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Graphene is a single-layered sheet of sp2- bonded carbon atoms arranged in a honeycomb 

structure, whose discovery won the 2010 Nobel Prize in physics. Due to its excellent 

electronic, optical, thermal and mechanical properties, and its large surface area and low 

mass, graphene holds great potential for a broad range of applications. It seems that the 

research in graphene has now proceeded from the initial phase of developing myriad 

strategies for the synthesis of graphene sheets to the use of graphene in various research 

fields. However, it is still challenging to controllably produce solution processable highly 

conductive graphene sheets in large quantity, at low cost, and energy saving process, with 

optimal sheet size, layer thickness, defects (vacancies and holes) and molecular structures 

(oxygen-containing groups and non-defective graphene domains). All these structural 

parameters determine their electronic, thermal and mechanical properties of graphene, 

which are key warrants for their practical application in various devices. As examples, 

fundamental studies and high-frequency electronics require pristine graphene. However, 

“bulk” applications such as flexible macro-electronics, and mechanically and 

electronically reinforced composites, require large quantities of solution-processable 

highly conductive large graphene sheets manufactured at low cost. On the other hand, 

holey graphene, referring to graphene with nanoholes in their basal plane, demonstrates 
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much better performance in their application as metal-free catalysts and in energy 

storage. Finally, there is a surge of interests in nanosized graphene sheets for various 

biological applications due to their unique size effects, edge effects, and even quantum 

confinement effects.  

As one part of this thesis, we have demonstrated that by understanding the 

oxidation mechanism of nitronium ions and KMnO4, which were both used in the widely 

used Hummers method for fabrication of graphene oxides, we developed various 

microwave chemistries for rapid (30-40 seconds) and controllable fabrication of graphene 

with controlled lateral sizes, holey structures, and oxidation levels. As examples, by 

intentionally excluding KMnO4in the reaction system while controlling the concentration 

of nitronium ions and microwave irradiation power and time, we can rapidly and directly 

fabricate graphene nanosheets with uniform lateral sizes. The as-fabricated graphene 

nanosheets largely retain the intrinsic properties of graphene. These nanosheets exhibit 

strong and wavelength-independent absorption in NIR regions, which ensures their 

applications in Near-Infrared (NIR) photoacoustic imaging, photothermal treatment, and 

multifunctional drug delivery. On the other hand, by including KMnO4in the recipe and 

still taking advantage of the unique thermal and kinetic effects of microwave heating, we 

developed approaches to directly fabricate micrometer sized graphene oxide with 

controlled holey structures. Taking one step further; we have also developed microwave 

chemistry to dope these graphene oxide sheets with/without holes in their basal planes 

with N controllable bond configurations. We have shown that the N-doping and holey 

structure of graphene is important for their excellent electrochemical catalytic 

performance in oxygen reduction reaction (ORR).  
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In the drive towards green and sustainable chemistry, there is an ever-increasing 

interest in developing the heteroatom-doped carbon-based catalysts to replace the metal-

based catalysts for organic reactions. Compared to ORR, studies that use doped and/or 

co-doped carbon materials as catalysts for selective organic synthesis is in the early 

stages of development. This might be due to lack of systematic studies about how the 

electronic and geometrical structures, surface functionalities, and therefore, the interface 

properties of graphene-based materials determine their catalytic performance. Also 

lacking is the inability to synthesize these doped carbon catalysts in bulk quantity with 

simple and cost effective approaches. In the second part of this dissertation, we have 

reported extremely simple and rapid (seconds) approaches to directly synthesize gram 

quantities of single or multiple heteroatom-doped graphitic porous carbon materials from 

abundant and cheap biomass molecules (inositol or phytic acid) with controlled doping 

configuration. The porous structure of the catalyst is beneficial for efficient mass transport 

and dramatically increases edges and surface area, and therefore creates more accessible 

catalytic centers.  Furthermore, we have also explored the catalytic center of these 

heteroatom-doped carbon catalysts (especially phosphorus-doped and phosphorus, sulfur-

codoped) to gain a fundamental understanding of how the heteroatom (P and S) configuration 

affect the catalytic properties of carbon material in ORR and industry oxidation reactions, 

such as benzyl alcohol oxidation. This fundamental understanding will help us to design 

more efficient heteroatom-doped carbon catalysts. 
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Chapter-1. Introduction 

1.1. Graphene: Background and its properties. 

1.1.1. Background of graphene. 

 

Figure 1.1.1. The structures of different carbon allotropes.1 

Carbon is a unique element on the earth. This is attributed to the four valence electrons in 

its valence shell which endow carbon to form many different elemental allotropes such as 

diamond, graphite, graphene, amorphous carbon, glassy carbon, fullerene, 

buckminsterfullerene, carbon nanotubes, carbon nanobuds, Lonsdaleite etc.1-3 Among the 

different elemental carbon allotropes, sp3 hybridized diamond and sp2 hybridized graphite 

and graphene are very well-known forms of carbon. For more than a decade, extensive 

research has been contributed on graphene because of its superior physico-chemical 
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properties. Graphene is a two-dimensional (2D) monolayer sheet consisting of one atom 

thick sp2 hybridized carbon atoms arranged in a honeycomb crystal lattice while graphite 

is a three-dimensional (3D) crystal made of stacked layers of graphene that interact through 

hydrophobic or van der Waals forces (Figure 1.1.1). 

1.1.2. The unique properties of graphene. 

For an extended period of time, it was believed that this excellent 2D system 

(graphene) was thermodynamically unstable and could not exist in free state.4, 5 But, a 

groundbreaking experiment in graphene research was achieved in 2004 by Dr. A. Geim 

and Dr. K. Novoselov at the University of Manchester, where they discovered that a 

monolayer graphene can be isolated from the highly oriented pyrolytic graphite (HOPG) 

by mechanical exfoliation using a simple Scotch-tape approach.6 Since then, graphene has 

spawned enormous research interest over the past decade due to its many fascinating 

physical and chemical properties, which originate from the presence of extensive π-

conjugation in its structure.6, 7 Graphene exhibits many extraordinary physicochemical 

properties such as high electric conductivity or charge carrier mobility (theoretically 

200,000 cm2 V-1 s-1)3, very large theoretical surface area (2630 m2/g)8, high thermal 

conductivity ( ~5000 W/mK)9, 10 and exceptional mechanical strength of 130 GPa (Young’s 

modulus ~ 1.0 TPa)11. In addition, graphene also shows excellent stretchability12, 13, optical 

transparency (97.7% for single layer graphene below 3 eV light)14 and complete 

impermeability to any gases15. Because of these exceptional properties of graphene6, 7, Dr. 

A. Geim and Dr. K. Novoselov were awarded a Nobel Prize in Physics in 2010 for their 

discovery.  
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The phenomenal properties of graphene offers a vast scope of applications in the 

flexible electronic fields such as supercapacitors16, 17, transparent conductors in solar 

cells13, 18, 19, organic light emitting diodes (OLEDs)20, touch screens21, field effect 

transistors (FETs)22, 23, photodetectors24, 25 etc. Moreover, due to its strong mechanical 

properties, chemical inertness and large surface area, graphene can also be used as supports 

for catalyst such as metals and metal oxides nanoparticles26 and sensor27 applications. The 

above-mentioned properties justify graphene to be the “wonder” or “miracle” material. 

The unique properties of graphene, as described above, are not only ideal for 

electronics applications but also can be advantageous for other applications such as 

biomedical fields, organo, and electrocatalysis.28-30 For example, a high theoretical surface 

area (2630 m2/g for single layer graphene), the ease of surface functionalization, chemical 

inertness and strong wavelength independent absorption in near infra-red (NIR) properties 

of graphene are very important for biomedical applications such as drug/gene carrier, 

targeted delivery, photothermal treatment, photodynamic treatment and bio-imaging 

applications.28, 29 In addition, the large surface area, great mechanical stability, excellent 

electrical and thermal conductivity properties of graphene are also beneficial in the 

development of graphene-based catalysts for electrochemical reactions and organic 

synthesis.26, 31, 32 Even though graphene shows great potential for the above biomedical and 

catalytic applications, pure graphene sheets cannot be used as such for these applications 

due to some challenges which needed to be overcome. For example, drug delivery and bio-

imaging applications require uniform nanosized graphene sheets (lateral size 10-50 nm) 

with all the intrinsic properties of graphene preserved. Furthermore, the lack of an intrinsic 

bandgap near to its Fermi level makes the graphene inert and so largely restricts graphene’s 



4 
 

 

potential in imaging and catalysis fields.7, 26, 28, 32, 33 But, by controlling the morphology 

and/or chemical structure of graphene, the physico-chemical properties of graphene can be 

tuned, which can help in expanding the potential of graphene in various applications. In 

short, the electronic structure of graphene provides both challenges and opportunities for 

its potential in catalysis and biomedical field. 

In general, the approaches to tune the electronic structures and chemical properties 

of graphene can be divided into two categories: 1) Controlling the morphologies of 

graphene such as size and shape of the graphene, number of layers, different edges of the 

graphene and the presence of vacancy/hole in graphene sheets and 2) Chemical 

modification of graphene sheets such as insertion of heteroatoms (N, B, S, P, etc.) into 

graphene’s matrix or modification of graphene with different functional groups.31 In the 

following sections, the modern development of these approaches will be summarized.   

1.2. Graphene with controlled morphology 

1.2.1. The importance of controlling the morphology of graphene sheet. 

The synthesis of graphene with controlled morphology is one way to satisfy the 

need for different applications and thus to expand the graphene’s potential in the different 

field. For example, a graphene sheet with larger lateral size (microns to millimeter) is more 

suitable for electronics and conductive coating applications, while a nanosized graphene 

sheet (10-50 nm lateral size) is important for biomedical applications such as delivery 

vehicle for hydrophobic drugs/genes applications.34 Moreover, the chemical and physical 

properties of graphene can be tuned by controlling the morphology of graphene such as the 

size, shape, thickness or number of layer, edges and presence of vacancies in the graphene 

plane. For example, by decreasing the lateral size of graphene to nanometer range (less 
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than 10 nm), the electronic confinement effect occurs and opens the bandgap of graphene. 

The bandgap opening effect depends on the lateral size of the graphene sheet (smaller the 

size results into larger the bandgap).35, 36 It is also reported that nanosized graphene or 

graphene sheets with holes create more edges, which are more reactive for catalytic 

applications such as in oxygen reduction reaction in fuel cells.31 Furthermore, the presence 

of holes/vacancies induces additional electronic states and affects the electron transfer rate 

in graphene.37, 38 Moreover, the electron density of states can be strongly enhanced at the 

edges compared to the plane of graphene and so graphene sheets with different edges 

(armchair and zigzag edges) (Figure 1.2.1) have different electronic structures.35, 36, 39 The 

different types of edges generated by cutting of the graphene, also affects its electronic 

structure.40 For example, zigzag edges in graphene sheet give rise to the magnetism and 

localized states at the edge site, which is entirely absent in armchair edge and makes 

graphene more reactive.41, 42 In addition, the electronic effect of the zigzag edge becomes 

more pronounced by decreasing the lateral size of the graphene sheet to a sub-nanometer 

range. Thus, by controlling the morphology of graphene, one can tune the properties of 

graphene for desired applications. 

In this section, we will focus on properties, applications, and synthesis of nanosized 

graphene sheets (also known as graphene nanosheets) and holey graphene sheets. 
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Figure 1.2.1. Schematics of graphene structure with highlighting different type of edge 
and hole defect. Carbon atoms on the edges are highlighted with red color to differentiate 
it from bulk C atom (gray color). 

1.2.2. Properties and application of graphene nanosheets: 

Graphene nanosheets or nano-sized graphene derivatives such as graphene oxide or 

reduced graphene oxide possess many intrinsic properties of pure graphene, which is 

important for various biomedical applications. For example, a very large surface area and 

hydrophobic surface of graphene nanosheets offer high loading and delivery of the 

aromatic chemotherapy/anti-cancer drug molecules such as doxorubicin43, 

camptothecin44 and SN 3845. The surface of graphene nanosheets also provides facile 

conjugation/functionalization with various targeting ligands (such as an antibody) via 

covalent (using the presence of oxygen functionalities of graphene’s surface) and non-

covalent (using hydrophobic interaction) method for target delivery of the anticancer 

drug34, gene44, 46, other macromolecules,28, 29, 47, 48 and even for co-delivering multiple 
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targeting agents/drug molecules for enhanced or synergistic biomedical effects.49 In 

addition to that, the drug/gene loaded graphene surface can be further functionalized with 

fluorescent dye for tracking the graphene and its uptake at targeting sites by in vivo 

fluorescence imaging.50 Another important property of graphene is its intrinsic strong and 

wavelength independent near IR (NIR) absorption property, which has been useful in 

photothermal treatment of cancer tumors.51-53 The strong NIR absorption properties of 

graphene and its hydrophobic surface has also been used for a treatment of cancer by the 

synergistic effect of a drug molecule and photothermal therapy.51 In addition, nanosized 

graphene or graphene oxide sheet also shows photo-luminescent properties due to the 

bandgap opening from size/edge effect or due to the presence of defects,28  thus making 

possible applications in biological imaging and image-guided therapy.28 Graphene 

nanosheets have also been useful in the detection of small biological molecules, credited 

to the intrinsic electronic properties of graphene.29 The graphene’s surface is very sensitive 

to foreign molecules, and its electronic structure largely depends on its interaction with 

foreign molecules. Based on this principle, it has been used in detection of many biological 

substances such as oligonucleotides54, 55, pathogens56, heavy metal ions57, glucose58, 

dopamine59, enzymes and proteins47 and many others.29  

The advance of graphene in biomedical applications makes it necessary to study its 

long-term fate and toxicity in the human body. Many researchers have tried to study the in 

vivo toxicity of graphene nanosheets in an animal model and found that the toxicity of 

graphene mainly depends on the surface functionalization and lateral size of graphene 

sheets.50, 60-62 It was found that functionalization of graphene with biocompatible molecules 

or polymers such as polyethyleneimine, polyethylene glycol, chitosan, etc.34 renders it non-
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toxic. However, graphene sheets with larger lateral sizes (hundreds of nanometers) can 

dominantly be accumulated in the lung, resulting in toxic effects after its intravenous 

injection into mice/rats.50, 60-62. It was also reported that, if the lateral size of graphene 

sheets is well controlled to 10-50 nm, the biocompatibility of graphene sheets was 

dramatically improved, and no visible sign of toxic effects were found in cured mice for 

40 days.50 Moreover, the radio-isotope labeling of graphene nanosheets shows that the 

graphene nanosheets (10 to 50nm) were mainly localized in liver and spleen with negligible 

lung accumulation and gradually were excreted from mice within a few months.48, 60 

1.2.3. Synthesis of graphene nanosheets. 

In past decade, a tremendous amount of effort has been devoted to developing a 

straightforward and cheap approach for the large-scale synthesis of graphene nanosheets 

for biomedical applications. Graphene nanosheets can be synthesized by two general 

methods, bottom-up approach and top-down approach. In bottom-up approach, graphene 

nanosheet is synthesized from small carbon molecules (such as methane) by chemical 

vapor deposition (CVD) or organic chemical synthesis.63-66 The bottom-up approach gives 

precise control on the lateral size of graphene but leads to difficulties in scaling up the 

graphene nanosheets synthesis due to complex handling and high-cost issues. In the top-

down approach, firstly, the graphite particles are exfoliated into graphene sheets by 

mechanical or chemical approaches.66 Among them, a chemical approach, especially 

Hummers or modified Hummers approach, is the most obvious way to exfoliate the 

graphite particles into graphene oxide in bulk quantity.67 In the Hummers or modified 

Hummers method, the oxidization of graphite powder is performed using the strong oxidant 

(KMnO4 + NaNO3 in H2SO4), which results into heavily oxidized graphene sheets termed 
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as graphene oxide (GO).67 This oxidation reaction is a lengthy process (from hours to 

several days) and the aggressive oxidation chemistry also leads to uncontrollable cutting 

of graphene sheets into small pieces of different sizes and shapes with extensive defects.68, 

69 To reach predefined nanometer-sized GO sheets, an extended oxidation and sonication70 

or other simultaneous oxidative cutting reactions are required.71, 72 Alternatively, nanosized 

GO sheets can also be synthesized using precursors which are already small in lateral sizes 

such as graphite nanofibers or carbon fibers.73, 74 Most importantly, in GO, most of the 

exotic properties of graphene have vanished due to the high density of oxygen-containing 

groups that heavily distort and break up the -conjugated structure. The π-conjugated 

structure of graphene can be partially recovered in GO by reducing the GO sheets via 

chemical, electrochemical, or hydrothermal methods.75-80 

 In Hummers’ method, both KMnO4 and NO2
+ (nitronium ions) in concentrated 

H2SO4 solutions act as oxidants via different oxidation mechanisms. From both 

experimental observations and theoretical calculations, it appears that KMnO4 plays a 

major role in the observed oxidative cutting and unzipping processes. In Chapter-2, we 

find that by intentionally excluding KMnO4 and exploiting pure nitronium ion oxidation, 

aided by the unique thermal and kinetic effects induced by microwave heating, graphite 

particles can be transformed into graphene nanosheets with their -conjugated aromatic 

structures and properties largely retained. Unlike GO, the as-fabricated graphene 

nanosheets exhibit strong absorption in the visible and near-infrared (NIR) regions, which 

is nearly wavelength independent. This optical property is typical for intrinsic graphene 

sheets. Moreover, for the first time, we demonstrated that strong photoacoustic signals can 

be generated from these graphene nanosheets with NIR excitation. The photo-to-acoustic 
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conversion is weakly dependent on the wavelength of the NIR excitation, which is different 

from all other NIR photoacoustic contrast agents previously reported. This work has been 

published in ACS Nano journal (ACS Nano 7.9 (2013): 8147-8157) under the title, “Direct 

production of graphene nanosheets for near infrared photoacoustic imaging”. 

1.2.4. Properties and application of porous/holey graphene. 

 

Figure 1.2.2. A) AFM image of holey graphene sheets81 B) SEM image of Crumpled 
graphene sheet82 C) is a digital photograph and D) SEM image of graphene foam.83  

The high surface area of graphene along with its intrinsic properties is a very critical 

factor for ion/electron/molecule transportation and to make electrochemical devices with 

optimum performance such as supercapacitors with high energy and power density. 

However, due to strong π – π interaction or hydrophobic interaction and van der Waals 
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interaction between the graphene sheets, it forms irreversible graphite-like agglomerates.84 

This results in drastic decrease in the surface area of graphene and limits the cross-plane 

ion diffusion or mass transport of reactants or ions. So, to fully utilize the unique properties 

of graphene, the morphology of graphene must be tuned such that a high surface area of 

graphene can be readily accessible without destroying its inherent properties. 

Recently, porous graphene materials such as holey graphene or graphene nanomesh 

(graphene sheets with holes in its basal plane), crumpled graphene (bent or folded graphene 

sheet) and graphene foam have attracted tremendous research interest due to their high 

surface area and the presence of porous structure with inherent properties of graphene.84 

Depending on the size of the pore/hole, these porous materials can be microporous (pore 

size < 2 nm), mesoporous (2 - 50 nm), and/or macroporous (pore size > 50 nm).84, 85 The 

presence of macroporous structure in crumpled graphene and graphene foam makes it very 

difficult to gain control of its pore size and volume. Moreover, because of the microporous 

structure, the surface area of crumpled graphene and graphene foam cannot be achieved 

near to the theoretical surface area of graphene.84 However, the holey graphene (or 

sometimes called graphene nanomesh) can have microporous or mesoporous structure 

depending on the experimental synthesis technique.84 The presence of porous structure in 

the graphene sheets not only provides improved transportation of electrolytes and ions but 

also drastically improves its dispersibility in many solvents.84 Because of these unique 

advantages of holey graphene compared to original graphene sheet, it has dramatically 

enhanced the performance of electronic and energy storage devices.84, 85 For example, Dr. 

Ruoff demonstrated that by using the holey graphene for a supercapacitor, they can achieve 

ultra-high energy density (70 W.h.kg-1), power density (250 kW. kg-1) and specific 
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capacitance to 166 F/g at 5.7 A/g current density).86 At the same time, Wang et al. reported 

that by using a porous structure of graphene as an electrode for the lithium-ion battery, it 

can deliver 116 kW.kg-1 power density and 322 W.h.kg-1  energy density.87 Other than its 

application in energy-related application, the presence of holes/pore in the graphene sheet 

also opens up graphene’s potential in new fields such as gas storage applications88, gas 

separation (such as H2
89, He90, N2

91, NO92, CO2
93 and CH4

94), electrochemical sensors95, 

high oil absorption96, catalyst support8, 97, 98 and others.84  

1.2.5. Synthesis of holey graphene sheets. 

Many reports were published to synthesize holey graphene and are summarized in 

Table 1.2.1. These synthetic approaches can be divided into two main categories 1) 

bottom-up approach and 2) top-down approach.  

In bottom-up approach, holey graphene sheets are synthesized from small organic 

molecules, serving as a carbon source and can be grown on the catalytic template/substrate 

at a high temperature in the presence of inert environment.84 The bottom-up approach gives 

better control on pore size and pore structure by selecting either specific molecule for 

graphene precursor or catalyst substrate or by process parameters. For instance, Bieri et al. 

have shown that the holey graphene sheet can be synthesized by aryl- aryl coupling of the 

hexa-iodo-substituted macrocycle cyclohexa-m-phenylene (CHP) molecules in the 

presence of a silver (Ag) crystal and the hole size can be controlled by the molecular design 

of the aryl molecule.99 At the same time, Ning et al. have shown that the holey graphene 

can be synthesized by growing the graphene on porous MgO template by chemical vapor 

deposition (CVD) technique and the hole size can be control by selecting the MgO template 

of varying pore size/structure.100 The surface area and the pore volume of the holey 
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graphene, synthesized by the bottom-up approach, can go up to 3300 m2/g and ~2.4 

cm3/g.101 Other reports are summarized in the Table 1.2.1. Even though these bottom-up 

approaches gives better control on pore size and structure, it suffers from several 

disadvantages such as high energy and inert atmosphere requirement, toxic 

chemicals/precursors, high cost and low production yield.  

Recently, many reports have been published to synthesize the holey graphene sheet 

in a scalable amount from the top-down approach using graphene, graphene oxide (GO) or 

reduced graphene oxide (rGO) as a starting material. In this method, the holey graphene is 

synthesized via oxidation or degradation of defects, present on graphene sheets, by using 

the metal particles102,  chemicals86, 103-105, enzymes106, photon81, electron beam107 or oxygen 

plasma108 and other porous template87 based etching methods. In the above-listed methods, 

photo-, electron beam- and plasma etching approaches are environment-friendly because 

they do not require any toxic chemicals. However, these approaches suffer from a 

limitation on large scale synthesis, high cost, uncontrollable pore size and its distribution 

in the holey graphene. The precise control of the size and shape can be achieved by a 

template-based methods. However, the requirement of complex experimental setup and 

multiple step procedure impose challenges for the template-based approach. Recently, 

chemical based etching of graphene/GO/rGO approaches, which involves KOH or HNO3 

activation, are available to synthesize holey graphene in large scale production. 

Nevertheless, all these top-down approaches requires either graphene/graphene 

oxide/reduced graphene oxide as a precursor, which adds additional steps to synthesize 

these precursors for holey graphene fabrication. In summary, these top-down approaches 

give ease for the large scale synthesis but also impart several challenges such as multiple 
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steps synthesis, chemical waste and high-cost, along with a lack of control on pore size and 

shape.84 

In Chapter-3, we have reported that GO with or without holes can be controllably, 

directly and rapidly (tens of seconds) fabricated from graphite powder via a one-step-one-

pot microwave assisted synthesis with a production yield of 120 wt% of graphite. 

Furthermore, a fast and low-temperature approach is also developed for simultaneous 

nitrogen (N) doping and reduction of GO sheets. The N-doped holey rGO sheets 

demonstrated remarkable electro-catalytic capabilities towards electrochemical oxygen 

reduction reaction (ORR). The existence of the nanoholes not only provides a “short cut” 

for efficient mass transport but also dramatically increase edges and surface area, therefore, 

creating more catalytic centers. The capability of rapid fabrication and simultaneous N 

doping as well as reduction of holey GO can lead us to develop efficient catalysts, which 

can replace previous coin metals for energy generation and storage, such as fuel cells and 

metal –air batteries. This work has been published in Small journal (Small 11.27 (2015): 

3358-3368) under the title “Microwave Enabled One‐Pot, One‐Step Fabrication and 

Nitrogen Doping of Holey Graphene Oxide for Catalytic Applications”. 

Table 1.2.1. Summary of synthetic approaches for holey graphene. 

Ref. 
Holey  Graphene 

precursor 
Synthetic method Experimental condition 

Bottom Up Approach 

99 

hexaiodo-substituted 
macrocycle 

cyclohexa-m-
phenylene (CHP) 

aryl–aryl coupling 
aryl–aryl coupling of CHP on the 

Ag (111) catalyst surface 

101 

Aromatic poly 
nitriles (1,2 dicyano 

benzene) 

Polymerization of 
poly nitriles 

1,2 dicyano benzene + 5 mole 
equivalent  anhydrous ZnCl2 - 
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400 to 700 °C for ~ 20 to 96 
hours- in vacuum 

109 CH4 + H2 

CVD growth of 
graphene on SiO2 

substrate 
containing porous 

layer of Au catalyst 

Graphene growth by CVD at 
950 °C for 10 minutes and 

removal of metal via acid wash 

110 CH4 + H2 

CVD growth of 
graphene on Cu 

substrate 
containing silica 

sphere on its 
surface 

CVD growth of graphene at 900 
to 1000 °C, 30 minutes and 

removal of silica sphere by HF 
acid. 

100 CH4 + H2 
Porous MgO 

template 

CVD growth of graphene on 
porous MGO template at 900C, 
10min and Etch MgO by HCl 

111 Coal tar Pitch 
Thermal annealing 

on Porous MgO 
sheets template 

carbonization at 900°C, 2 hours 
under N2 and removal of MgO by 

HCl. 

Top Down Approach 

112 Graphite 
Microwave 

assisted oxidative 
etching 

HNO3, H2SO4, and KMnO4 -
300Watt, 40sec 

81 
GO on Quartz 

substrate 
Uv assisted etching 
by ZnO nanorods 

Uv (5mW/cm2) treatment of 
10 Hours 

107 

Multilayered 
graphene sheets on 

porous silicon nitride 
substrate 

Electron beam 
assisted etching 

creating holes in graphene 
by  TEM imaging electron beam 

113 
Graphene film on 

SiO2 substrate 

Oxygen plasma-
assisted etching of 

graphene 

Step-1: Oxygen plasma etching of 
polymer from graphene /SiO2/ 

block co-polymer assembly 
Step-2 CHF3-based reactive-ion 

etch (RIE) process to remove 
underlying SiO2 

Step-3 repeat Oxygen plasma to 
etch exposed graphene 

108 
rGO film on 

PMMA/AAO/SiO2 
Oxygen plasma 
assisted etching 

Oxygen Plasma (10.5 W, 160 
mTorr) for 30 to 120s and etching 

of AAO/PMMA by NaOH 

87 
GO film on Nickle 

(Ni) foam. 
Porous template 

etching 
Thermal annealing at 400 °C 2Hr 

in N2 and remove Ni by HCl 

114 GO 
Chemical etching 

KMnO4 
GO + KMnO4- Microwave 5 

minute (700Watt) 
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106 GO 
Enzymatic 
oxidation 

GO + Peroxidase + H2O2- Room 
temp, ~ 8- 10 days. 

115 GO 
Catalytic oxidation 

by Au + thermal 
annealing 

GO + albumin, NaOH, gold 
nanoparticle mixture on PEI-

modified quartz- 900 °C 2Hrs in 
N2 and  340 °C, 2Hr in air 

102 Graphene 
Catalytic oxidation 

by Ag 
nanoparticles 

Thermal annealing at  250°C to 
400 °C- 1Hr and remove Ag 

particles by HNO3 

116 GO Steam etching Water- 200oC for 5 to 20Hours. 

104 GO 
Chemical oxidative 
etching by HNO3 

GO + Fuming HNO3-1 Hour- 
Bath sonication (100 W, 50/60 

Hz). 

105 rGO 
Chemical oxidative 
etching by HNO3 

GO +HNO3- reflux at 100oC, 4-11 
hour 

117 rGO 
Activation by 
CO2/Thermal 

treatment 

Thermal annealing of GO under  
CO2-800oC for 25 to 75 min 

103 GO 
KOH activation by 

Hydrothermal+ 
thermal treatment 

GO +Biomass(PVA/resin), KOH, 
Ar gas-  Hydrothermal180oC, 12 
Hour + thermal annealing 800oC 

for 1hour 

86 rGO 
KOH activation 

etching by thermal 
annealing 

KOH, Ar Gas +vacuum 
800oC, 3 Hour (1 in Ar and 2 in 

vacuum) 

87 GO 
Mesoporous Ni 
substrate based 

GO deposited on Ni foam- 
thermal annealing 

400oC 2Hr and  800oC 2Hr 
 

1.3. Chemical modification of graphene. 

Other than morphological control in graphene, the electronic structure of graphene can also 

be  tuned by either introducing heteroatom dopants such as nitrogen (N), boron (B), 

phosphorus (P), sulfur (S) and others into the graphene matrix118 or by modifying the 

graphene surface with different functional groups such as oxygen and halogen containing 

functional groups.119 Out of these, the heteroatom doping is the most efficient way of 

tuning the graphene’s properties, and this will be discussed in detail. 
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1.3.1. The Importance of heteroatoms doped graphene and its application. 

It is reported that the heteroatom doping into graphene matrix opens up the bandgap 

by increasing the density of states near to the Fermi level of graphene. An increase in the 

density of states (especially around the Fermi energy) usually results in the enhanced 

catalytic activity of the material.118 In addition to that, it also augments some new 

properties like spin density and/or charge density and magnetic moments into graphene. 

These electronic, magnetic and physico-chemical properties of the doped graphene mostly 

depend on the heteroatom’s unique electronic properties, atomic size, and the type of 

doping configuration.  

The most commonly studied heteroatoms are N and B atoms due to their similar 

atomic size with C atom, which helps them to dope easily into the graphene matrix without 

destroying the planar structure of graphene.118 However, the properties of B-doped and N-

doped graphene are very different due to their different electronegativity. In B-doped 

graphene, electron transfer happened from B to C to due to the lower electronegativity of 

B (2.04) than C (2.55). This will result in a generation of partial positive charge on B atom, 

which becomes the active centers for the catalytic activity.120 Moreover the B-doping in 

graphene results in p-type doping with the bandgap opening of ~0.14 eV (at 2 atomic % 

doping), which transforms the semi-metallic behavior of graphene to semiconductor.121, 122 

It is also reported that, unlike N-doping, B-doping into graphene cannot induce localized 

states, and thus magnetism.123 On the other hand, in the case of N-doped graphene, N can 

be doped into graphene with three different configurations, graphitic (or quaternary)-N, 

pyridinic-N and pyrrolic-N as shown in Figure 1.3.1. The polarity of N-C bond have 

reverse polarity than that of B-C bond due to higher electronegativity of N (3.04) than C. 
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This leads to the transfer of the electron from C to N atom and generate the positive on C 

atom adjacent to N dopant and so C atom (adjacent to N dopant) is considered to be the 

active site for catalytic reaction.124 Moreover, N doping also opens up a bandgap of 

graphene and imparting it with semiconductor properties. However, the semiconductor 

properties of N-doped graphene largely depends on the type of N doping configuration.125 

For example, in graphitic N, the fifth electron of N is involved in the π* state of 

conductance and resulting into n-type doping effect due to its electron donating effect.126 

However, the pyridinic and pyrrolic type of N doping impose the p-type doping effect in 

graphene due to their electron withdrawing effect.127 Recently it is also reported that, unlike 

pyridinic and pyrrolic N, graphitic N doping can result in lowering the work function of 

graphene, which is very useful for organic field effect transistors (OFETs) and light 

emitting diodes (LEDs).128 Furthermore, it is also reported that pyrrolic N can create the 

strong magnetic moments (0.32µB) in graphene due to the formation of π and π* states by 

a nonbonding electron of pyrrolic N, which leads to spin polarization in graphene and can 

be used in spintronic applications.129 This type of magnetic effects cannot be achieved by 

the graphitic type of N doping due to lack of nonbonding electrons on N atom. In addition 

to the above electronic and magnetic properties, N doping into graphene nanosheets can 

also tailor its optical properties by making graphene photo luminescent.130 
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Figure 1.3.1. The schematic for N-doped graphene (A) and P-doped graphene (B) with 
different dopant configurations. Inset of (B) is showing the side view of P-doped graphene 
to show that P atom is protruding out of graphene plane. 

Recently, besides N and B dopants, other heteroatoms such as P and S have also 

received great attention in doping due to their unique properties, which are different than 

N and B dopants120, 131. Unlike N and B, the P doping in the graphene creates the structural 

distortion and local curvature due to the larger atomic size of P than C atom and also greater 

C-P bond length (1.77 Å) than C-C bond (1.40 Å). P doping into graphene transforms the 

sp2 hybridized C to sp3 state at the dopant site, which results in the pyramidal type bonding 

configuration of P with three C atoms, where P is protruding out of the graphene plane by 

1.33 Å. A theoretical calculation shows that the bandgap opening in P-doped graphene is 

dependent on the P doping level (~0.3 to 0.4 eV for 0.5 atomic % P-doping).132 Moreover 

unlike N doping, the polarity of P-C bond is similar to B-C bond but opposite then that of 

C-N bond due to the lower electronegativity of P (2.19) than C atom (2.55). In addition to 

that, P-doping results in stronger n-type behavior, and a much strong magnetic moment 

(1.02 µB) than N doping due to the breaking of the symmetry of the P-doped graphene’s π-
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electron framework.133, 134 In addition to above effects, the distinct effect from P doping 

may also arise due to presence of additional phosphorus’s p orbital.118 

The doping of S into graphene matrix also results in the formation of local curvature 

due to the larger atomic size of S than C atom and larger C-S bond length (1.78 Å) than C-

C bond (1.40 Å).  Similar to other heteroatoms, Sulfur doping into graphene can result in 

different doping configurations such as C-S-C, C-S(O)x-C, C-S(O)x (where x = 2,3 or 4) 

and C-SH.  However, unlike other heteroatoms (such as B, N, and P), S doping cannot 

induce polarity or charge transfer in C-S bond due to the similar electronegativity of S 

(2.58) and C atom (2.55). But at the same time, S doping into graphene induces a non-

uniform spin density due to mismatch of the outermost orbitals of C and S, which is thought 

to play a vital role in many catalytic applications of S-doped graphene such as in ORR.131, 

135 Besides, P and S, recently, other heteroatoms such as Se136, Si137 and Sb (antimony)138 

doped graphene are also reported for its catalytic applications but the properties of those 

heteroatom-doped graphene remains largely unexplored.139 

1.3.2. Synthesis of heteroatom-doped graphene/carbon. 

The synthetic approaches for heteroatom-doped graphene can be divided into two 

categories: post-treatment synthesis and direct synthesis (also known as in-situ or bottom-

up approach). Both approaches are summarized in Table 1.3.1. 

Post-treatment synthesis approach 

In this approach, heteroatom-doped graphene is synthesized by thermal heat 

treatment of graphene materials such as single or few-layer graphene/graphene 

oxide/reduced graphene oxide with a heteroatom source. This method is named as a post 
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treatment synthesis approach because the carbon source needs to be synthesized in the first 

step and then used for the synthesis of heteroatom-doped graphene. It is reported that the 

presence of defects and oxygen functionality in the carbon source is playing a major role 

in doping of the heteroatom into graphene. As a result, the heteroatom doping content is 

low if the graphene or graphite, which have fewer defects and oxygen functionalities, is 

used as a carbon source.30 Apart from graphene, graphene oxide is the most widely used 

precursor of carbon due to the presence of abundant oxygen functionalities and defects 

which help in the heteroatom doping in an efficient way. The control of doping level and 

doping configuration of heteroatom dopant in the graphene plane can be controled by 

varying different precursors, thermal annealing temperature and time, and the mass ratio 

of graphene oxide with heteroatom precursor.30 For example, it is reported that by heating 

GO with melamine, ~10 atomic % N can be doped in N-doped graphene.140 But by using 

ammonia as a N precursor, N-doping content is decreased to 5 atomic %.141 For sulfur 

doped graphene synthesis, a mixture of graphene oxide and benzyl disulfide (BDS) is 

thermally annealed at high temperature under argon environment.131 The thermal annealing 

not only helps in heteroatom doping into graphene structure but also helps in reducing the 

graphene oxide (due to the high annealing temperature ~ 700 to 1000 °C) to restore the 

intrinsic properties of graphene partially in the heteroatom-doped graphene. Other than 

thermal annealing, plasma treatment has also been used to synthesize heteroatom-doped 

graphene such as N-doped graphene by treating GO/graphene with nitrogen plasma or NH3 

plasma. In this approach, even by using graphene as a carbon source, it results in high 

atomic heteroatom doping (such as 8.5 atomic % N142) because plasma treatment not only 

helps into N doping but also create the defects and oxygen functionalities into graphene.143 
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Recently, the use of strong reducing agents such as N2H4 has been used as a doping agent 

for the synthesis of N-doped graphene at relatively low temperature (80 to 160 °C).144 The 

post treatment approach often results into agglomeration or restacking of graphene sheets 

and thus decreases the specific surface area of the resultant heteroatom-doped graphene 

due to the reduction of graphene sheet at high temperature.145 This problem can be solved 

by using holey GO as the starting graphene source in heteroatom-doped graphene due to 

its unique advantages as described in holey graphene section. 

Direct Synthesis Approach 

The direct synthesis approach is a type of bottom-up approach where small 

molecules of carbon source and heteroatom source are mixed and heated together at high 

temperature by different heating approaches such as chemical vapor deposition (CVD), 

solvothermal approach, arc discharge approach and microwave approach. In CVD 

approach, a carbon and heteroatom precursor (usually gas form) are heated at high 

temperature in the presence of a metal substrate, typically Cu or Ni146, 147 in the inert 

environment. The CVD method usually results in single or few layer of heteroatom-doped 

graphene. Moreover, in CVD approach, the heteroatom doping level can be adjusted by 

controlling the flow rate of heteroatom precursor gas or pre-set ratio of carbon and 

heteroatom source. While the doping configuration of heteroatom can be controlled by 

varying the growth temperature and/or by changing the carbon/heteroatom source and/or 

even by selecting appropriate metal substrate.30 For example, It has been reported that by 

heating the CH4/NH3 (1:1) precursor on Cu substrate yields N-doped graphene with mainly 

graphitic N doping type, while on  Ni substrate, pyridinic and pyrrolic type of N doping 

become prominent.147 At the same time it is also reported that by changing the C source to 
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C2H4 while keeping Cu as the catalyst, pyridinic-N becomes more prominent.148 Even 

though, this CVD approach mostly results in high quality of graphene, the complex 

operational procedure, the requirement of an inert environment, use of toxic chemicals 

along with high energy demand makes this approach non-scalable, time-consuming and 

costly, and hence makes this approach not suitable to synthesize cheap carbon-based 

catalysts for catalytic applications. Other than CVD approach, segregation growth 

approach and Arc discharge approach are also reported but face similar problems as CVD 

approach. Recently, gram scale synthesis of heteroatom-doped graphene is reported by the 

solvothermal approach. For example, N-doped graphene can be synthesized by heating a 

mixture of lithium nitride with tetrachloromethane at 300 °C.149 However, it is still in 

development phase and also requires relatively high temperature and pressure for synthesis, 

which raises concern for safety and cost of the catalyst. To solve the above problems, 

recently, heating the biomass molecules (such as glucose, fructose, alginate and tannic 

acid) with a heteroatom source by thermal annealing are reported.150-152 These methods 

result in the fabrication of heteroatom-doped porous graphene-like carbon materials. These 

materials are catalytically active due to the presence of graphene-like domains along with 

heteroatom doping. In addition, the porous structure of this heteroatom-doped carbon 

material can provide a larger surface area, easy access to the active sites and better mass 

transport for catalytic applications. Even though these porous heteroatom-doped carbon 

materials are synthesized from cheap biomass, it still requires very long synthesis time 

(hours), inert environment and high temperature to afford stable materials with the desired 

performance. This phenomenon deviates from the original concept of energy saving and 

sustainability. To avoid the problems mentioned above, recently, the use of microwave 
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(MW) heating instead of traditional annealing is reported to synthesize heteroatom-doped 

porous carbon materials rapidly. However, in these reported approaches, either pre-heating 

of the reaction mixture (carbon source and heteroatom source) by thermal treatment or 

addition of MW absorbing materials (such as mineral oxides or polyphosphoric acid) is 

required because of weak MW absorbing capacity of the biomass molecules.153-155 

However, these microwave-absorbing materials may introduce unintentional 

contaminations to the obtained carbon materials, which is not desirable for catalytic 

applications in organic synthesis. Therefore, choosing the right microwave-adsorbing 

biomass material is important to avoid this problem. 

In chapter-4, an incredibly simple and rapid (40 seconds) microwave-assisted 

carbonization approach is reported to directly synthesize gram quantities of P-doped 

graphitic porous carbon materials from the anti-nutrient compound, phytic acid. Phytic acid 

strongly absorbs microwave energy and hence the as-purchased phytic acid solution can 

be directly used for the fabrication of P-doped graphitic carbon product (PGc) with 

microwave energy without the requirement of preheating, drying treatment and without 

adding additional microwave absorber. Moreover, by just changing the microwave 

irradiation time, PGc with different P bond configurations were fabricated, as determined 

by combined FTIR and X-ray photoelectron spectroscopy (XPS). Using microwave 

heating instead of traditional heating ensures that this approach is both sustainable and 

energy efficient. Furthermore, the fabrication can be performed under ambient conditions 

without the requirements of an inert environment, which makes this approach, even more, 

cost efficient and convenient. 
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In chapter-5, we have demonstrated that the above microwave-assisted 

carbonization approach can be extended to fabricate co-doped carbon catalysts such as P-

N, P-S, P-Si, and P-B co-doped carbon materials, by simply adding a suitable dopant 

precursor into phytic acid solution prior to microwave irradiation. In addition to that we 

have also demonstrated that by changing the carbon resource to inositol (a biomass 

compound similar to phytic acid but without the phosphate arms), and using H2SO4 as a 

microwave absorber and dehydrating agent, carbon materials without doping or sole 

doping with one type of heteroatom were successfully fabricated. 

Table 1.3.1. Summary of synthetic approaches for heteroatom doping into graphene 
/carbon matrix. 

No

. 

Carbon 

Source 

Heteroatom 

Source 

Synthetic 

Method 

Experimenta

l condition 

Atomic % 

doping 

Post treatment synthesis approaches 

1 

GO131, 140, 156-

159 

rGO160, 161 

Graphite162 

BCl3
160, NH3

156, 

157, 159, 160, 
melamine140, 
H2S159, ionic 

liquid 158, 162,N2 
plasma161, 

benzyl 
disulfide131 

Thermal 
Annealing 

(550 - 
1100 °C, 0.5 
to 2 h)131, 156-

160, 

(15V, 3Hrs, 
400°C, 
4Hrs)162 

N: 2.4 - 
10%140, 156, 

159-161 

P: 1.16%158 

S: 0.5–
1.7%131, 159 

2 GO112, 163-165 

Cyanamide163, 
B2O3

163 

NH4OH112, 165 

Pyroll164 

Microwave 
heating 

1h 
microwave + 

900°C, 
30min163 

120°C, 5 to 
30 min112 

800W, 1 to 8 
min165 

N: 1.7 – 
10.5% 112, 163-

165 

B: 3.9%163 
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150Watt, 2 -
10 min164 

3 

graphene166 

CCl4149 

GO167-169 

BBr3+K166 

Lithium 
nitride149 

Hydrazine167, 
Urea168, 

NH4SCN169 

Wet 
Chemical 
method 

150–210 °C, 
10–30 min166, 

350°C, 6 
Hrs149, 

50°C, 24 h 
167, 

180 °C for 12 
h168, 

180°C, 10 
h169 

N: 4 to 
10%149, 168, 169 

B: 1.02%166 

S: 4 -
18wt%169 

4 graphite170-172 

N2
170 

sulfur171 

B2H6
172 

pyridine172 

Ball 
Milling170, 

171 

Arc 
discharge172 

500rpm 
48Hrs170, 171 

 

N: ~13%170, 
0.6-1.4%172 

S: ~7.4% 171 

B: 1.2 -
3.1%172 

Bottom up/in situ treatment/direct synthesis approaches 

5 

CH4
146, 173, 

polystyrene174, 
phenylboronic 

acid175, 
hexane176, 

pyrimidine 177, 
thiophene177 

ethylene148 

H3NBH3
173, 

NH3
146, 148, 

Urea174, Boric 
acid174 

phenylboronic 
acid175 

sulfur176 

pyrimidine177 

thiophene177 

CVD 

700 –
1100 °C,  10 -
40 min 146, 148, 

173-176 

N: 0.9 - 
5%174, 

4 -10%146, 177 

B: 0.7- 
4.3%174 

S: 0.6 - 
3.2%176, 177 

6 
Dicyandiamide

178, 179 
Dicyandiamide1

78 
Thermal 

Annealing 

800 - 900°C 
for 2 to 6 h150-

152, 178, 179 

N: 3.6 - 9.1% 
178, 179 
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Alginate150 

Fruit 
stone/styrene 

based 
copolymer151 

resourcinol152 

Boric acid 152, 

178 

Phosphoric 
acid150-152, 178, 179 

B: 0.2 - 
4.3%152, 178 

P: 0.6 - 
2.8%152, 178, 

179 

7 

Tannin153, 154 

Phytic acid180, 

181 

Inositol36 

Melamine + 
polyphosphoric 

acid153 

Silicone + 
polyphosphoric 

acid154 

Phytic acid180, 

181, sulfur36, 
boric acid36, 
NH4OH36 

Microwave 
heating 

1250Watt, 
30min153, 154 

1100Watt, 40 
to 150s180, 181 

N: 2 - 
8.3%15336 

P: 3 - 
6.6%153, 154, 

180, 181 

Si: 8.8%3536 

B: 8.3%36 

S: 2.6 - 6%36 

 

1.3.3. Catalytic applications of heteroatom-doped graphene/carbon material. 

Catalysts play an imperative role in our life by accelerating the reactions to satisfy 

essentials such as in pharmaceutical chemicals, fuel, oil refineries, energy storage, batteries 

and much more.182-185 But most of the catalysts are based on precious rare earth metals such 

as Pd, Pt, Au, etc. These precious metals are not only expensive but are also toxic to human 

health and environment and require additional cost to handle, destroy or to dispose of 

them.145, 183, 186 These drawbacks suggest an urgent need for metal-free catalysts which are 

cheap, environmentally friendly, sustainable and highly efficient in catalytic performance. 

Out of all other carbon allotropes, graphene possesses many unique properties which are 

suitable for an ideal metal-free catalyst. For example, graphene has a very high theoretical 

surface area (2630 m2/g) which is double that of single walled carbon nanotubes and much 
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greater than carbon black and activated carbon.145 Moreover, graphene also has a highly 

conjugated structure which can promote the unique substrate-substrate interaction during 

catalytic reactions. Another reason is that the structure of graphene and its electronic 

properties can be easily tuned based on their specific applications. Moreover, unlike carbon 

nanotubes, graphene-based materials have evitable metal impurities and so graphene 

purely catalyzes catalytic performance rather than metal contaminants.145 In addition to 

that, the superior electronic and thermal conductivity can facilitate the heat and electron 

transfer easily on its surface during the catalytic reaction. Last but not least, the strong 

mechanical properties, thermal and chemical stability ensure its long lifetime in catalytic 

fields. Since the last decade, graphene or chemically modified graphene have shown 

promising catalytic performance in the different catalytic applications, which includes 

energy-related devices such as fuel cells147, 183, 187-189, solar cells190, water splitting150, 

organic synthesis186, photochemical reactions191, electrochemical sensors142, 143, 190, 192-194 

and environmental protections. Herein we will mainly focus on catalytic applications in 

fuel cell and organic synthesis. 

1.3.3.1. Carbon-based Catalysts in Fuel Cells. 

A fuel cell is a type of electrochemical energy conversion device that generates the 

clean energy by converting the chemical energy from the fuel, where fuel is oxidized at the 

anode, and simultaneously oxygen is being reduced at the cathode to generate electricity.195 

In the typical fuel cells, hydrogen or methanol, is used as a fuel source and oxygen as an 

oxidant. At the anode, a catalyst oxidizes the fuel (usually hydrogen or methanol) to a 

positively charged proton/ CO2 (if methanol is used as a fuel source) and negatively 

charged electron. The proton ion moves to the cathode through electrolyte where it reacts 
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with oxygen to reduce it to water. The equations for hydrogen/oxygen type fuel cells are 

written as follow. 

2H2→ 4H+ + 4e-          -------------- At anode 

O2+ 4e- → 2OH-          -------------- At cathode 

2H2+ O2→ 2H2O         -------------- Overall reaction 

Out of both reactions, oxygen reduction reaction (ORR) (E0 = 1.23 V) is more 

energy extensive than hydrogen oxidation reaction (E0 = 0.00 V), and expensive Pt-based 

catalysts usually catalyze these reactions. However, commercialization of Pt catalyst in 

fuel cells are limited due to its limited reserves, high cost, agglomerations, instability in 

the presence of methanol or CO and time-dependent drift.196 To promote the large-scale 

commercialization of fuel cells in our daily life, the precious metal based catalyst should 

be replaced with other cheap and sustainable nonmetal based catalysts. Recent studies have 

proven that the heteroatoms (N, B, S, P or Se) doped carbon catalysts shows excellent 

electrocatalytic performance for ORR and become a potential candidate for replacing Pt-

based catalysts.32 Due to low cost, excellent durability and environment friendliness of 

heteroatom-doped carbon catalysts, they are considered as a great candidate for 

replacement of Pt-based catalysts.  
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Figure 1.3.2. Schematics of Fuel cell design. 

The ORR can occur via two different pathways. One involves four-electron 

pathway where oxygen is reduced to water or OH- depending on the acidic or basic 

environments. Another pathway involves two-electron pathway where oxygen is first 

partially reduced to H2O2 or OOH- depending on the acidic or basic environments. For fuel 

cell applications, the four-electron pathway is more preferred to avoid any safety issue and 

toxic effects of peroxides. It is reported that pristine graphene catalyzes the oxygen 

reduction reaction by the two-electron pathway, while by inserting the heteroatoms into 

graphene, it follows the direct four-electron pathway. Mostly, all types of heteroatoms (B, 

N, P, S, etc.) doped carbon catalysts are capable of catalyzing ORR in the fuel cell with 

similar or slightly better catalytic performance than Pt-based catalysts.32, 147, 197, 198 
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However, the ORR performance of heteroatom-doped carbon primarily depends on the 

type of dopant configuration while the mechanism of ORR in different heteroatom-doped 

carbon depends on the unique electronic properties of heteroatoms dopant configuration.198 

For example, some research groups reported that the better ORR performance in N-doped 

graphene is mainly attributed to the pyridinic-N, which introduces the high positive spin 

density and asymmetric atomic charge density into graphene,140, 157, 187, 189, 199 Whereas 

others found that graphitic-N plays a crucial role in ORR 4e- pathway by decreasing the 

energy cost at the intermediate steps of ORR. In the latter case, the carbon atom adjacent 

to the graphitic-N is considered to act as a catalytic active center.197, 200-202 In short, the 

mechanism of ORR on these N-doped carbon catalysts is not clearly understood and still 

in debate.198 In the case of B-doped graphene, B plays crucial role in adsorption of O2 and 

OOH- either due to  its strong electron withdrawing property or due to the formation of 

partial positive charge (because of smaller electronegativity of B than C).172, 203 Other than 

N and B, P and S-doped carbon catalysts have also been studied for ORR. However, there 

are few results reported. This may be because of the difficulty in doping of P and S due to 

their relatively large atomic size compared to C atom.198 In S-doped graphene, S can be 

doped in two forms- reduced S (or sulfide S) and oxidized S. Both types of doped S can 

catalyze ORR by introducing the electronic spin density in graphene matrix due to 

mismatch of the outer shell of S and C atoms.32, 145, 188 P-doped graphene is also able to 

catalyze the ORR by introducing the larger band gap energy into graphene.20 Other than 

the type of the heteroatom dopant, the amount of heteroatom doping is also playing an 

important role. For example, one study suggests that N-doped graphene with 16 atomic % 
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of N doping shows poorer ORR activity than the one having 2 atomic % of N doping. This 

is may be due to high affinity of oxygen to N which may poison the ORR active center.204 

Other than individual heteroatom-doped graphene, co-doping of different 

heteroatoms together in the graphene/carbon matrix is also reported to create special 

synergistic effects from multiple heteroatom doping. For example, theoretical and 

experimental results show that by co-doping B and N into graphene matrix, whose 

electronegativity is lower and higher than C atom, respectively, can result in enhanced 

ORR catalytic performance.205 similar to that, S, N-codoped graphene and P, N-codoped 

graphene also shows improved ORR catalytic performance due to a synergistic effect by 

the enhancement of spin density attained by multiple heteroatom co-doping.177, 206 

However, the detailed mechanistic study about the co-doping effect is in the primary stage 

and needs extensive experiments to understand the effect of co-dopant in graphene. 

1.3.3.2. Carbon-based catalysts in organic synthesis. 

In the past few years, the carbon-based material has also attracted growing interest 

in the organic synthesis of valuable chemicals due to their several advantages over the 

traditional transition/noble metal based catalysts.207 For example, carbon-based catalysts 

are sustainable, cheap, and can be synthesized from biomass material. In addition to that, 

the existence of giant π structures and feasibility of tuning the physicochemical and 

electronic properties of carbon materials gives the advantage to promote the interaction of 

various organic reactant on the surface of carbon materials.  

A majority of the research has been focused on graphene oxide (GO), possibly due 

to its easy availability and large scale synthesis.208-210 GO is the oxidized form of graphene 

sheet which can be synthesized in large scale by exfoliation of graphite in the presence of 
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strong oxidant in acidic media.211 GO contains a high density of oxygen functionalities 

such as epoxide, hydroxyl, ketones and carboxylic groups on its surface, which makes GO 

easy to disperse in many aqueous and organic solvents.207 The first example of a carbon-

based material for metal-free catalyst in organic synthesis was reported by Bielawski and 

coworkers, where they reported that GO can catalyze the oxidation of alcohols and the 

hydration of various alkynes under a relatively mild condition with high selectivity to 

aldehydes/ketones.212 In addition to that, Bielawski and coworkers have further explored 

the catalytic role of GO for different organic reactions such as oxidation of sulfides and 

thiols,213 C–H oxidation214 and Claisen–Schmidt condensation215. After these great results, 

other researchers have also explored the applications of GO catalyst in the various organic 

synthesis such as photocatalytic oxidative C–H functionalization of tertiary amines to 

generate imines216, oxidation coupling of amines to imines114, 217, aerobic oxidation of 

SO2
218, ring opening of epoxides219, acetalization of aldehydes220, aza-Michael addition of 

amines to activated alkenes221, Friedel–Crafts addition of indoles to α, β-unsaturated 

ketones222, Friedel–Crafts alkylation of arenes with styrenes and alcohols223  and oxidative 

dehydrogenation of propane224 and isobutane225. In addition, GO modified with other 

functional groups can further extend its catalytic application in organic synthesis. For 

example, GO modified with abundant carboxylic groups can mimic the catalytic activity 

similar to that of natural horseradish peroxidase.58 

 In all the above applications, the role of the oxygen containing functionalities is 

proved to be crucial in catalytic applications.207 Some of these functionalities such as 

hydroxyl and epoxide are not stable at high temperature and so during many catalytic 

reactions, GO would undergo partial reduction during the catalytic conversion.32 And at 
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the same time the catalytic activity of GO is also decreased during the recycling/reuse of 

GO catalyst in catalytic reactions due to loss of oxygen functionalities, which were playing 

an important catalytic role in GO.32, 226, 227 So the biggest problem in GO-based catalyst is 

its stability and reusability.207 

Due to interesting catalytic applications of GO in the organic reactions, recently, 

other carbon materials such as N-doped and/or co-doped with other heteroatoms (B, S) 

carbon materials have also been explored for their catalytic ability in organic syntheses 

such as for C-H activation186, 228 and aerobic alcohol oxidation229-231, epoxidation of trans-

stilbene and styrene186, 232, reduction of nitro compounds such as nitrophenols233 and 

nitrotoluene234. Among three types of nitrogen species doped into the graphene lattice, 

pyridinic-N, pyrrolic-N, and graphitic-N, the graphitic sp2 N species were reported to be 

important for the observed catalytic performance in oxidation reactions,228, 230 while 

pyridinic-N was found to be playing a crucial role in catalyzing reduction reaction such as 

reduction of nitro compounds.194, 234 However, it was also reported that due to the planar 

structure of graphitic sp2 N, it brings difficulties in overcoming substrate steric hindrance 

effects and leads to the problem in oxidizing secondary benzylic alcohol.139, 229 Compared 

to GO-based catalysts, the use of heteroatom-doped carbon catalysts in organic reactions 

are in a very early stage.207 Especially, the potential of other heteroatom-doped carbon such 

as P and S-doped or codoped carbon catalysts are still yet to be explored in the field of 

organic reaction catalysis. 

In chapter- 4, for the first time, we have demonstrated that the P-doped carbon 

materials can be used as a selective metal-free catalyst for aerobic oxidation reactions. The 

work function of P-doped carbon materials, its connectivity to the P bond configuration, 
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and the correlation with its catalytic efficiency are studied and established. In direct 

contrast to N-doped graphene, the P-doped carbon materials with higher work function 

show high activity in catalytic aerobic oxidation. The selectivity trend for the electron 

donating and withdrawing properties of the functional groups attached to the aromatic ring 

of benzyl alcohols is also different from other metal-free carbon-based catalysts. A unique 

catalytic mechanism is demonstrated, which differs from both GO and N-doped graphene 

obtained by high-temperature nitrification. The unique and unexpected catalytic pathway 

endows that P-doped carbon materials exhibit not only good catalytic efficiency but also 

recyclability. This, combined with a rapid, energy saving approach that permits fabrication 

on a large scale, suggests that the P-doped porous materials are promising materials for 

“green catalysis” due to their higher theoretical surface area, sustainability, environmental 

friendliness and low cost. This work has been published in ACS Nano journal (ACS 

Nano 2016 10 (2), 2305-2315) title as “P-Doped Porous Carbon as Metal Free Catalysts 

for Selective Aerobic Oxidation with an Unexpected Mechanism”. 

In chapter-5, the electrocatalytic performance of P-doped carbon material in 

oxygen reduction reaction (ORR) was carefully studied. The correlation between their 

ORR performance, aerobic catalytic performance, and the P bond configuration in their 

carbon matrix was revealed. It was found that the PGc catalyst with prominent P-C 

bonding, which exhibits inferior aerobic oxidation, is more facile to kinetically catalyze 

the ORR via a four-electron pathway. Whereas, the PGc with P-O bonding exhibits the 

reverse phenomenon (two-electron pathway in ORR and superior aerobic catalytic 

oxidation). Besides, we have also analyzed the ORR characteristic of the co-doped 
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catalysts (PN-, PB-, PS-, and PSi-co-doped) and found that N co-doped with P is the most 

beneficial for ORR catalysis toward 4e- pathway among all co-doped carbon catalysts. 

In chapter-6, we have further explored and compared the catalytic activity of the 

P co-doped catalysts (such as PN-, PB-, PS-, and PSi-co-doped), as synthesized in chapter-

5, for selective oxidation of benzylic alcohols to corresponding aldehydes/ketone. Herein, 

we found that a P and S co-doped carbon catalyst shows the better catalyst performance 

compared to other single heteroatom-doped (S-Gc and P-Gc) and co-doped carbon 

catalysts (PB-Gc and PN-Gc) for benzylic alcohol oxidations. Moreover, similar to PGc, 

the PS-Gc catalyst can also selectively oxidize a variety of primary and secondary benzylic 

alcohols to corresponding aldehydes/ketone without the steric hindrance. The calculated 

activation energy for benzyl alcohol oxidation is 32 kJ/mol for the PS-Gc, which is much 

lower than P doped, N-doped carbon catalyst as well as Ru metal based catalysts. From the 

various control experiments and the detailed characterization of fresh and used PS-Gc 

catalysts we have concluded that 1) PS-Gc catalyst probably contains two distinct type of 

catalyst centers, dominated by individual doping of P and S. 2) S-doped active site requires 

oxygen activation as the first step of oxidation, which is different than P-doped carbon. 3) 

S is mainly doped as an exocyclic sulfur (C-S-C) and plays a major role in activating the 

oxygen molecule as well as selectively oxidizing the benzylic alcohols. 
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1.4. Microwave Chemistry. 

 

Figure 1.4.1.  Electric and magnetic field of Microwave.235 

Microwave irradiations are very energy efficient and a green heating source, which 

has already shown its potential usefulness in many synthetic applications such as in the 

synthesis of many organic molecules236 , polymers237, nanoparticles or nanomaterials 238-

241 along with food processing242, 243 applications. Microwaves are electromagnetic waves 

with a wavelength of 0.01m to 1m and frequency of 300MHz to 300GHz, which lies 

between the infrared and radio frequency.244 The microwave radiation is made up of two 

components, electric and magnetic field component. The mechanism of microwave 

assisted reactions is not entirely understood. But during the microwave heating, molecules 

in solid or liquid phase absorbs the microwave radiations and transform the 

electromagnetic portion of microwave energy into heat. The energy of the microwave 

radiation can be transferred to molecules via two mechanisms: 1) dipole rotation and/or 2) 

ionic conduction.235 The dipole rotation mechanism applies to polar molecules/reactant, 

who tries to rearrange in the direction of alternating electric field at very high speed during 
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the microwave heating and create the internal friction between the molecules, which results 

in localized heat generation.245 So the magnitude of heating strongly depends on the 

dielectric properties of the molecules/reactant and its ability to align with the electric field. 

The ionic conduction mechanism plays an important role when there are free ions or ionic 

species present in the substance. In this mechanism, the oscillatory migration of ions in the 

material/substance occurs under the rapidly changing electric field of microwave radiation. 

This phenomenon results in increased collision rate of ions and converts the kinetic energy 

of ions into heat.245 This mechanism results in much stronger heating (also called super-

heating) than that of the dipolar mechanism. Moreover, the ionic conductance depends on 

the temperature, and hence the energy transfer from microwave to a substance becomes 

stronger with higher temperature.235 From both mechanisms of heating, it can be concluded 

that the electric component of the electromagnetic field is playing an important role in 

wave- material interaction.  

 

Figure 1.4.2. The electromagnetic spectrum of Microwave.235 

This rapid and unique local superheating effect generated by microwave heating 

differs from the traditional or conventional heating methods.246, 247 In conventional heating, 



39 
 

 

such as refluxing or oil bath heating, the energy has to pass through the wall of the vessel 

and then to the solvent to reach the reactant. Due to this energy flow direction the 

temperature of a vessel is higher than the reaction mixture until it reaches the thermal 

equilibrium and makes the heating process slow and inefficient. While in the case of 

microwave heating, the microwave irradiation can directly interact with the 

molecules/reactant and produce rapid and uniform heating without the interference of 

reaction vessel or solvent (microwave transparent). Moreover, It should also be noted that 

the energy of microwave irradiation is ~37 cal/mole, which is just enough for molecular 

rotation but much lower than the typical energy required to break any molecular bonds (~ 

80,000 to 120,000 cal/mole),248 so it does not affect the chemical structure of the molecule. 

Due to these quick energy transfer properties of microwave heating, it not only results in 

the rapid rise of the local reaction temperature but also enhances the reaction rate 

significantly. Microwave heating method can also be useful in solid phase reactions 

because of its superior penetration power and selective heating at adsorption site without 

the need for any mechanical agitation and energy loss.236, 238 In addition to that, it is also 

possible to selectively heat one material over another due to the different microwave wave-

adsorption ability of different materials. 

Even though the microwave radiation covers a broad spectrum of frequency 

(300MHz to 300GHz), a microwave oven uses only specific frequency as defined by ISM 

(industrial, scientific, medical) bands to avoid the high cost and its interference with other 

vital radio services. For example, the domestic microwave owns a frequency of 2.45 GHz 

(a wavelength of 12.25 cm), while the industrial microwave usually owns frequencies of 

915 MHz and 2.45 GHz.9   
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In summary, microwave assisted heating methods have several advantages such as 

quick and time efficient, simple experimental setup, cost-effective and controllable 

/selective heating of molecules and unique reaction rate enhancement. 246, 247 Due to the 

above advantages, microwave heating, has rapidly grown as one of the important heating 

sources in the field of materials science.249, 250 
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Chapter 2. Direct Production of Graphene Nanosheets for Near 

Infrared Photoacoustic Imaging 

2.1. Introduction 

Recently, there has been a surge of interest in nanosized graphene sheets due to 

their unique size effects,1-4 edge effects,5-7 and even quantum confinement effects,8 in 

addition to the intrinsic exotic properties of graphene. Several strategies have been 

developed to fabricate nanosized graphene sheets.8-10 Most of them rely on chemical 

oxidation via Hummers’ method or other modified Hummers’ methods, which always 

involve the oxidization of graphite powder to produce heavily oxidized graphene sheets 

termed graphene oxide (GO).11 The oxidation reaction is a lengthy process (from hours to 

several days) and the aggressive chemistry also leads to uncontrollable cutting/unzipping 

of graphene sheets into small pieces of different sizes and shapes with extensive defects.12, 

13 

To reach predefined nanometer-sized GO sheets, extended oxidation and 

sonication14 or other oxidative cutting reactions are required.10, 15 Alternatively, nanosized 

GO sheets can be synthesized using starting materials which are already small such as 

graphite nanofibers or carbon fibers.16, 17 In GO, most of the exotic properties of graphene 

have vanished due to the high density of oxygen containing groups that heavily distort and 

break up the -conjugated structure. Various approaches to reduce GO including chemical, 

electrochemical, and hydrothermal methods have been explored with only a fraction of the 

graphene properties recovered.4, 8, 9, 18-20 No strategy has been reported to directly fabricate 

graphene nanosheets (instead of GO nanosheets) in a one-pot reaction. Theoretical studies 



57 
 

 

of graphite oxidation have demonstrated that the activation barrier to initiate the oxidation 

of pristine graphene is much greater than the energy requirement for additional oxidation 

at those defect sites.21 It is the latter oxidation process is responsible for cutting graphene 

sheets into small pieces.1, 22, 23 Therefore, from a thermodynamic point of view, it is a 

daunting challenge to directly produce graphene nanosheets (instead of graphene oxide) 

with their  conjugated structures and properties of graphene largely retained in a one-pot 

oxidation reaction.23 

Microwave chemistry, due to the different heating mechanism compared to 

traditional convection heating, has been well known for high speed synthesis, shortening 

reaction times from days to minutes, even to seconds.24 Even though the observed rate 

enhancements have been ascribed to purely thermal/kinetic effects, i.e. a consequence of 

the high reaction temperatures that can be attained so rapidly, these unique effects can also 

lead to reaction selectivity to enable fabrication of desired products.25 Herein we report an 

unexpected discovery that monodispersed graphene nanosheets can be directly and rapidly 

(30s) fabricated via microwave assisted nitronium oxidation chemistry. The graphene 

nanosheets as-fabricated have strong NIR absorption and high efficiency in the generation 

of photoacoustic signals without the need of any post-reduction processes. Furthermore, 

from previous experimental reports on the oxidation of carbon nanotubes (CNTs)1, 22, 23 and 

recent theoretical studies on the mechanism of graphene unzipping/cutting,13, 26 it can be 

concluded that KMnO4 in Hummer’s method plays a major role in the experimentally 

observed cutting/unzipping. We reveal that KMnO4 may also protect the already oxidized 

sites from gasification (CO2 and/or CO) and hole generation, and thereby slowing down 

the subsequent global fracture of graphene sheets into nanosized pieces. At the same time, 



58 
 

 

KMnO4 may also initiate its own oxidative cutting leading to highly oxidized graphene 

sheets with much larger lateral dimensions and straight edges compared to graphene 

nanosheets obtained via nitronium oxidation. Understanding the roles and molecular 

cutting mechanisms of these oxidants allows us to fabricate graphene sheets in a controlled 

fashion with different morphological and electronic structures to accommodate different 

applications. 

2.2. Results and Discussion 

 We recently developed a rapid, microwave enabled, scalable approach to 

produce large, highly-conductive graphene sheets directly from graphite powder.27 We 

intentionally excluded KMnO4 (as is used in Hummer’s methods) with the aim of avoiding 

cutting and exploited the advantage of aromatic oxidation by nitronium ions (NO2
+) 

combined with microwave heating. This unique combination promotes rapid and 

simultaneous oxidation of multiple non-neighboring carbon atoms across an entire 

graphene sheet, so that a minimum concentration of oxygen moieties enables the separation 

and dispersion of relatively large graphene sheets (several tens of micrometers) into 

solutions without cutting them into small pieces.27 Due to the essential role of microwave 

heating during the production, we refer to these dispersed graphene sheets as microwave-

enabled low oxygen graphene (ME-LOGr). High resolution transmission electron 

microscopy shows that the ME-LOGr consists of many different crystalline-like domains, 

which are uniformly distributed across the entire ME-LOGr sheets.  
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Figure 2.1. Digital photographs of stable ME-LOGr solutions in water, N, N-
dimethylformamide (DMF), acetone, pyridine, and acetonitrile. 

In this work28, we discovered that high concentrations of graphene nanosheets can 

be rapidly obtained by simply increasing the NO2
+ concentration. In a typical experiment, 

graphite powder is mixed with concentrated nitric acid, sulfuric acid, and a small amount 

of water (volume ratio of HNO3:H2SO4:H2O of 1: 2.5: 0.07) and then subjected the solution 

to 30 seconds of microwave irradiation (300 watts). The reaction results in a dispersed 

slurry, which is significantly easier to clean and handle than the sticky paste obtained from 

Hummer’s method.11 Vacuum filtration was used to remove the acid residues and the 

possible byproducts. With the help of bath sonication (30 min), the cleaned cake on the 

filter paper can be re-dispersed in a wide range of polar solvents to form graphene colloidal 

solutions without the use of surfactants or stabilizers. The concentration of the nanosheets 

in water is 0.4 mg/ml, and is much higher in other organic solvents, such as N, N-

dimethylformamide (DMF), acetone, pyridine, and acetonitrile (Figure 2.1). These 

solutions are stable, showing no precipitation for several months. From atomic force 

microscopy (AFM) measurements (Figure 2.2A), the nanosheets have a lateral diameter 

of 10  4 nm and an average thickness of 0.75  0.23 nm (Figure 2.3). This result 

demonstrates that the microwave assisted oxidation reaction directly converted the large 

graphene sheets in graphite particles into graphene nanosheets with a thickness of one or 

water DMF Acetone Pyridine Acetonitrile
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two layers, which is in stark contrast to previous approaches that require a separate step for 

cutting the GO sheets to the nanometer scale.14, 15 

 
Figure 2.2. (A) AFM images of ME-LOGr nanosheets, (B) UV-Vis-NIR spectra of ME-
LOGr nanosheets with  concentrations of 20 (pink), 10 (olive), 6.7 (blue), is 5 (red), and 
3.3 mg/L (black), respectively. Inset B, a digital picture of an aqueous suspension of ME-
LOGr nanosheets (left) and graphene oxide (GO) nanosheets (right) shows different colors, 
indicating they are in different oxidation states. The GO nanosheets were obtained via 
Control-A Experiment in which nitronium ions and KMnO4 both act as an oxidant. 

 

Figure 2.3. Statistical analysis of the AFM pictures of ME-LOGr nanosheets. 

The color of the nanosheet suspensions is grayish black, similar to the suspensions 

of the larger ME-LOGr sheets,27 which qualitatively suggests that we have directly 

obtained graphene nanosheets with small amounts of oxygen-containing groups instead of 
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heavily oxidized GO nanosheets (Figure 2.2B, inset). The plasmon band in the UV region 

(Figure 2.2B) is centered at ~262 nm, slightly blue-shifted compared to the larger ME-

LOGr sheets (267 nm), but still much higher than GO (~230 nm).29 Additionally, unlike 

GO, the UV-Vis-NIR spectrum of the solution of graphene nanosheets displayed strong 

while nearly wavelength independent absorption in the visible and NIR regions, which 

suggests that the -conjugation within the graphene sheets is largely retained.30-32 The 

molecular absorption coefficient of the nanosheets at 984 nm is 21.7 L/g.cm and at 808 nm 

is 22.7 L/g.cm, which is very close to that of reduced GO (rGO) nanosheets (24.6 L/g.cm 

at 808 nm) as reported by Dai et al.19 It should be noted that the molecular absorption 

coefficient of the rGO nanosheets was measured after they were PEGylated due to the 

insolubility of rGO in aqueous solutions. 

 

Figure 2.4.  An x-ray photoelectron spectrum (XPS) of ME-LOGr nanosheets. 

The chemical functionalities of the nanosheets were studied with X-ray 

photoelectron spectroscopy (XPS) (Figure 2.4). The nanosheets have a large amount of 

carbon that is not bound to oxygen (~80% of the total carbon), similar to the larger-sized 
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ME-LOGr sheets,27 and those of reduced GO sheets.33, 34 Due to the similar production 

procedures and oxidation levels of the larger-sized ME-LOGr sheets, we refer to these 

nanosheets as ME-LOGr nanosheets. With careful fitting, we found that the nanosheets 

contained more oxygen functional groups of higher oxidation levels, such as –COOH, than 

was observed in larger ME-LOGrsheets.27 This is consistent with the observation that –

COOH groups are normally located on the edges of the graphene sheets.35, 36 The 

nanosheets obviously contain a higher edge/center ratio when compared to larger ME-

LOGr sheets. 

Even though the ME-LOGr nanosheets contain a similar quantity of oxygen-free 

carbon compared to that reported for rGO,33-35 they may have different molecular 

structures, which leads to different physical chemical properties. As an example, most of 

the rGO sheets are not stable in aqueous solution without the help of surfactants or 

stabilizers. Furthermore, it was reported that GO and rGO nanosheets obtained via further 

oxidation and/or reduction of large GO sheets fabricated by Hummers method are highly 

luminescent, which has been attributed to special edge effects and/or the existence of small 

and isolated graphene domains.35, 37-40 In contrast, ME-LOGr nanosheets can form stable 

aqueous colloidal solutions without the necessity of surfactants and stabilizers (Figure 

2.1). They are not photo-luminescent, suggesting that either the intact graphene domains 

are much larger than those in GO or rGO nanosheets, or they possess different electronic 

structures at their edges.40 
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Figure 2.5. Raman spectra of ME-LOGr nanosheets (red) and GO nanosheets (blue). GO 
nanosheets were obtained via Control- A experiment where nitronium ions and KMnO4 
both act as an oxidant. 

Raman spectroscopy was utilized to estimate the intact graphene domain sizes in 

the ME-LOGr nanosheets. The typical features of G band, defect D band, and 2D band are 

shown in the Raman spectrum of ME-LOGr (Figure 2.5). The D to G band intensity ratio 

(ID/IG) is 0.65, which is slightly higher than that from larger ME-LOGr as we reported 

earlier,27 but much lower than GO (1.65). The reported ID/IG ratios for r-GO are similar to, 

or even higher than that for GO, which has been explained by the fact that chemical 

reduction preferentially generates a greater number of smaller crystalline domains rather 

than increasing the size of existing graphitic domains.41, 42 Using the empirical Tuinstra-

Koenig relation,43 we estimated that the size of the ordered crystallite graphitic domains 

was 6.7 nm, much larger than those in GO and rGO (1-3 nm). Therefore, although the 

apparent electronic structure and the graphitic carbon components of the ME-LOGr 
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nanosheets are similar to rGO, as demonstrated by their color, UV-Vis-NIR and XPS 

spectra, the ME-LOGr sheets have unique molecular structures that differ from both GO 

and r-GO.42, 44 

 It has been reported that the 2D band in GO is absent.34, 42 Additionally, the 

reduction of GO results in only a small increase in the 2D band intensity, presumably due 

to the defects in the graphitic structures.41 A decrease of the 2D band intensity has also 

been associated with the modification of pristine graphene through chemisorption45 and 

physisorption.46, 47 However, for ME-LOGr nanosheets, the intensity of the 2D band is 

similar to that of the G band. The small intensity ratio of D/G bands and the high intensity 

of 2D band are in contrast to the larger D/G band ratio and the absence of the 2D band in 

GO and rGO, indicating that the intrinsic structure and properties of graphene were largely 

retained in ME-LOGr nanosheets, and these nanosheets are clean without adsorbent-

induced surface modification.41 

All of these results collectively demonstrate that with microwave heating and 

nitronium oxidation of graphite particles directly leads to relatively “clean” graphene 

nanosheets instead of GO nanosheets as produced via Hummer’s method.11 The molecular 

mechanism for the experimentally observed graphite oxidation and the accompanied 

graphene sheet cutting via Hummer’s method remains elusive. From density functional 

calculations, it has been reported that graphene cutting is likely initiated by the formation 

of an epoxy group. The strain associated with epoxy group formation on graphene 

facilitates the generation of another epoxy group at its nearest neighbor, and finally leads 

to linearly aligned epoxy groups on the surface as the oxidation progresses.13, 26, 48 These 

aligned epoxy groups co-operatively strain the graphene sheets, which accounts for the GO 
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cutting. In Hummer’s method, both HNO3 and KMnO4 in concentrated H2SO4 act as 

oxidants via different mechanisms (NaNO3 converts to HNO3 under acidic conditions),11 

so it is not immediately clear which oxidant played a more important role in the observed 

graphene sheet cutting.  

Due to the chemical similarity of graphene and carbon nanotubes (CNTs), 

additional insight into the mechanism of oxidative cutting of graphene/GO sheets may also 

be derived from the extensive experimental studies of shortening and longitudinal 

unzipping of CNTs. Both KMnO4/H2SO4 and HNO3/H2SO4 have been used for oxidative 

cutting of CNTs. An important common feature for these two oxidation systems is that the 

initiation, which produces various oxygen containing groups, is the rate determining step. 

Further local oxidation of the oxidized carbon atoms and their near neighbors (the key 

procedure in cutting and unzipping) under the same reaction conditions is favored over 

oxidation on defect-free graphene regions in these two cases.23 Both methods produced 

highly oxidized products, indicating further oxidation of the defect-free graphene regions 

is still continuing during the cutting step.1, 22, 49 

While the oxidation processes that occur via nitronium ions (produced by the 

mixture of concentrated HNO3 and H2SO4) leads mainly to CNT shortening,22, 49 the 

oxidation by KMnO4 in anhydrous H2SO4 predominantly induces longitudinal unzipping 

of CNTs to produce graphene nanoribbons.1 It was reported that nitronium ions not only 

attack the existing defects on the graphene, but also randomly attack the relatively inert 

defect-free graphene basal planes, producing various oxygen containing groups,1 which is 

the first step in oxidative cutting. As the oxidation progresses, it can further etch these 

oxidized sites, leading to vacancies, holes and finally fracturing the CNTs into short 
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pieces.22, 49 The mechanism for the longitudinal unzipping has been explained by the 

oxidation being initiated with permanganate ions attacking predominantly existing defects 

in CNTs (such as alkenes) to form a cyclic manganate ester. With further oxidation, the 

esters can form dione structures, which distort the ,-alkenes making the neighboring 

sites more prone to further attacks. It is in this step-wise manner that the longitudinal 

unzipping of the tubes into ribbons occurs. Note that most of the GO sheets formed via 

Hummers methods have straight edges30 similar to the graphene ribbons obtained by 

longitudinal unzipping of CNTs via KMnO4/H2SO4. Combined with the theoretical studies 

described above,13, 26 it is easy to conclude that KMnO4 plays a major role in the observed 

cutting/unzipping in Hummers oxidation processes.  

As a control experiment (which is referred as Control-A), KMnO4 (5 times of the 

weight of graphite particles, the same ratio has been used to unzip CNTs1) was introduced 

to the reaction mixture with the same previously used volume ratio of H2SO4/HNO3/H2O 

(which we assume, to first order, will result in the same concentration of nitronium ions in 

solution). Applying the same microwave power and irradiation time, a highly oxidized 

product is obtained. Similar vacuum filtration procedures were performed to clean the 

residues of KMnO4, acids, and other reaction byproducts. The resulting filtrate cake 

appeared quite similar to GO prepared by traditional Hummers’ methods, and was sticky 

and time consuming to clean.50 When the cleaned filtrate cake was re-dispersed into water 

solution, the dispersed solution showed a brownish color (Figure 2.2B inset). The plasmon 

band of the control suspension in the UV region is centered at ~230 nm (Figure 2.6B), 

similar to that of GO prepared by Hummers’ method.51 The absorption in the visible and 

NIR region dramatically decreased. The mass absorption coefficient at 808 nm and 984 nm 
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decreased to 0.76 and 0.54 L/g.cm, respectively. Compared to the ME-LOGr nanosheets 

at the same wavelengths (22.7 and 21.78 L/g.cm, respectively), this represents more than 

30 and 40-fold decreases, suggesting that the addition of KMnO4 to the system caused 

extensive oxidation of the graphene sheets. The much larger D/G ratio (1.65) and the 

complete absence of the 2D band in the Raman spectrum shown in Figure 2.5 provided 

further evidence that the product was heavily oxidized.  

 
Figure 2.6. (A) AFM image of graphene oxide nanosheets obtained via Control-A 
experiment. Some of the nanometer gaps between nanosheets and nanoholes generated 
during the oxidation reaction were labeled with arrows and circles, respectively. (B) UV-
Vis-NIR spectra of the GO sheets at different concentrations of 133.3 (Wine), 66.7 (olive), 
53.3 (blue), 44.4 (red), and 33.3 mg/L (black), respectively. For better comparison, the pink 
curve (20mg/L of ME-LOGr nanosheets) in Figure 2.2B is also displayed in panel B with 
the same color.  Inset (B) shows the linear relationships between the absorption at 984 nm 
and the concentration of ME-LOGr nanosheets and GO.  The mass coefficient of the ME-
LOGr is 40 fold higher than that of GO.   

Surprisingly, the size of the control sheets is much larger than the ME-LOGr 

nanosheets obtained without KMnO4 present (Figure 2.6A). We observe a significant 

proportion of sheets in the range of 200 - 400 nm among smaller sheets of several tens of 

nanometers. Additionally, a large majority of the sheets have straight edges, quite similar 

to GO sheets obtained via Hummer’s method. For the first time, we observed some GO 
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sheets with straight edges separated with small gaps of only several nanometers (indicated 

by arrows in Figure 2.6A). These nanogaps provide strong evidence that molecular 

cutting/unzipping has occurred during the oxidation. Since these nanogaps are only 

observed when KMnO4 is present during the reaction, it is apparent that KMnO4 plays a 

major role in cutting and unzipping graphene sheets to small pieces, similar to those 

observed in Hummer’s method.13 

 

Figure 2.7. (A) UV-Vis-NIR spectrum of the nanosheets obtained via KMnO4 oxidation 
(Control-B experiment). The maximum plasmon peak is around 235 nm.  Inset (A) is a 
picture of the dispersed nanosheet solution. The brownish yellow color and the plasmon 
peak at 235 nm collectively demonstrated that the product is highly oxidized. (B) An AFM 
image of the nanosheets, majority of which have multiple layers.  

To further understand the role of KMnO4 as the sole oxidant, another control 

experiment (referred as Control-B) was conducted. In this experiment, NO2
+ was excluded 

and the same weight ratio (5:1) between KMnO4 and graphite particles in H2SO4 was used. 

Applying the same microwave power and irradiation time, Similar to the product obtained 

with both KMnO4 and NO2
+ (Control-A), the dispersed graphene sheets were highly 

oxidized in the reaction mixture, indicated by its yellowish-brownish color, and the 

maximum absorption at 235 nm in its UV-Vis spectrum (Figure 2.7A). However, the 
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concentration of the dispersed sheets is about 10 times lower than that achieved in Control 

A. Furthermore, a large majority of the dispersed sheets are multiple layered as observed 

by AFM measurements (Figure 2.7B). Most of the graphite particles were not exfoliated 

and they settled on the bottom of the vial, suggesting that the capability of KMnO4 in 

anhydrous H2SO4 to intercalate into and oxidize the inner parts of graphite is not as efficient 

as NO2
+ ions. 

The molecular mechanisms leading to these significantly different results need 

further study. We hypothesize that it is due to the different initiation oxidation capabilities 

and the following oxidization pathways of KMnO4 and NO2
+. Nitronium ions not only 

attack the existing defects on the graphene, but also randomly attack the relatively inert 

defect-free graphene basal planes.1 In the following oxidation step, NO2
+ continues to 

attack the already oxidized carbon atoms and carbon atoms far away from those already 

oxidized. An important consequence of these differences is that oxidation by NO2
+ can 

naturally produce intact graphene domains separated by regions of oxygen containing 

groups.27 With the increased speed of the second etching step, nanosheets with retained 

structures can be obtained. Alternatively, KMnO4 starts oxidation at existing defect sites 

and the following oxidation preferentially attack the neighboring carbons which are already 

oxidized. While the high temperature reached by microwave heating selectively speeds up 

the cutting/unzipping process, the unzipped sheets are still more oxidized.  
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Figure 2.8. (A) Raman spectra of different concentrations of nitronium ions produced with 
different ratios of concentrated HNO3, H2SO4, and H2O with ratios of (1) 1:1:0; (2) 1:42:7 ; 
(3) 1:2.5:0.07; (4) 1:17.5:1.5 and (5) 1:4:0, respectively. (B) Digital pictures of filtrates 
obtained after graphite particles were oxidized in microwave with different ratios of 
HNO3:H2SO4:H2O of (1) to (5), and therefore different concentrations of nitronium ions. 
5-K was obtained with the same ratio as (5), except that KMnO4 was included. (C and D) 
AFM images of porous graphene sheets dispersed with magnetic stirring instead of 
sonication to avoid sonication-induced tearing. The graphene sheets in panels C, and D 
were obtained with ratio (3) and (4), respectively. 
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Figure 2.9. Raman spectra of the mixture of concentrated H2SO4 and HNO3 and H2O with 
different volume ratios of concentrated HNO3, H2SO4, and H2O with ratios of (1) 1:1:0; (2) 
1:42:7 ; (3) 1:2.5:0.07; (4) 1:17.5:1.5 and (5) 1:4:0, respectively. The concentration of the 
generated nitronium ions by the acid mixtures increases as the ratio of H2SO4, HNO3, and 
H2O changes.52 Peak assignments are labeled on the spectra and listed in the following 
Table 2.1.  

Table 2.1. An assigned name and position of the peaks from the above Raman spectra of 
the mixture of concentrated H2SO4 and HNO3 and H2O. 

Peak name 
Approximate peak position( vibrational 

band) 
Concentrated H2SO4 peaks ~435cm

-1
,~575 cm

-1
,~λ10 cm

-1
,~1180 cm

-1
, 

Concentrated HNO3 peaks ~687 cm
-1

,~130λ cm
-1

 
Nitronium Ion Peak ~1400 cm

-1
 

Reference peak(bath acids) ~1040 cm
-1

 
 
To understand the formation pathways of graphene nanosheets via nitronium 

oxidation under microwave irradiation, different concentrations of nitronium ions were 

used for the microwave oxidation. The microwaved product was dispersed with mild 

magnetic stirring to avoid sonication-induced tearing. In our previous report,27 a much 

lower concentration of nitronium ions (Figure 2.8A, line 1, volume ratio of H2SO4:HNO3: 

H2O=1:1:0) was used during microwave assisted oxidation. The graphene sheets obtained 

were large and free of nanometer sized holes.27 In this work,28 different concentrations of 

nitronium ions were produced with different ratios of H2SO4, HNO3 and H2O. Raman 

spectroscopy was used to measure the relative concentrations of the nitronium ions as the 

solution ratios change (Figure 2.8A, and Figure 2.9).52 With a high concentration of 

nitronium ions, a large number of holes were generated in the basal plane of the graphene 

sheets (Figure 2.8C). These large porous sheets were obtained using the same oxidation 

conditions (line 3 in Figure 2.8A) as those shown in Figure 2.2A. With further increasing 

the concentration of nitronium ions, more holes were generated with some of the holes 

becoming much larger. Eventually, the big sheets fractured into nanosized sheets. (Figure 
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2.8D). At the same time, we also found that the weight of the cleaned filtrate cake on the 

filter paper gradually decreased, and the color of the filtrate gradually changed from 

colorless to light yellow and brown (Figure 2.8B), indicating a large amount of carbon lost 

either in the form of small organic compounds or CO2, as previously reported.33 The yellow 

colored filtrate was found to be fluorescent upon excitation at 335 nm and contains flavanol 

derivatives, confirmed by its fluorescence spectroscopy and GC-MS analysis.53, 54 In 

contrast, when KMnO4 was introduced into the reaction system, the filtrate was almost 

colorless (Figure 2.8B, vial 5-K), suggesting much less carbon was lost during oxidation. 

At the same time, we found that the sheets have fewer holes (Figure 2.6A indicated by 

circles), suggesting that KMnO4 protects the graphene sheets from being damaged by hole 

formation.  

To understand the mechanism of nitronium oxidation under microwave irradiation, 

a control experiment (referred as Control-C) was performed using the same concentration 

of nitronium ions (line 3 in Figure 2.8A), however, this time with traditional heating. The 

temperature was controlled at 85 C by a water bath as reported for CNT oxidative 

cutting.22, 49 As expected, 30-second heating did not lead to any observable reaction. When 

the reaction time was extended to 4 hours, small uniform graphene nanosheets (15  5.3 

nm in diameter and 1.5  0.6 nm in height) were observed by AFM (Figure 2.10A). When 

compared to the nanosheets produced with microwave heating for 30 seconds, these 

nanosheets show an additional plasmon band at 235 nm in the UV-Vis spectrum (Figure 

2.10B). This is an indication that the nanosheets are oxidized to a greater extent, which is 

consistent with previous reports showing that nitronium ions cut carbon nanotubes into 

highly oxidized short pipes.22, 49 
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Figure 2.10. (A) An AFM image of nanosheets obtained with traditional heating (Control-
C Experiment). (B)UV-Vis-NIR spectrum of the nanosheets indicates that these sheets are 
more oxidized than the ME-LOGr nanosheets fabricated via microwave heating. 

The exact mechanism behind these results remains inconclusive. Based on the 

observations, we assume that microwave heating changes the relative speeds of the various 

competitive parallel (and sequential) reactions that can occur during graphite oxidation 

(Scheme 2.1). It has been reported that nitronium ions interact with graphene surfaces to 

form multiple aromatic radical-ion pairs via a single electron transfer (SET) pathway.55 

Epoxy and/or -OH groups are then formed following oxygen transfer to the aromatic 

radicals.27, 56 Further oxidation includes two simultaneous and competing processes: (1) 

continued initiation of oxidation in the intrinsic graphene domains resulting in generation 

of more -OH and/or epoxy groups with a reaction rate of vgeneration.; and/or (2) further 

oxidation of the initially oxidized carbon atoms, ultimately leading to gasification of the 

carbon atoms (mostly CO or CO2) and generation of small carbon residual species (which 

are separated during filtration), resulting in vacancies and holes throughout the graphene 

basal planes. This process is also called defect consumption or etching23, 57 with a reaction 

rate of vconsumption. It was consumption of the defects and generation of vacancies and holes 
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in the sidewalls of carbon nanotubes that led to rapid cutting of the CNTs into short pipes 

and cutting graphene sheets to small pieces. 22, 23 The relative reaction rates of these two 

processes determine the overall speed of nanosheet fabrication and also the oxidation level 

of the nanosheets.  The reaction speeds of these two processes can be described using 

Arrhenius equations as follows, 

 

 

 

  

In which, CIntrinsic-Gr and CDefects are the density of intrinsic graphene domains and the 

density of defects (such as oxygen containing groups) on a graphene sheets; EaGeneration is 

the activation energy of the initial oxidation of the intrinsic graphene domains and 

EaConsumption is the activation energy of further oxidations of the already oxidized carbon 

atoms (defect consumption step).  

When microwave heating is used to control the nitronium oxidation processes, the 

strong microwave absorption characteristic of graphite particles leads to the rapid 

achievement of high temperatures localized on/or near the graphite particles, which in turn 

dramatically increases the intercalation rate of nitronium ions into the graphite particles. 

This process is accompanied by the generation of a large amount of –OH and/or epoxy 

groups distributed over the entirety of the graphene sheets (high CDefects). After this initial 

oxidation, in the subsequent competing reactions, it is possible that the defect consumption 

or etching speed (vconsumption) becomes faster than that of the continuing generation of 
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additional new defects (vgeneration) on the intact graphene domains due to the high density 

of the -OH and/or epoxy groups generated in the first step (high CDefects).58 With the high 

temperatures obtained by microwave heating, the vconsumption may be further increased 

compared to vgeneration due to the lower activation barrier of the defect consumption process 

compared to that generation of new defects.21 As a result, the graphene sheets are fractured 

into small pieces with the intrinsic structures of graphene within the pieces left largely 

intact. In contrast with traditional heating, much lower temperatures (bulk temperature of 

85 C was applied in most reports) can be utilized for the reaction without decomposing 

the nitronium ions. Consequently, a much lower density of -OH and/or epoxy groups can 

be generated in the first step. The subsequent competing reactions, in particular defect 

consumption vs. generation of new defects (low CDefects), are also much slower compared 

to the case of microwave heating. Therefore a much longer reaction period was required to 

produce nanosized sheets. Furthermore, the low density of -OH and/or epoxy groups 

generated in the first oxidation step combined with the relative low reaction temperature 

may result in smaller differences in the two competing reaction rates. Therefore, even 

though graphene was fractured to small pieces with conventional heating, albeit with a 

much longer reaction time, the produced nanosheets are highly oxidized.  
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Scheme 2.1. Schematic of the possible cutting mechanisms by microwave assisted 
nitronium oxidation in the presence and absence of KMnO4. vc and vG are referred to 
vconsumption (reaction rate of defect consumption) and vgeneration (reaction rate of defect 
generation), respectively. 

When KMnO4 is present, microwave heating also dramatically speeds up the 

overall oxidation processes, shortening the production times from days to tens of seconds 

compared to Hummer’s method. However, the permanganate ions possibly bind some of 

the epoxy groups generated by the nitronium ions, which slows down further oxidation 

induced defect consumption events. As a consequence, KMnO4 essentially slows down the 

overall speed in the production of nanosized sheets (Figure 2.6A). On the other hand, it 

may start oxidation processes following its own molecular cutting mechanism thereby 

generating smaller pieces of graphene oxide sheets with straight edges1. Understanding 

these oxidative mechanisms with different oxidants allows us to controllably fabricate 

graphene sheets with different dimensions and electronic structures to accommodate a 

variety of applications. 

Inspired by the strong near infrared (NIR) absorption, high photothermal 

conversion efficiency, and the exceptionally large surface area of graphene, graphene 
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nanosheets have emerged as a new high-potential nanomaterials for biological 

applications,59, 60 especially in the areas of photothermal therapy including photothermal 

enhanced drug and gene delivery systems.18, 60-63 It would be highly desirable to monitor 

the in vivo distribution of multifunctional drug delivery systems, evaluate their post-

treatment therapeutic outcomes in situ, and most importantly, to track the long term fate of 

graphene sheets in the human body. These capabilities could largely facilitate their 

application in practical multifunctional nanomedicine regimes, fighting various diseases.  

To study the in vivo behavior of PEGylated GO nanosheets, fluorescent- and radio-

labeling have been used.61 However, the fluorescent quenching in liver and spleen has led 

to overestimated tumor targeting efficiency. The radio-labeling method has been 

considered to be more reliable and accurate than fluorescence imaging, but still suffers 

from long term stability problems.4, 64 To unambiguously determine their long term fate, 

graphene with different structures has been developed and rendered intrinsically 

fluorescent in the blue, green, and NIR regions for in vitro and in vivo imaging.37, 65 

However, their practical applications will be limited by the low penetration depth of optical 

imaging methods in general. 

Photoacoustic imaging (PAI), is a novel, hybrid, and non-invasive imaging 

modality that combines the merits of both optical and ultrasonic methods.66 PAI, especially 

in the NIR region, where the attenuation of light by blood and soft tissue is relatively low, 

provides considerably greater spatial resolution than purely optical imaging in deep tissue 

while simultaneously overcoming the disadvantages of ultrasonic imaging regarding both 

biochemical contrast and speckle artifacts. This method could evaluate drug delivery 
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efficiency and therapeutic effects with a relatively high spatial resolution in biological 

tissue.  

To generate PA signals with NIR light excitation, the following conditions should 

be satisfied: strong NIR absorption, non-radiative relaxation, heating, and acoustic wave 

generation. The ME-LOGr nanosheets exhibit strong and wavelength-independent 

absorption in the visible and NIR regions. Their absorption (with a coefficient of 22.7 

L/g.cm at 808 nm) exceeds the best NIR fluorophores (for example, indocyane green has 

an absorption coefficient of 13.9 L/g.cm at 808 nm) and the endogenous cellular 

background. The difference in NIR absorption between the graphene sheets and the 

background provides excellent optical confinement for PAI imaging applications.67 

Furthermore, graphene nanosheets are not luminescent, so that all the optical energy 

absorbed would transform to heat which can be used for acoustic wave generation. 

Therefore, it is reasonable to assume that a strong NIR PA signal could be generated from 

these graphene nanosheets upon NIR illumination. We should mention that no study has 

been reported to date on the PA properties of graphene, except for a recent work by Liu et 

al. which demonstrated that rGO nanosheets anchored with magnetic nanoparticles could 

be used for PA imaging.68 
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Figure 2.11. Photoacoustic (PA) signal of GO and graphene nanosheets of different 
concentrations, illuminated with 700nm and 800nm laser. The color coded vertical bar 
represents the strength of the photoacoustic signal generated. GO nanosheets were obtained 
via Control-A experiment. 

Figure 2.11 shows that the ME-LOGr nanosheets exhibit remarkably strong PA 

signals under NIR laser illumination of 700 nm. In contrast, the GO nanosheets did not 

show any detectable PA signal at the same concentration and NIR illumination, possibly 

due to their low NIR absorption capability. Furthermore, the intensity of the PA signals 

depends on the concentration of the ME-LOGr nanosheets, suggesting the ME-LOGr 

nanosheets can be used as NIR contrast agent for in-situ NIR photoacoustic imaging. Since 

the strong NIR absorption of ME-LOGr nanosheets is almost independent of the 

wavelength in the NIR region, their NIR PA signal shows a similar trend of wavelength 

independence. Figure 2.11 shows that PA signals generated under 800 nm illumination are 

similar to those illuminated at 700 nm. This “wavelength independent” characteristic is 

very different from other PA contrast agents, such as Au nanorods and Ag nanoplates 

which are highly wavelength dependent.67 

In addition to photoacousting imaging, we have also explored the ME-LOGr 

nanosheets for multi-functional drug delivery applications for ovarian cancer treatment in 

collaboration with Dr. Taratula, at Oregon State University.69 In this work, firstly, the 

graphene nanosheets were chemically modified with polypropylenimine dendrimers 

loaded with phthalocyanine (Pc), which is a photosensitizer molecule. After that, the 

graphene nanosheets were conjugated with poly (ethylene glycol), to improve 

biocompatibility, and with luteinizing hormone-releasing hormone (LHRH) peptide, for 

tumor-targeted delivery. Due to the strong NIR absorption and photothermal efficiency of 

ME-LOGr nanosheets, it performs a dual role, 1) heat generation for photothermal therapy 
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(PTT) and 2) production of reactive oxygen species (ROS)-production by activating Pc 

molecules for photodynamic therapy (PDT). This combinatorial phototherapy (PTT + 

PDT) resulted in an enhanced destruction of ovarian cancer cells, with a killing efficacy of 

90%–95% at low Pc and low-oxygen graphene dosages as shown in figure xx, presumably 

conferring cytotoxicity to the synergistic effects of generated ROS and mild hyperthermia. 

This Pc loaded into the nanoplatform can be also employed as a NIR fluorescence agent 

for imaging-guided drug delivery. Hence, the newly developed Pc-graphene nanoplatform 

has the significant potential as an effective NIR theranostic probe for imaging and 

combinatorial phototherapy.69 

 

Figure 2.12. Schematic illustration of the multifunctional nanoplatform based on ME-
LOGr nanosheets. A) In Vivo NIR fluorescence imaging of nude mice 12 hours after 
injection of saline ME-LOGr-Pc-LHRH. B) Combinatorial (PDT-PTT) therapeutic effects 
of ME-LOGr-Pc-LHRH (cyan color) on A2780/AD cell pellets (2,000,000) irradiated for 
10 minutes using a 690 nm laser diode (0.95 W/cm2), compared with controls- ME-LOGr-
LHRH (black) and Pc-LHRH (sky blue).69 

2.3. Conclusions 

In summary, for the first time, we demonstrated that graphene nanosheets can be directly 

fabricated from abundant and inexpensive graphite particles in a short one-pot nitronium 

oxidative reaction. The key is the utilization of microwave heating instead of traditional 
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convective heating, which selectively and rapidly increases the local temperature of 

graphite particles thus leading to a unique thermodynamic effect. As a result, several 

positive outcomes are produced which steer the graphite oxidation processes toward direct 

fabrication of graphene nanosheets instead of GO nanosheets: 1) The intercalation of 

nitronium ions into the inner parts of graphite particles is dramatically sped up. 2) A large 

amount of oxygen containing groups (defects) are generated simultaneously and they are 

randomly distributed across the entire graphene sheets. 3) Further oxidation of these defects 

or defect consumption reactions is more rapid than the pathways generating additional 

defects on the intact graphene domains. 4) Finally, graphene nanosheets are directly and 

rapidly fabricated with the intrinsic properties of graphene largely retained.  

This fabrication process involved no toxic metal compounds or reducting agents during the 

fabrication, and the product can be easily cleaned and purified. It is noteworthy that this 

method of fabricating nanosheets is different from all the approaches relying on GO via 

Hummer’s method or modified Hummer’s methods, in which highly oxidative metallic 

compounds, such as KMnO4,were required for the oxidation and other chemicals for the 

reduction of the produced GO. Trace amounts of metal ions and other chemicals involved 

in the oxidation and subsequent reduction processes may participate in unwanted toxic 

reactions which could be detrimental to biological and other applications.70, 71 However, 

purification of GO is difficult due to its tendency to gel.50 Therefore, extensive purification 

steps, which require large amount of solvents and long washing times, make the production 

of clean GO and rGO very time consuming.50Another merit of the produced ME-LOGr 

nanosheets is that they can be directly dispersed into aqueous and other polar organic 

solvents without surfactants or stabilizing agents, allowing for the production of solutions 
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of graphene nanosheets with “clean” surfaces. Most importantly, without the requirement 

for post-reduction processes, the fabricated graphene nanosheets exhibit strong NIR 

absorption, high photothermal, and photoacoustic conversion efficiencies. Therefore, they 

possess great potential as nanocarriers to develop multifunctional drug delivery systems 

with “on demand’ release and in vivo photoacoustic imaging capabilities for in-situ 

evaluation of therapeutic effects and for tracking their long term fate.  

2.4. Experimental Section 

2.4.1. Materials 

Synthetic graphite powder (20 m) was purchased from Sigma Aldrich and used as 

received in all experiments. Concentrated sulfuric acid (98% H2SO4, ACS grade) and 

concentrated nitric acid (70% HNO3, ACS grade) were purchased from Pharmco-AAPER 

and used as received. Deionized water (18.2 MΩ) (Nanopure water, Barnstead) was used 

to prepare all solutions and to rinse and clean the samples.  

2.4.2. Fabrication of ME-LOGr nanosheets 

20mg of graphite are mixed with concentrated sulfuric acid and water in a round bottom 

flask. The mixture is then swirled and cooled in an ice bath for approximately 5 minutes. 

Concentrated nitric acid is then added (Different volume ratio of HNO3:H2SO4:H2O is 

given in the Table 2.2). The entire mixture is swirled and mixed for another 30 seconds 

and placed into a microwave reactor chamber (CEM Discover). The flask is connected to 

a reflux condenser that passes through the roof of the microwave oven via a port. The 

reaction mixture is subject to microwave irradiation (300 watts) for 30 seconds. 

Subsequently, the reaction is quenched with 200ml of deionized followed by filtering 

through an alumina anodisc filter (0.02 µm pore size) and washing with 800ml deionized 
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water. The cake on the membrane is then redispersed into water with 30 minute bath 

sonication. The dispersion obtained is then left undisturbed for five days to let the 

unexfoliated graphite particles precipitate out. The supernatant is carefully decanted and 

this solution is stable for months in water without significant precipitation. 

Table 2.2.  Different volume ratio of HNO3:H2SO4:H2O. 

No. 
volume ratio 

(HNO3:H2SO4:H2O) 
Total volume (ml) 

(1) 1:1:0 10 

(2) 1:42:7 10 

(3) 1:2.5:0.07 10 

(4) 1:17.5:1.5 10 

(5) 1:4:0 10 

 

2.4.3. Control experiments 

Control-A experiment 

100 mg of KMnO4is added to the ice cooled acid mixture, as described above. After 30 

seconds of microwave irradiation, the mixture is transferred to 200ml of ice containing 5ml 

of 35% H2O2 to quench the reaction. The entire content is then filtered through an alumina 

anodisc filter (0.02µm pore size) and washed with 3 times 100 ml of diluted hydrochloric 

acid (4%), followed by repeatedly (8 times) washing with 100ml DI water to remove all 

the acid and KMnO4 residues, along with any byproducts. A colloidal graphene oxide (GO) 

solution is obtained by mild bath sonication (~30mins). Unexfoliated graphite powder can 

be removed by centrifugation at 4000 rpm for 20mins. The filtration and washing step in 

GO takes an entire day because of its paste-like character. 

Control-B experiment 
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100 mg of KMnO4 is added to the ice cooled 10ml concentrated sulfuric acid instead of 

acid mixture and other experimental procedure is similar as control-A experiment. 

Control-C experiment 

20mg graphite and acid mixture (No.3 in the Table 2.2) was heated at 85oC for 4 hours in 

water bath in a fume hood with the flask connected to a reflux condenser. After that 

washing procedure is followed similar as ME-LOGr nanosheets:- 

2.4.4. Material Characterization 

The morphology of the graphene and GO samples were studied using a Nanoscope IIIa 

Multimode scanning probe microscope system (Digital Instruments, Bruker) with a J 

scanner operated in the “Tapping Mode”. Micro Raman Spectroscopy (Kaiser Optical 

Systems Raman Microprobe) equipped with a 785 nm solid-state diode laser) was 

performed to measure the relative concentrations of nitronium ions formed via mixing 

concentrated HNO3 and H2SO4 at different volume ratios. Spectra were obtained of these 

solutions held in a thin quartz cuvette. This instrument was also used to study the graphene 

and GO films deposited on an alumina filter membrane. XPS characterization was 

performed after depositing a layer of ME-LOGr nanosheets or GO onto a gold film (a 100 

nm gold layer was sputter-coated on silicon with a 10 nm Ti adhesion layer).The thickness 

of the graphene or GO film on the gold substrates was roughly 30-50 nm. XPS spectra were 

acquired using a Thermo Scientific K-Alpha system with a monochromatic Al Kα x-ray 

source (h  = 1486.7 eV) and data were analyzed using Casa XPS 2.3.15 software. 

Absorption spectra were recorded on a Cary 5000 UV-vis-NIR spectrophotometer in the 

double beam mode using a 1cm quartz cuvette.  
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2.4.5. Photoacoustic characterization 

A mechanically scanning photoacoustic system with a single acoustic transducer to collect 

the acoustic signals was employed, as described in detail previously.72, 73 A schematic of 

the system is shown in Figure 2.13. Briefly, pulsed light from an OPO laser (Continuum, 

pulse duration: 4–6 ns, repetition rate: 20Hz) was coupled into the phantom via an optical 

subsystem and generated acoustic signals. An acoustic transducer with 1 MHz nominal 

frequency (Valpey Fisher, Hopkinton, MA) was driven by a motorized rotator to receive 

acoustic signals over 360 at an interval of 3. Thus a total of 120 measurements were 

performed for one planar scanning. The acoustic transducer was immersed in the water 

tank while the phantoms were placed at the center of the tank and illuminated by the laser. 

The acoustic signal was amplified by a pulser/receiver (GE Panametrics, Waltham, MA) 

and was then acquired by a high-speed PCI data acquisition board. 

 

Figure 2.13. Schematic of the experimental setup for PA imaging 

In these experiments, a solid cylindrical phantom with a diameter of 3 cm was 

prepared. The absorption and scattering coefficients were 0.01 mm−1 and 1.0 mm−1 at ~700 

nm and 800 nm, respectively. 3µl of ME-LOGr nanosheets or GO with different 

concentrations were then put into three holes of 1.4 mm in diameter that were located in 
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the center of the phantom. The phantom materials consisted of TiO2 for scattering and India 

ink as an absorber with agar powder (1 – 2%) for solidifying the TiO2 and India ink 

solution. 
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Chapter 3. Microwave Enabled One-Pot, One-Step Fabrication 

and Nitrogen Doping of Holey Graphene Oxide for Catalytic 

Applications 

3.1 Introduction 

The ever-increasing global depletion of fossil resources and their environmental impacts 

stimulate intense research activities in the development of alternative green and sustainable 

energy resources. Fuel cells and metal-air batteries are the most attractive clean and high-

efficiency devices for power generation and energy storage.1-3 However, their large-scale 

practical application will be difficult to realize if the expensive platinum-based 

electrocatalysts for oxygen reduction reaction (ORR) cannot be replaced by efficient, 

stable, low-cost, and sustainable catalysts in their electrodes. Recent efforts in 

reducing/replacing expensive platinum-based electrodes have led to the development of 

new ORR electrocatalysts.4-9 Among them, graphene, especially the heteroatom doped 

graphene, shows outstanding potential as a metal free catalyst. However, practical 

application of the graphene based metal free catalyst is hampered due to its remarkable 

impermeability.10 Hence, the reactants and products cannot access/leave the inner catalytic 

sites easily, which results in unsatisfactory performance and non-efficient mass transport. 

In contrast, holey graphene, referred to graphene sheets with nanoholes in its basal plane, 

not only provides “short cuts” for efficient mass transport, but also possess significantly 

more catalytic centers due to the increased edges associated with the existence of holes. 

Several approaches have been reported for the production of holey graphene sheets. 

Bottom-up approaches based on chemical vapor deposition methods,11-13 and top-down 
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approaches via photo,14 electron,15 or plasma11 etching utilize various templates, which 

provide good control over the sizes and shapes of the holes/pores. However, all these 

strategies suffer from difficulties in scaling up for large quantity production and high cost. 

On the other hand,  chemical etching based processes, such as KOH etching,16 H3PO4 

activation,17 HNO3 oxidation,18, 19 hot steam etching,20 and oxidative etching with catalytic 

nanoparticles like Fe2O3,21 Ag22 or other metal oxide nanoparticles23 have advantages for 

large scale and cost effective synthesis. However, these chemical etching based approaches 

require graphene oxide (GO) or reduced graphene oxide (rGO) as a starting material, which 

takes hours to days for their fabrication, depending on the oxidation method applied. There 

is no approach that has been reported yet to rapidly fabricate holey graphene directly from 

graphite particles. Herein, we report our unexpected discovery that by replacing traditional 

heating with microwave heating, holey graphene oxide (HGO) sheets are directly and 

rapidly (40 seconds) fabricated from graphite particles via a one-step-one-pot reaction. 

Furthermore, by slightly shortening the microwave heating time, graphene oxide (GO) 

sheets without holes can be rapidly fabricated. This approach has the similar chemical 

recipe as the widely used Hummers method, but dramatically shortened the reaction time 

from days to tens of seconds with high production yield (120 wt% of graphite). 

Heteroatom (N, P, B, and S) doping in graphene can effectively tailor its electronic 

properties and thus have a great impact on its wide range of applications in electronics, 

energy storage and metal free catalyst applications.24-35 There are quite a few methods 

available for nitrogen(N) doping.32, 36-43 However, all of these approaches require long time 

and/or high annealing temperature with various N containing molecules. Again, by taking 

advantage of the unique heating mechanism of microwave, we developed a fast and low 
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temperature approach to simultaneously reduce and dope graphene oxide sheets with 

nitrogen. The N doping type can be controlled simply by changing the microwave time. 

With 10 minutes of microwave irradiation, pyridinic and pyrrolic N reaches the highest 

percentage in holey graphene sheets, which shows the best catalytic activity toward 

electrochemical oxygen reduction reaction (ORR). These N-doped holey rGO (N-HrGO-

10) sheets not only offer the lower over-potential and peak potential but also provides more 

than 4 times higher kinetic current density than non-porous N-doped rGO (N-rGO-10). It 

is likely due to the existence of nanoholes, which provides “short cuts” for efficient mass 

transport and also creates more catalytic centers due to the increased surface area and edges 

associated with the nanoholes in the N-HrGO-10. For the first time, we experimentally 

determined the effective diffusion coefficient constant of O2 for the N-HrGO-10, which is 

indeed significantly higher than that of the N-rGO-10. Even though the onset potential is 

slightly higher than the Pt/C (0.09 V), the N-HrGO-10 shows much higher catalytic current, 

better stability and durability against methanol poisoning. The capability of rapid 

fabrication and N doping of HGO can lead us to develop efficient catalysts which can 

replace previous coin metals for energy generation and storage, such as fuel cells and metal 

–air batteries. 

3.2 Results and Discussion 

In the previous chapter, we have developed a fast, scalable, and low-energy approach to 

directly produce graphene nanosheets (GNs) from graphite powder.44 These graphene 

nanosheets are highly uniform in size and largely retain their intrinsic graphitic structures 

without any post-reduction treatment. The key is to exclude KMnO4 (as used in Hummers 

or Modified Hummers methods) and exploit pure nitronium ion oxidation and the unique 
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thermal and kinetic effects induced by microwave heating. Due to the unique effects of 

microwave heating, it is very likely that consumption/etching of defective carbons (already 

oxidized carbon or sp3 carbon) was selectively enhanced more than that of the continuing 

oxidation of intact graphene domains (generation of more oxygen containing groups). As 

a result, the graphene sheets rapidly breakdown to small pieces with the intrinsic structures 

of graphene largely intact. In this work, we found that by including KMnO4 in the reaction 

system, and by adjusting microwave irradiation time and amount of KMnO4, the 

etching/consumption of the generated defective carbons can be controlled, so that graphene 

oxide sheets with controlled hole structures can be directly fabricated from graphite powder 

in one step. 

In a typical experiment, the mixture of graphite powder, acids (concentrated H2SO4: 

HNO3, 4:1) and KMnO4 (500 wt% of graphite) was subjected to microwave irradiation at 

300 watts for different times (30seconds for GO or 40seconds for HGO). The resulting 

products, after cleaning, are easy to disperse in water by simple bath sonication. Their 

dispersions in water have brown color (inset of Figure 3.1E and F), independent of 

microwave irradiation time. They all exhibit the typical ~230nm peak in UV-visible 

spectrum (Figure 3.1E and F, respectively) due to π → π* transition of C=C with a 

shoulder around 300nm due to the n → π* transition of carbonyl functional group. X-ray 

photoelectron spectroscopy (XPS) measurements were performed to carefully study their 

oxidation level and chemical functionalities. Interestingly, high resolution C1s (Figure 

3.2C and D) and O1s peak (Figure 3.2B) analysis of GO and HGO shows that the C: O 

atomic ratio is ~2.38, similar in both GO (Table 3.1), which indicates that both GOs have 

similar extent of oxidation in spite of different microwave time.  
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Figure 3.1. (A) AFM and (C) STEM of GO sheets obtained via 30seconds of microwave 
irradiation. (B) AFM and (D) STEM images of HGO sheets obtained via 40 seconds of 
microwave irradiation. (E) UV-Vis-NIR spectra of GO sheets (black line) and N-rGO-10 
(red line). Inset (E) is a digital picture of an aqueous dispersion of GO (left) and N-rGO-
10(right) shows different colors, indicating they are in different oxidation states. (F) UV-
Vis-NIR spectra of HGO sheets (black line) and N-HrGO-10 (red line). Inset (F) is a digital 
picture of an aqueous dispersion of HGO (left), N-HrGO-10(right) shows different color, 
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indicating their different oxidation states. The red arrows in (B and D) shows hole on HGO 
sheet. 

 
Figure 3.2. (A) XPS survey scan and (B) O 1s peak of GO, N-rGO-10, HGO and N-HrGO-
10. XPS high resolution C 1s peak analysis of HGO (C), GO (D), N-HrGO-10 (E) and N-
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rGO-10(F), where 10 denotes microwave treatment time (in minutes) of HGO/GO with 
NH4OH at 120 °C.  

Table 3.1 Atomic ratio of C, N and O calculated from high resolution C 1s, N 1s and O 1s 
XPS peak analysis of different catalysts. 

 

However, we found that microwave irradiation times dramatically changed their 

geometric structures. For instance, 30 seconds of microwave irradiation resulted in GO 

sheets with nanoholes seldom being observed in the basal planes. The atomic force 

microscopy (AFM) and scanning transmission electron microscopy (STEM) (Figure 3.1A 

and C) images shows that most of the sheets are single layered and non-porous. Similar to 

the GO sheets produced via modified Hummer’s method, these sheets have straight edges, 

indicating the dominant linear unzipping effect of KMnO4.
45 While, with 40 seconds of 

microwave irradiation, the lateral size of the GO sheets obtained is slightly decreased and 

their edges are not straight anymore from their AFM and STEM images (Figure 3.1B and 

D). More importantly, holes (from several nanometers to a few hundred nanometers) are 

randomly distributed across the entire sheets, demonstrating that holey GO (HGO) is 

directly fabricated from graphite powder via a fast, one step, one pot reaction. Further, the 

surface area of GO and HGO, after vacuum dry, was measured by methylene blue (MB) 

Samples 
un-oxidized C: 

oxidized C 
N:C C: O % atomic N 

GO 1.5 - 2.38 - 

N-rGO-10 3.5 0.13 6.67 10.15% 

HGO 1.5 - 2.38 - 

N-HrGO-10 3.λ 0.12 4.17 8.51% 

N-HrGO-30 3.8 0.11 5.26 8.34% 
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dye adsorption approach (Table 3.2).46 We found that the surface area of HGO (1424.16 

m2/g) is ~1.5 times higher than that of GO (947.55 m2/g), possibly due to the existence of 

the holes in HGO. To our knowledge, this is the first report that solution phase GO with 

controlled hole structures can be rapidly fabricated directly from graphite powder (Table 

1.2.1).  

Table 3.2 The measured surface area of GO, HGO, N-rGO-10 and N-HrGO-10 via MB 
adsorption method. 

Sample Surface area(m2/g) 

GO 947.55 

HGO 1424.16 

N-rGO-10 560.71 

N-HrGO-10 1194.97 

 

Besides the difference in their edge morphology and hole structure of the GO and 

HGO, the color of the filtrate (waste), collected during cleaning via filtration, is also 

different. While the one obtained from GO cleaning is colorless, the one from HGO 

cleaning is light yellow (Figure 3.3C-II). The color of the filtrate (Figure 3.3C-III) 

becomes darker upon further increase in microwave irradiation time (45seconds) of the 

reaction mixture. We noticed that the resultant GO is still highly oxidized and porous from 

the Uv-Vis spectroscopy (Figure 3.3B) and AFM measurement (Figure 3.3A), but the 

product yield is dramatically decreased to ~50 wt%, in comparison to 120wt% product 

yield of HGO with 40 seconds of microwave irradiation. The yellow colored filtrates are 

fluorescent and the fluorescent intensity increases with the microwave time as shown in 

Figure 3.3D. In contrast, by excluding the KMnO4 in reaction mixture, a similar dark 
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yellow filtrate was also obtained within 30 seconds of microwave irradiation (Figure 3.3C-

IV), suggesting that KMnO4 plays an important role in slowing down the carbon 

gasification/etching processes.44 The large amount of carbon lost in the form of small 

organic compounds and/or gasification to CO2/CO is related to the molecular mechanisms 

of graphite oxidation.47 

 

Figure 3.3. (A) AFM and (B) Uv-Vis-NIR spectrum of an aqueous dispersion of HGO 
sheets obtained via 45seconds of microwave heating. The inset of (B) shows its digital 
picture. (C) is the digital pictures and (D) is the fluorescence emission spectra ( exc = 
335nm) of the filtrates, produced after graphite particles were oxidized with different 
microwave time: (I) 30seconds, (II) 40seconds, (III) 45seconds, respectively. (IV) is the 
filtrate obtained with the same experimental conditions as (I), except that KMnO4 was 
excluded and (V) is the filtrate obtained with the same experiment condition as (II), except 
the graphite was excluded. 

For an efficient approach to fabricate graphene sheets with controlled structures 

from graphite particles, the first requirement is to access the internal surfaces of graphite 
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particles by an oxidant. However, due to the strong interaction and close distance between 

the sheets, only the edges of graphite particles and the exposed graphene surface are readily 

accessible; the rest of the graphene is physically blocked from interaction with the oxidant 

molecules.48 The oxidation of each layer of graphene includes several steps: Firstly, 

oxidation is initiated to create oxygen containing groups, such as -OH and/or epoxy groups, 

on the basal plane and edges of graphene sheets. Further oxidation includes two 

simultaneous and competing processes: (i) continuing initiation of oxidation in the intrinsic 

graphene domains resulting in generation of more -OH and/or epoxy groups, referred as 

defect generation; and/or (ii) further oxidation of the already oxidized carbon atoms, 

ultimately leading to gasification of the carbon atoms (mostly CO or CO2) and generation 

of small organic carbon species (which are separated during filtration), resulting in 

vacancies and holes throughout the graphene basal planes. This process is also called defect 

consumption or etching.20, 49 Continuing etching eventually leads to fracture/cutting of 

graphene sheets to small pieces. The relative reaction rates of these processes determine 

the overall speed of the graphene fabrication as well as the oxidation level, the lateral size 

and holey structures of the fabricated graphene sheets.  

We performed several control experiments to understand the role of the microwave 

heating, microwave irradiation time and KMnO4 in controlling the oxidation level and the 

morphology/structure of the fabricated graphene oxide sheets. First we studied the effect 

of the amount of KMnO4 on graphene’s morphology, size and oxidation level. For this aim 

we performed experiments with different amount of KMnO4 (0 and 125 wt% of graphite) 

and kept all the other reagents (H2SO4 and HNO3) and microwave condition (300Watt, 30 

seconds) the same. When the KMnO4 is absent (0 wt% of graphite), we get uniform 
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graphene nanosheets (Figure 3.4A) with the intrinsic property of graphene largely 

remained, consistent with our previous chapter-2.44 The lateral size of the graphene 

nanosheets is around 10 ± 4 nm from the AFM measurement (Figure 3.4A). The UV-Vis-

NIR spectrum of the nanosheets solution (Figure 3.4D-black line) shows a peak at 264 nm 

along with strong NIR absorption. However, when the amount of KMnO4 was increased 

to 125 wt% of graphite, the lateral sizes of the product slightly increased ranging from tens 

of nanometers to hundreds of nanometers, as shown in its AFM images (Figure 3.4B). 

 

Figure 3.4. AFM images of the products obtained with different control experimental 
conditions.  Microwave heating of the mixture of H2SO4, HNO3 and graphite (300W and 
30 seconds) in the absence of KMnO4 (A); in the presence of KMnO4 (125wt% of graphite) 
(B); traditional heating of the mixture of H2SO4, HNO3 and graphite with KMnO4 (500wt% 
of graphite) (C). (D) shows their corresponding UV-VIS-NIR spectrum: black curve for 
(A), red curve for (B) and blue curve for (C). The UV peak at 264 nm and the strong NIR 
absorption indicate the intrinsic properties of graphene are largely maintained in product 
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(A); the blue shift of the UV peak to 240 nm and the decrease in NIR absorption suggest 
that the product (B) is partially oxidized. The product (C) shows a typical UV-VIS-NIR 
spectrum of a highly oxidized graphene oxide. 

Moreover, the UV-visible spectrum (Figure 3.4D-red line) of the product shows a peak 

position at 240 nm, which indicates the product are partially oxidized compared to those 

obtained without KMnO4. These results suggest that in absence of KMnO4, the defect 

consumption rate is much faster than the rate of new defect generation, resulting in uniform 

nanosized graphene with largely retained intrinsic properties. But in the presence of 

KMnO4, defect consumption speed is decreased possibly because the MnO4
– ions anchor 

and /or bind to the defects (the oxygen containing functional groups generated in the first 

step of oxidation), which slows down the speed of defect consumption. Hence the lateral 

size and oxidation level of graphene is slightly increased.  

We also performed another control experiment to study the importance of 

microwave heating over traditional heating in HGO synthesis. In this control experiment, 

instead of microwave heating, we heated the mixture of graphite, sulfuric acid, nitric acid 

and KMnO4 (500 wt% of graphite) at 80 °C on oil bath for 12 hours.  Similar to traditional 

Hummer’s method, highly oxidized GO sheets (we referred as t-GO) were produced. The 

UV-Visible spectrum of the t-GO (Figure 3.4D-blue line) shows a typical absorption peak 

of GO at 230nm due to π→ π* transition of C=C and a shoulder around 300 nm due to n→ 

π* transition of carbonyl functional groups (Figure 3.4C). The t-GO sheets are mainly 

single layered with their lateral sizes ranging from hundreds nanometers to a few 

micrometers. However, nanoholes in these sheets are seldom observed, suggesting that 

microwave heating is important to synthesis holey GO. This is possibly due to its ability to 
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generate much higher local temperatures on the graphene surface, which enhances the 

defect dramatically consumption compared to the case of traditional heating.  

 

Figure 3.5. Microwave heating temperature (°C) profile with time during GO (black line) 
and HGO (red line) synthesis. 

The exact mechanism of hole generation in the graphene oxide is not fully 

understood, which is worthy to further study. Based on our results, additional control 

experiments and combined with previous experimental and theoretical studies,45, 49-54 we 

hypothesize the following senario might have occurred: It is known that KMnO4 preferably 

oxidizes existing defects,45 while nitronium ions have the power to oxidize both existing 

defects and intact graphene domains.45, 50, 51 It is very likely that the nitronium ions 

efficiently intercalate to the inner sites of graphite particles and initiate oxidation of 

graphene sheets and generates defects (functional groups such as –OH and epoxy groups) 

across the entire sheets. In the following step, if KMnO4 was not included, these defects 

were quickly etched away by losing small organic molecules and/or releasing CO2/CO 

gases. As a result, holes are generated on the graphene sheets. However, this etching step 

is so fast that the generated holey graphene sheets were rapidly and uncontrollably 
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fractured to small pieces.44 With KMnO4 in the reaction system, MnO4
- may bind to some 

of the epoxy/hydroxyl groups (defects), generated in the first step of oxidation by the 

nitronium ions, protects them from further oxidation and slows down the defect 

consumption/etching step. On the other hand, KMnO4 starts its own unzipping like 

oxidative cutting mechanism.45 At short microwave  time (30 seconds), highly oxidized 

non-porous GO sheets were generated with straight edges and few holes/pores in their basal 

plane, similar to those fabricated with Hummers or modified Hummers methods. However 

with further slightly increasing the microwave time to 40 seconds, the temperature was 

significantly increased (Figure 3.5). Noted that the temperature was measured outsides of 

the reaction vessel, the true temperature inside should be much higher than the measured 

ones. At the largely increased temperatures, the KMnO4 could not protect the defects 

efficiently anymore, so etching occurs both in the basal plane and at the edges of GO, 

resulting in holey GO with irregular edges as shown in Scheme 3.1. 

 

Scheme 3.1. Schematic drawing of proposed mechanism of HGO synthesis. 
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Heteroatom doping of graphene, especially N-doping, can effectively tailor and fine 

tune its electronic structures, thus has great impacts on is applications in electronics, energy 

storage and metal free catalysts.24, 28-31 There are quite a few strategies have been reported 

for N-doping of graphene, however all of them require high temperature (500 ~ 1000 ˚C) 

and/or long reaction time for N doping (Table 1.3.1). Recently, Tang et al. exploited 

microwave heating to reach high temperature and to shorten the doping time.55 However, 

due to the low microwave absorption capability of GO, the microwave assisted N doping 

could be achieved only for pre-pyrolytic graphene oxide dry powder, which obtained by 

preheating of GO at ~250 °C before microwave treatment. Furthermore, the product is not 

easy for solution processible applications. Here in, again by taking an advantage of 

microwave heating, we report that solution processbile N doped and concurrently reduced 

GO is achieved at low temperatures and with short reaction time. Specifically, a mixture 

of GO sheets and concentrated NH4OH is heated in a closed glass vessel via microwave 

irradiation. In ~40 seconds, the apparent temperature reaches to 120 °C possibly due to 

dielectric and/or ionic heating mechanism. With a closed looped configuration of the 

microwave heating system, we held this temperature for 10 minutes. From Uv-vis 

spectroscopy, FT-IR, and XPS characterization, we found that this process results in 

simultaneous N-doping and reduction of GO/HGO. We refer the N-doped holey reduced 

GO as N-HrGO-10 and N-doped nonporous reduced GO as N-rGO-10, 10 denotes 10 

minutes of microwave reaction time for N doping.  
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Figure 3.6. (A) FTIR spectrum of GO and N-rGO-10. (B) FTIR spectrum of HGO and N-
HrGO-10. 

 Figure 3.1F and E shows that the UV absorption peak of N-HrGO-10 and N-rGO-

10 red shifted to ~260 nm along with enhanced NIR absorption, indicating the aromatic 

conjugation of graphene was partially restored. The FT-IR spectrum analysis of GO, HGO, 

N-rGO-10 and N-HrGO-10 (Figure 3.6) also shows that the peaks at ~3400 cm-1 (O-H 

stretching), 1735 cm-1 (C=O stretching), 1625 cm-1 (adsorbed water bending) and 1048 cm-

1 (C-O stretching vibrations), were initially present in the spectrum of GO and HGO, 

disappeared in N-rGO-10 and N-HrGO-10. This result soundly demonstrates the removal 

of oxygen containing functional groups from GO sheets and the GO sheets were reduced 

during the microwave reaction with NH4OH. Meanwhile a new strong band near 1200-

1240 cm-1 appears in N-rGO-10 and N-HrGO-10, which can be identified and assigned to 

C-N stretching vibrations, indicating N was successfully incorporated into the carbon 

matrix of the GO sheets. Furthermore, the successful N-doping is also proved by the 

appearance of strong N1s along with C1s and O1s peak in the XPS survey spectrum 

(Figure 3.2A) of N-rGO-10 and N-HrGO-10. Detailed quantitative study of the C1s and 

O1s peak (Table 3.1) shows an increased C:O atomic ratio and a decreased relative O1s 
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peak intensity in N-rGO-10 and N-HrGO-10 compared to that of GO and HGO, suggesting 

that the oxygen functional groups are extensively removed after the microwave reaction of 

GO with NH4OH, consistent with the FTIR results (Figure 3.6). It was reported that 

NH4OH can either serve as an epoxide ring opening agent and/or as a Lewis/Bronsted acid 

which reacts with epoxy/carboxyl groups of the GO, resulting in the introduction of N into 

graphitic structure along with the reduction of graphene oxide.43 Indeed, the –OH/epoxy 

and –COOH peak intensity in the C 1s spectra of N-rGO-10 (Figure 3.2F) and N-HrGO-

10 (Figure 3.2E) are greatly decreased as compared to GO and HGO (Table 3.3). 

However, the relative ratio of C=O remained unaltered, showing that carbonyl moiety is 

not reactive in this reaction. Raman spectroscopy was also used to characterize the HGO 

sheets before and after N doping. As expected, the Raman spectra (Figure 3.7) of all the 

samples show D band (ca. 1315 cm-1) and G band (ca. 1590 cm-1) and the ratio intensities 

(ID/IG) of D and G band does not changed upon simultaneous N-doping and reduction. 

These results are consistent with previous reports that incorporation of heterogeneous N-

dopants breads the hexagonal symmetry of the graphene.56 Therefore even the GO was 

reduced during N-doping, the ID/IG ratio would not decrease, which is in contrast to the 

scenario of reduction of GO to rGO without introducing any heterogeneous dopants. The 

surface area of the N-HrGO-10 and N-rGO-10 was also measured via methylene blue 

absorption method. We found that the surface area of N-rGO-10 dramatically decreased 

from 947 to 560 m2/g after simultaneous reduction and N-doping process (Table 3.2). In 

highly contract, the high surface area of N-HrGO-10 is largely maintained (1424 to 1194 

m2/g for HGO and N-HrGO-10, respectively). From the SEM (scanning electron 
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microscopy) image of N-HrGO-10 (Figure 3.8), we can see that its holey structure is nicely 

preserved during the simultaneous reduction and N-doping process. 

Table 3.3. The calculated relative % of different kind of carbon from XPS high resolution 
C1s deconvolution in different catalysts. 

Catalysts C=C C-OH C=O COOH 

GO 48.92 23.73 6.76 7.10 

N-rGO-10 63.60 8.33 7.18 3.97 

HGO 46.07 23.40 7.47 7.89 

N-HrGO-10 65.43 7.89 7.00 3.19 

 

 

Figure 3.7. Raman spectra of HGO and N-HrGO-5, N-HrGO-10 and N-HrGO-30. 
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Figure 3.8. Scanning electron microscopic (SEM) images of N-rGO-10(A and B), N-
HrGO-5(C and D), N-HrGO-10(E and F) and N-HrGO-30(G and H). The yellow arrow 
shows hole on N-HrGO’s surface. 

It is well documented that the incorporated N in graphene can be in different forms, 

which would influence the electronic structure and therefore the catalytic performance of 

the doped graphene.34, 57, 58 For example, pyridinic and pyrrolic N refers to N atoms bonded 
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to two carbon atoms and donates one and two p-electrons to the aromatic π-system, 

respectively. Quaternary-N atoms are incorporated into the graphene via substituting some 

carbon atoms within the graphene plane. The pyridinic and pyrrolic N are always located 

at the graphitic edge, whereas quaternary N can be both “edge-N” and “bulk-like-N”. To 

evaluate the type and level of N doping by this microwave approach, we deconvoluted high 

resolution XPS N1s peak (Figure 3.9) and summarize the relative ratio of each type of N 

species. The relative ratios of pyridinic-N (398.5 eV), amine-N (399.6 eV), pyrrolic-N 

(400.7 eV), quaternary-N (402.0 eV) and N-oxides (like NO at 403.4eV, NO2 at 405.2eV 

and NO3 at 406.6eV) are listed in Table 3.4. From this careful analysis, we found that the 

microwave approach results in similar N types as traditional heating approaches,24, 59 even 

though the total N content is slightly higher (8.5 atomic %). In addition, the relative ratio 

of each N type varies depending on the initial GO structures. With HGO, more pyridinic-

N and pyrrolic-N were generated in comparison to the non-porous GO, possibly due to the 

difference in the amount of edges (Table 3.4).  

 

Figure 3.9. XPS high resolution N1s peak analysis of N-rGO-10 (A), N-HrGO-10 (c) and 
N-HrGO-30 (d), where 10 and 30 denotes microwave treatment time (in minutes) of 
GO/HGO with NH4OH at 120 °C. 
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Table 3.4. Relative % ratio of different kind of N-dopant in N-HrGO-10, N-HrGO-30 and 
N-rGO-10. 

N-Type 

(%) 

Pyridinic-

N 

Amino-

N 

Pyrrolic-

N 

Quaternary-

N 

Other Oxidized 

N 

N-HrGO-

10 
37.03 33.54 15.21 6.73 7.47 

N-HrGO-

30 
35.97 35.61 13.91 6.47 8.04 

N-rGO-10 29.36 38.72 14.19 8.47 9.25 

 

N-doped carbon nanomaterials exhibited good catalytic activity for a wide range of 

catalytic reactions.6, 31, 35, 60, 61 Their performance depends on the level and type of N doping 

for the specific catalytic reaction of interest.60, 61 It has been already reported that N-doped 

graphene/CNT shows better electro catalytic activity for ORR,6, 62 however the detailed 

electro catalytic mechanisms of these N-doped carbon materials remains unclear. Several 

research groups have reported that enhanced ORR activity of N-doped carbon 

nanomaterials is due to the presence of pyridinic N at the edges63, 64 or a combined effect 

from pyrrolic and pyridinic N, which introduces an asymmetric spin density and atomic 

charge density in the graphene plane, making it possible for high ORR catalytic activity.65 

Table 3.5. Electrochemical parameters (onset potential, peak potential, current density at -
0.4V and Tafel slopes- b1 and b2- calculated at low and high current density region, 
respectively) of different catalysts for ORR estimated from CV and RDE polarization 
curves in 0.1M KOH solution. All potential are measured using Ag/AgCl as a reference 
electrode. 

Catalyst Onset 
Potential 

Peak 
Potential 

Current density 
(mA cm2) at -0.4V 

Tafel slope 
(mV/decade) 
b1 b2 

Bare 
Electrode 

-0.18V -0.40V 0.74 57.28 143.93 

EC-HrGO -0.15V -0.36V 2.08 58.58 107.11 
N-rGO-10 -0.14V -0.36V 1.04 87.46 152.57 

N-HrGO-10 -0.11V -0.28V 2.41 58.37 104.78 

Pt/C -0.02V -0.21V 3.05 75.22 121.10 
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Figure 3.10. (A) and (B) is CV and LSV curves of Pt/C, EC-HrGO, N-HrGO-10, N-rGO-
10 and bare electrode in O2 saturated 0.1M KOH electrolyte at a scan rate of 50 mV/s and 
10 mV/s, respectively. Inset (B) is zoomed in LSV curve of bare electrode, N-rGO-10 and 
N-HrGO-10. All potentials are measured using Ag/AgCl as a reference electrode. (C) CVs 
of N-HrGO-10 in N2 and O2 saturated 0.1M KOH electrolyte at a scan rate of 50mv/s. (D) 
Tafel plots of Pt/C, N-HrGO-10, N-rGO-10, EC-HrGO and bare electrode derived by the 
mass-transport correction of corresponding RDE data (Figure 3.10B). 

The electrocatalytic activity of N doped holey rGO (N-HrGO-10) was evaluated for 

ORR by cyclic voltammetry (CV) in a 0.1M KOH solution saturated with oxygen and 

nitrogen (Figure 3.10C). A large reduction peak was observed in the O2 saturated 

electrolyte solution, but not in the N2 saturated solution, suggesting that O2 is 

electrocatalytically reduced on the N-HrGO-10 modified electrode. We compared the ORR 

capability of N-HrGO-10 with bare GC electrode, commercial Pt/C, N-rGO-10 and 

electrochemically reduced holey GO (EC-HrGO), which is obtained by electrochemical 
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reduction of HGO66. From their CV and linear sweep voltammetry (LSV) curves obtained 

in O2 saturated 0.1M KOH (Figure 3.10A, B and Table 3.5), we can see that the N-HrGO-

10 shows much better ORR catalytic activity than the bare electrode, EC-HrGO and N-

rGO-10 demonstrated by its more positive onset potential, peak potential and higher current 

density, which is similar or slight better than previously reported N-doped graphene, 

synthesized by traditional high temperature approches.6, 57, 67, 68 However, N-HrGO-10 still 

shows slightly more negative potential and lower current density at lower potential region 

compared to the commercial Pt/C, indicates that the Pt/C catalyst still shows the best ORR 

performance. While it is noticed that at higher potentials (> -0.6 V), N-HrGO-10 shows 

higher current density, which indicates that it is possibly more kinetically facile toward 

ORR than the Pt/C at high over-potentials. 

To understand the mechanism of oxygen adsorption on the electrocatalysts of the 

N-HrGO-10, we drew Tafel plots (Figure 3.10D) of N-HrGO-10 derived by the mass-

transport correction of corresponding RDE data from Figure 3.10B. The same data 

treatment was also performed for Pt/C, N-rGO-10, EC-HrGO and bare electrode for 

comparison. The Tafel slopes from the plots were summarized in Table 3.5. The 

commercial Pt/C electrocatalyst shows two different Tafel slopes (75.22 mV/decade and 

121.10 mV/decade at lower and higher current density region, respectively), which 

indicates a Langmuir adsorption and Temkin adsorption of oxygen.56 Similar to Pt/C, the 

Tafel plots of N-HrGO-10 also shows two slopes (Table 3.5) but they are much lower from 

that of the Pt/C catalysts, indicates a possible different oxygen adsorption mechanism. 

Moreover, the N-HrGO-10 and EC-HrGO shows smaller Tafel slopes than the N-rGO-10, 

demonstrating that the existence of nanoholes and/or the large surface area could improve 
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the catalytic activities of carbon based catalysts. Furthermore, we also found that ORR 

activity of N-HrGO depends on the microwave reaction time of HGO with NH4OH. At 

longer reaction time, the relative ratios of N types (Table 3.4) were changed, which largely 

influenced their ORR catalytic activity. From the CV curves (Figure 3.11), the onset 

potential and peak potential were negatively shifted and the kinetic current decreased on 

N-HrGO-30, which is obtained via 30 mins of microwave reaction time. Among all the 

graphene modified electrodes, N-HrGO-10 modified electrodes exhibit the lowest onset 

potential and peak potential, and highest ORR current. 

 

Figure 3.11. CV curves (A) and onset potential (B) of N-HrGO-x electrode in O2 saturated 
0.1M KOH electrolyte at a scan rate of 50mv/s, where “x” is different microwave time (0, 
5, 10, 15, 30 minutes) used for synthesis of different N-HrGO. All potentials are measured 
using Ag/AgCl as a reference electrode. 

ORR can occur either via a direct four electron reduction pathway or a two electron 

pathway. In the four electron pathway, oxygen is directly reduced to water, while in the 

two electron pathway, oxygen is reduced to peroxide. In fuel cells, the direct four electron 

pathway is preferred to achieve better energy conversion efficiency and prevent corrosion 

of cell components due to the hazardous peroxides. LSV of EC-HrGO (Figure 3.10B) 
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clearly shows a two-step reaction pathways for ORR (-0.2V to -0.4V and -0.7V to -1.0V), 

which indicates the two electron pathway mechanism while LSV of N-HrGO-10 shows 

almost one step reaction pathway, indicates 4 electron pathway for ORR. To carefully 

quantify the electron transfer numbers and the formation of peroxide species (HO2
-) during 

the ORR process, we performed rotating ring disk electrode (RRDE) measurements. The 

% HO2
- and the electron transfer number were determined by the following equations: 

%HO2
- =

×  Ir
N

Id + Ir
N

                                                                     (3.1) 

n =
(4×Id)

(Id + Ir
N )

                                                                        (3.2) 

Where, Id and Ir is the current measured from the disc and ring electrode, 

respectively, and N is current collection efficiency of the Pt ring electrode. N was 

determined to be 0.424 from the redox reaction of K3Fe(CN)6. Figure 3.12A shows the 

disk and ring currents from N-HrGO-10, N-HrGO-30, EC-HrGO, N-rGO-10 and Pt/C 

modified electrodes, respectively. Notably, the N-HrGO-10 and Pt/C modified electrodes 

exhibited the lowest ring current among these graphene modified electrodes. The ring 

current increased on the N-HrGO-30 and EC-HrGO modified electrode shows the highest 

ring current. Based on the ring and disk currents, the electron transfer numbers (n) and % 

HO2
- were calculated (Figure 3.12B and C). The EC-HrGO modified electrode 

demonstrated the lowest electron transfer number of 2.5 to 2.6, and it also generates the 

highest percentage of peroxide (75%). The electron transfer number for the N-HrGO-30 

and N-rGO-10 are similar, slightly increased to about 3 and the amount of peroxide 
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generated decreased to 45-70% depending on the potentials applied during the ORR. In 

sharp contrast, the n =3.5 to 3.8 for the N-HrGO-10 modified electrode over the whole 

potential range, emphasizing that the ORR proceeds mainly via a direct four-electron 

pathway. In consistent to the electron transfer number, the % of peroxide is as low as 12%. 

The much better performance of N-HrGO-10 over N-rGO-10 is possibly due to its 

relatively high concentration of pyridinic and pyrrolic N and the existence of holes and 

edges, which also provide higher surface area, largely facilitates the mass transport of O2 

and the electrolyte. On the other hand, EC-HrGO should have the same or similar amount 

edges, holes and surface area compared to the N-HrGO-10. Its poor performance is very 

likely due to the lack of N doped catalytic centers. Moreover, N-HrGO-30 also shows lower 

electron transfer number and higher % HO2
-, possibly due to the change in N type upon 

prolonged microwave irradiation time. From XPS N1s peak analysis of N-HrGO-10 and 

N-HrGO-30 (Figure 3.9B and C), we summarized N type and relative ratio in Table 3.1 

and Table 3.4. Even though the atomic N% is not dramatically changed at different 

microwave reaction time, but the pyridinic N, pyrrolic N is decreased at longer microwave 

time (30min), which can be the possible reason for decreased ORR catalysis. 

 

Figure 3.12. (a) RRDE voltammogram of N-HrGO-10, N-HrGO-30, EC-HrGO, N-rGO-
10 and Pt/C modified electrode in oxygen saturated 0.1M KOH at a scan rate of 10mV/s 
and 1600rpm rotation speed. (b) and (c) is the number of electron transfer and relative 
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peroxide %, respectively, for all catalyst calculated from RRDE voltammogram. All 
potentials are measured using Ag/AgCl as a reference electrode. 

To further study how the hole structures on the N-HrGO-10 influence their electron 

transfer kinetics involved in ORR, rotating disc electrode (RDE) measurements (Figure 

3.13) were performed in O2 saturated 0.1M KOH solutions under various electrode rotating 

rates. The same study also performed on the N-rGO-10 and Pt/C for comparison. As shown 

in Figure 3.13, the current density is increased with rotation speed from 250 to 2500 rpm 

due to the enhanced diffusion of the electrolytes and O2. The kinetic parameters, such as 

kinetic current density (JK), and the effective diffusion coefficient of O2 (D0) in ORR is 

then analyzed using the Koutecky-Levich (K-L) equation.69 

1/J=1/JL+1/JK=1/Bω0.5+1/JK                                                              (3.3) 

Where B = 0.62nFC0(D0)2/3 -1/6  and   JK=nFkC0
 

Here, J is the measured current density, JL and JK are the diffusion limiting and kinetic 

limiting current densities, ω is the angular rotation rate of the disc electrode (rad/s), B is 

Levich constant, n is the number of electrons transferred in the oxygen reduction 

reaction (mol-1), F is the Faraday constant (F = 96485 C/mol), D0 is the effective diffusion 

coefficient of O2 (cm2/s),  is the kinematic viscosity  of the electrolyte (cm2/s), C0 is the 

oxygen concentration (mol/cm3) and k is the electron transfer rate constant. 
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Figure 3.13.  LSV curves of N-HrGO-10(a), N-rGO-10(b) and Pt/C(c) at different rotation 
speed in O2 saturated 0.1M KOH solution at 10mV/s. (d) is K-L plot of Pt/C, obtained 
based on the LSV data(c).All potentials are measured using Ag/AgCl as a reference 
electrode. 

We plotted the K-L plot (J-1 vs ω-1/2) for N-HrGO-10, N-rGO-10 and Pt/C at various 

electrode potentials (Figure 3.14A, 3.14B and 3.13D). From the linearity and parallelism 

of the plot at various electrode potentials, we consider that the ORR is a typical first order 

reaction kinetics with respect to the dissolved oxygen concentration. The slope and 

intercept of the K-L plot gives the Levich constant (B) and JK., which  then are used to 

calculate the effective diffusion coefficient constant of O2 (D0) and electrochemical rate 

constant k, respectively, by using electron transfer number n calculated from RRDE 

measurement. From Figure 3.14D, the N-HrGO-10 has more than 4 times higher k than 

the N-rGO-10. Here, for the first time, we found that the effective diffusion coefficient of 

O2 is also much higher (Figure 3.14C) in N-HrGO-10, which quantitatively demonstrates 

that the holey structures on the basal plane of graphene indeed contributed to the enhanced 

diffusion of oxygen. The calculated kinetic current density (Jk) and rate constant (k) from 
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Equation 3.3 for N-HrGO-10 is found to be 462.38 mAcm-2 and 0.015 cm/s, respectively, 

which is much higher than other reported values for heteroatom doped graphene catalyst.70, 

71 The relatively higher kinetic and diffusion current density, along with the 4e- pathway 

of the N-HrGO-10 demonstrates its great potential to replace the commercial Pt/C catalyst 

for ORR. 

 

Figure 3.14. (A) and (B) are K-L plot of N-HrGO-10 and N-rGO-10, obtained based on 
the LSV curves at different rotating speeds (Figure 3.13), respectively. (C) is calculated 
oxygen diffusion coefficient and (D) is calculated rate constant for ORR, using slope and 
intercept from K-L plot of N-HrGO-10, N-rGO-10 and Pt/C. All potentials are measured 
using Ag/AgCl as a reference electrode. 

Electrochemical impedance spectroscopy (EIS) studies were performed for N-

HrGO-10, N-rGO-10, EC-HrGO and Pt/C modified electrodes respectively, to understand 

the underlying physics associated with their electroreduction catalytic activity. It is 

reported that the high frequency part in an EIS (Figure 3.15A), is attributed to the 

interfacial resistance at the surface of the active electrode, middle frequency part 
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corresponds to the charge transfer resistance, and the low frequency part is related to the 

impedance from the diffusion of electrolyte and O2 through the catalysts.43 The fitting of 

the EIS using a modified randles equivalent circuit shows that N-HrGO-10 has a similar 

charge transfer resistance, interfacial resistance and oxygen/electrolyte diffusion resistance 

to the Pt/C electrodes. The nonporous N-rGO-10 shows much higher diffusion resistance, 

further demonstrating that the hole structures of graphene promotes better oxygen diffusion 

to the surface of electrode so that the redox reaction can be performed more efficiently. 

Based on these results we can conclude that the porous structure and N-doping in N-HrGO-

10 attribute for better electro catalytic activity towards ORR. 

 

Figure 3.15. (A) is Nyquist plot of EIS for the oxygen reduction on the bare electrode, EC-
HrGO, N-rGO-10, N-HrGO-10 and Pt/C. (B) is durability testing of the Pt/C and N-HrGO-
10 electrode for ~7 hours at -0.38V and 1000rpm speed. (C) is chronoamperometric 
response of the N-HrGO-10 and Pt/C modified electrode for ORR upon addition of 
methanol after about ~300seconds at -0.38V. All potentials are measured using Ag/AgCl 
as a reference electrode. 

For practical applications, the catalyst must have good catalytic activity along with 

good stability and durability. The durability of N-HrGO-10 with respect to commercial 

Pt/C was assessed through chronoamperometric measurements at -0.38 V (vs. Ag/AgCl) 

in a O2 saturated 0.1M KOH at a rotation rate of 1600 rpm. From the Figure 3.15B we can 

see that, while more than 50% of the original activity of the Pt/C is lost within 4 hours, the 
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N-HrGO-10 loses only ~7% of its original activity after 7 hours, demonstrating that the N-

HrGO-10 have far better durability. We also performed methanol cross over test to check 

stability of N-HrGO-10 and Pt/C against methanol. From Figure 3.15C, we can see that 

Pt/C loses its ~35% of its original activity in presence of methanol due to blockage of the 

active sites on Pt nanoparticle by methanol adsorption,72 while the introduction of methanol 

does not affect the ORR activity of N-HrGO-10, shows better stability against methanol 

cross over effect and great potential to replace Pt/C as a metal free catalysts. 

3.3. Conclusions 

In summary, by replacing traditional heating with microwave irradiation, holey 

graphene oxide sheets or graphene oxide sheets without holes can be controllably, directly 

and rapidly (tens of seconds) fabricated from graphite powder via a one-step-one-pot 

reaction with a production yield of 120 wt% of graphite. Again by taking advantage of the 

unique heating mechanism of microwave irradiation, a fast and low temperature approach 

to fabricate solution processable N doped graphene is developed. The N-doped holey 

graphene sheets (N-HrGO-10) demonstrated remarkable electro-catalytic capabilities for 

the electrochemical reduction of oxygen (ORR). The existence of the nanoholes not only 

provides a “short cut” for efficient mass transport, but also creates more catalytic centers 

due to the increased surface area and edges associated with the nanoholes. For the first 

time, we experimentally measure the effective diffusion constant of O2 for N-HrGO-10 and 

N-rGO-10, which quantitatively demonstrates that the hole structures on the basal plane of 

graphene indeed contributed to the enhanced diffusion of oxygen in N-HrGO-10. Although 

the onset potential of N-HrGO-10 for ORR is slightly negative in comparison to that of 

commercial Pt/C catalysts, the N-HrGO-10 shows much better stability and durability 
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against methanol poisoning. The capability for rapid fabrication and N doping of holey GO 

can lead us to develop efficient catalysts which can replace precious coin metals for energy 

generation and storage, such as fuel cells and metal –air batteries. 

3.4. Experimental Section 

3.4.1. Synthesis of GO and HGO 

Graphite powder (20mg, Sigma Aldrich, ≤ 20 m lateral size) was mixed with concentrated 

sulfuric acid (8mL, 98%, ACS grade) in a round bottom flask. The mixture is then swirled 

and cooled in an ice bath for approximately 5 minutes. Then concentrated nitric acid (2mL, 

70%, ACS grade) was added and again cooled in ice bath for approximately 5 minutes. 

After that KMnO4 (100mg, ACS grade) was added to the ice cooled acid mixture. The 

entire mixture was swirled and mixed for another 30 seconds and placed into a microwave 

reactor chamber (CEM Discover-SP). The reaction mixture was subjected to microwave 

irradiation (300 watts) for different time to produce GO and HGO. 30seconds of 

microwave results in GO, while 40seconds of microwave results in HGO. Subsequently, 

after microwave irradiation, the mixture is transferred to 200mL of ice containing 5mL of 

35% H2O2 to quench the reaction and then filtered through polycarbonate filter paper 

(0.2µm pore size) follow by washing with diluted hydrochloric acid (~ 4%) and deionized 

(DI) water. A colloidal graphene oxide (HGO and GO) solution is obtained by mild bath 

sonication (~30 minutes). The dispersion obtained is then left undisturbed for seven days 

to let the unexfoliated graphite particles precipitate out. The supernatant was carefully 

decanted and this solution is stable for months in water without significant precipitation.  



123 
 

 

3.4.2. N doping of GO and HGO 

HGO or GO (3mL, 0.55 mg/mL) was mixed with concentrated ammonium hydroxide 

(3mL, 29.2%, ACS plus grade) in Pyrex tube and sealed with Teflon cap. This mixture is 

heated in microwave at 120oC for different time (5, 10, 15, 30 minutes) with the pressure 

limit set to 15 bars, which resulted into nitrogen doping and simultaneously reduction of 

GO and HGO to form N-rGO-x and N-HrGO-x, respectively, where x denotes microwave 

reaction time. After the reaction, the mixture is cooled down to 50oC and neutralized with 

sulfuric acid in order to precipitate out the product and then dialyzed with 12 kD membrane 

dialysis tube with DI water to remove any salt residues. Finally, the product was 

centrifuged and bath-sonicated to redisperse in water to achieve desired concentration. 

3.4.3. Material Characterization 

The morphology of the graphene samples were studied by using Tapping mode AFM 

Nanoscope-IIIa Multimode scanning probe microscope system (Digital Instruments, 

Bruker) with a J scanner and STEM/SEM (Hitachi S-4800). The sample for AFM and SEM 

was prepared by simple drop casting of sample on freshly cleaved mica surface and Cu 

tape, respectively and allowed it for air dry. The sample for STEM was also prepared by 

drop casting a sample (2µL) on carbon supported Cu grid (400 meshes, type or company) 

and allowed it to dry in air. X-ray Photoelectron Spectroscopy (XPS) characterization was 

performed after depositing a layer of all kinds of catalysts onto a gold film (a 100 nm gold 

layer was sputter-coated on silicon with a 10 nm Ti adhesion layer). The thickness of the 

film on the gold substrates was roughly 30-50 nm. XPS spectra were acquired using a 

Thermo Scientific K-Alpha system with a monochromatic Al Kα x-ray source (h  = 1486.7 

eV). For data analysis, Shirley background subtraction was performed, and the spectra were 
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fit with Gaussian/Lorentzian peaks using a minimum deviation curve fitting method (part 

of the Avantage software package). The surface composition of each species was 

determined by the integrated peak areas and the Scofield sensitivity factor provided by the 

Avantage software. Absorption spectra were recorded on a Cary 5000 UV-vis-NIR 

spectrophotometer in the double beam mode using a 1cm quartz cuvette. Raman spectra of 

the samples (deposited on anodisc membrane) were collected using Raman Microscope 

(Confocal) – Wi-Tec, Alpha 3000R with an excitation laser at 785 nm. FT-IR spectra of 

the samples (deposited on CaF2 windows) were acquired with a Perkin Elmer Spotlight 

300 system using the transmission mode. The surface area of GO, HGO, N-rGO-10 and N-

HrGO-10 is measured by methylene blue (MB) adsorption method and descried as below. 

3.4.4. Surface area measurement of GO, HGO, N-rGO-10 and N-HrGO-10: 

Methylene blue(MB) adsorption method is a common dye adsorption based approach used 

to determine the surface area of graphitic materials, with each mg of adsorbed methylene 

blue representing 2.54m2 of surface area.73 The surface area of graphene samples were 

calculated by adding a known mass of graphene sample into a standardized methylene blue 

solution (2mg/ml) in DI water. The solution was stirred for 24 hours to reach maximum 

adsorption of MB on the graphene samples. For each mg of graphene sample, 750µL of 

MB (2mg/ml) is added so that the total mass of MB will remain 1.5 times higher than each 

of the graphene samples to reach a full coverage of MB on the graphene samples. The 

mixture was then centrifuged at 5000 rpm for 5 minutes to separate the non-absorbed MB 

molecules, which are still the supernatant. Then the MB concentration in the supernatant 

was determined by UV-vis spectroscopy at wavelength of 664 nm and compared to the 

initial standard concentration of MB prior to interacting with the graphene sample. 
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Figure 3.16.  Linear relationships between the concentration of MB and its absorption at 
664 nm. 

3.4.5. Electrochemical Measurements 

All the ORR experiments were conducted by using a computer-controlled potentiostat 

(CHI 760C, CH Instrument, USA) with a typical three-electrode cell. A platinum wire and 

saturated Ag/AgCl electrode is used as the counter-electrode and the reference electrode, 

respectively, in all measurement. A glassy carbon electrode was used as a working 

electrode and was polished each time prior to use with alumina slurry. All of the Catalyst 

(~2mg) were dispersed in 25% ethanol (1mL) containing Nafion (0.5 wt%) by bath 

sonication. Then 2µL of this dispersion was loaded on glassy carbon electrode and allowed 

to dry in vacuum. Before each testing, the electrolyte(0.1M KOH) was saturated with 

oxygen (O2) by bubbling O2 for 30 min. Cyclic voltammogram experiments were typically 

performed at the scan rate of 50mV/s in O2 saturated 0.1M KOH. For control experiments 

in (nitrogen) N2 saturated KOH, N2 was bubbled in 0.1M KOH for 30min, while other 

conditions remain unchanged. RDE experiments were performed using glassy carbon disc 

electrode(3 mm diameter) in O2 saturated 0.1M KOH with different rotation speed varying 
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from 250 to 2500rpm and 10mV/s scan rate. For a comparison, the commercially available 

Johnson Matthey (JM) Pt/C 40 wt% (Johnson Matthey Corp., Pt loading: 40 wt% Pt on 

carbon) electrode was also prepared similarly to other catalyst as above mentioned. For the 

RRDE measurement, catalyst and electrodes are prepared by the same method as RDE 

measurement, except using RRDE electrode (GC disc and Pt ring electrode). The 

chronoamperometry experiment was conducted by measuring current for 25,000 seconds 

at -0.38V potential and at 1000rpm rotation speed with continues maintaining oxygen flow 

to avoid any oxygen concentration effect. For methanol cross over effect, we conducted 

another amperometric experiment for 700seconds with same experiment condition as 

above, except 2mL of methanol was added at 300seconds during the experiment. The 

electrochemical impedance spectra (EIS) for ORR on the catalyst electrodes are measured 

in O2-saturated 0.1M KOH solution at -0.31 V vs. Ag/AgCl. 
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Chapter 4. P-Doped Porous Carbon as Metal Free Catalysts 

for Selective Aerobic Oxidation with an Unexpected 

Mechanism 

4.1. Introduction 

Catalytic oxidation of inexpensive and widely available chemicals to produce high value-

added chemicals remains a significant task in many important current industrial and fine-

chemical processes. Ideal catalytic oxidation processes would use non-toxic sustainable 

catalysts and the most environmentally benign and abundant oxidants, such as molecular 

oxygen (O2), with good conversion and selectivity. A wide range of homogeneous and 

heterogeneous transition metal-based catalysts have been developed for these reactions. 

Unfortunately, many metals are not widely available and/or are toxic, which presents 

sustainability and environmental challenges. For these reasons, there is ever increasing 

interest in developing sustainable and eco-friendly metal-free, “carbon based catalysts”, 

including graphene and other nanocarbon based catalysts.1-5 

Compared to traditional metal based catalysts, carbon based materials provide 

additional advantages because the existence of giant π structures promotes strong 

interactions with various reactants. More importantly, its physicochemical and electronic 

properties, which in principle determine the catalytic properties of a material, can be 

tailored and fine-tuned by molecular engineering and/or heteroatomic doping.6 A plethora 

of reports have demonstrated that doping of heteroatoms into graphene and other carbon 

based materials gives rise to enhanced performance in electrocatalytic oxygen reduction 

reaction (ORR), when compared to their undoped analogues.7-10 Compared to ORR, studies 
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that use doped and/or co-doped carbon materials as catalysts for selective organic synthesis 

are in their early stages of development, although a great potential has already been 

demonstrated.11 Importantly, these carbocatalysts merge the benefits of green synthesis 

with heterogeneous reaction conditions, which greatly simplifies work-up conditions and 

is particularly attractive from an industrial standpoint. However, there are few reports 

demonstrating that carbon based materials match the efficiency and recyclability of 

transition metal catalysts.11 On the other hand, limited “types” of graphene and carbon 

materials have been explored so far.2, 12-15 The majority of the research has been focused on 

graphene oxide (GO) possibly due to its large availability.16-18 Carbon materials doped with 

nitrogen (N) and N-codoped with other heteroatoms have been explored for C-H activation 

and aerobic alcohol oxidation.12, 15, 19, 20 Among three types of nitrogen species doped into 

the graphene lattice, pyridinic N, pyrrolic N, and graphitic N, the graphitic sp2 N species 

were established to be catalytically active centers. However, the requirement of high 

temperature to fabricate the graphitic sp2 N violates the original idea for energy saving and 

sustainability.21 Furthermore, the planar structure of graphitic sp2 N brings difficulties in 

overcoming substrate steric hindrance effects, which causes limited catalytic reaction scope 

of N-doped carbon materials.20, 22  

Recently, growing interest has emerged in phosphorus (P) doped carbon materials. 

23-26  P has the same number of valence electrons as N, making P-doped carbon materials 

also electron rich.24 While, the polarity of the C–P bond is opposite to that of  the C–N 

bond due to lower electronegativity of P atoms (2.19) than C (2.55), making P partially 

positively charged and possibly the catalytic sites,27, 28 instead of the neighboring C atoms 

as in the N-doped carbon materials.12, 15, 19 Furthermore, as the diameter of P is much larger 
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than C, P-doping results in more local structural distortion of the hexagonal carbon 

framework and in such a configuration, P protrudes out of the graphene plane.27, 28 Finally, 

when compared with N-doping, distinct effects by P-doping may also arise from the 

additional vacant 3d orbitals and the valence electrons in the third shell. All these 

characteristics empower P-doped carbon materials to overcome the steric hindrance effects 

encountered in N-doped carbon materials.12, 20 However, experimentally, most of the 

approaches for P-doping necessitate accompanying O doping, forming various P and O 

containing functional groups.25, 26, 29 How these functional groups, and the bonding 

configuration of P in a carbon matrix, influence the electronic property and therefore its 

catalytic performance remains unknown. Furthermore, most of the P-doped materials were 

fabricated via high temperature annealing for long periods of time in an inert environment, 

which also violates the original idea for energy saving and sustainability. 

Herein we report an extremely simple and rapid (seconds) approach to directly 

synthesize gram quantities of P-doped porous carbon materials from abundant biomass 

molecules. The work function of P-doped carbon materials and its connectivity to the P 

bond configuration in the carbon matrix have been studied via PeakForce Kelvin probe 

force microscopy (PF KPFM). Most significantly, the capability of the P-doped carbon 

materials as metal free catalysts for aerobic oxidation reactions have been demonstrated 

for the first time. As expected, unlike N-doped carbon material, the steric problem does not 

exist for P-doped carbon materials. The P-doped materials can efficiently catalyze aerobic 

oxidation of both primary and secondary benzyl alcohols to the corresponding aldehydes 

or ketones.  A kinetic study shows that the P-doped carbon material have an activation 

energy of ~ 49.6 kJ.mol-1 for benzyl alcohol oxidation, which is lower than N-doped carbon 
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(~56.1 kJ.mol-1)20 catalyst and similar to Ru based catalysts (~ 48 kJ.mol-1).30, 31 Further, 

to our surprise, the P-doped carbon materials with higher work functions shows higher 

capability in catalyzing aerobic oxidation reactions, which is opposite to the trend when N-

doped carbon materials are used as metal free catalysts for aerobic oxidation reactions20, 32 

and electrochemical catalysts for ORR.33 The P-doped materials also exhibit a different 

selectivity rule for electron rich and electron deficient molecules compared to other 

heteroatom doped carbon materials.20, 34 The reaction pathway was studied to understand 

these questions. We found that molecular oxygen is not involved in the first step of aerobic 

oxidation of benzyl alcohol, however, it is required to regenerate the catalytic sites on the 

P-doped carbon materials. The unique and unexpected catalytic pathway endows the P-

doped carbon materials with not only good catalytic efficiency but also recyclability, which 

is a major challenge in GO based catalysis.18, 35 This, combined with rapid and energy 

saving approach to be able to fabricate the material in a large scale, suggests that the P-

doped porous carbon is promising material for “green catalysis” due to their higher 

theoretical surface area, sustainability, environmental friendliness and low cost. 

4.2. Results and Discussion 

Scheme 4.1. Schematic drawing of PGc synthesis from Phytic acid by microwave heating. 
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In this approach, a novel sustainable biomass molecule, phytic acid, a well-known 

anti-nutrient molecule in food was chosen as our starting material.  Phytic acid is a 

snowflake-like molecule, containing 6 phosphorous acid “arms” (Scheme 4.1). The 

existence of both high levels of C and P in one molecule ensures uniform P doping in the 

fabricated carbon materials. Most importantly, phytic acid strongly absorbs microwave 

energy. Therefore the as-purchased phytic acid solution can be directly used for the 

fabrication of P doped graphitic carbon product (PGc) with microwave energy without the 

requirements of preheating and drying treatment or adding an additional microwave 

absorber.36, 37 This is very different from most biomass molecules and organic materials 

that are typically transparent to microwave energy, thus prohibiting their direct use for 

microwave carbonization. Using microwave heating instead of traditional heating ensures 

that the approach is both sustainable and low energy cost. Furthermore, the fabrication can 

be performed in air, under ambient conditions without the requirement of inert 

environment, which makes this approach even more cost effective and convenient. 

 

Figure 4.1. Scanning electron microscope (SEM) images of the as-fabricated PGc catalyst.  
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Figure 4.1 shows a scanning electron microscope (SEM) image of the as-fabricated 

PGc which is obtained by subjecting the as-purchased phytic acid solution (50 wt% in 

water) to short (40 seconds) microwave irradiation. PGc has a very unique structure in 

which a porous carbon monolith sandwiched by two highly wrinkled graphene-like sheets 

(Figure 4.1). The wrinkled structure is possibly the result of P doping and the larger 

diameter of P atoms compared to C atoms which induce local geometrical distortion in the 

carbon network. Indeed, the Energy-dispersive X-ray spectroscopy (Figure 4.2B) and X-

ray photoelectron spectroscopy (XPS) measurements (Figure 4.2A and Table 4.1) shows 

that PGc incorporates 4.9 atomic % P, demonstrating that P is doped in the carbon matrix. 

Raman spectroscopy was also used to characterize the PGc material. As shown in Figure 

4.2C, the Raman spectrum of the PGc shows G band (~1594 cm-1) and D band (~1312 cm-

1). The presence of G band (1594 cm-1) confirms the presence of graphitic sp2 carbon in its 

structure. The intensity of D band (1312 cm-1) and the intensity ratio (ID/IG) of D and G 

band are very similar to that of GO and reduced GO (rGO). These results are consistent 

with the previous reports that incorporation of heterogeneous dopants, such as P and N, 

breaks the hexagonal symmetry of the graphene plane, which leads to the high intensity of 

D band in their Raman spectra.9, 10, 34 Furthermore the material has a large surface area 

(~1200 m2/g), measured via Brunauer-Emmett-Teller (BET) (Figure 4.2D) and it has high 

thermal stablity as demonstrated by thermo gravimetric analysis (Figure 4.3). All these 

features combined with the ease of large scale production should lead to a wide range of 

applications of this material, including as metal free catalysts. 
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Figure 4.2. (A) XPS and (B) EDS spectra of PGc, PGc-30 and PGc-180 catalysts. (C) The 
Raman spectra of different catalysts. (D) 12-point BET plot of PGc catalyst. 

 

Table 4.1. Calculated atomic % of C, P and O for PGc, PGc-30 and PGc-180 catalysts. 

Catalyst % C % O % P 

PGc 73.94 21.17 4.89 

PGc-30 83.26 13.52 3.21 

PGc-180 83.56 13.60 2.84 
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Figure 4.3. TGA (Thermo Gravimetric Analysis) spectra of different phosphorus doped 
carbon catalyst and graphite. 

Table 4.2. Benzyl alcohol oxidation catalyzed by PGc in watera. 

 

Entry Catalyst R Temp(°C) Conversion (%) Selectivity (%) 

1 PGc H 40 17.5 >99.0 

2 PGc H 60 24.1 >99.0 

3 PGc H 80 37.7 >99.0 

4 PGc H 100 48.4 >98.5 

5b PGc H 100 41.9 >99.0 

6 no catalyst H 60 1.5 >99.0 

7 rGO H 60 7.4 >99.0 

8 PGc-30 H 60 17.6 >99.0 

9 PGc-180 H 60 14.4 >99.0 

10 PGc CH3 80 46.5 >99.0 

11c PGc H 60 33.4 >99.0 

12c 
N-doped 

Graphene20 
H 70 12.820 100 



140 
 

 

Reaction conditions: a2.0 mg alcohol, 3.0 mg catalyst, 5 mL water, oxygen balloon, 14 
hours reaction time. b20mg alcohol (0.2mmol), 30mg catalyst, 50 mL water, 1 atm O2, 7 
hours reaction time.  c0.1mmol alcohol, 30mg catalyst, 80 mL water, 1 atm O2, 10 hours 
reaction time. % conversion to the alcohol and % selectivity with respect to benzaldehyde 
calculated using high performance liquid chromatography (HPLC).20 is refers to numbered 
reference in the text. 

We first studied the catalytic efficiency of PGc for selective oxidation of benzyl 

alcohol to benzaldehyde in aqueous solution at different temperatures (Table 4.2). The 

conversion increased with the reaction temperatures and it reached 48% at 100 ˚C without 

losing the selectivity to aldehyde (>99%) (Entry 1-4). In a control experiment without PGc 

(entry 6) or with reduced GO (rGO) as the catalyst (entry 7), negligible conversion of 

benzyl alcohol is achieved, demonstrating the critical role of PGc in this reaction. It is 

worthy to mention that the conversion is 33.4% at 60˚C with >λλ% selectivity to 

benzaldehyde (entry 11), which is approximately three times higher than the conversion 

(entry 12) when N-doped graphene was used as the catalyst under almost identical reaction 

conditions (catalyst loading 300 wt%, and reaction time 10 hours, except the reaction was 

performed at slightly higher temperature 70 ˚C for N-doped graphene).20 A detailed kinetic 

study of the selective oxidation of benzyl alcohol to benzaldehyde in aqueous solution by 

PGc catalyst was also performed. Figure 4.4A shows the molarity of benzaldehyde formed 

as a function of the reaction time at different temperatures (40 to 100 ̊ C). From these linear 

plots, we calculated the reaction rates (k) for benzyl alcohol oxidation. Then, the apparent 

activation energy (Ea) is calculated from the slope of the linear plot of ln k versus 1/T 

(Figure 4.4B). According to the Arrhenius equation of ln k = ln A – Ea/RT, the activation 

energy was calculated to be 49.6 kJ.mol-1, which is lower than that of reported for N-doped 

carbon catalysts (56.1 kJ.mol-1) 20 and similar to Ru metal-based catalysts (47.8 kJ.mol-

1).30, 31 Moreover, unlike the N-doped carbon catalysts,20 the PGc catalyst is able to catalyze 
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the oxidation of secondary benzylic alcohols (1-phenethyl alcohol) with even better 

conversion (Table 4.2, entry 10). This is probably due to the unique "protruding out" 

structure of phosphorus atom in the graphene matrix, which is different than that of 

nitrogen.  

 
Figure 4.4. (A) Molarity of benzaldehyde vs reaction time plot at different reaction 
temperatures to study the rate of oxidation of benzyl alcohol. Reaction conditions: 7 mg 
benzyl alcohol, 10.5 mg PGc catalyst, 10 ml water, 1 atm O2. (B) Arrhenius plot for the 
benzyl alcohol oxidation. The rate constant (k) values at different temperature were 
regarded as the pseudo-zero-order rate constants (k obs) because the plot of the molarity of 
benzaldehyde produced versus time is linear. 

 

Figure 4.5. HPLC chromatogram of blank (No catalyst), PGc catalyst with an oxygen 
oxidant (B) and PGc catalyst with an H2O2 oxidant(C). Reaction condition for (A) and (B) 
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can be found in Table 4.3- entry no. 1 and 4. Reaction condition for (C) can be found in 
Table 4.8 entry no. 4. 

Table 4.3. Optimization experiments for solvent free alcohol oxidation catalyzed by PGca 

Entry catalyst Conversion (%) Selectivity (%) TON (X 10
-2

) 

1 No catalyst <0.1 100 NA 

2 2.5wt% PGc 2.7 >99 1.10 

3 5 wt% PGc 5.1 >99 1.03 

4 50wt% PGc 21.7 98 0.44 

5
b

 20wt% PGc 27.5 96.4 1.40 

6
b

 50wt% PGc 56.1 95.7 1.14 

7
b

 200wt% PGc 90.2 96.3 0.46 

8 5wt% GO 3.7 >99 0.75 

9 50wt% GO 13.0 95 0.26 

10 50wt% re-GO
c

 4.2 95 0.09 

11 50wt% PGc-30 14.9 97 0.30 

12 50wt% PGc-180 8.4 94 0.17 

13
b

 
20 wt% recycled 

PGcd 
22.5 96.1 1.14 

Reaction conditions: a 50mg catalyst, different weight of benzyl alcohol to make different 
wt% of catalyst, 1atm O2, 80˚C, 48 hours. b Reaction was performed at 100˚C for 24 hours. 
c re-GO is the catalyst, recovered from entry # 9. d PGc catalyst is recovered from entry #5. 
% conversion to the alcohol and % selectivity with respect to benzaldehyde calculated 
using 1H NMR. The turnover number (TON) was calculated as a ratio of the (mol of 
oxidized product) / (mass of catalyst). 

It was reported that the formation of a large amount of H2O2 byproduct seems to be 

unavoidable when using noble metal based catalysts for selective oxidation of alcohols to 

aldehydes by molecular oxygen.38 The generated H2O2 not only can possibly further react 

with the aldehyde product, thus leading to selectivity loss, but it could also etch the reaction 
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equipment. Therefore, it is worth mentioning that there is no detectable H2O2 byproduct 

generated in the present reaction (Figure 4.5), which is another advantage compared to 

transition metal catalysis.38-40 

For industrial applications, solvent free catalytic reactions are preferred to avoid 

extra cost related to the use of and handling of solvents. Previously, Bielawski reported 

that GO is capable of catalyzing oxidation and hydration reactions in solvent free 

conditions.18 To test whether PGc can also catalyze benzyl alcohol oxidation without any 

solvent, neat benzyl alcohol was heated to 80 ˚C for 48 hours in the presence of different 

wt% of PGc, under 1 atm of oxygen (Table 4.3). The %conversion with PGc catalyst 

increases from 2.7% to 22% with the increase of the amount of catalyst loading (entries 2-

4). If the reaction is performed under the same conditions, the catalytic efficiency of PGc 

is similar or slightly better compared to GO reported by Bielawski et al.18 (entries 5-7). For 

example, the alcohol conversion increases to 56% and 90% with 50 and 200 wt% catalyst 

loading, respectively, at 100˚C for 24 hours (entries 5-7). The high aldehyde selectivity is 

largely maintained (≥ 96%). It was reported that at 20 wt% GO catalyst loading, a dramatic 

decrease in conversion efficiency from 24% to 5% was reported, indicating that majority 

of the catalytic sites have been lost during the catalytic cycle.18 It has also been reported 

that the graphitic N in N-doped graphene suffered from serious stability issues.32 To test 

the recyclability of the PGc, we recovered the PGc catalyst by filtration at the end of the 

reaction and recycled the catalyst for eight runs. Significantly, with 50 wt% PGc catalyst 

loading, the decrease in alcohol conversion and selectivity was not obvious (Figure 4.6A), 

which is in sharp contrast to GO catalysts (Table 4.3, entry 9 and 10). With 20 wt% 

loading, the decrease in % conversion is much less compared to that of GO (Table 4.3, 
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entry 5 and 13).  We further compared the initial reaction rates for the fresh and the recycled 

PGc catalysts. As shown in Figure 4.6B, only a trivial decrease in the reaction rate for the 

recycled PGc catalyst was observed. All these results suggest that the PGc catalyst has 

much better recyclability compared to GO.  

 
Figure 4.6. (A) Recycling the PGc catalyst for benzyl alcohol oxidation. Reaction 
condition: 50mg catalyst, 100mg benzyl alcohol, 1atm O2, 80°C, 48hours. (B) Time 
conversion plot of a fresh and used PGc catalyst. Reaction condition: 10 mg catalyst, 50 
mg benzyl alcohol, 1 atm O2, 100˚C. The used catalyst is recycled twice (at reaction 
conditions specified in Figure 4.6A before the time conversion measurement. 

 

Figure 4.7. Scanning electron microscope image of the fabricated PGc-30 and PGc-180 
catalysts. 
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To further shed light on the role of PGc in the oxidation of benzyl alcohols, we 

fabricated different PGc materials. In brief, by treating the dried PGc powder with 

microwave irradiation for additional 30s and 180s, we obtained different PGc materials, 

which we named as PGc-30 and PGc-180, respectively. The wrinkle and porous structures 

of these PGc materials are similar to the original PGc as shown in Figure 4.7. Detailed 

treatment procedures is described in experimental section and characterization can be 

found in the Figure 4.2 and 4.3. Next, we compared the catalytic ability of these new 

catalysts with the original PGc in the alcohol oxidation reaction in both aqueous and 

solvent free conditions. As shown in Tables 4.2 and 4.3, the original PGc shows the highest 

alcohol conversion. The PGc-180, which was fabricated with the longest microwave 

irradiation time, shows the lowest conversion, followed by PGc-30 (Table 4.2, entry 8, 9 

and Table 4.3, entry 11, 12) (vide infra).  

The reactivity of the P-doped carbon materials for different types of alcohols was 

further explored using a variety of primary, secondary benzylic (1-phenethyl alcohol), 

alicyclic (cyclohexylmethanol) and linear (1-butanol) alcohols in solvent free conditions 

and the results are summarized in Table 4.4. We found that the PGc catalyst can catalyze 

secondary benzylic alcohol oxidation (23.3% conversion, entry 1) but not of aliphatic 

alcohols (entry 2 and 3), which is consistent with the higher reactivity of the former 

substrates. Very interestingly, we found that the electron donating and withdrawing 

properties of the functional groups attached to the aromatic ring of benzylic alcohols 

dramatically influenced the oxidation efficiency. 4-CH3O-substituted benzylic alcohol 

reached > 98% conversion and > 98% selectivity to benzyl aldehyde. In contrast, the -NO2 

substituted benzyl alcohol resulted in negligible conversion (< 2.5%) at the same reaction 
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conditions. This selectivity trend has been often observed in metal-catalyzed oxidation of 

alcohols, but rarely in the metal free catalysis. For example, N-doped material shows no 

selectivity as the catalyst in the oxidation of benzylic alcohols with regard to the properties 

of the substituents, with electron withdrawing and donating groups showing almost the 

same reactivity.20 Interestingly, the N, S, O tri-doped porous carbon materials show the 

opposite selectivity trend.34 

Table 4.4. The catalytic activity of PGc in the oxidation of different alcoholsa 

Entry Substrate Product 
Conversion 

(%) 
Selectivit

y (%) 

1b 
  

23.3 95.0 

2 
  

ND ND 

3   ND ND 

4 
  

2.2 64.1 

5 
  

52.5 94.2 

6 
  

98.9 99.9 

Reaction conditions: a 50mg PGc catalyst, 100mg alcohol, 1atm O2, 80°C, 48 hours. 
breaction was run for 24 hours due to acetal formation. % conversion and %selectivity 
calculated using 1H NMR. ND = not determined (conversion <2.0%). 

We performed several control experiments to get insight into the PGc catalyzed 

alcohol oxidation reaction. It was proposed that doping with nitrogen in graphene matrix 

changes the electronic structure of the adjacent carbon atoms, which then react with oxygen 

to give peroxo-like species, which initiates the oxidation reactions.7, 15 P has the same 

number of valence electrons as N, and both theoretical and experimental studies have 

demonstrated that P-doped graphene and other graphitic carbon materials is also capable 
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of activating molecular oxygen, which facilitates electrochemical oxygen reduction 

reaction (ORR).9, 23, 25, 41 Thus, it is reasonable to expect that the oxygen activation is the 

initial step in the catalytic PGc oxidation reactions, similar to N-doped graphene. If this is 

true, the work function of the PGc, which is closely related to its electronegativity and 

ionization energy, should correlate with the catalytic activity.42 Very recently, Cheon et al. 

demonstrated that the enhanced ORR activity in doped nanocarbon is closely correlated 

with the variation in their nanoscale work function.33 It was reported that among three types 

of nitrogen species doped into the graphene lattice, namely pyridinic N, pyrrolic N, and 

graphitic N, only the graphitic sp2 N species contribute to decreasing the work function of 

N doped graphene.43 Accordingly, only the graphitic sp2 N species were established to be 

catalytically active centers for the aerobic oxidation reactions.15, 20 We hypothesized that 

PGc with lower work function should have better catalytic activity. We used PeakForce 

Kelvin probe force microscopy (PF-KPFM) to study the work function of the PGc 

fabricated with different microwave irradiation conditions (See details in experimental 

section). Unexpectedly, the PGc, which exhibited the highest activity in the oxidation of 

benzyl alcohol, has the highest work function (Figure 4.8A, B and Figure 4.15A, B).  PGc-

180, which showed the lowest reactivity, has the lowest work function (Figure 4.8C, D 

and Figure 4.15C, D). These unexpected results prompted us to reconsider whether O2 is 

involved in the initiation step of the reaction. 
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Figure 4.8. (A, C) topography and (B, D) PF-KPFM images of PGc and PGc-180 catalysts, 
respectively. 

For previously reported catalytic aerobic oxidation reactions, which involve oxygen 

activation in the first step of the reaction, the conversion decreased dramatically when the 

reaction was performed in an O2 free environment.20, 32, 44 To determine whether the first 

step of oxidation using PGc catalyst involves activation of O2 to form peroxo like species 

as with N-doped graphene and other graphitic carbon materials, the oxidation reaction was 

performed under an atmosphere of N2, instead of O2 (Table 4.5). After 48 hours of reaction 

at 80˚C, 18% alcohol conversion was found, which is just slightly lower than that under1 

atm O2 (23% conversion), indicating that some functional groups on PGc are directly 

involved in the alcohol oxidation reaction without the requirement for external O2. Very 

interestingly, we found that the alcohol conversion decreased significantly (3%) after the 



149 
 

 

same PGc catalyst was cleaned under N2 environment, and reused for the catalytic reaction 

under N2 environment. However, % alcohol conversion recovered back to 23% when the 

PGc catalyst was recycled for the third time, but the reaction was performed in the presence 

of 1 atm O2. Altogether, these results suggest that O2 does not directly react with the 

substrate, yet it is needed to regenerate the functional groups/active sites on PGc for the 

catalytic oxidation. This is very different from GO, N-doped, and N, B-codoped carbon 

catalysts.12, 15, 18, 20 

Table 4.5. Recycling the PGc catalyst in benzyl alcohol oxidation in presence of different 
environment. 

Entry Catalyst Oxidant Conversion (%) Selectivity (%) 

1 PGc N2 17.6 99.8 

2 PGc-2ndcycle N2 3.2 99.9 

3 PGc-3rdcycle O2 22.7 94.0 

Reaction conditions: 50mg PGc catalyst, 100mg of alcohol, 1atm oxidant, 80 C, 48 
hours.  % conversion to the alcohol and % selectivity with respect to benzaldehyde 
calculated using 1H NMR. 

Table 4.6.  The benzyl alcohol oxidation in presence of radical quencher. 

Entry Catalyst 
Radical 
Inhibitor 

Conversion (%) Selectivity (%) 

1 50wt% PGc --- 21.2 >99 

2 50wt% PGc BHT 22.2 98.6 

Reaction conditions: 50mg PGc catalyst, 100mg of alcohol, 0.3mLacetonitrile, 1atm O2, 
80C, 24 hours. 0.1mmol of butylated hydroxytoluene (BHT) is added in entry 2 for 
controlled reaction. % conversion for alcohols and % selectivity to benzaldehyde is 
calculated using 1HNMR. 

To understand if free radical intermediates are involved during the PGc catalyzed 

oxidation, we performed the benzyl alcohol oxidation reaction (PGc catalyst, 1 atm O2) in 

the presence of butylated hydroxytoluene (BHT, 20 wt %), a known free radical quencher 
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(Table 4.6). After 24 hours, analysis of the reaction mixture revealed that the same 

conversion and selectivity were reached, suggesting that the presence of BHT did not 

inhibit the reaction. This result is also very different from GO catalyzed aerobic oxidation 

of alcohols in which a dramatic decrease of the conversion efficiency was observed upon 

addition of BHT, from 24 to 5%.18 This result is also different from those of N and N, B-

codoped graphene-like materials in aerobic oxidation of benzylic compounds.12 In these 

cases, it was found that including BHT in the reaction mixture completely blocked the 

benzylic oxidation.  

To find out the possible active sites on PGc catalysts, the detailed chemical 

composition and the bonding configuration of phosphorus atoms in the P-doped carbon 

materials were studied by X-ray photoelectron spectroscopy (XPS) and Fourier transform 

infrared spectroscopy (FT-IR). The XPS spectrum showed that the PGc contains mainly 

three elements C, O and P with atomic % to be 74.0%, 21.2%, and 4.9%, respectively 

(Figure 4.2A, Table 4.1). The PGc material was also analyzed by X-ray fluorescence 

spectroscopy (XRF) to calculate % P in the bulk material and found to be ~3 atomic % or 

~9 wt% (see detail in experimental section). To determine the chemical bond configuration 

of P present in the PGc, both the high resolution P 2p peak and O 1s peak were 

deconvoluted (Figure 4.9). It is worth mentioning that the peak deconvolution and 

assignment are discussed in many papers.45 It is widely accepted that the P 2p peaks at 

higher binding energy (>132 eV) are P-containing functional groups associated with -C-

O-C, -OH, or =O, and the peak position shifts to higher binding energy as the oxidation 

state of P becomes higher.45 For the sake of simplicity, in this work the P 2p peak was 

deconvoluted into two components. According to the most comprehensively explained 
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results in the literature, the peak centered at 132.5 eV was assigned to P-C (28.4%), which 

suggested that P atoms are indeed incorporated into the carbon lattice. The peak at 134.7 

eV was assigned to P-O (~71.6%) bonds, which represents all the P-containing functional 

groups associated with O.  

 
Figure 4.9.  P 2p (A, C, E) and O 1s (B, D, F) Peak deconvolution of different PGc 
catalysts, PGc, PGc-30 and PGc-180, respectively. 
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Figure 4.10. The FT-IR spectrum comparison of PGc with GO and rGO catalysts. 

Table 4.7. Calculated % of different type of oxygen present in PGc, PGc-30 and PGc-180 
catalysts. 

 Absolute % Relative % 

Catalyst
s 

C=O/
P=O 

C-O/ 
P-O-C 

C-OH/ 
P-OH 

COOH/
Water 

Total 
C=O/
P=O 

C-O/ 
P-O-C 

C-OH/ 
P-OH 

COOH/
Water 

Total 

PGc 2.22 3.38 13.25 2.32 21.17 10.4λ 15.λ7 62.57 10.λ6 λλ.λλ 

PGc-30 2.17 3.42 6.78 1.15 13.52 16.05 25.30 50.15 8.51 100.01 

PGc-180 2.14 4.45 5.88 1.13 13.60 15.74 32.72 43.24 8.31 100.01 

Absolute % is calculated based on presence of all the elements (C, P and O) in the 
material. Relative % is calculated based on total amount of P present. 
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Table 4.8. Calculated % of P-C and P-O present in PGc, PGc-30 and PGc-180 catalysts. 

Absolute % is calculated based on all the elements (C, P and O) in the material. 
Relative % is calculated based on total amount of P present. 
 

The deconvolution of O1s peak demonstrated that 62.6% of the total oxygen is in 

the form of C-OH/P-OH, 16.0% C-O-P/C-O-C, 10.5% C=O/P=O and 11.0% in the form 

of adsorbed water/COOH functionality. It is difficult to differentiate between C=O and 

P=O, C-O-P and C-O-C, and P-OH and C-OH due to their very close binding energy. To 

solve these problems, the PGc was further characterized with FT-IR spectroscopy (Figure 

4.10). The spectrum of GO and rGO is also displayed for comparison. Unlike GO, PGc 

does not show the strong peaks at 1719 cm-1(C=O stretching), 1410 cm-1(C-O stretching in 

carboxylic acid or carboxylate) and 1230 cm-1 (C-OH/C-O-C stretching).46, 47 However, the 

spectrum clearly shows several peaks at 1166cm-1, 1131 cm-1 (shoulder), 1035 cm-1, 900 

cm-1 (shoulder), and several weaker peaks (750 cm-1 to 663 cm-1), which can be assigned 

to P=O stretching, P-C of P-aromatic stretching, P-O-C, P-OH, and P-C.48, 49 These results 

demonstrate that mainly P=O, instead of C=O exists in the PGc, C-O-C groups are below 

the detection limit, and the majority of -OH present in PGc is directly bonded to P with 

abundant P-OH functionalities. Moreover, since the atomic O/P ratio is ~4 from XPS 

studies, some P atoms possibly connect with two or more oxygen containing 

functionalities, such as OH groups as schematically proposed in Scheme 4.1. 

 Absolute % Relative % 

Catalyst % P-C % P-O Total % P-C % P-O Total 

PGc-0 1.39 3.50 4.89 28.43 71.57 100 

PGc-30 1.27 1.94 3.21 39.56 60.44 100 

PGc-180 1.15 1.69 2.84 40.49 59.51 100 
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Figure 4.11. The FT-IR spectrum of PGc, PGc-30 and PGc-180 catalysts. 

To study which functionality is important for the observed catalytic activities of 

PGc, we carefully studied the functional groups of PGc-30 and PGc-180 materials. The 

XPS spectrum showed that both catalysts PGc-30 and PGc-180, have similar amount of % 

O (13.52, 13.60% respectively), which is lower than PGc (21.17% O) (Table 4.1). 

Furthermore, XPS and FT-IR analysis showed that they (PGc-30 and PGc-180) contain 

similar amounts of C-O-P and P=O groups, while PGc-180 has the lowest content of P-OH 

functionalities as per O1s XPS peak analysis of PGc-180 catalyst (Figure 4.9 and Figure 

4.11 and Table 4.7). Note that PGc-180 also exhibited the lowest alcohol conversion, 

followed by PGc-30 and PGc, respectively, suggesting that the P-OH functional groups on 

PGc are likely to play an important role in the oxidation. On the other hand, we have also 
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performed benzyl alcohol oxidation reaction in the presence of molecules containing P=O 

and P-OH functional groups, such as phytic acid and phosphorous acid. The reaction does 

not proceed, which indicates the importance of the graphitic regions on the PGc material 

for aromatic substrate interaction. 

 

Figure 4.12. H-NMR spectrum of reaction mixture (Table 2- entry no. 4) containing 
benzyl alcohol (2H, 4.62 ppm), Benzaldehyde (1H, 9.95 ppm) and trace amount of water 
(2.12 ppm). 

Based on all the experimental results described above, we have concluded the 

following important points regarding the catalytic mechanism of alcohol oxidation by PGc. 

(1) The PGc with higher work function shows higher catalytic activity, which is opposite 

to that of N-doped graphene and other graphitic carbon materials. (2) Molecular oxygen is 

not involved in the first step of the reaction, which is also different from N-doped graphene. 

However the presence of oxygen is critical for regenerating the active sites on the PGc 

catalysts. (3) The co-existence of P=O, P-OH functionalities along with the graphitic 

regions on PGc play a pivotal role in the catalytic alcohol oxidation reaction. (4) A radical 
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inhibitor, BHT, does not inhibit the oxidation reaction. (5) There are no detectable H2O2 as 

byproduct generated during the reaction (Figure 4.5). (6) In addition, the reaction is 

associated with loss of water when reaction was performed under oxygen as demonstrated 

by the presence of water peak in 1H NMR spectroscopy of the final product mixture 

(Figure 4.12). 

Scheme 4.2. Proposed mechanism of benzyl alcohol oxidation catalyzed by PGc in 
presence of oxygen as an oxidant. 

 

 
Based on these findings and previous reports using P2O5 to accelerate the oxidation 

of alcohols50 and carbohydrates,51 and especially, a recent finding suggested the importance 

of ketonic O in catalysis of benzylic alcohol oxidation,52 we propose the following 

mechanism as shown in Scheme 4.2 where primary benzyl alcohol is used as an example. 

In the first step of catalysis, condensation between the alcohol and P=O moieties on PGc 

takes place, and an alcoholate intermediate is formed. The condensation is likely facilitated 

by the interaction of the alcohol with the PGc surface by π-π interactions with the graphitic 

domains and hydrogen bonding with the polar groups (such as P-OH). In the second step 
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of the reaction, a rate determining H transfer takes place, possibly through a cyclic 

transition state. This step is supported by the linear Hammett correlation in the oxidation 

of 4-substituted benzylic alcohols by PGc (Figure 4.13, plot of log k vs σ gives a ρ value 

of -1.50, R2 = 0.98, independent rates), indicating build-up of a positive charge in the 

transition state. The proton transfer step is facilitated by P-OH moieties on PGc surface. 

Notably, the observed Hammett rho value is in the range reported for oxidation of benzylic 

alcohols using pyridinium chlorochromate (-1.4 to -1.7)53-55 and much higher than that 

reported for oxidation of benzylic alcohols via the radical mechanism (-0.4).56-58 It is likely 

that the presence of hydrogen bonding between the substrate and the PGc polar groups 

stabilizes the transition state, enabling the alcohol oxidation in the close proximity to the 

material surface. The aldehyde product and a water molecule are released simultaneously. 

Next, the generated P (III) groups on PGc react with molecular oxygen to regenerate the P 

(V) centers for further reactions, thus completing the catalytic cycle (Scheme 4.2). The 

PGc catalyst after the reaction was characterized via FT-IR. The peaks at 1166 cm-1 (P=O), 

1035 cm-1 (P-O/C-O), 900 cm-1 (shoulder, P-OH) have similar intensities as the fresh PGc 

catalyst (Figure 4.14), indicating that the catalytic sites are largely being regenerated 

during the reaction. Moreover, recently, Hasegawa et al. demonstrated that the reduced 

form of P functionalities, which were initially introduced into the carbon matrix of 

graphene, were unstable and gradually oxidized and/or hydrolyzed by O2 and humidity at 

ambient conditions and room temperature, leading to the formation of oxidized P-

containing functional groups.45 This study also soundly supports the hypothesis that P-

OH/P=O functionalities of PGc, can be readily regenerated.  
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Figure 4.13. Hammett plot of Plot of log k vs. σ for the oxidation of 4-substituted benzyl 
alcohols with PGc catalyst. 

 

Figure 4.14. The FT-IR spectrum of the fresh and used PGc catalyst. The used catalyst 
was recycled twice (the reaction conditions were specified in Figure 4.6A caption) before 
this FT-IR measurement. 

The excellent recyclability is one of the key advantages of PGc compared to the 

GO based catalysts. Boukhvalov et al. applied density functional theory (DFT) calculations 

on GO to reveal that the partially reduced catalyst, which is different from the inert graphite 
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or pristine graphene, can be recharged by molecular oxygen, allowing for catalyst 

turnover.35 However, experimentally, it was reported that after the reaction, the GO catalyst 

was transformed to rGO, especially at relatively low catalyst loading such as 20 wt%. The 

recovered rGO has similar electronic properties as rGO intentionally prepared by other 

methods, indicating that regeneration of the active sites under the reaction conditions did 

not occur fast enough.18 

Table 4.9. The benzyl alcohol oxidation catalyzed by PGc in the presence of H2O2 and 
TBHP oxidants a 

 

Entry 
Catalyst, 
Oxidant R 

(%) 
Conversion 

(% ) Selectivity 
TON ( x 

10
-2

) 

1 
No catalyst, 

TBHP 
H 13.λ2 λ6.0 - 

2 PGc, TBHP H λ8.78 
0.01%- Benzaldehyde 
λλ.λλ% Benzoic acid 

5.02 

3 PGc, TBHP CH
3
 λ5.73 >λλ 4.36 

4 PGc, H
2
O

2
 H 27.74 68.7 1.41 

5 PGc, H
2
O

2
 CH

3
 27.25 λ2.1 1.24 

Reaction conditions- 10 mg catalyst, 50 mg alcohol (0.5 mmol), oxidant-TBHP/H2O2 (1.5 
mmol), 80˚C, 24 hours. Acetonitrile added as a solvent to make final reaction volume 0.3ml 
in all reactions. % conversion for alcohols and % selectivity to benzaldehyde calculated 
using 1H NMR. The turnover number (TON) was calculated as a ratio of the (mol of 
oxidized product) / (mass of catalyst). 

Furthermore, we have also explored the effect of different oxidants, such as H2O2 

and TBHP, on benzylic alcohol oxidation (Table 4.9). With H2O2, the oxidation of primary 

alcohol results in 28 % conversion with moderate selectivity (69%, 20 wt% catalyst 

TBHP/H2O2

Catalyst
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loading). Which also suggests that presence of H2O2 is affecting the selectivity of aldehyde 

products. Interestingly, when the oxidant is switched to TBHP, even at relatively low 

catalyst loading (20 wt %), the conversion of both primary and secondary benzylic alcohol 

reaches ≥λ5%. However, the product for the oxidation of the primary benzylic alcohol is 

benzoic acid instead of benzaldehyde (100% selectivity) possibly due to the faster 

oxidation of aldehyde to acid in the presence of a strong oxidant (TBHP). 

4.3. Conclusions 

In summary, we have reported an extremely simple, energy effective, and scalable 

approach to rapidly fabricate P-doped carbon materials with controlled P bond 

configuration. For the first time, we demonstrated that the P-doped carbon materials can 

be used as a selective metal free catalyst for aerobic oxidation of benzylic alcohols with 

>98% selectivity to benzaldehydes. The P bond configuration influences the work function 

of P-doped carbon materials. However, in sharp contrast to N-doped graphene and other 

graphitic carbon materials, the PGc material with higher work function shows high activity 

in catalytic aerobic oxidation. Based on our extensive experimental studies, a unique 

catalytic mechanism seem to be operating when PGc catalysts are used, which is different 

from both GO and N-doped graphene obtained by high temperature nitrification. While the 

apparent conversion is similar to GO, the key advantage compared to GO is that this 

catalyst, even with low catalyst loading, can be reused multiple times with simple filtration 

without losing its catalytic activity. Compared to the N-doped graphene, not only the 

conversion increased 3 times without losing selectivity, this catalyst also shows no steric 

effect as both primary and secondary alcohol can be converted with similar conversion 

efficiency. Finally, while our study focused on alcohol oxidation, it is also worthy to 
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mentioning that phosphate functionalized carbon materials have been used for acidic 

catalytic reactions,59 to increase the selectivity of the oxidative dehydration reactions,60 and 

widen the electrochemical potential window in high capacitance applications.61 All these 

are due to the different P bond configuration in these carbon materials, which in turn 

demonstrated the rich P chemistry can be tailored to fit different applications. Importantly, 

we have already demonstrated that P carbon materials co-doped with other heteroatoms, 

such as N, B, S, and Si can also be fabricated by this microwave assisted approach by 

simply adding a suitable dopant precursor into the reactor.62 Altogether, these facts 

combined with the capability of co-doping with other heteroatoms via this simple 

microwave assisted approach, it is reasonable to predict that tailored carbon materials can 

be designed and quickly fabricated to develop more efficient and metal free carbon based 

catalysts for wide range of reactions and other sustainable applications.   

4.4. Experimental Section 

4.4.1. PGc (Phosphorus doped graphitic carbon) fabrication 

The phytic acid (Sigma Aldrich, 50 w/w% in water, 1 mL) was placed in 35 mL Pyrex 

glass vessel (CEM, #909036) and then closed with Teflon lined cap (CEM, #909235). This 

closed glass vessel was kept in 500 mL beaker and then the whole assembly was covered 

with watch glass before transferring to a domestic microwave oven (1100 W, Sanyo-EM-

S9515W, 2.45 GHz). A microwave irradiation was applied for 40 seconds which results 

into black carbonized material. After microwave treatment, the glass tube was left in a 

fume hood for a few minutes to remove any gas generated during microwave reaction and 

then dispersed in ethanol by bath sonication (5 minutes). The resulting dispersion is filtered 

by 0.8 m polycarbonate filter paper (Millipore, ATTP 04700) and washed with water 
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(~800 mL) and ethanol (~400 mL).  After filtration, the product was dried in vacuum oven 

at ~110C overnight before further use. The yield of product (PGc) was calculated to be 

~12% by the weight of pure phytic acid or ~90% by weight of carbon present in phytic 

acid. Note: The above fabrication reaction can be also carried out in single mode cavity 

using commercial CEM microwave (CEM Discover SP, 300 Watts). This microwave unit 

provides much higher energy density than domestic microwave and so PGc can be 

synthesized in shorter time (30 seconds at 300 watts) than domestic microwave. It is also 

worthy to mention that the bulk price of phytic acid is $0.03 per gram, which is much 

cheaper compared to GO (~$200 per gram) and it is also sustainable for synthesis of P 

doped carbon materials. 

4.4.2. Fabrication of PGc-30 and PGc-180 

The PGc powder was further heated in the same microwave oven with additional 

microwave irradiation of total 30s and 180s, respectively. In detail, ~100 mg of PGc 

powder weighed into small porcelain dish and covered with a piece of watch glass before 

transferring into the domestic microwave chamber. The microwave radiation was applied 

in pulse of 10 seconds for different times with a 10-15 minute interval between two 

microwave pulses to avoid over heating or burning of the carbon material. For example, to 

synthesize PGc-180, 10 seconds of microwave radiation was repeated for 18 times with 

10-15 minutes interval in between each microwave pulse. 

4.4.3. Synthesis of GO and rGO for catalysis 

GO is synthesized according to Hummer’s method with slight modification.63 In brief, the 

graphite powder (2 g, Sigma Aldrich, <20 m) is mixed with 55 mL sulfuric acid 

(PHARMCO-AAPER, ACS grade 95-98%) and stirred in ice bath for 15min. After that we 
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added 12 mL nitric acid (BDH, ACS grade 69-70%) and again stirred in ice bath for 

additional 15 minute to cool down the mixture. Then we added 10 g of KMnO4 (10 g, 

Sigma Aldrich, ACS grade) in a small portions while stirring the mixture in ice bath. After 

2 hours of stirring in ice bath, the mixture was stirred in water bath at 45 oC for 6 hours to 

complete the oxidation of graphite.  After Reaction was completed, it was quenched in 500 

mL ice containing 10 mL of H2O2 (BDH, 35 w/w %) and filtered using what man filter 

paper (grade 5, 47 mm). Then the brown solid powder was resuspended in ~4% HCl and 

washed with it for 5 times by centrifugation at 8000 rpm * 30 minutes. After that it was 

washed with acetone for 10 times at 10000 rpm* 45 minutes of centrifugation and then 

dried in vacuum oven for 3 days before further use. 

 To synthesize rGO, 500 mg of GO was taken in the round bottom flask and then 

heated with microwave of 300 Watt (CEM discover SP) for 40secs. The brown colored GO 

powder was converted to black colored reduced graphene oxide (rGO) which was used as 

a control in catalytic reaction of benzyl alcohol oxidation to benzaldehyde in water solvent. 

4.4.4. Catalytic oxidation of primary and secondary alcohol Reaction. 

All the chemicals were used as received for catalytic reaction. Benzyl Alcohol (Millipore, 

≥λλ%) and DL-sec-phenyl ethyl alcohol (Acros Organics, ≥λ7%), Cyclohexane methanol 

(Alfa Aesar, 99%), n butanol (anhydrous, Sigma Aldrich, 99.8%), 4-methoxybenzyl 

alcohol (TCI, >98%), 4-methylbenzyl alcohol (Sigma Aldrich, 98%), 4-nitrobenzyl alcohol 

(Alfa Aesar, 99%), Toluene (anhydrous, Sigma Aldrich, 99.8%) Ethyl benzene (Alfa 

Aesar, 99%), tert-butyl hydroperoxide (TBHP) (Alfa Aesar, 70%), H2O2 (BDH, 35% w/w). 

Alcohol oxidation in water: The aerobic oxidation reactions were carried out in a round 

bottom flask or 35ml reaction tube (depending on the size of the reaction) by stirring water, 
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alcohol and catalyst under 1atm oxygen environment (using oxygen balloon). The detailed 

experimental condition and the amount of reagent and catalyst are specified in Table 4.2 

footnote. After the reaction is completed, reaction mixture is filtered via 0.02 m syringe 

filter and analyzed by HPLC (Varian Pro-Star and Phenomenex C18 column, mobile phase 

50:50 ratio of Methanol: 0.44% Acetic acid). For kinetic studies, the experiment was 

carried out at different temperatures. During each of the experiments, ~0.3 mL of aliquot 

was withdrawn at a regular interval of 15 minutes, filtered via 0.02 m syringe filter and 

analyzed by HPLC. 

Solvent free alcohol oxidation:  In a typical reaction, benzyl alcohol was purged with 

oxygen for 10 minutes prior to mixing with a specified amount of catalyst (as mentioned 

in Table 4.3) in a microwave reaction vial (VWR, 10-20 mL, #89079-402) and sealed with 

PTFE faced aluminum cap. The reaction vial was heated in oil bath at specified temperature 

and time. For controlled experiment, nitrogen gas was used instead of oxygen. For control 

experiment with a radical inhibitor, BHT (Butylated hydroxytoluene), specified amount of 

BHT and acetonitrile (for maintaining uniform dispersion of BHT) was added to the above 

described mixture in the beginning of the reaction. For alcohol oxidation using TBHP or 

H2O2 as oxidant, TBHP or H2O2 was mixed with the specific alcohol and catalysts and then 

sealed in ambient environment. The experimental condition and the amount of the reactant 

and catalysts are specified in the table footnote. For control experiment using P-OH 

functional containing molecules (such as phytic acid or phosphoric acid) as a catalyst, we 

have mixed 1 mmol of benzyl alcohol and catalyst such that mmols of P-OH functional 

group comes to 1.2 mmols and heated under 80 ˚C for 48 hours under 1atm O2. After 

completion of the reaction, ~0.7 mL of CDCl3 was mixed with the reaction mixture and 
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filtered via 0.02 m syringe filter and analyzed by 1H NMR spectroscopy (Bruker 

Avalanche 500 MHz). 

4.4.5. Material Characterization 

PF-KPFM measurements of the PGc and PGc-180 catalysts were conducted using a 

Dimension ICON AFM setup inside a nitrogen-filled glove box where both H2O and O2 

level were below 0.1 ppm. The tips used were PFQNE-AL (Bruker AFM Probes), 

composed of a silicon nitride cantilever with a sharp silicon tip. The morphology of 

graphene samples were studied using the scanning electron microscopy (SEM, Hitachi S-

4800). The sample for SEM was prepared by directly adding the powder sample on a 

conductive carbon tape. X-ray photoelectron spectroscopy (XPS) characterization was 

performed after depositing a layer of the catalyst to be studied onto a Si substrate. The 

thickness of the film on the substrates was roughly 30–50 nm. XPS spectra were acquired 

using a Thermo Scientific K-Alpha system with a monochromatic Al Kα x-ray source (h  

= 1486.7 eV). For data analysis, Smart background subtraction was performed, and the 

spectra were fit with Gaussian/Lorentzian peaks using a minimum deviation curve fitting 

method (part of the Avantage software package). The surface composition of each species 

was determined by the integrated peak areas and the Scofield sensitivity factor provided 

by the Avantage software. The FT-IR spectra of the samples (thin films deposited on ZnSe 

windows) were acquired with a Thermo-Nicolet 6700 spectrometer (Thermo-Electron 

Corp., Madison, WI),  using a sample shuttle and  a mercury-cadmium-telluride (MCT) 

detector. Four blocks of 128 scans each were co-added with 4 cm-1 spectral resolution and 

two levels of zero-filling so that data was encoded every 1 cm-1. Thermogravimetric 

analyses (TGA) of the PGc samples were performed on a TGA instrument (TA 
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instruments, Discovery TGA) under N2 atmosphere.  ~5 mg sample was loaded on to TGA 

platinum HT pan and kept at 40 °C for 5 minutes before each analysis. After 5 minutes, the 

temperature is increased from 40˚C to λ00˚C at 5˚C/min under N2 flow (20 ml/min). The 

Raman spectra of the PGc and other samples (deposited on Anodisc membrane) were 

collected using Raman Microscope (Confocal) – Wi-Tec, Alpha 3000R with an excitation 

laser at 785 nm. The X-ray fluorescence spectroscopic (XRF) measurement was carried 

out using Horiba XGT-1000WR with high purity Si detector. 

The Surface area measurement by Brunauer-Emmett-Teller (BET) method: 

The surface areas of the PGc catalyst was determined using a 12-point BET method 

(Micromeritics, ASAP 2020) and nitrogen as the adsorbate using.64 After the BET 

measurements, the isotherms of these measurement are converted into BET plots as shown 

in Figure 4.2D and then the specific surface area of the catalyst was calculated using the 

value of the slope and intercept of the linear best fit line and below BET equation.64 

[ 0/ − ]  =  � −
mc (

0
) +  �m� 

Here,   is adsorbed gas quantity, mis monolayer quantity of adsorbed gas, c is the BET 

constant, P and P0 are the equilibrium and the saturation pressure of adsorbates at the 

temperature of adsorption, respectively. The Calculated surface area of the PGc catalyst is 

1260 m2/g. 

PF-KPFM measurement of PGc catalysts: 

To understand the mechanism of the alcohol oxidation reaction catalyzed by PGc materials, 

we have conducted a PeakForce Kelvin probe force microscopy (PF-KPFM™). PF-

KPFM™, the combination of PeakForce Tapping mode and frequency modulated KPFM 
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(FM-KPFM), integrates the benefits and capabilities of PeakForce Tapping and the 

superior spatial resolution and accuracy of FM-KPFM. PF-KPFM has the best performance 

of KPFM working in a dual-pass fashion.65 By using KPFM, one can measure the local 

surface potential of nanoscale materials, concurrently imaging their topography. Since 

KPFM measures the voltage required to nullify the work function (φ) difference between 

the conductive tip and the sample (φtip – φsample) or vice versa (depending on whether the 

potential was applied to the sample or the probe), the contrast in the contact potential 

difference (CPD) is equivalent to the local work function variation of the sample on a 

supporting substrate. So the local surface potential can be used to calculate the work 

function of the materials, if the work function of the tip is known. KPFM has been widely 

used to investigate the influence of dopants or atomic scale defects on the variation of work 

function. It has also been used to study the work function of graphene as a function of 

number of layers and heteroatomic doping.66-68 

 PF-KPFM measurements on the PGc materials were conducted with a Dimension 

ICON AFM setup inside an Argon-filled glove box where both H2O and O2 levels were 

below 0.1 ppm. The probes used were PFQNE-AL (Bruker AFM Probes), composed of a 

silicon nitride cantilever with a sharp silicon tip. The inert environment helped us to obtain 

more accurate measurements, since the dipole moment of any absorbed species can directly 

induce a difference in contact potential and, subsequently, a phase shift of our samples.69 

To ascertain the accuracy of our surface potential measurements, the CPD measurement 

was first conducted for a piece of freshly cleaved highly ordered pyrolytic graphite (HOPG) 

in the glove box. The average CPD value of 0.60 V (with the standard deviation of 0.02 V) 

was obtained from the measurements at four different spots on the same HOPG. Knowing 
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the work function of the probe tip from previous experiments (4.08 eV), the average work 

function φ of HOPG was calculated to be 4.68 eV. This value is in agreement with the 

literatures.70 To measure the work function of PGc and PGc-180 with PF-KPFM, we first 

break the monolith of PGc and PGc-180 to small particles and disperse them into water or 

ethanol using bath sonication for 3 minutes. Then the samples for CPD measurements were 

prepared by drop casting the PGc and PGc-180 particles onto a doped silicon (Si) substrate 

with 50 nm SiO2 layer.  Because the PGc or PGc-180particles only partially covers the Si 

substrate, the measured CPD value of Si substrate can be used as the reference value to 

calculate the work functions of PGc or PGc-180.  

 Figure 4.15 shows the topographical and CPD images simultaneously taken on the 

PGc and PGc-180, respectively. From the AFM images, we found that upon sonication 

treatment, the unique sandwich structure of PGc and PGc-180 was separated to graphene 

sheet like structures and irregular particles, which possibly from the porous monolith 

sandwiched between the sheets. The CPD for the sheets of PGc and PGc-180 is -287.71 

mV and -173.03 mV, respectively, from which we calculate the work function of PGc is 

4.87 eV, which is 0.120 eV higher than that of PGc-180 (4.75 eV). Noted that the dark 

contrast observed in the CPD image indicates their work function is higher than the Si 

substrate used in this work. We also calculated the work function of the Si substrate is 4.58 

eV, which is consistent with the values (4.60−4.85 eV) reported in literatures, further 

demonstrating the accuracy of the measurements. By conducting PF-KPFM with several 

samples, which have particles of different sizes we found that the work function of PGc 

particles barely changes with their height. The average work function is 4.78eV, slightly 

lower than that of the corresponding sheets. However, for the PGc-180, the work function 
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dramatically changes with the height of the particles. The higher ones have lower work 

functions. The lowest work function measured is 3.3 eV with an average particle height of 

400 nm, which is dramatically lower than that of PGc. Even though we still have difficulty 

to explain these results, they unambiguously demonstrated that the PGc-180 has much 

lower work functions.  

 

 
 

Figure 4.15. (A, C)  AFM Topography and (B, D) PF-KPFM images for the PGc and the 
PGc-180 catalysts. 

X-ray fluorescence spectroscopic (XRF) measurement of PGc (fresh and used): 

To calculate % P in PGc, XRF measurement was carried out using Horiba XGT-1000WR 

instrument with a high purity Si detector. The x-ray tube and current parameters were set 

to 50 kV and 1 mA. The standard samples were prepared by mixing known weight of 

ammonium phosphate with rGO and analyzed using XRF. The intensity versus % P plotted 

to get linear calibration curve (Figure 4.16). After that, using the slope and intercept, we 

can calculate % P presence in unknown samples (PGc fresh and used). The calculated % P 
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in fresh PGc and used PGc catalyst is to be 2.3 atomic % (or 7.9 wt %) and 2.6 atomic % 

(or 9.5 wt %). 

 

Figure 4.16. X-ray fluorescence spectroscopic (XRF) analysis of standard mixture (rGO 
with different % P). The used catalyst is recycled twice (at reaction conditions specified in 
the caption of Figure 4.6) before XRF measurement. 
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Chapter 5. Rapid Transformation of Biomass Compounds 

to Metal Free Catalysts via Short Microwave Irradiation 

5.1. Introduction 

The pivotal role of catalytic materials in various industries is unambiguously demonstrated 

by the fact that up to 90% of commercially available chemical products involve the use of 

catalysts at some production stage.1 However, most catalytic materials were developed 

based on toxic and/or precious metals, which are unsustainable and possess environmental 

risks. In the drive towards green and sustainable chemistry, there is an increasing interest 

in developing new carbon-based materials that are benign, abundant, readily available, and 

metal free to act as catalysts for chemical synthesis. A plethora of reports have 

demonstrated that doping graphene matrices with heteroatoms modifies its 

physicochemical and electronic properties towards enhanced electrocatalytic oxygen 

reduction reaction (ORR) performance, when compared to undoped analogs.2-8 In addition, 

co-doping with several different heteroatoms shows further improvements in ORR 

performances.3, 4, 9-16 Compared to ORR studies, the use of doped and/or co-doped carbon 

materials as catalysts for selective organic synthesis are in their early stages of 

development, although a great potential has been demonstrated. Importantly, these 

carbocatalysts merge the benefits of green synthesis with heterogeneous reaction 

conditions, which greatly simplifies work-up conditions and is particularly attractive from 

an industrial standpoint. To convert this great potential to practical industrial reality, 

methods for the large-scale fabrication, that is both cost and energy efficient, of these novel 

heteroatom-doped graphene-based materials, is required.  
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Various approaches have been developed for the fabrication of heteroatom-doped 

graphene. Most of the reported doping procedures are long and require high temperature 

annealing of graphene oxide (GO) with doping precursors in an inert environment.17-20 

Furthermore, although single layer graphene has the largest surface area (2600 m2/g), the 

effective surface area, especially in some solvents or reactants, is much lower due to 

aggregation. The aggregated structures dramatically influence mass transport of reactants 

to the active sites and inhibit the products from leaving the active centers. On the other 

hand, porous carbon materials can be beneficial for mass transport due to their large surface 

area and the existence of large amount of pores so that the active sites are easily accessible. 

Furthermore, these materials can be made from cheap abundant biomass compounds, 

ensuring sustainability of resources.21-24 However, all the porous carbon materials, 

including the heteroatom doped ones, have been also fabricated via long period (hours) of 

high temperature reaction or annealing procedures in inert environments to afford stable 

materials with the desired performance, which deviates the concept of energy saving and 

sustainability. 

The use of microwave heating instead of traditional high temperature annealing is 

attractive due to its energy savings and rapid fabrication advantages. However, the 

challenge with using microwave energy is that most of the biomass and organic compounds 

are transparent to microwave energy, prohibiting their direct use for microwave irradiation 

to undergo carbonization. This problem has been partially solved by pre-heating with 

traditional heating or by adding some microwave absorbing materials, such as mineral 

oxides, and some type of carbon.25-27 However, these microwave-absorbing materials may 

introduce unintentional contaminations to the obtained carbon materials, which is not 
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desirable for catalytic applications in organic synthesis. Therefore, choosing the right 

microwave-adsorbing materials is important to avoid this problem. 

 In chapter-4, it was discovered that phytic acid, a sustainable biomass compound, 

can be used directly for P doped carbon material fabrication with microwave irradiation.28 

Phytic acid is the principal storage form of phosphorus in many plant tissues, especially in 

the bran of grains and other seeds, and it is well known as an anti-nutrient substance in 

food. Phytic acid is a snowflake-like compound, containing six phosphorous acid “arms” 

(Scheme 5.1). The existence of both high levels of C and P in one molecule ensures 

uniform P doping in the fabricated carbon materials. Most importantly, phytic acid strongly 

absorbs microwave energy, so that the as-purchased phytic acid solution can be directly 

subjected to short (40 seconds) microwave irradiation for the fabrication of P doped 

graphene like carbon product (PGc). By simply changing the microwave irradiation time, 

PGc with different P bond configurations were fabricated, as determined by combined 

FTIR and X-ray photoelectron spectroscopy (XPS).28 Using microwave heating instead of 

traditional heating ensures that this approach is both sustainable and energy efficient. 

Furthermore, the fabrication can be performed under ambient conditions without the 

requirements of an inert environment, which makes this approach even more cost effective 

and convenient.  

Furthermore, the capability of the P doped carbon materials as metal free catalysts 

for aerobic oxidation reactions has been demonstrated for the first time.28 It was found that 

P doped carbon materials efficiently catalyzed aerobic oxidation of both primary and 

secondary benzyl alcohols to the corresponding aldehydes or ketones. To our surprise, the 

PGc with higher work functions showed higher capacity in catalyzing aerobic oxidation 
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reactions, which is opposite to the trend when N doped carbon materials were used as metal 

free catalysts for aerobic oxidation reactions and electrochemical catalysts for ORR. Since 

both ORR and aerobic oxidation reactions involve activation of molecular oxygen at 

certain stages of the reactions, it was hypothesized that a strong correlation should exist 

between these two processes. However, it is not certain if the best catalysts for aerobic 

reaction are also good electrocatalysts for ORR. The main focus of this work is to study 

the ORR performance as a function of P bond configuration and reveal any correlations 

between the catalytic behavior for ORR and aerobic oxidation. 

 It was well accepted that different heteroatomic doping confers graphene with 

distinct properties due to their different electronic structures and atomic diameters.10, 29, 30 

Furthermore, it is reported that co-doping with different heteroatoms generates new 

properties and/or creates synergistic effects, which results in largely improved 

electrocatalytic ORR performances. These synergistic effects could also be beneficial for 

other catalytic applications.30-32 Interestingly, a recent study by Garcia et al. demonstrated 

that graphene like carbon materials without any heteroatom doping gave excellent catalytic 

performance for selective acetylene hydrogenation and alkene hydrogenation in the 

absence of metal catalysts.33 The fabrication of this material was achieved by carbonization 

of alginate at high temperatures (900 C for 6 hours). Therefore it provides a scope for this 

simple and energy effective approach to be extended to fabricate carbon materials with or 

without heteroatom doping, and P co-doping with other heteroatoms to accommodate a 

large range of catalytic applications. In this work, it was demonstrated that, the microwave-

assisted carbonization approach can be extended to fabricate co-doped carbon catalysts 

such as P-N, P-S, P-Si, and P-B co-doped carbon materials, labeled as PN-Gc, PS-Gc, PSi-
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Gc, PB-Gc, respectively, by simply adding a suitable dopant precursor into phytic acid 

solution prior to microwave irradiation. The fabrication of carbon materials without 

heteroatom doping or sole heteroatom doping with S, Si, B and N is not straightforward by 

this microwave assisted carbonization technique. This is because the available precursors 

for these materials are transparent to microwave irradiation. By changing the carbon 

resource to inositol (a biomass compound similar to phytic acid but without the phosphate 

arms), and using H2SO4 as a microwave absorber and dehydrating agent, carbon materials 

without doping or sole doping with one type of heteroatom were successfully fabricated. 

The ORR performance of the phosphorus doped carbon material was carefully studied. The 

correlation among their ORR performance, aerobic catalytic performance, and the P bond 

configuration in their carbon matrix was revealed. We found that the PGc catalyst with 

prominent P-C bonding, which exhibits inferior aerobic oxidation, is more facile to 

kinetically catalyze the ORR via four-electron pathway. Whereas on the other hand, the 

PGc with more P-O bonding exhibits the reverse trend (2e- pathway in ORR and superior 

oxidation). In addition, we also analyzed the ORR characteristic of these co-doped catalysts 

(PN-Gc, PB-Gc, PS-Gc, and PSi-Gc) and found that PN co-doped carbon materials (PN-

Gc) is the most beneficial for ORR catalysis toward 4e- electron pathway among all co-

doped carbon catalysts. 

5.2. Results and Discussion 

The fabrication of phosphorus (P) co-doped carbon material with other heteroatoms 

(N, B, S, Si) was carried out by simply adding a suitable heteroatom dopant precursor into 

a phytic acid solution before subjecting the mixture to microwave radiation as shown in 

Scheme 5.1. For example, microwave heating of a mixture of phytic acid (P and C source) 
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with ammonium hydroxide or urea, amorphous sulfur, tetraethyl orthosilicate (TES), or 

boric acid, PN-Gc, PS-Gc, PSi-Gc, PB-Gc were fabricated, respectively (Figure 5.1A-D). 

By adding p-amino phenyl boronic acid to phytic acid prior to microwave heating, N-B-P 

triple-doped carbon material (PBN-Gc, Figure 5.1E) was obtained. It is worth mentioning 

that the irradiation time for the fabrication of these co-doped or triple-doped carbon 

materials, is different depending on the respective precursors. As for an example, the 

fabrication of N-P co-doped carbon material (PN-Gc) required 90 seconds of microwave 

heating, which is 50 seconds longer than that for only P doped carbon material. This is 

because the precursors for N, S, Si, and B are microwave transparent. Adding these 

materials to the original phytic acid increased the volume and/or amount of the materials 

that needs to be heated up. 

Scheme 5.1. The General Scheme of P and other heteroatom co-doped carbon fabrication. 

 
The Energy Dispersive X-ray Spectroscopy (EDS) measurements (Figure 5.1) of 

these co-doped materials demonstrate the co-existence of the P atoms and other 

corresponding heteroatoms, suggesting that this simple, rapid and energy efficient 
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approach successfully fabricated the co-doped and triple-doped carbon materials. A 

summary of the atomic composition of all the co-doped and triple doped carbon materials 

is given in Table 5.1. Moreover, similar to the P-doped carbon materials, the co-doped 

materials also showed sandwich-like structures as observed in the corresponding scanning 

electron microscopic (SEM) images (Figure 5.1), where a porous carbon network is 

covered by a wavy or wrinkled graphene like structure on both sides (top and bottom). 

However, the intensity of the wrinkles on the surface was different for all P co-doped 

catalysts and tri-doped catalysts. The wrinkles on the surface of co-doped catalysts become 

less intense for the materials containing B as a co-dopant (such as in PB-Gc and PBN-Gc).  

Table 5.1. Atomic composition of different atoms in all co-doped carbon materials as 
determined from EDS measurements. 

 

Catalysts C atomic % O atomic % P atomic % 
Heteroatom 

atomic % 

PS-Gc 88.6 7.2 1.6 S: 2.6 

PN-Gc 87.4 5.9 1.4 N: 5.3 

PB-Gc 49.4 27.7 14.4 B: 8.3 

PSi-Gc 83.2 13.5 1.4 Si: 2.0 

PBN-Gc 35.0 42.7 9.5 
B: 8.2 

N: 3.3 
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Figure 5.1. The SEM images and EDS spectra of (A) PN-Gc, (B) PS-Gc, (C)PB-Gc, 
(D)PSi-Gc, (E)PBN-Gc. The EDS spectra were taken by drop casting each of the co-doping 
carbon materials on a Cu tape. 
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The fabrication of carbon materials without heteroatom doping (non-doped carbon 

materials) or sole-doped with N, B, S, or Si using this microwave assisted rapid 

carbonization approach poses a challenge. This is because phytic acid, the microwave 

absorber cannot be included in the fabrication processes to intentionally exclude co-doping 

with P. It was reported that phytic acid can be synthesized with inositol and phosphoric 

acid.34-36 We wondered if inositol alone can be used as the carbon source for the microwave 

fabrication of non-doped and sole doped materials. However, inositol is microwave 

transparent, and hence carbonization via microwave heating does not occur even after 6 

minutes of microwave irradiation. Since phosphoric acid is a strong microwave absorbent 

and a dehydrating agent, consequently, we tested if using inositol and phosphoric acid as 

C and P resources with similar microwave irradiation can lead to P doped carbon materials 

(P-Gc). Indeed, similar porous carbon monolith sandwiched between two pieces of 

wrinkled graphene like structures were obtained with a slightly longer microwave time 

(~50s) required for the fabrication. The existence of P atoms was confirmed by EDS 

analysis (Figure 5.2A).When the phosphoric acid was replaced with H2SO4, a carbonized 

porous material sandwiched with flat graphene-like structure was obtained instead of 

wrinkled structures, possibly due to the absence of P in the resulting material (Figure 

5.2B). There was no detectable sulfur (S) in the material, therefore, a pure porous carbon 

material (called as Non doped-Gc) without heteroatom doping (except with a small amount 

of O) was successfully fabricated via microwave irradiation. To produce N-, B-, S-and Si- 

sole-doped porous carbon materials, we applied microwave irradiation to inositol and 

H2SO4 with a suitable dopant precursor, where inositol was the C resource, and H2SO4 as 

the dehydration agent and microwave absorber. With this strategy, we successfully 
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fabricated S doped carbon materials (S-Gc) using amorphous sulfur as a S dopant source. 

The EDS confirmed the presence of S (2.5% atomic) in the S-Gc materials. We also 

successfully fabricated sole-B doped carbon materials (B-Gc), indicated by the existence 

of B and non-detectable S signal in its EDS spectrum. This approach was extended to 

fabricate sole-N (N-Gc) and Si (Si-Gc) doped carbon materials even though a small amount 

of S impurity was found. A EDX characterization demonstrated there was ~0.7% atomic 

of S co-existed with N (3.93% atomic) and ~1.78% atomic of S co-existed with Si (15.6% 

atomic). Further optimization is needed to exclude S impurity to get sole-N or sole-Si 

doped carbon materials. Nevertheless, this rapid, simple and energy effective approach 

provides a powerful tool for the fabrication of various porous carbon materials with tailored 

electronic and geometric structures allowing us to explore wide variety of applications.  

 

Figure 5.2.The SEM image and EDS spectrum of the PGc (A), Non doped-Gc (B), Si-Gc 
(C), N-Gc (D), B-Gc (E), S-Gc (F), which were fabricated by heating the mixture of inositol 
and phosphoric acid,  inositol and sulfuric acid, inositol + sulfuric acid + tetraethyl 
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orthosilicate (TES), inositol + sulfuric acid + NH4OH, inositol + sulfuric acid + boric acid, 
and inositol + sulfuric acid + amorphous sulfur in microwave, respectively.  The scale bar 
shown in all SEM images is 2 µm. 

To study the effect of P bond configuration (P-O and P-C bond type) in PGc 

catalysts on the reaction kinetics and pathways in oxygen reduction reaction (ORR), PGc, 

PGc-30 and PGc-180 were fabricated with the same procedures as described in previous 

chapter.28 As we go from PGc, to PGc-30 and then PGc-180, the % P-O type of P decreased 

from 71.6% to 59.5%, while relatively, the % P-C type of P becomes prominent (from 

28.4% to 40.5%), as confirmed from XPS and FTIR analysis.28 In brief, as-purchased 

phytic acid solution (50 wt% in water) is directly subjected to a domestic microwave 

(Sanyo-EM-S9515W, 1100W, 2.45GHz) for 40s under ambient conditions. Due to the 

unique structure of phytic acid, where one phosphate group is attached to each carbon atom 

in the cyclohexane ring, it acts as both source of carbon and heteroatom (P) dopant without 

adding any external phosphorus source containing substance or material. During 

microwave treatment, the yellow/orange-brown phytic acid solution was first converted to 

a thick paste due to loss of water and then carbonized to a black solid mass. Moreover, 

sparks were observed in the microwave cavity in the last 15-20 seconds of microwave 

heating, which indicates that high temperatures for carbonization was achieved within the 

initial 20-25 seconds in microwave heating due to the strong microwave absorption 

capability of phytic acid. After microwave treatment, the product (PGc) was cleaned and 

dried before further characterization. To fabricate PGc-30 and PGc-180, the dried PGc 

powder in a porcelain dish was further treated with microwave irradiation for 10s with the 

full power of 1100 W for multiple times with a 15-minute of interval. In detail, to obtain 

PGc-30 and PGc-180, microwave treatment of PGc for 10s * 3 times and 10s * 18times 

was applied, respectively. 
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Figure 5.3. (A) is Cyclic voltammetry (CV) and (B) is Linear sweep voltammetry (LSV) 
curves of different phosphorus doped carbon catalyst in O2 saturated 0.1M KOH. LSV 
measurements were performed using rotating ring disc (RRDE) electrode at 2000 rpm. 

The ORR performance of PGc, PGc-30 and PGc-180 catalysts were evaluated by 

cyclic voltammetry (CV) and linear sweep voltammetry (LSV) in a 0.1M KOH solution 

saturated with oxygen and nitrogen gas. The same amount of materials for each catalysts 

was deposited onto a glassy carbon electrode for easy comparison. A bare glassy carbon 

electrode without any catalyst was used as a control. As shown in Figure 5.3A, a large 

reduction peak was observed in all the CV curves, while only in the O2 saturated electrolyte 

but not the N2, which suggests that O2 is electro-catalytically reduced on the modified and 

bare electrodes. However, the PGc, PGc-30 and PGc-180 modified electrodes show much 

lower onset and peak potentials compared to the bare electrode (Figure 5.3 and Table 5.2). 

Among all the PGc catalysts, the PGc-180 modified electrode shows the lowest peak 

potential (-0.292 V) and the highest current density (3.33 mA. cm-2 at -0.60 V) in LSV. 

These result demonstrates that the PGc-180 catalyst shows the best catalytic ORR 

performance and is more kinetically facile toward ORR than the PGc-30 and PGc catalysts.  

Table 5.2. Electrochemical parameters (onset potential, peak potential, current density, no 
of electrons, % HO2

-, rate constant k and Tafel slopes-b1 and -b2 of different catalysts for 
ORR estimated from CV and RRDE polarization curves in 0.1 m KOH solution. b1 and b2 
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are calculated at low and high current density region, respectively. All potentials were 
measured using Ag/AgCl as the reference electrode. 

 
Calculated from 

CV 
Calculated 

from RRDE 
Calculated from LSV 

Catalyst 
Onset 

Potential 
(V) 

Peak 
Potential 

(V) 

n at 
-0.60 

V 

% 
HO2

- 

at -
0.60 

V 

Jk 
(Current 
density) 

mA. 
Cm-2

 

k(rate 
constant) 

cm/s 

Tafel 
Slope-

b1 

Tafel 
Slope-

b2 

Pt/C -0.02 -0.227 3.λ0 4.21 5.6λ 0.0126 75.22 121.10 

Bare 
electrode 

-0.17 -0.466 2.84 58 1.07 0.0032 7λ.68 133.λ5 

PGc -0.11 -0.315 3.03 48.82 2.67 0.0076 103.0λ 158.85 

PGc-30 -0.11 -0.313 3.25 37.6λ 3.11 0.0083 103.53 154.24 

PGc-180 -0.08 -0.2λ2 3.55 22.25 3.33 0.0081 λ6.78 160.8λ 

PB-Gc -0.16 -0.316 2.λ8 50.λ8 1.33 0.003λ 68.44 125.λλ 

PSi-Gc -0.15 -0.307 3.0λ 45.33 0.73λ 0.0021 87.74 148.01 

PS-Gc -0.16 -0.314 3.27 37.30 1.46 0.0038 6λ.8λ 120.52 

PN-Gc -0.13 -0.2λ4 3.58 21.1 2.1λ 0.0053 105.24 188.28 

 

It is possible that the observed large current density in CV and LSV curves of PGc-

180 is due to its higher effective surface area compared to the PGc and PGc 30. This is 

because prolonged microwave irradiating during PGc-180 fabrication may induce more 

carbon lost so that more porous structures may be formed. Brunauer-Emmett-Teller (BET) 

measurements and N2 adsorption/desorption isotherm measurement of the PGc, PGc-30 

and PGc-180 were performed to study their surface area and pore sizes. As shown in Figure 

5.4 and Table 5.3, it was observed that the surface area and the pore size of the PGc, PGc-

30 and PGc-180 are very similar; suggesting that the additional microwave irradiation to 

synthesize PGc-30 and PGc-180 did not affect their morphologies. The similar surface area 
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and pore structures nullified the possibility of mass transport and diffusion effects of the 

electrolyte and O2 from the observed high current density in its CV and LSV curves.  

 

Figure 5.4.  N2 adsorption/desorption isotherms for different phosphorus doped carbon 
catalysts. 

In ORR, oxygen can be reduced via a direct four-electron reduction pathway or a 

two-step, two-electron pathway. To understand the ORR pathway, a rotating ring disk 

electrode (RRDE) voltammetry was used to quantify the electron transfer number (n) and 

the formation of peroxide species (HO2
-) during the ORR process on the PGc, PGc-30 and 

PGc-180 catalyst modified electrodes (Figure 5.5D). The electron transfer numbers (n) 

and % HO2
-were calculated at -0.60 V based on the ring and disk currents of their respective 

RRDE voltammograms (see material characterization for details) and summarized in Table 

5.2. The PGc modified electrode showed the lowest electron transfer number (3.0 at -0.60 

V) and generated the highest percentage of peroxide (48.8 % at -0.60 V), suggesting that 

oxygen is being reduced via a combination of the two and four electron pathways. In 

contrast, the electron transfer number increased to 3.3 and 3.6 at -0.60 V for PGc-30 and 

PGc-180, respectively. At the same time, the % peroxide generated on PGc-30 and PGc-

180 modified electrodes also decreased to 37.7 and 22.3 at -0.60 V, respectively. These 



190 
 

 

results suggest that the PGc-180 modified electrode catalyzes the oxygen reduction more 

toward four-electron pathway and generates the least amount of peroxide species.  

Table 5.3. BET analysis summary of different phosphorus doped carbon catalysts. 

 

 
Figure 5.5. (A, B and C) are Linear sweep voltammetry (LSV) curves for PGc, PGc-30 
and PGc-180 carbon catalysts, respectively, at different rotating speed in O2 saturated 0.1M 
KOH solution at 10mV/s. (D) is RRDE curve comparison of PGc, PGc-30 and PGc-180 
modified electrode at 2000 rpm in O2 saturated 0.1M KOH solution at 10mV/s. Inset (D) 
is zoom out of ring current comparison of PGc, PGc-30 and PGc-180 catalysts. 

Analysis PGc PGc-30 PGc-180 

Single point surface 
area at P/Po = 0.3 

1078.73 m²/g 1052.11 m²/g λλ4.1λ m²/g 

BJH Adsorption 
cumulative volume of 

pores 
1.021 cm³/g 1.387 cm³/g 1.336 cm³/g 

BJH Desorption 
cumulative volume of 

pores 
1.263 cm³/g 1.3λ5 cm³/g 1.34λ cm³/g 

BJH Adsorption 
average pore diameter 7.03 nm 6.11 nm 5.8λ nm 

BJH Desorption 
average pore diameter 5.64 nm 5.λ4 nm 5.6λ nm 
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Figure 5.6. Koutecky-Levich (K-L) plots of PGc, PGc-30 and PGc-180 catalysts at 
different potentials, calculated from their respective LSV curves at different rotating speed 
(rpm). 

To further study how the P bond type influences the electron transfer kinetics of the 

PGc catalysts involved in ORR, rotating disc electrode (RDE) measurements were 

performed in O2 saturated 0.1M KOH solutions under various electrode rotating rates. As 

shown in Figure 5.5 A-C, the current density increased with the rotation speed from 400 

rpm to 2000 rpm due to the improved diffusion of the electrolyte and O2. The kinetic 

current density (JK) in ORR is then analyzed using the Koutecky-Levich (K-L) equation.37 

We plotted the Koutecky–Levich (K-L) plot (J-1 vs. ω-1/2) for PGc, PGc-30 and PGc-180 at 

various electrode potentials (Figure 5.6) to quantitatively analyze the kinetic current 

density (Jk) and ORR rate constant (k).37 All the catalysts show linear and parallel K-L 

plots at all electrode potentials, suggesting that ORR followed a typical first order reaction 

kinetics with respect to the dissolved oxygen concentration. We calculated the rate constant 

k using the JK from the slope of the K-L plot and then calculated the electron transfer 

number n from the RRDE measurement.8 From Table 5.2, we can see that all the PGc 

catalysts have similar rate constant (k) at potential -0.60V. We also plotted the Tafel plot 

(Figure 5.7) for all three catalysts, PGc, PGc-30 and PGc-180, from their LSV curves and 

the calculated slope summarized in Table 5.2. We found that all three catalysts have similar 
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Tafel slopes and thus the oxygen absorption mechanism on the surface of these catalysts 

should be similar. When compared with the commercial Pt/C modified electrode, the slopes 

are different suggesting that the P doped carbon catalysts have a different oxygen 

adsorption mechanism on their surface. 

 
Figure 5.7. The Tafel plot and respective Tafel slopes (b1 and b2) of different P doped 
carbon catalysts (A), P and other heteroatoms co-doped carbon catalysts (B), Pt/C catalyst 
(C) and Bare electrode(D). 

All these results demonstrated that phosphorus bond configuration in the PGc 

catalysts does not influence the oxygen adsorption mechanism and electrochemical ORR 

rate constant, but largely affects the ORR pathways. Our previous study in chapter-4 clearly 

demonstrated that the P bond configuration dramatically affected their catalytic aerobic 

oxidation performance.28 However the effects are on the opposite trends: with higher 

concentration of P-C bonds, the PGc catalysts are more facile for ORR with 4e- pathway, 

which are more desirable for fuel cell applications since the only product is water without 
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forming any hazardous peroxides. However, these catalysts show inferior catalytic 

performance for aerobic oxidation reactions. On the other hand, the PGc catalysts with 

higher concentration of P-O bonds facilitate the two-step, two-electron pathway of ORR 

where oxygen is reduced to peroxide as intermediates. These catalysts demonstrated 

excellent catalytic capability in aerobic oxidation of both primary and secondary alcohols. 

Based on these results, we conclude that catalysts with ORR of 2e-pathway may be 

preferred for catalytic aerobic reactions. In these systems, the peroxide intermediates may 

have enough lifetime to oxidize the substrates. 

 
Figure 5.8. (A) Cyclic voltammetry (CV) and (B) is RRDE curves of different phosphorus 
(P)and other heteroatoms (B, N, S) co-doped carbon catalysts in O2 saturated 0.1M KOH 
electrolyte. The RRDE experiment was performed at 2000 rpm using rotating ring disc 
(RRDE) electrode in O2 saturated 0.1M KOH solution at 10 mV/s. 

The ORR performance of co-doped carbon materials was also studied to determine 

if synergistic actions between the different heteroatoms exist to alter the ORR behavior. 

The results are shown in Figure 5.8 and the measured electron transfer number, relative % 

HO2
- 
and rate constants are summarized in Table 5.2. Among all the co-doped catalysts, 

PN-Gc catalyst shows the lowest onset potential (-0.128 V) and the highest electron 

transfer number (3.6). This performance is similar to that of PGc-180. It is worth 

mentioning that the extra 180 seconds of microwave treatment, which was required for the 
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fabrication of PGc-180, was not applied during the fabrication of PN-Gc catalyst. 

Therefore certain synergistic interactions between N and P exists, which leads the ORR 

performance more toward 4e- pathway compared to P dopant alone as in PGc. While other 

co-doped materials, such as PB-Gc, PSi-Gc, and PS-Gc catalyze ORR more toward 2e- 

electron pathway, which are opposite to those reported in literatures.18, 26 While more 

experiments will be performed to understand these interesting results, the preferable 2e- 

ORR pathway indicates that these co-doped materials can be used as excellent metal free 

catalytic materials for aerobic oxidation reactions.  

 
Figure 5.9. (A) is Durability testing of the Pt/C, PGc-180 and PN-Gc catalyst modified 
electrode for ~ 7 hours at -0.35V and 2000 rpm rotating speed. (B) is Methanol tolerance 
test of the Pt/C, PN-Gc and PGc-180 catalysts, where methanol was added at about 300 
seconds of amperometric analysis at -0.35 V. All potentials were measured using Ag/AgCl 
as the reference electrode. 

 
The relatively better ORR performance (such as lower onset and peak potentials, 

higher diffusion current density along with the preferable 4e- pathway) of PGc-180 and 

PN-Gc catalysts make them promising cost effective metal free ORR catalysts for fuel cell 

applications. For practical applications, the catalysts require stability and durability along 

with good catalytic activity. To test the stability of PGc-180 and PN-Gc catalysts, we 

performed amperometric measurements of PGc-180 and PN-Gc catalysts, where the 
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amperometric current was being continuously measured for hours at constant potential of 

-0.35 V in 0.1M KOH. From Figure 5.9, we can see that after 7 hours, the amperometric 

current decreased by only 20% demonstrating the stability of PGc-180 and PN-Gc 

catalysts. Moreover, we have also performed the methanol cross over test for PGc-180 and 

PN-Gc catalysts to check its stability against methanol poisoning. In the presence of 

methanol, they were much more stable than that of the commercial Pt/C catalyst, where the 

catalytic activity was dramatically decreased in presence of methanol possibly due to the 

blockage of active sites on Pt nanoparticles by methanol adsorption.38 

5.3. Conclusions 

In summary, it has been shown that a simple and scalable microwave assisted 

approach to synthesize P doped carbon materials can be easily extended for the synthesis 

of non-doped porous carbon materials, P and other heteroatoms (B, N, S and Si), dual-

doped porous carbon material, and even triple-doped carbon material (such as B, N, and P 

doped). Extensive study on the ORR performance of these carbon materials as a function 

of P bond configuration and co-doping type reveals that P doped carbon material with 

higher P-C bond type shows better ORR performance. Out of all the co-doped carbon 

materials, PN co-doped carbon materials (PN-Gc) shows the best ORR performance among 

the others, prone more towards 4e- pathway and less % HO2
- generation. P doped carbon 

materials with higher P-O bond type and P co-doped with B, Si and S exhibit 2e- ORR 

pathway. In the previous chapter-4, we clearly demonstrated the P doped carbon materials 

with higher P-O bond type has excellent catalytic performance in aerobic oxidation of 

benzyl alcohol to benzyl aldehyde.28 We hypothesize that these B-, Si-, and S- co-doped P 
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carbon materials are possibly good catalytic materials as metal free catalytic materials for 

aerobic oxidation reactions, which are still under study.  

5.4. Experimental Section 

5.4.1. Synthesis of the PGc (Phosphorus doped graphitic carbon), PGc-30 and PGc-

180: 

The PGc, PGc-30 and PGc-180 was synthesized as per our previous work.28 In brief, to 

synthesize PGc, 1.0 ml of Phytic acid (Sigma Aldrich, 50 w/w% in water) is placed in 35ml 

Pyrex glass vessel (CEM, #909036) and closed with Teflon lined cap (CEM, #909235). 

Then this assembly is placed in 500 mL beaker, covered with watch glass and heated in 

Domestic microwave (1100W, Sanyo-EM-S9515W, 2.45GHz) chamber by apply 

microwave irradiation for 40seconds. This procedure results into black carbonized 

material, which is left in fume hoods for few minutes to remove any gas that generated 

during microwave reaction. After that product is sonicated in ethanol solvent for 5 minute 

and filtered via 0.8uM polycarbonate filter paper (Millipore, ATTP 04700). The Product is 

washed and clean with water and ethanol (first wash with 250ml ethanol, then subsequent 

wash with 500ml water and final wash with 250ml ethanol). Dry this product in vacuum 

oven at ~110- 120C overnight before further use. 

To synthesize PGc-30 and PGc-180, ~60mg of PGc powder was placed in small 

porcelain dish and cover with a piece of watch glass. Then this assembly is heated into 

domestic microwave chamber by applying microwave radiation for 10seconds for multiple 

times. For example in order to synthesize PGc-30 and PGc-180, 10sec microwave radiation 

was applied for 3 and 18 times, respectively. During each interval of applying microwave 

radiation, wait for 15 minutes to cool down the material. 
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5.4.2. Synthesis of P and other heteroatoms (N, B, S and Si) co-doped catalysts: 

A 1.0 ml of phytic acid (w/w% in water)is mixed with other heteroatom source such that 

moles/atomic ratio of all heteroatom dopants stays 1:1 or in other words the mole ratio 

between phytic acid and heteroatom dopant molecules is 1:6, because each mole of phytic 

acid contains 6 moles of phosphate group. Here, we have shown the examples of P co-

doped with B, N, S and Si. We can also synthesize P, B and N triple-doped carbon material. 

P, N co-doped graphitic carbon (PN-Gc) material synthesis: 

0.45 ml of ammonia solution was mixed with 1.0 ml of phytic acid in 35ml Pyrex glass 

vessel. This vessel is closed with Teflon lined cap and the resultant mixture is heated in the 

domestic microwave for 90 sec. After that, the resultant product mixture is left in fume 

hood to cool down. Finally the product is filtered, washed and dried as described for PGc 

product. 

P, S co-doped graphitic carbon (PS-Gc) material synthesis: 

A 67.0 mg of amorphous sulfur powder was mixed with 1.0 ml of phytic acid in 35 ml 

Pyrex glass vessel by 5 to 10 minute of bath sonication. This vessel is closed with Teflon 

lined cap and the resultant mixture is heated in the domestic microwave for 42sec. After 

that, the resultant product mixture is left in fume hood to cool down. Finally the product is 

filtered, washed and dried as described for PGc product.  

P, B co-doped graphitic carbon (PB-Gc) material synthesis:  

Aqueous solution of boric acid is prepared via dissolving 230.0 mg of boric acid into 5.0 

ml deionized water in 35 ml Pyrex glass vessel. The boric acid solubility in water at room 
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temperature is very low, hence the sample is heated until the boric acid dissolves 

completely (around 10mins to reduce the total water volume approx. 2ml). After that, add 

1.0 ml of phytic acid and closed with Teflon lined cap. The resultant mixture is heated in 

the domestic microwave for 150 sec. The resultant product mixture is left in fume hood to 

cool down. Finally the product is filtered, washed and dried as described for the PGc 

product.  

P, B, N doped carbon (PBN-Gc) material synthesis: 

Aqueous dispersion of 4-amino phenyl boric acid is prepared via dispersing it (~ 430 mg) 

into 1.0 ml deionized water in 35ml Pyrex glass vessel. This vessel is closed with Teflon 

lined cap, followed by short period of sonication to get a uniform suspension. After that, 

add 1.0 ml of phytic acid and the resultant mixture is heated in the domestic microwave for 

150 sec. The resultant product mixture is left in fume hood to cool down. Finally the 

product is filtered, washed and dried as described for the PGc product.  

P, Si doped carbon (PSi-Gc) material synthesis: 

A 1.0 ml of Phytic acid and 0.125 ml of n-propyl triethoxysilane or tetraethyl orthosilicate 

is mixed in 35 ml Pyrex glass vessel. This vessel is closed with Teflon lined cap and then 

sonicated to get a uniform suspension. The resulting suspension is heated in the domestic 

microwave for 120 sec. The resulting product mixture is left in fume hood to cool down. 

Finally the product is filtered, washed and dried as described for the PGc product.  
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5.4.3. Synthesis of P-doped and Non-carbon catalysts using Inositol and phosphoric 

acid/sulfuric acid for control experiment. 

In this experiment, 200.0 mg of inositol is mixed with concentrated phosphoric acid such 

that Inositol to phosphoric acid mole ration become 1:6 on in other ward , carbon to 

phosphorus mole ratio become 1:1. This reaction mixture is heated in microwave chamber 

for 50 sec. After that, the resultant product mixture is left in fume hood to cool down. 

Finally the product is filtered, washed and dried as described for PGc product. A similar 

reaction was performed by replacing the concentrated phosphoric acid with sulfuric acid. 

5.4.4. Synthesis of sole heteroatoms (B, N, S, or Si) doped carbon materials using 

Inositol as carbon (C) source. 

To Synthesize different sole heteroatoms (-B, -N, -S, and -Si) doped carbon material, 

mixture of ~250 mg of myo-Inositol (act as C source), ~0.6 mL of concentrated sulfuric 

acid (act as strong dehydrating agent and microwave absorbing agent) and heteroatom 

dopant source is heated in the domestic microwave chamber for specific time. To 

synthesize B doped carbon, 500 mg of boric acid is used as B source and heated for 100s 

in microwave chamber. To synthesize N-doped carbon, 0.5 ml of concentrated NH4OH 

added to above mixture and heated for 60 seconds. To synthesize S-doped carbon, ~67mg 

amorphous sulfur was added to above mixture and heated for 60 seconds. To synthesize 

Si-doped carbon, 0.25ml of tetraethyl orthosilicate was added to above mixture and heated 

for 150 seconds. The resultant product is left in fume hood to cool down and then filtered, 

washed and dried as described for PGc product.  
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5.4.5. Electrochemical Characterization: 

The electrochemical characterization for all catalysts were conducted through a  computer-

controlled  CHI 760C potentiostat with a three electrode cell, where a platinum wire and 

saturated Ag/AgCl electrode were used as the counter-electrode and the reference 

electrode, respectively. A glassy carbon (GC) electrode was used as a working electrode 

and was polished each time prior to use with alumina slurry. A catalyst slurry (2mg/ml) 

was prepared by sonicating (Bath sonicator, 60minutes) preweighed catalysts in DI water 

containing Nafion (0.5 wt %). A 20 µL of this dispersion was drop casted on glassy carbon 

electrode and allowed to dry under vacuum. The electrolyte (0.1 M KOH) was saturated 

with oxygen (O2) by bubbling O2 for 30 min prior to all experiments.  Cyclic voltammetry 

experiments were typically performed at the scan rate of 50 mV s−1 in O2 saturated 0.1 M 

KOH. For control experiment in oxygen reduction reaction, N2 saturated 0.1 M KOH was 

used as an electrolyte while other conditions remain unchanged. A RDE experiments were 

performed using RRDE electrode (GC disc- 4mm diameter and Pt ring electrode) in O2 

saturated 0.1 M KOH with different rotation speed varying from 250 to 2500 rpm and 10 

mV s−1 scan rate. The RRDE measurements were carried by RRDE electrode (GC disc and 

Pt ring electrode) in O2 saturated 0.1 M KOH at 2000 rpm and 10 mV s−1 scan rate. The 

durability of catalysts were tested using the Chrono-amperometry experiment, where the 

current continuously measured for 25 000 s at −0.35 V potential. The rotation speed was 

set at 2000 rpm with continues maintaining oxygen flow to avoid any oxygen concentration 

effect. The methanol cross over effect for catalysts was also tested via amperometric 

experiment. Here in, the current was continuously measured for 700 s with same 

experiment condition as for durability testing, but 1 mL of methanol was added at around 
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300 s during the experiment. For standard comparison with Pt/C catalyst, the commercially 

available Pt/C (40 wt% Pt on Carbon, Johnson Matthey Corp.) electrode was also used and 

prepared similarly to other catalyst as mentioned above. 

RDE and RRDE calculations: 

The electron transfer number (n) and percentage of peroxide species (% HO2
-) involved in 

the oxygen reduction reaction (ORR) was calculated by RRDE method. The n and 

percentage (%) of peroxide species (% HO2
-) was determined based on ring and disc 

current, measured during RRDE experiment from the following equations. 

n =
(4×Id)

(Id + Ir 
N )

 

 

%HO2
- =

×  Ir
N

Id + Ir
N

 

Where Id is the disc current Ir is the ring current in the RRDE, and N is the collection 

efficiency of the Pt ring electrode. N was determined to be 0.40 from measurement of 

reduction of K3Fe[CN]6.  

In RDE method, the Koutecky-Levich (K-L) plot was obtained from LSV curves of a 

catalyst at different rotating speed. The kinetic parameters, such as kinetic current density 

(JK), and rate constant (k) (D0) in ORR performance is calculated using the Koutecky-

Levich (K-L) equation.37 

 

J = JL
+ JK

= Bω0.5 + JK
 



202 
 

 

 

 Where B = 0.62nFC0(D0)2/3 -1/6 and JK=nFkC0
 

Here, J is the measured current density, JL and JK are the diffusion limiting and kinetic 

limiting current densities, ω is the angular rotation rate of the disc electrode (rad/s), B is 

Levich constant,  n is the number of electrons transferred in the oxygen reduction reaction, 

F is the Faraday constant (F = 96485 C/mol), D0 is the diffusion coefficient  (cm2/s),  is 

the viscosity  of the electrolyte (cm2/s), C0 is the oxygen concentration (mol/cm3) and k is 

the electron transfer rate constant. The values of k and JK were obtained from the slope and 

y-intercept, respectively, of the K-L plots (or J-1 vs. ω -1/2) and using C0 = 1.2 × 10-6 

mol/cm3, D0 = 1.9 × 10-5 cm 2/s and  = 0.01 cm2 /s in the equation.  

5.4.6. Material Characterization: 

The morphology of porous carbon materials were studied using the scanning electron 

microscopy (SEM, Hitachi S-4800). The sample for SEM imaging was prepared by simple 

drop casting of the sample on to carbon tape and allowed it for air dry. The heteroatom 

doping and atomic % of all elements in the porous carbon was analyzed by Energy 

Dispersive X-ray Spectroscopy (EDS) characterization. The sample for EDS imaging was 

prepared by simple drop casting of the slurry of a sample on to copper tape and allowed it 

for air dry. The surface area of catalysts was measured by Brunauer–Emmett–Teller (BET) 

and the pore size was measured using Nitrogen adsorption-desorption isotherm. 

Surface Area and pore size measurements by BET and N2 adsorption- desorption 

method: 

http://en.wikipedia.org/wiki/Electrons
http://en.wikipedia.org/wiki/Faraday_constant
http://en.wikipedia.org/wiki/Kinematic_viscosity
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The surface area and porosity of phosphorus doped carbon catalysts (PGc, PGc-30 and 

PGc-180) were analyzed nitrogen Brunauer–Emmett–Teller (BET) and nitrogen 

adsorption-desorption isotherms, respectively. The measurements are carried out at 77K 

using Micromeritics ASAP 2020. Each sample was dried by first at room temperature and 

then at 100C for overnight under vacuum, prior to measurement. The specific surface area 

was calculated using BET method and pore size was calculated using BJH adsorption-

desorption analysis. 
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Chapter 6. Phosphorus and Sulfur Dual-Doped Graphitic 

Porous Carbon Metal-Free Catalysts for Aerobic Oxidation 

Reactions: Enhanced Catalytic Activity and Active Sites. 

6.1. Introduction 

In the drive towards green and sustainable chemistry, using molecule oxygen as the sole 

oxidant and metal free carbon-based materials as eco-friendly, abundant, and readily 

available heterogeneous catalysts are attractive for chemical synthesis.1-9 Among these, 

carbon-based materials such as graphene and porous graphitic materials are actively being 

pursued recently due to their large surface area, tunable electronic and surface properties, 

and most importantly, the easy accessibility of a large amount of materials without metal 

contamination. Since the pioneering work by Bielawski’s group using graphene oxide (GO, 

oxygen doped graphene) as a catalyst for chemoselective oxidation of alcohols under mild 

conditions,10 other heteroatoms, such as N-doped, B-doped and N,B-codoped graphitic 

carbon materials have been exploited to oxidize petroleum molecules to value-added 

compounds.6, 7, 9, 11 Recently, we have also exploited P-doped graphitic porous carbon 

materials as metal-free catalysts for aerobic oxidation of benzyl alcohol.12 It can selectively 

oxidize both primary and secondary benzyl alcohols to the corresponding aldehydes or 

ketones. This is different from N-doped graphitic materials, which can only oxidize 

primary benzyl alcohol to an aldehyde.11 We attributed this difference to the “protruding 

out” structure of P, compared to the planar structure of N in the carbon matrix, which 

minimized the steric hindrance for secondary alcohol to access the catalytic centers. 

Further, to our surprise, the P-doped carbon materials with higher work functions shows 
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higher capability in catalyzing aerobic oxidation reactions, which is opposite to the trend 

when N-doped carbon materials were used as metal-free catalysts for aerobic oxidation 

reactions11, 13 and electrochemical catalysts for ORR.14 The P-doped materials also exhibit 

a different selectivity rule for electron rich and electron deficient molecules compared to 

other heteroatom-doped carbon materials.11, 15 The mechanistic study demonstrated that 

even though molecular oxygen is not involved in the first step of aerobic oxidation of 

benzyl alcohol, it is required to regenerate the catalytic sites on the P-doped carbon 

materials. The unique and unexpected catalytic pathway endows the P-doped carbon 

materials with not only good catalytic efficiency but also recyclability, which is a major 

challenge in GO-based catalysis.16, 17 However, we found that high catalysts loading is still 

required to reach the desired high conversion and yield.18 This is possible due to the limited 

catalytic centers, and with the currently available method, it is difficult to further increase 

the loading of P doping. 

It has been widely accepted and experimentally demonstrated that co-doping 

multiple heteroatoms could further improve the catalytic performance of carbon catalyst in 

ORR due to the synergistic effects from multiple doping heteroatoms.15, 19-21 Since both 

ORR and aerobic oxidation require activation of inert molecule O2, it has been assumed 

that the efficient catalyst for ORR might be good catalysts for aerobic oxidation reactions. 

Compared to ORR, studies that use doped and/or co-doped carbon materials as catalysts 

for selective organic synthesis are very limited.22 This is possibly due to the lack of generic 

access for large scale synthesis of the novel multiple heteroatom-doped graphene-based 

materials, which have fine-tuned molecular, electronic and geometric structures for a 

carbon catalyst with high performance. In our previous reports12, 23, we have demonstrated 
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that by combining the unique heating properties of microwave with the strong microwave 

absorption power of phytic acid, a biomass molecule present in plant tissue such as brans 

of grain and seed, P-doped porous carbon can be directly synthesized from the phytic acid 

by very short microwave irradiation (40 seconds). In addition to that, it has been also 

demonstrated that by simply mixing the other heteroatom (N, S, B) sources (such as 

ammonium hydroxide -N source, amorphous sulfur -S source, boric acid -B source) with 

phytic acid prior to microwave heating, we can also synthesize various P-coped porous 

carbon materials. This as synthesized co-doped porous carbon materials such as P-N, P-S, 

and P-B co-doped porous carbon materials, denoted as PN-Gc, PS-Gc, and PB-Gc, 

respectively. 

By taking the advantage of this simple technique to synthesize these co-doped 

carbon materials, in this chapter, we have compared the catalytic performance of these co-

doped carbon catalysts (PN-Gc, PS-Gc and PB-Gc) for benzylic alcohol oxidation and 

found that PS-Gc catalyst shows the most improved catalytic performance compared to 

single doped (S-Gc and P-Gc) and co-doped carbon catalysts (PB-Gc and PN-Gc). The 

detailed characterization and control experiments were performed to gain understanding 

about the catalytic centers in the PS-Gc catalyst and their mechanism to catalyze the 

benzylic alcohol oxidation reaction. 

6.2. Results and Discussion 

For large scale synthesis of valuable chemicals in industry, solvent free reactions 

are highly preferred to eliminate additional cost related to the use and handling of reaction 

solvents. Therefore, our catalytic studies of these P-codoped carbon materials were 

performed in solvent-free reaction conditions. Firstly, we have compared the catalytic 
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efficiency of the various as synthesized P co-doped porous carbon catalysts for selective 

oxidation of benzyl alcohol to benzaldehyde at 80°C for 48 hours. As we can see from the 

Table 6.1, benzyl alcohol oxidation cannot proceed efficiently in the absence of a catalyst 

(entry 1), in the presence of carbon-based catalysts without heteroatom doping (rGO or 

non-doped carbon), and or with heteroatom S source (amorphous sulfur for PS-Gc 

synthesis). The PS-Gc and PN-Gc show much improved catalytic efficiency (~54% and 

~35% conversion, respectively) than P-Gc (~21% conversion). Surprisingly, codoping of 

B with P (PB-Gc) deteriorates the catalytic activity of P-Gc to ~4% conversion for benzyl 

alcohol oxidation. This may be due to the formation of P-B type functionalities during B 

doping, which destroys the catalytic sites similar the scenario in N, B-codoped carbon 

catalysts24. It is also possible that the electron deficient nature of B makes the catalyst less 

electron rich and deactivates the catalytic activity of catalytic centers in P-Gc. Based on 

the above results it was concluded that PS-Gc shows the most improved catalytic 

performance toward benzyl alcohol oxidation among all the P co-doped carbon catalysts 

(PS-Gc, PN-Gc, and PB-Gc). To know whether the improved catalytic performance of PS-

Gc is due to a synergistic effect or an additive effect of two different heteroatoms (P and 

S), we have synthesized the P-doped carbon (P-Gc) and S-doped carbon (S-Gc) and tested 

their catalytic performance toward benzyl alcohol oxidation. From the results listed in 

Table 6.1, it is clear that PS-Gc codoped carbon catalysts shows higher conversion (~54%) 

than the addition of the conversion from P and S only doped carbon catalysis (P-Gc (~21%) 

and S-Gc (18%)), which suggests that the P and S heteroatom doping in PS-Gc imparts 

addition as well as synergistic effects.  Because of the unique and enhanced catalytic effect 

of PS-Gc catalyst, in this chapter we will focus on the studies of the unique structure of 
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PS-Gc and its catalytic performance in various alcohol oxidation. Especially, most efforts 

were devoted to understanding its catalytic mechanism and finally to identify the catalyst 

sites of this catalyst.  

Table 6.1. Comparison of various heteroatom-doped porous carbon for its catalytic 
efficiency towards selective benzylic alcohol oxidationa 

entry Catalysts % Conversion % Yield % Selectivity 
TON 

(× 10-2) 

1 -- ND ND -- 0 

2 Non doped carbon 4.17 -- λ7.0 0.08 

3 rGO 3.70 -- λ6.0 0.08 

4 Amorphous sulfurb 3.45 3.2λ 51.4 0.07 

5 P-Gc12 21.2 20.8 λ5.6 0.43 

6 S-Gc 18.3 14.5 86.8 0.37 

7 PS-Gc 53.8 47.6 87.7 1.09 

8 PN-Gc 35.4 35.5 λ7.2 0.72 

λ PB-Gc 3.8 3.λ λ4.7 0.08 

Reaction conditions: a0.1 mL benzyl alcohol (~1 mmol), 50 mg catalyst, 1 atm O2, 80 
°C, 48 hours. b8 mg of amorphous sulfur was used. % conversion to the alcohol, % yield 
to the products (benzaldehyde and benzoic acid) and % selectivity on benzaldehyde 
calculated using 1H NMR. 12 is referred to numbered reference in the text. “ND” = not 
detectable (conversion < 1%).The turnover number (TON) was calculated as a ratio of the 
(mol of the oxidized substrate) / (mass of catalyst). 

First, the physical and chemical properties of PS-Gc were characterized by 

scanning electron microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-

ray photoelectron spectroscopy (XPS), FT-IR and Raman spectroscopy. A SEM image of 

PS-Gc (Figure 6.1A) shows similar geometric structure as the P-Gc materials. Two highly 

wrinkled graphene-like sheets sandwiched a porous carbon monolith (Figure 6.1A). The 

wrinkled structures possibly result from the large atomic size of both P and S heteroatoms 

compared to C atom which induces local geometrical distortion in the carbon network. 
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Furthermore, XPS and EDS analysis (Figure 6.1B, 6.2A, 6.3A and Table 6.2) of PS-Gc 

confirms that PS-Gc contains ~2.5 atomic % P and ~6 atomic% S doping in its carbon 

matrix.  

 

Figure 6.1. (A) is scanning electron microscopic (SEM) of PS-Gc and (B) Energy 
Dispersive X-ray Spectra (EDS) of PS-Gc. 

Table 6.2.Calculated atomic % of C, O, P and S from EDS and XPS analysis. 

Catalyst C (atomic %) O (atomic %) P (atomic %) S (atomic %) 

 EDS XPS EDS XPS EDS XPS EDS XPS 

PS-Gc 78.00 74.27 12.72 18.14 2.20 2.76 6.97 4.85 

PS-Gc-used 84.33 82.96 10.40 11.42 1.97 1.74 3.31 3.86 

PS-Gc-TA 86.51 81.21 6.30 11.01 1.39 1.82 5.81 5.97 

PS-Gc-TA-used 85.68 85.68 7.57 10.03 1.41 1.50 5.35 6.19 

 

Table 6.3.Calculated atomic % different type of O present in catalyst by XPS analysis. 

Catalysts O atomic % 

 
C/P/S=O 

(~530.9 eV) 
C/P/S-O-C 
(~532.5 eV) 

C/P/S-O-H 
(~533.2 eV) 

COOH/water 
(~535.1 eV) 

PS-Gc 3.83 7.09 5.61 1.48 

PS-Gc-used 2.59 3.72 4.23 0.82 

PS-Gc-TA 2.86 1.95 5.42 0.72 

PS-Gc-TA-used 2.88 1.25 5.03 0.85 
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Figure 6.2. C1s, O 1s and P2p XPS peak deconvolution of PS-Gc catalyst (A) and PS-Gc-
used catalyst (B). 
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Figure 6.3. S 2p XPS peak deconvolution of PS-Gc catalyst (A), PS-Gc-used catalyst (B), 
PS-Gc-TA catalyst (C) and PS-Gc-TA-used (D). 

Table 6.4. Calculated atomic % different type of P and S present in catalyst by XPS 
analysis. 

 P atomic % S atomic % 

Catalysts 
P-C (133.5 

eV) 
P-O (~135.5 

eV) 
S-C (~163.7 

eV) 
S-O (~167.9 

eV) 

PS-Gc 1.02 1.72 4.09 1.32 

PS-Gc-used 1.29 0.45 3.43 0.91 

PS-Gc-TA 1.09 0.71 5.30 1.09 

PS-Gc-TA-

used 
0.76 0.73 5.38 1.13 

 

To study the bond configurations of P and S in PS-Gc, the P2p, and S2p XPS peaks 

were carefully deconvoluted as shown in Figure 6.2A and 6.3 and the results are 

summarized in Table 6.4. Bases on the P2p peak deconvolution, it was found that PS-Gc 
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contains more P-O (~135.11 eV, 1.72%) type of P doping, compare to P-C (~133.25 eV, 

1.02%) type of P doping. This may be beneficial for the catalytic activity of the PS-Gc as 

it was already demonstrated that P-O functionality plays a crucial role in the catalytic 

oxidation of benzyl alcohols.12 For S doping, the S2p peak deconvolution analysis shows 

that the PS-Gc contains mainly –C-S-C (~163.7 eV, 4.09%) type of S (such as exocyclic 

epoxide like S or heterocyclic thiophenic S) with a small amount of oxidized S (-SOx, x=2-

3, ~167.9 eV, 1.32%). The O 1s peak deconvolution of PS-Gc demonstrates that it contains 

carbonyl (~530.9 eV, 3.83%), epoxide/ether (~532.5 eV, 7.09%), hydroxyl (~533.2 eV, 

5.61%) and carboxyl/adsorbed water (~535.1 eV, 1.48%) peaks. However, it is not clear if 

this oxygen functionalities are directly attached with heteroatoms (P and S) or carbon atom. 

 

Figure 6.4. The FT-IR spectra of GO, P-Gc, S-Gc and PS-Gc. 
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Figure 6.5. The Raman spectra of PS-Gc, PS-Gc-used, PS-Gc-TA and PS-Gc-TA-used. 

To get a better understanding of these various oxygen functional groups present in 

the PS-Gc catalyst, the Fourier Transform Infrared spectroscopic (FT-IR) measurement of 

PS-Gc catalyst along with other catalysts such as P-Gc, S-Gc, and GO (also known as O 

doped graphene) was performed (Figure 6.4). All four samples show several common 

peaks at 1040 - 1050 cm-1 (C-O alkoxy or P-O stretching vibration or -SO3), 1589 cm-1 

(C=C), 1236 cm-1 (C-O/P-O of C-OH/C-O-C/P-O-C/P-OH as a small shoulder in P-Gc and 

PS-Gc, while these peaks becomes stronger peak in GO and S-Gc). On the other hand, 

unlike P-Gc and PS-Gc, GO shows strong peak at 1354 cm-1 (-OH or C-O stretching 

vibrations), 1412 cm-1 (C-O of COOH), 1712 cm-1 (C=O/S=O as it also present in S-Gc), 

1816 cm-1 (-CO-O-CO-) and 833 cm-1 (C-H/C-O). P-Gc, S-Gc, and PS-Gc show a stronger 

peak at 1155 cm-1, which is due to the presence of P=O and/or C-S-C/C-S. These results 

further confirms that S is successfully doped in the PS-Gc and S-Gc materials however the 

majority of the oxygen containing functional groups are anchored on heteroatoms rather 

than on C atom, which is similar to previous results of P-doped carbon materials.12 

Furthermore, to confirm the presence of graphite or sp2 carbon domains in the chemical 
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structure of PS-Gc, Raman measurement of PS-Gc was performed using 785 nm laser. As 

shown in Figure 6.5, the presence of G band (~1594 cm-1) and D band (~1312 cm-1) in the 

Raman spectra of PS-Gc confirms the presence of graphitic sp2 carbon in its structure. The 

presence of strong D band also indicates a large amount of defects exist in the PS-Gc, 

which may be due to the presence of non-graphitic C in its structure and also due to the 

chemical doping (P and S) along with its unique porous morphology. The surface area of 

the porous PS-Gc material was measured by the methyl blue dye adsorption method, which 

is calculated to be ~900 m2/g. A high surface area of the catalyst is important for effective 

mass transfer as well as for facile access to the catalytic centers by reactants. Combining 

all these unique features of PS-Gc material such as the very high surface area, unique 

morphology, chemical doping and the ease of large-scale production of PS-Gc, it can be 

an excellent metal-free catalyst for many reactions. 

The selective oxidation of benzyl alcohol to benzaldehyde in solvent free condition 

with the PS-Gc catalyst was further optimized. First, the reactions at the various reaction 

temperatures (40 to 100 °C), times (4 to 48 hours) and catalyst loadings (10 to 100 wt %) 

were performed to optimize the reaction condition (Table 6.5). As we can see from the 

Table 6.5 (entries 1 to 4) that as the reaction time is increased from 4 to 48 hours (at 50 

wt% catalyst and 80 °C), the conversion of benzyl alcohol increases from 6 to 50%. But 

the selectivity to benzaldehyde drops below 90% if the reactions run for more than 24 

hours, suggesting that the longer reaction time affects the reaction selectivity to an 

aldehyde. The conversion of benzyl alcohol increases from 2 to 68 % (Table 6.5, entry 3, 

5 to 7) as the reaction temperature is raised from 40 to 100 °C (50 wt% catalyst, 24 hours) 

with good aldehyde selectivity (> 90%). Furthermore, the conversion of benzyl alcohol 
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also increases from 17 to >90 % (Table 6.5, entry 3, 8 to 10) as the catalyst loading 

increases from 10 to 100 wt% (100 °C, 24 hours) with good aldehyde selectivity (> 90%). 

In comparison to GO-based catalyst (24% conversion)16, the PS-Gc catalyst also shows 

better catalytic performance (34.5% conversion) at similar reaction conditions (Table 6.5, 

entry 9 and 12). Furthermore, the calculated turnover number (TON; expressed as a ratio 

of mol of oxidized substrate/mass of catalyst because of the non-Berthollide nature of the 

PS-Gc) of PS-Gc is also higher (1.75) compared to that of GO catalysts (1.1)16 and other 

heteroatom-doped/co-doped catalysts (Table 6.1 - all entries, Table 6.5- entry 9 and 12). 

Based on the above results, it was concluded that the PS-Gc is a much better catalyst for 

benzylic alcohol oxidations than GO and other heteroatom-doped/co-doped catalyst at 

similar reaction conditions (Table 6.1). 

Table 6.5. Optimization experiments for solvent free alcohol oxidation catalyzed by PS-
Gc at 1atm O2

a 

Entr
y 

 

Catalyst 
(mg) 

Benzyl 
alcohol 

(µL) 

Temper
ature 
(°C) 

Time 
(hours) 

% 
Conversio

n 

% 

Yield 

%Selecti
vity 

TON 
(× 

10-2) 

1 50 100 80 4 5.8 4.1 λ6.8 0.12 

2 50 100 80 8 10.1 7.8 λ4.λ 0.21 

3 50 100 80 24 25.5 25.7 λ1.7 0.46 

4 50 100 80 48 50.4 42.8 87.3 1.03 

5 50 100 40 24 2.2 2.2 λ8.5 0.04 

6 50 100 60 24 10.7 λ.7 λ6.5 0.22 

7 50 100 100 24 67.6 53.6 λ1.0 1.38 

8 10 100 100 24 17.2 16.6 λ3.5 1.75 

λ 20 100 100 24 34.5 30.7. λ2.0 1.75 



220 
 

 

10 75 100 100 24 85.5 54.0 87.2 1.16 

11 100 100 100 24 λ3.3 70.8 λ6.5 0.95 

1216 GO (20) 100 100 24 24.0 -- 100 1.1 

% conversion to the alcohol, % Yield to the products (benzaldehyde and benzoic acid) 
and % selectivity with respect to benzaldehyde calculated using 1H NMR. 16 is referred to 
numbered reference in the text. The turnover number (TON) was calculated as a ratio of 
the (mol of the oxidized substrate) / (mass of catalyst). 

Next, to enlarge the possible application of the PS-Gc catalyst, the scope of the PS-

Gc materials for different types of alcohols was explored (primary and secondary benzylic 

alcohols, non-benzylic aromatic alcohols and other aliphatic alcohols such as alicyclic 

(cyclohexyl methanol, cyclohexanol) and linear (1-butanol) alcohols) in solvent free 

conditions and the results are summarized in Table 6.6. From the results it was found that 

the PS-Gc catalyst shows excellent catalytic performance for wide range of aromatic 

benzylic alcohol such as secondary benzylic alcohols (diphenylmethanol- 88 %conversion 

and 1-phenethyl alcohol- 67 %conversion), cinnamyl alcohols (79 %conversion), 5-

(hydroxymethyl)-2-furaldehyde (51 %conversion) with very good selectivity (>90%) 

towards their respective aldehyde/ketone products. These results indicate that the PS-Gc 

catalyst can selectively oxidize aromatic primary benzylic alcohols and also the secondary 

benzylic alcohols without any steric hindrance problem, which is a unique advantage than 

N-doped carbon catalyst11. We have also tested the catalytic ability of PS-Gc for aliphatic 

alcohols (Table 6.6, entry 10 to 12) such as cyclohexyl methanol, 1-butanol, and 

cyclohexanol. But, in contrast to aromatic benzylic alcohol, PS-Gc catalyst found to be 

inactive (< 5% conversion) for aliphatic alcohol oxidation reaction. This may be because 

of higher reactivity of aromatic substrate than that of the aliphatic substrate. In addition to 

that, the presence of conjugated system in aromatic benzylic alcohol may be necessary to 
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activate adjacent carbon bonding to the hydroxyl group as well as it also promotes the 

better substrate interaction of aromatic alcohols on the aromatic surface of PS-Gc catalyst. 

Furthermore, the presence of polar groups such as hydroxyl group on the benzylic activated 

carbon also facilitates substrate/catalyst interaction by hydrogen bonding to catalytic sites 

on the catalyst. This result was also supported by the inability of PS-Gc to oxidize the 

aromatic non-benzylic alcohol such as 3-phenyl-1-propanol (Table 6.6, entry 6). 

Moreover, the results also show that the electron donating and withdrawing properties of 

the functional group attached to the para position of benzyl alcohol greatly affects the 

oxidation efficiency, where electron donating groups favor the oxidation of benzylic 

alcohol to aldehyde selectively. For example, 4-methoxy substituted benzyl alcohol 

reached >90% conversion with very high selectivity (>99%) to respective benzaldehyde. 

In contrast, 4-nitro substituted benzyl alcohol shows poor conversion (~10%) with 

moderate selectivity (~51%) towards respective aldehydes. These substituent effect for 

benzyl alcohol oxidation by PS-Gc catalyst is very similar to P-Gc catalyst12 and other 

metal based catalysts25, 26, but it was not observed in N-doped graphene catalyst11. Finally, 

it is also worth mentioning that the catalytic performance for the substituted benzyl 

alcohols is also much higher than that of P-Gc, which further demonstrates the superior 

catalytic ability of PS-Gc compared to that of P-Gc. For example, 4-methyl substituted 

benzyl alcohol shows ~90% conversion by PS-Gc versus ~53% conversion by P-Gc under 

similar condition (50 wt% catalyst, 100 °C, 24 hours). 

Table 6.6.The scope of PS-Gc in the oxidation of different alcoholsa
 

Entry R1 R2 % Conversion % Selectivity 
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1b -H 
 

92.3 100 

2 -H 

 

89.9 100 

3 -H 
 

69.2 91.6 

4 -H 
 

9.9 51 

5 -H 
 

79.0 90.5 

6 -H 
 

< 1 100 

7c -H 

 

50.8 100 

8 -CH3 
 

67.2 100 

9d 

  

88.4 97.2 

10 -H 
 

< 1 100 

11 -H 
 < 1 41 



223 
 

 

12 
 

4.1 100 

Reaction conditions: a25mg PS-Gc catalyst, 0.5mmol alcohol, 1atm O2, 100°C, 24 hours. 
b20mg catalyst was used. c50mg PS-Gc catalyst, 0.5mmol alcohol, 1atm O2, 80°C, 24 
hours. c and d reaction were performed at 80 °C temperature to avoid decomposition of 
substrate alcohol. 

In general, a catalyst facilitates a reaction by lowering the activation energy (Ea), 

the energy needed for a reaction to proceed form an intermediate and/or the desired 

product. For P-doped carbon (P-Gc) catalyst12, the calculated activation energy is 49.6 

kJ.mol-1, which is similar to Ru metal-based catalysts (51.4 kj.mol-1 for Ru/Al2O3 catalyst27 

and 47.8 for Ru/TEMPO catalyst28) but lower than that of reported for N-doped carbon 

catalysts11 (56.1 kj.mol-1). To know whether the presence of two heteroatom dopants (P 

and S) in PS-Gc are responsible for further lowering the activation energy for alcohol 

oxidation reaction and thus enhancing the catalytic efficiency of the catalyst, the kinetic 

studies of PS-Gc was performed. For that, a kinetic study of the selective oxidation of 

benzyl alcohol to benzaldehyde by PS-Gc catalyst was performed in aqueous solution at 

the different reaction temperatures. The sample was collected from the reaction mixture at 

15 minutes time intervals for each different reaction temperature experiment and analyzed 

by High-Performance Liquid Chromatography (HPLC). A plot (Figure 6.6) of the 

concentration of benzaldehyde as a function of the reaction time at different temperatures 

(40 to 100 °C) was drawn and from these linear plots and the apparent reaction rates (kobs) 

for different reaction temperature was calculated. After that, the apparent activation energy 

(Ea) for PS-Gc is calculated from the slope of the linear plot (ln kobs versus 1/T, Figure 6.6) 

and using the Arrhenius equation of ln k = ln A – Ea/RT. The Ea value (32.02  kJ.mol-1) of 

PS-Gc for benzyl alcohol oxidation is found to be much lower than P-Gc, N-doped carbon 
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catalysts, and Ru metal based catalysts, suggesting that P and S heteroatom co-doping 

lower the activation energy and so showing very good catalytic performance than P-doped 

carbon catalyst. 

 

Figure 6.6. (A) The plot of different reaction temperatures versus benzaldehyde 
concentration in molarity. Reaction conditions: 10 mg benzyl alcohol, 5 mg PS-Gc catalyst, 
10 ml water, 1 atm O2. (B) Arrhenius plot for the Benzyl alcohol oxidation. The rate 
constant (k) values at different temperature were regarded as the pseudo-zero-order rate 
constants (k obs) because the plot of the molarity of benzaldehyde versus reaction time is 
linear. 

To understand the mechanism of catalytic oxidation of benzylic alcohols with the 

PS-Gc catalyst, several control experiments were performed to get insight into the above-

mentioned catalytic reactions. In a first control experiment, we have performed the benzyl 

alcohol oxidation reaction in the presence of 1atm O2, air, and inert environment to see if 

the activation of oxygen is the primary step as N-doped graphene11, 13. As shown in Table 

6.7, we found that the conversion of benzyl alcohol decreased from ~71% to 31% if the 

reaction was run in the presence of air instead of pure O2. It further decreases to 14% if the 

same reaction was run in the presence of N2. But if the catalyst is recovered from the 

reaction, which runs under 1 atm N2, and reuse in the presence of 1atm O2, the alcohol 

conversion increases to ~54%. These results clearly indicate that the activation of oxygen 
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is important in the first step of the catalysis. The moderate conversion (14%) achieved in 

N2 environment is possibly due to the active sites from P doing (especially P-O type 

functionalities) in PS-Gc. In our previous report12, we have shown that P-Gc can initiate 

the oxidation of benzylic alcohol in the absence of oxygen because oxygen containing 

functionalities on P-Gc (P-OH and P=O) directly involved in the oxidation of benzyl 

alcohol in the first step of catalysis. To further support this conclusion, we have tested the 

catalytic performance of S-Gc in the presence of 1 atm N2 and O2 environment, 

respectively. As shown in Table 6.7 (entry 5 and 6), S-Gc can catalyze the benzyl alcohol 

oxidation in the presence of O2 (18 %conversion) but not in the presence of N2 (< 4 

%conversion). These results suggest that the S-Gc is very different from P-Gc, the first 

step of catalysis for the active sites from S doping is oxygen activation. Altogether these 

results suggest that PS-Gc might have two different kinds of active centers, one comes 

from S doping, and the other one results from P doping. These two resources of catalytic 

centers additively/synergistically facilitate the oxidation of benzylic alcohol.  

Table 6.7. The catalytic performance of the PS-Gc and S-Gc in benzyl alcohol oxidation 
in presence of different environmentsa 

Entry Catalyst (~50 
wt %) 

Oxidant %Conv % Yield %Selectivity 

1 PS-Gc 1atm O2 71.11 52.87 λ0.73 

2 PS-Gc 1atm air 31.65 30.62 λ7.4 

3 PS-Gc 1atm N2 14.04 11.82 λλ.08 

4b PS-Gc N2 to O2 53.80 46.26 λ3.6 

5 S-Gc 1atm O2 18.28 14.51 86.75 

6 S-Gc 1atm N2 3.62 --- λ4.3 
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Reaction conditions: a25mg catalyst, 0.5 mmol of benzyl alcohol, 1atm oxidant, 100C, 
24 hours. bPS-Gc catalyst was recovered from entry 3. % conversion to the alcohol, % yield 
to the product and % selectivity with respect to benzaldehyde calculated using 1H NMR. 

To understand whether free radical intermediates are involved in the PS-Gc 

catalyzed the reaction, we have performed the benzyl alcohol oxidation (100 °C, 24 Hr, 

1atm O2) in the presence of butylated hydroxytoluene (BHT, 50 wt %), a known free radical 

quencher in acetonitrile solvent (to dissolve BHT). As shown in Table 6.8, the conversion 

of benzyl alcohol is barely influenced by the addition of BHT in the reaction system. This 

result suggests that there is no radical intermediate involved in the catalytic pathway. A 

similar result was observed previously in only P-doped graphitic carbon material (P-Gc)12 

but not in GO16 and N-doped carbon catalyst11, 13. These results also suggest that P and S 

doping creates unique catalytic centers in the carbon material which are completely 

different from those in GO or N-doped carbon catalysts. 

Table 6.8.The benzyl alcohol oxidation in presence of BHT (radical quencher)a 

Entry Catalyst (~50 wt 
%) 

% conversion % yield % selectivity 

1 PS-Gc + BHT 28.01 26.54 λ7.24 

2 PS-Gc 34.23 32.5λ λ6.5λ 

Reaction conditions: a25mg catalyst, 0.5 mmol of benzyl alcohol, 0.3mLacetonitrile, 
1atm O2, 100C, 24 hours. 0.125 mmol (or 50 wt% of benzyl alcohol) of butylated 
hydroxytoluene (BHT) is added in entry 1 for controlled reaction. % conversion to the 
alcohol, % yield to the product and % selectivity with respect to benzaldehyde calculated 
using 1H NMR. 

No doubt that it is economically beneficial if the catalyst can be synthesized in a 

cost effective manner, in very short time, without using toxic chemicals, with minimal 

waste and using a simple protocol to avoid any cost associated with the operation. It is also 

helpful if the catalyst can be easily recovered at the end of the reaction and recycle/reuse 
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for many subsequent reactions to save cost associated with chemical production. In this 

report, we have shown that the PS-Gc catalyst not only can be synthesized quickly but also, 

its fabrication uses cheap and widely available biomass molecules and hence avoids toxic 

chemicals. To find out whether the PS-Gc catalyst (100 wt %) can recycle for multiple 

times or not, we have recovered the PS-Gc catalyst at the end of reaction via simple 

filtration and recycled it in solvent free optimized reaction condition at 100 C for 24 hours 

under 1atm O2. As shown in Table 6 (entry 1 to 3), the % conversion of alcohol is decreased 

from 93.3% to 74.7% upon the first recycle and further decreased to 57.5 % upon second 

recycle. The same result was obtained even if we tried to recycle the catalyst at lower 

catalyst loading to 50 wt % as well as lower reaction temperatures to 80 and 60 C (Table 

6, entry 4 to 12). The inability to reuse the PS-Gc catalyst, even at a lower temperature (60 

C), indicates that either the active site is not stable in the catalyst or it may undergo some 

chemical transformation during the catalytic reaction.  

Table 6.9. Recycling the catalyst at different reaction conditions.a 

Entry Catalyst 
Catalyst 
loading 

Temp °C 
% 

conversion 
% 

yield 
% selectivity 

1 1st use PS-Gc 100 wt% 100 93.32 70.79 96.54 

2 2nd use PS-Gc 100 wt% 100 74.68 58.98 95.28 

3 3rd use PS-Gc 100 wt% 100 57.47 39.93 99.93 

4 1st use PS-Gc 50 wt% 100 67.6 53.55 91.03 

5 2nd use PS-Gc 50 wt% 100 50.75 42.07 94.03 

6 3rd use PS-Gc 50 wt% 100 33.42 29.78 95.40 

7 1st use PS-Gc 50 wt% 80 25.48 25.68 91.7 

8 2nd use PS-Gc 50 wt% 80 16.28 14.65 96.70 

9 3rd use PS-Gc 50 wt% 80 13.52 12.09 96.97 

10 1st use PS-Gc 50 wt% 60 10.70 9.66 96.48 
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11 2nd use PS-Gc 50 wt% 60 6.61 6.12 97.79 

12 3rd use PS-Gc 50 wt% 60 6.36 5.96 97.92 

13 1st use PS-Gc-TA 50 wt% 100 62.λ8 47.27 90.80 

14 
2nd use PS-Gc-
TA 

50 wt% 100 42.λ8 37.27 91.28 

15 3rd use PS-Gc-TA 50 wt% 100 28.54 21.76 92.62 

Reaction conditions: a 0.5 mmol of benzyl alcohol and 1atm O2, 24 hours. % conversion to 
the alcohol, % yield to the product and % selectivity with respect to benzaldehyde 
calculated using 1H NMR. 

To know the exact reason behind these results, we have performed EDS and XPS 

measurement of used PS-Gc catalyst (labeled as PS-Gc-used) to determine the % P and % 

S in the PS-Gc after the reaction. As shown in Table 6.2, it was found that both % P and 

% S are decreased in the PS-Gc-used catalyst from 2.76% and 4.85% to 1.74% and 3.86%, 

respectively, as per XPS analysis. So first, we tried to solve the stability problem of P and 

S dopant in PS-Gc by thermal annealing of the as-synthesized PS-Gc catalyst in a thermal 

furnace at 450 °C for 60 minutes under constant nitrogen flow and the new product is 

named as PS-Gc-TA. The PS-Gc-TA have a similar amount of S (~ 6 atomic %), but P 

amount is slightly decreased to ~ 1.8 atomic % than the original PS-Gc catalyst. This PS-

Gc-TA catalyst gives ~63 % conversion for benzyl alcohol oxidation when the reaction is 

performed at 50 wt% catalyst and 100 °C for 24 hours (Table 6.9, entry 13), which is 

similar or slight decreased from PS-Gc catalyst (67.8% conversion). Moreover, after 

recycling the PS-Gc-TA for a second and third time, the conversion is still decreased to 

~43 and 28.5%, respectively, even though the atomic% of P and S did not decrease in the 

PS-Gc-TA-used compared to the fresh PS-Gc-TA catalyst as confirmed from EDS and 

XPS analysis (Table 6.2). From the P2p and S2p deconvolution results (Figure 6.3B, 6.4A 

and Table 6.4), we can see that P in both used and fresh PS-Gc-TA catalyst. Moreover, In 
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our previous report,12 it has been reported that P-doped carbon (P-Gc) can be recycled at 

least 8 times without losing its catalytic performance in benzyl alcohol oxidation. However, 

It has been reported that XPS was not able to clearly differentiate the doped S with different 

oxidation (-2 to +8) due to the resolution problem29. We have also compared the FT-IR 

spectra of fresh and used, PS-Gc and PS-Gc-TA catalysts, as shown in Figure 6.7. From 

the results, we can see that the peak at ~1720 cm-1, which was not detectable in both fresh 

PS-Gc and PS-Gc-TA catalyst, becomes slightly stronger in the used PS-Gc and PS-Gc-

TA catalyst suggesting that carbonyl oxygen (S=O / C=O) were possibly generated in the 

used catalyst. As the majority of the oxygen functionalities are connected with S, we 

suspect that the reduced S type is converted to S=O type of functionalities during the 

catalytic reaction. Nevertheless, due to overlapping of different peaks at a similar 

frequency in FT-IR measurements and poor resolution of XPS to separate S species with 

different oxidation states, we were not able to get any detailed information about changes 

in S functionalities in fresh and used PS-Gc catalyst.  
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Figure 6.7. The FT-IR spectra of fresh and used PS-Gc catalysts (A) and PS-GC-TA 
catalysts (B). 

To study the electronic structure or nature of S doping in PS-Gc catalyst, we have 

performed X-ray absorption near edge spectroscopy (XANES) to study sulfur K-edge 

spectra, which is widely used analytical technique to study sulfur bond configuration in 

different S containing materials.29-31 As we can see that S K-edge spectra (Figure 6.8) of 

the fresh PS-Gc catalyst shows two separate and broad peaks, the one at higher energy is 

for oxidized S species (~ 2483 eV) and the other one is at lower energy for reduced S 

species (~ 2473 eV). Based on the literature assigned energy values29, the peak in oxidized 

S region at ~2483 eV can be deconvoluted into two peaks at ~2481.5 and 2483.2 eV, 

assigned to sulfonate and sulfate type of S species, respectively. While the reduced S region 

in fresh PS-Gc catalysts can be deconvoluted into four different peaks at 2470.4, 2472.7, 
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2474.3 and 2476.2 eV, which can be assigned to inorganic sulfide, exocyclic sulfur, 

heterocyclic sulfur and sulfoxide, respectively. The results were summarized in Table 6.10 

 

Figure 6.8. The deconvolution of normalized S K-edge XANES spectra of fresh and used 
PS-Gc catalysts. 

Table 6.10. Calculated atomic % of the different type of S functionalities from S K-edge 
XANES peak deconvolution analysis. 

Catalysts Atomic %S  

 
Inorganic 
Sulfide 

Exocyclic 
S 

Heterocyclic 
S 

Sulfoxide Sulfonate Sulfate Total 

PS-Gc 0.04 1.54 1.51 0.13 0.68 0.86 4.85 

PS-Gc-
used 

0.03 0.68 1.62 0.64 0.2 0.66 3.86 
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From a comparison of the fresh PS-Gc catalyst with the PS-Gc-used catalyst, we 

found that the exocyclic sulfur (C-S-C) peak drastically decreased and at the same time 

sulfoxide (C-S(O)-C) peak becomes stronger in used PS-Gc-used catalyst. These results in 

facts are in line with the FT-IR characterization results where a new peak for S=O type 

functional groups appeared at ~1720cm-1 in the PS-Gc-used catalyst. All these results 

clearly demonstrate that the exocyclic S species (which is more like epoxides in GO, who 

are playing a major role in catalysis17) plays the crucial role in activating the oxygen and 

catalyzing the benzyl alcohol oxidation reaction. During the catalytic reactions, exocyclic 

S is oxidized to sulfoxide type of S and thus catalytic centers were diminished. 

The proposed mechanism of P-doped active sites was already reported in our 

previous report12 where it has been demonstrated that the alcohol molecule interacts with 

P-O (P-OH and P=O) functionalities to produce aldehyde/ketone without needing any 

oxidant (such as oxygen). But in the following step, in the presence of oxygen, these 

functional groups on the catalytic site (P) are regenerated and will continue the reaction 

cycle. Here in this report, we found that S and P co-doping shows catalytic synergistic 

effects. Based on the above control experiments and detailed characterization by FT-IR, 

XANES, and XPS, we have proposed that exocyclic S species play a major role in the 

observed synergistic catalytic effect, and the catalytic mechanism was proposed for alcohol 

oxidation reaction in Scheme 6.1.  
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Scheme 6.1. The proposed mechanism for benzylic alcohol oxidation by exocyclic S active 
center. 

 

From control experiments, it was concluded that oxygen activation is the first step 

in the catalytic oxidation of benzyl alcohol for S-doped active sites. Even though a 

mechanism of oxygen activation has been studied exclusively for N atom dopant, but it is 

in the early stage for sulfur doped graphene/carbon. Recently, a theoretical study on the 

oxygen reduction reaction (ORR) mechanism for S-doped graphene reported that exocyclic 

sulfur doping cannot introduce any extra unpaired electrons in the carbon matrix, and so it 

will not affect the spin and charge densities of the carbon atoms in graphene.32 It was also 

reported that the mechanism of oxygen reduction (two electron pathway or four-electron 

pathway) in S-doped carbon depends on the catalytically active centers. If S species in the 

graphene matrix are the catalytic centers, ORR would have a two-step, two-electron 

pathway. While if the catalytic centers are on the C atoms, which have high charge/spin 

Inactivation of catalyst

2O2
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density due to S doping, the ORR will have a four-electron pathway.32 In our PS-Gc 

catalyst, due to the presence of an exclusive amount of exocyclic S, no additional 

charge/spin density was introduced in the catalyst. So, we suspect that oxygen is being 

reduced on the S atom (active site) to reactive oxygen species (ROS) via two electron 

pathway. The oxygen reduction via two-electron pathway could result in different types of 

ROS, such as hydroxyl radical (·OH), peroxide like species OOH, hydrogen 

peroxide (H2O2), superoxide radical (·O2
−). Based on our control experiments in the 

presence of a radical quencher (BHT), it was clearly demonstrated that there are no radicals 

generated during the catalytic oxidation of alcohols. These results suggest that activation 

of oxygen resulted in non-radical ROS such as peroxides like species OOH and hydrogen 

peroxide (H2O2). It has also been reported that producing the excess amount of H2O2 via 

oxygen reduction is the key parameter to affect the selectivity of aldehyde/ketone products 

in metal catalyzed reactions. But our experimental results suggested that the benzyl alcohol 

is selectively oxidized to aldehyde/ketone without producing the carboxylic acid, and 

moreover, we could not detect any peroxide species by HPLC, suggesting that either the 

generated peroxide amount is too small that there are no detectable detrimental effects on 

the product selectivity was not observed or a transient peroxo like species (OOH) were 

generated, which directly oxidized the benzyl alcohol before it converted to peroxide. N-

doped graphene has already been reported for the generation of peroxo like species in 

previous reports, where graphitic N is playing a catalytic role.33, 34 The same graphitic N is 

also responsible for reducing the oxygen via two electron pathway35, 36, which indirectly 

supports our conclusion that S-doped active site may be responsible for reducing oxygen 

via two electron pathway to peroxo like species. Now in the next step of oxidation, the 
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produced OOH type of ROS oxidized the alcohol to the respective aldehydes or ketones. 

During this oxidation, the exocyclic S active sites in PS-GC may be converted to C–S(O) 

-C type of functionalities which cannot further act as catalytic centers to activate molecule 

oxygen. As a consequence, the catalytic activity of the PS-Gc catalyst was decreased 

largely upon recycling. Currently, we are working on methods to regenerate the active sites 

in the used PS-Gc catalyst, so we can able to reuse them multiple times. 

6.3. Conclusions 

In this chapter, it has been shown that the S and P codoped porous carbon (PS-Gc) material 

shows better catalytic performance than single doped (S-Gc and P-Gc) and other P co-

doped carbon catalysts (PB-Gc and PN-Gc) for benzylic alcohol oxidations. Moreover, the 

PS-Gc catalyst can selectively oxidize a variety of primary and secondary benzylic alcohols 

to the respective aldehydes/ketone without steric hindrance. The calculated activation 

energy for benzyl alcohol oxidation is ~32kJ/mol for the PS-Gc, which is lower than P-

doped, N-doped carbon catalyst as well as Ru metal based catalysts. From the various 

control experiments and the detailed characterization of the fresh and used PS-Gc catalysts 

we have concluded the following points. 1) PS-Gc catalyst probably contains two distinct 

types of catalyst centers from P and S-doping. 2) PS-Gc catalyst requires oxygen activation 

as the first step of oxidation, which is different than P-doped Carbon. 3) S is doped with 

multiple S species while only the exocyclic sulfur (C-S-C) species play the important role 

in activating the oxygen molecule as well as selectively oxidizing the benzylic alcohols. 4) 

The S containing active sites (exocyclic S) were not stable during the catalytic reaction and 

converted to sulfoxide type of S species which cannot be reduced back into the reaction 

conditions. Thus, the reusability of the PS-Gc catalyst is limited. 
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6.4. Experimental Section 

6.4.1. Synthesis of catalysts 

Synthesis of P and other heteroatoms (N, B, S and Si) co-doped catalysts: The P and 

another heteroatom co-doped porous carbon catalyst were synthesized according to 

previously published protocol.23 In brief, 1.0 ml of phytic acid (Sigma-Aldrich 50 w/w% 

in water) is mixed with pre-weighed amount of other heteroatom source ( such as 

amorphous sulfur or ammonium hydroxide or boric acid as S, N and B source, respectively) 

in 35 mL Pyrex glass vessel (CEM, #909036) and closed with Teflon-lined cap (CEM, 

#909235). The amount of heteroatom source is calculated such that the moles ratio of P 

and other heteroatom dopants stays 1:1. The uniformed dispersion or suspension of the 

phytic acid and heteroatom source is obtained by the aid of bath sonicating the mixture for 

15 minutes. After that, the resultant mixture is heated in the domestic microwave (Sanyo-

EM-S9515W, 1100 W, 2.45 GHz) chamber for a different time to obtain co-doped carbon 

material. The microwave heating time is depending on the microwave absorption capacity 

of heteroatom precursor and the resultant mixture. For example, the microwave heating 

time is 42s, 90s and 150s for the synthesis of PS-Gc, PN-Gc and PB-Gc, respectively. The 

microwave heating time is also varied based on the type of domestic microwave, size or 

physical dimensions of microwave cavity and microwave output power. After heating the 

mixture in microwave, the resultant product is left in fume hood to cool down and then 

filtered, washed and dried as described in the previous report.23 

 To prevent the loss of % atomic S and P heteroatom dopant in PS-Gc catalyst during 

the catalytic oxidation of benzyl alcohol oxidation, the as-synthesized PS-Gc material was 

further heated at 450 °C for 60 minutes under constant N2 flow in a thermal furnace. After 
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treatment, the new material is again filtered with water and ethanol solvent to remove any 

impurities and labeled as a PS-Gc-TA. 

Synthesis of S-doped carbon material (S-Gc): The S-doped porous carbon catalyst was 

also synthesized according to previously published protocol.23 In brief, ~250 mg of myo-

Inositol (act as C source), ~0.6 mL of concentrated sulfuric acid (act as strong dehydrating 

agent and microwave absorbing agent) and heteroatom dopant source, which is ~67 mg 

amorphous sulfur, was mixed by bath sonication for 15 minutes and then heated in 

microwave for 60 seconds. The resultant product is left in fume hood to cool down and 

then filtered, washed and dried as described in the previous report.23 

6.4.2. Catalytic oxidation of primary and secondary alcohol Reaction. 

Materials: Benzyl Alcohol (Millipore, ≥λλ%), DL-sec-phenyl ethyl alcohol (Acros 

Organics, ≥λ7%), Cyclohexane methanol (Alfa Aesar, 99%), n-butanol (anhydrous, 

Sigma-Aldrich, 99.8%), 4-methoxybenzyl alcohol (TCI, >98%), 4-methylbenzyl alcohol 

(Sigma-Aldrich, 98%), 4-nitrobenzyl alcohol (Alfa Aesar, 99%), 4-fluorobenzyl alcohol 

(Sigma-Aldrich, ≥λ7%), cinnamyl alcohol (Sigma-Aldrich, ≥λ8%), diphenylmethanol 

(Sigma-Aldrich, 99%), 5-(hydroxymethyl)-2-furaldehyde (Sigma-Aldrich, 99%), 

Cyclohexanol (Sigma-Aldrich, 99%), Toluene (anhydrous, Sigma-Aldrich, 99.8%). 

Solvent free alcohol oxidation: A catalytic reaction for benzylic alcohol oxidation was 

carried out by mixing the pre-determined amount of catalyst and benzylic alcohol in a 10 

mL microwave reaction vial (VWR 89079-402) and then sealed with PTFE-faced 

aluminum cap. After that, the air inside of the reaction vessel is removed using traditional 

vacuum system and replaced with the desired atmosphere before heating the reaction vial 

in an oil bath for specified time and at a specified temperature. For control experiment with 
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a radical inhibitor, BHT (Butylated hydroxytoluene), specified amount of BHT and 

acetonitrile (for maintaining uniform dispersion of BHT) was added to the above-described 

mixture at the beginning of the reaction. The detailed experimental condition, the amount 

of the reactant and catalysts were specified in the footnote of each table. After completion 

of each reaction, ~0.7 mL of CDCl3 and 100 µL of anhydrous toluene (internal standard) 

was mixed with the reaction mixture and filtered via 0.02 m syringe filter and analyzed by 

1H NMR spectroscopy (Bruker Avalanche 500 MHz). 

Kinetic study of an alcohol oxidation in water: The kinetic studies for aerobic oxidation 

reactions at different reaction temperatures were carried out in 20 ml microwave reaction 

vial sealed with PTFE-faced aluminum cap.  Here, 5mg of PS-Gc and 10 µL of benzyl 

alcohol is added to 10 mL of oxygen saturated deionized water solvent in reaction vial and 

the reaction is carried out at 1atm O2 environment. during the experiments, ~0.3 mL of the 

aliquot was withdrawn at a regular interval of 15 minutes, filtered via 0.02 m syringe filter 

and analyzed by HPLC (Varian Pro-Star and Phenomenex C18 column, mobile phase 

50:50 ratio of Methanol: 0.44% Acetic acid) to monitor the amount of benzaldehyde 

produced. 

6.4.3. Material characterization 

The morphology of PS-Gc materials was studied using the scanning electron microscopy 

(SEM, Hitachi S-4800). The sample for SEM was prepared by sprinkling the dried PS-Gc 

powder on the carbon tape. The heteroatom doping and atomic % of all elements in the 

porous carbon were analyzed by Energy Dispersive X-ray Spectroscopy (EDS) 

characterization. The sample for EDS imaging was prepared by simple drop casting of the 

slurry of a sample on to copper tape and allowed it for air dry. The X-ray photoelectron 
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spectroscopy (XPS) characterization was performed after drop casting the catalyst onto a 

Si substrate. The thickness of the catalyst film on the Si substrates was roughly 30–50 nm. 

XPS spectra were acquired using a Thermo Scientific K-Alpha system with a 

monochromatic Al Kα X-ray source (h  = 1486.7 eV). For data analysis, Smart 

Background subtraction was performed, and the spectra were fit with Gaussian/Lorentzian 

peaks using a minimum deviation curve fitting method (part of the Avantage software 

package). The surface composition of each species was determined by the integrated peak 

areas and the Scofield sensitivity factor provided by the Avantage software. The Fourier 

transform infrared spectroscopy (FT-IR) spectra of PS-Gc samples (thin films deposited 

on ZnSe windows) were acquired with a Thermo-Nicolet 6700 spectrometer (Thermo-

Electron Corp., Madison, WI),  using a sample shuttle and a mercury-cadmium-telluride 

(MCT) detector. Four blocks of 128 scans each was co-added with 4 cm-1 spectral 

resolution and two levels of zero-filling so that data was encoded every 1 cm-1. Raman 

spectra of the PS-Gc material (deposited on Anodisc membrane) was collected using 

Raman Microscope (Confocal) – Wi-Tec, Alpha 3000R with an excitation laser at 785 nm. 

The Surface area of PS-Gc material was measured using Methylene blue(MB) adsorption 

method as described in the previous report.37 The S K-edge (2472.02 eV) XANES spectra 

were recorded at APS at 9-BM beamline in fluorescence mode at room temperature using 

a Lytle detector. The Si (111) monochromator was calibrated relative to the 3% sodium 

thiosulfate standard. Three scans were collected in order to confirm absence of X-ray 

damage, processed and averaged in Athena program.38 All the spectra were deconvoluted 

using Gaussians and 2 arctangent functions using Athena.38 
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