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Two dimensional (2D) materials are an exceptional class of materials that have many 

remarkable optoelectronic, mechanical, and chemical properties. In combination with the 

layered structure of 2D materials, they allow us many opportunities and scientific 

pathways to explore. The most well-known 2D material, graphene, has been widely 

studied and researched and found to be a single atomically thin nanosheet of carbon in 

the lateral dimension. Due to the high cost of synthesizing graphene, alternatives have 

been investigated that allow for solution processing such as graphene oxide suspensions 

in water. Recently, a class of 2D materials beyond graphene have been of significant 

interest, transition metal dichalcogenides (TMDs) due to their varied ability to be 
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semiconducting, insulating or metallic. 2D materials have found applications in 

electronics, electrochemistry, superconducting, photovoltaics and many more. 

As global demand for energy increases, it is clear that depending on fossil fuels is not 

sustainable. In order to combat our fossil fuel dependence, cost effective and efficient 

alternatives must be found such as hydrogen powered fuel cells. However, the high cost 

of producing hydrogen and catalysts found in fuel cells have prevents its 

commercialization. Developing cost-effective and high performing catalysts that can 

electrocatalytically produce hydrogen and can function within fuel cells are imperative 

for realizing this alternative fuel. 

2D materials such as MoS2 and graphene oxide have recently been shown to be active for 

the hydrogen evolution reaction (HER) and the oxygen reduction reaction (ORR), 

respectively. In any electrocatalytic reaction, the active site is a location on the catalyst 

where the reaction takes place. Determining the active site and its location is challenging, 

as electrocatalytic reactions occur on such a small scale and it can be difficult to isolate 

from external influences. Insight into the active site is crucial for using these materials in 

electrocatalysis, as a fundamental understanding of the active site yields the best routes to 

developing high performing catalysts.  

In this thesis, we developed a method of fabrication electrochemical microcells on 

individual monolayers of 2D materials using electron beam lithography. These microcells 

allow us to electrochemically test 2D materials for electrocatalytic reactions. We first 

developed this method on 2D MoS2 grown by chemical vapor deposition. Using this 

method, we measured the electrocatalytic performance of the edge and, previously 

thought to be inactive, basal plane of 2D MoS2, and found no relationship between edges 
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and HER activity. Investigation into the contact resistance of our microcell devices 

yielded important insight into its importance in HER measurements. When the contact 

resistance is decreased, the electrocatalytic performance was enhanced. If sufficiently 

decreased, the basal plane of MoS2 was found to have high performance for the HER.  

In addition, we have recently developed a microwave reduction process to achieve high 

quality graphene oxide with high graphene character. Microwave reduced graphene oxide 

(MWrGO) was doped with nitrogen by annealing in ammonia (NH3) gas at elevated 

temperature. Defects were found to be highly important for nitrogen incorporation and 

once nitrogen had been incorporated into the MWrGO lattice we determined the 

configuration of the doped nitrogen. Our electrocatalytic results showed that when the 

pyridinic nitrogen bonding configuration dominates the nitrogen content, the ORR 

activity in acidic conditions is improved. In order to further investigate this behavior, we 

sought to fabricate electrochemical microcells on graphene grown by chemical vapor 

deposition and nitrogen doped graphene (N-graphene) doped by NH3 annealing. A 

method for patterning the graphene was developed using negative electron beam 

lithography, but was found to damage N-graphene. Attempts were made to maintain the 

nitrogen content throughout the device processing but were not successful. Our 

electrocatalytic results did demonstrate that electrocatalytic measurements for the ORR 

could be made on CVD graphene, and is a promising technique moving forward. 
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7.8 Hydrodynamic measurements using a rotating ring disk electrode (RRDE) on 

N-MWrGO at different NH3 annealing time. The current density is measured at 

the disk while the absolute current measured at the ring is shown. 

Measurements were taken in O2 gas saturated 0.5 M H2SO4 electrolyte at a 

scan rate of 5 mV/s and rotating at 800 rpm. The ring is maintained at a 

constant potential of 1.4 V vs RHE 

102 

7.9 Electron number (left y-axis) and percentage of H2O2 production (right y-axis) 

are calculated from the ratio of the disk current and ring current from the 

hydrodynamic voltammetry. Values are shown for N-MWrGO at different 

annealing time. 
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8.1 Raman spectra for CVD graphene and NH3 annealed graphene (N-graphene). 

Decreases in intensity of the 2D peak and a slight increase in the D peak can 

be seen in the N-graphene sample due to defect and disorder being introduced 

into the graphene sheet. 
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8.2 (a) C1s and (b) N1s spectra obtained from XPS for samples of graphene and 

N-graphene. The C1s spectra can be deconvoluted into its carbon constiuents 

and oxygen functional groups. There is a clear increase in the concentration of 

sp3 hybridized carbon matching well with a large increase in nitrogen content 

which are likely to introduce disorder and defects into the graphene lattice. The 

N1s spectra is deconvoluted into the different nitrogen bonding configurations, 

and the pyridinic configuration was found to dominate.  
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8.3 Optical microscope images of the different steps of the graphene patterning 

process using a negative electron beam resist. (a) The initial sample after N-

graphene is transferred to the pre-patterned chip (b) The electron beam is 

exposed onto the sample in an array of squares if differing size (c) The sample 

is exposed to oxygen plasma in order to etch exposed graphene (d) After 

removal of the negative electron beam resist, the patterned N-graphene squares 

remain on the substrate 
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8.4 Optical microscope images of the (a) patterned graphene squares which would 

be the rarget of an electrochemical microcell fabrication, (b) multiple devices 

can be fabricated on one chip and (c) an individual microcell device for N-

graphene with the graphene sheet outlined in a white square. 

112 

8.5 A digital photograph of the electrochemical microcell set up used for testing 

N-graphene for the oxygen reduction reaction (ORR). The three electrode cell 

is composed of a homemade Ag/AgCl referenece electrode, graphite or glassy 

carbon counter electrode and the probe is electrically connected to a N-

graphene device. 
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8.6 Polarization curves of graphene (black) and N-graphene (red) in both N2 

(dashed line) and O2 gas (solid line) saturated 0.5 M H2SO4 electolyte. Clear 

deviations from N2 gas saturated experiments can be seen in the O2 gas 

saturated curve, suggesting that the ORR is taking place. Measurements were 

performed at a scan rate of 10 mV/s 

114 

8.7 (a) C1s and (b) N1s spectra obtained from XPS for samples of N-graphene 

before and after device processing. The C1s spectra shows increased oxygen 

functional group concentration and sp3 hybridized carbons suggesting that the 

sample has become very defective with much of the sp2 hybridization being 

destroyed. The N1s spectra shows the complete removal of nitrogen from the 

sample. 
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8.8 C1s spectra obtained from XPS for (a) graphene and (b) N-graphene along the 

negative electron beam resist patterning process. The overall decrease in signal 

at step 3 is attributed to the etching of graphene material. The spectra show 

minimal damage for graphene, but substantial damage to the graphene lattice 

in N-graphene due to the increase in sp3 hybridization. 
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8.9 N1s spectra obtained from XPS for (a) graphene and (b) N-graphene. The 

spectra for each shows an increase in nitrogen content after step 2 for N-

graphene and the presence of nitrogen in step 3 for graphene. This indicates 

that the ma-N negative electron beam resist contains nitrogen. Once washed 

away in step 4, nitrogen is no longer present in either sample 

119 

8.10 Raman spectra of graphene and N-graphene before and after being patterned 

using ma-N 2403 negative electron beam resist 
120 

8.11 (a) Optical microscope image of the patterned sample that had undergone a 

NH3 annealing treatment. Imperfections and defects can be seen on the gold 

pads. (b) Evolution of the Raman spectra after patterning and after undergoing 

a NH3 annealing treatment. The 2D peak decreases in intensity with a slight 

increase in the D peak after the annealing treatment. 
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8.12 (a) C1s and (b) N1s spectra obtained from XPS on the graphene sample 

undergoing NH3 annealing treatment after patterning. The C1s spectra shows 

substantial oxygen functional group content. While the N1s spectra does show 

nitrogen content, a spectrum taken on the same substrate but without any 

material shows a highly intense nitrogen peak that can be attributed to the 

formation of silicon nitride. 

123 

8.13 (a) Typical C1s and N1s spectra for the N-graphene sample after transferring 

to the pre-patterened chip. (b) Optical microscope images for the completed 

electrochemical microcell device demonstrating the full coverage of N-

graphene throughout the substrate, open window and passivation with PMMA. 

(c) An individual opened window showing the underlying N-graphene and 

PMMA edges. 
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8.14 Polarization curves taken on the same device with N2 and O2 gas saturated 0.5 

M electrolyte. No distinct difference is observed between the two electrolytes, 

suggesting that no ORR was taking place. Measurements were taken at a scan 

rate of 10 mV/s. 
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8.15 Optical microscope images of the damage during the electrocatalytic 

experiment. (a) Electrochemical microcell device with the aim to measure the 

electrocatalytic properties of the window in the bottom right corner by probing 

the nearby gold pad. Images (b) before and (c) after the electrochemical 

experiment of the opened window nearby the probed gold pad. Clear damage 

and etching can be seen to the N-graphene sheet. Images (d) before and (e) 

after the electrochemical experiment of the opened window far from the 

probed gold pad. Even more damage has occurred to the N-graphene sheet in 

comparison to the nearby window. Undamaged N-graphene can be seen 

underneath the PMMA layer. 

127 

8.16 Optical microscope image showing the damage to the PMMA layer due to 

boiling of the electrolyte. Bubbles and bumps can be seen along the PMMA 

layer within the damaged region. 

129 
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Chapter 1. Introduction 

1.1 Motivation 

With the decrease in fossil fuel reserves and increase in total world power consumption, 

it is clear that we cannot depend on the combustion of fossil fuels for our increasing 

energy needs.1,2 In recent years, global energy needs has risen more slowly. However, if 

the global economy continues to grow at an average 3.4 % per year and population 

continues as well, by 2040 energy needs will have expanded by 30%.2 The primary 

source of this energy comes from the combustion of carbon based fuels, which will not 

last forever and releases a number of harmful greenhouse gases that result in 

anthropological climate change.2,3 Emission of greenhouse gases, such as carbon dioxide, 

methane and nitrous oxide, have increased by 70% between 1970 and 2004. More 

recently, in 2011 global carbon emissions are up to 9, 449 million metric tons. Carbon 

dioxide is the major constituent of global greenhouse gas emission at 65%.4,5   

Average global temperatures show an average increased rate of warming while extreme 

highs and lows are becoming more common. Changes in global temperature can disrupt 

ecosystems and habitats, especially if the changes are observed in a faster manner then 

plants and animals can adapt.5 Increased tropical storm activity, higher rates of 

precipitation, and fluctuating frequency of droughts and river flood events have all been 

linked to climate change. In addition, changes to ocean temperature and acidity have all 

been affecting the natural habitats of plant and animal species and disrupting weather 

cycles. As the sea level rises, the coastline of several countries have changed and 

flooding along the U.S. coastline has become more frequent.5,6  
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To overcome these issues, an alternative must be found. According to the BP Statistical 

Review, the power generation due to renewable energy steadily grows every year, 

reaching 3.2 % of global primary energy consumption and 7.5 % of global power 

generation in 2016.7,8 Although renewable energy still composes a modest percentage of 

global energy generation, it grows as new and more improved technologies are 

implemented.7 While significant advances have been made, cost, performance and other 

challenges prevent consumer commercialization.9,10 Fuel cells have emerged as a leading 

clean energy technology and with further improvement may be a viable replacement of 

fossil fuels. 

Fuel cells electrochemically generate electricity using the chemical energy of a fuel, 

typically hydrogen. When hydrogen is used as the fuel source, fuel cells will generate 

electricity and the only byproducts are water and heat.11 Due to the nature of their 

operation, they can be adapted to diverse use-cases.12 One example is large power 

generation for cities replace fossil fuel power plants. Not only would this remove our 

dependence on a limited resource, it would reduce greenhouse gas emissions.10,13 Since 

fuel cells operate in an analogous manner to batteries they can also be used for low power 

mobile devices like laptop batteries.10,12,14 However, two large barriers exist preventing 

commercialization of fuel cell technology. First, hydrogen is currently generated using 

steam reformation, a fossil fuel burning process. Alternatively, hydrogen can be 

generated using platinum or other precious metals in electrochemical electrolyzers. 

Similarly, state of the art fuel cells use platinum as an electrocatalyst to generate 

electricity. While platinum is efficient for both generating hydrogen and in fuel cell 
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devices, it is expensive and non-abundant. Significant research efforts are aimed towards 

the development of cost effective and earth abundant catalysts.  

Two dimensional (2D) materials have been shown to be catalytically active for producing 

hydrogen and for use in fuel cells.15,16 2D materials such as MoS2 have been shown to be 

active for the hydrogen evolution reaction15,17,18 and similarly, nitrogen doped graphene 

(N-graphene) for the oxygen reduction reaction19,20. Research in electrochemical catalysts 

often focuses on increasing surface area or elemental doping in efforts to improve 

catalytic activity.21–24 While this approach can lead to better catalytic activity, it doesn’t 

probe the role of charge transfer or provide insight on the true active site of the material. 

Developing fabrication methods and techniques to examine these properties would allow 

for a deeper characterization and understanding of these materials as they catalyze these 

electrochemical reactions. 

1.2 Objectives of Work 

When we consider layered materials in electrocatalytic research, it is typical to 

investigate the catalyst in ink based form, that is the solid electrocatalyst is dispersed in a 

solvent. While this allows for simple and consistent testing, it does not allow for a very 

in-depth investigation of the electrochemical properties. With a layered a morphology, it 

can be difficult to determine how interactions between the layers can affect the 

electrochemical performance. Simplifying the device structure to a single layer would 

allow us to remove these interactions and examine the electrocatalytic properties at a 

more intrinsic level. The primary goal of this thesis is in the development of 
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electrochemical devices on single layered materials and investigating their catalytic 

properties. 

In this thesis we are proposing the use of electron beam lithography in order to fabricate 

electrochemical microcells on single layer materials. The scope of this thesis includes 

developing the techniques to fabricate microcells, performing the electrochemical 

characterization and gain some insight about the active site in electrocatalytic reactions. 

Using electron beam lithography, we will selectively open windows on microscale 

devices of single layer materials. From there will characterize the material using Raman 

spectroscopy and X-Ray photoelectron spectroscopy (XPS). We will use electrochemical 

techniques, such as cyclic voltammetry, hydrodynamic voltammetry with a rotating ring-

disk electrode, and electrical impedance spectroscopy, to study the electrocatalytic 

behavior. In parallel, we will also measure the electrical properties of the devices in 

hopes to correlate with the electrochemical activity. Combining the knowledge gained 

from the electrochemical and electrical characterization, we hope to elucidate some 

intrinsic behavior about the active site in MoS2 and N-graphene electrocatalysis. 

1.3 Organization of the Thesis 

Chapter 1 of the thesis discusses the motivation, scope and objectives of the project. 

Chapters 2 and 3 provide background information for this thesis. Chapter 2 contains an 

introduction to layered materials and their properties with a focus on MoS2 and graphene. 

Chapter 3 gives an introduction to basic electrochemistry as well as a detailed literature 

review on the electrocatalytic reactions focused on in this thesis. In addition, previous 

work on MoS2 and graphene in reference to electrocatalysis is included. Chapters 4 – 8 
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comprise the experimental portion of this thesis. Chapter 4 discusses the materials 

synthesis, experimental methods and characterization techniques used in this project. 

Chapter 5 covers the optimization of the fabrication process for the electrochemical 

microcell devices on single layer nanosheets of MoS2. Chapter 6 focuses on the 

electrocatalytic testing of MoS2 microcells for the hydrogen evolution reaction and 

analysis of the results. Chapter 7 covers the nitrogen doping of graphene and graphene 

oxide and the process of fabricating microcell devices on nitrogen doped graphene. 

Chapter 8 has the electrochemical analysis of the nitrogen doped graphene and graphene 

oxide. Finally, to complete this thesis, Chapter 9 contains future work and conclusions. 
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Chapter 2. Two Dimensional Materials 

A new class of materials have emerged and demonstrated that the dimensionality of 

materials can affect their fundamental properties in novel and interesting ways. Two-

dimensional (2D) materials, such as boron nitride, molybdenum disulfide, and graphene, 

have a layered morphology in which layers or sheets of material are stacked on top of 

each other forming a three-dimensional structure of 2D overlapping sheets.25–27 These 

sheets are connected in the vertical direction by weak intermolecular forces called van 

der Waal’s forces as shown in Figure 2.1a, where we see bulk forms of molybdenum 

sulfide and graphite.26,28 By taking advantage of the layered structure, we can exfoliate 

the bulk materials by breaking the weak van der Waal’s forces by mechanical29 or 

chemical means.30 With sequential exfoliation of the layers it is possible to realize a 2D 

nanosheet of material that is at minimum one atom or unit cell thick. Single layers of 

molybdenum sulfide and graphene are shown below their bulk forms in Figure 2.1b.26 

Figure 2.1: (a) Bulk layered materials molybdenum sulfide and graphite26 and corresponding (b) 

single layer forms of molybdenum sulfide and graphene.26 Blue, yellow and black spheres 

represent molybdenum, sulfur and carbon atoms, respectively 

 Bulk molybdenum disulfide              Bulk graphite 

   Monolayer molybdenum disulfide            Monolayer graphene 

a. 

 

 

 

 

 

 
b. 
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With weak van der Waal’s forces in the vertical direction and strong covalent bonds in 

the lateral direction, it is possible to consider layered materials as single two dimensional 

sheets or as closer to bulk material with overlapping sheets.31 While graphene has 

become the classic example of 2D materials, the field has grown to encompass subclasses 

such as hexagonal boron nitride32,33, transition metal dichalcogenides25,34, transition metal 

oxides35,36, topological insulators37, silicene38, black phosphorous39 and organic-inorganic 

hybrid perovskites40,41. Each material or class of materials have a different set of 

interesting properties, especially when in single layer form where quantum confinement 

effects are possible.25,42 This allows us to tune the properties of the material to fit various 

different applications such as electrocatalysis15,43–45, transistors46–48, photodetectors49, 

supercapacitors50 and many more. 

2.1 Graphene & Graphene Oxide 

The distinct change in fundamental properties when we consider 2D materials against 

their bulk forms can be exemplified with graphene. In its bulk form, graphene is graphite 

with stacks of graphene sheets on top of each other. Graphene is a single sheet of carbon 

one atom thick in the lateral dimension, in which the carbon atoms are highly saturated 

and bound in a hexagonal lattice structure with sp2 orbital hybridization with no dangling 

bonds.51,52 Due to its unique structure it exhibits remarkable qualities that has made it the 

focus of much research in past years. Graphene is a semi-metal with a band gap of zero, 

making it an excellent conductor of electricity with a sheet resistance 30 Ω/sq and 

electron mobility greater than 3000 cm2 V-1 s-1.53–55 The relationship between the quality 

of graphene and cost has been a major barrier to commercialization of graphene. In 

response to this, different synthesis methods have been developed to reduce costs. As 
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shown in Figure 2.256, at low cost the graphene quality is also low; meanwhile the highest 

quality graphene is also the most expensive. This tradeoff between cost and quality must 

be optimized when considering graphene applications. An alternative to graphene that has 

been developed is graphene oxide. Graphene oxide (GO) is analogous to graphene in that 

it still contains a sheet of carbon atoms bonded in a hexagonal pattern, however it has 

several oxygen functional groups formed during the solution based synthesis and 

exfoliation as shown in Figure 2.3.57 These groups disrupt the graphene sheet and are 

attached throughout the GO sheet.58 These carboxyl59–61, carbonyl59,60,62, 

hydroxyl59,60,62,63, and epoxide59,60,62,64,65 functional groups help stabilize the nanosheets 

in solution64,66–68 and make them hydrophilic68–70. However, they limit the graphene 

character, causing the atoms in GO to be in a hybrid state with a blend of the more 

conducting and graphene like sp2 hybridized atoms and the non-conducting sp3 

Figure 2.2: The different methods for graphene production of varying quality and their 

corresponding cost. In parentheses, the main applications of each production method are listed.56 
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hybridized atoms. This lowers the overall conductivity of GO, but can be modulated by 

reduction chemistry.71–73 The GO sheets can also be easily suspended in solution so are 

readily available for several solution based processing such as spin coating74–76 or 

vacuum filtration67,77,78 to make thin films. This is advantageous for commercialization 

on a wider scale with efforts started for use in 3D printers.79,80 

2.1.1 Reduction of Graphene Oxide 

In efforts to remove functional groups we can reduce the GO sheet, making reduced 

graphene oxide (rGO)58,74,81–83 which will have higher graphene character and higher 

conductivity.77 Carefully tuning the ratio between sp2 and sp3 hybridization in a sheet of 

rGO allows control over whether the rGO is insulating, semiconducting or even 

graphene-like and semi-metallic.77,84,85 There are various methods to reducing GO, but 

the most common methods are by thermal or chemical means.  

Thermal reduction uses high temperature annealing in an inert or a reducing atmosphere 

such as argon or hydrogen in argon, respectively. This drives off oxygen functional 

Figure 2.3: Nanosheets of graphene oxide (GO) are composed of carbon sheets that have been 

functionalized by several different functional groups such as epoxide, hydroxyl, carbonyl and 

carboxylic groups.57 
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groups and some sp2 hybridization is restored to the rGO sheet improving the 

conductivity of rGO thin films up to 1000 S m-1 after reduction at 2000 °C and even 

greater for rGO papers.72,74,85,86 As these oxygen functional groups are reduced from the 

sheet, some CO and CO2 is formed with carbon atoms being released from the rGO 

lattice, introducing defects and holes within the sheet. In addition, it has been shown that 

when annealing at high temperature, carbonyl and ether groups are stabilized and 

challenging to remove. This was demonstrated using molecular dynamics simulations as 

shown in Figure 2.4a in the initial GO sheet and the thermally annealed rGO sheet in 

Figure 2.4b.72,87 Stabilized functional groups and defects make it difficult to fully 

overcome the non-conducting nature of GO. 

Figure 2.4: (a) Initial sheet of GO before any reduction. (b) High temperature annealing can 

reduce GO, however it also stabilizes some functional groups and creates holes and defects.87 

Electrical characteristics (c) before reduction and (d) after varying amounts of time being 

exposed to hydrazine and hydrogen plasma82 



11 
 

 

Chemical reduction of GO uses chemical reducing agents such as hydrazine monohydrate 

or sodium borohydride. While the chemical mechanism is not always well known, 

reduction is typically noted by the production of a black powder precipitating out of the 

GO solution upon addition and reaction with the reducing agent.88 Sodium borohydride, a 

common reducing agent used in synthetic chemistry, readily reduces carbonyl groups.89 

When a thin film is dipped into a solution of sodium borohydride, the conductivity of the 

resultant rGO film can be improved to 45 S m-1.71 Hydrazine monohydrate, a highly toxic 

and dangerous antioxidant, is known to reduce carbonyl groups to form hydrazone 

molecules.89 Due to this, nitrogen is often observed in the rGO sheet after using 

hydrazine monohydrate as a reduction treatment. I-V characteristics are shown in Figure 

2.4c,d82 for GO and hydrazine treated GO monolayers with variable time, respectively. In 

GO monolayers, the conductivity was found to be 1-5 x 10-3 S/cm. After reduction, the 

rGO showed conductivity values of 0.05-2 S/cm, an increase of three orders of 

magnitude.82 The reduction mechanism of hydrazine on GO is not well characterized. 

The first mechanism proposed was of a direct nucleophilic attack by hydrazine on an 

epoxide group on the basal plane of a GO sheet. An aminoaziridine intermediate is 

formed which will further reach to remove a diimide group, forming a double bond on a 

GO sheet.90 Further study of the mechanism used solid state nuclear magnetic resonance 

spectroscopy and X-ray photoelectron spectroscopy to track how 13C and 15N isotopes 

reacted after hydrazine treatment. They found that five-membered rings of pyrazole were 

formed at the edges of the graphene sheet.91 Using hydrazine treatment, conductivities 

greater than 9000 S m-1 have been reported.92 Many stronger reducing agents have used 
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to synthesize rGO, such as hydrohalic acids like HI, HBr, and HCl and stronger hydrides 

like lithium aluminum hydride.  

Nontraditional reduction methods beyond thermal or chemicals means are also possible. 

After application of 10 - 15 V in an electrochemical cell, GO can be delaminated and 

reduced to form rGO thin films in a few minutes. During the electrochemical reduction, 

charge is transferred to the GO sheet and reacts to form hydroxide ions that are released 

into solution. This method yielded rGO thin films with conductivities reaching 2.0 x 105 

S m-1.93 Other alternative techniques use Joule heating94, photoreduction95 and even 

microorganisms96 to remove oxygen functional groups from GO sheets.  

2.1.2 Nitrogen doping of Graphene & Graphene Oxide 

Nitrogen doping has been found to modulate the electronic, hardness and chemical 

properties of graphitic carbon materials.97–103 In graphene, it is well known to influence 

the electronic structure of graphene in order to tailor the properties for different 

applications.104 While other heteroatoms, such as boron or sulfur103, have been used 

nitrogen is of particular interest due to its effect on the electrocatalytic properties.102,105 

Nitrogen typically undergoes substitutional doping as it incorporates into the graphene 

a. b. c. 

Figure 2.5: Nitrogen can incorporate into graphene material in three main bonding 

configurations: (a) pyridinic, (b) pyrrolic and (c) graphitic.16 
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sheet. It can take the form of a pyridinic, pyrrolic and graphitic nitrogen bonding 

configuration, as shown in Figure 2.5a,b,c16 respectively. Pyridinic and pyrrolic nitrogen 

bonding configurations are generally found at the edge or defect sites, while graphitic 

configurations occur when nitrogen replaces carbon within the basal plane of 

graphene.102,106,107 Nitrogen acts as a donor of electrons when doped into graphene, 

shifting the typical ambipolar behavior of graphene to n-type, which is useful for 

applications in field effect transistors as shown in Figure 2.6a.101,104 Compared to pristine 

graphene, the nitrogen doped graphene has much higher on/off ratios at positive gate 

voltages as expected for n-type materials, although it has lower conductivity. When 

nitrogen doped graphene is grown using pyridine101 or NH3 and CH4 as precursors, 

ripples are formed in the graphene sheets leading to an increase in defects. These defects 

can act as scattering centers causing a decrease in conductivity and carrier mobility by a 

few orders of magnitude.101 Investigations into how the nitrogen doping configuration 

can play a role in the n-type behavior found that as the concentration pyridinic and 

pyrrolic nitrogen increases so does the n-type characteristics.108  

Incorporation of nitrogen into GO, has also been studied as a means to improve the 

conductivity of GO/rGO. Annealing as-synthesized GO in NH3 gas at high temperatures 

was found to dope the GO with nitrogen and reduce the GO simultaneously. The 

reduction was found to have more efficient oxygen removal when compared to annealing 

in H2 at the same temperature. Electrical measurements showed a clear increase in 

conductivity and shift to n-type behavior as shown in the current-gate voltage curves in 

Figure 2.6b.102,109 Devices tested in air show p-type behavior due to physisorbed oxygen. 
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To prevent this behavior, the devices were tested in vacuum and electrically annealed and 

show clear n-type behavior.  

2.2 Transition Metal Dichalcogenides 

Transition metal dichalcogenides (TMDs) are a class of 2D materials with a slightly 

larger theoretical thickness at 6.5 Å48 for molybdenum disulfide in comparison to 

graphene at 3.35 Å110 but also contain van der Waal’s bonds in the vertical direction and 

can thus be exfoliated into 2D sheets. Instead of a single atomic sheet, TMDs take the 

form of MX2 where M is a transition metal from Group IVB, VB or VIB and X is a 

chalcogen atom such as sulfur, selenium or tellurium.  The metal atoms form the center of 

the molecule with the chalcogen atoms on either side to form the 2D layer as shown in 

Figure 2.7.111 Within the family of TMDs, there exist 2D materials with differing 

electronic properties allowing for use as semiconductors, super conductors, semi-metals, 

topological insulators.25,26 By tailoring the properties, we can use TMDs, such as MoS2, 

MoSe2, WS2 and WSe2, in various applications such as electrocatalysis112, field effect 

Figure 2.6: (a) Transfer characteristics of pristine graphene at a drain-source voltage (Vsd) of -0.5 

V in comparison to nitrogen doped graphene at Vsd of 0.5 V and 1.0 V. N-graphene exhibits clear 

n-type behavior104 (b) Current-gate voltage curves of a device containing GO annealed in NH3 at 

900 °C. The was measured in air (red), vacuum (green) and in vacuum after electrical annealing 

(blue) to remove physisorbed oxygen109 

a. b. 
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transistors46, supercapacitors113 and batteries.114 

2.3 Molybdenum disulfide (MoS2) 

Aside from graphene, molybdenum disulfide (MoS2) is the next most studied 2D 

material. A member of the TMDs, MoS2 is of interest due to its unique optoelectronic, 

electrocatalytic, mechanical and chemical properties; making MoS2 attractive for specific 

applications in batteries115, photodetectors116, photocatalysis117,118, field-effect 

transistors48,119 and solar cells120–122. Structurally, MoS2 is composed of a row of 

molybdenum atoms that have been sandwiched by sulfur atoms on the top and bottom. 

As adjacent layers are stacked on top, no molybdenum atoms are found in between the 

layers as shown schematically in Figure 2.7111 where M will be Mo and X will be S.  

Similar to graphene, distinct differences exist between the bulk and monolayer form of 

MoS2. Bulk MoS2 has an indirect band gap of 1.29 eV. However, as you remove layers 

and exfoliate the material to single layer, the band gap transitions to direct. Theoretical 

energy-k band diagrams of bulk, quadrilayer, bilayer and monolayer MoS2 are shown in 

Figure 2.8a-d.42 The valence and conduction band edges can be seen in blue and red 

Figure 2.7: Representative structure of a transition metal dichalcogenides where M is a transition 

metal and X is a chalcogen atom.111 
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respectively, while the dashed horizontal line shows the valence band edge maximum at 

the K point. As thickness decreases the direct transition energy at the Brillouin zone K 

point does not change much, while the indirect transition energy at the Γ point increases 

until it exceeds the direct transition energy in monolayer MoS2. This changes the material 

into a direct band gap semiconductor in monolayer form and is due to quantum 

confinement effects.25,42 This transition to a direct band gap can be readily observed by 

an enhancement in photoluminescence in monolayer samples of MoS2.
42,123 

2.3.1 Phase Transition in MoS2 

MoS2 is naturally stable in the semiconducting 2H phase, but can also exist in two other 

polymorphs, the 1T or 3R phase. In monolayer sheets of MoS2, only the 1T and 2H 

phases are observed. In each phase, one molybdenum atom is bonded to 6 other sulfur 

atoms. The 2H phase exhibits ABA stacking with a lateral offset and trigonal prismatic 

crystal symmetry, with sulfur atoms positioned vertically in line with their counterparts. 

Figure 2.8: Theoretically calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2 (c) 

bilayer MoS2 and (d) monolayer MoS2. Solid arrows indicate the lowest energy transition 

available within the band structure.42 

a.                     b.                       c.                       d.  
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The 1T phase has a AbC stacking sequence and octahedral crystal symmetry, meaning 

one plane of sulfur atoms has been rotated 60° so that if viewing the basal plane all 6 

sulfur atoms are visible.111,124 In MoS2 and other TMDs, the d orbital of the metal plays a 

key role in the electronic structure. The p orbitals of the chalcogen atoms are found at 

lower energy, so do not affect the electronic structure as much. In the 2H phase, the d 

orbital is completely filled resulting into a split into three degenerate states 𝑑𝑧2, 𝑑𝑥2−𝑦2, 

𝑥𝑦 and 𝑑𝑥𝑦,𝑦𝑧 and an energy gap is formed between 𝑑𝑧2 and 𝑑𝑥2−𝑦2 of ~1 eV. In contrast 

to this, the 1T phase has a partially filled d orbital that will degenerate into two states: 

𝑑𝑥2−𝑦2,𝑧2(eg) and 𝑑𝑥𝑦,𝑦𝑧,𝑧𝑥(t2g).
25,27,124 Using alkaline organometallic chemistry, we can 

convert between the semiconducting 2H phase to the metallic 1T phase. Since the 1T 

phase is metastable, we can revert back to the 2H phase with mild annealing. In our group 

we have taken advantage of this phase transition to improve the performance of field 

effect transistors47, electrocatalytic activity17,44 and as supercapacitors50.  

Figure 2.9: Crystal structure of (a) 2H and (b) 1T olymorphs for TMDs111  

a. b. 
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2.4 Synthesis of Two Dimensional Materials 

2.4.1 Top-down approach 

There are two main approaches to synthesis of 2D materials: top-down and bottom-up. In 

the top-down approach, synthesis is focused on exfoliation of a bulk material. Typically, 

high quality monolayers are made using the classic top-down approach of mechanical 

exfoliation58,125,126, which is time consuming with low yield.127,128 However, it is still one 

of the simpler ways to achieve a monolayer from a bulk crystal. Also known as the 

‘scotch tape method’, mechanical exfoliation uses an adhesive tape to mechanically peel 

off a few layers of 2D material from the bulk crystal128,129. This can be seen in Figure 

2.10a,b129 where a sample of graphene is mechanically exfoliated from highly ordered 

pyrolytic graphite (HOPG). Once on the tape, the few layer graphene sheets can be 

pressed onto a target substrate as shown in Figure 10c,d.129 Although the resultant 

monolayer is often clean with few contaminants, it is difficult to control lateral size and 

thickness; making this synthesis method not scalable and difficult for commercialization.  

Another technique that uses the top-down approach is liquid based shear exfoliation, 

especially when large quantities of exfoliated material is required.31,130,131 Liquid based 

shear exfoliation comprises of ultrasonication of bulk powders of graphite or TMDs in an 

organic solvent which is tuned to the surface energy of the bulk material.131,132 After 

exfoliation, the nanosheets of 2D material are suspended into solution and this can be 

done at scalable quantities.133  Unfortunately, the sonication can render individual flakes 

into nanoscale size, making them unsuitable for electronic devices.  

Figure 2.10: Mechanical exfoliation of graphite to yield graphene. (a) Adhesive tape is applied to 

a sample of HOPG crystal. (b) As the tape is pulled off of the HOPG crystal a few layers are 

mechanically exfoliated as they stick to the tape. (c) The tape with  a few layers of graphene is 

pressed onto a target substrate (d) and as the tape is pulled off of the target substrate, the bottom 

layer remains on the substrate to yield a clean monolayer.129 

a. b. 

d. 
c. 
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As an alternative to using shearing forces, we can also use chemical means to exfoliate 

layered materials. In the case of graphene, we can oxidize bulk graphite crystals into 

graphite oxide then exfoliate the dispersion into GO. We can synthesize GO using the 

Brodie, Staudenmaier method, Hummer’s method or the modified versions of 

each.26,58,134,135 In our group we use the modified Hummer’s method. In the modified 

Hummer’s method, bulk graphite is chemically oxidized in an acidic bath with 

concentrated sulfuric acid, potassium permanganate and sodium nitrate. Potassium 

permanganate is added slowly as the black reaction solution turns dark green. Once fully 

incorporated, the solution is cooled in an ice bath for five days to allow for slow and 

thorough oxidation of the graphite. As the oxidation completes, the solution becomes 

more viscous and exhibits a dark brown-purple color. Hydrogen peroxide is then added as 

a reducing agent in order to oxidize remaining reactants and stop the reaction. Dilute 

hydrochloric acid is also added to dissolve and reduce any metal contaminants into ions 

so they can be washed away. Immediately upon addition of these reagents, the solution 

turns a dull yellow color and effervesces as oxygen gas is formed. The solution is washed 

and purified by dialysis to remove remaining acid and reagents. At this point, the 

dispersion is termed graphite oxide and should be dark brown. Upon mild sonication, the 

graphite oxide is exfoliated into GO.134 A simple schematic from graphite to the finished 

GO sheets is shown in Figure 2.11a.72 The exfoliated nanosheets of GO are dispersed into 

solution, which allows for several solution based processing such as spin coating74–76 or 

vacuum filtration67,77,78 to make thin films.  
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In the case of MoS2 and other TMDs, we can use organometallic reagents to exfoliate the 

bulk crystals. The exfoliated nanosheets can be dispersed into liquid as shown in Figure 

2.11b.25 A strong reducing agent such as pyrophoric n-butyllithium is used to intercalate 

lithium ions into the van der Waal’s gap between the layers.136 Due to the pyrophoric 

nature of n-butyllithium, extra care is taken to dry all glassware and run the reaction in an 

inert atmosphere, such as argon. A schlenk line is recommended, but not required. An 

aliquot of n-butyllithium in hexane is added to MoS2 powder in the ratio of 3:1 by mass. 

The reaction takes place in a round bottom flask connected to a Liebig condenser and is 

heated into refluxing conditions. As the reaction progresses, the solution becomes a dark 

black color. During the reduction reaction, lithium ions diffuse through the MoS2 crystal 

and intercalating between the layers. After 48 hours under reflux, the lithium intercalated 

powder, LixMoS2, is collected and washed with hexane to remove excess butyllithium 

and other organic byproducts. The lithium intercalated powder is then dispersed in water. 

Figure 2.11: (a) Schematic of the synthesis of GO showing oxidation and exfoliation to yield GO 

sheets.72 (b) Dispersions of transition metal dichalcogenides nanosheets in water synthesized 

using organometallic chemistry.25 

a. 

b. 
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The generation of hydrogen gas during this process exfoliates the layers, breaking the 

weak van der Waals forces. Once disperse, the solution is washed and centrifuged to 

obtain MoS2 nanosheets dispersed into aqueous solution. During the lithium intercalation, 

there is an electron transfer from the reducing agent, in this case n-butyllithium, that will 

distort the crystal structure of MoS2. This causes the transformation from the trigonal 

prismatic 2H phase to the octahedral 1T phase.25,123 Similar to GO, the solution dispersed 

MoS2 can be used in standard solution processing techniques.15,123,137,138  

2.4.2 Bottom-up approach 

When using the bottom-up approach to 2D material synthesis, the focus is on growing 

few layer to monolayers directly onto a substrate. The most common bottom-up approach 

is chemical vapor deposition (CVD). It has been demonstrated as a viable option for 

growing monolayers of graphene139,140, MoS2
141,142 and other TMDs143. Although the 

lateral dimensions started out small, research has been heavily focused in developing 

methodologies to grow larger areas. In recent years, large area graphene has been grown 

using scalable methods.53,144 In general, CVD synthesis of 2D materials follows the same 

pattern. In a tube furnace with an inert atmosphere, gaseous precursors are flowed in or 

solid precursors are vaporized. As the furnace is brought to high temperature, 650 °C – 

1000 °C, the vapors present will react to hopefully form the desired product and sublime 

onto an appropriate substrate.141,143 In the case of graphene, a polycrystalline nickel 

catalyst was first used to synthesize graphene using CVD, however the nickel limited the 

graphene grain size.139 In order to realize large area graphene by CVD, copper foil was 

found to be a good catalytic substrate allowing for a self-limiting growth step to avoid 

multiple layer growth.140 For TMDs, the transition metal oxide and sulfur are used as 
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solid precursors. For example, molybdenum trioxide and sulfur are used to grow MoS2 

onto silicon oxide or sapphire substrates. As the furnace is heated to high temperature, the 

molybdenum trioxide and sulfur will vaporize and react and finally sublime as MoS2 on 

the substrate. While the exact mechanism is not well known, recent work has shown that 

modulating the vapor phase concentration145  and sublimation of side products can 

obstruct MoS2 formation.146 

2.5 Characterization 

When studying 2D materials, it is important to carefully characterize the sample using a 

standard set of techniques. In this work the primary methods of characterization are 

Raman spectroscopy, X-ray photoelectron spectroscopy, and electrochemical 

characterization which will be described in Chapter 3. Other techniques used were atomic 

force microscopy, scanning electron microscopy and scanning transmission electron 

microscopy (STEM).  

2.5.1 Raman Spectroscopy in Graphene & Graphene Oxide 

Raman spectroscopy uses monochromatic light to induce Raman scattering caused by 

certain vibrational modes found in Raman active materials.147,148 In carbon materials, it is 

an integral tool for characterization. It provides a non-destructive method to quickly 

study your sample in terms of defects, structure and electronic quality.149 Figure 2.12a150 

shows the Raman spectra for graphene, GO and other graphene related materials. The 

signature G band, which is seen in all graphite based samples, can be found at ~1582 cm-

1. This band is associated with the in plane E2g mode, which can be seen in Figure 

2.12b149. The 2D band is a characteristic of crystalline monolayer graphene and can be 
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found at ~2700 cm-1. In high quality graphene, the 2D band will be two to three times 

higher than the G band and perfectly symmetrical. The shape of the 2D band can also be 

used to identify monolayer graphene. Using a Lorentz fit to the 2D peak, full-width at 

half-maximums (FWHMs) of ~30 cm-1 are typically seen for monolayer graphene. When 

more layers are added, the 2D peak will broaden. The D band corresponds to the 

breathing mode of a six-carbon ring, as shown in Figure 2.12c149, and can be found at 

~1350 cm-1. In pristine monolayer graphene, the D band is not present as it is activated by 

disorder in the lattice and defects which induce electron scattering. As defects are 

introduced or created, the intensity of the D band (ID) increases. The 2D band is an 

overtone of the D band and will be present in defect-free graphene due to resonance 

scattering.150,151 In pristine graphene the intensity of the 2D band (I2D) will always be 

greater than the intensity of the G band (IG). As you increase the layers of graphene, the 

2D band is quenched until you finally reach the bulk Raman spectra of graphite.149,150    

Figure 2.12: (a) Typical Raman spectra of graphite, monolayer graphene (1LG), three layer 

graphene (3LG), disordered graphene, graphene oxide and nanographene.150 (b) Molecular 

schematic showing the E2g vibrational mode in graphene.149 (c) The breathing mode found in 

graphene.149 

a. b. 

c. 
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Compared to graphene, GO is missing the distinct 2D peak and will exhibit very large 

and broad D and G bands. This corresponds to a high degree of disorder and high 

concentration of defects, which is expected due to the harsh conditions resulting from the 

oxidation taking place during GO synthesis. After reduction, we are looking to restore the 

high conductivity and sp2 hybridization. One way to study this is to examine the defects 

in rGO. By examining the ratio between the intensities of the D and G band and from 

empirical data, we can calculate the distance between defects, L𝐷 (1)149:   

L𝐷
2 (𝑛𝑚)2 = (1.8 ± 0.5 × 10−9 × 𝜆4 × (

𝐼𝐷

𝐼𝐺
)

−1

 (2.1) 

where λ is the wavelength of light used in the Raman laser. When it is relatively large (> 

10 nm), we can also estimate the density of defects, 𝑛𝐷 (2)150,152:   

𝑛𝐷 (𝑐𝑚−2) =  
(1.8 ± 0.5) × 1022) 

𝜆4
× (

𝐼𝐷

𝐼𝐺
) (2.2) 

In addition, we can estimate the size of the crystalline domains, La (3) : 

𝐿𝑎(𝑛𝑚) = (2.4 × 10−10 × 𝜆4 × (
𝐼𝐷

𝐼𝐺
)

−1

 (2.3) 

2.5.2 Raman spectroscopy in MoS2 

Raman spectroscopy is a strong tool for characterizing MoS2 and other TMDs. It can be 

used to distinguish between the 2H and 1T phases and determine the thickness of flakes.  

There are two strong vibrational modes that are Raman active in MoS2. These are found 

at 384 cm-1 and 404 cm-1 and correspond to the in plane E1
2g mode and out of plane A1g 

mode. Identification between the 2H and 1T phase can be found using Raman 

spectroscopy as seen in Figure 2.13a.123 Spectra for pristine bulk and a mechanically 

exfoliated monolayer show distinct 2H phase behavior with strong E1
2g and A1g. The 1T 
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phase can be seen in the as-deposited sample where three distinct peaks can be observed 

that do not appear in the 2H phase at ~160 cm-1, 230 cm-1 and 330 cm-1 which correspond 

to the J1, J2, and J3 vibrational modes. As you anneal the sample to higher and higher 

temperature these modes are quenched as the metastable 1T phase is finally relaxed into 

the 2H phase at 300 °C.25,123  

The separation between the two main vibrational modes, E1
2g and A1g, has been shown to 

correlate to the thickness of the MoS2 flakes. This can be used to identify the presence of 

monolayers in mechanically exfoliated samples or samples grown by CVD. As you 

increase in layers, interlayer coupling begins to affect the intensity of the vibrations for 

the A1g mode causing a blue shift to higher wavenumbers. The E1
2g mode experiences a 

red shift to lower wave numbers which has been attributed to Coulombic interlayer 

Figure 2.13: (a) Evolution of Raman spectra of as-deposited 1T MoS2 to 2H MoS2 as annealing 

temperature increases. Pristine bulk and monolayer MoS2 are included as a reference. 

Characteristic peaks for 2H and 1T phase MoS2 can be seen.123 (b) Raman spectra for varying 

layers of MoS2. The separation between the two main vibrational modes of MoS2, E1
2g and A1g, 

decreases with the number of layers153 

a. b. 
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interactions. This can be seen in Figure 2.13b where the E1
2g and A1g separation increases 

as the number of layers increases.153  

In a Raman spectroscopy instrument, we can also perform photoluminescence (PL) 

spectroscopy. PL spectroscopy uses the same monochromatic light as in Raman 

spectroscopy, but can probe electronic transitions due to the presence of a band gap. 

Electrons are excited to the conduction band by the laser across the band gap and 

eventually will relax back into the valence band. During the relaxation process, photons 

are emitted with energy near the band gap energy. These photons are collected as the PL 

signal. This is particularly useful when determining single layer samples of MoS2. As 

successive layers are exfoliated to get thinner and thinner samples, the PL intensity 

increases as MoS2 shifts to a direct band gap semiconductor. This can be seen in Figure 

Figure 2.14: Increase in PL intensity as the thickness of the MoS2 layer decreases down to a 

monolayer123 
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2.14 for solution processed thin films of MoS2 .
123 The strong PL peak is observed at 1.8 

– 1.9 eV, corresponding to the band gap of monolayer MoS2, which can be seen in the 

inset of Figure 2.14.   

2.5.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray photoelectron spectroscopy (XPS) is a quantitative technique that can be used to 

determine the atomic composition as well as the oxidation state of a sample.147 In 

graphene and GO, XPS allows us to scan the C1s spectra. It can be used to find the 

concentration of sp2 hybridization, concentration of sp3 hybridization and oxygen 

functional groups. For graphene it allows you to determine if the sample has been 

oxidized by ambient conditions as well as confirm that the sample will have sp2 

hybridization. In GO, XPS becomes particularly useful. When working with GO, we 

often seek to remove oxygen functional groups by reduction and increase sp2 

hybridization. XPS allows us a simple and easy method to quantifying what functional 

groups are present before and after reduction and what, if any, changes have been made 

to the concentration of sp2 hybridized carbon atoms. In Figure 2.15a, the C1s spectra of 

several samples of rGO synthesized using different chemical reducing agents is 

shown.58,154,155 As-synthesized GO, has a high concentration of a diverse set of oxygen 

functional groups as labeled on Figure 2.15A. We can first examine sp2 and sp3 

hybridized carbons at 284.5 and 285 eV. These are important for studying how graphene-

like the rGO is, as graphene is composed only of sp2 hybridized carbon. The oxygen 

functional species, C-OX, C=O and XO-C=O, can be found at ~286.4 eV, ~287.8 eV and 

288.9 eV. After reduction, we can determine what concentration of oxygen functional 

groups have been removed and if there has been restoration of sp2 hybridization.58,72 In 
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addition, XPS can be used to identify the configuration of nitrogen that has been doped 

into graphene or GO. Figure 2.15b contains a typical XPS N1s spectrum for nitrogen 

doped graphene (NG). The nitrogen peak can be deconvoluted to identify the nitrogen 

doping configuration and the peak area used to quantify the concentration. Pyridinic, 

pyrrolic and graphitic can be found at ~398.6 eV, ~400.5 eV and 401.4 eV, 

respectively.107,156 

XPS can also be used for phase identification in MoS2. The phase transformation by 

organometallic chemistry never has 100% efficiency rate for conversion.25,123,124 Using 

XPS, we can differentiate between the phases and calculate the percentage. The Mo 3d 

spectrum in MoS2 yields two characteristic peaks as shown in Figure 2.16a.157 2H phase 

MoS2 will have stronger intensities at higher binding energy with the two peaks at ~229.5 

eV and 232 eV. Due to the change in crystal structure and increased in surrounding 

electron density158, 1T phase MoS2 has peaks shifted to lower binding energies by ~1 eV 

Figure 2.15: (a) C1s spectra from XPS for GO and rGO that had undergone different levels of 

reduction. The main oxygen functional groups for GO are labeled in each of the GO samples.154  

(b) A typical N1s spectra from XPS for nitrogen doped graphene species. The different nitrogen 

bonding configurations are labeled at their respective binding energy.156 

a. b. 
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so the two peaks can be found at ~228.25 V and 231.35 eV. When the sample is mixed, 

deconvolution of the doublet peaks allows us to determine the quantity of MoS2 in the 1T 

phase and in the 2H phase. Similar behavior can be seen in the S 2p spectrum in Figure 

2.16b, with shifts to lower binding energy for 1T phase MoS2.
25,123,124,158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: A typical (a) Mo 3d and (b) S 2p spectra for exfoliated MoS2. The peaks 

can be deconvoluted in order to determine the concentration of the 1T and 2H phase.157 

a. b. 
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Chapter 3. Electrochemistry 

Electrochemistry is the field of chemistry pertaining to the phenomena occurring between 

electrical potential and chemical reactions. It can also be thought of as the use of 

electricity to drive a chemical reaction or harvesting the energy of a chemical reaction to 

generate electricity. These two ideas are classified into electrolytic cells or applying 

voltage to start a chemical reaction, and galvanic cells also known as generating 

electricity with a chemical reaction. This work will be primarily focused on electrolytic 

cells. In electrochemistry, there is always a transfer of electrons during a reduction or 

oxidation (redox) reaction. If a chemical species is being oxidized, it is losing or donating 

an electron; while if it is being reduced, it is gaining or accepting an electron. Reduction 

and oxidation reactions will typically be complementary to each other.148,159 A simple 

reduction reaction is shown in Equation 3.1 where iron ions (Fe3+) are gaining an electron 

and being reduced to iron ions with a different oxidation state Fe2+. A generalized half 

reaction for reduction is shown in Equation 3.1b. 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+ (3.1) 

𝐴 + 𝑒− → 𝐴− (3.1𝑏) 

If we reverse the reaction as shown in Equation 3.2, the Fe 2+
 ions are gaining an electron 

and being reduced to Fe3+. Equation 3.2b shows a generalized oxidation half reaction. 

𝐹𝑒2+ → 𝐹𝑒3+ + 𝑒− (3.2) 

𝐴 − 𝑒 → 𝐴+ (3.2𝑏) 
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An electrochemical system is composed of at least two electrodes in a conducting 

solution termed electrolyte. In an electrolytic cell, the positive electrode is called the 

anode and will undergo oxidation. In contrast, the negative electrode is termed the 

cathode and undergoes reduction.148,159,160 As shown in Figure 3.1159, copper ions are 

reduced to copper metal at the cathode while water is oxidized to produce oxygen and 

hydrogen ions at the anode. When a voltage is applied between the electrodes, a current 

will flow between the electrodes via the conducting electrolyte. If electrons are 

transferred from the electrode to the electrolyte, the resultant current is cathodic current. 

In the opposite case, electrons transferred from the electrolyte to the electrode, it is 

anodic current. As electrochemical experiments move forward, the concentration of 

conducting ions will shift at the surface of the electrode as it becomes polarized. At the 

interface between the metal and solution, charge is built up similar to a capacitor. This 

can affect the voltage being applied to the cell, shifting the cell voltage to be different 

from what is being applied. To circumvent these issues, we use a third reference electrode 

that is nonpolarizable that has a well-known and steady potential. They also make it 

Figure 3.1: A classic example of an electrolytic cell. Copper ions are reduced at the cathode to 

form copper metal while water is oxidized at the anode producing oxygen and hydrogen ions. 

Electrons are supplied to the cell by an external circuit to drive the reaction.159 
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convenient for comparing between different experiment, systems and apparatuses. 

Potential is applied against the reference electrode, while current is measured between the 

electrode of study also called the working electrode and the counter electrode, which is 

chosen for its lack of interference. These three electrodes together comprise the three 

electrode cell as shown in Figure 3.2.161 The primary reference electrode is called the 

normal hydrogen electrode (NHE). The standard reduction potential of the NHE is 

arbitrarily set to 0 V, allowing us to measure the potential of half reduction reactions 

against the NHE which we term the standard reduction potential, E°red. If the reverse 

reaction is measured, the sign of E°red is negated to reach the standard oxidation potential, 

Eo
ox.  Unfortunately, due to electrical resistance, side reactions, and other catalyst 

deficiencies is it not possible to achieve these potentials.16,159 Also, the NHE is an ideal 

device and impossible to construct, real world measurements typically use the reversible 

Figure 3.2 : A standard three electrode cell will contain a working electrode, reference electrode 

and counter electrode within a glass enclosure. Holes for gas purging are also found along the top 

of the cell.161 
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hydrogen electrode (RHE) to approximate it and is used as the main experimental 

reference point. Typical experimental reference electrodes are the silver-silver chloride 

(Ag/AgCl) electrode that has a standard reduction potential of 0.197 V vs RHE in 

saturated potassium chloride or the saturated calomel electrode (SCE) which uses 

mercury and mercury chloride in saturated KCl that has a standard reduction potential of 

0.242 V vs RHE. 

3.1 Water Electrolysis 

Water electrolysis is the electrochemical process of splitting water, H2O, into its 

constituents of hydrogen gas, H2, and oxygen gas, O2. The process is more than 200 years 

old with the first electrolyzer being discovered in 1789 when wires from a friction based 

electrostatic generator were inserted into a container of water.162 At standard conditions, 

the Gibbs free energy of the water splitting reaction is 237 kJ/mol which corresponds to a 

Figure 3.3: Electrolyzers will split water into its main components of hydrogen and oxygen. 

OER occurs at the anode for the production of oxygen gas while HER is at the cathode for the 

reduction of protons to hydrogen gas. Ideal electrolyzers will use a membrane to facilitate the 

flow of protons and prevent mixing of the gases.163 
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electrochemical cell voltage of 1.23 V. This is the minimum amount of voltage required 

to drive the water splitting reaction. The water splitting reaction can be divided into two 

half reactions. Hydrogen gas is formed as water is reduced at the cathode in the hydrogen 

evolution reaction (HER) while water is oxidized to release oxygen gas at the anode in 

the oxygen evolution reaction (OER).159,160 A schematic of an electrolyzer is shown in 

Figure 3.3.163 The half-cell redox reactions for HER and OER in acidic electrolyte are 

shown in Equations 3.1 and 3.2, respectively.159,160 

4𝐻+ + 4𝑒− ↔ 2𝐻2                                  𝐸𝑟𝑒𝑑
0 =  +0.000 𝑉 𝑣𝑠 𝑁𝐻𝐸 (3.3) 

2𝐻2𝑂 + 4ℎ+ ↔ 4𝐻+ + 𝑂2                    𝐸𝑜𝑥
0 =  −1.229 𝑉 𝑣𝑠 𝑁𝐻𝐸   (3.4) 

 Hydrogen is an energy carrier with nearly three times the gravimetric energy density of 

gasoline. As mentioned in Chapter 1, it has been proposed to be a replacement for fossil 

fuels by generating electricity in a fuel or directly drive an internal combustion engine. 

However, producing hydrogen in a cost-effective, clean and sustainable manner is 

challenging.24,160 Efficient hydrogen production can be realized by optimization of water 

electrolysis with the appropriate electrocatalyst for HER. Platinum has been shown to be 

the best performing catalyst for the HER, however it is expensive and not abundant. The 

development of catalysts that are cost effective and have high electrocatalytic activity for 

HER is imperative to realizing hydrogen fuels as a viable energy source.105,159,160 

A suitable electrocatalyst is cost-effective and consists of sustainable material, stable and 

high performance for the HER.163,164 Using cost-effective materials will facilitate 

commercialization and sustainable materials suit the goal of reducing harmful emissions. 

Stability is also required as an electrolyzer is expected to function without failure in what 
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can be harsh conditions. The performance of an electrocatalyst will strongly depend on 

the adsorption energy, how it interacts with its reactants, due to the Sabatier principle. 

Electrocatalysts have been found to be most efficient when it is not too strong or too 

weak. When the adsorption energy is high, the reaction products will be unable to desorb 

from the catalyst surface resulting in low performance. Low performance is also observed 

if the adsorption energy is too low, as the reaction will be difficult to start.165,166 

3.1.1 Molybdenum Disulfide for the Hydrogen Evolution 

Reaction 

MoS2 is an earth abundant layered material that has been studied as an electrocatalyst for 

the HER. Early work was performed on bulk MoS2 and its applications for the HER and 

it was determined to have poor electrocatalytic activity.167,168 However in more recent 

years as the two dimensional nature of MoS2 has been explored and advances in 

nanomaterial synthesis, interest has grown in electrocatalytic applications of MoS2 and 

other TMDs. Utilizing the layered nature of MoS2 allowed for exposure of more 

catalytically active sites, making it a more viable candidate for electrocatalysis.  

Using density functional theory (DFT) calculations, the free energy of hydrogen 

adsorption (ΔGH*) can be estimated. When calculated on the edge of an MoS2 nanosheet, 

as opposed to the basal plane, the ΔGH* was found to be decrease after initial hydrogen 

adsorption and reaches nearly 0 eV. To experimentally confirm their results, the 

researchers prepared a membrane electrode assembly using platinum and MoS2 

nanoparticles grown graphite.169 Further DFT calculations were done to study any 

differences between molybdenum terminated edges and sulfur terminated edges. 
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Molybdenum edges covered by 50% sulfur was found to be the best combination with a 

ΔGH* of 0.06 eV, which is much smaller when compared to sulfur edges completely 

covered by sulfur at a ΔGH* of -0.045 eV. In addition, when imaged using scanning 

tunneling microscopy (STM) the edges of MoS2 nanoparticles appear bright, implying 

that they are metallic, in agreement with DFT calculations.43 

Confirmation of the edge activity was done in seminal work by Jaramillo et al. In this 

work, MoS2 nanoparticles were grown on to clean gold substrates in ultra high vacuum. 

Post growth sintering allowed for different shapes to expose fractions of edge sites, 

controlling the ratio between basal plane sites to edge sites. Using scanning tunneling 

microscopy, they were able to characterize the shape of the MoS2 at nanoscale and 

determine the structure and length of the edges after synthesis. Electrochemical testing 

showed clear activity for the HER as shown in the polarization curves in Figure 3.4a.18 

Polarization curves demonstrate that the electrochemical reaction has begun by a sudden 

increase in current while sweeping the potential. The potential at which the reaction turns 

on is known as the onset potential. Any extra potential or overpotential beyond the 

standard reduction potential required for the reaction to proceed.148,159 Next they 

a. b. c. 

Figure 3.4: (a) Polarization curves of MoS2 samples grown on gold substrates after sintering at 

400 °C and 550 °C (b) Evolution of the exchange current density as a functino of the MoS2 area 

coverage (c) Demonstration of the direct relationship found between the MoS2 edge length and 

exchange current density18 

a. b. c. 
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examined the relationship between exchange current density, which is used to measure 

the electrocatalytic activity, and geometric area or edge length of the MoS2 sample. When 

plotted against the geometric area in Figure 3.4b, the exchange current density shows no 

clear relationship. In strong contrast as shown in Figure 3.4c, when plotted against the 

MoS2 edge length, they found a linear relationship with exchange current density; 

implying that this is where the active site and as you increase MoS2 edge length the 

electrocatalytic activity increases. Finally, they calculated the turnover frequency (TOF), 

which for an electrochemical reaction is the number product atoms or molecules being 

produced per second per active site.43 The TOF at the edges was found to be 0.02 s-1 and 

comparable to Pt (111) at 0.9 s-1.18 With this pioneering work, efforts focused on 

increasing the concentration of metallic edges to improve performance for the HER. 

Engineering the surface of MoS2 to expose more defects has been accomplished using 

nanostructures and by introducing defects. Using a double gyroid silica template, 

Kibsgaard et al. were able to synthesize mesoporous nanostructures of MoS2. They first 

electrodeposit Mo metal onto the double gyroid silica template and by varying the 

deposition time are able to control the thickness of the resultant MoS2 film. After 

electrodeposition, the resulting multi-valent MoO3-x(OH) undergoes sulfidization in H2S 

gas. Finally, the silica template is etched with HF, resulting in a mesoporous MoS2 

structure that has a high concentration of edge sites with controllable thickness. When 

comparing with other nanostructures with less exposed edges, the double gyroid 

nanostructure showed an improvement of a factor of two to four. However, as thickness 

of the films was increased and more edges exposed, the electrocatalytic performance 

began to suffer from poor electron transport due to the high resistance between layers of 



38 
 

 

MoS2.
170 Defects can be introduced into MoS2 electrocatalysts by H2 annealing and 

oxygen plasma171, argon plasma172 and electrochemical generation173. In each case 

defects are being created on the basal plane in attempts to expose more edges and an 

increase in performance for the HER.  

In our group, past members have taken a different approach. Due to the identification of 

the metallic edge sites as being highly active for the HER, we used the phase 

transformation of TMDs to convert from the 2H to the metallic 1T phase. This was first 

demonstrated using WS2 with the strained metallic 1T’ phase. The exchange current 

density was shown to have a linear relationship with the percentage of 1T phase in the 

catalyst. As the concentration of 1T phase was increased, so did the exchange current 

density.44 Similarly, our group was able to synthesize 1T MoS2 by lithium intercalation 

and subsequent chemical exfoliation. The polarization curves of different types of MoS2 

are shown in Figure 3.5a.17 We can first see the clear improvement in current density and 

onset potential of 1T MoS2 compared to 2H MoS2. In order to determine the effect of 

edge concentration on the electrocatalytic performance, samples of 2H and 1T MoS2 

Figure 3.5 : (a) Polarization curves of 2H and 1T phase MoS2 prepared by chemical exfoliation. 

Edge oxidized counterparts are also shown. (b) Tafel analysis of the corresponding polarization 

curves for 2H and 1T phase MoS2 and their edge oxidized counterparts.17 

a. b. 
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were intentionally partially oxidized at the edges. This was confirmed by TEM as 

oxidized edges will create distortions in the lattice. From the polarization curves of the 

edge oxidized variants of 2H and 1T MoS2, we can see the substantial decrease in current 

and negative shift in onset potential for 2H MoS2. This implies that the edges in 2H MoS2 

are playing an important role in the electrocatalytic activity. Meanwhile the sample of 1T 

MoS2 that has had its edges oxidized, shows very little change, so the edges in 1T MoS2 

are not the active site. Instead the active sites will be located on the basal plane as the 

entire sheet is metallic due to the phase transformation. Figure 3.5b contains the Tafel 

analysis extracted from the polarization curves. From the Tafel analysis, we can calculate 

the Tafel slopes which give some information about the reaction kinetics. The Tafel slope 

is in units of mV/dec so that it is the amount of overpotential required to increase activity 

by an order of magnitude. The Tafel slope of 1T MoS2 was found to be at ~40 mV/dec 

while 2H MoS2 is much higher at ~75-85 mV/dec. When compared with their edge 

oxidized counterparts, 2H MoS2 shows an increase in Tafel slope while 1T MoS2 remains 

unaffected. The improvement of performance for the HER in 1T MoS2 is attribute to 

enhanced charge transfer kinetics due to the metallic nature of the 1T phase.17  

3.1.2 Mechanism of the HER on Molybdenum Disulfide 

The mechanism of the HER in acidic media can be broken down into three basic steps as 

shown in equations 3.5, 3.6 and 3.7, which are named the Volmer, Heyrovsky and Tafel 

steps, respectively.  

𝑇ℎ𝑒 𝑉𝑜𝑙𝑚𝑒𝑟 𝑆𝑡𝑒𝑝:  𝐻+ +  𝑒−  →  𝐻 ∗ + 𝐻2𝑂  (3.5)  

𝑇ℎ𝑒 𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑆𝑡𝑒𝑝: 𝐻 ∗ +𝐻+ +  𝑒−  →  𝐻2 + 𝐻2𝑂  (3.6) 

𝑇ℎ𝑒 𝑇𝑎𝑓𝑒𝑙 𝑆𝑡𝑒𝑝: 2𝐻 ∗ → 𝐻2  (3.7)  
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H* represents an adsorbed hydrogen at an active on the surface of the electrode. The HER 

will always proceed through the Volmer step as a hydrogen ion, or proton, reacts with an 

electron from the catalyst and is adsorbed onto the surface of the electrode to form H*. 

The catalyst can then proceed through the Heyrovsky step or the Tafel step. In the 

Heyrovsky step, an adsorbed hydrogen site reacts with an additional proton and electron 

from the catalyst to form water and hydrogen gas that will desorb. The Tafel step 

involves the recombination of two hydrogen adsorbed sites and release of hydrogen 

gas.174,175 Tafel slope analysis allows for assignment of an electrocatalyst to the Volmer-

Heyrovsky or Volmer-Tafel mechanism. In addition, it can also be used to determine the 

rate limiting step for the reaction.175,176 Pt is well known to undergo the Volmer-Tafel 

mechanism due to high adsorbed hydrogen site concentration.177 In MoS2, it has been 

shown that it follows the Volmer-Heyrovsky mechanism and the desorption of protons 

has been found to be the rate limiting step of the HER on highly conducting MoS2.
15,17,175 

Theoretical calculations using the nudged elastic band method suggest that there is a high 

barrier for the Volmer-Tafel mechanism for TMD materials.174 If we consider that MoS2 

undergoes the Volmer-Heyrovsky mechanism (Equation 3.5 and 3.6), we can see that 

each reaction step is highly dependent on charge transfer from the substrate to the catalyst 

and finally to an active site. While the Volmer step requires only a proton and a single 

electron to react, the Heyrovsky step requires a proton to meet with an adsorbed site and 

an electron to diffuse to the adsorbed site, or vice versa, to proceed. By optimizing charge 

injection into the electrode we may be able to enhance the catalytic performance of MoS2 

electrocatalysts for the HER. 
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3.2 Fuel Cells and the Oxygen Reduction Reaction 

Fuel cells are a type of electrochemical device that utilize electrochemical reactions to 

produce electricity without the use of fossil fuels and subsequent air pollution. Fuel cells 

are galvanic electrochemical cells and operate in a similar manner to a typical battery. In 

an alkaline battery, we use a metal that can be oxidized at the negative terminal, also 

called the anode, with the donated electrons being used against a load to do work. At the 

positive terminal, also called the cathode, electrons from the circuit are absorbed to 

reduce the cathode material. Electrons pass between the two terminals via a liquid 

electrolyte. Similarly, a fuel cell uses some fuel and corresponding oxidant are consumed 

in an electrochemical reaction that has a net result of electrons that can be harvested in a 

circuit to do useful work.159 The most typical fuel cell involves using hydrogen as it’s 

fuel and oxygen for its oxidant. Gaseous hydrogen is provided to the anode electrode 

while gaseous oxygen is delivered to the cathode electrode as can be seen in Figure 

3.6.178 Hydrogen and oxygen gas react at electrocatalysts on the anode and cathode, 

Figure 3.6: Schematic operation of a hydrogen-oxygen fuel cell178 
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respectively. The basic electrochemical reactions at the anode and cathode are shown in 

equations 3.8 and 3.9. 

 

Hydrogen is oxidized at the anode and is known as the hydrogen oxidation reaction 

(HOR) while oxygen is reduced at the cathode in the oxygen reduction reaction (ORR). 

The electrons generated by the oxidation of hydrogen in equation 3.8 are extracted 

against the load, which is represented by the lightbulb in Figure 3.6. The hydrogen ions 

formed in equation 3.8 are transported to the cathode by a liquid electrolyte with a 

sufficient ionic concentration; this is typically a strongly acidic solution such as sulfuric 

acid. To complete the circuit, oxygen reacts with the hydrogen ions at the cathode and is 

reduced using electrons received from the substrate as shown in equation 3.9.16,159  

Although the hydrogen-oxygen fuel cell was demonstrated in 1839, there are many 

challenges that have prevented commercialization of this technology.159 A major barrier 

is the cost of state of the art electrodes. Current fuel cells use expensive and noble metals 

such as platinum, driving up the overall cost of the device. The development of abundant 

and cost-effective high performing catalysts for each electrode reaction is crucial to 

making fuel cells a viable energy alternative.14,16,176
 

The ORR can occur by two different pathways: a two-step two-electron process that 

involves an intermediate reaction to take place; and the more efficient four-electron 

process that directly reduces oxygen. Designing a catalyst to be selective for the four-

electron process is desired. The reduction and oxidation reactions taking place in an 

𝐴𝑛𝑜𝑑𝑒 + 𝐻2 → 𝐴𝑛𝑜𝑑𝑒 + 2𝐻+ + 2𝑒− 𝐸𝑜𝑥
0 =  +0.000 𝑉 𝑣𝑠 𝑆𝐻𝐸  (3.8) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 +  2𝐻+ +
1

2
𝑂2 + 2𝑒− → 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 + 𝐻2𝑂 

𝐸𝑟𝑒𝑑
0 =  +1.229 𝑉 𝑣𝑠. 𝑆𝐻𝐸  (3.9) 
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electrochemical system will vary according to the pH of the electrolyte.159 In the case of 

the ORR, it is beneficial to have catalysts that function well in acidic pH because 

mainstream commercial devices use acidic media such as in polymer electrolyte 

membrane fuel cells (PEMFCs). PEMFCs are state of the art fuel cells that are the current 

leading technology for commercialization. The PEMFC is based on a hydrogen and 

oxygen system that has applications in transport, stationary fuel cell power generators 

and portable devices. The technology is attractive due to its used of a polymer membrane 

and its mild operating temperature range from 50°C – 100°C. The polymer electrolyte 

membrane used in PEMFCs helps make the device compact and safe to operate. The 

membrane will only conduct hydrogen ions, or protons, and prevents electrons from 

flowing through. It will also not allow gases at the anode and cathode to crossover.159,179 

Currently PEMFCs use finely dispersed platinum on carbon composite electrodes as their 

catalysts. Due to the high cost of platinum, these catalysts prevent commercialization and 

global adoption of the technology as an energy source. Reducing or completely 

eliminating the use of platinum in these catalysts is an imperative step in moving beyond 

fossil fuel use.16,180 

3.2.1 Graphene catalysts for the Oxygen Reduction Reaction 

An appropriate electrocatalyst for the ORR that has high performance but is also cost-

effective and abundant has not been found. Current leading catalysts use platinum which 

is expensive, thus raising costs considerably and can prevent scalability of fuel cell 

technology, and is susceptible to catalyst poisoning due to carbon monoxide and 

methanol adsorption onto the electrode. Carbon based catalysts have been recently shown 
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to be viable replacements for platinum as an electrocatalyst for the ORR.181 They have 

been shown to have high performance when doped with heteroatoms such as nitrogen and 

have demonstrated long term stability in acidic conditions. Gong et al. first demonstrated 

that vertically aligned nitrogen-containing carbon nanotubes (VA-NCNTs) could act as 

ORR electrocatalysts without any kind of metal co-catalyst.182 The authors showed the 

catalyst was selective for the four electron ORR process and was free from carbon 

monoxide electrode poisoning. Long-term operation stability was also observed as little 

degradation was shown in the current signal after 100,000 cycles.16, 182 Using graphene 

grown by CVD and subsequent doping with nitrogen, Qu et al. showed improved 

performance between nitrogen doping and pristine graphene and has higher current than a 

platinum on carbon electrode.20 The current density-voltage curves can be seen in Figure 

3.7.20 By minimizing the onset potential, it is possible to reduce the amount of efficiency 

loss within the fuel cell. Here we observe that platinum on carbon (Pt/C) has the most 

positive onset potential at ~-0.1 V vs Ag/AgCl with a saturated current density of -0.2 

mA/cm2. Pristine graphene shows two onset potentials at -0.45 V vs Ag/AgCl and at -0.7 

Figure 3.7: Rotating Ring Disk Electrode measurements for the ORR in air-saturated 0.1 M KOH 

of graphene, Pt/C and N-Graphene20 
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V vs Ag/AgCl, indicating it follows the less efficient two-step reduction process 

mentioned previously. The current here saturates at less than -0.2 mA/cm2. In contrast to 

both Pt/C and pristine graphene, the nitrogen doped graphene (N-Graphene) has higher 

saturated current density of -0.8 V vs Ag/AgCl. The onset potential is not as low as Pt/C 

at ~-0.2 V vs Ag/AgCl, but is still better than pristine graphene and exhibits only one 

onset potential, implying that it is following the more efficient one-step reduction 

process. The researchers further show that the nitrogen doped graphene is not affected by 

poisoning due to methanol and insensitive to carbon monoxide, while the Pt/C electrode 

has an instant reaction when the solution is contaminated.20 Nitrogen doped graphene can 

also be prepared from graphene oxide. By thermally treating GO with melamine at high 

temperature, Sheng et al were able to prepare nitrogen doped graphene with nitrogen 

contents up to 10.1%.183 Improvement is again shown when nitrogen is introduced into 

the graphene sheet.  

Several have reported improvement for the ORR in nitrogen doped graphene electrodes 

using different doping methods such as pyrolysis of GO with urea184, compositing GO 

with nitrogen containing polymers such as polyaniline or polypyrrole185, edge-selective 

functionalization of graphene using 4-aminobenzoic acid186 and many more. It is clear 

that with incorporation of nitrogen into the graphene sheet is important when considering 

graphene as an electrocatalyst for the ORR. However, only more recently has there been 

significant work to show that these materials still perform highly for the ORR under 

acidic conditions due to the viability of PEMFCs. Due to their less competitive ORR 

activity in acidic media, the catalytic performance needs to be improved before practical 

applications can be realized.  
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3.2.2 Mechanism of the Oxygen Reduction Reaction on 

Nitrogen doped Graphene 

High concentrations of nitrogen dopants in carbon materials have lead to improved 

performance for the ORR20,103,106,187. As mentioned previously, nitrogen can dope into 

carbon lattices in a few different bonding configurations as shown in Figure 3.8 with the 

associated XPS binding energy. Pyridinic N, pyrrolic N and graphitic N can be found at 

~398.6 eV, 400.5 eV and 401.4 eV, respectively. In particular, pyridinic N was found to 

improve catalytic performance for the ORR in carbon nanofibers188 and carbon 

nanotubes189–191 in basic media. In contrast, others have shown that graphitic N species 

are important for the ORR in graphitic arrays in basic media.192  This has led to some 

controversy concerning what role nitogren plays in carbon based catalysts for the ORR, 

especially in acidic media.106 Recently, researchers have fabricated model HOPG 

Figure 3.8: The common nitrogen dopant configurations in graphitic carbons and their 

corresponding XPS energies used for identification.106 



47 
 

 

catalysts with high concentrations of either pyridinic N or graphitic N species. By 

correlating the ORR performance and the nitrogen dopant configuration, they found that 

pyridinic N is the active site for the ORR in nitrogen doped carbon materials.19  

In graphene and graphene oxide based catalysts, nitrogen doping has also shown to 

improve the ORR catalytic performance in basic media.20 By selectively doping the 

graphene193 and graphene oxide samples185, the researchers found that the results from 

other carbon based catalysts for the ORR could be compared to graphene catalysts. 

Pyridinic N species were found to play a more important role for the ORR than other 

nitrogen dopant configurations; also showing that the samples composed primarily of 

graphitic N reduce oxygen using the less efficient two-step two-electron process.193 Still 

there exist contrasting reports in graphene where they found graphitic N species to be the 

active site for ORR.20,194,195 At the same time, in a graphene oxide based catalyst, Lai et 

al.185 found graphitic N species to affect the limiting current density while pyridinic N 

species are involved in improvement of the onset potential.185 

To understand the mechanism for the ORR in nitrogen doped graphene, researchers use 

DFT calculations to model the ORR in an acidic environment. Zhang and Xia196 

simulated the electron transformation process and found that on nitrogen doped graphene, 

the ORR undergoes the four-electron pathway while pure graphene does not. From their 

calculations, the system energy decreases with each reaction step, implying that the four-

electron reaction can take place spontaneously. The actives sites for the ORR will depend 

on the spin density ditribution and atomic charge distribution; with addition of nitrogen 

into the graphene lattice there is an induced charge and / or spin redistribution that can 

enhance the ORR performance.196 The same researchers revisted the mechanism and used 
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B3LYP hybrid DFT through Gaussian 03.197 Here, they studied how the ORR activity is 

related to the material microstructure, dopant concentration and Stone-Wales dislocation 

defects. Stone-Wales dislocation defects are 90° rotations of two π-bonded carbon atoms 

which results in the conversion of four neighboring six-membered rings to two five-

membered rings and two seven-membered rings. They are a topological defect found in 

sp2-hybridized carbon materials and have been predicted to have an affect on electronic 

properties.197,198 Schematically shown in Figure 3.9, the researchers model the optimal 

electron transformation in each step of the ORR. They first initialize the position of the 

adsorbing molecule above the nitrogen doped graphene in Figure 6a. The first electron 

transfer has two possible pathways: the adsorption of an intermediate molecule such as 

Figure 3.9: Simulated structure of the 4 electron transfers during the ORR on nitrogen doped 

graphene. (a) Initialized position of the OOH above the nitrogen doped graphene. (b) Adsorption 

of the OOH (c) The O-O is broken and hydroxide molecules are formed (d) A water molecule is 

generated by interaction with H+ with one hydroxide molecule. (e) The final water molecule is 

generated. Gray, blue, red and small white spheres represent carbon, nitrogen, oxygen, and 

hydrogen atoms, respectively.197 

a. 

b. c. 

d. 
e. 
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OOH+ (Figure 6b) or direct adsorption of O2. By positioning the intermediary molecules 

far away, they found that at far distances of ~3 Å the intermediate can still be adsorbed 

onto the graphene. Once adsorbed, the graphene nanosheet warps into the “saddle shape” 

as the carbon atom attached to the oxygen group comes out of the nanosheet and forms a 

tetrahedral structure. In direct O2 adsorption, the O2 molecule is unable to adsorb on to 

the nanosheet, even when put in bonding formation range. However, on a negatively 

charged graphene sheet, adsorption is possible, implying the nanosheet surface charge 

supports O2 adsorption. Once the O2 molecule is adsorbed a nearby H+ can interact to 

form OOH. Still the energy for OOH+ is an order of magnitude higher, indicating it is a 

more favorable reaction. As shown in Figure 6c, the O-O bond is then broken to form a 

hydroxide molecule in the second electron transfer. With the two hydroxide molecule, 

one attached and the other dissociated from the graphene plane, nearby H atoms in the 

reaction system will form water in the third and fourth electron transfers as shown in 

Figure 6d,e. As the water molecule desorb from the nanosheet, the graphene shifts back 

to its original shape.196,197 

The mechanism can be summarized into the following equations in reaction order where 

an asterisk represent the chemisorption site.197  
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Reaction Order 

(Electron Transfer) 

Chemical Reaction197 

1 𝑂2 +  𝐻+ +  𝑒−  → ∗ 𝑂𝑂𝐻  (3.9) 

2 ∗ 𝑂𝑂𝐻 +  𝐻+ +  𝑒− → ∗ 𝑂𝐻 +  𝑂𝐻  (3.10)  

3 𝑂𝐻 +  𝐻+ +  𝑒− → 𝐻2𝑂  (3.11) 

4 ∗ 𝑂𝐻 +  𝐻+ +  𝑒− → 𝐻2𝑂  (3.12) 

Overall 𝑂2 +  4𝐻+ +  4𝑒− →  𝐻2𝑂  (3.13) 

 

Within this simulation, Zheng et al. investigate the effect nitrogen dopants have on the 

electron transformations. They found that large doping cluster sizes of nitrogen atoms 

greater than 2 will reduce the number of catalytic active sites per nitrogen atom.197 Other 

models claim that clusters with three of four nitrogen atoms are more important than 

isolated nitrogen atoms and will be more efficient catalytic sites.199 Taking into account 

the different nitrogen configurations, other models calculate the energy barrier for oxygen 

dissociation decrease with all types of nitrogen species, although graphitic N species are 

more important than pyridine N species.200 

However, many of the studies mentioned above do not take into account the effect of 

metal contaminants and impurities.192,201,202 While the authors claim that their catalysts 

are metal free, it is not always made clear if the catalysts are rigorously controlled to 

prevent any metal contaminants from being introduced.202 Indeed, many studies use metal 

directly on their sample for patterning19,  transfer to different substrates20, or during their 

synthesis185. Discrete elemental compositions of the final catalyst are often not given as 

evidence for their catalyst to be metal-free. The various metal impurities within the 



51 
 

 

catalyst can create the active site for the ORR and may be responsible for the uncertainty 

behind nitrogen doping configurations and their relationship with catalytic performance 

for the ORR. Wang et al.201 fabricate electrocatalysts using the Hummers method to 

prepare their catalysts. They use inductively coupled plasma-mass spectrometry (ICP-

MS) to determine the elemental composition of graphene oxide based electrocatalysts. Up 

to 1000 ppm of certain metals was found to exist within the the catalysts and can have 

significatn effects on the catalytic performance. Manganese oxide, which was found in 

the starting graphite material and in the graphene electrocatalysts was observed to effect 

they ORR onset potential greatly.201 

With proper rigorous control of elemental contamination and with well defined nitrogen 

doping of graphene materials, it is possible to provide insight into the role nitrogen plays 

in forming active sites on graphene based catalysts. 
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Chapter 4. Experimental Methods 

4.1 Synthesis 

In Section 2.4, we discussed the different synthesis methods for 2D materials in a 

qualitative manner. This thesis involves the use of GO synthesized by chemical 

exfoliation and graphene and MoS2 grown by CVD; so a more in-depth description 

follows. 

In our research group, we synthesize GO by the modified hummer’s method originally 

prepared by Hirata et al.135 Sulfuric acid (H2SO4), sodium nitrate (NaNO3), potassium 

permanganate (KMnO4), hydrogen peroxide (H2O2), hydrochloric acid (HCl) were 

purchased from Sigma Aldrich and used as received. First, a 600 mL – 700 mL beaker is 

placed within an ice bath and inside of a fume hood. Solid precursors are added to the 

beaker, which is composed of 2.5 g of natural graphite and 1.5 g of NaNO3, along with a 

magnetic stir bar of appropriate size. Finally, 68 mL of 95 % - 98 % H2SO4 is added to 

the beaker, forming the reaction solution. The oxidation of graphite begins when 9.0 g of 

KMnO4 is added slowly, over the course of about 1 hour, changing the color of the 

reaction solution to a dark green. Additional ice is added if necessary. If a dark green 

color is not achieved, the synthesis is not continued. After 2 hours in ice, the reaction 

solution becomes highly viscous, and is covered and set aside for 5 days. At this point, 

the reaction solution becomes gel-like. 200 mL of deionized water and 0.56 mL of 95 % - 

98 % H2SO4 are then added slowly forming a light purple solution. After stirring for 3 

hours, the solution becomes dark brown and 6 mL of H2O2 and 0.6 mL of concentrated 

HCl are added. Immediately as the H2O2 is added, the dark brown solution becomes a 
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light yellow-brown and oxygen effervesces as the solution is stirred for 2 hours. The 

resultant graphite oxide is then washed and purified using centrifugation and dialysis. An 

initial step of centrifugation at 3000 rpm for 10 minutes is performed three times to 

remove the majority of any residual acids. The remaining graphite oxide is added to 

dialysis membranes and left in deionized water for at least two days, with the water being 

changed every hour. The purified graphite oxide can be added to deionized water and 

sonicated to form GO suspensions. 

Single layer sheets of graphene were grown by CVD in a tube furnace with a quartz tube 

and stainless steel piping to control the environment. Methane (CH4), argon (Ar) and 

hydrogen (H2) gas were purchased from Airgas. 99.9 % copper foil was purchased from 

Alfa Aesar. Ammonium persulfate (NH4)2S2O8 was purchased from Sigma-Aldrich and 

used as received. An image of a typical furnace is shown in Figure 4.1a along with an 

exaggerated scheme of the setup. We use CH4 gas as a precursor and copper foil as a 

substrate. Initially, copper foils are cleaned by electropolishing, to remove any oxide 

layer from exposure to air. The quartz tube is connected to argon and hydrogen, at 90% 

and 10% respectively, which is used as the carrier gas at the inlet. At the outlet we 

connect a vacuum pump which pumps continuously during growth. Before introduction 

of CH4, the pressure is 160 mTorr and can go up to 300 mTorr during the growth. 

Initially, to remove air and moisture the flow rate is set to 100 standard cubic centimeters 

per minutes (sccm) for the carrier gas and heated to 100 °C for 15 minute. During 

growth, the carrier gas is set to 20 sccm while methane gas is flowed in at 10 sccm. The 

tube furnace is ramped to 1020 C in 40min and maintained there for 30 minutes. The 

furnace is then allowed to cool to room temperature and the graphene on copper samples 
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are removed from the furnace. Growth of graphene is confirmed by scanning electron 

microscopy. The graphene can then be transferred to arbitrary substrates using a 

poly(methyl methacrylate) (PMMA)  – based method. A6 PMMA was purchased from 

Microchem. We first spincoat PMMA directly on top of the graphene on copper sample 

and cured on a hot plate at 150 C for two minutes. The copper is then etched away using 

0.15 M (NH4)2S2O8. Once the copper has been etched, the PMMA and graphene float is 

transferred to deionized water to wash away any residual etchant. The PMMA and 

graphene float can then be transferred on to any substrate, typically a silicon wafer that 

has been capped with 300 nm of SiO2 (SiO2/Si). The PMMA is then washed away with 

acetone, leaving the graphene on top of the target substrate. On SiO2/Si substrates, 

graphene can be identified by the change in color contrast as seen in Figure 4.1b. Large 

area graphene can be grown using this method with lateral dimensions nearing 1 cm. 

Similarly, samples of single layer MoS2 were grown by CVD in a tube furnace. 

Molybdenum trioxide (MoO3), sulfur (S), n-butyllithium (1.6 M in hexane) were 

purchased from Sigma Aldrich. Si wafers covered with a 300 nm oxide layer were 

purchased from Nova Electronic Materials. Argon (Ar) gas was purchased from Airgas. 

Solid precursors consisted of 50 mg of MoO3 and 250 mg of S were placed in two 

alumina boats. MoO3 was placed in the center of the furnace while S is placed upstream. 

The substrates used were SiO2/Si wafers. Once cleaned and cut to size, they were placed 

face-up on top of the alumina boat containing MoO3. Argon gas was flowed through the 

tube at 200 sccm in order to evacuate air. The furnace was heated to 200 C for 15 minutes 
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to remove any residual moisture in tube or in the solid precursors. To perform the growth, 

the furnace was heated to 750 C under a 90 sccm argon flow. After 45 minutes, the 

furnace was cooled down to room temperature and the samples are removed from the 

furnace. Confirmation of MoS2 growth is done by optical microscopy in which triangular 

sheets of MoS2 crystals can be found, with a lateral dimension of 5 µm to 30 µm. These 

triangular flakes can then be transferred to arbitrary substrates using the PMMA transfer 

Figure 4.1: (a) A digital image of a tube furnace with gas line connections. In order to 

demonstrate the apparatus, a schematic of CVD growth is superimposed. Graphene is shown 

above MoS2 growth. (b) An example of the graphene after it has been transferred from the copper 

foil growth substrate to SiO2/Si substrate. (c) Triangular MoS2 samples after transferring from the 

SiO2/Si growth substrate to higher quality SiO2/Si substrates for device fabrication 
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method. First, PMMA is spincoated atop the SiO2/Si substrates and cured on a hot plate 

at 150 C for two minutes. The PMMA coated sample is then floated on top of a 1.5 M 

KOH solution and placed into a box oven at 70 C. Over time, the 1.5 M KOH solution 

etches the SiO2 layer to release the PMMA and MoS2 sample floating at the surface of the 

liquid. This float can be transferred on to any substrate, for electronic applications, high 

quality thermal oxide SiO2/Si substrates are used. Once transferred, the PMMA is washed 

away with acetone, leaving the MoS2 triangles. Finally, the sample is annealed at 300 for 

1 hour in argon and hydrogen flow to remove residual PMMA. As in graphene, MoS2 

triangular flakes can be identified on SiO2/Si substrates as shown in Figure 4.1c.  

4.2 Electrochemical Characterization 

In Section 3.1.2 and Section 3.2.2, some electrochemical characterization is discussed in 

reference to the literature. A more detailed discussion follows that is focused on the 

experiments and calculations performed during this thesis work. The main technique used 

to characterize the electrocatalysts we prepared is cyclic voltammetry (CV). It is a 

powerful technique that allows for the investigation of reduction and oxidation processes 

occurring at an electrocatalyst. In CV, a potential is applied and a triangular waveform is 

applied in order to sweep the potential to a second point. To complete the cycle, the 

potential sweeps back to the initial point. During this cycle, the current between the 

working electrode and counter electrode is measured forming a voltammagram. A typical 
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voltammagram is shown in Figure 4.2a161 for an ideal reversible reaction. Each of these 

peaks represents either an oxidation or reduction reaction has begun to occur at the 

working electrode.148,159 From a CV, we can extract what is called a polarization curve. 

Polarization curves are the standard in electrocatalysis and a simple method to determine 

performance for the electrocatalytic reaction in question. Ideal polarization curves for 

perfect catalysts are shown in Figure 4.2b105 for the water splitting reactions, HER and 

OER, and the fuel cell reactions, ORR and HOR. If we examine the polarization curve for 

HER, we see that the current begins to increase at 0 V vs RHE, indicating the reduction 

reaction has begun to take place. As described above, the voltage at which this takes 

place for any electrochemical reaction is termed the onset potential. Most electrocatalysts 

will require potentials more negative than 0 V vs RHE to start the reaction and even more 

to generate reasonable current; benchmarks are often taken at 10 mA/cm2. This necessary 

potential is extra energy that needs to be supplied to the system in order to start the 

reaction and we call this the overpotential.148,159 High performing catalysts will minimize 

Potential (V vs RHE) 
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en

t 
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) 
Figure 4.2: (a) A typical cyclic voltammagram for an ideal reversible reaction 

demonstrating the regions where oxidation and reduction occur.161 (b) Polarization curves 

that have been extracted from ideal catalysts for the water splitting reactions (OER and 

HER) and the fuel cell reactions (HOR and ORR).105 

a. b. 
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overpotential and have onset potentials as close as possible to the standard potential for 

the corresponding reaction. The onset potentials for ORR and OER are shown far from 

their standard potential of 1.23 V vs RHE due to the sluggish kinetics of their multi-

electron transfer processes.105 From the polarization curves, we can extract the Tafel 

slope by plotting the logarithm of current against the overpotential. Using the Tafel 

equation as shown below:  

𝜂 = 𝑏 log (
𝑖

𝑖0
)  (4.1) 

where η is the overpotential (V), b is the Tafel slope (V/decade), i is the current density 

generated by the catalyst (A/m2) and i0 is the exchange current density (A/m2).159 The 

Tafel slope can be thought of as the energy required as input for the system to increase 

activity by an order of magnitude. This analysis also yields the exchange current density 

which is related to the rate of oxidation (roxid) and reduction (rred) as follows:  

𝑟 𝑜𝑥𝑖𝑑 =  𝑟 𝑟𝑒𝑑 =  
𝑖𝑜

𝑛𝐹
  (4.2) 

where n is the number of electrons taking place in the reaction and F is Faraday’s 

constant.159  

When studying electrochemical reaction, it’s possible mass transfer can be an issue. In 

the case of HER, the electrocatalyst can produce hydrogen bubbles at a high enough rate 

that it will passivate electrode surface and disrupt the CV. When studying the ORR, mass 

transfer becomes even more important as supplying reactant, O2 gas, can be difficult in 

static conditions.105,159 Hydrodynamic methods allow for convective mass transport of the 
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reactants and products and typically involve rotation of the electrode. In order to rotate 

the electrode, we use a rotating ring disk electrode (RRDE) as shown in Figure 4.3a.147 

The standard glassy carbon disk is shown in the center while a platinum ring is on the 

outside. The RRDE allows for fresh reactant to flow to the electrode surface at a constant 

rate removing mass transport effects and we can use the platinum ring in collection 

experiments. As mentioned above, it is important to determine which pathway your ORR 

catalyst is undergoing, the two-electron pathway or four-electron pathway. Since the 

undesired two-electron pathway produces an H2O2 intermediate, we can apply a constant 

potential to the outer platinum ring in collection experiments while running a typical 

hydrodynamic CV at the disk. By comparing the current at the disk and at the ring, we 

Figure 4.3: (a) A rotating rind disk electrode (RRDE) is composed of a disk electrode in the 

center with a concentric ring electrode. The two electrode are separated by an insulating material 

and are both can be contacted independently.147 (b) Polarization curves that can be extracted from 

data measured using an RRDE setup. Current density measured at the disk can be differentiated 

from current measured at the ring as shown.107 

a. b. 
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can calculate the percentage of H2O2, %H2O2, being produced as well as the number of 

electrons being used in the reaction, n, using the following formulas: 

%𝐻2𝑂2 = 200 ∙
𝐼𝑅

𝑁𝐶 ∙ 𝐼𝐷 + 𝐼𝑅
  (4.3) 

𝑛 = 4 ∙
𝐼𝐷

𝐼𝐷 +
𝐼𝑅

𝑁𝑐

  (4.4) 

where IR is the current at the ring, ID is the current at the disk and Nc is the collection 

efficiency of the RRDE which has been calculated to be 0.40. A typical polarization 

curve from an RRDE is shown in Figure 4.3b using carbon nanotubes (CNT) and 

nitrogen doped carbon nanotubes (NCNT) as the electrocatalyst. The ring current will 

increase as the ORR proceeds due to production of H2O2. High performing catalysts for 

the ORR will minimize this current.16 

Electrochemical impedance spectroscopy (EIS) is a powerful technique that yields insight 

into the capacitive and resistive nature of your electrochemical system and 

electrocatalyst. EIS allows you to probe an electrochemical system by applying a small 

alternating current (AC) perturbation over a range of frequencies.159 The impedance (Z) 

in an electrochemical system is defined by:  

𝑍(𝜔) =  
𝑉(𝜔)

𝐼(𝜔)
=

𝑉𝑠𝑖𝑛(𝜔𝑡)

𝐼𝑠𝑖𝑛(𝜔𝑡 + 𝛷)
;  𝜔 = 2𝜋𝑓  (4.5) 

where ω is the angular frequency, V is the voltage at a time t, I is the resultant current at 

time t and Φ is the phase shift. This relationship is analogous to Ohm’s Law and can be 

further simplified to  
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𝑍(𝜔) = 𝑍(𝜔)(cos(𝛷) − 𝑗𝑠𝑖𝑛(𝛷)) = 𝑍(𝜔)𝑒−𝑗𝛷 = 𝑍′(𝜔) + 𝑗𝑍′′(𝜔)  (4.6) 

where j is constant of √−1, Z’(ω) is the real component of the impedance and Z’’(ω) is 

the imaginary component. In a typical EIS experiment, we apply a constant voltage with 

a small AC fluctuating voltage of 10 mV at a certain frequency and the resulting current 

is measured. Using this data, the real and imaginary impedance are calculated. As the 

experiment proceeds forward, the frequency is varied from high to low frequency. The 

resulting real and imaginary impedance data can be shown in a Nyquist plot as in Figure 

4.4.159 Two distinct regions are labelled, where at high frequencies the kinetics of the 

reaction control the system and at low frequencies where mass transfer to the catalyst 

become more important. From a Nyquist plot, we can obtain two key characteristics of 

our electrochemical system the series resistance, RΩ, and the charge transfer resistance, 

Figure 4.4: A typical Nyquist plot showign the impedance for an electrochemical system. 

Regions where the kinetics of the reaction or the mass transfer in the electrochemical system 

control the impedance are shown at high and low frequencies, respectively159 
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Rct. The series resistance arises from resistance in the potentiostat, wires and other 

connections to the electrochemical cell. The charge transfer resistance corresponds to the 

electron transfer from the catalyst to the electrolyte.159 The series resistance allows for iR 

correction in polarization curves, and the charge transfer resistance is a key feature in 

optimizing electrocatalysts.203,204 

4.3 Electron Beam Lithography & Device Fabrication 

Lithography is used in the semiconductor and electronics industry to fabricate state of the 

art integrated circuits for modern computers. Typically, optical lithography is used to 

build these electronic devices due to its high throughput and uniformity.205,206 However, 

for more flexible applications with custom contact designs, many turn to electron beam 

lithography. With this technique, we can deposit metal contacts on a sub-micrometer 

scale with discrete control. This allows us to make field effect transistors and other 

Figure 4.5: A standard workflow used in electron beam lithography for transferring a pattern 

written by the electron beam to the substrate. In this case the pattern is written and the underlying 

substrate is etched. When the resist is removed or washed away, the etched pattern remains on the 

substrate.205 
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electronic devices on samples that are on the microscale size with channel lengths under 

1 µm, such as on MoS2
47 and graphene.207 Patterns can be made to fit various random 

arrangements of material allowing a high degree of freedom with the positioning of the 

resultant device. Typical electron beam lithography uses an electron beam resist that is 

susceptible to electron irradiation, making it soluble to a corresponding developer. This 

allows for clearing of the resist in specific areas to allow for transfer of the irradiated 

pattern to the underlying substrate or deposition of metal to electronically contact the 

sample. A standard workflow is shown in Figure 4.5.205 In our group, a typical electron 

beam lithography procedure uses PMMA as the electron beam resist. First, monomer 

methyl methacrylate (MMA) is spincoated at 4000 rpm and baked @ 120 °C for 2 

minutes. Next, PMMA is spincoated as a top layer at 4000 rpm and baked at 180 °C for 4 

minutes. This bilayer system is used to aid in lift off as the MMA layer has higher 

solubility in acetone and the PMMA layer will have more accurate patterning after 

electron beam irradiation. The samples are then placed into the electron beam lithography 

system, and a pattern designed using computer assisted design (CAD) is transferred to the 

sample by electron beam irradiation. The current used can vary from 100 pA to 10 nA, 

while the dosage is kept constant at 450 µC/cm2. After exposure, the sample is developed 

in a cold solution of isopropyl alcohol (IPA) and water in the ratio of 3:1 for 90 seconds 

and then rinsed in IPA for 60 seconds. We confirm that the microchannels have been 

opened without any thinning of the PMMA outside of our design by optical microscopy, 

which would be denoted by a discoloration of the PMMA. To complete the device, metal 

is evaporated by electron beam evaporation. Initially 5 nm of titanium is deposited at 0.2 
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nm/second as an adhesion layer to the 50 nm of gold that is deposited at 0.2 nm/second. 

The polymer layer is then dissolved away in acetone to remove the metal not meant for 

our devices. Once the lift off is complete, the devices are cleaned in IPA. Typical 

completed devices of MoS2 and graphene are shown in Figure 4.6a,b, respectively.  

 

 

 

 

 

 

 

100 µm 100 µm 

a. b. 

Figure 4.6: Completed electronic devices on (a) mechanically exfoliated MoS2 and (b) CVD 

grown graphene. Two contacts are deposited in order to electrically probe the materials. 
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Chapter 5. Electrochemical Microcells on 2D MoS2 nanosheets 

In our group we have previously demonstrated the use of electron beam lithography to 

fabricate field effect transistors on mechanically exfoliated MoS2 samples47 and MoS2 

grown by CVD.119  In this work, the researchers sought to reduce the contact resistance at 

the gold metal contacts, which are typically deposited during standard device fabrication. 

They achieved this by utilizing the phase conversion of 2H MoS2 to the metallic 1T 

phase. This was done by first opening microchannels on the MoS2 flake where a metal 

contact would go in a normal fabrication process. However, the exposed MoS2 is first 

exposed to 1.6 M n-butyllithium in hexane for two days within an argon filled glove box. 

This will locally transform the phase of MoS2 to the metallic 1T phase. Once metal is 

deposited directly on top of the 1T phase MoS2, a low resistance contact is formed but the 

channel of the transistor remains semiconducting. An improvement of nearly 300% is 

observed in on currents in the mechanically exfoliated MoS2 devices with 1T phase 

contacts.  

Inspired by this work, we sought to use electron beam lithography to fabricate devices to 

allow electrochemical testing of individual MoS2 flakes for the HER and in parallel 

investigate the effect of decreasing the contact resistance on performance for the HER. 
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5.1 Physical Characterization of 2D MoS2 

We grow the 2D MoS2 samples by CVD, as described above. Before fabricating the 

devices, we examined the as grown material. We first used Raman spectroscopy to 

determine that the sheets are single layer as shown in Figure 5.1a. Raman spectra were 

obtained using a Renishaw 1000 system operating at 514 nm (2.41 eV). The CVD grown 

MoS2 samples yield E2g and A1g vibrational modes at ~384 cm-1 and ~403 cm-1 

respectively. The difference between the two peaks is less than 20 cm-1, implying that 

these samples are in the single-layer regime. Using photoluminescence (PL) 

spectroscopy, we observed an intense signal with a peak at ~1.8 eV in the CVD samples 

implying the sample is single layer as shown in Figure 5.1b. 

In order to check for impurities from the CVD synthesis, we performed XPS after 

growth. XPS measurements were performed with a Thermo Scientific K-Alpha 

spectrometer. All spectra were taken using an Al Kα microfocused monochromatized 

a. b. 

Figure 5.1: (a) Raman spectra for the samples of our CVD grown MoS2 demonstrate that they 

are single layer. A few layer spectra is also included for reference. (b) A PL spectrum for our 

CVD MoS2 shows a high intensity, indicating that our single layer MoS2 exhibits a direct band 

gap.208 
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source (1486.7 eV), a spot size of 400 μm and a 15 eV pass energy. The XPS signals for 

the Mo 3d scan are shown in Figure 5.2a, while scans for S 2p are shown in Figure 5.2b. 

The Mo 3d scan peaks at ~229.5 eV and ~232.6 eV can be attributed to Mo 3d5/2 and Mo 

3d3/2 corresponding to Mo4+
 in 2H phase MoS2. The absence of peaks corresponding to 

Mo6+, which are expected at ~232.4 eV and 235.5 eV, implies that the samples are oxide 

free as would be found in MoO3 or SOx. The doublet found in the S 2p scan can be 

deconvoluted to two peaks at ~162.5 eV and ~163.7 eV which are attributed to S 2p3/2 

and S 2p/2 and correspond to S2-.  

We next studied the single-layer MoS2 nanosheets by scanning electron microscopy 

(SEM). SEM images were taken using a Zeiss Sigma Field Emission SEM with an 

Oxford INCA PentaFETx3 EDS system (model 8100). In Figure 5.3a, we found that the 

color contrast across all the flakes was uniform, implying that they are all of a consistent 

thickness. When studied at high magnification as shown in Figure 5.3b, the edges of the 

MoS2 flakes are straight without hexagonal or dendritic structure. We can consider the 

a.      b.  

Figure 5.2: XPS spectra for the (a) Mo 3d  and (b) S 2p demonstrate that our MoS2 

samples are free of impurities such as oxides and are in the 2H phase.208 
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edge length of an individual triangular flake to be approximately the same as the 

geometric perimeter.  

Atomic force microscopy (AFM) was also used to confirm that the MoS2 nanosheets 

grown by CVD were single layer. A typical topography AFM image is shown in Figure 

5.4, where we can see a single layer MoS2 triangular flake. A line scan is shown in white 

across the flake which corresponds to the superimposed height profile. The profile shows 

that the nanosheet is consistent and has a thickness of ~0.9 nm. The AFM image also 

agrees with the SEM images, showing that the edges of the MoS2 flakes are straight. 

AFM images were obtained in Digital Instruments Nanoscope IV in tapping mode with 

cantilevers with spring constant of 40 N/m and tip curvature < 10 nm and a frequency of 

325 kHz.208 

a. b. 

Figure 5.3: (a) Large-area SEM images of our as grown CVD MoS2 samples. (b) Higher 

magnification SEM images shows individual nanosheets with sharp edges.208  
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5.2 Devices with 1T Phase Contacts 

A typical device on MoS2 nanosheets is fabricated using gold contacts while the entire 

device is supported on a SiO2 on Si substrate. This is suitable for electrocatalytic testing, 

as the SiO2 is not conducting and we will have charge injection directly from the gold 

contact to the catalyst material, MoS2. Similar to our group’s previous work we used 

electron beam lithography to selectively expose the MoS2 area designated for metal 

contact to 1.6 M n-butyllithium (BuLi) in hexane and convert it to the metallic 1T phase. 

By varying the time the sample was exposed to the reducing agent, we could partially 

convert the MoS2 area to the 1T phase, but maintain the 2H phase in the rest of the 

monolayer sheet. A scheme for this process is shown in Figure 5.5. We first spincoated 

PMMA on top of 2H MoS2 (Figure 5.5a,b) then using electron beam lithography we open 

Figure 5.4: AFM image of a CVD grown MoS2 nanosheet208  



70 
 

 

microchannels on the MoS2 (Figure 5.5c). These microchannels are exposed to n-

butyllithium to convert to the 1T phase (Figure 5.5d). At this point, we can confirm a 

successful phase transition by Raman spectroscopy as shown in Figure 5.5g, where the 

a.) b.) 

c.) d.) 

e.) f.) 

g.) 

Figure 5.5: Successive steps for the fabrication of MoS2 electrochemical microcells with 1T 

contacts and 2H basal planes. Initially, (a) pristine MoS2 is coated with PMMA (b). When 

exposed to the electron beam, some PMMA (c) is removed. Upon exposure to n-butyllithium (d) 

we can convert to the 1T phase. (e) Gold is evaporated to coat the entire sample and after lift off 

(f) an electrical contact to the 1T phase region of the MoS2 remains. (g) Raman spectra of the 1T 

phase region and 2H phase region of our MoS2 samples confirm the phase transition208  
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distinctive J1, J2, and J3 peaks for 1T phase MoS2 can be seen. Gold contacts are then 

deposited with subsequent lift-off to yield a device with 1T contacts. Alternatively, we 

could convert the entire sheet to the 1T phase, yielding devices with the lowest contact 

resistance. In this case, we first expose the entire sheet to n-butyllithium to convert to the 

1T phase, then using standard lithography techniques we put down contacts to complete 

the device. This method allows for us to modulate the completed devices to have low or 

high contact resistance. By measuring the resistance of our devices, we can calculate the 

contact resistance using the following: 

𝑅 = 2𝑅𝐶 + 𝑅𝑀𝑜𝑆2
∙

𝐿

𝑊
  (5.1) 

where R is the resistance from the device, Rc is the contact resistance, and 𝑅𝑀𝑜𝑆2
 is the 

sheet resistance of 2H phase MoS2 and 1T phase MoS2. W and L correspond to the width 

of the contacts and the length or distance between the contacts respectively. 208 

5.3 Devices for Electrochemical Microcells with 2D MoS2 

In order to electrochemically test individual monolayers of MoS2, we took the process 

one step further to fabricate electrochemical microcells using electron beam lithography. 

In addition to selectively opening microchannels for the metal contacts, we would open 

windows directly on top of the sample of interest. This defines the working electrode of 

our electrochemical microcell, which we expose to electrolyte. There are several steps of 

lithography in order to achieve a well-designed and functioning electrochemical 

microcell device. Figure 5.6 contains an optical image breakdown of the lithography 

steps required to fabricate these devices. Figure 5.6a,c,e,g show the same device at 10x 
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magnification while Figure 5.6b,d,f,h show a specific area on the substrate at 50x 

magnification. We use pre-patterned silicon substrates that have been capped with a 300 

nm SiO2 layer. The substrates are patterned using a conventional photolithography 

process using ultraviolet exposure. They consist of 16 gold contact pads that surround a 

450 µm by 450 µm working area. Within the working area, an array of gold characters 

are also put down by photolithography. First, CVD MoS2 is transferred onto the pre-

patterned substrates using the PMMA transfer method. (Figure 5.6a,b). During this step, 

the MoS2 triangular flakes are identified along with their position in reference to the gold 

characters on the pre-patterned chip. These are crucial for designing an accurate pattern 

for your metal contacts.  Initially electron beam lithography is used to deposit metal 

contacts to electrically contact the nanosheet. The PMMA resist, is spincoated on top of 

the entire sample and cured at 180°C. A lithography pattern is designed to open channels 

from the large gold pads outside of the working area to an identified sample. Once the 

instrument is aligned with the CAD pattern and reference images, the pattern is written 

by the instrument upon exposure of the electron beam. The samples are developed in cold 

IPA and water for 90 seconds then rinsed in IPA for 60 seconds. After development, the 

microchannels are cleared of polymer and the result is microchannels without resist as 

shown in Figure 5.6c,d. Metal is then deposited using electron beam evaporation. The 

gold fills in the microchannels while the gold on top of PMMA is removed during lift off. 

The lift off process involves the dissolution of PMMA by acetone, resulting in metal not 

contacted to the substrate to be removed. Samples are then rinsed with IPA and dried 

gently with nitrogen. The devices are then as shown in Figure 5.6e,f. The sample is again 

covered with PMMA and cured using the same conditions. 208  
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Figure 5.6: Optical pictures showing the different steps of the microcell fabrication. (a and b) 

The MoS2 nanosheets are transferred on the 300 nm SiO2/Si wafer and covered with PMMA. (c 

and d) Electrode patterns are open on the PMMA layer. (e and f) The gold electrodes are then 

fabricated to contact selected individual nanosheets. Each MoS2 nanosheet is contacted by 2 

electrodes. (g and h) The microcell is covered with PMMA (passivation layer) and windows are 

opened via e-beam lithography to expose solely the MoS2 nanosheets.208  
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We do another step of lithography and design the pattern with the goal to open small 

discrete areas or windows inside of each device. Special care is taken to not expose any 

gold and ensure only the MoS2 catalyst is in the final working electrode. During this step, 

we are able to design various shapes and patterns into the working electrode with high 

resolution giving us a high degree of control over the final electrocatalyst area. The final 

devices with windows opened are shown in Figure 5.6g,h.208 All areas except for the 

working electrode area are covered in PMMA to prevent contact with the electrolyte. 208 

 

5.4 Microcell Electrochemical Measurements  

With the working electrode defined within our MoS2 monolayer, we needed to complete 

the three electrode cell. Working electrode sizes that were used in this work were 

between 10 to 80 µm. Standard three electrode cells would be inefficient at this scale and 

it limits the amount of electrolyte we can use; thus limiting the size of our counter and 

reference electrodes. To overcome this, we made a homemade Ag/AgCl reference 

microelectrode by dipping a Ag wire into 1.0 M HCl to form a thin coating of AgCl. 

Using a glass micropipette tip as the casing and 3 M KCl as the internal electrolyte, the 

Ag/AgCl wire is inserted into the tip and the reference microelectrode is sealed with 

parafilm. We calibrated the homemade reference electrode against a RHE calibrated 

saturated calomel electrode. To complete the three electrode cell we used a glassy carbon 

needle as the counter electrode. A digital photograph of the three electrode microcell 

setup is shown in Figure 5.7a with a corresponding schematic of the electrochemical 

testing of an individual MoS2 triangular flake in Figure 5.7b. For this work, the 



75 
 

 

electrochemical measurements were performed using a Multistat 1480 potentiostat from 

Solartron Group in a 0.5 M H2SO4 electrolyte solution. The CV measurements were 

performed by sweeping from 0 to -0.7 V vs Ag/AgCl at a scan rate of 5 mV s-1. The 

absolute current measured was in the range of 10-9 – 10-6 A. The current density was 

calculated by normalizing the current to the total surface of MoS2 exposed to the 

electrolyte solution. We also performed electrochemical impedance spectroscopy using 

an SI-1260 Impedance/Gain Phase analyser from Solartron Group. Impedance 

a. b. 

c. d. 

Figure 5.7: (a) Photograph of the electrochemical microcell. (b) Schematic of the 

electrochemical set-up showing a single layer of MoS2 deposited on SiO2 and contacted by one 

gold electrode. Glassy carbon counter electrode and Ag/AgCl reference electrode are also 

shown. Only the MoS2 sheet is contacted with the 0.5 M H2SO4 electrolyte. (c,d) Optical 

microscope images of the different types of microcells: (c) edge covered and (d) edge exposed. 
208 
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measurements were performed using an overpotential of 0.250 V vs RHE from 106 to 0.1 

Hz with an alternating current voltage of 10 mV. 208  

Using electron beam lithography to define our working electrode area offers a high 

degree of flexibility. With this technique, we can not only determine the electrocatalytic 

behavior of individual nanosheets of MoS2, but also discrete regions of the triangular 

flake. As shown in Figure 5.7c,d, we were able to open windows directly on just the basal 

plane of a MoS2 flake or focused along the edges. Since only the basal plane or edge of 

the MoS2 flake is exposed to the electrolyte, we can measure the electrocatalytic behavior 

of only the basal plane or only the edge.  

Chapter 6. Electrochemical Characterization of 2D MoS2 for 

the Hydrogen Evolution Reaction 

Using this technique, we fabricated many electrochemical microcells on monolayer MoS2 

nanosheets synthesized using chemical vapor deposition. The electrocatalytic data shown 

is an average of the activity for devices with both basal plane exposed and edge 

exposed.208  

6.1 Electrochemical Impedance Spectroscopy  

We first used EIS to observe any differences between the high and low resistance contact 

devices. Figure 6.1a shows typical Nyquist curves for microcells on single MoS2 

nanosheets with high and low contact resistance. We found that the internal series 

resistance (ZS) remains the same for both devices and relatively small at ~300 Ω. This 

implies that the contact resistance between the MoS2 nanosheet and gold electrode is a 
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variable independent from the internal resistance. The influence of the contact resistance 

can be seen in a marked decrease on the charge transfer resistance, ZCT, which can be 

used to gauge how efficiently charger carriers are being transferred from the gold pad to 

the MoS2 electrocatalyst. From the Nyquist plot, we can see that the ZCT of the low 

contact resistance devices is ~4 kΩ while for high contact resistance devices the ZCT goes 

to near infinity. The reduced ZCT in the low contact resistance devices suggest improved 

electron injection to the electrocatalyst. In Figure 6.1b are typical polarization curves for 

the corresponding devices. We performed an iR correction using the data extracted from 

the Nyquist plot in order to study the influence from the series resistance on our 

electrochemical experiments. After the iR correction is represented by the solid line, 

while without it is shown in triangle data points. There is minimal change between the 

two, showing there is little contribution from the internal resistance on these devices and 

the iR drop is negligible.208  
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Figure 6.1: (a) Nyquist plots showing the impedance for devices with high and low contact 

resistance in black and red, respectively (b) Polarization curves measured from two MoS2 

microcells with (solid line) and without iR correction (triangles). Curves for devices with high 

and low contact resistances are shown.208 

a. b. 
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6.2 Electrocatalytic Performance of 2D MoS2 

The polarization curves of the current density of devices with varying contact resistances 

in 0.5 M H2SO4 is shown in Figure 6.2a.208 These polarization curves are averages taken 

from 2H and 1T phases and from the basal plane and edges of numerous samples. We 

found no relationship between edge concentration and electrocatalytic performance. 

Instead, as the contact resistance decreases, the HER performance increases with a 

decrease in the onset potential and overall increase in current density. It is noted that the 

current densities reported here are slightly lower than high-surface area mesoscopic 

electrodes reported in literature.15,21,209 This is attributed to the flat nature of our MoS2 

electrodes.208  

A figure of merit often used in catalysis is the turnover frequency (TOF) which has the 

units of s-1. The TOF is an indicator of the activity of the catalytic active sites and for the 

HER, it represents the total number of moles of H+ that are being transformed into H2 per 

active site per second. It can be calculated using  

𝑇𝑂𝐹 =  
𝐽

𝑛 𝑥 𝑁 𝑥 1.602 𝑥 10−19
  (6.1) 

where J is the current density in mA cm-2, n is the number of electrons taking part in the 

reaction, and N is the number of active sites. TOF values for MoS2 catalysts for the HER 

remain virtually the same,176 suggesting that the improvement in electrocatalytic behavior 

is due to an increase in the quantity of active sites, as opposed to an increase in the 

activity of each site. In standard electrocatalysis, it is often difficult to accurately 

calculate the TOF due to the challenge associated with precisely quantifying the number 

of active sites. However, the nature of the microcell structure allows accurate 
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measurements of the surface exposed to the electrolyte which we can use to calculate the 

density of the active sites. We assume that single sulfur vacancies are the only active site 

presented on the entire MoS2 nanosheet, including vacancies from both the edge and 

basal plane. Using a lattice constant of 3.16 Å, the surface of a unit cell is calculated to be 

8.65 x 10-16
 cm2. With one sulfur atom per unit cell and assuming 9 % sulfur vacancies 

from our STEM results, the density of active sites is estimated to be 1.04 x 1014 cm-2. 

Using this we calculated the TOF values with applied potential for different contact 

resistances as shown in Figure 6.2b. For the low contact resistance devices, we see TOFs 

of >100 s-1 and >1,000 s-1 at overpotentials of 200 mV and 300 mV, respectively. 

Compared to other reports, our results are comparable for MoS2 catalysts. For the lowest 

contact resistance, the activity of the MoS2 nanosheets is higher than directly grown 

metallic 2H MoS2 clusters grown on gold as shown with the purple region in Figure 6.2b 

from Jaramillo et.al.18,208  

Figure 6.2: (a) Polarization curves obtained from MoS2 devices with various contact resistances 

from 80 MΩ mm to 7 x 10-2 Ω mm. As contact resistance decreases, the electrocatalytic 

performance increases (b) Evolution of the turnover frequency (TOF) with the overpotential. Our 

TOF values are compared to those obtained from metallic 2H-phsae MoS2 edges grown on gold.18 

a. b. 
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6.3 Contact Resistance and Electrocatalytic Performance for 

the Hydrogen Evolution Reaction 

In order to better study the relationship between contact resistance and the 

electrocatalytic performance of our 2D MoS2 microcells for the HER, we extracted three 

key characteristics and plotted them against the contact resistance in Figure 6.3a,b,c: 

onset potential, Tafel slope and the current density at an overpotential of 400 mV, 

respectively. Here we can see that exceptionally low onset potentials at less than 0.15 V 

can be achieved for low resistance contacts. Below a critical resistance value of ~10-100 

kΩ mm, the Tafel slope and current density saturate at ~60 mV per decade and 100 mA 

cm-2. We can also see that in all three cases, similar HER performance can be achieved in 

the 2H phase where the edges are not exposed to electrolyte, eliminating them from the 

reaction. This shows that the basal plane of the 2H phase, which has typically been 

thought to be less catalytically active, will exhibit HER properties similar in the literature 

for edges and the 1T phase by improving the electrical contact. In devices where the 2H 

basal plane is exposed to electrolytes, we can fabricate the contact to have a low contact 

resistance at ~10-2 kΩ mm. The HER performance of these devices is comparable to that 

of 1T phase and edge-exposed devices. Our results suggest that the catalytic activity of 

the basal plane and edges of CVD MoS2, irrespective of the phases, is comparable.208   

In the case of the 2H-phase MoS2, efficient charge transfer will be limited and thus limit 

the Volmer reaction (Equation 3.5). If the catalyst material is not sufficiently sonducting, 

then electron transport to the active sites is limited, preventing the Volmer reaction from 

proceeding. This can be seen in the Tafel slope analysis where low contact resistances 
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yield low Tafel slopes of ~40 to 50 mV per decade while high contact resistances yield 

high Tafel slopes of up to ~120 mV per decade. This follows as Tafel slopes of ~40 mV 

per decade imply that the Volmer-Heyrovsky mechanism (Equation 3.5, 3.6) is being 

followed and that the Heyrovsky reaction (Equation 3.6) is the rate-determining step. In 

contrast Tafel slopes of ~120 mV per decade imply that the Volmer reaction (Equation 

3.5) is the rate-determining step due to poor hydrogen adsorption. This is expected for the 

high contact resistance values due to poor electron injection so that hydrogen adsorption 

becomes difficult as electrons will not be present at the catalyst active sites, especially in 

Figure 6.3: Variation of the (a) onset potential, (b) Tafel slope and the (c) current density 

measured at an overpotential of 400 mV with the contact resistance. The HER activity of the 

MoS2 electrodes is progressively enhanced as the contact resistance decreases. No significant 

differences between edge-exposed and edge-covered devices have been observed from the 

samples, suggesting hat both the surface and the edges of the MoS2 crystalre are active.208 

a. b. 

c. 
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the case of poor electrical conductance of the catalyst. When electrical coupling is 

improved, electrons are efficiently injected into the catalyst and hydrogen adsorption can 

proceed readily.208  

6.4 Sulfur Vacancies as the Active Site for the  

Hydrogen Evolution Reaction in 2D MoS2 

We attribute the catalytic activity of CVD MoS2 nanosheets to sulfur vacancies. Recent 

calculations have shown that the basal plane of 2H phase MoS2 can be activated by 

increasing the concentration of single S vacancies and the application of tensile strain on 

the nanosheets. Defect densities as low as ~3% were found to lower the ΔGH from 2 eV 

down to 0.2 eV. Without any strain, thermos-neutral hydrogen adsorption would require a 

defect density of ~14%.172 We used high-angle annular dark-field scanning electron 

microscopy (HAADF-STEM) to directly image the defects present in our CVD grown 

MoS2 samples. Depending the level of contrast on the atomic scale images, we could 

determine the absence of atoms in the lattice or vacancies. Different types of defects can 

be observed such as single S vacancies, double S vacancies, Mo vacancies and Mo-Sx 

vacancies or antisite defects.210 A typical STEM image of CVD MoS2 is shown in Figure 

6.4a, with corresponding line scans of the intensity shown in Figure 6.4b. Using the 

intensity profile along lines L1-L3, we can determine the vacancy type. With Mo 

intensity set to 100, an intensity of ~50% is assigned to 2 S atoms as in L1, ~30% is 

assigned to 1 S atom as in L2 and in L3 an intensity under 10% is an absence of any S 

atoms. These correspond to the STEM image with an orange circle representing a single 

sulfur vacancy and a yellow circle representing a double sulfur vacancy. After extensive 
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analysis MoS2 basal plane areas of greater than 500 nm2 using large area STEM images, 

such as Figure 6.4c, we found that the large majority of the defects consist of single S 

vacancies with a density of defects of up to ~9%. With a density of defects of 9%, the 

TOF at 0 V from single-layer MoS2 reaches 0.2-0.5 s-1, in agreement with literature 

values reported at 0.1-0.15 s-1.172 Thus, our results suggest that by tuning the contact 

Figure 6.4: (a) STEM image of a single-layer CVD-grown MoS2 nanosheet showing different 

types of defects: single sulfur vacancy (orange circles) and double sulfur vacancy (yellow 

circles). (b) Intensity profiles along lines L1-L3. Higher contrast is obtained from the Mo atoms 

compared to one sulfur atom (~30% of the Mo intensity) and two sulfur atoms (~45% of the Mo 

intensity). In absence of one sulfur atom (L3), the intensity decreases to <10%. (c) STEM image 

of a large-area single-layer MoS2 nanosheet. The vast majority of the defects are formed by single 

sulfur vacancies. (d) The differential hydrogen adsorption energy (ΔE) in 2H-phase MoS2 

decreases significantly with an increased carrier concentration. When the carrier concentration 

approaches 7 x 1014 cm-2, ΔE in 2H-phase MoS2 is close to that in the 1T phase.208  

a. 

d. c. 

b. 
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resistance allows for activation of the basal plane of MoS2 for the HER at sulfur 

vacancies.208 

Sulfur vacancies in MoS2 act as n-type dopants and will increase the density of states at 

the Fermi level.105,176,210 Dopants can influence HER performance in two ways. First 

excess electrons from dopants will lower the Schottky barrier at the contacts in order to 

improve charge transfer kinetics between the conducting substrate and the MoS2 

nanosheet. Secondly, additional electrons in the MoS2 lattice will significantly decrease 

ΔGH, allowing for the Volmer reaction (Equation 3.50 to proceed more easily. This is 

shown by our DFT calculations in Figure 6.4d, where the variation of the energy of 

hydrogen adsorption (ΔE) fluctuates according to the carrier concentration in 2H phase 

and 1T phase MoS2. We calculated values for ΔE on the basal plane of 2H phase MoS2 at 

doping carrier concentrations of 0 cm-2, 2.8 x 1014 cm-2, 5.6 x 1014 cm-2 and 8.4 x 1014 

cm-2. As the carrier concentration increases, the ΔE decreases suggesting that in the 2H 

phase the basal plane can more readily adsorb hydrogen eventually reaching levels 

similar to the 1T phase. If a linear interpolation is applied, the ΔE for 2H phase MoS2 

reaches levels similar to 1T phase MoS2 at a carrier concentration of 7.3 x 1014 cm-2, 

consistent with carrier concentrations calculated with a defect density of 9%.208  

6.5 Conclusions 

Through a combination of our electrochemical and STEM measurements and DFT 

calculations, we can conclude that unsaturated Mo atoms at sulfur vacancies are the 

active site for the HER in CVD MoS2. These unsaturated sites are similar to the metallic 

edge sites of MoS2 that have been reported to be highly active.  
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In this work, we realized electrochemical microcell devices on MoS2 triangular flakes 

grown by CVD. Using electron beam lithography we were able to measure the 

electrocatalytic properties of individual MoS2 nanosheets as well as discrete areas on the 

flake, such as the edge or basal plane. In addition, we used organometallic chemistry to 

selectively transform 2H MoS2 to the metallic 1T phase in order to fabricate microcells 

with low resistance contacts. Upon electrochemical testing, we found that after 

sufficiently decreasing the contact resistance, the basal plane of 2H phase MoS2 can 

exhibit excellent catalytic activity, although it has previously been thought to be inactive. 

The basal plane was found to contain active sites for the HER in the form of sulfur 

vacancies, but were inaccessible due to high contact resistance. Facilitation of charge 

injection from the substrate to the catalyst is crucial for utilization of measuring the 

intrinsic catalytic properties of the 2H basal plane. High contact resistance acts as a large 

barrier for electron injection to active sites, and limits the catalytic activity.208  
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Chapter 7. Nitrogen doped Microwaved Reduced Graphene 

Oxide for the Oxygen Reduction Reaction 

7.1 High Quality Graphene via Microwave Reduction  

One of the challenges facing commercialization of graphene as a material in everyday 

consumer electronics, is its high cost and low yield for high quality graphene. One 

method discussed in Section 2.1 to overcome this challenge is to use solution processed 

GO which has high yield, but the resultant quality of material poor and not suitable for 

electronic applications, even after substantial reduction. Recently, our group has used a 

pulsed microwave reduction method on solution processed GO to make high quality 

graphene.211 The synthesis starts using the modified Hummer’s method as detailed above 

to realize GO solutions in water. We prepare the microwave reduced graphene oxide 

(MWrGO) by first making thin fibers of GO, with diameters of 0.5 mm. The fibers are 

synthesized using a syringe pump which will inject GO solution, at a concentration of 5.7 

mg/mL, into a coagulation bath consisting of 1 wt% CaCl2 in 25 vol% ethanol and 

deionized water. The GO fibers are removed from the coagulation bath and washed in a 

bath of 50 vol% ethanol and water and in a bath of 100 vol% ethanol. The fibers are 

suspended in air under tension and allowed to dry for 24 hours. The fibers are cut to a 

manageable size and undergo a mild thermal reduction by annealing at 300 °C for 1 hour 

in Ar atmosphere. This mildly reduced GO fibers are placed in a vial that has been 

purged with Ar. A typical sample prior to microwave reduction is shown in Figure 7.1a. 

We used microwaves from a conventional microwave oven at 1000 W with 1 or 2s 

pulses. Digital photos of the process are shown in Figure 7.1b. A bright white arc is 
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formed that typically last 50-100 ms, suggesting the fibers undergo an extremely fast 

annealing process which rapidly heats up the GO to greater than 1000 °C. No arcs were 

observed when microwaving GO, confirming that mild annealing of GO is crucial. The 

resultant MWrGO is allowed to cool and can be removed from the vial.211  

Figure 7.1: (a) A digital image of a reduced graphene oxide fiber sample before microwave 

reduction. The fiber is placed into a vial that has been purged with argon gas and is sealed hand 

tight (b) Digital images of the microwave reduction process. Pulses of a 1-2 seconds are applied 

to the vial resulting in an arc flash after a few ms of irradiation (c) C1s spectra obtained from x-

ray photoelectron spectroscopy for graphite, CVD graphene, microwaved reduced graphene 

Oxide (MWrGO), reduced graphene oxide (rGO) and graphene oxide (GO). Each spectra can be 

deconvoluted to observe oxygen functional groups as well as the composition of the carbon-

carbon bonds (d) Raman spectra of MWrGO and other graphene-based samples. The spectra for 

MWrGO is similar to the spectrum of CVD graphene with a high and symmetrical 2D band and a 

minimal D band.211  
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In order to determine the quality of the MWrGO we used XPS and Raman spectroscopy. 

The XPS results, shown in Figure 7.1c, shows the C1s scan for graphite, CVD graphene, 

MWrGO, rGO and GO. A typical sample of GO shows a high degree of oxygen 

functionalization large amount of oxygen content. Various functional groups such as 

epoxy, carbonyl and others are present and the sp2 peak is low, implying a low 

concentration of sp2 hybridization. After thermal reduction, the rGO sample shows 

decreased oxygen functional groups and some restoration of the sp2 hybridization, 

however the majority remains sp3 hybridized. CVD graphene and graphite show almost 

no oxygenated functional groups. The signal for MWrGO is virtually identical, implying 

that the surface chemistry is similar to that of CVD graphene, which consists of 

conjugated sp2 hybridized carbon. Overall in plane oxygen content was found to be ~4 

atomic %, much lower than what is theoretically possible for rGO.87,211  

The Raman spectra for MWrGO is shown in Figure 7.1d alongside spectra for CVD 

graphene, HOPG, dispersed graphene, rGO, and GO. Highlighted in orange is the 

characteristic G band which is found at 1580 cm-1 for all samples and is characteristic of 

graphitic materials. In CVD graphene is the 2D band, highlighted in blue and found at 

2700 cm-1, which is characteristic of a high degree of order. Finally, highlighted in red is 

the D band at 1350 cm-1. The D band is activated by disorder and defects present in the 

sample and can be seen for GO and rGO. This is expected due to the defects associated 

with the oxidation process. In contrast, MWrGO, exhibits a clear 2D band; higher in 

intensity than even HOPG and dispersed graphene. The ratio in intensity between the 2D 

band and the G band can be used to determine the graphene character. We found that 
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MWrGO exhibited characteristics much closer to graphene than other carbon materials, 

with a smaller D band than other GO materials and even liquid dispersed graphene.211  

Using aberration corrected high resolution transmission electron microscopy, we 

investigated the local atomic structure. It is well known that thermally reduced GO has a 

high degree of disorder due to holes and oxygen functional groups. In contrast, MWrGO 

exhibited a highly ordered atomic structure, suggesting there may be some reorganization 

of the carbon during the microwave reduction process. We further confirmed the high 

graphene character of MWrGO by implementing them into field effect transistors as the 

channel material. The FETs yielded mobility values of over 1000 cm2 V-1 s-1, much 

greater than what is typically seen for rGO (100 – 1000 cm2 V-1 s-1).211  

With the newly developed microwave reduction, there are many opportunities of using 

the MW-rGO in further applications. Another recent paper from our group has shown that 

removal of water by serial solvent treatment improves the ORR activity in acidic 

medium.212 We believe that the rapid reduction and strong graphene character in the 

MWrGO is due to rapid heating of the water that is trapped inside the rGO that quickly 

reduces the material. By nitrogen doping the MWrGO we sought to apply this material 

for the ORR and observe how high graphene character may improve the catalytic 

performance in acidic conditions. 

7.2 NH3 Annealing of MWrGO  

We utilized ammonia (NH3) annealing in order to dope our MWrGO with nitrogen. This 

is a common method for the introduction of nitrogen into GO and rGO.102,109 Initially, we 

followed a recipe used to simultaneously dope with nitrogen and reduce GO. Using a 
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tube furnace, we placed the MWrGO samples in a clean alumina boat that was inserted 

into a quartz tube. The alumina boat is partially covered with concave quartz in order to 

prevent the fibers from moving during annealing. The quartz tube is sealed from the 

atmosphere with Ar gas going into the inlet and the outlet is connected to a vacuum flask 

with water. The tube is flushed with Ar gas at 80 sccm for 20 minutes in order to remove 

oxygen and air. Next, anhydrous NH3 gas (Airgas) is introduced to the quartz tube at 100 

sccm for 15 minutes, while Ar gas continues to flow. This step is used to uniformly mix 

the Ar and NH3 gases within the tube. NH3 gas is highly corrosive so only stainless steel 

piping and tubing is used within the system. At the outlet we bubble the NH3 and Ar gas 

mixture through water in order to dissolve NH3 to form ammonium hydroxide which can 

be readily neutralized or disposed of as strong basic waste. The furnace temperature is 

then ramped up to 200 °C in 10 minutes, then to 300 °C in 5 minutes, then slowly ramped 

to the target temperature of 700 °C. After maintaining the temperature at 700 °C for the 

desired amount of time, the furnace was allowed to cool naturally to below 100 °C. At 

this point the NH3 gas is turned off to allow for purging of the system. After 15 minutes 

and the temperature is below 50 °C, the samples are removed from the furnace. We first 

annealed our samples for 10 minutes at 700 °C, however only GO and rGO showed any 

incorporation of nitrogen. In order to increase the amount of nitrogen being doped into 

the sample, we varied the annealing time from 0.5 – 8 hours. After annealing in NH3, the 

samples are removed from the tube furnace, termed N-MWrGO 

7.3 Physical Characterization of N-MWrGO 

In order to determine the quality of N-MWrGO we first used Raman spectroscopy. Using 

a 514 nm excitation wavelength, the Raman spectra for each type of MWrGO was 
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collected and is shown Figure 7.2a, according to the length of time the sample was 

annealed in NH3. A typical spectrum for MWrGO is shown as a reference, and each of 

the spectra was normalized to the G band. Each of the characteristic bands for graphene 

materials undergoes a change as the NH3 annealing time increases. The 2D band that is 

typically found in CVD grown graphene can be found at ~2700 cm-1 and its intensity 

(I2D) can be used to determine the level of graphene character and order. As annealing 

time increases I2D becomes broader and decreases in intensity. At the 4 hour point, it has 

decreased by about half until nearly disappearing after 8 hours. This implies that the N-

MWrGO is decreasing in graphene character as more disorder is introduced by NH3 

annealing. This is in agreement with the rise of the D band which can be found at ~1350 

cm-1. Initially, MWrGO has a very small D band; indicative of the highly ordered atomic 

structure. As the annealing time increases, the D band intensity (ID) increases when at 8 
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Figure 7.2: Raman spectra obtained on MWrGO after annealing at 700 °C in ammonia (NH3) gas 

for differing lengths of time. As annealing time increases the 2D peak of MWrGO continually 

decrease while the D peak increases, suggesting the introduction of defects and disorder as 

nitrogen is incorporated into the MWrGO lattice 
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hours, ID is nearly equal in intensity of the G band (IG) as defects and disorder have been 

introduced into the MWrGO. Finally, the G band, which is at ~1582 cm-1, broadens as 

annealing time increases, again indicating increasing disorder and defects. In addition, 

there is a slight upshift in the G band which can indicate atomic insertions into the lattice 

of graphene.104,149,150 A slight shoulder at ~1620 cm-1 can be seen in the spectra for the 

samples annealed for 2 and 4 hours. This shoulder can be assigned to the D’ band of 

graphene materials, which is also associated with defects and is seen in nitrogen doped 

graphene.109,213 The overall trends can be summarized by examining the ratio I2D/IG as 

initially it is 0.85 and decreases to 0.07  as NH3 annealing time increases as disorder in 

the MWrGO lattice increases.   

We next used XPS to examine the carbon and oxygen content of N-MWrGO as well as 

confirm that nitrogen has been doped into MWrGO and the bonding configuration. Our 

XPS results are summarized in Figure 7.3a,b for the C1s and N1s scan respectively, with 

increasing annealing temperature. MWrGO is included as a reference. The C1s scan for 

MWrGO shows high concentration of sp2 hybridized carbon at ~284.5 eV with little 

oxygen functionalization. As the NH3 annealing temperature increases, there is a slight 

increase in the concentration of sp3 hybridization, which can be found at ~285 eV, 

coupled with corresponding decrease in sp2 hybridization. The increase in sp3 

hybridization suggests that some carbon atoms are being removed from the graphene 

lattice. This is in agreement with the Raman data, as we are creating defects during the 

NH3 annealing. However, even for the most defective samples, those annealed for 8 

hours, still shows a majority of sp2 hybridization with little oxygen functionalization. 

This suggests that the disorder and defects seen in the Raman spectra come solely from 
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nitrogen that has been introduced into the N-MWrGO sheets. To quantify the 

concentration of nitrogen that has been doped into N-MWrGO, we can follow the 
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Figure 7.3: (a) C1s and (b) N1s spectra obtained from XPS for MWrGO after annealing at 700 

°C in ammonia (NH3) gas at different lengths of time. The C1s spectra can be deconvoluted to 

determine the carbon composition as well as the oxygen functional group content. The C1s shows 

very little oxidation as annealing time increases with a slight increase in sp3 hybridized carbon 

concentration. This implies that the defects can mostly be attributed to nitrogen incorporation. 

The N1s spectra can be deconvoluted into the three main nitrogen bonding configurations. 

Initially no nitrogen is found, but after 4 hours we see a clear distinct nitrogen peak 
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evolution of the nitrogen peak in the N1s scan. MWrGO, as expected, shows no nitrogen. 

At 0.5 and 2 hours, although we attempted to deconvolute the spectra, it is difficult to 

confirm the presence of nitrogen. We only started to see appreciable nitrogen after 4 

hours of NH3 annealing, where a distinct peak is present. We can deconvolute the peak in 

order to determine the concentration of the different nitrogen binding configurations and 

found that the pyridinic configuration dominated. As the annealing time continues to 

increase the relative concentration of each configuration shifts to more pyrrolic. 

We calculated the total nitrogen content as a percentage of the carbon and nitrogen 

content as well as concentration of each configuration as a percentage of total carbon and 

nitrogen content. The evolution of the nitrogen content over NH3 annealing time is shown 
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Figure 7.4: Evolution of the total nitrogen content and each of the nitrogen bonding 

configuations by atomic percent with increasing annealing time in ammonia (NH3) gas. Initially, 

very little nitrogen content is found until after 4 hours and continues to increase. At 4 and 6 hours 

of annealing time, the pyridinic nitrogen bonding configuration dominates until it decreases at 8 

hours and the pyrrolic configuration overtakes it.  
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in Figure 7.4. As we expect from the XPS spectra, the total nitrogen content increases as 

annealing time increases. It does appear to saturate after 6 hours, with only a small 

increase after an additional 2 hours. In addition, the pyridinic configuration dominates the 

N-MWrGO reaching over 2 %; until after 6 hours, the pyrrolic configuration has begun to 

overtake the pyridinic configuration. The structure of the pyridinic and pyrrolic 

configurations are similar. They both occur at the edge, however pyridinic is in a six 

membered ring while pyrrolic forms a five membered ring. It is possible that as annealing 

time continues to increase, more carbon is being removed at the edge during the doping 

process due to increasing defects. This could result in the conversion of atoms in the 

pyridinic configuration from shifting to the pyrrolic configuration as more carbon atoms 

are being driven off. The graphitic configuration remains low, although slowly increasing 

as annealing time increases. Doping nitrogen into the graphitic configuration in graphene 

tends to be more difficult as nitrogen atoms have to break into the inert basal plane.102,213 

Due to the high graphene character of MWrGO, it is possible this may be preventing the 

formation of nitrogen doping in the graphitic configuration until a substantial 

concentration of defects has been created.  

7.4 Preparation of N-MWrGO Ink for Electrocatalysis 

The fiber form of N-MWrGO lends itself well for characterization using Raman and 

XPS. However, due to their brittle nature, it is difficult to use a single fiber or even a few 

fibers in electrochemical setups. We made some efforts towards using NH3 annealed 

individual free standing fibers, however upon introduction to the electrolyte they would 

quickly bend and fracture where the fiber was mounted. To circumvent these issues, we 
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developed the following procedure to make inks out of N-MWrGO that allow for easy 

dropcasting and electrocatalytic testing. 

A collection of 20 to 30 rGO fibers under microwave reduction where the total 

microwaving time is no less than 2 minutes. The MWrGO then undergoes the NH3 

annealing treatment to make N-MWrGO. The brittle N-MWrGO are placed into a 20 mL 

scintillation vial. We add 5-10 mL of 100% ethanol to the vial and sonicate for at least 1 

hour. Additional sonication was sometimes done in order to ensure the fibers have been 

sufficiently broken apart. It is typical for the N-MWrGO to precipitate at the bottom of 

the vial after 30 minutes, resulting in a mostly clear ethanol supernatant.  The supernatant 

is removed using a pipette, with extra care taken to prevent perturbation of the N-

MWrGO layer. Excess ethanol is allowed to evaporate in a fume hood until the total 

volume left is under 2 mL. This concentrated N-MWrGO is placed into a 2 mL 

microcentrifuge tube that has been pre-weighed. The remaining ethanol is then allowed to 

1 cm 

Figure 7.5: Digital image of the as-prepared N-MWrGO ink within a microcentrifuge tube 
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completely evaporate in a fume hood. After 48 hours, the microcentrifuge tube and dried 

powder is weighed in order to get the mass of electrocatalyst. Finally, the ink is prepared 

using a concentration of 4.2 mg/mL in ethanol:water with the ratio of 80:20. To disperse 

the N-MWrGO ink, the ink is sonicated for 30 minutes. Nafion is added to the ink at a 

concentration of 2 µL of 5 wt.% Nafion (Sigma Aldrich), which is sonicated for a final 

30 minutes. Spectroscopy measurements were performed both on a film prepared by 

dropcasted ink and the as-prepared N-MWrGO fiber with no differences found between 

the samples. A digital image of the prepared ink for N-MWrGO after 0.5 hours of NH3 

annealing is shown in Figure 7.5 

We observed the morphology differences of MWrGO fibers and dispersed N-MWrGO 

using SEM as shown in Figure 7.6a,b. A cross sectional image of the MWrGO fibers is 

shown in Figure 7.6a, as viewed down the length of the fiber. The fibers show a porous 

structure with visible voids at the edge that seem to run through the length of the fiber. 

The morphology at the surface of the fiber is consistently flakey with some porosity. The 

size of the pores varies greatly from 2 µm to 15 µm. The dispersed films have not 

retained their fibrous form, and instead form a pockmarked film with uniform 2 to 3 µm 

10 µm 4 µm 

Figure 7.6: SEM images of a (a) MWrGO fiber as viewed down the length of the fiber and a (b) 

dropcasted thin film from the ink prepared from N-MWrGO. The fiber shows a very porous 

structure with large voids spread out through the structure. The dropcasted thin film has not 

retained its fibrous nature, instead forming a thin pockmarked film.  
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pockets. As the fibers are sonicated, they lose the porous structure as the sheets are 

broken apart. After dropcasting, the broken up sheets recondense into a thin film as 

shown in Figure 7.6b. No difference in morphology was noted between MWrGO 

dispersed or N-MWrGO dispersed films, suggesting no major differences in surface area 

exposed to the electrolyte. 

 

7.5 Electrocatalytic Performance for the ORR of N-MWrGO 

After confirming that our NH3 annealing process had successfully doped MWrGO with 

nitrogen, we investigated the electrocatalytic performance for the ORR of N-MWrGO. 

First, we studied the static ORR behavior of N-MWrGO using CV. We prepare the 

electrocatalyst by dropcasting N-MWrGO ink on a standard glassy carbon electrode 

(GCE) with a diameter of 3 mm. The catalyst loading on the electrode is 0.3 mg/cm2. A 

carbon rod serves as the counter electrode and a saturated calomel electrode (SCE) or 

saturated Ag/AgCl was used as the reference electrode. Our static ORR measurements 

were performed using a Multistat 1480 potentiostat from Solartron Group in 0.5 M 

H2SO4 at a scan rate of 10 mV/s. When studying ORR, it is best to measure the 

electrocatalytic performance in nitrogen (N2) or argon (Ar) and oxygen (O2) gas saturated 

electrolyte. The purpose of saturating the electrolyte with N2 gas is to remove any oxygen 

that is dissolved into the electrolyte from air; whereas we saturate the electrolyte with O2 

gas in order to ensure that there is reactant present for the ORR to occur. Saturation was 

ensured by purging with each respective gas for 1 hour. This practice also confirms that 

any current we measure in O2 saturated electrolyte is truly coming from a reaction with 

ORR as opposed to a side reaction. This can be seen in Figure 7.7a, which contains cyclic 

a. b. 
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voltammograms for MWrGO and N-MWrGO after 4 hours of NH3 annealing. In N2 

saturated electrolyte, no peaks are found for either sample and the current density is 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

4 h NH3

C
u
rr

e
n
t 
D

e
n
s
it
y
 (

m
A

/c
m

)2

Potential (V vs RHE)

  N2 saturated

  O2 saturated

MWrGO

0.25 mA/cm
2

0.0 0.2 0.4 0.6 0.8 1.0
-0.25

-0.20

-0.15

-0.10

-0.05

0.00

C
u

rr
e

n
t 

D
e

n
s
it
y
 (

m
A

/c
m

2
)

Potential (V vs RHE)

MWrGO

0.5 h NH3

2 h NH3

4 h NH3

6 h NH3

8 h NH3

a. 

b. 

Figure 7.7: (a) Cyclic voltammograms for MWrGO and MWrGO that had been annealed in NH3 

for 4 hours. Voltammograms are shown for N2 and O2 gas saturated 0.5 M H2SO4 electrolyte. No 

peaks in N2 gas saturated electrolyte show any increase in current, suggesting that the reaction 

occurring is the oxygen reduction reaction (ORR) (b) Polarization curves extracted from cyclic 

voltammagrams for MWrGO and samples annealed at increasing annealing time. As annealing 

time increases, the onset potential shifts further positive, until after 8 hours of annealing; it shifts 

negative. Measurements were taken at a scan rate of 10 mV/s at a catalyst loading of 0.3 mg/cm2 
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attributed to capacitance. In O2 saturated electrolyte, MWrGO has a clear ORR peak 

indicated by the increase of cathodic current at an onset potential of ~0.3 V vs RHE. The 

N-MWrGO sample also demonstrates that it is catalyzing the ORR with a peak at a more 

positive onset potential at ~0.6 V vs RHE. In addition, the maximum current generated 

by N-MWrGO after 4 hours of NH3 annealing is close to twice that of MWrGO, 

exhibiting higher performance for the ORR.  We performed similar experiments and 

extracted the polarization curves, as shown in Figure 7.7b, for each of the N-MWrGO 

samples. Here, the capacitive current generated during the electrochemical test in N2 

saturated electrolyte has been subtracted from the O2 saturated curve. Using MWrGO as a 

reference, we studied the behavior of the onset potential of N-MWrGO as NH3 annealing 

time increases. Initially, the electrocatalytic performance worsens as at 0.5 hours and 2 

hours, the onset potential shifts by a few mV to more negative potentials, thus requiring 

more energy input to start the ORR. However, at 4 hours there is a dramatic shift to more 

positive onset potential at ~0.6 V vs RHE. From our XPS study, we only see substantial 

nitrogen doping occurring above 4 hours of NH3 annealing. This suggests that nitrogen 

incorporation is crucial for improving electrocatalytic performance. This can be seen as at 

6 hours; the onset potential is further improved to ~0.8 V vs RHE. Interestingly, the onset 

potential decreases back to ~0.65 V vs RHE at 8 hours of NH3 annealing. This could be 

related to the decrease of nitrogen in a pyridinic bonding configuration, although the 

overall nitrogen concentration is still higher at 8 hours. This could be the reason for the 

sample at 8 hours having a current density greater than the sample at 6 hours at ~0.6 V vs 

RHE.  
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The current density of static ORR measurements can be used to determine some overall 

trends, but in order to maximize the current density we used hydrodynamic 

electrochemical measurements. Hydrodynamic measurements were performed using a 

Pine Bipotentiostat (Pine Research Instrumentation) and a Pine E6R2 Fixed-Disk RRDE 

tip was used on a Pine MSR Rotator apparatus. The RRDE is composed of a glassy 

carbon disk with a diameter of 5.5 mm and an outer ring of platinum and the catalyst was 

loaded at a concentration of 0.3 mg/cm2. The electrochemical experiments were run in a 

glass three electrode cell with a graphite rod as the counter electrode and a saturated 

calomel electrode as the reference electrode in N2 or O2 gas saturated 0.5 M H2SO4 

electrolyte at a scan rate of 5 mV/s. In our collection experiments the electrode is rotating 

at 800 rpm and swept the voltage applied at the glassy carbon disk while a constant 

potential of 1.4 V vs RHE is applied at the platinum ring to react with any generated 

H2O2. 

We measured the ORR activity of our N-MWrGO electrocatalysts and the polarization 

curves are shown in Figure 7.8 along with the absolute current measured at the ring 

electrode. The polarization curves show a similar overall trend as our static ORR 

measurements, where activity clearly increases with increasing NH3 annealing time as 

signaled by a positive shift in the onset potential and increase in current density. It’s also 

interesting to note that the sample annealed at 0.5 h of NH3 annealing actually had 

improved performance on the static measurements. This could be due to facilitation of 

dissolved O2 gas having easier access to the catalyst due to the rotation. It is interesting to 

note that the sample annealed for 2 hours had the worst performance. This is attributed to 

a high amount of defects in the sample but without much nitrogen being incorporated into 
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the lattice. This could reduce the conductivity of the sample without introducing any 

nitrogen, resulting in decreased activity. As in our static samples, we see the best 

electrocatalytic performance in the sample annealed in NH3 for 6 hours, with the best 

onset potential at ~0.7 V vs RHE and a maximum current density of ~3.5 mA/cm2. Once 

again, the sample annealed for 8 hours in a negative shift in the onset potential to ~0.6 V 

vs RHE with decreased current density. This is interesting because the nitrogen content of 

both samples annealed at 6 and 8 hours have similar nitrogen content, however the 8 hour 

sample has a lower concentration of the pyridinic nitrogen bonding configuration. The 

current measured at the platinum ring is directly associated with production of H2O2 and 

suggests that the electrocatalyst is undergoing the undesired 2 electron ORR pathway. 

The ring currents for our electrocatalysts are low for our higher performing catalysts such 
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Figure 7.8: Hydrodynamic measurements using a rotating ring disk electrode (RRDE) on N-

MWrGO at different NH3 annealing time. The current density is measured at the disk while the 

absolute current measured at the ring is shown. Measurements were taken in O2 gas saturated 0.5 

M H2SO4 electrolyte at a scan rate of 5 mV/s and rotating at 800 rpm. The ring is maintained at a 

constant potential of 1.4 V vs RHE 
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as those annealed for 6 and 8 hour. In order to get a clearer picture, we extracted the 

electron number and calculated the percentage of H2O2(%H2O2) that is being produced by 

each catalyst. The results are shown in Figure 7.9. MWrGO exhibits a steady state 

electron number of ~3.7 and H2O2 production percentage of ~17% at a potential of 0.1 V 

vs RHE. Although these results suggest that high performance for the catalyst, the onset 

potential remains poor. As annealing time increases, we initially see a decrease in 

electron number to <3 and an increase in the percentage of H2O2 being produced to 

greater than ~55 % for N-MWrGO annealed for 2 hours. Neither reaches steady-state 

prior to -0.1 V vs RHE. As the NH3 annealing time continues to increase, we see an 

improvement of the behavior at the catalyst annealed at 4 hours, although not surpassing 

the performance of MWrGO. A substantial improvement is seen after 6 hours of 

annealing where the electron number and percentage of H2O2 production reach steady-
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Figure 7.9: Electron number (left y-axis) and percentage of H2O2 production (right y-axis) are 

calculated from the ratio of the disk current and ring current from the hydrodynamic 

voltammetry. Values are shown for N-MWrGO at different annealing time. 
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state values of ~3.8 and ~8%, respectively, at ~0.4 V vs RHE. After 8 hours, N-MWrGO 

exhibits a decrease in performance achieving an electron number of ~3.5 and H2O2 

production percentage of ~20% at ~0.4 V vs RHE. This decrease in performance could be 

due to the shift in the nitrogen bonding configurations, as the absolute nitrogen atomic 

percentage of N-MWrGO annealed for 6 and 8 hours are relatively close. At 6 hours, the 

pyridinic nitrogen bonding configuration dominates, whereas at 8 hours it decreases and 

the pyrrolic configuration dominates and the graphitic and pyridinic configurations are 

nearly equal. This suggests that the pyridinic nitrogen bonding configuration may have a 

greater effect on the ORR activity than the absolute nitrogen atomic percentage. 

7.7 Conclusions  

Using our recently developed microwave reduction process, we successfully incorporate 

nitrogen into MWrGO by way of annealing in NH3 gas. Annealing in NH3 gas leads to 

the creation of defects and disorder as shown by our Raman spectra. As the length of the 

annealing time increases, greater disorder is introduced into the MWrGO lattice until the 

2D band of MWrGO is nearly completely quenched. We found that before nitrogen can 

incorporate into the MWrGO, defects needed to be created within the lattice as our XPS 

results show no incorporation of nitrogen until 4 hours of continuous NH3 annealing. 

From XPS, we also found that the carbon content remains free of oxygen functional 

groups, suggesting that the incorporated nitrogen is the main contributor to the defects 

and disorder found in the Raman spectra. The nitrogen atomic percentage continually 

increased to >4 % after 8 hours of NH3 annealing. The nitrogen content from our XPS 

spectra was broken down to determine the nitrogen bonding configuration from the NH3 
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annealing treatment. The pyridinic configuration was found to dominate the nitrogen 

content until after 8 hours, it decreases and the pyrrolic configuration overtakes it. 

We then investigated the electrocatalytic activity of N-MWrGO samples for the ORR in 

acidic conditions. Initial static measurements confirmed that the N-MWrGO catalysts 

were active for the ORR by running experiments in N2 and O2 gas saturated electrolyte. 

Distinctive peaks observed in O2 gas saturated electrolyte were absent in N2 gas saturated 

measurements. We found that there was a clear improvement in the electrocatalytic 

activity as more nitrogen was incorporated into the N-MWrGO. Hydrodynamic 

measurements on a RRDE further confirmed this where high activity is observed for N-

MWrGO annealed for longer lengths of time. Interestingly, the ORR activity peaks at 6 

hours and actually decrease after 8 hours of NH3 annealing, although they have similar 

total nitrogen content. This suggests that the pyridinic nitrogen bonding configuration, 

which dominates in the N-MWrGO sample annealed for 6 hours, may have a greater 

effect on the activity for the ORR in N-MWrGO catalysts than the absolute nitrogen 

atomic percentage. 
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Chapter 8. Nitrogen-Doped Graphene for the Oxygen 

Reduction Reaction 

Our work on CVD grown 2D MoS2 allowed us to measure the electrocatalytic behavior 

of discrete areas on a 2D MoS2 nanosheet giving us insight into the active site for the 

HER. In addition, our study on N-MWrGO demonstrated that defects are important for 

incorporating nitrogen when we use NH3 annealing. NH3 annealing also seemed to yield 

graphene based catalysts with predominantly with the pyridinic nitrogen bonding 

configuration. Once successfully doped, we found that nitrogen does improve the 

electrocatalytic behavior of graphene based material. In particular, the pyridinic nitrogen 

bonding configuration seemed to improve the catalytic performance when compared to 

samples with similar total nitrogen content. Inspired by these two studies, we then doped 

CVD grown graphene with nitrogen through NH3 annealing and attempted to measure the 

electrocatalytic properties.  

8.1 NH3 Annealing of Graphene 

Similar to N-MWrGO, we annealed CVD graphene in NH3 using a tube furnace. 

Previous reports have irradiated with N+ ions in order to induce defects before annealing 

in NH3 for  Since CVD graphene is grown on copper substrates, we first transfer the 

graphene on to SiO2/Si substrates. This is done using PMMA as a polymer support for the 

graphene and ammonium persulfate as a copper etchant. Once the copper is completely 

etched, the PMMA and graphene are washed in water and transferred to SiO2/Si. These 

samples are placed into a quartz tube. The furnace apparatus is the same as with N-

MWrGO along with the temperature scheme of the furnace. Briefly, we flush the tube 
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with Ar in order to remove any air or moisture for 20 minutes. We then slowly introduce 

NH3 gas and allow the atmosphere within the quartz tube to be uniform. The furnace 

temperature is then ramped up to 200 °C in 10 minutes, then to 300 °C in 5 minutes, then 

slowly ramped to the target temperature of 700 °C. For graphene, we only maintained the 

samples in NH3 at the target temperature for 30 minutes. The furnace is then allowed to 

cool and the nitrogen doped graphene, termed N-graphene, is removed once the NH3 line 

is closed and residual NH3 gas is flushed out.  

8.2 Physical Characterization of N-Graphene 

Prior to fabricating the electrical devices, we examined N-graphene using Raman and 

XPS. Raman spectra for graphene after transferring to SiO2/Si and N-graphene after 

annealing in NH3 are shown in Figure 8.1. The spectra have been normalized to the 
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Figure 8.1: Raman spectra for CVD graphene and NH3 annealed graphene (N-graphene). 

Decreases in intensity of the 2D peak and a slight increase in the D peak can be seen in the N-

graphene sample due to defect and disorder being introduced into the graphene sheet. 
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silicon peak typically found at ~520 cm-1. There is a clear decrease in the intensity of the 

2D peak after NH3 annealing. This suggests a decrease in sp2 hybridization and increase 

in defects. This is attributed to the introduction of foreign atoms, in this case nitrogen, 

creating disorder in the graphene lattice. This is in agreement with the overall broadening 

of both the 2D and G peaks. A slight upshift of the G band can also be seen, similar to N-

MWrGO. Directly comparing the I2D/IG ratio shows a decrease from 2.76 for pristine 

graphene to 1.15 for NH3 annealed graphene, demonstrating the disorder in the graphene 

lattice. A very broad and small D peak can be observed after NH3 annealing, also 

suggesting that some of the local symmetry has been disrupted due to defects.104,150,213 

XPS allows us to study the concentration of sp2 and sp3 hybridization and directly 

quantify the concentration of nitrogen that has been incorporated into graphene as well as 

study the type of nitrogen bonding configurations present, as shown in Figure 8.2a,b 

respectively. If we observe the C1s scan, we first see a typical spectra for CVD grown 

graphene with a high concentration of sp2 hybridization at 284.5 eV with some sp3 

hybridization at 285 eV and very little oxygen content at binding energies greater than 

285. After annealing in NH3, we see an increase in sp3 content due to the breaking up of 

carbon sp2 bonds, creation of defects and introduction of nitrogen into the graphene 

lattice. We see evidence of nitrogen doping in the N1s scan. The N1s scan for graphene is 

flat with no signal, indicating no nitrogen is present. In N-graphene there is a clear 

distinct peak that can be deconvoluted into the three nitrogen bonding configurations, 

pyridinic, pyrrolic and graphitic. The total nitrogen percentage fluctuated slightly across 

samples and on average we found with NH3 annealing we could achieve nitrogen doping 

levels of 1-3 %, as calculated using the atomic percent. Through NH3 annealing, we have 
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found that the pyridinic configuration tends to dominate. In our samples of N-graphene, 

the concentration of pyridinic, pyrrolic and graphitic were found to be ~82 %, 13% and 

3%, respectively, as a percentage of the total nitrogen content.   
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Figure 8.2: (a) C1s and (b) N1s spectra obtained from XPS for samples of graphene and N-

graphene. The C1s spectra can be deconvoluted into its carbon constiuents and oxygen functional 

groups. There is a clear increase in the concentration of sp3 hybridized carbon matching well with 

a large increase in nitrogen content which are likely to introduce disorder and defects into the 

graphene lattice. The N1s spectra is deconvoluted into the different nitrogen bonding 

configurations, and the pyridinic configuration was found to dominate.  
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8.3 Patterning of N-graphene 

Once we confirmed that we had successfully doped nitrogen in our N-graphene, we 

moved forward in fabricating electrochemical microcell devices, similar to our work on 

2D MoS2. Due to the larger lateral dimensions of CVD graphene in comparison so 2D 

MoS2, we could not simply use the same fabrication procedure for devices on N-

graphene. We first developed a method to pattern the graphene sheets using a negative 

electron beam resist, ma-N 2403 (Microchem). 

After NH3 annealing, the N-graphene samples are transferred to SiO2/Si substrates that 

have been pre-patterned with large gold pads and gold alignment marks using 
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Figure 8.3: Optical microscope images of the different steps of the graphene patterning process 

using a negative electron beam resist. (a) The initial sample after N-graphene is transferred to the 

pre-patterned chip (b) The electron beam is exposed onto the sample in an array of squares if 

differing size (c) The sample is exposed to oxygen plasma in order to etch exposed graphene (d) 

After removal of the negative electron beam resist, the patterned N-graphene squares remain on 

the substrate 
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photolithography. We then spincoat the ma-N 2403 on top of the substrate at 1500 rpm 

for 45 seconds which yields a thickness of ~400 nm and cure the polymer at 100 °C for 4 

minutes. Our CAD design is a pattern of squares meant to cover the N-graphene in 

specific areas throughout the working area of our sample. Shown in Figure 8.3a is an 

image of the N-graphene after transfer to the pre-patterned chip. The underlying SiO2/Si 

substrate can be seen through small tears and holes in the sample. It is easy to see why 

patterning of the graphene is necessary since the graphene sheet connects gold pads next 

to each other and on opposing sides. We take this sample and use electron beam 

lithography to expose the electron beam on top of the areas we wish to save.  The 

exposure uses an area dose of 100 µC/cm2 with a current of 100 pA. Since ma-N 2403 is 

a negative beam resist, the electron beam hardens the polymer and after development 

using ma-D (Microchem), a highly basic aqueous solution, the unexposed areas are 

washed away. The hardened polymer squares can be seen in Figure 8.3b, with the entire 

graphene sheet still remaining. Next we etch away the exposed N-graphene using 

medium powered O2 plasma until it is removed. After 5 minutes of exposure, only the 

polymer remains with the protected N-graphene underneath as shown in Figure 8.3c. A 

layer of the polymer also appears to have etched, as the surface of the polymer appears 

clean and changes in color. The remaining polymer can be dissolved away in acetone 

leaving the patterened N-graphene as shown in Figure 8.3d. This process was also used to 

pattern graphene for comparison.  The patterned N-graphene appears clean with few 

holes and tears as shown in Figure 8.4a. Once the graphene has been patterned, we again 

use electron beam lithography to put down electrical contacts to the patterned N-graphene 

and once more to open windows to allow electrochemical contact with the catalyst. 
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PMMA is used as the electron beam resist in each step. A thicker layer is used when 

opening windows to prevent the possibility of electrical connections through the polymer. 

Extra care is taken to open the window only on the graphene catalysts to ensure the 

electrochemical behavior measured is due to the electrocatalyst. Completed 

electrochemical devices are shown in Figure 8.4b with different sizes of patterned N-

graphene. An individual electrochemical microcell is shown in Figure 8.4c, with the 
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Figure 8.4: Optical microscope images of the (a) patterned graphene squares which would be the 

rarget of an electrochemical microcell fabrication, (b) multiple devices can be fabricated on one 

chip and (c) an individual microcell device for N-graphene with the graphene sheet outlined in a 

white square. 
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window opened onto the basal plane of the N-graphene sheet which is outlined in a white 

box for visibility. 

8.4 Electrocatalytic Performance of N-Graphene 

Electrochemical Microcells 

We measured the electrochemical microcells of N-graphene in a similar manner as the 

2D MoS2 microcells. By probing the gold connected to the N-graphene, the opened 

window area was used as our working electrode and ranged from 50 to 10,000 µm2. 

Similar to the case of 2D MoS2, this small area limited our measurement set up. We used 

a glassy carbon needle as our counter electrode and a homemade Ag/AgCl 

microelectrode as our reference electrode with 0.5 M H2SO4 as our electrolyte. The 

homemade reference microelectrode was fabricated using the same procedure as detailed 

Working Electrode 

Counter Electrode 
Reference  
Electrode 

2 cm 

Figure 8.5: A digital photograph of the electrochemical microcell set up used for testing N-

graphene for the oxygen reduction reaction (ORR). The three electrode cell is composed of a 

homemade Ag/AgCl referenece electrode, graphite or glassy carbon counter electrode and the 

probe is electrically connected to a N-graphene device. 
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in Section 5.4. The microcells were measured using a Multistat 1480 potentiostat from 

Solartron Group. A digital photograph of the set-up is shown in Figure 8.5. 

As in the case of N-MWrGO, we measured the electrocatalytic activity of graphene and 

N-graphene using CV in both N2 and O2 gas saturated electrolyte. The level of oxygen 

gas that can be dissolved into 0.5 M H2SO4 is small at 1.1 x 10-6 mol/cm3.214 In order to 

ensure that enough reactant was available for the catalyst, 10 µL of electrolyte was used 

each time and the scan rate set to 10 mV/s. The polarization curves are shown in Figure 

8.6 for graphene and N-graphene in both N2 saturated and O2 saturated electrolyte. The 

curves in N2 saturated electrolyte for both samples show close to zero current density for 

the entire potential range. This was repeated several using the same 10 µL of electrolyte 

with no electrochemical peaks. This suggests that atmospheric oxygen is not being 
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Figure 8.6: Polarization curves of graphene (black) and N-graphene (red) in both N2 (dashed 

line) and O2 gas (solid line) saturated 0.5 M H2SO4 electolyte. Clear deviations from N2 gas 

saturated experiments can be seen in the O2 gas saturated curve, suggesting that the ORR is 

taking place. Measurements were performed at a scan rate of 10 mV/s 



115 
 

 

diffused into the electrolyte before any electrochemical tests. In O2 saturated electrolyte, 

we see a difference in current density and onset potential. The onset potential of graphene 

is more negative at ~0.5 V vs RHE while N-graphene has a more positive onset potential 

of 0.2 V vs RHE. Graphene reaches a current density of -6.6 mA/cm2 at a potential of -

0.1 V vs RHE. N-graphene outperforms graphene reaching a current density of -33.76 

mA/cm2, a five times increase at the same over potential. There is a clear improvement in 

the electrocatalytic performance for the ORR in our catalysts after annealing in NH3. The 

poor onset potential observed in both samples can be attributed to the difficulty in doping 

of the inert basal plane in graphene.102,215 This can prevent substantial concentrations of 

nitrogen to be incorporated into the graphene sheet, hindering the electrocatalytic 

activity. In addition, there was issues with the repeatability of the experiments, as some 

samples that had been NH3 annealed showed no activity. We investigated these issues by 

studying the composition during the fabrication process.  

8.5 Optimization of Electrochemical Microcells on N-graphene 

Initially we used XPS, to confirm the nitrogen content on the completed electrochemical 

devices. The XPS C1s and N1s spectra for N-graphene before device processing and the 

finished devices are shown in Figure 8.7a,b respectively. In the C1s spectra, we can see 

that the concentration of sp2 hybridization has decreased while the sp3 hybridization has 

greatly increased. In addition, there has been an increase in oxygen functional groups 

such as C-O and O-C=O. This suggests that many defects were created in the graphene 

sheet and ambient oxygen or oxygen dissolved into the electrolyte has reacted and 

passivated the defects as it was exposed. The N1s scan shows a clear picture that the 
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nitrogen that had been doped into the graphene sheet has been removed as the spectra for 

the completed device shows no nitrogen peak.  

We attempted to troubleshoot the issue and determine where in our fabrication process 

the nitrogen is being removed. We outlined four key steps in the fabrication process that 

we determined may be the issue and utilizing XPS, studied the carbon and nitrogen 

content at each of these steps. As a control, we studied graphene in parallel undergoing 

the same device processing. Step 1 is directly before spincoating the negative electron 

beam resist. Next, step 2 is after exposure and development of the electron beam resist. 

Step 3 follows after the excess N-graphene has been etched away using O2 plasma. 

Finally, step 4 is after washing away the ma-N 2403 resist with acetone.  

Figure 8.7: (a) C1s and (b) N1s spectra obtained from XPS for samples of N-graphene before 

and after device processing. The C1s spectra shows increased oxygen functional group 

concentration and sp3 hybridized carbons suggesting that the sample has become very defective 

with much of the sp2 hybridization being destroyed. The N1s spectra shows the complete removal 

of nitrogen from the sample. 
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The XPS C1s spectra taken at each step are shown in Figure 8.8a,b for the for graphene 

and N-graphene, respectively. At step 1 we see the typical C1s spectra for graphene and 

N-graphene, where graphene has high sp2 hybridization and N-graphene also has mostly 

sp2 hybridization with some defects disrupting it to form some sp3 hybridization. When 

looking at step 2, we see an increase in carbonyl functional groups in both samples. This 
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Figure 8.8: C1s spectra obtained from XPS for (a) graphene and (b) N-graphene along the 

negative electron beam resist patterning process. The overall decrease in signal at step 3 is 

attributed to the etching of graphene material. The spectra show minimal damage for graphene, 

but substantial damage to the graphene lattice in N-graphene due to the increase in sp3 

hybridization. 
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can be attributed to the carbon based ma-N 2403 electron beam resist. In step 3, the 

overall signal for both samples has decreased. This is attributed to the loss of material due 

to etching. What can be observed is that graphene seems to have increased in sp3 carbon 

while N-graphene has decreased. Both samples maintain a dominant concentration of sp2 

hybridization and have had an increase in oxygen functional groups. Finally step 4 shows 

similar spectra to what was observed in our completed devices. Graphene shows 

dominant sp2 carbon with a slight increase in oxygen functional groups, while N-

graphene shows nearly equal sp2 and sp3 hybridization with a greater increase in oxygen 

functional groups. We attribute this behavior to the removal of nitrogen that had been 

previously doped into the N-graphene sheet. As it is removed during the electron beam 

lithography process, it is likely leaving defects result in increased sp3 hybridization and 

leaves room for passivation by oxygen as it reacts to form various functional groups. The 

XPS N1s spectra confirms the results from C1s spectra as shown in Figure 8.8a,b for 

graphene and N-graphene. Spectra for graphene is only shown for steps 3 and 4 as no 

nitrogen had been expected until after step 2. In step 1 of N-graphene, we see a typical 

N1s spectra for N-graphene. As we proceed to step 2, the intensity of the N1s scan has an 

overall increase indicating that the nitrogen content has increased. In addition, after 

deconvolution an additional peak can be seen at ~403 eV, which had not previously been 

seen in N-graphene. For step 3, graphene exhibits a distinct nitrogen peak, when it had 

not been exposed to NH3 gas or any other nitrogen dopant. The deconvoluted peak has 

one peak at ~402 eV which appears to match with the deconvoluted peaks from N-

graphene at step 2 and 3. Step 4 clearly shows no nitrogen peaks in either sample, as any 

nitrogen present was removed as the ma-N polymer was dissolved away. These results 
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suggest that the ma-N resist is somehow participating in a side reaction with the nitrogen 

that had been doped into the graphene sheet. It seems likely that the electron beam is 

providing energy for this side reaction. From the XPS results on graphene, we expect 
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Figure 8.9: N1s spectra obtained from XPS for (a) graphene and (b) N-graphene. The spectra for 

each shows an increase in nitrogen content after step 2 for N-graphene and the presence of 

nitrogen in step 3 for graphene. This indicates that the ma-N negative electron beam resist 

contains nitrogen. Once washed away in step 4, nitrogen is no longer present in either sample 
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nitrogen to be present in the ma-N polymer itself. When we collected an XPS spectra of 

just the ma-N resist dropcasted on to SiO2/Si, nitrogen was present in the polymer. The 

N1s spectra has intense peaks indicating C-N bonds are present as well as a distinct peak 

at ~403 eV, which was found on our graphene and N-graphene samples.  

Raman spectra for the graphene and N-graphene sample is shown in Figure 8.10 along 

with a corresponding spectra taken on the same sample after patterning. The spectra for 

graphene are mostly unchanged aside for a broadening of the 2D band, suggesting some 

disorder due to the processing. The graphene sample maintains a I2D/IG ratio of ~2.74. In 

the spectra for N-graphene, a mild increase in the D band can clearly be observed. In 

addition, the G band and 2D band both downshift due to the loss of the doped nitrogen in 

the graphene sheet. After patterning, the N-graphene sample experiences a broadening of 

the 2D band and a slight decrease in the I2D/IG ratio from 1.15 to 1.05. This is in 
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Figure 8.10: Raman spectra of graphene and N-graphene before and after being patterned using 

ma-N 2403 negative electron beam resist 
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agreement with our XPS results, as these changes indicate the increase of defects and 

disorder in the graphene sheet.  

8.6 Maintaining Nitrogen in N-Graphene 

We determined that our issue of losing nitrogen in our completed electrochemical devices 

was due to the fabrication process involving the use of ma-N 2403 as a negative electron 

beam resist. In order to preserve the nitrogen content in N-graphene, we pursued two 

different approaches. From our XPS study, we found that the graphene sample is largely 

unaffected after patterning. In our first approach we attempted to anneal graphene 

samples in NH3 after patterning. Our motivation behind patterning the N-graphene was to 

prevent shorts when measuring the electrical properties as the large lateral dimension 

connected nearby gold pads. In our second approach, we opened windows directly on as 

transferred N-graphene without any patterning and studied the electrocatalytic properties. 

8.6.1 Annealing Patterned Graphene in NH3 

For our first approach, we took a graphene sample and used the negative resist based 

process detailed above to pattern the graphene. Next, we annealed the same sample on the 

pre-patterned SiO2/Si substrate in NH3 at 700 °C for 30 minutes, following the typical 

procedure. Optically, the patterned graphene samples did not look different as shown in 

Figure 8.11a, however the large gold pads, that are part of the pre-patterned chip, 

contained several imperfections scattered across the gold surface and were tinted darker. 

To study the quality and carbon and oxygen content we used Raman and XPS to 
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characterize the NH3 annealed patterned graphene. Figure 8.11b shows the evolution of 

the Raman spectra of a graphene sample from pristine to patterned using the negative 

resist method and finally NH3 annealed. We can see the stark contrast after NH3 

annealing as the 2D band intensity has decrease greatly bringing the I2D/IG ratio down to 

0.88. This is in agreement with the rise of the D band as defects and disorder have been 

created in the graphene sheet. A slight upshift in the G band can also be seen, suggesting 

that some nitrogen has been doped into the sheet. The XPS results are shown in Figure 

8.12a,b for the C1s and N1s scan, respectively. The C1s scan shows that the graphene 

sheet contains a high concentration of oxygen functional groups that we do not typically 

see in NH3 annealed graphene. It is in agreement with the corresponding Raman spectra 

as this suggests a high degree of disorder due to the oxygen functional groups. Our initial 

results showed that nitrogen was present in the graphene sample, however the nitrogen 

concentration was found to be 31%, much greater than expected. In addition, a 

deconvoluted peak is found at 396 eV which was not observed previously. It can be 
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Figure 8.11: (a) Optical microscope image of the patterned sample that had undergone a NH3 

annealing treatment. Imperfections and defects can be seen on the gold pads. (b) Evolution of the 

Raman spectra after patterning and after undergoing a NH3 annealing treatment. The 2D peak 

decreases in intensity with a slight increase in the D peak after the annealing treatment. 
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attributed to an atomic nitrogen bonding configuration on carbon and can be found at the 

edge or near a dangling bond.216 This could be due to an excess of nitrogen being 

adsorbed onto the surface of the graphene sheet and SiO2 or the formation of a thin layer 

of silicon nitride at the surface of the oxide layer. In order to confirm this we studied a 

blank area on the substrate by XPS and found a strong signal for nitrogen as shown in the 

N1s scan, in fact it is greater in intensity than our graphene sample. This peak can be 

attributed to silicon nitride, which exhibits a N1s peak at 397.9 eV.217 

8.6.2 Open Windows without Patterning N-Graphene 

The second approach involved the direct opening of electrochemical windows on as 

transferred N-graphene without any patterning. While this may allow access to 

electrocatalytic measurements, we will be unable to make electrical measurements on the 

same device.  

Figure 8.12: (a) C1s and (b) N1s spectra obtained from XPS on the graphene sample undergoing 

NH3 annealing treatment after patterning. The C1s spectra shows substantial oxygen functional 

group content. While the N1s spectra does show nitrogen content, a spectrum taken on the same 

substrate but without any material shows a highly intense nitrogen peak that can be attributed to 

the formation of silicon nitride. 
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Once the N-graphene is transferred we confirmed the presence of nitrogen in the sample 

through XPS. The N1s scan, as shown in Figure 8.13a, shows the presence of nitrogen 

within the graphene sheet and with the breakdown of nitrogen bonding configurations. 

From the XPS we determined this sample to contain 3 % nitrogen as a percentage of total 
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Figure 8.13: (a) Typical C1s and N1s spectra for the N-graphene sample after transferring to 

the pre-patterened chip. (b) Optical microscope images for the completed electrochemical 

microcell device demonstrating the full coverage of N-graphene throughout the substrate, open 

window and passivation with PMMA. (c) An individual opened window showing the 

underlying N-graphene and PMMA edges. 
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carbon and nitrogen. The inset contains the expected C1s spectra for NH3 annealed 

graphene.  

Once we confirmed that the graphene had been nitrogen doped, we moved to open 

windows using electron beam lithography and PMMA as our electron beam resist. 

Similar to our previous microcell measurements, we used thick layers of PMMA to 

prevent any electrical contact between the electrolyte and our gold pads. Extra care is 

taken to open windows only on the graphene electrocatalyst without exposing gold. Also, 

the windows are opened nearby a large gold bad to reduce the path and resistance for 

electrons supplied by the potentiostat to reach the catalyst surface. Areas where the 

graphene was found to be cleanest and near a gold pad were ideal. Optical images of the 

electrochemical microcell devices are shown in Figure 13b,c. The opened windows can 

be seen nearby a large gold pad, while everything else is covered in PMMA. When 

studied closely, the N-graphene can be seen in each of the windows as shown in Figure 

8.13c. 

Using the microcell set up we measured the electrocatalytic behavior for the ORR of N-

graphene using CV at 10 mV/s in 0.5 M H2SO4. We extracted the polarization curves for 

N2 and O2 gas saturated conditions and these are shown in Figure 8.14 for several 

experiments on the same sample. The results are inconclusive as there is no distinct 

difference between the curves in the two conditions. In fact, one of the measurements 

performed in N2 gas saturated electrolyte had a higher current density than any of the O2 

gas saturated measurements. It does appear that all of samples have an onset potential of 
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~0.3 V vs RHE, however it is difficult to claim that this corresponds to the onset of ORR 

because it appears in both N2 and O2 gas saturated electrolyte. As mentioned previously, 

the ORR is very sensitive to the concentration of O2 gas dissolved into electrolyte. These 

inconclusive results may be a result of the dissolved O2 gas diffusing out of solution into 

the air before the measurement could be performed. This would greatly reduce any 

possible current density that could be generated by the electrocatalyst.  

Alternatively, it is possible that the N-graphene was being etched or broken up by the 

electrocatalytic measurements. Directly after the initial electrochemical measurements, 

we noticed that the current had greatly reduced to the point of noise. In this experiment 

we were probing the activity of the window in the bottom right corner as shown in Figure 

8.15a. Upon inspection of the open windows through an optical microscope, we found 

that the N-graphene inside of the windows had been etched and broken up as shown in 
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Figure 8.14: Polarization curves taken on the same device with N2 and O2 gas saturated 0.5 M 

electrolyte. No distinct difference is observed between the two electrolytes, suggesting that no 

ORR was taking place. Measurements were taken at a scan rate of 10 mV/s. 
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the before and after optical images in Figure 8.15b,c. However, we can also see that the 

N-graphene beneath the PMMA remains undamaged and the PMMA itself appears 
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probe 

50 µm 50 µm 

50 µm 50 µm 

a. 

b. c. 

d. e. 

Figure 8.15: Optical microscope images of the damage during the electrocatalytic experiment. 

(a) Electrochemical microcell device with the aim to measure the electrocatalytic properties of 

the window in the bottom right corner by probing the nearby gold pad. Images (b) before and (c) 

after the electrochemical experiment of the opened window nearby the probed gold pad. Clear 

damage and etching can be seen to the N-graphene sheet. Images (d) before and (e) after the 

electrochemical experiment of the opened window far from the probed gold pad. Even more 

damage has occurred to the N-graphene sheet in comparison to the nearby window. Undamaged 

N-graphene can be seen underneath the PMMA layer. 
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undamaged. On samples where multiple windows were opened, N-graphene within a 

window not directly near the gold pad being probed but within the bubble of the 

electrolyte was also found to be etched as shown in Figure 8.15d,e. Windows not within 

the electrolyte remained intact. Etching was consistently found in both N2 and O2 gas 

saturated electrolytes. Continued measurement of the same window resulted in nearly 

complete etching of the N-graphene. We believe this may be happening due to the 

presence of N-graphene along the entire substrate. While we intend to only apply the 

voltage for our CV experiment to only the N-graphene within the open window, due to 

the high conductivity of graphene we actually are applying a voltage to the entire sheet 

through the substrate. This is evidenced by the fact that we saw etching in windows that 

had been opened far from the electrical probe, thus far from the initial injection point of 

electrons from the potentiostat. They would have to travel past the nearby window that is 

electrochemically connected to the counter electrode to the next opened window. It also 

appears that the voltage being applied to the graphene sheet is focused around the same 

area where the drop of electrolyte is located. This is expected because N-graphene in 

windows not included in the electrolyte bubble were not damaged. The etching may 

occur due to electrons supplied by the voltage trying to get through the PMMA layer to 

the electrolyte through the path of least resistance with is through the open windows. 

When the opened windows are saturated, the PMMA layer may act as a resistor and heat 

up leading to damage of the PMMA or boiling of the electrolyte. Boiling of the 

electrolyte was observed as the electrolyte began to evaporate while running CV 

experiments. The PMMA layer shows visible signs of damage and discoloration as 

shown in Figure 8.16. 
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The PMMA layer is clearly discolored in the area where the boiling electrolyte was seen. 

In addition, bubbles, bumps and some tears were observed throughout the entire area that 

are not seen on other areas of the PMMA. It is noted that the N-graphene sheet continues 

into the region where the discoloration and damage is seen 

8.7 Conclusions 

While our work on fabricating electrochemical microcells on nitrogen doped graphene 

was not conclusive on the active site for the ORR in nitrogen doped graphene materials, 

we were successful in developing methods that are promising for the effective fabrication 

of these devices. Our initial electrochemical measurements, although thought to be 

500 µm 

Damaged PMMA 

Figure 8.16: Optical microscope image showing the damage to the PMMA layer due to boiling 

of the electrolyte. Bubbles and bumps can be seen along the PMMA layer within the damaged 

region. 
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graphene and nitrogen doped graphene, demonstrated that it is possible to measure the 

electrocatalytic activity of 2D graphene materials for the ORR using an electrochemical 

microcell. Our initial results did not compare and contrast directly graphene and nitrogen 

doped graphene, in reality our electrochemical measurements show the improvement in 

current density and onset potential based upon the creation of defects due to the 

patterning process. It is well known that defects can act as active sites for many 

electrocatalytic reactions.105,171 Recently, surface oxygenated defects have been shown to 

improve activity and selectivity for hydrogen peroxide production in carbon materials.218 

It is possible with further optimization that this system could be further optimized 

towards hydrogen peroxide production.  

Our troubleshooting approaches, although not successful for fabricating microcell 

devices, provide a pathway for different types of devices. Due to the flexibility of the 

patterning process, it is possible to pattern graphene into several different shapes such as 

graphene nanoribbons or more complex structures. By annealing the patterned graphene 

samples in NH3, it is possible to achieve a n-type graphene sheet of specific shape and 

size that can be transferred onto arbitrary substrates for heterostructure electronic devices. 
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Chapter 9. Future Work and Conclusions 

9.1 Future Work 

Investigation and understanding of the active site for electrocatalytic reactions is crucial 

for further successful catalyst development. A few examples of future applications of the 

work shown in this thesis are discussed in this chapter. 

9.1.1 Nitrogen Bonding Configuration in Graphene based 

Materials 

It is likely that with further optimization of the patterning and fabrication process, 

electrochemical microcells on 2D nitrogen doped graphene can be realized. The 

development of different nitrogen doping methods have been shown that can influence 

the eventual bonding configuration. NH3 annealing has been shown to prefer the 

pyridinic configuration. Exposure to nitrogen plasma219 or NH3 plasma102,105 can 

preferentially incorporate nitrogen into the pyrrolic bonding configuration. Graphitic 

nitrogen bonding configurations have recently been shown to be possible by bubbling in 

acetonitrile during the CVD growth process.220 Measuring the electrocatalytic properties 

is possible using the fabrication methodology we have developed, after some 

optimization of the graphene patterning process. The active site for nitrogen doped 

graphene has not yet been identified; measuring each of these nitrogen doped graphene 

samples may give some insight into how the nitrogen bonding configuration affects the 

performance.  

9.1.2 Electrochemical activity of other 2D Materials 
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Other 2D materials, other than MoS2, have been shown to be active for both the HER and 

the ORR. Materials such as TaS2
221, NbS2

221, WS2
44 and many others176 have been 

investigated using a classic three electrode cell setup. With some TMDs even showing 

activity for the OER138, it is crucial for a well-developed and in depth study of what the 

actives sites are in these materials. Measuring a single 2D flakes of these materials is 

challenging, but it eliminates many of the outside factors that can influence 

measurements in a classic three electrode cell. As we demonstrated, we could tune the 

contact resistance in our devices. The contact resistance is typically not considered, but 

could greatly affect the activity of your electrocatalyst. Microelectrodes will also exhibit 

less charging current due to the thinning of the diffusion layer at the surface of the 

electrode.148 In 2D materials especially, reducing the thickness to a single flake removes 

any resistance due to electrons moving across the van der Waal’s gap. Fabrication of an 

electrochemical microcell on 2D materials allows for a clean surface with the removal of 

many outside factors, or possibly control of them, that can yield an intrinsic study of the 

electrocatalytic activity. 

9.1.3 Beyond Electrochemistry 

While our primary focus has been on electrochemical applications, possibilities exist for 

using this fabrication technique in other applications. Opening windows directly on top of 

2D materials could allow for the deposition of various solution-processed materials, if in 

non-polar to mildly polar solvents to prevent dissolution of the PMMA layer. For 

example, dropcasting or spincoating photo-absorbing polymers or photoactive hybrid-

inorganic organic perovskite materials on top of 2D materials could allow for the 

fabrication of highly sensitive but very thin photodiode and photodetectors. Another 
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option is the use of solution processed gold nanoparticles, that can be made into different 

shapes to change their plasmonic properties. Coupling these particles with 2D materials 

can be challenging due to the difference in scale. Dropcasting these particles from 

solution onto a sample of 2D MoS2 with an open window on the basal plane could 

improve the chances for contact. Focused functionalization is also possible of 2D 

materials. The flexibility that electron beam lithography gives for the shape and size of 

these open windows can allow the functionalization of discrete areas that could be useful 

for building sensors.  

Each of the projects mentioned above are extensions of the electrochemical microcell 

fabrication technique we have developed. Additional optimization and experimentation 

would be fitting for the research of a doctoral student or post-doctoral researcher. 

9.2 Conclusions 

Developing cost-effective and efficient electrocatalysts for the HER and the ORR are 

crucial for the successful utilization of hydrogen as an alternative fuel. Two dimensional 

electrocatalysts such as MoS2 and nitrogen doped graphene have been recognized as 

possible candidates for replacing expensive catalysts such as platinum, due to their to be 

high activity for the HER and the ORR, respectively. However, their performance has not 

yet exceeded platinum. Identifying the active site for these reactions on these materials is 

imperative for further improving their electrocatalytic behavior.  

Using electron beam lithography, we developed a method of fabricating electrochemical 

microcells on 2D materials, such as MoS2, with lateral dimensions of 10 to 20 µm. This 

allowed us to electrochemically test discrete areas of the 2D MoS2 nanosheet, including 
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the basal plane. Coupled with organometallic chemistry, we could vary the contact 

resistance to the 2D MoS2 nanosheet by converting from the semiconducting 2H phase to 

the metallic 1T phase. When the contact resistance is decreased, the performance of our 

MoS2 electrocatalysts for the HER was improved. When sufficiently decreased we found 

that the basal plane, which has previously been thought to be inactive, exhibited excellent 

catalytic activity, comparable to 1T MoS2. When examined using STEM, the basal plane 

was found to contain sulfur vacancies, acting as the active site the HER. Improvement of 

the contact resistance facilitated charge transfer from the substrate to the catalyst, 

allowing for measurement of high catalytic activity of the 2H basal plane.  

In parallel, we developed a method to efficiently reduce GO using conventional 

microwaves. This microwave reduction yielded high quality graphene, termed MWrGO. 

A combination of Raman spectroscopy and XPS study demonstrated the high graphene 

character of MWrGO that had very little oxygen functionalization. Further application of 

MWrGO in field effect transistor devices demonstrated the high conductivity and yielded 

mobility values of greater than 1000 cm2 V-1 s-1, much greater than typically seen for GO-

based materials. We attribute the rapid reduction of MWrGO to the fast heating of water, 

by the microwave oven, that is trapped within the rGO sheets. Previously the removal of 

water in GO based materials has been shown to be important for the ORR activity in 

acidic condition.212 Coupled with the high conductivity and graphene character of 

MWrGO, we sought to nitrogen dope MWrGO and study its electrocatalytic properties 

for the ORR in acidic conditions. When nitrogen is doped into graphene it can bond into 

three different configuration: pyridinic, pyrrolic and graphitic. We used NH3 annealing to 

dope MWrGO with nitrogen, and studied the effects using Raman spectroscopy and XPS. 
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Initially, the NH3 annealing was creating defects within the MWrGO lattice. As we 

increased the annealing time, we successfully doped nitrogen into MWrGO. Coupled 

with XPS we found that very little oxygen functionalization occurs, instead the majority 

of defects are being created by the incorporation of nitrogen disrupting the local 

symmetry within the MWrGO lattice. We extracted the resultant atomic percentage of 

nitrogen from our XPS, and found that as NH3 annealing time increases so does the 

nitrogen content. The pyridinic nitrogen bonding configuration was found to dominate 

the N-MWrGO, until the pyrrolic configuration overtakes it at an annealing time of 8 

hours. Our electrocatalytic results showed that as annealing time increased, so did the 

catalytic performance, until after 8 hours, where the onset potential actually shifts 

negative. We found that the onset potential shifted more positive coupled with an 

increases in current density for samples annealed at 6 hours. Although the absolute 

nitrogen content is similar, after 8 hours of NH3 annealing the electrocatalytic behavior 

decreases noted by a negative shift in onset potential and decrease in current density. This 

suggests that the pyridinic nitrogen bonding configuration has a stronger influence on the 

ORR activity of N-MWrGO. 

To further study the effect of nitrogen doping on graphene materials, we attempted to 

apply our electrochemical microcell methodology to nitrogen doped CVD grown 

graphene (N-graphene). In order to build the devices, we developed a method to pattern 

the N-graphene to a size that would suit the microcell structure, using electron beam 

lithography with a negative resist. This was used to pattern both graphene and N-

graphene and measured the electrocatalytic measurements. We did observe an 

improvement in the onset potential after NH3 annealing, however some inconsistent 
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measurements with subsequent samples lead to further investigation of the patterned N-

graphene. Using XPS, we found that the nitrogen had been removed sometime during the 

device fabrication process, leaving defects and disorder in the graphene lattice. A step by 

step study of the fabrication process found that the patterning process using a negative 

electron beam resist was damaging the N-graphene. We made significant efforts to 

fabricate devices in which the N-graphene would remain undamaged. Our first approach 

took advantage of the fact that the patterned graphene samples did not show any damage 

from the process. These patterned graphene samples were then annealed in NH3 along 

with the pre-patterned SiO2/Si substrate. When we investigated the nitrogen content of 

these samples using XPS, we found that nitrogen seemed to dope into the chip however it 

had also doped into the SiO2 substrate forming silicon nitride. In our second approach, we 

directly opened windows on as transferred N-graphene in order to measure the ORR 

activity of the N-graphene sheet without patterning. This resulted in N-graphene covering 

the entire pre-patterned substrate, connecting adjacent gold pads. Unfortunately, our 

electrocatalytic measurements were unsuccessful as no differences were observed in N2 

and O2 gas saturated electrolytes. In addition, we noticed that the N-graphene within the 

opened windows had been damaged or etched during the electrochemical measurement. 

This could be due to the fact that when potential was applied to the sample, the entire N-

graphene sheet would be polarized and electrons moving through the opened windows 

were causing damage. 

Although our investigation into the active site for the ORR in graphene based materials  

was inconclusive, we successfully doped MWrGO by NH3 annealing and demonstrated 

that our microcell fabrication method could be applied to other 2D materials, such as 
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graphene. Our study on N-MWrGO suggest that the pyridinic nitrogen bonding 

configuration can have an effect on the catalytic performance, we were unable to confirm 

this result using our microcell setup. We were able to electrochemically test graphene and 

what we eventually determined to be defective graphene. After creating defects in the 

graphene sheet, we observed an improvement in the ORR performance. This is a 

promising result for future work and investigation into the active site in nitrogen doped 

graphene materials. 
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