

studied nanomaterials. By the two structures having virtually identical properties beside 

conformation, the science community was already well versed in the highly thermally and
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electrically conductive, nearly transparent (transmits approximately 98% of incident 

electromagnetic radiation also known as light in the visible spectrum), and mechanically robust 

properties of the phenom nanomaterial, graphene. 

There are so many amazing properties that go along with this profound material, but one 

of the major impedances to its properties and widespread implementation is the difficulty in the 

synthesis of graphene in pure form. Many attempts have been made to synthesize high-quality 

graphene of substantial size, but these attempts have all fallen short of perfect formation and 

shortchange the material by drastically compromising its properties. 

Synthesizing graphene oxide (GO), by the modified Hummers’ method, is a highly used 

technique to create the oxidized form of graphene that can then be reduced by several methods to 

reduced graphene oxide (rGO). This form of graphene has inherently poor quality due to the harsh 

oxidation treatment, and flakes are typically synthesized on the few-hundred nanometer to several 

micrometer scale.20 Certain techniques for the exfoliation of graphite can produce higher-quality 

graphene, but this process is extremely slow and the small flake limitation still exists. 

Chemical vapor deposition (CVD) has received increased interest due to its ability to make 

small domains of high-quality graphene, but due to random deposition of carbon atoms, 

discontinuous grain boundaries form, making the bulk film properties mediocre. Further, graphene 

synthesized by CVD typically forms multi-layer graphene unless formed on copper, which helps 

to limit the graphene to a single layer at very low pressure.21 There have been attempts to scale up 

CVD processes using copper foils that run roll to roll, but these attempts have not been very 

successful in generating high-quality graphene.22 
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Graphene Synthesis 

Exfoliation via Intercalation Compounds 

One method to synthesize graphene consists of intercalating graphite with 

tetrabutylammonium hydroxide (TBA).23 For this, they exfoliate commercial expandable graphite 

(160-50 N, Grafguard) which is intercalated with sulfuric acid and nitric acid, which exfoliates 

violently upon heating due to the released gaseous species from the intercalant during a 60 second 

heating to 1000 ºC in forming gas (mixture of hydrogen and nitrogen gas) to yield few-layer 

graphene. Then, the exfoliated graphite was ground and intercalated with oleum (fuming sulfuric 

acid with 20% free SO3) and inserted TBA in the oleum intercalated graphite in N,N-

dimethylformamide (DMF).  They then sonicated the oleum intercalated, TBA inserted graphite 

in a DMF solution of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-

ethyleneglycol)-5000] for 60 minutes, forming a homogeneous suspension. After centrifuging to 

remove large material from the supernatant, 90 % single-layer graphene, which is easily transferred 

to water and organic solvents.23 

Synthesis of Graphene Oxide 

The Hummers’ method can be used to prepare graphitic oxide in which oxidation of 

graphite occurs by mixing graphite in H2SO4 and slowly adding KMnO4 and NaNO3 while keeping 

the temperature below 20 ºC; then, a large amount of distilled water and hydrogen peroxide are 

added, followed by filtering the graphitic oxide and washing it with HCl to remove remaining 

ions.24  The modified Hummers’ method utilizes a pre-conditioning step in which the graphite is 

initially heated at 80 ºC in concentrated H2SO4 with P2O5, and K2S2O8 before being subjected to 

the Hummers’ method.20 Without this pretreatment, only oxidation at the periphery occurs, leaving 

a graphite core. Thus, the modified Hummers’ method is widely employed to make graphene oxide 
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to ensure the formations of single-layer GO. Also, single-layer graphene oxide can be attained by 

the Hummers’ method followed by the use of ultrasound to cleave the few-layer graphitic oxide 

into graphene oxide.25 An alternative route claimed to be a more environmentally friendly version 

of the “Hummers Method”, uses a 9:1 mixture of H2SO4:H3PO4 that is combined with graphite 

flakes and KMnO4, heated and stirred for 12 hours, poured over ice and H2O2, and then worked up 

by being sifted through a sieve.26 

Graphene oxide contains oxygen functionalization including epoxide, hydroxide, and 

carboxyl groups, which can then be reduced or removed to make reduced graphene oxide (rGO). 

This reduction process often removes the majority of the oxygen groups but does not typically 

remove them all. 

Reduction of Graphene Oxide 

Thermal Reduction 

One method to reduce graphene oxide is to heat it to high temperatures to break the carbon-

oxygen bonds to remove these functionalities. A comparison of thermally reducing graphene oxide 

heated at 600 ºC and at 1200 ºC in a furnace shows that the latter demonstrates approximately 

double the current increase per applied voltage, signifying the oxide was more fully reduced at the 

higher temperature due to the higher conductance.27 

Graphene oxide can also be reduced thermally by microwave irradiation in N,N-

dimethylacetamide and water, where the reduced graphene oxide can be achieved in a matter of 

minutes at lower temperatures using an 800 W microwave source.28 Microwaves excite the 

molecules, allowing the carbon-oxygen bonds to break at lower temperatures 
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Chemical Reduction 

Chemical reduction is a widely used method of making reduced graphene oxide. By 

reducing exfoliated graphene oxide with hydrazine hydrate (N2H4·H2O), it is claimed that rGO is 

formed with a graphitic form that is comparable to pristine graphite.29 In another study, it was 

found that when the ratio of hydrazine to GO in solution is 7:10, it provides an optimal ratio for 

the generation of stable dispersions of very conductive graphene sheets.30 This is believed to be a 

scalable process that does not require surfactants or polymeric stabilizers.  

Sulfur compounds, such as NaHSO3, SOCl2, SO2, Na2S2O3, and Na2S, have also been 

found to be a good reductant of GO, and the first two are comparable to hydrazine hydrate in the 

reduction of GO yet do not release vapors as toxic as hydrazine.31 This makes for a less hazardous 

and environmentally friendly synthesis technique. 

Electrochemical Reduction 

When reducing graphene by electrochemical means, an electrode serves as the reductant to 

supply electrons to the oxidized form of a chemical species to obtain the reduced form. 

Electrophoretic deposition (EPD), a form of electrochemical reduction, produces high-quality 

reduced graphene oxide at low cost and rapid speed with the easy ability to tailor the shape.32 

Electrophoresis is the movement of particles in solution due to an applied electric field. This field 

attracts the graphene oxide to the cathode, where it is reduced. High-quality electrochemically 

reduced graphene can also be produced by depositing graphene oxide on an electrode, inserting it 

into a phosphate buffer solution, and cycling the voltage between 0V and -1.5V multiple times 

(100 times).33  

For various electrophoretically (electrophoresis is the migration of ions in solution) 

deposited graphitic composites such as graphene-MoS2
34 and MWCNT- MnO2

35, the controlled 



20 

co deposition of the materials is crucial for the best capacitive performance. This co deposition 

requires a very homogeneous dispersion of these components to make uniform composite 

structures. 

Reduced graphene oxide(rGO) and Ni(OH)2 structures with high specific capacitance can 

be electrochemically synthesized from a graphene oxide (GO) and Ni(NO3)2 suspension.36 This 

produces 5-10 nm Ni(OH)2 nanoclusters that are anchored on RGO. They have a high specific 

capacitance of 1404 F·g-1 at 2 A·g-1, high stability in electrochemical cycling, and high charge-

discharge rate capability.  

Electrophoretic deposition has also been used to generate Au nanoparticles decorated on 

graphene film for a counter electrode for a CdS quantum dot-sensitized solar cell.37 It was found 

that this structure showed higher activity in the solar cells than with traditional Pt or Au counter 

electrodes, which they believe is due to the high electro catalytic activity of the gold nanoparticles 

and the conductivity of the reduced graphene network. 

It has also been shown that electrophoretically deposited graphene has a lower turn on 

voltage and threshold voltage for electric field emission than a graphene powder coating due to 

the uniform thickness and many perpendicular edges to the bulk film.38  

Laser or Photo-Reduction 

Using a laser to photo-reduce graphene oxide has proven a simple and economical method 

to create high-quality graphene with the ability to incorporate patterns of graphene separated by 

graphene oxide to tailor electronics.39 This work by Kaner’s group at UCLA uses a Light Scribe 

DVD burner laser to etch supercapacitor patterns by reducing graphene oxide into conductive, 

charge storing reduced graphene oxide. 
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Extreme UV photolithography using 46.9 nm light can reduce patterns in GO with sub-

micrometer resolution.40  These patterns can go down to a width of 250 nm with a sacrifice in edge 

resolution. Achieving the controlled patterning of graphene on the nanometer scale is a key 

requirement for mass-production of graphene nano-devices. 

Graphene can also be synthesized from graphene oxide by using UV-irradiation on TiO2 

nanoparticle suspensions in solution.41 This mild UV treatment helps to increase the conductivity 

of the reduced graphene oxide, and the TiO2 nanoparticles prevent the collapse of RGO upon 

reduction. In another study without semiconducting nanoparticles, it is believed that UV light 

photo ionizes the solvent, which allows solvated electrons to reduce the suspended GO.42  

Graphene from Silicon Carbide 

At elevated temperatures, the epitaxial growth of graphene occurs at the surface of silicon 

carbide. One group found that the growth of epitaxial graphene occurs at 1275 ºC at a pressure of 

10-10 mbar.43 The temperatures and pressures required for growth vary, but a high temperature and 

low pressure in this vicinity are required without further experimental modification. 

Certain techniques can reduce the temperature required for the epitaxial growth of 

graphene from SiC. It has been demonstrated that graphene can be synthesized on the surface of 

silicon carbide micro- and nano-particles by heating SiC to 800 ºC under Cl2 gas, which serves to 

etch SiC(s) into SiCl4(g) and C(s), with the carbon in the form of wrapped graphene (WG) that can 

be exposed by an electrochemical  erosion technique (ECE).44 Also, millimeter sized graphene 

films were synthesized at 750 ºC by applying a nickel coating on a silicon carbide surface, where 

the graphene was said to have been continuous over the Ni.44 
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Chemical Vapor Deposition 

Chemical vapor deposition (CVD) has been shown to generate graphene on surfaces from 

carbonaceous, gaseous precursors by strict regulation of temperature and pressure. This process is 

one of the few processes to make large sheets of graphene, although many discontinuities exist in 

the film. 

It has been demonstrated that graphene growth on Cu substrates is not a precipitate process 

but rather a catalytic process and is self-limiting at low pressure21 (i.e. mostly just a single layer 

will form and remain regardless of carbon gas exposure time). It has been demonstrated that on a 

copper surface, graphene can be grown in under three minutes in a vacuum from CH4 and H2 at 

temperatures over 1000 ºC.45 Graphene can also be grown on arbitrary surfaces, but at higher 

temperatures due to the lack of catalytic effect from copper. 

When graphene is grown between two adjacent pieces of copper foil, higher uniformity is 

achieved due to the smooth surface provided by a high vapor pressure of copper atoms between 

the faces that continually redeposit and fill rough spots that would generally accrue on the foil.46 

These rough spots generally lead to discontinuities in the graphene film. It was believed and 

demonstrated that films of Cu (<111> facets) have more ability than foils of Cu (<110> facets) to 

hold hydrogen when annealed with the gas; this serves to generate more uniform carbon deposition 

into graphene sheets.47 Hot filament thermal CVD has also been shown to generate large area, 

monolayer films on Cu.48  A copper-nickel alloy film allows carbon to dissolve into the nickel and 

upon cooling, formation of multiple layered graphene surface precipitate can be formed of 

controlled thickness.49 

A common transfer mechanism includes using a polymer such as PMMA to transfer 

graphene to another support from copper, but this leaves polymeric residue that p-dopes the 
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graphene; this can be somewhat counteracted by a treatment with a solvent that is amine-based 

that n-dopes the graphene.50 Transferred graphene made by CVD has been shown to demonstrate 

electrical qualities similar to exfoliated graphene on a substrate of SiO2 after using IPA instead of 

water as the transfer medium and a 300°C anneal under ultra-high vacuum.45 These are examples 

of the importance of the transfer mechanism when transferring graphene from the deposition 

substrate to a support substrate. 

Roll to Roll Chemical Vapor Deposition 

Graphene can be grown on copper foils that run from roll to roll through CVD chambers. 

High optical and electrical characteristics were attained from plasma-assisted CVD of graphene 

during a 5-10 mm·s-1 roll to roll process.22a Hot filament thermal CVD (HFTCVD) has also shown 

promise for the high-throughput synthesis of single-layer graphene.48 This group also believes that 

this method can be used to incorporate other atoms such as H, N and B into the graphene lattice 

for doping. Another group has synthesized a 23 cm wide, 100 m long roll of relatively high-quality 

graphene (minus many discontinuities where an oxide layer formed on the copper and cracks where 

the copper foil deformed) by a CVD roll to roll process22b shown in Figure 2.1: 
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Figure 2.1. a) Roll-to-roll continuous CVD with resistance heating of a Cu foil to approximately 

1000 ºC for the growth of graphene. b) Epoxy coated and cured to bind PET to Cu/graphene. c) 

Cu removal by CuCl2 spray etching. d) graphene/epoxy/PET.22b 

They are able to make large rolls of graphene this way, but the mentioned discontinuities 

are substantial and greatly degrade the properties of the graphene. The roll to roll CVD method 

seems to be the closest technique to the mass production of large sheets of graphene, but it has a 

long way to go in regards to making these sheets of high quality. 

Graphene to Graphane 

Graphane is the fully hydrogenated form of graphene that serves as an insulator. The 

partially hydrogenated form of graphene is called graphone and is semiconducting. Varying 

degrees of hydrogenation can tailor the band gap in graphone. 

An acidic solution (H2SO4) has been shown to serve as a typical source of protons for the 

hydrogenation of graphene into graphane (or graphone) by merely attaching graphene to an 
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electrode in solution and applying a suitably negative potential.51 Graphane-like structures have 

also been synthesized by plasma-assisted CVD at 600ºC from 5% CH4 in H2.
52 Also, it has been 

calculated that the band gap decreases as the width of graphane nanoribbons increases.53 These 

calculations have shown that the thin-ribbon structures have a wide band gap of around 3.83 eV, 

which is promising for electronics applications. 

Exfoliation of Graphite 

The exfoliation of graphite is a method to cleave few-layer or individual layers of graphene. 

There are many different solution methods for exfoliating graphite that can use organic solvents, 

water-surfactant systems, ionic liquids, etc., that help to dissociate graphite into single or few-layer 

graphene.54  

Three exfoliation techniques were studied by Xia et al., where they found: electrochemical 

oxidation to be a fast exfoliation technique that disrupts large quantities of graphite yet makes 

defective graphene, chemical oxidation is effective but detrimental to the graphene structure as 

well, and sonication in organic solvents gives the best quality graphene but is a very slow 

technique, only acting on the few layers at the surface.55 This serves to demonstrate that there is a 

tradeoff in exfoliation techniques between speed of production and quality of the exfoliated 

graphene. 

Applications of Graphene 

There are many potential applications of graphene that have been proposed. Graphene has 

applications in photo catalysis, where it often serves as a conductive support or transparent 

conducting layer (TCL). Being a TCL, graphene has the ability to replace transparent conducting 

oxides, like indium tin oxide, which currently serves as an expensive TCL in many touchscreens, 
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LCDs, organic LEDs, solar cells, etc. If graphene can be mass-produced at low cost, it will 

inherently make these devices much more economical to produce.  

Another major application under investigation is the use of graphene in thin, flexible 

electronics. Indium tin oxide, being rare and expensive as mentioned, is also brittle and does not 

afford the flexibility in electronics as would graphene.56 Graphene is so strong and flexible that 

this would allow electronics to be folded (with no hinges) or rolled up for storage. 

There are also applications of graphene in fuel cell catalyst structures, where graphene 

serves as a conductive, corrosion resistant support for catalyst moieties. Graphene is one of the 

few materials that can hold up in the harsh acidic environment due to protons migrating to the 

cathode in hydrogen fuel cells. 

Also, by graphene having such incredible properties, it allows for some interesting 

composite materials. By incorporating graphene’s mechanical strength, electrical and thermal 

conductivity, and transparency, composites can achieve properties previously unattained. This 

could provide composites that serve multiple purposes, like dissipate heat or conduct electricity on 

top of being incredibly strong.  

Sterile and contaminant-free water is paramount to civilization, so another important 

application of graphene is for water filtration and purification. Graphene can be used to filter out 

salt, bacteria, or other detrimental components from contaminated water sources. This would 

require much less energy than used by desalinization plants or reverse osmosis for purifying water. 

Graphene filters could easily be implemented in third world countries or for people on the go like 

the military or for outdoor adventures. 

Graphene also has widespread applications in medicine. One of these is drug delivery, 

where antibodies or other drug molecules can be attached to graphene to enter directly into certain 
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parts of the body. Graphene can also be used for biomedical imaging, due to its ability to absorb 

and emit certain parts of the electromagnetic spectrum. Graphene can also be used for photo 

thermal therapy and for the reattachment of neurons. 

There are also some more far-reaching applications such as graphene used in a space 

elevator to hoist payloads to space and smart space suits. The space elevator could drastically 

reduce the amount of energy (and money) consumed to send rockets to space. Also, the smart 

space suits would better inform astronauts of their bodily conditions to inform them of potential 

health hazards that may occur.  

These are just some of the potential applications people foresee, and there are undoubtedly 

many more on the horizon. Graphene has so many promising characteristics that could 

revolutionize the world if flaws in its synthesis and application could be mastered. 

Photo catalysis: Semiconducting Nanomaterials 

Graphene enhances the effects of semiconducting nanomaterials, and for this discussion, 

one of the most common semiconducting materials, Titania or TiO2 will be the main focus. TiO2 

nanoparticles on graphene oxide have shown enhanced catalytic activity relative to the particles 

alone due to the high surface area for adsorption and due to graphene being a good electron 

conductor.57 

The hydrothermal combination of graphene with TiO2 nanoparticles and nanowires shows 

significantly higher photo catalytic properties than the nanoparticles and nanowires alone due to 

more separation of electron-hole pairs and high conductance for transport.58  Similar results were 

demonstrated with Rhoda mine B photodegredation using TiO2 and graphene nanocomposites.59 

The effects of improving interfacial contact between graphene and TiO2 has been studied 

by optimizing the ratio of the two components.60 It has been further demonstrated that forming a 
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shell of reduced graphene oxide around TiO2 nanoparticles increases the contact area between the 

two, inhibiting more electron-hole recombination, and providing higher photo catalytic and 

photoelectro-chemical efficiencies than TiO2 nanoparticles simply deposited on reduced graphene 

oxide flakes.61 Sheets of alternating TiO2 and graphene also serve to prevent charge recombination, 

leading to efficient photocurrent conversion.62 

It is believed that too high of a concentration of graphene in TiO2-graphene composites is 

inhibitive of photo catalysis, affording less light the ability to absorb into the TiO2 nanoparticles.63 

Adding graphene to TiO2 nanoparticles has proved to enhance the catalytic effect in both alcohol 

conversion to aldehydes60 and for hydrogen evolution.64 

It has also been demonstrated that graphene-TiO2-Fe3O4 composites have enhanced 

durability and are recollectible, which gives promise to their use in wastewater treatment.65 The 

iron oxide in this material makes it possible to be harvested magnetically. 

Silicon nanowires and nanoholes with a hole transport layer of poly(3-hexylthiophene) and 

an overlaying transparent graphene electrode have achieved solar conversion efficiencies of 9.94% 

and 10.34% respectively.66 Graphene enhanced the efficiencies of these structures by being a 

transparent conducting layer to facilitate electron transport. 

Only a few semiconductor material composites with graphene were mentioned herein, but 

an intimate contact of graphene and other semiconductors provide many of the same graphene-

based benefits, namely the prevention of electron-hole recombination and charge transport. 

Photovoltaics 

Being transparent and conductive with the ability to incorporate dopants, graphene has 

useful applications in solar cells. Photocurrent was found to be most substantial at p-n junctions at 

voltages between the Dirac points of the positively and negatively-doped partitions of graphene.67 
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Doped mosaic graphene platelets have shown to have relatively high carrier mobility at room 

temperature with intrinsic graphene mobility having 5000 cm2V-1s-1 and nitrogen-doped graphene 

mobility of 2500 cm2V-1s-1; and with a 632.8 nm, 900 µW laser focused to a 1 µm spot positioned 

at the neutral points  between the p-n junction, it generates a 125 nA current.68 Also, epitaxial 

graphene with titanium and palladium junctions on SiC shows increased photocurrent when the 

laser is moved near the graphene-metal interfaces.69 This shows that doped graphene (opposed to 

the zero-band gap, pristine graphene) can generate a photocurrent if excited near the p-n junction. 

It has been shown that graphene attached to dichalcogenides monolayers of MoS2, MoSe2, 

and WS2 can achieve 5-10% absorption of incident light.70 Graphene paint that features these light 

absorbing and electricity producing dichalcogenides provides a new avenue to produce solar paint 

for energy applications.71 This paint could then be applied to the exterior of buildings, portable 

electronics, camping gear, or any surface that will be exposed to the sun to harvest solar energy.  

Dye-Sensitized Solar Cells 

Graphene has also been shown to enhance the efficiencies in dye-sensitized solar cells. 

Gel-coated composites of reduced graphene oxide and single-walled carbon nanotubes greatly 

increase the conductivity in the counter electrode and have outperformed Pt, reduced graphene 

oxide, and SWCNTs alone.72  Nitrogen doped graphene (NDG) has also shown enhanced electro 

catalytic activity when serving as a counter electrode in DSSCs by having a low charge transfer 

resistance of 0.9 Ω/cm2, which has been attributed to the nitrogen defects in the structure as well 

as the exposure of the edge plane.73  

A novel route to replacing platinum in the cathode of dye-sensitized solar cells (DSSC) has 

been achieved through a non-corrosive, cobalt mediator interacting with graphene nanoplatelets 

attached to silver nanowires.74 This same method has proven to yield transparent conductive oxide 
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(TCO) and platinum-free counter electrodes  for DSSC applications with 86% of the efficiency of 

their Pt-TCO counterpart reference material.75 Pt-TCO efficiency when used for the counter 

electrode in DSSCs is surpassed by metal sulfide (here, NiS and CoS) particles loaded on the 

extremely high-area surface of graphene.76 

It has been found that using plasma-oxygenated multilayer graphene as a recombination 

barrier layer (RBL) in dye-sensitized solar cells can improve the efficiency by up to 19% with 

respect DSSCs that do not utilize an RBL77. 3D graphene networks grown by CVD on foam nickel 

rods reduce inter-sheet resistance and allow facile carrier transport when supporting P25 

nanoparticles, proving to be 32.7% more efficient than the standard P25 photo anode alone in 

DSSC applications78 (P25 is a mixture of typically 70:30 or 80:20 anatase and rutile titania79). 

Sulfur-doped nanoporous carbons have  2.2 times higher photocurrent generated by the 

degradation of methylene blue than did the commercial TiO2 photo catalyst.80 

Water-Splitting 

Graphene can also be used in conjunction with other materials to augment water 

dissociation. Fe2O3/graphene/BiV1-xMoxO4 heterojunctions yield a current of 1.97mA/cm2, which 

is the monitored resulting current from oxygen evolution at the anode and hydrogen evolution at 

the cathode.81 The photocurrent of these structures is enhanced by the conductive layer of graphene 

between the different semiconductor layers that facilitates faster charge transfer, preventing the 

recombination of electron-hole pairs. Cu-graphene co catalysts immobilized on TiO2 have proven 

to compare to Pt-TiO2 photo catalyst systems for hydrogen evolution.82 This reduces the use of the 

rare and expensive transition metal, platinum. 
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Electronics 

High Conductivity 

Graphene has high electrical conductivity, achieving electron mobility of over 15,000 

cm2·V–1·s–1, even in high concentrations of electrons and holes, leading to the ballistic transport 

of electrons.83 Grain boundary discontinuities formed during the synthesis of graphene severely 

limit the conductivity of the material. It has been demonstrated that incorporating silver nanowires 

with graphene can greatly improve the conductivity and make the resistivity approximately that of 

the calculated value for ideal graphene by bridging the discontinuities.84 Besides silver nanowires, 

other one-dimensional, conductive nanomaterials such as carbon nanotubes can also be used to 

join discontinuities in graphene. This high conductivity in graphene leads to less power-loss due 

to resistive heat generation, making for highly energy-efficient electronics. 

Flexible Electronics 

Being flexible, conducting, and transparent, graphene allows for the generation of flexible 

electronics. Graphene field-effect transistors generated by CVD have shown power-gain 

frequencies and current-gain frequencies of 3.7 GHz and 10.7 GHz, respectively, with 1.75% 

limits of strain.85 This is the only device where, when strain levels are over 0.5 %, it achieves 

gigahertz-frequency power gain. This shows that graphene is a suitable material for flexible 

electronics with high frequency transistor switching. Graphene can also be utilized in many other 

electrical components to allow electronic devices the freedom to flex. 

Field Effect Transistors 

With the high electrical mobility in graphene, it allows for fast-switching transistors. It has 

been demonstrated that lasers can be used to induce a field-effect in graphene transistors without 
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using chemical doping, local gates, or plasmonic structures86. Fluorinated graphene synthesized 

by exposing highly ordered pyrolitic graphite (HOPG) to fluorine gas for 36-48 hours at 600ºC 

possesses a band gap of approximately 3.5eV.87 Plasmonic resonance in graphene is highly 

affected by an external, perpendicular magnetic field when doping concentrations are low.88 This 

allows transistors to be tuned by magnetism. 

Lithium Ion Batteries 

Due to graphene’s extremely high surface area, extensive investigation has gone into its use as 

electrode materials in lithium ion batteries. It has been demonstrated that pyridinic nitrogen 

intercalation in the graphene structure from liquid precursors (hexane and acetonitrile) to CVD 

serves to make double the charge-discharge capacity of pure graphene.89 It has also been shown 

that nitrogen-doped graphene nanosheets (N-GNSs) have proved better than graphene nanosheets 

(GNSs) in Lithium-Oxygen batteries due to the high efficiency toward the oxygen reduction 

reaction (ORR) from more nucleation sites resulting from the nitrogen doping functional groups 

and defects.90 Graphene-PET current collectors show promise in Lithium-Sulfur batteries due to 

their low weight, low cost, low metal use, and chemical stability.91 

Supercapacitors 

Graphene’s extremely high surface area of 2630 m2·g-1 makes it an ideal candidate for 

supercapacitor applications, with aqueous and organic electrolytes achieving 135 and 99 F·g-1, 

respectively.92 Nitrogen-doping serves to increase the quantum capacitance in single-layer 

graphene by increasing the charge carrier density.71 Fe3O4 reduced on the surface of rGO shows 

increased super capacitance to either material alone.93  

A unique hybrid structure of CVD-grown carbon nanotubes on graphene using a cobalt 

catalyst leads to an extremely high surface area, and the nanotubes serve to hold the graphene 
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sheets apart for improved ionic diffusion and facilitate the electrochemical double layer buildup 

that yields a specific capacitance of 385 Fg-1 at 10mVs-1 in 6M KOH.94 The structure can be seen 

in Figure 2.2: 

 

 

Figure 2.2: (a, b, c, d) SEM images of CNTs grown on graphene for high electrochemical 

capacitance.94 

The combination of reduced graphene oxide and cellulose generate high-surface area 3D 

structures due to the coagulation effect of glucose and also show promise for supercapacitor 

applications.95 

Light-Emitting Diodes 

Graphene can also replace indium tin oxide as the TCL in LEDs such as being deposited 

via chemical vapor deposition on light-emitting nanorods of GaN.96 This addition of CVD 

  

  

(a) 
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graphene to fill the gaps between the nanorods showed a 32% enhancement over planar GaN-

graphene diodes.  

A patterned, transparent conducting layer of HNO3-doped graphene coated with 

chromium and gold features the chromium layer penetrating the graphene and lowering the 

contact resistance to the p-GaN, and the graphene serves to spread the charge uniformly over the 

entire emitter surface97 as shown in Figure 2.3: 

 

(a)                                   (b)                                 (c)

 

 (a’)                            (b’)                          (c’) 

Figure 2.3: (a, a’) LEDs without a TCL of graphene, (b, b’) with a graphene TCL (non-doped) 

and (c, c’) with a graphene TCL (doped).97 

For use in LEDs, the synthesis of zinc oxide quantum dots covered in a single-layer of 

graphene generates two extra bands of blue light due to the high curvature of graphene, 

developing a 250 meV band gap.98 These structures were incorporated into multi-layer LEDs 

with other emissive structures to combine the different wavelengths emitted into white light.  
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Biosensors 

Graphene is a good material for biosensors and other types of sensors due to its high surface 

area and conductance. A novel biosensor based on glucose oxidase (GOD)/Pt/functionalized 

graphene sheets/ chitosan has been developed that has a detection limit of 0.6 µM of glucose.99 

Similarly, another novel biosensor based on horseradish peroxidase (HRP)/Au/ graphene/chitosan 

has been designed to have a range of  5 µM to 5.13 mM and having a detection limit of 1.7 µM for 

H2O2.
100 A very high sensitivity of approximately 2 ng/ml or 13 pM was achieved for detecting 

specific proteins using a field-effect transistor-based sensors utilizing vertically aligned graphene 

sheets that host gold nanoparticle-antibody conjugates101 as shown in Figure 2.4:  

Figure 2.4: Graphene vertically grown between the drain and source of a field effect transistor. 

Protein-sensing antibodies are attached to graphene by gold nanoparticles.101 

Proton Exchange Membrane Fuel Cells 

Graphene has shown to be a good candidate for incorporation into fuel cell catalyst 

structures. Platinum nanowires grown on sulfur-doped graphene prove to have excellent catalytic 

activity toward hydrogen and methanol fuel cells102 and are shown in Figure 2.5: 
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Figure 2.5: (a,b) SEM, (c) TEM, and (d) high resolution TEM imaging of 88% Pt nanowires on 

sulfur-doped graphene. 

Another attempt to generate these same nanowires by the formic acid method reduced them on 

graphene oxide, making platinum nanowires on reduced graphene oxide.103 For both of these 

structures featuring platinum nanowires, graphene serves as a highly durable support that holds 

the nanowires separate to prevent the overlap of their catalytically active surface area. The 

graphitic structure of graphene is highly acid-resistant, a key characteristic in the harsh, acidic 

environment at the cathode in a hydrogen fuel cell. There have also been several attempts to make 

non-noble metal catalysts with graphene, but none of these have shown as high of catalytic activity 

as platinum.104 

Composites 

Polymer Composites 

Graphene has many applications in its incorporation in polymer composites. When 

combining graphene with natural rubber into nanocomposites, it has been demonstrated that there 

are significant changes composite properties based on whether a solution-based method or ball-
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milling method was used for processing.105 By adding epoxy chains into graphene oxide and 

polymer composites, it serves to increase the mechanical strength by tailoring the polymer 

composite interfaces.106 It has been demonstrated that the addition of thermally reduced graphene 

oxide (TRGO) into MWCNT/epoxy composites hinders the agglomeration of MWCNTs by 

trapping them between the sheets of TRGO.107  

Polyimide (PI) composites featuring graphene nanosheets functionalized by aminophenyl 

show a 610% increase in Young’s modulus compared to PI alone.108 Similarly, polyurethane (PU) 

nanocomposites show a 9 and 21 time increase in strength and tensile modulus when supplemented 

with 3 % wt reduced graphene.109 

Graphene/MWCNT aerogels filled with poly(dimethylsiloxane) (PDMS) achieves a 

conductivity of 2.8 S cm-1 using a mere 1.3 wt % graphene/MWCNTs, and this conductivity 

remains constant after stretching the material by 20% for 100 times and bending the material 5000 

times.110 A simple dispersion method of dissolving graphene oxide in dimethyl phthalate serves to 

nearly fully reduce the oxide at 250ºC and then allow the melt compounding with any 

thermoplastic polymer.111 

Structural Composites 

Graphene can also be used to generate lightweight, incredibly strong, easy to assemble 

structures. If mass produced, graphene can either be directly used to cast structural components or 

be a reinforcing additive. One example are the proposed, 30 km tall carbon structures with a carbon 

nanotube and graphene mesh.112 This structure features carbon nanotubes wrapped in a graphene 

sheet that are then assembled in a graphene ribbon wrap. These structures are claimed to be 

assembled from the base for “science and tourism.” The article claims the structures should be able 

to achieve a height of 30 km, although this extreme height would undoubtedly result in buckling 
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of the structure’s legs upon loading. Also, it is doubtful whether the flexible carbon structures 

would bear a significant load in compression, even for a shorter structure. 

Other Composites 

Graphene, when combined with copper and nickel, serves to increase the tensile strength 

up to 1.5 GPa and 4 GPa, respectively.113 These strengths vary between 32-51% of the theoretical 

value based on the dislocation propagating across the graphene-metal interface. Adding graphene 

to copper makes the material stronger, and thus less copper can be used for electrical applications, 

as copper is often used in excess due to its low tensile strength. 

Also, graphene can be rolled into graphic sports equipment such as golf clubs or  tennis racquets 

like the HEAD Graphene.114 For this tennis racquet, the graphene flakes are rolled into the graphite. 

This technology features strong and light graphene midsection that allows the weight 

redistribution. 

Membranes 

Membranes are one of the most important structures in biology and in many other 

applications. Sheets of paper-like graphene oxide stacks can be generated by a simple directed 

flow assembly method that makes membranes that can be used for selective permeability, ionic 

conductors, supercapacitor materials, and molecular storage among other uses25, as shown in 

Figure 2.6: 
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Figure 2.6: Profile view of a buckled strip of GO paper.25 

Water Filtration and Purification 

Generating clean water is going to be one of the biggest challenges for the coming 

generations, and the use of graphene could be a low energy purification solution to meet this 

demand. The incorporation of nanoparticles, specifically TiO2, into stacks of graphene oxide sheets 

makes micro-channels that show promise for filtration applications.115 Another application of 

water filtration is in the use of a “graphene drinking straw,” which proposes a layer of graphene 

around a porous layer that surrounds a sponge that holds the moisture to be consumed with the 

straw shaft.116 This graphene layer around the drinking straw prevents salt and impurities from 

entering, providing potable water in third world countries, for military applications, camping, 

boating, etc. 

Polydopamine-functionalized graphene serves as a reusable method for water purification 

in which contaminant molecules adsorb to graphene, and the contaminants can then be removed 

by varying the pH to remove heavy metals and by using alcohols to remove dyes and aromatic 

compounds.117 Reduced graphene oxide functionalized with poly(acrylamide) has also shown to 

adsorb and remove dyes and heavy metals from water systems, achieving 1000 and 1530 mg/g of 

lead and methylene blue, respectively.118 Spongy graphene can adsorb up to 86 times its own 
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weight of petroleum and fats and also toxic solvents and can be regenerated over ten times by heat 

treatment and releases over 99 percent per of the materials adsorbed each time.119  

Medicine 

Drug Delivery 

The inert nature of graphene makes it ideal to enter into biological systems for drug 

delivery. Pegylated nano-graphene oxide are soluble in buffers and serum without flocculation and 

a basic physisorption of an antibody such as doxorubicin, a cancer cell killing drug, can be used 

for cancer treatment.120 Chitosan-functionalized graphene oxide has improved solubility for GO 

in low-pH, aqueous solutions and show promise for the controlled release of Ibuprofen and 5-

fluorouracil.121 

Biomedical Imaging 

Graphene oxide is photo luminescent in the visible and infrared regions and can be used to 

image cells in the near-infrared region of the electromagnetic spectrum.120 Graphene quantum dots 

have shown to be superior to traditional quantum dots due to their high-level of inertness.122 These 

structures are single-layer disks of graphene that are typically 2-25 nm in diameter. 

Photo-thermal Therapy 

Nano graphene sheets show tumor passive targeting that is highly efficient and a low 

retention in reticuloendothelial systems, while the strong optical absorbance of near-infrared lasers 

makes very efficient tumor ablation.123 This shows that graphene is good at targeting specific 

tissues in the body and its optical properties make it ideal for absorption of energy to destroy 

tumors in the body. Another targeting peptide of Arg-Gly-Asp allows selective uptake in U87MG 

cancer cells and efficient photo ablation of these cancerous cells.124 
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Neuron Attachment 

It is believed that graphene can be used to attach neurons to the brain to allow those with spinal 

cord injuries to regain bodily function.125 This could open avenues for those with disabilities to 

regain the motion of limbs to return to a life of mobility. 

Graphene in Space 

Space Elevator 

Creating a space elevator was first hypothesized for carbon nanotubes, as they were the 

only material strong and light-enough to attach earth to a mass in space that is held taught by 

centrifugal force. The same device is now proposed for graphene as shown in Figure 2.7: 

 

Figure 7: Schematic of the mechanism of a space elevator.126 
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This could reduce the price of putting a kilogram into orbit from $2500 to $200, requiring much 

less energy to hoist the mass slowly with an elevator (possibly electrically through the graphene) 

than with a rocket.126 

Space Suits 

Being ultrathin, transparent, and conductive, graphene is an ideal conductor to implement 

in smart clothing, including space suits. This would allow computers and electronics to be 

seamlessly integrated into clothing and could also make smart glass or mirrors with displays that 

could be used inside the astronauts’ visors.127 Graphene could also be used to reinforce space visors 

due to its strength and transparency. 

Future Developments 

There are many synthesis routes for graphene that have not yet been imagined or explored. 

In time, the current and future techniques for generating high-quality graphene will be further 

explored in attempts of innovation and improvement.  

Much research is underway to implement smaller integrated circuits and components in 

electronics. With the ability for conducting graphene paths to be reduced from graphene oxide, it 

makes an opportunity for nanoscale circuits if lithographic techniques can be honed to reduce a 

smaller electrical path. Graphene is also being heavily explored for energy generation to be used 

in solar, fuel cell, and other applications.  

Conclusions 

There are many challenges to overcome in the synthesis and application of graphene. For 

graphene to be a household name, kinks in mass production must be ironed-out. Even if a material 

has the most amazing properties in the world (and graphene pretty much does), it will never serve 
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much use unless it can be synthesized in high quality in high yield. Thus, synthesis is a major 

obstacle to humanity fully benefiting from graphene.  

One solution that could help make quality graphene could be to make “edge grown 

graphene” by combining electrochemical methods with CVD. This would require the carbon 

precursor gas being heated to sub-deposition temperatures and allowing the electricity to do the 

rest.  It would be ideal to apply a suitably negative potential to just the graphene to allow carbon 

ions to reduce right on the edge of the graphene. However, unless graphene is on copper, it forms 

multiple layers. By the graphene being on a conductor, this makes it difficult to apply the potential 

to just the graphene and not the copper as well (with the current going through the copper, there 

would likely be random deposition of carbon, preventing purely edge growth). 

Another method would be to apply a suitably negative potential to a very narrow strip of 

the copper foil during the roll to roll CVD process. Two adjacent, linear conductive probes could 

be designed similar to atomic force microscopy (AFM) tips that would slide along the bottom of 

the foil. The electric current could supply the electrons for the reduction of graphene by the 

electrons flowing between the immediately adjacent electrodes. This could help make the graphene 

grow from a line source for uniform growth.  

Yet another CVD possibility would be to have two electric fields facing each other to force 

ions toward the center of a duct that leads to a narrow line on the foil. A suitable duct length would 

need to be determined to allow the fields to cancel the parallel motion and align the gas to flow 

perpendicular to the foil. It would be interesting if this method could make nearly a single-file path 

of carbon ions approach the surface. The point of this is to have the graphene grow uniformly in 

one direction to avoid grain boundaries.  
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For applications, the most immediate one that seems feasible is the incorporation of 

reduced graphene oxide in composite materials. They are already being used in some sporting 

goods, but their use could be one of the first applications to go mainstream in anything from 

airplane and car frames to tennis shoes and rain jackets. Graphene has shown some promise in 

transparent conducting layers and as a high-surface area electrode material, but discontinuities in 

the carbon lattice, and thus compromised performance, make its use questionable. Use in medicine 

is also likely a long ways off due to strict regulations, requiring the testing of graphene’s 

biocompatibility. 

It seems we have only seen the beginning of the applications of graphene due to it not being 

a common material that is readily available. Once sheets of pristine graphene are available to the 

public at low-cost, there is no way to predict the multitude of uses that will be dreamed and 

achieved. By graphene only being available on a small, laboratory scale, less minds ponder the 

material’s uses, and thus less applications can be invented.  Graphene shows promise for small-

scale research applications, but again, inadequate synthesis techniques make its use not feasible 

outside of the lab in most applications. In the end, only time will tell if we as humans can master 

the art of the synthesis and application of graphene. If this daunting feat can be accomplished, we 

as a people will make a quantum leap in technological advancement, bringing the full benefits of 

graphene to fruition.
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CHAPTER 3                                                                                                                                     

ADVANCED NANOMATERIALS FOR ENERGY STORAGE AND CONVERSION IN 

LITHIUM ION BATTERY (LIB) CATHODES AND LITHIUM IRON PHOSPHATE 

SYNTHESIS AND CHARACTERIZATION 

Introduction 

As the world population continues to grow, pollution is becoming an increasing concern. 

Pollution contributes to global warming, changing the thermal equilibrium of our planet. The EPA 

has demonstrated a 274.5 Tg increase in CO2 from 1990 to 2012 (5.4%), and fossil fuel combustion 

has been the primary cause of a 40% increase in global atmospheric CO2 emissions since the 

industrial revolution. Further, the US alone accounted for approximately 17% of the global 32,579 

Tg of CO2 emissions in 2011, and the breakdown of greenhouse gases is shown in Figure 3.1.128      

Figure 3.1. Greenhouse Gas Emissions Based on Tg CO2 Equivalent (2012).128
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This pollution-based climate change has led government and private sectors to look for 

alternative energy solutions to reduce carbon emissions and provide sustainable energy. Some of 

these efforts have come from grid-based power such as stationary fuel cells, solar cells, wind 

turbines, hydropower, geothermal energy, biomass, etc. Another great concern is the reduction of 

pollution in the transportation sector. As of 2012, the EPA states that the transportation sector 

generates nearly equivalent amounts of greenhouse gasses as electrical generation, producing 28% 

and 32% of the total emissions, respectively129. One method to counteract these emissions is the 

use of rechargeable batteries in lieu of oil in transportation. 

With technological advances in electronic devices, power consumption has become an ever 

increasing demand. Further, with portable electronics seeing these similar advancements in 

operating power and function, portable energy storage from high-energy density batteries 

continues to be an increasingly popular topic of interest. Having higher energy-density than 

supercapacitors and other energy storage devices, society looks to portable batteries to meet the 

majority of their portable electronic needs. These batteries consist of electrochemical cells that are 

arranged in series and parallel to increase voltage and current, respectively. 

Batteries are used in many consumer electronics. Two of the most popular of these are 

cellular phones and portable personal computers. In a global economy fueled by an increasing 

dependence on portable communication at the individual level, batteries require longer-lasting 

lives, while being lighter through higher energy density. Also, as microchips become increasingly 

smaller, computing power continues to increase, demanding more power from these devices and 

drastically shortening their lives. Power tools also demand large amounts of energy delivered at 

high power rates.. There is also much interest in batteries due to many fully electric and electric 

hybrid cars on the market. Tesla is in the process of building the “Gigafactory” to supply their own 
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demand for batteries in their electric vehicles.  These and many more applications of batteries 

affect many humans on a daily basis and are of great interest to consumers. 

There has been an ongoing search for batteries with the highest energy and power density. 

Figure 2 shows the relationship between energy and power density for some of the most common 

charge storage devices. From this, it can be seen that for electric vehicles (EVs) and hybrid electric 

vehicles (HEVs), lithium ion batteries are the only presently available charge storage devices that 

meet their required energy density, but their power density must be raised significantly130. 

 

Figure 3.2. Energy density v. power density for some of the most common charge storage 

devices130. 

Lithium Iron Phosphate (LFP) 

Since the discovery of the spinel compound lithium iron phosphate (LFP) as a lithium 

intercalation material by Padhi 131 in 1997 at the University of Texas under John B. Goodenough, 

this material has been one of the most widely studied polyanionic compounds, and has been 

recognized to have great cycle ability with an open-circuit voltage of 3.45 V, reversible specific 

capacity of 170 mAhr g-1, low cost due to the enormous abundance of iron in earth’s crust, 

environmentally benignity, and high degree of safety for operation in LIBs. Solid-state synthesis 
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is one of the most widely-used techniques to generate commercial LFP (solid precursors are mixed 

thoroughly and calcined at high temperature to form products via the supplied external energy), 

but at the energy intensive high processing temperatures (~600-900 ºC), polydispersed grain 

growth occurs132. When heated to temperatures above 500 ºC, LixFePO4 starts to transform from 

olivine into mixtures containing other structures with different ratios of Li to Fe to PO4
133. 

Hydrothermal Synthesis of LFP 

The first hydrothermal synthesis of LFP was by Whittingham et al., according to the following 

scheme134: 

           H3PO4 + FeSO4 + LiOH              LiFePO4 + LiSO4 + 3H2O                              [3.1] 

The resulting particles possessed a small amount of Fe3+ compounds and disordered Li/Fe, 

causing it to have low electrochemical capacity. They determined that these issues could be 

resolved through higher temperature synthesis (over 175 ºC) or by a post-treatment calcination 

process under inert atmosphere at 700 ºC135. Hydrothermal synthesis has even been used to make 

LFP microstructure morphologies grown from the cyanobacteria biotemplate, Spirulina136.  

In another study137, the mechanism was proposed to be: 

       H3PO4 + 3LiOH              Li3PO4 + 3H2O                                           [3.2] 

    Li3PO4 + FeSO4              LiFePO4 + Li2SO4                                            [3.3] 

Here, they propose that when the latter reaction is near completion, it is difficult to attain 

the full conversion of Li3PO4 to LiFePO4 since the Li+ ions are in far greater excess than Fe2+ ions. 

Upon adding an organic acid, pure phase LiFePO4 is produced as the solution changes from pH 

6.7 to pH 4.6. Further, the latter reaction conducts as a dissolution-precipitation mechanism, which 

is catalyzed by an acidic environment, where protons expedite the process of dissolution.137  
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Organic acids also provide a chelating effect that may push the reaction toward the 

LiFePO4 product. One example they provide is that citric acid may chelate the Fe2+ ion and form 

[C6H8O7Fe2+], which can then combine with [Li+PO4
3-], making the ion pair complex, 

[C6H8O7Fe2+ ··· Li+PO4
3-] via coulombic attraction, to then crystallize through condensation to 

yield a single phase LiFePO4. The organic acids play a two-fold purpose with the acidity affecting 

the reaction rate, and the chelation effect adjust the reaction balance to form pure product. To 

verify this theory, they ran a similar experiment without an organic acid, where they adjusted the 

pH to the same conditions (pH 4.5) using LiOH and H3PO4, and they found the product to not 

contain Li3PO4, but rather Fe3(PO4)2, consistent with a previous report by Kanamura138 et al. It 

was found that the incorporation of l-ascorbic acid completely converted Li3PO4 to LiFePO4, 

where citric acid was slightly less effective, leaving 0.33 wt. % Li3PO4; the citric acid was not 

sufficient to make a complete conversion.137 

This is comparable to an earlier proposed mechanism139, where a [PO3-Fe2+ ··· F- ··· S+] 

complex is formed, and LiOOCCH3 plays a vital role with the large radius of CH3COO- able to 

bring lithium into contact with this complex, yielding [Li+PO3-Fe2+ ··· F- ··· S+], a precursor used 

to grow mesoporous Li3Fe2(PO4)3. Here, they propose the mechanism to be: 

 

Figure 3.3. Mechanism proposed for templating by the structure-directing self-assembly process 

for lithium iron phosphate (S+ represents cetyltrimethylammonium chloride (CTMACI), the 

cationic surfactant).139a 

In a similar hydrothermal reaction by Sato et al.140, it followed the scheme: 
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LiOOCCH3 + FeSO4 + H3PO4             LiFePO4 + H2SO4 + CH3COOH            [3.4] 

Here, since Fe2+ is easily oxidized in an aqueous environment, only a small amount of 

FePO4 (35 mol %) was formed compared to LiFePO4 (65 mol %). Next, the sample was calcined 

in air at high-temperature according to the reaction: 

                      12 LiFePO4 + 3 O2             4 Li3Fe2(PO4)3 + 2 Fe2O3                 [3.3] 

This yielded as sample that is about 60 wt. % Li3Fe2(PO4)3, 30 wt. % FePO4, and 10 wt. % Fe2O3
140.  

 As the pH increases in hydrothermal reactions, particle size decreases, but at pH of 10 and 

above, the impurities Li3PO4 and Fe2(PO4)OH are formed141. At high pH, the solubility of Li3PO4 

is low, causing it to precipitate out as an impurity142. Also, at low pH, Fe5H2(PO4)4·4H2O is 

formed, and at high pH, Fe3(PO4)2. The particle size also decreases with increasing concentration 

of starting reactants in the precursor solution142. Dokko et al. did studies of hydrothermal synthesis 

of LFP at different solution pH and Li+ precursor concentration. For convention, they named the 

samples L1, L2, and L3, meaning a 1, 2, or 3:1:1 ratio of Li precursor to iron and phosphate and 

put a dash with a number after this term to designate pH. They found that at L1-7.4, pure phase 

LFP was formed, but large particles caused low conductivity and a specific capacity of only 20 

mAhr·g-1. At L2, pure phase LFP was formed between 4.4 ≤ pH ≤ 7.2, whereas at L3, pure phase 

LFP was formed between 3.4 ≤ pH ≤5.1. Also, higher acidity made more rod-like structures, 

attributed to having a larger XRD signal for the (200) plane as was found for L2-3.5, whereas the 

less-acidic synthesis, L2-6.5 had a larger signal for the (020) plane, but at too high a pH, at L2-

7.2, the XRD pattern is similar to commercial LFP, where no plane is of preference, and the 

particles are randomly shaped. They also noted that the crystal formation is governed by mass 

transfer, and under basic conditions, the kinetic factor is negligible and the crystals are unstable in 

the diffusion field and form random shapes.138 
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Solvothermal and Hydrothermal Syntheses and Suppression of LFP Growth in the <010> 

Solvothermal synthesis may be a more viable alternative to hydrothermal synthesis due to 

hydrothermal synthesis leading to the formation of FeOH in the precursor solution; this compound 

can produce Fe3+ contaminants in the final product, which cause metal ions in the electrodes to 

leach into the electrolyte as their reaction products.143  

Since lithium diffuses in the [010] direction in lithium iron phosphate, there has been much 

focus on limiting the growth in this direction to shorten the lithium diffusion channels as well as 

increase the surface area for diffusion. Certain solvents are known to chelate and cap certain crystal 

faces and serve as growth-direction agents. One such solvent is ethylene glycol (EG), which is 

known to form long chains through hydrogen bonding, serving to trap cations in the reaction 

mixture and assist LFP nucleation and growth. This chelating ability allows the EG to not only 

serve as a solvent, but also as a soft-template to grow LFP nanoplates and assemble them into 

elliptical microstructures.132 

Several of these approaches include hydrothermal techniques to preferentially grow LFP 

precursor salts into nanoplatelets. One method performs this technique in an inert atmosphere at 

170 ºC with ascorbic acid as a reductant to further prevent Fe(II) from oxidation. The concentration 

of starting materials has also been found to affect the particle growth. In this work, they monitored 

the growth effects on morphology, crystal configuration, and electrochemical performance varying 

the pH from 2.5 to 9.5. For this, they used FeSO4∙7H2O for the iron source, LiOH∙H2O and Li2SO4 

for the lithium sources, and (NH4)2HPO4 and H3PO4 as the phosphate sources. The lithium and 

phosphate sources were dissolved in water, and then the aqueous iron source was added 

subsequently. FeSO4 concentration was held at 1.0 mol dm-3, and the Li:Fe:P molar ratio was held 

to be x:1:1 with 1 ≤ x ≤ 3. They found that at an acidic precursor solution with pH of ~ 3.5, needle-
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like particles were formed. In a weakly acidic solution with 4 < pH < 6.5, plate-like crystals were 

formed, and at pH above 7.2, the crystals became randomly shaped. The plate-like crystals were 

found to have the highest specific capacity of 163 mAhr·g-1.144 

Some approaches for directional growth use salts that are iron, phosphate, and lithium-

based with ionic liquids145 or ethylene glycol146 as face capping agents for enhanced two-

dimensional growth. The ethylene glycol capping agent often makes free-standing nanoplatelets. 

Another approach finds diethylene glycol (-1.5 eV {010} binding energy) to be a more effective 

capping agent to prevent growth in this direction over ethylene glycol (-1.0 eV {010} binding 

energy)147. Here, it is believed that through diethylene glycol’s (DEG) stronger affinity for the 

{010}, it suppresses growth in the <010> and also forms a hydrogen bonding network between 

DEG molecules that further aid in blocking this crystal face (similar to EG). This approach makes 

flowerlike arrangements of connected LFP nanoplatelets that are easily broken up into individual 

nanoplatelets, but some battery research leaves the plates or sheets attached in micro-flower form 

for electrochemical evaluation148. 

Prior to the previously mentioned synthesis, nearly the exact same synthesis was employed 

in ethanol instead of DEG by Popovic et al. Here, urchinlike mesocrystal assemblies of 

nanoplatelets were formed similar to the DEG method, using FeCl2·4H2O, H3PO4, and LiOH in 

ethanol. It was found that by changing the Fe2+ precursor to acetylacetonate instead of chloride, 

the mesocrystals no longer formed (~ 200 nm rod-like structures formed instead). To further 

understand the influence of Cl-, the Li precursor was switched from LiOH to LiCl, keeping the 

acetylacetonate iron source, and again, urchinlike mesocrystals of nanosheets are obtained. This 

demonstrates that the Cl- anion serves as a growth-directing agent, as previously reported in 

literature.149 To this end, tetrahedrons and cubes of single-crystal silver experience blunting of 
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corners and edges through a silver-dissolution process via twinned seeds mediated by chloride 

ions. Further, this same mechanism is believed to be responsible for the growth of silver nanowires. 

It is believed in this work that chloride ions may play a similar role with iron in the LFP nanosheets, 

causing a dissolution and reattachment of iron followed by lithium and phosphate, allowing the 

sheets to be selectively be etched into thinner nanosheets. 

Experimental Synthesis of LFP Nanosheets 

Different LiFePO4 morphologies were synthesized using a low-temperature, one-step 

solvothermal reaction adapted from G. Yu et al.150 The precursor solution was prepared under 

argon, with an initial Ar purge of diethylene glycol (20 mL; 99 % Alfa Aesar) for 15 minutes to 

remove oxygen. Then, stoichiometric amounts (3 mmol) of FeCl2·4H2O (98 % Alfa Aesar) and 

LiCl (98.5 % Fischer Scientific), as well as l-ascorbic acid (5 wt. % with respect to the iron 

precursor; 99 % Alfa Aesar) were dissolved in the DEG at 70 ºC under vigorous mechanical 

stirring for a half hour until the solution became neon green with no signs of solids (additional 15 

minutes of Ar purging after adding the salts and organic acid-the solution turns dark yellow upon 

the oxidation of Fe2+ to Fe3+). During this time, (3 mmol) LiH2PO4 (99 % CHEM –IMPEX INT’L 

INC.) was dissolved in deionized water (0.75 mL) by mechanical mixing and then purged by Ar 

for 5 minutes. This LiH2PO4 solution is then slowly injected into the first precursor solution via 

syringe and needle. Upon the addition of phosphate, the solution turns from neon green to light 

blue (darker blue at elevated pH). The solution undergoes vigorous mechanical stirring for 30 

minutes before being quickly transferred to a glass insert in a Teflon® vessel that is capped and 

sealed inside a stainless steel autoclave (Parr instrument Company, 45 mL capacity) and placed in 

a 200 ºC muffle furnace and left to react under autogeneous pressure for 24 hours. LFP particles 

precipitated to the bottom of the glass insert during the solvothermal process, and the reactor 
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cooled to room temperature in a water bath. The supernatant was removed and discarded, and the 

precipitate was washed with water and isopropanol until the solution was colorless. The LFP was 

finally suspended in isopropanol and dried in an oven at 60 ºC overnight. To generate several 

different morphologies of LFP, the same procedure was repeated with the addition of aqueous 10M 

KOH (88 % J.T. Baker)  to adjust the pH from the natural state ~1.7 pH to higher pH systems. 

KOH was chosen on account of the smaller, Na in NaOH being readily substituted for Li in 

LiFePO4
151. 

Also, the Li content (total from LiCl and LiH2PO4) was varied by increasing the molar ratio 

of LiCl:FeCl2:4H2O:LiH2PO4 from 1:1:1 to 2:1:1. The effects of l-ascorbic acid content were 

studied at 0%, 2.5%, 5%, and 7.5% wt. in the standard system, as it was initially believed to play 

a significant role in the chelating effect. 

Results 

For convention, the structures will be referred to as Li2 (for the original system with one Li from 

LiCl and one from LiH2PO4) and Li3 upon doubling the amount of LiCl, followed by a dash and 

the pH (ie. the original system at 1.7 pH, with a 1:1:1 ratio of LiCl:FeCl2·4H2O:LiH2PO4, is 

named Li2-1.7). Figure 9 shows the SEM micrographs of the Li2-1.7 structures: 
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Figure 3.4. SEM images of the products of the Li2-1.7 synthesis at different magnifications a) 

distribution of multiple particle types, b) tightly bound nanosheet “bird nest” microparticles c) 

loosely bound nanosheet “bird nest” microparticles, and d) a rod-like microparticles. 

The structures synthesized by G. Yu et al. were more shaped like a fully extended/spaced 

“rolodex”, which were easily broken into individual nanosheets via mild ultrasonication in 

minutes. We attempted to break apart our Li2-1.7 “bird nest” microparticles via ultrasonication, 

but it typically left a distribution of un-separated clusters, a few in-tact nanosheets, and many 

crumbled pieces of nanosheets as shown in Figure 4.5: 
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Figure 3.5. SEM images of Li2-1.7 structures at different magnifications a) before sonication b) 

25 minutes of bath sonication 200 W, c) and d) 30 minutes of probe sonication (30 % power, 200 

W Sonic Ruptor). 

Different times in both the bath and probe ultrasonicators proved to not break the 

nanosheets apart cleanly as demonstrated in the article procedure followed for this synthesis. Thus, 

we varied the ratios of LiCl:FeCl2·4H2O:LiH2PO4 from the molar ratio 1:1:1 to different ratios 

such as 1:1:1.1, 1.1:1:1.1, and 1.05:1:1.05 as suggested by the author to account for the 

hygroscopic nature of the LiCl and LiH2PO4 precursors, but none of these small LiH2PO4 and LiCl  
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variations appeared to have much of an effect on the morphology of the structures; we thus decided 

to vary the l-ascorbic acid content to see the effects on morphology in Figure 3.6: 

 

Figure 3.6. SEM images of synthesis with 1:1:1 FeCl2:H2PO4:LiCl with a) 0 wt. %, b) 2.5 wt. %, 

c) 5 wt. %, (Li2-1.7) and d) 7.5 wt. % (lower magnification) l-ascorbic acid with respect to the 

iron precursor. 

At 0 wt. % l-ascorbic acid, nanosheet clusters did not form in much of a yield, and large, 

rotated micro-ovals formed. At 2.5 wt. %, very small clusters of loose nanosheets formed with 

impurity microparticles. And then at 5 wt. %, a higher yield of “bird nest” shaped nanosheet 
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clusters formed as were seen previously in the trials with 5 wt. % l-ascorbic acid when the molar 

ratios of LiH2PO4 and LiCl were standard or varied. And then at 7.5 wt. % l-ascorbic acid, “bird 

nest” structures as well as “double-headed cauliflower” shaped structures consisting of rod-shaped 

clusters. Figure 3.7 shows a more magnified image of the “double-headed cauliflower” shaped 

structure: 

 

Figure 3.7. Close-up SEM image of the “double-headed cauliflower” shaped structure obtained 

using 7.5 wt. % l-ascorbic acid with all other conditions standard. 

A few of these structures were observed in the 5 wt. % l-ascorbic acid sample, but the 7.5 wt. % 

l-ascorbic acid sample had a significantly larger proportion of these type structures. Due to only 

incremental pH changes, it seems that this must be a result of the chelating ability of l-ascorbic 

acid. 
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Figure 3.8. SEM images of synthesis with 1:1:1 FeCl2:H2PO4:LiCl with varied pH  a) Li2-2.7 b) 

Li2-3.7, c) Li2-5.1, and d) Li2-5.9. 

In these images, Li2-2.7 only features the white precipitate resulting from the synthesis (it 

had white, black (Figure 13), and a grey mixture, whereas the other three samples shown were 

fairly homogeneous products with high yield. The white phase of Li2-2.7 had fairly uniform 

individual nanosheets and small clusters of nanosheets that are approximately 15 μm in the lateral 

dimension, Li2-3.7 formed small round plateletsthat are  mostly on the order of 1-2 μm in the 

lateral dimension, Li2-5.1 formed textured rod-shaped particles, and Li2-5.9 formed needle-like 

rods. Higher magnification images of the structures are shown in Figure 3.9. 
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Figure 3.9. SEM images Li2-2.7 showing the distribution of the black precipitate. 

This distribution features nanosheet cluster microspheres, loose or few nanosheet clusters, 

and the rotated oval shapes that were found previously in the Li2-1.7 sample. 
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Figure 3.10. SEM images of pH-varied structures a) Li2-2.7, b) Li2-3.7, c) Li2-5.1, and d) Li2-

5.9. 

Terracing can be seen in the  broad (15 μm) nanosheet in Figure 4.10a, demonstrating the 

edge effects of the growth of the material. Then, in Figure 4.10b (Li2-3.7), the material becomes 

much smaller in diameter (~1-3 μm). As the pH continues to increase to the Li2-5.1 and Li2-5.9 

sample conditions, the {010} facet becomes less dominant and the structures are formed in the 

shape of rods. 

The TEM imaging for the Li2-2.7 structures is shown in Figure 4.11, and the Li2-3.7 

structures are shown in Figure 3.11: 
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In order to observe the LFP nanosheets in higher magnification, gain insight into the sheet 

thickness and sheet-like nature, as well as observe the nanosheet edge characteristics, transmission 

electron microscopy (TEM) was employed in Figure 3.11: 

 

Figure 3.11. TEM images of the Li2-2.7 sample. 

Since this technique results in an image that is based on the thickness of the material, the 

morphology can be closely examined to see the density of the material at any given point of the 

image. The more transparent the sample at a given location, the smaller the thickness. Also, the 

wavy, wrinkled nature of the sheets can be observed, demonstrating the flexibility or ability for 

the sheets to bend; this is not as noticeable in the smaller aspect ratio platelets in Figure 3.12: 
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Figure 3.12. TEM images of the Li2-3.7 sample. 

These samples do not allow as many electrons to be transmitted due to the thicker nature of these 

platelets. These low aspet-ratio. Rigid sheets also appear to potentially have more surface 

defectswith all of the dark, thicker LFP growth. 
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Figure 3.13. SEM image of the standard pH sample from doubling the LiCl content (Li3-1.5). 

This synthesis condition formed fairly uniform nanosheets, and their thin nature and flexibility can 

be observed in the TEM images of Figure 4.14: 

 

 

Figure 3.14. TEM images of the L3-1.5 sample. 
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These images show that the L3-1.5 sample appears to have the thinnest morphology due to 

the delicate wrinkles that symbolize flexibility in the thin sheets and high aspect ratio of the 

diameter to the thickness. To measure the thickness of the synthesized morphologies, atomic force 

microscopy was utilized to analyze the topographical elevation characteristics of the samples: 

 

Figure 3.15. AFM images of LFP Li2-2.7 (left) and Li3-1.5 (right).  

The LFP Li2-2.7 nanosheets are approximately 80 nm in thickness, while the LFP Li3-1.5 

nanosheets are approximately 12 nm thick, the thinnest to date. By doubling the amount of LiCl 

added, and thus both Li+ and Cl- content, the pH decreased to pH 1.5 from the natural state of the 

system, 1.7 pH. These thinner nanosheets from the Li3-1.5 synthesis yield a much shorter diffusion 

path in the [010] direction, allowing the structures to potentially have a much higher power density. 

By systematically varying the pH of the Li3 system to match the pH of the Li2 sytem, the effects 

of doubling the LiCl content can be studied independently by holding pH constant. The structures 

obtained in the Li3 system are shown in the SEM images in Figure 3.16: 
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Figure 3.16. SEM images of pH-varied structures a) Li3-1.7, b) Li3-2.7, c) Li3-3.7, and d) Li3-

5.1. 

The structures at elevated pH changed drastically from the large, fairly loose nanosheets 

from Li3-1.5 (Figure before this one). The structures in a (pH 1.7) and b (pH 2.7) stem from a 

central point and flare out at the ends. Then, c (pH 3.7) makes ovals and d (pH 5.1) makes even 

more elongated ovals. 

In order to check the material composition of the samples, XRD was performed for each 

of the different structures synthesized, shown in Figure 3.17: 
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Figure 3.17. XRD patterns of the different LFP syntheses.  The peaks correspond to the database 

signature pattern for LiFePO4  (vertical red lines), JCPDS #04-016-4497.  

XRD characterization for all of the compounds matches up to expected peaks for LiFePO4, 

with no detected impurities.  Peak broadening is observed for Li2-2.7, due to the nanosheet-like 

morphology.  Intensity of peak at 26.7 2 theta (021) plane is less than the peak intensity at 28.4 2 

theta (010) plane, indicating greater exposed facets of the (010) plane for the L2-2.7 sample. 

From the XRD scan of the LFP-NSN, it can be observed from the alignment of the vertical 

bars that represent the Bragg positions with the sample that high-purity LFP has been synthesized 

with no noticeablely distinguishable contaminant peaks for imputies such as the commonly 

reported Li3PO4, Li3Fe2(PO4)3, and conductive FeP132. Further, it has been observed that for a 

higher magnitude of the (020) peak over the (200), platelet or sheet-like structures are expected 

(needle shaped crystals are observed for the opposite case).132, 138 Since the XRD data shows the 
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(020) plane as the highest-intensity peak, there was no immediate need to distinguish the peak 

further by drop-casting the structures on a surface to allow for this plane to have predominant 

vertical exposure to the x-rays as shown in Figure 3.18: 

 

Figure 3.18. (a) XRD patterns of random and regular arrangement LFP and (b) schematic of regular 

and random arrangement.152 

Raman Characterization 

Raman spectroscopy for the L2-2.7, L2-3.7, and L3-1.5 samples was performed on a 

Renishaw Raman with a 633 nm laser, 20x magnification, and an exposure time of 30s shown in 

Figure 3.19. One dominant band at approximately 948 cm-1 is evident in the spectroscopy, which 

is assigned to the v1 stretching mode of the PO4
3- group of LiFePO4.

153  This is the characteristic 

stretching mode of the phosphate tetrahedron configuration, which is characteristic of pristine 

LFP. 
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Figure 3.19:Raman spectroscopy signal for Li3-1.5, Li2-2.7, and Li2-3.7. 

Conclusions 

Microwave irradiation could be a viable means to shorten reaction times, as well as being 

easy to employ to a process for scale-up and mass production of the <010> thickness and {010} 

lateral dimension controlled LFP nanosheets for lithium ion battery cathodes. However, often, to 

synthesize delicate, thin or narrow morphologies of nanostructures, slow growth is often necessary. 

This is the first reporting of modulating <010> thickness in LFP platelike structures by pH in a 

solvothermal method. Also, this method is very simple to modulate the particle sizes by simply 

adding a known volume of standard, 10 M KOH solution. By increasing the Cl- content, ultrathin, 

~12 nm LFP nanosheets can be grown by a bottom-up approach, which could inevitably lead to 

extremely fast charge times for LIBs.
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CHAPTER 4                                                                                                                                                   

LITHIUM IRON PHOSPHATE NANOSHEET ELECTROCHEMICAL EVALUATION IN 

LITHIUM ION BATTERY (LIB) COIN CELLS 

The advent, commercialization, and mass production of a secondary (rechargeable) lithium 

ion batteries by Sony Corporation154, starting in 1990, led to the reformation and drastic 

improvement of the portable electronics industry. These batteries include a network of 

electrochemical cells that typically contain a lithium-transition metal compound cathode 

(including aluminum current collector) that is separated from a graphite anode (including copper 

current collector) by a separator film (e.g. polypropylene) that passes a lithium salt-containing 

organic electrolyte (e.g. LiPF6 dissolved in a mixture of dimethyl carbonate/ethylene carbonate). 

Here, upon charging the battery, a flow of electrons (externally in an electrical circuit) and lithium 

ions (through the electrolyte) to the anode under an applied bias to force lithium to intercalate in 

the graphite, and upon battery discharge, both electrons and ions flow in the opposite direction and 

intercalate in the lithium-transition metal compound at the cathode (Figure 4.1). 
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Figure 4.1. Schematic of LIB discharge mechanism showing lithium diffusion into LFP.155 

These intercalation processes are reversible for these secondary batteries, following the 

half-reaction scheme for the anode: 

         C6 + xLi+ + xe-                        LixC6 ,  E
0 = -3 V                                         [4.1] 

The half-reaction scheme for the cathode: 

      Li1-xFePO4 + xLi+ + xe-                    LiFePO4 ,  E
0 = 0.45 V              [4.2] 

And the full cell reaction: 

             C6 + LiFePO4                   LixC6 + Li1-xFePO4 ,  VOC = 3.45 V    [4.3] 

Here, the full-cell open circuit potential is equal to the cathode potential minus the anode 

potential, or absolute difference, 3.45 V. Due to these reversible reactions, the Li+ ions “rock” back 

and forth between the anode and cathode, leading to these batteries being called “rocking-chair” 

batteries. 

 Further, on discharge, the battery’s ionic current (Ii = I) internal battery resistance Rb makes 

a reduction in the battery output voltage Vdis from the open-circuit voltage VOC due to a 
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polarization η = IdisRb and causes an increase in the voltage Vch to reverse this reaction upon charge 

due to an overpotential, or increased bias to drive the reaction, η = IchRb: 

     Vdis = VOC – η(q, Idis)                                                      [4.4] 

     Vch = VOC – η(q, Ich)                                                                   [4.5] 

here, q is defined as the state of charge. At a fixed current I, the cell’s percent efficiency to store 

energy is: 

                  
∫ 𝑉𝑑𝑖𝑠(𝑞)𝑑𝑞

𝑄𝑑𝑖𝑠
0

∫ 𝑉𝑐ℎ
𝑄𝑐ℎ

0 (𝑞)𝑑𝑞
  100 %                                                 [4.6] 

where: 

        Q = ∫ 𝐼𝑑𝑡
𝛥𝑡

0
 = ∫ 𝑑𝑞

𝑄

0
                                                    [4.7] 

where Q is the total charge the current I = dq/dt transfers per unit weight (Ah kg -1) or per volume 

(Ah L -1) during charge or discharge. The cell capacity for a given current is represented as Q (I), 

since Q is limited by the diffusion of ions through the electrolyte and electrode at increased 

currents, making a reversible loss of capacity. On the other hand, an irreversible loss of capacity 

can be caused by electrode decomposition, electrolyte-electrode chemical reactions, and changes 

in the electrode volume. On the first charge of a discharged electrode, electrolyte reacts with the 

electrode, forming an irreversible passivation layer known as the solid-electrolyte interphase (SEI), 

which is not associated with the fade in capacity associated with battery cycling. This capacity 

fade is represented by the Coulombic efficiency per cycle: 

               
𝑄𝑑𝑖𝑠

𝑄𝑐ℎ
  100 %                                                        [4.8] 

Further, the lifetime of a battery is defined as the number of cycles a battery can withstand 

before experiencing a capacity fade of 80% of the initial reversible value. Aside from battery safety 

and cost, other key factors of importance are the energy density (specific or per mass and 
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volumetric or per volume), power output at a given current P(q) = V(q)Idis, and the calendar life or 

shelf life of the battery. A fully charged cell’s available energy E is measured based on the 

discharge current Idis = dq/dt multiplied by the time Δt it takes to fully discharge at this rate: 

             E = ∫ 𝐼𝑉(𝑡)𝑑𝑡
𝛥𝑡

0
 = ∫ 𝑉(𝑞)𝑑𝑞

𝑄

0
                                           [4.9] 

The gravimetric energy density (Wh kg -1) and volumetric energy density (Wh L-1) are 

dependent on the discharge current, Idis, via Q(Idis) and are particularly interesting in portable or 

transitory batteries for laptops, hand-held devices, and electric vehicles. Another term of 

importance is the “tap density”, which represents the packing density of electrochemically active 

electrode particles, measured as the volume ratio of active particles in a cylinder after “tapping” 

or packing the material.156 

Lithium Ion Diffusion Coefficient in LFP 

The diffusion coefficient of LFP has been widely studied in literature. Using AC 

impedance spectroscopy, it has been found that the diffusion coefficient for lithium ions is 1.8  

10-14 and 2.2  10-16 cm2s-1 for LiFePO4 and FePO4, respectively157.Potentiostatic and 

galvanostatic titration techniques have shown that based on the phase ratio of LiFePO4/FePO4 or 

lithium content in LixFePO4 and Li1-xFePO4 (x<0.02) makes the lithium ion diffusion coefficient 

vary from 10-10- 10-16 cm2 s-1. 158 

Conductivity 

Lithium iron phosphate does not naturally have a high electrical conductivity, only 

featuring 10-10 S cm-1. 159 One way to increase the conductivity is to introduce defects in LFP 

through doping. An example of this shows that LiFe1-xCoxPO4/C with x = 0.010 (out of x = 0, 

0.005, 0.010, and 0.020) achieves the best electrochemical properties, showing discharge 

capacities of 114.8 and 104.2 mAhr·g-1 at 10 C and 20 C, respectively160. Similar results were also 
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attained for the same 1 % Co doping in LiFe0.99Co0.01PO4/C nanoplates, where they achieved over 

96.9 mAhr·g-1 and good cycling specific capacity retention at 10 C161. Another study that used 

LiFe0.9M0.1PO4/C (M = Mg, Co, Ni) demonstrated that those doped with Mg and Co had lower 

specific capacities than LFP, and the one doped with Ni had higher specific capacity than LFP 

when cycled at C/10.162 

Experimental 

Preparation of LFP-NS/C 

 To add a carbon thin film, LFP-NS were dissolved in a water-ethanol mixture and 5 % wt. 

glucose (per LFP-NS) was added. The solution was stirred for two hours to ensure thorough 

mixing. Then, the solution was concentrated to dry in an oven at 80 ºC overnight. The resulting 

precipitate was ground to a fine powder with a mortar and pestle and evenly distributed in the 

bottom of a ceramic boat. The boat was placed in a quartz tube furnace, purged with Ar for thirty 

minutes, ramped to 700 ºC at 10 ºC/min, held there for 1 hour, and allowed to cool to room 

temperature before turning off the Ar. The resulting powder changed from white to black. 

Surface Carbon Coating 

Carbon coating techniques and different carbon precursors have been extensively studied 

for active materials in LIBs. It has proven difficult to determine the optimal carbon film coating 

content (% wt.) and thickness, where a high carbon content boosts conductivity but can make the 

coating layer thicker than 3-5 nm, making the tap density lower and more difficulty for Li+ 

penetration163. It has been found that polyaromatic carbon sources like naphthalenetetra-

carboxylicdianhydride can provide for a more graphitic coating with sp2
 nature, which can provide 

enhanced battery performance over higher loadings of amorphous carbon coatings164. Another 
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interesting method to attempt to deposit uniform carbon films is to dissolve a carbon source, such 

as sucrose octaacetete (SOA) in liquid CO2 (l-CO2), and coat LFP particles through solution film 

entrainment by evaporating the l-CO2 followed by calcination165. This makes uniform 3.3 nm 

carbon coatings on LFP at 1.9 % wt. carbon content and forms carbon nanowires between particles, 

shown in Figure 4.2. 

 

Figure 4.2. SEM image of l-CO2-SOA carbon coating of LFP.165   

LFP is often protected from the electrolyte by an amorphous carbon layer to allow it to 

retain its specific capacity at high cycle numbers. LFP nanosheets have had carbon layers pyrolized 

on them using simple sugar carbon sources like glucose or polymers like polyethylene oxide in an 

inert atmosphere (Ar or N2) with hydrogen gas between 550 and 700 ºC147, 166.  Saravanan et al. 

discusses the chelating ability of D-gluconic acid lactone for Fe (as an in situ carbon source added 

during LFP synthesis) and how it forms a uniform, 5 nm carbon coating that allow their 

nanoplatelet micro-assemblies achieve 163 mAhrg-1.132 
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Graphene Addition 

The addition of graphene to cathode active materials (and as an anode material) has also 

been widely studied for LIB and other applications. One method to make a large graphene 

assembly is to use a hydrothermal method with graphene oxide (2 mg mL-1) in a muffle furnace 

for 6 h at 150 ºC to make an assembly, followed by washing and drying in a vacuum oven to 

compact it into high-density porous graphene macroforms167. This method is an alternative that 

makes the macroforms much more-dense than the traditional method for this approach, where the 

assembly is freeze-dried to hold its form; a comparison is shown in the Figure 4.3: 

 

Figure 4.3. Comparison of the synthesis of a porous graphene macroform (PGM) and a high 

density porous graphene macroform (HPGM).167 

Another way of combining graphene and LFP is to mix graphene oxide and hydrazine 

(reductant for GO) with FeCl2∙4H2O and LiH2PO4, transfer the aqueous solution to an autoclave 
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for 8 hours at 250 ºC to grow LFP particles on the reduced graphene oxide, collect the precipitate 

and mix it with citric acid, and anneal this at 600 ºC for 3 hours under Ar/H2, resulting in graphene 

decorated with LFP and carbon coated.168 This intimate contact of LFP on graphene and 

subsequent carbon coating is reported to achieve 90 mAhr·g-1 at 10 C. Nitrogen-doped graphene-

LFP composites have also shown promising electrochemical performance due to the heightened 

electrical conductivity attributed to the nitrogen doped graphene.169 

Other methods focus on wrapping graphene around LFP nanosheets to improve 

conductivity and capacity. One method binds graphene to carbon coated LFP through van der 

Waals interactions and increases the capacity above the theoretical capacity (170 mAhr·g-1) to 208 

mAhr·g-1 which they attributed to the lithium ions in the electrolyte undergoing a reversible 

reduction-oxidation reaction with the graphene flakes, which have a specific capacity of ~ 2000 

mAhrg-1.170 For this, they put graphene in dimethylformamide and add the carbon-coated LFP such 

that it is wrapped by graphene by the afore-mentioned van der Waals interactions. They also noted 

that this specific capacity enhancement effect is significant, only requiring a small amount of 

graphene (< 2 wt. %), and this low loading also serves to avoid the undesired voltage-polarization 

effect that affects cathodes with higher graphene loadings. 

Battery Assembly 

Figuring out the proper active material slurry composition can be one of the most difficult 

aspects of assembling lithium ion batteries. The ratio of solids in the slurry are often employed in 

an 80:10:10 ratio of active material:carbon particles:polymer binder. For the cathode LFP project, 

this ratio consists of LFP:Super C Carbon:polyvinylidene fluoride (PVDF). This ratio is fairly 

standard, but often, literature does not report the wt. ratio of binder to N-methyl-pyrrolidone 

(NMP), a widely used solvent to dissolve PVDF. Using 0.3 g of active material and thus 37.5 mg 



78 

of both Super P carbon and PVDF, a few different volumes of NMP were employed before 

reaching a suitable slurry consistency. After using 5 mL and then 3 mL of NMP to 37.5 mg PVDF 

with unsuccessful battery results, a method in a patent that employs 1.5 mL NMP to 37.5 mg 

PVDF171 was investigated. Initially, this ratio was unsuccessful as well when the PVDF was simply 

stirred into the NMP overnight (and other components added and stirred subsequent night). Then, 

upon using an ultrasonic bath to disperse the PVDF in NMP for 30 minutes before stirring 

overnight, adding the carbon and active material, stirring overnight again, spreading on aluminum 

foil and drying, relatively high specific capacity was maintained at increased cycle numbers for 

commercial LFP powder (Figure 4.4).  

 

Figure 4.4. (a) Voltage v. Specific Capacity and (b) Specific Capacity v. Cycle Number  for 

commercial lithium iron phosphate at C/5, 80:10:10 LFP:C:PVDF in 1.5 mL NMP. 

 When repeating the slurry ratio as reported in the procedure followed for our LFP 

nanosheet cluster synthesis, the batteries seemed to lack stability as shown in Figure 4.5 below. 
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Figure 4.5. Specific Capacity v. Cycle Number for commercial lithium iron phosphate at C/5, 

80:15:5 LFP:C:PVDF in 0.711 mL NMP (5 wt% PVDF to NMP). 

Battery Preparation 

A battery slurry was prepared by dissolving 37.5 mg of poly(vinylidenefluoride) (PVDF) 

in 1.5 mL N-methylpyrrolidone (NMP) via ultrasonication. After which, LFP-NS and Super C65 

carbon were ground with mortar and pestle and dispersed into the stirring NMP-PVDF solution to 

make 80:10:10 LFP-NS:C:PVDF. The slurry was allowed to stir overnight and subsequently 

spread thinly on aluminum foil and dried in a vacuum oven at 70 ºC overnight. The foil and slurry 

were then pressed at 10,000 psi to make sufficient contact with the foil. Disks of the active material 

were punched and weighed and assembled in a coin cell using a polypropylene separator film and 

lithium hexafluorophosphate (LiPF6) as the electrolyte in 1:1:1 dimethyl carbonate:diethyl 

carbonate:ethylene carbonate. The batteries were then cycled on an Arbin Instruments Battery Test 

Station at various cycle rates to test the specific capacity or energy density at heightened C rates. 
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Results 

15 wt. % carbon coatings were performed on LFP nanosheet structures synthesized at 

different precursor ratios, shown in the SEM images in Figure 4.6. The carbon coated structures 

in b) were closer to the argon inlet to the tube furnace than d) (both coated at the same time), and 

oxygen leaks in the system in stream oxidized b) to a greater extent, evidenced in the greater 

morphological change.  

 

Figure 4.6. SEM images of LFP structures synthesized with a FeCl
2
:LiH

2
PO

4
:LiCl ratio of a) and 

b) 1:1.1:1 (b with 15 wt. % carbon coating from glucose) and c) and d) 1:1.1:1.1 (d with 15 wt. % 

carbon coating from glucose) with 5 % l-ascorbic acid (b and d ultrasonicated for 30 minutes in a 

bath sonicator before battery assembly).  
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Figure 4.7 shows battery data for carbon coated samples made with glucose as the carbon 

source. Four samples were made with different carbon sources and tested in batteries in attempts 

to increase conductivity and charge transfer in the batteries: 1) 2 % wt. rGO mixed in with active 

material/carbon black/ binder, 2) 15 % glucose mixed with the active material and calcined at 550 

℃, 3) poly(ethylenimine) cationically physisorbed and calcined, and 4) GO hydrothermally mixed 

with LFP nanosheets to make a composite. All of this data is not shown here within due to 

complications with battery cycling. 

 

Figure 4.7. 1:1.1:1.1 FeCl
2
:H

2
PO

4
:LiCl and 5 % Vc, a) and b) 15% wt. carbon coating and c) and 

d) 5 % wt. carbon (voltage v. specific capacity cycle 30). 
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At 15 wt. % carbon, it was initially believed that the carbon content was likely too high, 

and the thick layer of carbon was preventing adequate lithium ion migration into the lithium iron 

phosphate.  Upon repeating this coating with 5 wt. % carbon, it is believed that since the specific 

capacity decreased significantly with decreased carbon coating content (Figure 4.3), the lithium 

was actually inserting in the carbon and not the LFP. It is further believed that trace amounts of 

oxygen were entering the furnace and causing the surface of the LFP to oxidize, blocking the Li+ 

diffusion channels and making the material inactive.  

Also, it was theorized in two models by Andersson and Thomas that after the first charge, 

unreacted FePO4 remains at the center of large crystals, resulting in an irreversible capacity loss172, 

which we believe would also apply to the large (~15 μm) “bird nest” shaped particles. Further, 

carbon coated samples undergo a process of activation during the first cycle, which can also cause 

an irreversible loss after the first charge172-173. It has also been noted that chlorine contaminants 

left from using an iron source with chlorine can undergo oxidation at elevated voltage (~3.9 V), 

leading to the partial corrosion of the current collector.174 

Conclusions 

It is believed that the battery assembly incurred some error that prevented the achievement 

of high energy|high power density batteries. This could potentially be due to using stainless steel 

tweezers that may have provided a short circuit to the battery and thus applying too much current 

for the material to handle, thus destroying the active material and/or connectivity to the electrode. 

There could also be a lack of an intimate contact with the different shaped active material 

(nanosheets) with the conductive carbon (carbon nano- and micro- spheres). It is believed that the 

lack of positive battery results will soon be overcome and the 12 nm Li3-1.5 nanosheets (after 

carbon coating and making a composite with rGO) will achieve extremely high energy density at 
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very high C rates. It is believed that these thin sheets can be charged to nearly half of the theoretical 

capacity on the seconds scale and near the theoretical capacity on the minutes scale. LFP 

nanosheets of this extremely fine thickness have never before been achieved (in this case from a 

bottom-up synthesis approach) and have only been obtained for other battery materials through a 

top down approach via exfoliation of nanosheets. By recognizing the importance of the Cl- ions as 

opposed to just the solvent adsorption and “soft-template” effect via hydrogen bonding, it allowed 

for the design of the growth-directed synthesis (without further modification) of the thinnest LFP 

nanosheets to date.
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CHAPTER 5                                                                                                                                                   

PLATINUM AND PLATINUM-COBALT NANOWIRES FOR ENERGY CONVERSION IN 

PROTON EXCHANGE MEMBRANE FUEL CELLS (PEMFCs) 

An Introduction to Proton Exchange Membrane Fuel Cells 

By connecting the two half-reactions of a hydrogen fuel cell, the hydrogen oxidation 

reaction (HOR) and the oxygen reduction reaction (ORR), with an external circuit and a proton 

exchange membrane, chemical potential converts to workable electrical potential, generating only 

electricity and water. Proton exchange membrane fuel cells are a viable renewable energy solution 

for both stationary and mobile (transportation) energy demands. There are several types of fuel 

cells that offer solutions to provide for stationary power consumption, but the inherently 

lightweight, thin proton exchange (or polymer electrolyte) membrane (PEM) eliminates the need 

for heavy liquid electrolytes, which are typically a necessity in other electrochemical systems. In 

hydrogen fuel cells (PEMFCs), the PEM typically is comprised of Nafion, an ionomer that 

conducts protons along its polymerized sulfate groups. In this way, the oxidized hydrogen gas 

(protons) can easily traverse from anode to cathode by “hopping” along these sulfur-oxygen 

functionalities with no need for liquid electrolyte-dependent ion migration. The typical hydrogen 

fuel cell setup is shown in Figure 5.1175:
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Figure 5.1. Schematic of proton exchange membrane “hydrogen” fuel cell (PEMFC) operation.175 

There are two serpentine tracks on each side of the fuel cell that meet flush with two sheets 

of catalyst-immobilized carbon paper sandwiched around a Nafion membrane (fluorinated 

polymer with dangling sulfate groups for proton conduction). At the anode, hydrogen enters and 

is oxidized by the catalyst into protons which travel across the membrane to the cathode and 

electrons that travel in an external circuit (generating amperage or current). These electrons arrive 

to the cathode, along with the protons from the membrane, and they combine with oxygen to reduce 

this chemical species to water. 

All of this occurs around 85 ºC, requiring this additional thermodynamic energy to aid the 

catalyst in reducing the oxygen to water. This reduction of water is the limiting factor and is more 

difficult to occur (requires more overpotential) than the oxidation of hydrogen. 
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Electrochemistry of Hydrogen Fuel Cells 

The overall electrochemical reactions that occur in a hydrogen fuel cell can be represented 

by the equation: 

    H2|2H+   O2| H2O                    [5.1]       

Here, the anode half-cell  reduced and oxidized (respectively) species of interest are shown on the 

left side of the dashed line, and the cathode half-cell oxidized and reduced (respectively) species 

of interest are shown in the right side of the dashed line, which represents a junction that joins the 

electrolyte of the two half-cells and thus forms a full cell176. Further, the potential difference across 

the full cell can be represented by: 

            𝐸cell
0  = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

0   - 𝐸𝑎𝑛𝑜𝑑𝑒
0                                            [5.2] 

The half-reaction for the cathode can be represented: 

           O2 + 4H+ + 4e- → 2H2O     𝐸0 = 1.23 V                                 [5.3] 

And, the half-reaction for the anode can be represented: 

                                          2H+ + 2e- → H2     𝐸0 = 0 V                              [5.4] 

These half-reactions display the redox potentials at which the half-reactions occur to the right of 

the chemical formulas (note that at the anode, hydrogen gas is split into two protons and two 

electrons, but by convention, the reduced species is shown on the right). Thus, the overall voltage 

that can be generated from a single hydrogen fuel cell full cell can be calculated as: 

                                                         𝐸cell
0  = 1.23 V – 0 V = 1.23 V                                     [5.5] 

Thus, fuel cells are stacked both in series and parallel to increase the voltage and current (their 

product being power), respectively, to meet the power demands of an electric vehicle. Thus, single 

fuel cells are rarely seen and are found in fuel cell stacks to provide adequate power demands 

(Figure A 5.1177). 
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 E0 is the standard electrode potential, which is measured relative to the normal hydrogen 

electrode (NHE), with species considered to have unit activity, ai = 1. Considering half-reactions 

occurring at equilibrium, the potential, E, is related to E0 by the Nernst equation178: 

      E = E0 - 
𝑅𝑇

𝑛𝐹
 Σ vi ln ai                   [5.6] 

Here, the gas constant, R (8.314 J K-1 mol-1), absolute temperature, T (K), the number of moles of 

electrons transferred, n (mol), the Faraday constant, F (9.468 x 10 4 C mol-1), and the stoichiometric 

numbers for each species, vi. Similarly, the Nernst equation can be approximated in terms of 

species concentrations, ci 
178: 

      E = E0 ’ - 
𝑅𝑇

𝑛𝐹
 Σ vi ln ci                   [5.7] 

Here, ci is equal to ai / γi , where γi is the activity coefficient of the species i. E0 ’ represents the 

formal potential, including the logarithmic activity coefficient, depending on the medium. The 

Nernst equation can be applied when the oxidized and reduced species that take part in the 

electrode reaction are in equilibrium at its surface. Based on thermodynamic reversibility, this is 

then considered a reversible reaction. Thus, to apply this equation under reversible conditions, the 

ability of the electrode to reach equilibrium is dependent on time. Further, concentrations at the 

electrode interface depend on mass transport from the bulk solution, and to be considered a 

reversible reaction, the standard kinetic rate constant, k0, must be much larger than the mass 

transfer coefficient, kd. The opposite is true for irreversible reactions. Many reactions are quasi-

reversible, meaning that under a small applied overpotential, or additional applied potential, the 

reactions can be reversed. For reduction, the rate constant’s potential-dependent expression is as 

follows: 

     kc = ko exp [-αcnF(E - E0 ’)/RT]       [5.8]  

And for the anode:  
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     ka = ko exp [-αanF(E - E0 ’)/RT]                  [5.9]  

The charge-transfer coefficients for the cathode and anode are αc and αa, respectively, and 

represent the symmetry of the activation barrier. For a simple electron transfer process to a metallic 

electrode, these are close to 0.5. The standard kinetic rate constant, k0, is the rate constant at E = 

E0 ’.178 

 For experimental purposes, a more practical method studying and expressing rates of 

electrode reactions is through exchange current, I0, representing the cathodic or anodic partial 

current at equilibrium potential, Eeq. Measuring this current is analogous to measuring the standard 

rate constant, k0, as they are directly proportional. Current, I, is exponentially dependent on 

potential, forming a linear relationship between log I and potential, known as the Tafel relation. 

This rate is dependent on the rate constant and concentration of the reagents, and it cannot increase 

indefinitely due to a transport-limited, diminished supply of reactants.178 

 Only thermodynamic and mass transport parameters can be determined for reversible 

reactions, whereas both kinetic and thermodynamic parameters can be determined for quasi-

reversible and irreversible reactions. Further, reaction kinetics can be greatly affected by the 

electrode material and configuration.178  

 The rate of electron transfer is an adiabatic process that follows the Franck-Condon 

principle, occurring at approximately 10-16 s. Thus, the electrode reaction rate constant does not 

measure this rate of electron transfer, but rather measures the time required for the species to 

arrange in their ionic atmospheres to transfer electrons upon incidence with the interfacial 

region.178 

 To study reaction kinetics in the absence of diffusion, a convective-diffusion system is 

typically employed with a rotating disk electrode (RDE), or a modification thereof allowing for 
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the study of two-step reactions: the rotating ring-disk electrode (RRDE). In this type system, the 

electrode rotates and draws solution to the electrode surface as shown in Figure 5.2: 

 

Figure 5.2. Rotating ring-disk electrode (RRDE) schematic for oxygen reduction.179 

In the absence of diffusion limitation, reaction kinetics can be studied to determine the 

reaction efficiency. Here, oxygen gas is reduced to water via a sluggish two-step, two-electron and 

two-proton process that forms hydrogen peroxide at the disk before repeating at the ring to form 

water. Also, the desired reaction process occurs on the disk, where a four-electron and four-proton 

process reduces oxygen directly to water. In the absence of diffusion, one can determine what 

fraction of oxygen is reduced by which reaction. For this, the Levich equation is employed to 

determine the linear range for current increase versus angular velocity of the RRDE: 

      

IL = 0.620nFA𝐷
2

3𝜔
1

2𝜈
−1

6 C      [5.10] 

Where n is the number of electrons transferred, F (C/mol) is Faraday’s constant, A (cm2) 

is the cross-sectional area of the disk, D (cm2/s) is the diffusion coefficient for the species of 
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interest (oxygen in the schematic), ω (rad/s) is the angular velocity of the electrode, and ν (cm2/s) 

is the kinematic viscosity. 

Non-Noble Metal Catalysts 

Many attempts have been made to achieve high-activity non-noble metal catalysts, but it 

is difficult for them to compete with the catalytic nature of the electronic d-band configuration of 

noble metals. One example of a non-noble metal catalyst is generated through ball-milling graphite 

flakes with di-halides under Ar, resulting in halogenated graphene180. Here, the halogen-

functionalized graphene activity in alkaline solutions increased with halogen size, where the larger 

size halogen-halogen repulsion helped delaminate the graphene planes in the graphite sheets, and 

these edge sites had favorable binding affinity for O2 molecules and weakened the O-O bonds with 

charge transfer induced by the halogens. Nitrogen-doped carbon nanotubes (NCNTs) serve as 

another example of a non-noble metal catalyst that is suggested to potentially replace platinum-

based catalysts in fuel cells. In one work, chemical vapor deposition (CVD) was employed with 

ferrocene as a catalyst and ethylene-diamine (EDA) and pyridine (Py) as the nitrogen and carbon 

sources for nitrogen-doped nanotube growth, and the EDA-NCNTs had a 3-fold increased specific 

limiting current (j/mAcm-2) over Py-NCNTs believed to be due to twice as many nitrogen atoms 

introduced per EDA as Py181. Also, they found the EDA-NCNTs to have a higher amount of 

quaternary nitrogen structure, which is more active than the pyrrolic structure of the Py-NCNTs. 

Here, in alkaline conditions, the EDA-NCNTs had a higher specific limiting current and lower 

Tafel slope than commercial Pt/C, indicative of a better catalyst; however, hydrogen fuel cell 

catalysts must operate in an acidic environment due to the nature of the protons, diminishing their 

usefulness for this application. 
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Small Diameter Supported Platinum Nanowires 

Platinum nanowires can be formed through various routes. One method for their synthesis 

includes using formic acid as the reductant of hexachloroplatinic acid in water using carbon fiber 

paper as a substrate for the nucleation and growth of the Pt-nanowires (Pt-NWs)182. The selected-

area electron diffraction (SAED) patterns of these nanowires show bright rings attributed to the 

183, {220}, {200}, and {111} Pt face-centered-cubic (fcc) crystal structure, similar to bulk Pt184. 

This same growth mechanism has been used to grow ultrathin Pt nanowires on multiwall carbon 

nanotubes (MWCNTs)185, nitrogen-doped carbon nanotubes(n-CNTs)186, reduced graphene oxide 

(rGO)187, sulfur-doped rGO188, gold nanocores189, and carbon nanospheres190. In the study with 

sulfur-doped rGO, it was found that the electronegative sulfur groups helped the nanowires to seed 

and grow uniformly rather than forming patches of different length nanowires.  

For this reaction method, pH and wt. % Pt were studied on carbon nanospheres (Figure 

5.3), where they found pH 2.5 to result in near-exclusively nanowires, pH 4.5 to possess a mixture 

of nanowires and nanoparticles, and pH 10 is found to produce predominantly nanoparticles.191 

They then studied platinum loadings of 20 wt. %, 40 wt. %, and 60 wt. % Pt at pH 2.5 and found 

the 20 wt. % Pt to have the highest activity on a per mass basis due to less overlap of the nanowires 

and unobstructed diffusion pathways. These nanowires are tens of nanometers, thus they do not 

incur aggregation, Ostwald ripening, and dissolution as likely as commercial Pt nanoparticles 

during fuel cell operations.192 
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Figure 5.3. Platinum nanowire growth at different pH and wt. % Pt.191  

Mixed Composition Nanowires 

One interesting composition of unsupported nanowires consist of Pt-Co nanowire 

assemblies (NWAs) that stem from the center and grow to be ~ 5-10 nm in diameter and ~ 100-

200 nm in length as shown in Figure 5.4.193 These nanowires are not supported on a conductive 

substrate, which is usually found to provide higher activity than free-standing nanowires, but the 

assemblies themselves serve to keep the nanowires spaced out to prevent overlap of their 

electrochemically active surface area (ECSA). The lattice spacing of 0.22 nm is also slightly 

smaller than that of Pt (111) planes, demonstrating the successful incorporation of Co in Figure 

5.4. 
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Figure 5.4. (a) SEM, (b) and (c) TEM, and (d) HRTEM images of Pt3Co nanowire assemblies. 

The inset in (b) shows the selected-area electron diffraction pattern of the NWAs.193 

Core-Shell Nanostructures 

There are many core-shell architectures that have shown promise for electrochemical 

activity in fuel cells. One of these are Fe3O4-polydopamine-graphene-Pt (Fe3O4@PDA/RGO/Pt) 

yolk/shell structures194. Here, the polydopamine serves as a modifier for graphene and a coupling 

agent for the Pt assembly. These structures are more stable and have heightened electrochemical 

activity in comparison to Pt/graphene with respect to the methanol oxidation reaction (MOR), and 

at the heterojunction interfaces between Pt nanoparticles and the support, they provide a 

synergistic cocatalyst effect that is further increased by the high immobilization and better 

dispersion of the Pt nanoparticles on the polydopamine functional groups. 
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Hollow Nanostructures 

One form of hollow nanostructures consists of “hollow” Pt-Co/C core-shell nanoparticles that 

result from PEMFC operation aging due to the Kirkendall effect, a result of different diffusion 

rates of species in binary alloys due to a diffusion mechanism that is vacancy-mediated195. These 

hollow nanostructures achieve a 1.5-fold higher oxygen reduction reaction (ORR) specific activity 

than the fresh Pt3Co/C structures and 3-fold specific activity over the Pt/C nanoparticles. Another 

method of forming hollow nanostructures consists of coating ZnO nanowire arrays with Ni and 

then Pt. followed by etching away the ZnO with a weak sulfuric acid solution to result in PtNi 

nanotubes196. At 0.6 V (versus a saturated calomel electrode, SCE) in 0.5 M H2SO4 and 0.5 M 

CH3OH, these structures show a steady state current toward the MOR at 1000 s of 0.524 mA cm-

2 compared to 0.143 mA cm-2 for Pt/C catalysts. A template wetting method coats porous alumina 

membranes with platinum (II) 2,4-pentanedionate (Pt(acac)2) and poly(D,L-lactide) (PFLLA) in a 

3:1 ratio of chloroform, which are allowed to dry in air, followed by annealing in air for 24 hrs at 

200 ºC followed by 1 hr at 350 ºC to reduce the Pt(acac)2 to Pt0 and oxidize/remove the PDLLA 

before etching away the template with KOH for 2 min197. They found these nanotube arrays to 

have similar CO poisoning tolerance as commercial Pt black, yet they had a higher current response 

for formic acid electrooxidation due to heightened diffusion due to not requiring a polymeric 

binder such as Nafion as is required for the Pt black.  
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PtCo/C Nanoparticle Synthesis 

The pH effects have been studied for PtCo nanoparticle synthesis on carbon by a sodium 

borohydride reduction of the metal salts, where an acidic solution (pH 2) yielded larger 

PtCo particles than a basic solution (pH 9).198 The larger particles synthesized at the lower 

pH yielded higher electrochemical activity toward the ORR except at higher current 

densities, where the reduced electrochemically active surface area (ECSA) of the larger 

particles reduced the activity. The synthesis of PtCo nanoparticles by sodium formate or 

formate ion reduction has also been explored, where the initial composition of cobalt 

precursors did not match the reduced products, and the reductions had to be performed at 

elevated temperatures,199 preventing the bi-component PtCo growth by the slow formate 

reduction method of the fine-diameter Pt nanowires studied by S. Sun et al.185 After the 

reduction of these binary nanoparticles, they are typically annealed at over 700 ºC to make 

uniform alloys that are stable in acidic solutions.199 This also makes complications for 1-

dimensional nanostructures, whose oblong nature makes them vulnerable to warping and 

morphological changes at high temperature. In another study, Pt70Co30 nanoparticle 

synthesis by the formic acid method and annealing at 900 ºC proved these structures to not 

have as high of activity as the commercial Pt/C due to increased particle size and only 

partial alloying at the surface of the Pt70Co30 nanoparticles, where the authors concluded 

that the formic acid reduction is not a good way to make Pt70Co30 nanoparticles.200 
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Carbon Functionalization 

Carbon is often functionalized by electronegative moieties before reducing the metal 

catalyst to help to make carbon more hydrophilic and to increase metal nanoparticle dispersion. 

This is often achieved with oxygen functional groups provided by a nitric acid treatment183,201. 

There are other ways to add electronegative moieties, such as adding sulfite groups by a 

solvothermal treatment with sulfuric acid as well as organic replacement reactions that allow for 

carboxylic acid groups to be replaced via thiol esterification and amminization. 

Experimental Synthesis of PtNWs/C 

A nitric acid treatment183 was used to create the functional groups C-O, C = O, and O – H 

201 on the surface of carbon black. Briefly, vulcanized carbon was added to concentrated nitric acid 

(80 ºC) and refluxed for 24 hours. This functionalized carbon was washed and filtered until pH 

neutral before drying overnight at 110 ºC. The purpose of this was to convert the highly 

hydrophobic carbon black by spurning hydrophilation through functionalization. Also, these 

electronegative moieties are known to increase tethering and dispersion of transition metal 

nanoparticles and decrease the amount of overpotential necessary for catalysis202. This nitric-acid 

treated, functionalized carbon will be referred to as C (instead of C-HNO3 to be terse). Briefly, 2.5 

mg of carbon nano- and micro-spheres (functionalized XC-72 Fuel Cell Store) were subjected to 

ultrasonic homogenization for 45 minutes in 2.5 mL deionized water. Next, 1.7 mg H2PtCl6·6H2O 

(Sigma-Aldrich) was added to the vessel, followed by additional ultrasonic homogenization for 10 

minutes. Then, 0.125 mL HCOOH (Sigma-Aldrich) was added, the pH was adjusted to 2.4 pH by 

1 M NaOH (J.T. Baker), the system was briefly subjected to further ultrasonication, and the vessel 

is left to react undisturbed for more than 10 hours to ensure all of the Pt gets reduced. The structures 
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are then centrifugally separated, washed with deionized water twice and three times with ethanol, 

and are then dried in an oven at 60 ºC overnight.  

Experimental Synthesis of PtCoNWs/C 

The second metal, cobalt, was reduced on platinum by sodium borohydride. The 

aforementioned procedure yielding PtNWs/C was employed again with 1.8 mg H2PtCl6·6H2O to 

yield 21.3 % wt. Pt PtNWs/C. The structures were then added to an aqueous solution and dispersed 

by ultrasonication before adding 0.91 mg CoCl2·6H2O (times the fractional yield from the previous 

step; Alfa Aesar) to make a 3:1 total metal ratio for Pt:Co. The pH of the system is then adjusted 

to pH 11.0 by the addition of 1 M NaOH (J.T. Baker) to make the borohydride recuction yield 

smaller nanoparticles203. An aqueous sodium borohydride (NaBH4; J.T. Baker) solution is then 

prepared in a 3:1 molar ratio of NaBH4 to Co and is added dropwise to the former solution under 

vigorous stirring. For this, it was found that a 2:1 molar ratio of sodium borohydride to metal204 

was the proper amount for the reduction of cobalt. Thus, we employed a 3:1 ratio to ensure that 

despite decomposition of sodium borohydride in water, the borohydride would still be present in 

excess for the complete reduction of the metal. The reaction was conducted for three hours, 

commencing at room temperature and increased to 70 ℃ for the last half-hour to ensure complete 

reduction. As before, the structures were again washed with water and ethanol and dried. With the 

assumption that all of the cobalt was reduced on the particles, PtNWs/C are covered in cobalt in a 

3:1 Pt:Co ratio with 26.3 % wt.metal to carbon (19.7 % wt. Pt and 6.6 % wt. Co on carbon). 

 An agate mortar and pestle was used to gently grind the resulting PtCoNWs/C structures, 

and the ground structures were dispersed over the bottom of a Pyrex vessel and placed in an oven. 

They were then heated from room temperature to 200 ºC under forming gas protection and held at 
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200 ºC for two hours. After, they were allowed to cool under nitrogen protection before being 

removed from the oven and were collected by ethanol and oven dried. 

Catalyst Ink and Electrode Preparation 

The as-prepared catalyst powders were added to a glass vessel in a ratio of 1 mg catalyst 

to 1.5 mL isopropanol and were placed in an ultrasonic bath for 15 minutes. The solution was then 

vigorously stirred during the dropwise addition of a Nafion ionomer in isopropanol solution that 

was stirred for several hours, resulting in a catalyst ink comprising of 25 % wt. Nafion and 75 % 

wt. catalyst nanostructures. Next, a polishing kit was employed to polish glassy carbon (GC) 

electrodes using 0.05 μm alumina powder on a polishing pad for ten minutes. After polishing, the 

electrodes are placed in deionized water and sonicated for fifteen minutes with fresh deionized 

water added at the midpoint. A N2 gun was then used to remove the remaining water. 

Electrochemical Characterization 

Prior to each application to the GC working electrode, the inks were ultrasonicated for 15 

minutes to make sure a homogeneous suspension was attained (the small mass of catalyst was 

applied on a per-volume basis). All electrochemical scans were conducted in 120 mL of 0.5 M 

H2SO4 that had been O2 saturated (O2 percolation in excess of 1 hour). The catalyst addition was 

standardized at 2 μg (28.3 μg·cm-2) of total catalyst structure including carbon (based on total mass 

of catalyst powder per volume and volume applied assuming a homogeneous distribution of 

catalyst throughout the ink). The current was normalized by diving the current by both the total 

catalyst mass applied and weight fraction of catalyst metal. Measurements were taken vs. a 

silver/silver chloride (Ag/AgCl) reference electrode. The resulting graphs were normalized versus 

a reversible hydrogen electrode (RHE), and a platinum wire was used for the counter electrode. 
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Results and Discussion 

Characterization 

Both a scanning electron microscope (SEM) and transmission electron microscope (TEM) 

were used to characterize the as-synthesized PtNWs/C and PtCoNWs/C structures as shown in 

Figure 5.5: 

 

Figure 5.5. PtNWs/C (20% Pt by wt.) SEM (a,b) and TEM (c,d) images. 

It has been found that the nanowires grown by this method grow along the <111> direction 

by a seeded growth mechanism205 and not by oriented attachment. This formation is believed to 

operate on the lowest energy principle, but the mechanism has not been fully elucidated206.  40 % 

PtNWs/C are shown for comparison in Figure 5.6:  

1 µm 500 nm 

20 nm 5 nm 

a b 

c d 
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Figure 5.6. PtNWs-C (40% Pt by wt.) SEM (a,b) and TEM (c,d) images. 

In these higher Pt-content structures, the increased loading is evidenced in longer nanowire 

formation with no noticeable change in diameter. From the TEM imaging, the 20 % wt. Pt 

PtNWs/C are roughly 15 nm in length and under 3 nm in diameter. The platinum to carbon ratio 

varies tremendously within the sample and was not as uniform as anticipated from previous 

studies. In this, there are regions with bare carbon, regions with nanoparticles or short nanowires, 

and regions with long nanowires. For this slow nucleation and growth mechanism, the reaction 

vessel must sit unperturbed, which we attribute to the lack of uniformity; this is likely due to carbon 

overlap at the bottom of the stagnant vessel, leading to sub-surface level carbon being shielded 

from platinum reduction (in a much shorter time frame than the reaction, carbon black precipitates 
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and rests at the bottom of the vessel). Thus, we employed different methods to attempt to make 

the nanowire growth evenly distributed on the carbon black, such as the use of surfactants, 

changing the precursor concentrations, and slightly agitating the system. To perturb the system in 

a uniform fashion, an acrylonitrile butadiene styrene (ABS) paddle was fashioned by a 3-D printer 

to fit securely on the shaft of a stepper motor, and the motor was programmed to turn at various 

rpms under both constant, slow stirring and intermittent stirring. The motor, paddle, and 

microcontroller platform are shown in Figure 5.7: 

 

Figure 5.7. Stepper motor, acrylonitrile butadiene styrene (ABS) paddle, stepper motor driver, and 

microcontroller assembly. 

 The motors/paddles were programmed/operated according to the program below in Figure 

5.8 that was modified for both different constant stir speeds and speeds and interval times between: 
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Figure 5.8. Arduino program (written in C programming language) to control the stepper motor 

speed and/or pause between rotations. 

The effects of stirring, however, seemed negligible through SEM and electrochemical 

analysis. Similarly, the effects from using surfactants and adjusting precursor concentrations also 

proved negligible or made the structures have less uniform nanowires and lower electrochemical 
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activity. Thus, we proceeded to add cobalt to the structures obtained by the previous method 

without uniformity optimization.  Similarly, images are shown for PtCoNWs/C in Figure 5.9: 

 

Figure 5.9. PtCoNWs/C SEM (a,b) and TEM (c,d) images. 

Here, it is observed that the morphology of the nanowires is preserved in the bi-metallic 

structures, yet the nanowires were slightly larger in diameter due to the incorporation of Co into 

Pt. Energy dispersive x-ray spectroscopy was also used to confirm Co exists in the structures (data 

not shown). The relative amount of Co is less in regions of dense Pt nanowire formation, and the 

relative amount of Co is more in the regions with less platinum. Thus, much of the sample 

possesses ratios of different proportions than the optimal, highly active 3:1 Pt:Co structures found 

in literature. On account of Co not being stable in highly acidic environments (such as PEMFC 

cathodes), forming an alloy with platinum is crucial to prevent Co dissolution. To determine if 

alloying of Pt and Co exists or whether they remain independent, x-ray diffraction (XRD) studies 
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could be employed, but this technique requires a much larger sample size than was synthesized. 

XRD was not used in this study due to a scaled-up sample not accurately representing the small 

batches utilized for the rest of the analysis (the same electrochemical activity was not observed 

when the structures were synthesized in larger quantities). Alloying can be observed as an XRD 

peak shift, but this likely would not be observed due to literature reporting alloying at temperatures 

of 700 ºC198 or 900 ºC207, temperatures that could not be withstood by the temperature sensitive 

nanowires. Also, from the TEM images of the PtCoNWs/C, it can be observed that the nanowires 

began to curl under the thermal treatment and are not as straight as they were before the treatment.  

Electrochemical Analysis 

As mentioned, modified electrodes were prepared using inks generated from both the 

PtNWs/C and PtCoNWs/C, as well as the commercial XC-72 catalyst (20 wt. % Pt:C) for 

comparison to study their mass-specific activity toward the oxygen reduction reaction. For this, all 

electrochemical scans were conducted at 20 mV·s-1 in a potential window of 0.9 to 0 V (v. 

Ag/AgCl) in O2 saturated 0.5 M H2SO4.For an initial comparison of the structure activity, cyclic 

voltammetry (CV) was used, and an overlay of the CVs (total metal basis normalized) for 

PtNWs/C, PtCoNWs/C, and XC-72 Pt/C are shown in Figure 5.10: 
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Figure 5.10. Cyclic Voltammagrams: glassy carbon modified with PtNWs/C, PtCoNWs/C, and 

Standard XC-72 Pt/C, in O
2
 saturated 0.5 M H

2
SO

4
 at a scan rate of 20 mV·s

-1

 normalized based 

on a total metal mass basis. 

From this scan, it is shown that the PtNWs/C and PtCoNWs/C both demonstrate a higher 

normalized peak current than the XC-72 Pt/C regarding the ORR. There is also a 40 mV and 30 

mV higher (more positive) onset potential for the PtNWs/C and PtCoNWs/C, respectively towards 

the ORR than the XC-72 Pt/C. This means the nanowire structures take less overpotential (less 

voltage difference from the redox potential of water ~1.23 V v. RHE), or less driving energy, for 

oxygen reduction, typically signifying a better catalyst; however, the PtCoNWs/C require slightly 

more overpotential to initiate the reaction than do the PtNWs/C, which is believed to be due to the 

surface area loss on account of metal agglomeration during annealing process of the PtCoNW/C. 
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The PtCoNWs/C also exhibit a steeper ORR slope than the other samples, proving it takes less 

overpotential per current increase.  

 

Figure 5.11. Cyclic Voltammagrams: glassy carbon modified with PtNWs-C, PtCoNWs-C, and 

Standard XC-72 Pt-C, in O
2
 saturated 0.5 M H

2
SO

4
 at a scan rate of 20 mV·s

-1

 
normalized based 

on a Pt mass basis. 

Figure 5.11 does not factor in the extra Co in the PtCoNWs/C (so it has extra transition 

metal catalyst material), but it shows the difference between the samples based on the amount of 

extremely expensive platinum used.  
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Figure 5.12. Linear Sweep Voltammagrams: glassy carbon modified with 3:2 Pt:Co PtCoNWs/C, 

Pre- and Post-Anneal in O
2
 saturated 0.5 M H

2
SO

4
 at a scan rate of 20 mV·s

-1

 
of normalized 

catalyst loading. 

These structures used a slightly higher ratio of Co to Pt 2:3, opposed to the usual 1:3 to 

accentuate the difference in activity pre- and post-annealing the PtCoNWs/C structures. Here, it 

shows that pre-annealing, there is a substantially higher peak current and more steep ORR slope, 

yet the pre-annnealed structures appear to be unstable due to the noisy nature of the scan. It is 

believed that the decrease in the ORR slope and peak current (of the post-annealed structures) is 

due to annealing decreasing the surface area from both cobalt particle merging/agglomeration and 

cobalt diffusing into the Pt nanowires. 
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To better understand the electrokinetics of the structures in the absence of diffusion, linear 

sweep voltammetry (LSV) was performed using a rotating ring-disk electrode (RRDE). Here, a 

ring potential was applied at 1.11 V v. RHE (0.9 V v. Ag/AgCl) to detect hydrogen peroxide 

formation (an undesired intermediate product that slows the kinetics of the ORR). Figure 5.13 

shows the LSVs (monitoring ring and disk currents versus potential) at increasing rotational speeds 

for all of the structures shown in Figure 5.13: 

 

Figure 5.13. Disk and ring-currents for PtNWs/C (a,b), PtCoNWs/C (c,d), and Standard XC-72 

Pt/C (e,f) at increasing rpms at a scan rate of 20 mV·s
-1

 in 0.5 M H
2
SO

4
. 

Here, the graphs are normalized to the Pt mass-specific current to compare the activity 

based on the amount of precious metal used. Here, it is believed that the total metal comparison is 

not appropriate for the PtCoNWs/C due to not all of the nominal amount of Co reduced on the 

structures diffusing into the Pt, causing it to be left vulnerable to break-down and dissolution in 
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the harsh acidic environment. As shown in the figure, the PtCoNWs/C have the highest limiting 

current at the rotational speeds, followed by the PtNWs/C and then the XC-72 Pt/C commercial 

catalyst. The ring current is lower than the commercial catalyst for the PtNWs/C at high rotational 

speeds (desirable), yet there is a higher ring current for the PtCoNWs/C, which was expected due 

to its higher disk current. The sub-optimal diffusion at the disk could have caused higher ring 

current for the PtCoNWs/C (bent/aggglomerated nanowire structure), resulting in O2 reduction at 

the ring. 

 The Tafel and Levich plots are shown in Figure 5.14. For a 4-electron process, the 

theoretical Tafel slope is 14.75 mV ( = 59 mV / n, with n equaling 4) per decade (ten-fold gain) of 

kinetic current increase. The slope will always be above this value, but the closer they are to the 

theoretical value, the better the electrocatalyst for the ORR. The Tafel plot was generated from the 

1200 rpm disk LSVs (at 20 mV beyond each structure’s onset potential), and it was calculated that 

the Tafel slopes are roughly 33 and 37 mV/decade for the PtNWs/C and XC-72 Pt/C, respectively, 

while the PtCoNWs/C show increased activity at approximately 24 mV/decade. This difference is 

easily seen in the Tafel plot, where the PtCoNWs/C have the lowest slope at low current density. 

Then, at high current density, the commercial catalyst has the lowest slope, followed by the 

PtNWs/C and then the PtCoNWs/C. It is believed that this is due to the commercial catalyst having 

the highest surface area (spheres have more surface area per volume than rods of the same 

diameter), followed by the PtNWs/C and then PtCoNWs/C. Thus, the higher surface area catalyst 

has the ability to interact with more O2 at higher current density. 

 The Levich plot corresponds to Equation 9 (shown again for easy reference) and is 

generated by plotting the limiting current v. rotational speed. 

             IL = 0.620nFA𝐷
2

3𝜔
1

2𝜈
−1

6 C                                       [5.11] 
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Where IL, the limiting current, is proportional to the number of electrons transferred per reaction, 

n, Faradays constant, F (96,485 C·mol-1), the geometrical area of the unmodified electrode, A, the 

diffusion coefficient of oxygen, DO2 (1.61  10-5 cm2·s-1)208, the kinematic viscosity of the fluid, 

ν, the concentration of dissolved oxygen in the solution, CO2 (1.15  10-6 mol·cm-3) 208,  and the 

angular velocity, ω (in rad·s-1). 

 

Figure 5.14. Tafel plot (at 1200 rpm) (a) and Levich plot (b) for the structures generated from the 

data shown in Figure 5.13. 

It can be observed that the PtNWs/C structures have the largest linear Levich region, 

believed to be due to facile diffusion of dioxygen to and from the electrocatalytic sites than for 

XC-72 Pt/C, which possesses nanoparticles that do not provide for these nice diffusion channels 

as hypothesized previously for the PtNWs/C191. The PtCoNWs/C should experience the same 

benefit of diffusion enhancement with respect to the commercial catalyst, but it is not seen as 

definitively, likely due to nanowire deformation (bending) and Pt-Co agglomeration during 

annealing. As seen in the PtCoNWs/C TEM images in Figure 5.9 c and 5.9 d, the nanowires are 

slightly curled, which is believed to decrease the diffusion efficiency to and from the catalytic sites 

for the analyte. 
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 Koutecky-Levich (K-L) plots have been generated using data from the linear Levich 

region, where inverse current density at 0.25, 0.35, 0.45, and 0.55 V is plotted versus the inverse 

square root of the angular velocity in accordance with the K-L equation: 

                                
1

𝑗
 = 

1

𝑗𝑘
 + 

1

𝛽𝜔
1

2⁄
                 [5.12] 

In this equation, jk is the kinetic current, and  𝛽𝜔
1

2⁄  is the limiting current from the Levich 

equation, where β is equal to all of the coefficients listed before 𝜔
1

2⁄ , as previously defined. These 

plots resulted in straight lines, and the β values (inversely proportional to the slope) were 

determined from the average of the four slopes of these lines for each catalyst. From this, it was 

observed that the PtCoNWs/C and XC-72 Pt/C yielded a near four-electron process, where the 

PtNWs/C showed a number of electrons approximately halfway between three and four. 
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Figure 5.15. Koutecky-Levich plots for the PtNWs/C (a), PtCoNWs/C (b), and XC-72 Pt/C (c), 

and Number of Electrons plot at 1200 rpm (d), all from the data in Figure 5.13. 

For comparison of the electrokinetics at various potentials, a plot of number of electrons 

transferred v. disk potential was formed according to the equation: 

      n = 
1

1+ 
𝐼𝑅

𝑁𝐼𝐷

                                        [5.13] 

In this equation, IR and ID are the ring and disk currents, respectively, and N is a geometric 

parameter determined to be 0.256 by the RRDE developers. The collection efficiency, N, refers to 

the fraction of H2O2 that is collected at the ring after being formed at the disk. From this number 

of electrons plot, it shows the PtNWs/C and PtCoNWs/C have a nearly 4-electron process 
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throughout the potential region, where the XC-72 Pt/C begins at 4 electrons and drops to just below 

3.9-electrons through the high current density or limiting current region. Some discrepancy is 

observed regarding the number of electrons calculated from the number of electrons plot and the 

K-L plot, which could be due to noise and/or the chosen potentials for the K-L analysis. 

Conclusions 

PtCoNWs/C and PtNWs/C both demonstrate an increase in the mass-specific current 

toward the ORR, and they feature more positive onset potentials for the ORR, indicative of less 

overpotential with respect to the commercial catalyst. The PtNWs/C exhibit a slightly lower Tafel 

slope than the commercial catalyst, whereas the PtCoNWs/C feature a substantially lower Tafel 

slope than both of the other structures. PtCoNWs/C also conduct a near four-electron kinetics 

process, demonstrating their single-step reduction of oxygen to water with no peroxide 

intermediate and high ORR activity. This was expected, since literature shows that platinum-cobalt 

alloys covered in a Pt-skin have higher affinity than Pt for the ORR. This is the case if a thin-layer 

of platinum diffused to the surface during annealing, which yields the highly active Pt-skin 

surrounding 3:1 Pt:Co; however, the structures synthesized in this work do not approach the results 

attained for Pt3Ni and Pt3Co surrounded by a Pt skin. This is believed to be due partly to a sub-

optimal ratio of Pt to Co in the nanowires, due to the cobalt being reduced independently after the 

PtNWs, affording Co to be reduced on both the Pt nanowires and the carbon substrate (potentially 

making less Co be reduced in the nanowires and a sub-optimal ratio). 

However, the higher surface area of the commercial catalyst often exhibits higher activity 

at high current density based on more analyte being able to come in contact with the surface, and 

the more active surfaces of the Pt-Co nanowires should likely be higher at low current density and 
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the suffer due to lower surface area at high current density, but the heightened catalysis must 

outweigh the surface area.  

 Also, the annealing process applied in this work featured a much lower temperature due to 

nanowire destruction at high temperature. True alloying typically occurs at 900 ºC209, which makes 

it highly likely that Co only experienced partial diffusion into the Pt at the surface of the nanowires. 

Future work regarding this project includes optimizing the procedure to produce large-scale 

batches of the same or similar electrochemical activity, optimizing the annealing method using 

lower temperatures and longer times to avoid nanowire deformation, as well as to test the 

durability/stability of the PtCoNWs/C via an accelerated durability test.
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APPENDIX 

Appendix Figures 

 

Figure A 5.1. Schematic of a small fuel cell stack utilizing a cheap and lightweight ElecroPhenTM 

material showing hydrogen and oxygen gas flow through endplates and bipolar plates (with 

serpentine gas flow channels) and membrane electrode assemblies.177 
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