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ABSTRACT 

Graphite Oxide: Structure, Reduction and Applications 

by 

Wei GAO 

This thesis proposes a modified structure model for graphite oxide (GO), an 

important precursor in graphene chemistry, develops a new strategy to convert GO 

back to graphene-like structure, and demonstrates its possible applications in both 

water purification and supercapacitor technologies. GO, a nontraditional compound 

first obtained from graphite oxidation over 150 years ago, is now becoming an 

important player in the production of graphene-based materials, which has high 

technological relevance. GO structure and reduction have been vigorously 

investigated, but its precise chemical structure still remains obscure, and the 

complete restoration of the sp2 carbon lattice has not yet been achieved. In our work, 

solid state 13C NMR (MAS) analysis offered a piece of evidence for five or six-

membered ring lactol structure existing in GO that had never been assigned before, 

leading to a modified Lerf-Klinowski model for GO. A three-step reduction strategy, 

involving sodium borohydride (NaBH4), sulfuric acid, and high temperature thermal 

annealing, described in the thesis, successfully reduced GO back to chemically 

converted graphene (CCG) with the lowest heteroatom abundance among all those 

previously reported. In addition to the chemical significance of graphene/CCG 

production, GO and its derivatives were used as novel adsorbents in water 



 
 

 
 

purification. GO-coated sand showed higher retention than ordinary sand for both 

Rhodamine B and mercuric ion (Hg2+) contaminants in water. Further 

functionalization of GO with thiophenol resulted in better adsorption capacity 

toward Hg2+ than that of activated carbon. In addition, free-standing films of GO 

were treated and reduced with a CO2 laser beam into different conductive reduced 

GO (RGO) patterns, and directly used as supercapacitor devices which showed good 

cyclic stability and energy storage capacities comparable to that of existing thin film 

ultracapacitors. GO turned out to be a solid electrolyte with anisotropic proton 

conductivity similar to Nafion, while the large amount of trapped water in GO played 

an important role. 
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Chapter 1 An Overview of Graphite 
Oxide 

This chapter introduces a peculiar carbon compound previously named as 

graphitic acid, graphite oxide (GO), or more recently, graphene oxide (GO). It is 

basically a wrinkled two-dimensional carbon sheet with various oxygenated 

functional groups on its basal plane and peripheries, with the thickness around 1 

nm and lateral dimensions varying between a few nanometers and several microns. 

It was first prepared by the British chemist B. C. Brodie in 1859, and became very 

popular in the scientific community during the last half decade, simply because it 

was believed to be an important precursor to graphene (a single atomic layer of 

graphite, the discovery of which won Andre Geim and Konstantin Novoselov the 

2010 Nobel Prize in Physics). Several strategies have been introduced to reduce GO 

back to graphene; however, in this chapter we will mainly focus on GO itself, and 

more relevantly, its synthesis, chemical structure, physical and chemical properties, 

and possible applications. We would like to emphasize here, despite its strong 

relevance to graphene, GO itself also has its own scientific significance as a basic 

form of oxidized carbon and technological importance as a platform for all kinds of 

derivatives and composites, which have already demonstrated various interesting 

applications. 
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 Two-dimensional nanomaterials typically refer to flat or slightly corrugated 

sheets with nanometer thicknesses and extended lateral dimensions, such as 

graphene, single layer boron nitride (BN), molybdenum disulfide (MoS2) and so on. 

The quantum confinement on the thickness direction results in exotic electronic 

properties and highlighted surface effects that can be useful in sensing, catalysis and 

energy storage applications.[1] They have attracted tremendous attention recently, 

since they are one of the major categories in nanoscience that were predicted 

thermodynamically unstable in the free state and have not been well explored. In 

2005, Professor Andre Geim’s group first reported the experimentally observed 

room temperature quantum hall effect on a real piece of graphene, which was 

obtained by mechanical exfoliation of Highly Oriented Pyrolytic Graphite (HOPG)[2, 

3], and soon after that, a storm of graphene research dominated the world of carbon 

nanomaterial science. The term graphene has then become a new super star after 

carbon nanotube (CNT) in the carbon world.  One of the biggest challenges in 

graphene research by then was the large scale production of graphene, since the 

first method Geim’s group adapted was both time consuming and extremely low in 

yield.  Different strategies have been introduced, including metal ion 

intercalation[4], liquid phase exfoliation of graphite[1, 5], Chemical Vapor 

Deposition (CVD) growth[6], vacuum graphitization of silicon carbide (SiC)[7], 

bottom up organic synthesis of large polycyclic aromatic hydrocarbons(PAHs)[8-10], 

and of course, chemical reduction of GO[11, 12]. Each strategy has its own 

advantages and disadvantages; nevertheless, GO was believed to be one of the most 
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promising pathways to graphene, mainly due to its wet chemical processability and 

large scale availability to monolayers.  

GO is not a naturally occurring compound; the history of GO research can be 

dated back to over one hundred and fifty years ago. When it was first made by 

chemical treatments of graphite with potassium chlorate (KClO3) and fuming nitric 

acid (HNO3), British chemist Brodie named it graphitic acid or graphite oxide[13], 

and after graphene research emerged in 2004, people started calling it graphene 

oxide. From the chemistry point of view, there is barely any difference between the 

two. If there has to be, we would refer to a single atomic layer of graphite oxide as 

graphene oxide. Since most of the experiments on GO were done in wet chemical 

processes, and people are generally dealing with large amount of GO flakes in 

solution, we believe that when GO is dispersed in certain solvents, it is at least 

partially exfoliated by the solvent molecules, and thus can be referred to as 

graphene oxide. Otherwise, in solid state, GO powder or GO film is basically graphite 

oxide. In the following content, we will generally abbreviate both graphite oxide and 

graphene oxide as GO, since there is really no big difference between them, even in 

the context of electronic structures and properties (the case is different for graphite 

and graphene).  

In terms of chemistry, GO is a new type of non-stoichiometric macromolecule 

that is chemically labile and hygroscopic in ambient condition. However, the 

synthesis of GO has evolved and been modified several times with different 

chemicals such as potassium permanganate, concentrated sulfuric acid[14] and 
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even phosphoric acid[15]; the resulted compounds differ a little bit in their chemical 

compositions depending on the protocols used. 

Over the past 150 years, research in GO has been quite limited. Without 

recent popularity of graphene, researcher would still be confused about its detailed 

chemical structure. In the past few years, extensive research has been done to 

elucidate its chemical composition[16, 17], which turns out to be a corrugated 

carbon sheet with over half of the carbon atoms functionalized with hydroxyl and 

epoxy groups, and edges partially occupied by hydroxyl, carboxyl, ketone, ester and 

even lactol structures. Even with those clarifications, the distribution of these 

groups and the spatial connectivity is still obscure today. The chemical reduction of 

GO to graphene is one of the hottest topics in GO research, and the most commonly 

accepted reagent is hydrazine, as firstly introduced by Professor Rodney Ruoff in UT 

Austin[12]. Pristine GO is an electrical insulator, and after reduction, it becomes 

electrically conductive. Several orders of magnitude increase in conductivity are 

usually observed during reduction processes; however, so far all the graphene 

materials derived from GO are much poorer in crystallinity[18] and carrier mobility 

than their mechanically cleaved counterpart[2, 3]. Thus researchers would rather 

name them Reduced GO (RGO), Chemically Modified Graphene (CMG) or Chemically 

Converted Graphene (CCG). For convenience, we will stick to the term RGO for these 

materials in the following discussions. The harsh chemical oxidation environment in 

GO synthesis actually creates lots of defects and vacancies within the sp2 carbon 

lattice, which are almost impossible to recover by subsequent chemical 

treatments.[18, 19] On this aspect, GO researchers have switched their interests 
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toward GO and RGO applications. Despite its poor crystallinity, GO, RGOs and their 

derivatives have shown several promising applications in energy storage, sensing, 

water purification, electronics, and so on. We would like to enunciate that in 

literature, some researchers tend to ignore the differences between RGO and high 

quality graphene, and announce their results as graphene properties and 

applications, while we think it is necessary to put GO and RGOs into different 

categories and summarize RGO results into a separated topic isolated from 

graphene research.  
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1.1. Synthesis 

In this section we introduce four different recipes for GO preparation in the 

chronological order, and discuss and compare their chemical processes and product 

structures in detail. The recipes include 1.1.1 Brodie Method and Staudenmaier 

Method, 1.1.2 Hummers Method and Its Modification 1.1.3 Tour Method and 

Discussions.  

1.1.1.  Brodie Method and Staudenmaier Method 

B.C. Brodie, a British chemist in nineteenth century, prepared the first batch 

of GO when he was investigating the chemistry of graphite in 1859. [13] When he 

added KClO3 into slurry of graphite in fuming HNO3, he got a new batch of 

compound which later on was determined to contain carbon, oxygen and hydrogen. 

He washed the batch free from the salts produced in the reaction, dried it at 100 °C 

and again put it under oxidation environment. The batch product underwent an 

appearance change in the following three repeated treatments, and finally resulted 

in a substance with a “light yellow color” which would not change with any 

additional oxidation treatment. He emphasized that the product could not be 

produced by one prolonged treatment, and one had to promote the oxidation 

process with the restoration of the original conditions each time.  

According to his elemental analysis, the molecular formula for the final 

product was C11H4O5. Weak acidity and mild dispersibility in basic solution was 
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observed, however, the reflective goniometry characterization failed due to the 

small size, limited thickness and imperfect structure. He also reacted the final 

product with “protochloride of copper and protochloride of tin” to get GO salts, and 

followed up with detailed analysis in composition and thermal decomposition. 

Nonetheless, his observations and conclusions were limited by the theories and 

characterization techniques by then, which left us a huge space to work and improve 

today.  

One of the earliest improvements on Brodie’s work happened in 1898 by L. 

Staudenmaier[20, 21]. Two major changes were introduced: 1) adding concentrated 

sulfuric acid to increase the acidity of the mixture; 2) adding multiple aliquots of 

potassium chlorate solution into the reaction mixture over the course of reaction. 

These changes led to a highly oxidized GO product (composition same as the final 

product that Brodie got) in a single reaction vessel, thus largely simplified GO 

synthesis process.  

However, Staudenmaier’s method was both time consuming and hazardous: 

the addition of potassium chlorate typically lasted over a week, and the chlorine 

dioxide evolved needed to be removed by an inert gas, while explosion was a 

constant hazard. Therefore, further modification or development of this oxidation 

process was still worth investigation. 
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1.1.2. Hummers Method and Its Modifications 

Almost 60 years after Staudenmaier’s strategy, chemists Hummers and 

Offeman in Mellon Institution of Industrial Research developed a different recipe for 

making GO.[14] A water-free mixture of concentrated sulfuric acid, sodium nitrate 

and potassium permanganate was prepared and maintained below 45 °C for 

graphite oxidation. According to their description, the whole oxidation process 

finished within two hours, and led to a final product with higher degree of oxidation 

than Staudenmaier’s product (Table 1.1).  

Table 1.1 Comparison of Staudenmaier GO and Hummers GO in chemical 
compositions (adapted from ref. [14]). 

Method Carbon 

(wt %) 

Oxygen 

(wt %) 

Water 

(wt %) 

Ash 

(wt %) 

C/O atomic 

ratio 

Acid-

permanganate-nitrate 

47.06 27.92 22.99 1.98 2.25 

Staudenmaier 52.11 23.99 22.22 1.90 2.89 

 

However, people found that Hummers’ product usually has an incompletely 

oxidized graphite core with GO shells, and a pre-expansion process is helpful to 

achieve higher degree of oxidation. First introduced by Kovtyukhova in 1999[22], a 

pretreatment of graphite with an 80 °C mixture of concentrated H2SO4, K2S2O8, and 
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P2O5 for several hours was widely adopted afterwards. The pretreated mixture was 

diluted, filtered, washed and dried before the real Hummers oxidation step took 

place. Other reported modifications also include the increase of the potassium 

permanganate amount, etc.[11] Nowadays, this modified Hummers method is the 

most common recipe for GO preparation (as described in Figure 1.1). A typical GO 

product in this method consists of thin flakes of GO with 1 nm thickness (which 

corresponds to a single layer), and around 1 micron in lateral dimensions by 

average; meanwhile the chemical composition was determined to be C:O:H = 

4:2.95:2.5.[22] The oxidation degree and yield of GO have been extensively 

improved when compared with the very first product by Brodie. However, the 

separation and purification processes in the modified Hummers method are still 

quite tedious and time consuming. 
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Figure 1.1 A Schematic of modified Hummers method for GO preparation[11]. 
Lower left: photographic images of the final product GO in deionized (DI) 
water  (left) and the dispersion after hydrazine reduction with ammonia 
(right). 

1.1.3.  Tour Method and Discussions 

1.1.3.1. Tour Method 

As the gold rush of graphene research started in 2004, GO has jumped into 

the center of the carbon material research, and lots of publications have emerged 

talking about its structure, reduction and applications. In 2010, a new recipe was 

introduced by Professor Tour’s group in Rice University, which has got rid of 

sodium nitrate and increased the amount of potassium permanganate, and also 

introduced a new acid into the reaction vessel: phosphoric acid.[15] They reported a 

GO product with higher degree of oxidation by reacting graphite with six 

Concentrated 
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P2O5 for dispersion

Graphite 
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Pre-expanded 
graphite

KMnO4/H2SO4 for 
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equivalents of KMnO4 in a 9:1 mixture of H2SO4/H3PO4. One of the biggest 

advantages of this protocol is the absence of NaNO3, thus no generation of toxic 

gases such as NO2, N2O4 or ClO2 in the reaction, and making it more environmentally 

friendly. Furthermore, phosphoric acid is believed to offer more intact graphitic 

basal planes and the final yield is much higher than Hummers method.  A 

comparison among these protocols are adapted from ref [15] and shown in Figure 

1.2. 

 

 

Figure 1.2 A comparison of procedures and yields among different GO 
preparation recipes (adapted from ref [15]). 

1.1.3.2.  Discussion 

Graphite source is also an important factor in GO fabrication. The most 

common source of graphite is a naturally occurring mineral which has been purified 
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to remove heteroatomic contaminations such as sulfur and iron. As a result, there 

must be certain defects in the crystalline structure which could serve as starting 

sites for chemical oxidation. However, also due to the inherent defects and 

complexity of the structure, the precise oxidation mechanism in those reactions are 

hard to elucidate. Besides that, graphite nanofibers have also been used as starting 

material to make GO, and resulted GO nanosheets are more uniform in size 

distribution. The coin-stacked graphene planes along the length of the fibers are 

believed to play an important role here, and tunability of the GO size upon oxidation 

time was also observed.[23] 

So far, two different combinations of oxidation reagents have been used to 

oxidize graphite into GO, including potassium chlorate with nitric acid, and 

potassium permanganate with sulfuric acid (both acids are in the most concentrated 

state). In literature, nitric acid has been reported to react with aromatic carbon 

surfaces such as carbon nanotubes[24] and fullerenes[25], which resulted in various 

oxygenated functional groups such as carboxyls, lactones, ketones, and meanwhile, 

releasing of toxic gases like NO2 and N2O4. Similarly, potassium chlorate provides its 

oxidation capability by in situ generating dioxygen that is very reactive[26]. When 

Brodie method and Staudenmaier method was introduced for GO synthesis, these 

chemicals were believed to be the strongest oxidizers available at that time. As for 

the second combination KMnO4 and H2SO4, permanganate ion is also a typical 

oxidation reagent. The reactivity of MnO4- can only be activated in acidic solution, 

mainly described as the following reaction[27]: 
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𝐾𝑀𝑛𝑂4 + 3𝐻2𝑆𝑂4 → 𝐾+ +𝑀𝑛𝑂3
+ +𝐻3𝑂+ + 3𝐻𝑆𝑂4

− 

𝑀𝑛𝑂3+ + 𝑀𝑛𝑂4− → 𝑀𝑛2𝑂7 

Scheme 1.1 Formation of dimanganeseheptoxide from KMnO4 in the presence 
of strong acid (adapted from ref. [27]) 

 

The transformation of MnO4- into a more reactive form Mn2O7, will certainly 

help oxidize graphite, but the bimetallic form of manganese oxide has been reported 

to detonate when heated up to 55 °C or when reacted with organic compounds.[27, 

28]  

The final acid that has been introduced into the GO synthesis is phosphoric 

acid, which is also believed to have an advantage of offering more intact 6-

membered rings in the basal planes of the final product[29]. Figure 1.3 shows a 

possible explanation for this advantage, as adapted from Ref. [29]. The formation of 

the 5-membered phosphor ring helps prevent the further oxidation of the diols. 

Purification is another important but tedious step in GO fabrication, since all 

of these protocols require long washing, filtration, centrifugation and dialysis. It has 

been reported that GO contaminated with potassium salts is highly flammable which 

poses a fire hazard. The volume expansion and gelation observed during water wash 

of GO significantly slows down the purification process, and a substitution with HCl 

acid and acetone has been introduced by Kim et al..[30]  
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Figure 1.3 Proposed mechanisms for the effect of the second acid in 
prevention of over-oxidation of the sp2 carbon network once they have 
formed the vicinal diols (adapted from ref [29]). 

In summary, at least four different recipes have been introduced in the 

history of GO synthesis, and improvements in oxidation, simplicity, yield and the 

product qualities have been demonstrated. Today, making a batch of GO is no longer 

a problem, which thus has facilitated the rush of GO research; however, we still lack 

basic understanding of the oxidation processes and detailed mechanisms, which is 

preventing us from chemically engineering and manipulating the reaction to tackle 
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critical technology issues, such as band gap tuning, size distribution control, edge 

structure selectivity, and etc.  
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1.2. Characterizations, Chemical Structure and Properties 

As a unique form of oxidized carbon, GO lies beyond the scope of organic 

compounds and large polycyclic aromatic hydrocarbons (PAHs), thus making it 

quite interesting and challenging to characterize this peculiar structure. In this 

section, we will start with a variety of characterization results shown in literature 

on GO and then try to clarify its molecular structure, electronic states and chemical 

reactivity. 

1.2.1.  Characterizations 

1.2.1.1. Solid State 13C Nuclear Magnetic Resonance (SSNMR) 

Spectroscopy 

GO sheets are gigantic molecules that fall into colloids’ category. GO 

dispersion in water is much too concentrated to be analyzed by liquid phase NMR. 

In literature, the most powerful and precise technique to characterize GO is solid 

state 13C NMR.[31] Due to the low natural abundance of 13C (1.1%), the signal to 

noise ratio in the measurement of regular samples is quite low, and long acquisition 

time is usually required for good quality data. Therefore, in 2008, professor Ruoff’s 

group prepared a 13C-enriched GO sample and pushed the structure characterization 

to a new stage.[16]  According to their analysis, cross polarization/magic angle 

spinning (CP/MAS) experiments displayed three broad resonances at 60, 70 and 

130 ppm in the 13C NMR spectrum of GO. Figure 1.4 shows typical 1D and 2D 13C 

pulse spectra in the 13C labeled sample (adapted from ref. [16]), clearly 
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demonstrated both the chemical structure assignments of major peaks, and the 

spatial vicinity between sp2 carbon, epoxy carbon and hydroxyl carbon atoms (as 

indicated by the green, blue and red circles in Fig. 1.4 B). 

 

Figure 1.4 (A) 1D 13C MAS and (B) 2D 13C/13C chemical-shift correlation solid-
state NMR spectra of 13C-labeled graphite oxide with (C) slices selected from 
the 2D spectrum at the indicated positions (70, 101, 130, 169 and 193 ppm) in 
the ω1 dimension. All the spectra were obtained at a 13C NMR frequency of 
100.643 MHz with 90 kHz 1H decoupling and 20 kHz MAS for 12 mg of the 
sample. In (A), the 13C MAS spectrum was obtained with direct 13C excitation 
by a π/2-pulse. The recycle delay was 180 s, and the experimental time was 96 
min for 32 scans. In (B), the 2D spectrum was obtained with cross polarization 
and fpRFDR 13C-13C dipolar recoupling sequence. The experimental time is 
12.9 hours with recycle delays of 1.5 s and 64 scans for each real or imaginary 
t1 point. A Gaussian broadening of 150 Hz was applied. The green, red, and 
blue areas in (B) and circles in (C) represent cross peaks between sp2 and C-
OH/epoxide (green), those between C-OH and epoxide (red), and those within 
sp2 groups (blue), respectively (adapted from ref [16]). 
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Interestingly, although the isotopic labeling of GO greatly improved the 

SSNMR analysis resolution, there still remained some unassigned peaks in this work. 

Later on, further reports came out with more detailed assignments of those peaks, 

such as a new identification of the 101 ppm peak, which has long been ignored by 

previous researcher. The 101 ppm peak is probably coming from the five or six-

membered ring lactol structure as shown in Scheme 1.2. Figure 1.5 show a typical 

comparison of 1H-13C cross polarization spectrum and direct 13C pulse spectrum 

obtained on unlabeled GO, with quantitative data on the relative ratio of all these 

functionalities to be 115 (hydroxyl and epoxy): 3(lactol O–C–O): 63 (graphitic sp2 

carbon): 10 (lactol+ester+acid carbonyl): 9 (ketone carbonyl).[17]  

 

Scheme 1.2 Structure of the five- and six-membered lactol rings. The carbons 
circled in red are those that give 13C NMR signals at 101 ppm (adapted from 
ref [17]). 
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Figure 1.5 A 1H–13C cross polarization (CP) spectrum of GO obtained with 7.6 
kHz MAS and a contact time of 1 ms (67,000 scans, top), and a direct 13C pulse 
spectrum obtained with 12 kHz MAS and a 90° 13C pulse (10,000 scans). The 
peak at 101 ppm is caused by the carbons of five- and six-membered-ring 
lactols (adapted from ref [17]). 

More advanced SSNMR techniques have been used in GO characterization 

later on, including 2D 13C double-quantum/single-quantum (2Q/SQ) correlation 

SSNMR, 2D 13C chemical shift anisotropy (CSA)/isotropic shift correlation SSNMR, 

and 2D triple-quantum/ single-quantum (3Q/SQ) correlation SSNMR.[32] The 

2Q/SQ spectrum eliminates diagonal signals in 2D spectrum, offering clearer 

correlation signal between 13C-OH carbon and 13C-O-13C carbon (Figure 1.6); 3Q/SQ 

spectrum offers coherence correlation between three different carbons, thus 
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supports large amount of information regarding the connectivity between 

differently functionalized carbon atoms, and furthermore the distribution of those 

functional groups on GO surfaces. Interestingly, theoretical simulation was used 

simultaneously to fit these data with simplified GO structure model, and satisfying 

fitting was obtained by ab initio calculations with the structure model A (with only 1, 

2-ether) shown in Figure 1.6d). 
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Figure 1.6 (a) Experimental 2D 13C DQ/SQ correlation SSNMR spectrum of 
uniformly 13C-labeled GO using 13C-13C J coherence transfer. Fast recycling 
with short recycle delays of 0.3 s and low power (7 kHz) decoupling was used. 
Signal assignments in (a) are those made in ref [16] and confirmed here. The 
carrier frequency was set at 211.17 ppm. (b, c) Predicted DQ/SQ correlation 
spectra based on isotropic chemical shifts calculated for (b) model A and (c) 
model B. (d, e) Structural models for (d) model A and (e) model B from the 
(top) top and (bottom) side views. Carbons in (d, e) are color coded to match 
the spectra in (b, c). Red and white spheres denote O and H, respectively. 13C at 
the edge of the models (light blue or green) were not included in (b, c). The 
calculated spectrum (b) based on model A well reproduced the experimental 
spectrum (a) (adapted from ref. [32]). 

All these analysis significantly helped identify GO’s chemical structure, 

leading to improved clarity in its chemical composition. However, it is also 

noteworthy to point out that all those SSNMR characterizations were done on GO 

samples made from modified Hummers method, and GO products from other 

methods do differ in the relative ratio of those functionalities.[15] 

1.2.1.2. Diffuse Reflectance Infrared Fourier Transform (DRIFT) 

Spectroscopy 

Besides SSNMR, DRIFT is another powerful tool to detect chemical 

functionalities in oxidized carbons.[33] As for GO sample, since it is hygroscopic, 

large amount of water molecules adsorbed in the structure have become the biggest 

obstacle in FTIR analysis. Therefore, in 2005, Décány’s group reported a detailed 

DRIFT analysis of deuterated GO samples prepared with Brodie method, and they 

were able to assign most of the peaks observed in the spectra and distinguish the 

signals of hydroxyl groups from that of others, thus provided a strong clarification of 
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all the previous debated assignments in GO FTIR spectrum (Figure 1.7 and Table 

1.2). Deuterium exchange over GO imposes red shifts of all hydroxyl related bands, 

thus one can easily distinguish between the v(OH) of structural hydroxyl groups and 

adsorbed water, and a new band was also uncovered around 1384 cm-1, which 

hidden in the spectrum of air-dry GO and was attributed to organic carbonates. The 

possible functional moieties in GO includes carboxyl, lactone, phenol, lactol, 

chromene, ketone, etheric rings, organic carbonate, but definitely no pyrones.[33]  

 

Figure 1.7 DRIFT spectra of graphite oxide samples. Spectrum of deuterated 
GO is offset by 0.12 Kubelka – Munk units. The inset shows the enlarged 1900–
1500 cm-1 region of (a) air-dry GO, (b) deuterated GO and (c) anhydrous GO 
spectra (adapted from ref [33])  
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Table 1.2 IR peak positions (in cm-1) of air-dry GO (GO/H2O) and deuterated 
GO (GO/D2O) and their assignments. Asterisks (in the same row) designate the 
isotopomer peak pairs. Band intensities and widths are classified as: w (weak), 
m (medium), s (strong), vs (very strong) and sh (shoulder), vsp (very sharp), 
sp (sharp), br (broad), respectively (adapted from ref [33]). 

 

 

1.2.1.3. Other Characterizations 

As a pseudo-ordered structure, the surface of GO is covered non-uniformly 

with those oxygenated groups, leaving 2~3 nm sp2 carbon clusters isolated within 

the sp3 carbon matrix, which can be easily verified by Raman spectroscopy[18, 34], 

Scanning tunneling microscopy[35, 36], high resolution transmission electron 

microscopy[19, 37, 38] and transport[39, 40] studies. 



24 
 

 
 

Raman spectrum of GO basically consists of a broad D peak (~ 1350 cm-1, 

corresponding to structural defects), G peak (~1594 cm-1, corresponding to 

graphitic domain vibration), and a wide weak bump extended from 2681 cm-1 to 

3050 cm-1. The D/G is around 0.95, indicating large amount of defects within the 

crystal lattice. However, upon chemical reduction, an increase in D/G is usually 

observed, and the explanation for this is still ambiguous. 

UV-Vis spectrum of GO in water has two featured peaks around 233 nm due 

to π to π* transition of C=C bonds, and broad shoulder between 290~300 nm 

assigned as n to π* transition of C=O bonds.[41] Upon reduction, red shift of the first 

peak and disappearance of the second one are usually observed. 

X-ray diffraction (XRD) analysis of GO powder shows a prominent but 

somewhat broad peak around 11 degrees and the position can be easily influenced 

by oxidation and hydration level of GO sample. The reported interlayer distance of 

GO samples varies from 5.97 Å[33] to 9.5 Å[15].  

X-ray photoelectron spectroscopy (XPS) analysis of GO powder also offers 

two broadened and overlapped peaks centered around 284 and 286 eV, 

corresponding to sp2 carbon and oxidized carbon respectively. Some workers try to 

deconvolute these peaks into different oxidation functionalities, while we think XPS 

is at most a semi-quantitative analyzing technique, and this kind of analysis is 

beyond the resolution limit of the instrument. 

Atomic Force Microscopy (AFM) and Transmission Electron Microscopy 

(TEM) could easily confirm the 2D nature of GO sheets when they are spin coated 
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onto a pretreated silicon wafer. The thickness of a GO sheet is typically around 1~ 2 

nanometers, and the lateral dimensions vary between several nanometers and 

microns. Based on the AFM studies, it is believed that sonication results in near-

complete exfoliation of GO.[42] The wrinkled surface and occasionally holes can be 

observed in both AFM and TEM images of GO (Figure 1.8). 

 

Figure 1.8 a) AFM and b) TEM images of GO sheets. 

Thermal gravimetric analysis (TGA) offers information on thermal stability of 

GO. Unfortunately GO is thermally unstable, when heated in Ar, GO starts 

decomposing slowly above 60-80 °C, and loses up to 60 % of its total weight when 

heated up to 950 °C. The loss of adsorbed water will also occur during this process. 

It is important to mention that, for GO TGA analysis, the temperature ramping rate is 

usually set to be very low (around 1 °C/min), to avoid making the rapidly evolved 

gases explode and cause problems.  
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1.2.2.  Chemical Structure 

Based on the characterizations listed above (mainly SSNMR and DRIFT 

analysis data), people have suggested at least six different structure models for GO 

as shown following (Figure 1.9 [43], and the precise chemical structure of GO is still 

controversial. 

 

Figure 1.9 Proposed structure models for GO. 

The earliest model by Hofmann and Holst in 1939 consisted of epoxy groups 

spreading across the basal planes of graphene, with C/O equals two.[44] The model 

was modified by Ruess in 1946 with the introduction of hydroxyl groups into the 

Hofmann Nakajima-Matsuo

Scholz-
Boehm

Ruess

Lerf-Klinowski Décány
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lattice and also the corrugating of the basal plane.[45] Different from the Hofmann 

model, Ruess model prefer 1, 3-ether on a cyclohexane ring with the 4 position 

hydroxylated, and also stoichiometrically regular. Ruess’s suggestion was supported 

by the observed structure of poly(carbon monofluoride), (CF)n[46] later by 

Mermoux in 1991. The existence of hydroxyl groups in this model accounts for the 

hydrogen content in GO for the first time; in 1957, Clauss and Boehm supplemented 

this contribution with C=C bonds, ketone and enolic groups, as well as the carboxylic 

groups around the edges.[47] More than a decade later, Scholz and Boehm 

reconsidered the stereochemistry of this model, and modified it into a corrugated 

carbon layers consisting of alternately linked ribbons of quinoidal structure and 

opened cyclohexane rings in chair conformation.[48] They completely removed 

epoxy and ether structure in this model, and put hydroxyl groups on 4 position of 1, 

2 oxidized cyclohexane rings. On the other hand, the Ruess model was still a 

possibility; in 1988, Nakajima and Matsuo proposed a stage II type model (C2F)n in 

graphite fluorinated product, and tried to make the oxide analog for GO.[49]  

Yet most of the above models have been supplanted by the two most recent 

models named by Lerf-Klinowski[31, 50, 51]and Décány[43], respectively. In Lerf-

Klinowski model, the periodicity in the structure was rejected, and substituted with 

a nonstoichiometric amorphous alternative. In their studies, SSNMR technique was 

for the first time introduced into GO structure characterization, while all the 

previous reports were simply based on elemental analysis, reactivity observations 

and XRD data. Obviously this is an important milestone in GO structure debate, and 
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as discussed in the previous section, the assignments of all those CP/MAS signals in 

SSNMR spectra soon helped clarify the basic structure information in GO.  

Lerf and coworkers have actually done lots of detailed discussions and 

analysis on GO structure with not only SSNMR analysis, but also GO reactivity with a 

variety of compounds and infrared spectroscopic data. First of all, they tried to have 

a Diels-Alder type cycloaddition reactions (4+2) on GO (conjugated double bonds 

should react) with maleic anhydride, however no reaction was observed.[50] In the 

context of the distribution of the alkenes on GO basal plane, the result they got is 

definitely inconclusive, since the lack of reactivity of GO with dienophile could be 

due to the complexity on the GO local environment such as the steric effect of epoxy 

and hydroxyl groups. Later on they suggested that alkenes (C=C) in GO are probably 

either aromatic or conjugated with the logic of isolated double bonds could not 

survive the harsh oxidation environment when making GO.[31] Secondly, in 

combine with the interpretation on FTIR data earlier, they proposed that keto 

groups are more favored at the periphery of GO than carboxylic acids.[52] The 

acidity in GO were further explained by them with a keto-enol tautomerization and 

the proton exchange on the enol site. The keto form is supposed to be 

thermodynamically more favored, however, α,β-unsaturated ketones that are 

present in aromatic regions would favor phenoxide product and allow proton 

exchange (also known as phenol-quinone exchange, shown in Scheme 1.3)  Thirdly, 

they observed strong hydrogen bonding between GO flakes themselves and water 

molecules, as indicated by the constant full width at half maximum height of the 

water peak in the 1H NMR spectrum.[51]  
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Scheme 1.3 Schematics of phenol-quinone exchange, favoring the forward 
direction due to the aromaticity in phenol structure. 

Décány model was another well-recognized structure for GO, which adopted 

the logic in Ruess and Scholz-Boehm models, and stuck to the corrugating nature of 

the carbon network. It followed the basic framework in Scholz-Boehm model, while 

adding 1, 3-ethers into the structure and extending the trans-linked cyclohexyl 

networks.[43] In 2008, Cai et al. prepared 13C labeled GO sample, and conducted 1D 

and 2D SSNMR analysis on it. According to their conclusion, only Lerf-Klinowski 

model and Décány model are possible.[16]  

Later on, ab initio chemical shift calculations were used to simulate the 

SSNMR signals in GO by Professor Ruoff’s group[32], and an experimental 2D 13C 

double-quantum/single-quantum correlation SSNMR spectrum of 13C-labeled GO 

was compared with spectra simulated for different structural models using ab initio 

geometry optimization and chemical shift calculations. According to their conclusion, 

only Lerf-Klinowski model fits the best with the experimental data; furthermore, all 

the previous proposed models were excluded. This is definitely another big step 
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forward to clarify GO structure; however, we need to point out that due to the size 

limitation in theoretical modeling, the Lerf-Klinowski model used to simulate NMR 

spectrum in this paper is quite simplified, and thus trivial details of the structure on 

the edges as well as the precise distributions of those functional groups are still 

unclear. 

Unfortunately, until today the precise structure of GO still remains elusive. 

Major reasons include sample-to-sample variability due to different synthesis 

method and degree of oxidations, amorphous, nonstoichiometric nature of GO, and 

limited resolution in the major characterization techniques such as SSNMR and FTIR. 

In this case, the term “graphite oxide” may refer to a family of different compounds 

with certain discrepancies in the functional group distribution and relative content.  
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1.2.3.  Reactivity and Physical Properties 

1.2.3.1. Dispersibility 

The most common reaction media for GO is water, and there are different 

ways to disperse GO into water, including sonication and mechanical stirring. 

Sonication has been reported to create defects and decrease sheet size of GO from 

several microns to few hundreds of nanometers, and also widen the size 

distribution, thus are less favorable than mechanical stirring in many 

applications.[42, 53, 54] The dispersibility of GO in water are typically on the order 

of 1-4 mg/mL. [55] On the other hand, GO can also be dispersed in organic solvents 

such as DMF, NMP, THF and etc.[56, 57], thus is also believed to be amphiphilic with 

the core more hydrophobic and edges more hydrophilic[56, 57], acting just like a 

surfactant.[58] As a giant molecule with amphiphilicity, GO can be assembled into 

continuous single-layer films by Langmuir-Blodgett method.[59-61] 

1.2.3.2. Toxicity 

GO and RGO were reported to be toxic to bacteria (Escherichia and 

Staphylococcus) due to the cell membrane damage of the bacteria in contact with 

the sharp edges in GO and RGO by Akhaven et al, and hydrazine reduced GO was 

more toxic than pristine GO[62]; their inhibition toward bacteria growth with 

minimal toxicity to human alveolar epithelial A549 cells were also shown by Hu et 

al.[63] Wang et al. demonstrated that GO has dose-dependent toxicity to human 

fibroblast cells when obvious toxicity was observed at doses higher than 50 
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mg/mL.[64] GO toxicity and blood compatibility were also reported to be dependent 

on dose, extent of exfoliation and sheet size.[65-67] RGO was demonstrated to be 

less toxic than carbon nanotubes to PC12 cells at high concentrations by Zhang et 

al.[68] Pegylated nano-sized GO only exhibited mild toxicity toward Raji cells at 

concentrations as high as 100 mg/L.[69] Paradoxically, other recent reports showed 

the high biocompatibility of GO or RGO.[70-74] To address these discrepancies, Ruiz 

et al. reported the non-specific enhancement of cellular growth of GO, thus verifying 

that GO is non-toxic to both bacteria and mammalian cells, and attributing the 

previous reported toxicity as effects from carryon impurities in GO.[75] However, 

Incorporating Ag nanoparticles onto GO matrix significantly activated its 

antibacterial activity.[76, 77] 

1.2.3.3. Hygroscopicity (Interaction with water) 

The hydroxyl, epoxy, and carboxyl groups on GO make it very hydrophilic, 

and adsorbed water molecules tend to present in the interlayer voids even after 

prolonged drying.[78] Therefore, GO turns out to be quite hygroscopic, with water 

content strongly depending on the humidity level of the environment.[79] When 

large amount of interlamellar water is present in stacked GO films, a network of 

hydrogen bonds (H-bonds) forms between water molecules and those oxygenated 

groups on GO, thus significantly influencing its structural, mechanical and electronic 

properties.[78-81] For example, as the humidity level rises, GO film swells in 

volume[79, 81] and tensile modulus decreases.[78] Some theoretical simulation 

predicted that the interlayer distance between GO flakes arises from 5.1 Å to 9.0 Å 
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when water content increases from nearly zero to 26 wt%, and that as the water 

content exceeds 15 wt%, the H-bond network is dominated by water-water H-bonds 

while functional groups are indirectly connected via a chain of water molecules.[82] 

The dynamics of the interlamellar water has also been studied by neutron scattering, 

and a “two-site” jump motion mechanism has been proposed.[79] Interestingly, 

when water is replaced by D2O, a lower interlayer distance was observed, probably 

due to the lower solubility, lower reactivity and stronger bonding of D2O compared 

with H2O.[79] The presence of water has also been accounted for the carbonyl 

formation and hole formation during GO reduction processes.[79]  

1.2.3.4. Reactivity 

No matter what the dispersion media is, a stable colloidal dispersion of GO is 

readily reactive with a variety of chemicals, most of which have been reducing 

reagents. The first example would be hydrogen sulphide reduction introduced by 

Hofmann in 1934.[83] No report on lithium aluminium hydride (LiAlH4) reduction 

has come out, probably due to the strong reactivity of LiAlH4 with the common 

dispersion media water. Although NaBH4 is slowly reactive with water, the reaction 

is kinetically slow enough to allow GO reduction to happen. Meanwhile, the most 

popular reductant so far has been hydrazine.[12] The reduction mechanism was 

proposed at least for one of the major functional groups on GO, as shown in Scheme 

1.4.[12] Besides these, GO was believed to be one of the most important precursors 

to graphene, thus in literature, lots of chemical reduction protocols have been 

demonstrated, and to compare their effectiveness, characterizations of products 
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with electrical measurement, elemental analysis, SS13CNMR, XPS, FTIR, Raman, XRD, 

TEM, TGA, Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and et 

al. have been widely reported. Here we summarize those chemical or thermal 

treatments and their product characterizations in Table 1.3 

 

Scheme 1.4 A proposed reaction pathway for epoxide reduction by hydrazine 
(adapted from ref. [12]). 
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Table 1.3 Comparison in Reduction Protocols of GO 

 Electrical 
Conductivity 

(Siemens/cm) 

C/O 
(elemental 
analysis) 

XPS (eV) Raman 
(cm-1) 

XRD 
(nm) 

FTIR 
(cm-1) 

SS13CNM
R 

(ppm) 

UV 
(nm) 

GO 5.3×10-6 to 
4×10-3 [17, 84] 

2.7 [12] 
2.44 [17] 

284.8 (C-C) 
286.2(C-O) 
287.8(C=O) 
289.0(C(O)-
O) [12, 84] 

1594(G) 
1363(D) 

[12] 

0.63-1.2 
[12] 

1060(C-O) 
1220(phenolic) 

1370 (OH 
bending) 

1620 (H2O 
bending) 

1720 (C=O) 
[17] 

57 (C-O-
C) 

68 (C-
OH) 
130 
(sp2) 
188 

(C=O) 
[12] 

230 
[85] 

Hydrazine 
monohydrate [12] 

(NH2NH2·H2O) 

2 10.3 284.5 with 
tails 

1584(G) 
1352(D) 

NA NA 117 
(sp2) 

 

Pure Hydrazine 
[86] 

108-fold higher 
than GO 

NA 284.5 
dominant 
532 (O) 

533 (O) after 
thermal 

annealing 

1600 (G) 
1350 (D) 

2700 (2D) 
2950 
(D+G) 
D/G 

increase 

NA NA NA NA 

Vapor phase 
hydrazine [11] 

4 orders 
increase 

NA NA Changes 
observed 

NA NA NA NA 

Dimethylhydrazine 
[87] 

1×10-3 with 1 
vol.% in PS 

NA NA NA 0.426 
0.245 

NA NA NA 

p -toluenesulfonyl 
hydrazide [88] 

1.64 NA 285.89 C-N NA NA 1052,1226,1727
, 3400 

decreased 

NA 268 

Trioctylphosphine 
[89] 

2.5 NA C/O=9.09 
284.6 with 

tails 

1608 (G) 
1312 (D) 

 

0.385 1574 (C=C) NA 268 

hydriodic acid 
with acetic acid 

[90] 

3.04×102 

7.85×103 (vapor 
phase) 

15.27 C/O=6.67 
284.6 with 

tails 

1581 (G) 
1350 (D) 
D/G=1.10 

0.362 Absent of 
obvious peaks 

110.1 
(sp2) 

Flat 
absor
bance 
up to 
900 
nm 

Hydrogen iodide 
(HI) [91] 

NA NA NA NA NA 1710 (C=O) 
disappeared 

NA NA 

Melatonin [92] NA NA 284.5 with 
tails 

1583 (G) 
2D/G=0.23 
D/G=1.07 

NA NA NA 269 

Aqueous only[93] 5 orders of 
magnitude 
decrease 

6 284.4 with 
tails 

NA None Reduction in 
C=C, C=O, and C-

O-C 

NA NA 

Hydrothermal 
Steam Etching 

[94] 

Increase 
observed 

NA 287 peak 
decrease 

     

SO2 [95] NA NA C/O=4.49 1583 (G) 
1349 (D) 
D/G=1.01 

0.395 NA NA 272.5 

hydrazine with 
NH3 

(NH)/HI in acetic 
acid (HI); 

(HI/NH) [96] 

4.88; 
24.5 

15.06; 
16.58 

67.9% (sp2); 
75.6% (sp2) 

NA 0.368; 
0.368 

NA NA NA 

microwave[97-99] 2 4.5 284.5 with 
tails, p-p* 

bump 

1591 (G) 
1348 (D) 
D/G=0.96 

0.355/n
o peak 

1562/1577 
appear 

1724 decrease 
1622 absent 

NA 260 

Sodium 
hydrosulfite 

(Na2S2O4) [100] 

13.77 NA 79% (C-C, C-
H) 

D/G=1 
1570.7 (G) 
1347.3(D) 

0.377 NA NA NA 

Polyphenol[101] 4.33×101 NA 284.6 with 
tails 

D/G=1.18 0.43 NA NA 278 

NaBH4[85] 1.5×10-6 

~4.5×101 
2.6~8.6 284 with tails 

p-p* bump 
D/G 

increase 
upon CNaBH4 

increase 

0.380 to 
0.373 

NA ~120 
(sp2) 

260 

Variable-valence 
metal assisted 
NaBH4 [102] 

3×102 1.81~4.99 284.6 with 
lower tails 

D/G: 
1.39~1.48 
1595 (G) 
1360 (D) 

0.356~0
.366 

All disappear 
except for 1220 

(C-OH) 

NA NA 

Thermal 
reduction[103] 

0.009~2.75 NA NA D/G 
increase 

NA NA NA NA 
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Single large sheet 
Thermal 

annealing[104] 

760 NA Decrease of 
oxygenated 

carbon peaks 
89% C-C 

D/G 
decrease 
1586 (G) 

NA NA NA NA 

Solvent thermal 
reduction[105-

107] 

2.3/52.30 NA C/O=4.70/ 
C/O=6.8~8.3 

1586 (G) 
1347 (D) 

 

0.41/ 
0.36 

1573 exists/ 
Most peaks 

disappeared 

NA NA 

Hydrothermal 
dehydration[108] 

NA NA Sp2/sp3=5.6 1593 (G) 
1352 (D) 
D/G=0.90 

NA NA Broad 
94-160 

254 

Sulfur containing 
compounds 

(NaHSO3, Na2SO3, 
Na2S2O3, 

Na2S·9H2O, SOCl2, 
and SO2) [109] 

6.5×101 
(NaHSO3) 

6.48~7.89 
(NaHSO3) 

2.32(Na2SO3) 
3.88(Na2S2O3

) 
5.61(Na2S) 
6.49(SO2) 

6.75-
8.48(SOCl2) 

284.7 (C=C) 
285.5 (C-C) 

1352 (D) 
D/G: 

0.95~1.22 

NA NA 1577 
(C=C, 

aromati
c) 

NA 

Vitamin C[110-
114] 

8/ 
7.7×101/ 

0.141/ 
15 

12.5 284.5 with 
tails/ 

284.6 (C-C) 
fwhm 0.8-

1.1/ 
N content 
observed/ 
284.5 with 

tails 

D/G 
increase/ 

D/G=1.752 
 

0.37 1726, 3395, 
1410, 1226, 

1025 decrease 
dramatically/ 

1300-1350 

NA 264/ 
268 

KOH/NaOH[115] NA NA 291.5 (p-p*) NA NA NA 90-150 NA 
Reducing 

sugar[116] 
NA NA Oxygen 

binding peaks 
decrease 

1584 (G) 
1354 (D) 

D/G 
increase 

 

No 
peaks 

Peaks from 
oxide groups 

decrease 

NA 261 

bovine serum 
albumin[117] 

NA NA 284.6 with 
tails 

NA NA NA NA 268 

H3PO4/H2SO4[118] 69 NA C/O=8.5-11.7 
291.5 (p-p*) 

D/G:0.85 NA C-H (2950) 
C=C (1600) 

NA 270 

NaBH4+H2SO4+the
rmal 

annealing[17] 

2.02×102 >246 284.5 with 
tails 

1582(G) 
1346(D) 

0.337 No signal 119 
(CCG2) 

105 
(CCG3) 

 

Electrochemical 
reduction[108, 

119-125] 
 

35 
85[125] 

23.9[125] NA 1595 (G) 
1360 (D) 

2D 
observed 

0.335 C-O remains NA NA 

Al powder[126] 2.1×101 18.6 284.6 with 
tails 

D/G=1.81 0.375 NA NA NA 

Hydroquinone[12
7] 

NA NA NA 1595 (G) 
1350 (D) 

NA NA NA NA 

Hydrogen(H2) 
[128] 

1×103 NA 284.3 with 
tails 

C/O:10.8~14.
9 

NA NA NA NA NA 

UV 
irradiation[129, 

130] 

NA/ 
One order 
decrease 

NA C/O=10 D/G 
decrease 

NA NA NA Red-
shift 

of 
adsor
ption 
peak 

Flash light[131] 10 4.23 NA NA 22.5 
degree 

Decrease of 
major peaks 

NA NA 

 

The restoration of π conjugation can be verified by changes between GO and 

RGO in UV-Vis spectra, XPS data and electrical conductivities. The red shifts of UV 

absorption peaks suggested the extension of π-π conjugation according to Hückel’s 

rule. The appearance of the π-π satellite peak in XPS was also a good indication. 

Electrical conductivity would be another good criterion to judge the degree of the 
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restoration. As shown in Table 1.3, more than twenty chemicals have been reported 

as reducing reagent for GO, and so far the product with highest electrical 

conductivity is produced by hydriodic acid with acetic acid treatment.[90] As 

mentioned before, we need to emphasize that all these chemical treatments worked 

as reduction protocols to GO, but their products were far from HOPG graphene in 

their crystallinities, and the carrier mobility in these products is at least three 

orders of magnitude lower than that of graphene. In this case, we would like to 

conclude that GO as a chemically active compound is prone to be reduced very easily, 

but the defects and disordered structure in GO are very hard to eliminate. This can 

also be verified by Raman data in Table 1.3. All of those Raman spectra reported on 

RGOs have prominent D peaks, and most of them have higher D/G than that of GO, 

indicating highly defective structures in RGOs. 

 

On the other hand, the reduction processes usually come with the 

heteroatom incorporation into the final product, further complicating the structure 

and pushing RGOs further away from pristine graphene. As shown in table 1.3, both 

elemental analysis and XPS data show the existence of heteroatoms in the final 

product, including oxygen, nitrogen, sulfur, boron, and hydrogen etc. Thus, people 

also tried to compare the purity of their products by comparing the ratio of C/O, 

C/(O+N) and etc. These heteroatoms do influence the electrical conductivity as well, 

such as residual C-N groups can act as n-type dopants.[132]  



38 
 

 
 

In order to elucidate the reduction mechanism as well as we can, we have 

summarized how those functional groups on GO would react with various chemicals, 

as shown in Table 1.4. Most of these reactions are explained based on fundamental 

organic chemistry on the aspect of reactivity of individual functional groups. As we 

can see from the table, even the most popular reagent “hydrazine” would still leave 

some functional groups intact. Therefore, though the sp2 carbon lattice structure is 

thermodynamically favored over GO, the complete restoration of π conjugation is 

really hard, let alone the carbon vacancies that have been created in the oxidation 

process.  

Table 1.4 Reactivity of Functional Groups on GO with Different Chemical 
Reagents 

 NH2NH2 NaBH4 LiAlH4 KOH/NaOH[115] H2SO4(Conc.) 
[17] 

H3PO4[118] HI and 
AcOH[90] 

Diazonium 
Salts[133] 

Epoxy (C-O-C) 
[134] 

C=C/C2N2H2 CH-
COH 

(low) 

CH-COH COH-COH NA COH-
CH2PO4 

CI-COH NA 

Hydroxyl (C-
OH) 

CNHNH2 NA NA NA C=C NA C-I NA 

Ketone (C=O) C=NNH2 C-OH CHOH COH-COH NA COH-
CH2PO4 

CICOH NA 

Carboxyl(-
COOH) 

inert[12, 
135] 

-NA -CHOH -COONa NA NA NA NA 

sp2 Carbon -NA -NA NA -NA -NA NA NA C(sp3)-Ph- 
Ester(-O-C=O) O-C=NNH2 NA -O-

CHOH 
-COOH -NA -COOH NA NA 

Lactol(-O-C-
OH) 

O-C-NHNH2 NA -O-
CHOH 

NA -NA NA NA NA 
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1.2.3.5. Electronic Structure and Fluorescence 

If we recall GO chemical structure, it is basically composed of 2~3 nm sp2 

carbon clusters surrounded by a heterogeneous sp3 carbon matrix. In a carbon 

material with a mixture of sp2 and sp3 carbon atoms, the photoluminescence 

behavior is determined by the π states of the sp2 clusters.[136] This is simply due to 

the π and π* electronic levels lie within the band gap of the σ and σ* states (typically 

around 6 eV [136]) of the sp3 domains.[137, 138] π-electrons are highly localized in 

sp2 domains, and the radiative recombination of the electron-hole pairs in those sp2 

clusters can give rise to fluorescence.[138-140] Therefore, the size, shape, and even 

the interface structure of sp2 carbon clusters can determine the local band gap and 

thus the energy of the fluorescence.  

Since those oxygenated functional groups are randomly distributed on GO 

surface, the corresponding sp2 carbon clusters have a wide size distribution; hence 

no signature features could be assigned in the electronic structure. The size 

dependent band gap of sp2 carbon clusters has been calculated, as shown in Figure 

1.10.[141] Just as expected, larger clusters come with lower energy band gaps, 

varying from ~7eV for a single benzene ring to ~2 eV for about 40 fused rings, 

though it is necessary to point out that the structure model adapted in this 

simulation was quite simplified (with only zigzag edges and ordered hexagonal 

shapes) and that it did not take into account of the electro-negativity effect of the 

nearby connected sp3 carbons. When only sizes of the clusters are taken into 

account, the ensemble band diagram corollary are shown in Figure 1.11.[141] 
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Interestingly, in this figure, the authors also depicted a photoluminescence process 

from a finite sized sp2 cluster (composed of several conjugated repeating alkene 

units that were populated at the initial stage of the vapor hydrazine reduction), 

corresponding to the enhanced blue luminescence (~390 nm, 3.18 eV) they 

observed in the first three minutes of reduction.  

 

Figure 1.10 Energy gap of π–π* transitions calculated based on DFT as a 
function of the number of fused aromatic rings (N). The inset shows the 
structures of the graphene molecules used for calculation. (Adapted from ref 
[141]) 
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Figure 1.11 Representative band structure of GO. The energy levels are 
quantized with large energy gap for small fragments due to confinement. A 
photogenerated e–h pair recombining radiatively is depicted. (Adapted from 
ref [141]) 

On the other hand, some researchers suggested that edge structures can also 

be accounted for the opto-electronic properties of GO/RGO, or preferably, GO/RGO 

quantum dots.[142] When the size of GO/RGO sheets decrease down to nanometer 

scale, the peripheries start playing a major role in its electronic structure. As 

proposed earlier[143], instead of the commonly assumed H-termination or σ-type 

dangling bonds, the armchair edges are actually of carbyne (o-benzyne) type, 

whereas the zigzag edges are of carbene type, as shown in Figure 1.12. This means 

the non-bonding electron on the edge carbon is no longer in its free state, but 

couples with another electron on the adjacent carbon (the armchair case), or 

interacts with the π electron on the same carbon atom (the zigzag case). Therefore, 

the activity of an unsaturated valence has not been seen in this case, and the 

stabilization is achieved by the localization of the itinerant π electrons through σ-π 
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coupling in the zigzag case.[144] Based on both theoretical calculations and 

experimental data, Radovic et al. strongly suggested that this type of edge structure 

tends to be stable in the ambient conditions, and the stability increases when the 

number of conjugated aromatic rings goes higher. Carbenes have two electronic 

configurations in the ground state, the triplet (σ1π1) and singlet (σ2) state, with 

triplet configuration typically lower in energy.[143] In the case of carbyne, the 

situation is exactly the opposite. Regardless of its detailed configurations, the strong 

blue luminescence observed in RGO quantum dots has been assigned to the HOMO-

LUMO transition in the triplet state of carbenes at zigzag edges.[142] 

 

Figure 1.12 Carbyne (left) and carbene (right) structures on graphene edges, 
corresponding to armchair and zigzag edges, respectively. 

As for GO, the peripheries are partially occupied by oxygenated groups; 

however, some researchers tend to exclude these groups as the origin of observed 

luminescence, because the luminescence was reported to be enhanced with 

reduction[141]. This inference seems to be questionable, since at the initial stage of 

GO reduction with hydrazine, some edge groups such as carboxyl groups still remain 

intact in the structure (Table 1.4). Interestingly, Galande et al. have reported a pH-

dependent fluorescence from GO dispersions.[145] They suggest that the observed 
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fluorescence signals are originated from the –COOH groups electronically coupled 

with nearby graphitic carbon atoms. The resulted quasi-molecular fluorophores are 

similar to those polycyclic aromatic compounds. In strong basic conditions, G-COO- 

groups get excited to the excited state (G-COO-)*, and relax back to the ground state 

with sharp, structured emission at shorter wavelengths. When pH value goes below 

8, the excited-state structure gets reprotonated, and results in broad, red-shifted 

emission, which can be attributed to both the strong interaction of the protonated 

acid with the polar solvent and the geometric changes of the fluorophore during 

excitation and emission. 

 

Although the exact mechanism for the observed visible and ultraviolet 

fluorescence in GO remains to be reconciled, GO as a unique carbon platform, 

together with its chemically activity, tunability and solution processability, has 

already shown its technological significance. The photoluminescence from GO 

derivatives varies from near-infrared to ultraviolet region,[16, 118, 141, 142, 146-

149] and further demonstrations of its application have been widely reported, such 

as in drug delivery, live cell imaging[16, 147], fluorescence quenching[150-155], 

biosensing[156, 157] and nonlinear optics[158-160]. 
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1.3. Applications 

In the beginning of this section, we would like to distinguish the applications 

of RGOs from that of GO. There are numerous reports in literature suggesting 

possible applications of RGOs and their derivatives (such as metal oxides/RGO and 

polymer/RGO composites), as vital components in conductive polymer 

composites[87], transparent conductors[42, 161-164], molecular, electrochemical, 

or biochemical sensors[11, 94, 111, 157, 165-187], electrochemical or photo 

catalysts[64, 109, 173, 174, 188-208], lithium storage materials[5, 6, 65, 209-224], 

electron field emission electrodes[225], supercapacitor electrodes[154, 176, 226-

241], electronic transistors[242], artificial muscles[209], electroluminescence 

electrodes[110, 243], solid-phase microextraction materials[244], water 

purification adsorbents[241, 245-252], organic photovoltaic components[152, 253-

257], electromechanical actuators[258] and et al. RGOs here either act as major 

functioning components themselves, or as matrix supports for those active 

nanoparticles and/or metal oxides in the composites. However, as we stated before, 

the direct use of unreduced GO is relatively few. When it comes to GO applications, 

we would like to summarize them into three different categories: 1) an important 

platform for RGOs and GO derivatives/composites (1.3.1); 2) an anisotropic proton 

conductor (1.3.2); 3) others such as a catalyst and an electron transparent window 

(1.3.3).   
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1.3.1. A platform for RGOs and GO Derivatives/Composites 

1.3.1.1. For RGOs 

We have discussed and compared reduction of GO in previous sections (table 

1.3). RGOs derived from GO differ in their electrical conductivities, micro-

morphologies, BET surface areas, optical activities etc., thus leading to a variety of 

applications as mentioned above. Despite being referred to as graphene or RGO 

applications, these results actually take advantage of the large scale, wet chemical 

processability, high surface area, tunable conductivity[259] of GO. In order to focus 

on GO itself, we just skip this RGO part here. 

1.3.1.2. For GO Derivatives 

The addition of other functional groups directly onto GO, to form either 

covalent or non-covalent attachments, falls into another big category of GO 

chemistry. According to the widely accepted Lerf-Klinowski model, reactive 

functional groups on GO are epoxy, hydroxyl, carbonyl, carboxyl and ester moieties. 

It would be nice if one can selectively react with one of these groups and keep 

others intact; however, so far such kind of orthogonal reactions have not been 

demonstrated. Most of the functionalization occurred on more than one type of 

oxygenated groups and resulted in very complicated products with separation and 

purification almost impossible. Regardless of vague chemical characterizations, 

most of these products showed interesting applications in various aspects. 
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For instance, carboxyl acid groups, after being activated by thionyl chloride 

(SOCl2)[260-262], 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide(EDC)[147], 

N,N’-dicyclohexylcarbodiimide(DCC)[263], or 2-(7-aza-1H-benzotriazole-l-yl)-

1,1,3,3,-tetramethyluronium hexafluorophosphate (HATU)[264], are attacked by 

nucleophiles such as amines or hydroxyl groups forming covalent attachments. The 

resulted amides have shown possible applications in optoelectronics[260, 262, 265], 

biodevices[264], drug-delivery vehicles[147], and polymer composites[263, 266]. A 

more complicated case involves the attachment of diamine, further covalent binding 

with bromide terminated initiators, and subsequent polymerization on GO 

surface.[267, 268] The resulted GO/polymer composites usually offer better 

dispersibility in many solvents. Besides that, isocyanate derivatives have also been 

shown to react with carboxyl and hydroxyl groups leading to amide and carbamate 

esters.[269] The products here can be well-dispersed in polar aprotic organic 

solvents. Chitosan chains also reacted with the carboxyl groups on GO forming 

amino bonds with only microwave assistance, offering possible biomedical 

applications.[270] 

Epoxy group is another major functionality on GO. The epoxy rings can be 

easily opened under acidic conditions or by nucleophilic attack. For example, 

octadecylamine was used to react with GO and offered a colloidal dispersion of 

functionalized GO (FGO) in organic solvents.[271] Hexylamine was also used to 

attack the epoxy rings on GO to form alkylated GO which can further be reduced into 

alkylated conductive graphene paper.[272] Ethylenediamino-β-cyclodextrin was 

also introduced to attach cyclodextrin on to GO surface via amine-epoxy 
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reaction.[147] An ionic liquid (1-(3-aminopropyl)-3-methylmidazolium bromide, 

RNH2) was attached to GO via the end amine group in a nucleophilic attack of the 

epoxy groups.[273] Another example involved 3-aminopropultriethoxysilane (APTS) 

attachment onto epoxy via a SN2 reaction and of course ring opening of epoxy 

groups, while reinforcement in the mechanical properties of the resulted silica 

composite was demonstrated.[274] Interestingly, inspired by the synthetic polymer 

chemistry or biochemical systems, crosslinking of GO with poly(allylamine) or 

sodium borate, via epoxy and hydroxyl groups, has also been investigated.[119, 275], 

and mechanical enhancement of the resulted GO film were observed in both cases. 

Unfortunately these crosslinking strategies cannot stabilize GO in solvents 

especially in water, unlike the case for polymers, cross-linked GO paper still breaks 

down when in contact with water, hence other chemical methodology to tackle this 

problem are of interest to GO chemists. 

Hydroxyl groups on GO can act as nucleophiles to attack ketones. For 

instance, 2-bromo-2-methylpropanoyl bromide was used to react with hydroxyl 

groups on GO to form an initiator for atom transfer radical polymerization (ATRP), 

offering GO- polymethyl methacrylate (GO-PMMA) as the final product (see Scheme 

1.5).[276] 
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Scheme 1.5 Nucleophilic attack of hydroxyl groups on GO to 2-bromo-2-
methylpropanoyl bromide, offering an initiator for ATRP. 

It is also worthwhile to mention the covalent functionalization of RGOs with 

diazonium salts.[55, 133, 277] The aryl diazonium salt was believed to react with 

the sp2 carbon domain in RGOs[278] and yield highly functionalized RGOs with 

superior dispersibility. Direct reacting diazonium salts with GO was also 

reported[245], rendering thiophenol functionalized GO with high mercuric ion 

adsorption capability. All these reactions mentioned above lead to strong covalent 

bonding between GO and the other chemical, and most of them happen with more 

than one functionality on GO, proving GO to be a very active compound. 

Additionally, non-covalent functionalization of GO has also been 

demonstrated. Non-covalent interactions such as π-π stacking, cation-π, or van der 
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Waals interactions mainly happen on sp2 carbon domains. For instance, a GO based 

biosensor has been demonstrated utilizing the GO-protein/DNA π-

π interactions.[157] Doxorubicin hydrochloride was also reported to form hybrid 

with GO via non-covalent interactions.[279]  
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1.3.2.  An Anisotropic Proton Conductor 

As we revisit the chemical structure of GO, we find over half of the carbon 

atoms in GO are sp3 hybridized, attached with oxygenated groups including 

hydroxyl, epoxy, and carboxyl moieties. These oxygen containing functionalization 

allow GO to be a unique substrate for hydrogen bonding network on its surface, and 

lead to its hygroscopicity, just like what we saw in the very first polymer electrolyte 

Nafion.  

Protons in the H-bond network can hop from one to another, thus an ionic 

conductivity was observed in GO.[227] It is not hard to understand the humidity 

dependence of this observed ionic conductivity: as the humidity goes down, 

conductivity also decreases. The two-dimensional structure in GO renders it 

anisotropic, since the proton hopping should be facilitated on the lateral direction 

rather than the vertical direction. Around two orders of magnitude difference in 

vertical and in-plane conductivity was observed. Taking advantage of this attribute, 

both sandwich and in-plane supercapacitor devices, employing GO as the solid 

electrolyte and RGO as electrodes, have been reported to be the important 

complement to the existing thin-film ultracapacitors.[227]  

The ionic (protonic) conductivity was also noticed by Cao et al., and by 

incorporating only 5wt% of GO into poly(ethylene oxide) matrix, they were able to 

develop a solid electrolyte membrane for low temperature polymer fuel cells.[280] 

The authors attributed the observed ionic conductivity mainly to the carboxyl acid 

groups on GO edges, whereas we suggest other oxygenated groups also play 
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important roles. The composite film offered temperature dependent conductivity 

from 0.089 S/cm at 25 °C to 0.134 S/cm at 60 °C and 100% relative humidity, 

leading to a maximum powder density of 53 mW/cm2 without optimizing the 

catalyst layer composition. 

Interestingly, a relevant application of “unreduced” GO as a hole transport 

layer, substituting PEDOT:PSS in polymer solar cells, has also been 

demonstrated.[281, 282] Li et al. claimed that the sp2 domain hopping at the Femi 

level does not contribute to the blocking of electron transport, and observed the 

injection of holes into the valence band of GO is much more favorable.[281] Murray 

et al. also showed that GO is an effective replacement of PEDOT:PSS in organic 

photovoltaic, and that it enhances the device durability by 20 times in humid 

ambient condition.[282] 
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1.3.3.  Others Such as Catalysts and Electron Transparent Windows 

Due to its extraordinary hygroscopicity, GO has been demonstrated as a 

dehydrative polymerization catalyst.[283]  During the polymerization process, GO 

was substantially reduced by the thermal effect and further acted as a conductive 

carbon addictive in the polymer matrix. The elastic modulus was increased from 40 

MPa to 320 MPa with only 0.1 wt% of GO loading. GO has also been used as a 

catalyst in Friedel-Crafts addition of indoles to α, β-unsaturated ketones, with 

recyclable activity up to five cycles.[284] 

On the other hand, GO turns out to be transparent enough to photoelectrons 

(energy higher than 450 eV) that are captured and analyzed in XPS, Auger electron 

spectroscopy (AES), and electron energy loss spectroscopy (EELS), but not 

permeable to molecules.[285] Kolmakov et al. demonstrated the application of 

100~1000 mm2 GO sheets as transparent windows for in-situ environmental cell in 

XPS analysis. They obtained good quality XPS data from aqueous solutions and 

nanoparticles deposited on the back side of GO films.[285] Krueger et al. also 

applied self-assembled GO as SEM environmental cell membranes.[286] 

  



53 
 

 
 

1.4. Concluding Remarks 

GO, a group of gigantic organic molecules first discovered over one and a half 

centuries ago, has reemerged as an important precursor to graphene during the last 

half decade, yet now has written its own history independent of its relationship with 

graphene.  

In this chapter, we have summarized and discussed its synthesis, 

characterization, structures, chemical activities and physical features based on the 

fundamental understandings in chemistry and material science. The applications of 

GO and its derivatives have also been introduced and categorized. Starting from 

natural graphitic material, GO can be prepared in a large amount by strong chemical 

oxidation. Various characterizations proved GO to be an oxidized carbon compound 

with two dimensional structure, in other words a sheet of fused hexagonal rings 

attached with lots of oxygenated groups on both sides. The mixture of sp2 and sp3 

carbon atoms in GO made it corrugated, amphiphilic, and fluorescent, while the 

oxygen-containing functionalization renders its hygroscopicity, dispersibility and 

chemical reactivity. Its two-dimensional nature leads to large scale availability of 

atomically thin, transparent GO films, which can be further reduced to form 

transparent, conductive membranes. Enormous amount of applications extended 

into more than ten categories have been demonstrated, and GO has become an 

important material in both fundamental science and contemporary technologies.  
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The salient feature in GO has made it hard to identify its precise chemical 

structure. Although many researchers have tried to tailor its molecular structure by 

various chemicals, the well-resolved control or manipulation of its sp2/sp3 domain, 

the location, density and type of chemical functionalization, and of course, the size, 

shape and edge structure of GO itself, is still far from realization. The development 

of better chemical processes to eliminate the oxygenated groups and to restore π 

conjugation is also of interest for technology applications. Water-proof crosslinking 

strategy would also be intriguing for its enhanced mechanical properties and wider 

technological applications. 
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Chapter 2 Structure and Reduction of 
Graphite Oxide 

This chapter introduces one of my major contributions to GO research 

regarding its chemical structure and reduction. GO is one of the main precursors of 

graphene-based materials, highly promising for various technological applications 

because of their unusual electronic properties. But although epoxy and hydroxyl 

groups are widely accepted as its main functionalities, its complete structure has 

remained elusive. Interpreting spectroscopic data in the context of the major 

functional groups believed to be present in GO, we now show evidence for the 

presence of 5- and 6-membered-ring lactols. Based on this chemical composition, 

we devised a complete reduction process through chemical conversion by sodium 

borohydride and sulfuric acid treatment, followed by thermal annealing. Only small 

amounts of impurities are present in the final product (less than 0.5 wt% of sulphur 

and nitrogen, compared with about 3 wt% with other chemical reductions). This 

method is particularly effective in the restoration of the π conjugated structure, and 

leads to highly soluble and conductive RGO materials. 
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2.1. General Introduction 

Graphene, the single layer graphite material, is now well known for its unusual 

electronic properties and possible applications in various fields.  Nevertheless, 

several of these applications are still not feasible due to the challenges in the large 

scale production of pure graphene sheets.  Chemical reduction of GO is one of the 

established procedures to make graphene in large volume.  Many primary products 

with either high conductivity or good solubility have been made by chemical 

reduction, intercalation, or thermal annealing, but most of these procedures create 

either highly functionalized materials (~3% heteroatom except C and O)[55, 135] or 

materials with a surface polymer coating[287].  Liquid phase exfoliation of graphite 

turns out to be a facile way to make graphene, but the yield becomes quite low (~1 

wt %)[5]. Above all, fabrication of single layer graphene with high conductivity, low 

functionality and high solubility has not yet been achieved on a large scale. 

Among all the varied strategies pursued, the reduction of GO might be one of 

the most promising ways, although the reduction mechanism remains ambiguous 

and the detailed structure of GO unclear.  Interest in the structure of GO has 

increased recently, and the most probable structural models are given by the Lerf-

Klinowski model[31] and the Dékány model[43]. The final structure of GO obtained 

differs depending on the chemical oxidation process employed, and hence the two 

models differ considerably. We have used the oxidation protocol that results in the 

material that is typically described by the Lerf-Klinowski model, and hence we will 

consider this as our base structure model of GO here. However, even this model 
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cannot explain all the features observed in experiments, and some of the 

functionalities remain to be defined.  Here we offer experimental support for a 

peripheral structure for GO containing 6- and 5-membered-ring lactols (Scheme 1.2) 

and possibly an occasional 2-hydroxynaphthalic anhydride or 1,3-

dihydroxyxanthone (Scheme 2.1). GO produced by a modified Hummers method 

turns out to be quite hydrophilic.  It is easily dispersed in water with the average 

sheet size around 1 mm and thickness around 1 nm (Figure 1.8, Figure 2.1). 

OO O

OH

O

O OH

OH  

Scheme 2.1 Structure of 2-hydroxynaphthalic anhydride (left) and 1,3-
dihydroxyxanthone. 

1.070 nm

10 mm× 10 mm

 

Figure 2.1 AFM analysis of GO sheets on Si substrate. 
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2.2. Method 

2.2.1.  Synthesis of GO and Its Reduction 

The starting material is commercially available graphite powder (SP-1 

graphite, purchased from Bay Carbon Corporation). GO was obtained by harsh 

oxidation of the graphite powder according to the modified Hummers method[14, 

22].  After purification, the product was put in a vacuum desiccator over 

phosphorous pentoxide for a week. The dry GO sample was used for XRD, FTIR, AFM, 

Raman, NMR and XPS analysis. For the reduction procedure, dry GO was dispersed 

in DI water (18 MΩ, Purelab Classic Corp., USA) to get a 1.0 g/L colloidal solution.  

The pH of this solution was adjusted to 9~10 by 5 wt% sodium carbonate solution.  

800 mg sodium borohydride (NaBH4, reagent grade, 98.5%, Sigma-Aldrich) was 

directly added into 100 mL GO dispersion under magnetic stirring, and the mixture 

was kept at 80 °C for 1 h with constant stirring[55].  The reduction product was 

separated by filtration and washed with large amounts of water several times to 

remove most residual ions.  This partially reduced GO was kept in a vacuum 

desiccators with phosphorous pentoxide for two days and re-dispersed in 

concentrated sulfuric acid (UN 1830, reagent grade, Fisher Scientific) and heated to 

120 °C with stirring for 12 h.  After cooling down, the dispersion was diluted with DI 

water.  The final product was separated by filtration and thoroughly rinsed with 

water to remove most impurities. The product powder was compressed into a pellet 

and further annealed at 1100 °C under 1.3 slm (standard liter per minute) gas flow of 

Ar with 15 vol% H2 for 15 minutes. 
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2.2.2. Analytical Instrumentation 

Solid state 13C MAS NMR spectra were acquired on a Bruker AVANCE-200 

spectrometer (50.3 MHz 13C, 200.1 MHz 1H) using standard Bruker pulse programs, 

as described previously[288], as well as a modified pulse program in order to 

incorporate dipolar dephasing into the direct 13C pulse experiment.  Additional NMR 

details are given in the figure captions (Figure 2.2, Figure 2.3 and Figure 2.5).  The 

powder samples are compressed into pellets under 4000 psi pressure (4350.L 

CARVER, FRED. S CARVER, INC.) with thickness around several hundred 

micrometers and a bulk density around 1.2 g/cm3, and conductivity was measured 

by a fixed “film four-point probe” setup (Figure 2.6).  Raman spectra (Figure 2.11) 

were recorded with a Renishaw InVia Raman microscope using a ×50 objective lens 

at room temperature, with 514.5 nm laser beam and 1800 lines/mm grating. The 

AFM image (Figure 2.1 and Figure 1.8) was obtained on a Digital Instrument 

Nanoscope IIIA Atomic Force Microscope.  The TEM image (Figure 2.8) and the 

SAED pattern (Figure 2.8) were obtained on a JEOL 2100 Field Emission Gun 

Transmission Electron Microscope.  XPS analyses (Figure 2.7) were carried out on a 

PHI Quantera X-Ray photoluminescence spectrometer with a chamber pressure of 

5×10-9 torr and an Al cathode as the x-ray source.  The source power was set at 100 

W, and pass energy of 140.00 eV for survey scans and 26.00 eV for high resolution 

scans was used.  XRD data (Figure 2.10) were collected on a Rigaku D/Max Ultima II 

Powder x-ray diffractometer.  FTIR spectra (Figure 2.9) were obtained on a Nicolet 

FTIR Infrared Microscope with MCT/A detector, and for TGA-FTIR measurements, 
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MCT/B detector was used. TGA (Figure 2.12) was done on a SDT 2960 Simultaneous 

DSC-TGA, TA Instrument. For Raman, XPS, XRD and FTIR measurements, solid 

powder samples were used. Elemental analyses were performed by Galbraith 

Laboratories, Inc. Knoxville, TN. 

2.3. Results and Discussion 

2.3.1. Chemical Composition of GO Sheets 

Various solid state 13C NMR experiments were performed on our GO sample 

(Figure 2.2, Figure 2.3 and Figure 2.5).  The direct 13C pulse spectrum (Figure 2.2a) 

is very similar to the direct 13C pulse spectrum recently reported by Cai et al.[16] in 

a preparation of highly 13C-enriched GO.  As in our work, Blumenfeld et al. detected 

noticeably stronger signals near about 100 and 170 ppm in a direct 13C pulse 

spectrum than in a 1H-13C cross polarization (CP) spectrum[289].  These appear to 

be the only other studies of GO that have detected a signal near 100 ppm.  

Comparing the intensity of this signal in a CP spectrum against the intensity in a CP 

experiment with dipolar dephasing led Cai et al.[16] to conclude that this signal 

resulted from non-protonated carbons, but no further assignment has been 

indicated[16, 289].   
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Figure 2.2 Solid state 13C MAS NMR spectra of GO and its reduction products. a,  
GO:  1H-13C cross polarization (CP) spectrum obtained with 7.6 kHz MAS and a 
contact time of 1 ms (67,000 scans) and a direct 13C pulse spectrum obtained 
with 12 kHz MAS and a 90° 13C pulse (10,000 scans). The peak at 101 ppm is 
caused by the carbons of 5- and 6-membered rings lactols highlighted in red in 
Figure 1b. b, CPMAS and direct 13C pulse MAS spectra of reduction products 
CCG1, CCG2 and CCG3 (with 25,320, 17,000, and 3,600 scans, respectively, in 
the CP spectra and 10,600, 24,000, and 6,800 scans, respectively, in the direct 
13C pulse spectra). Note that higher than normal drive pressure was required 
to spin sample CCG3 at 7.6 kHz for the CP experiment and that a drive 
pressure that would normally spin a sample at 12 kHz caused sample CCG3 to 
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spin at only 9.4 kHz. A series of processing steps removes the aliphatic 
functional groups and significantly broadens and shifts the aromatic signal of 
the extended graphitic sp2 carbon network that is generated. 

The corresponding comparisons of the CP spectra in Figure 2.3a and Figure 

2.3c and of the direct 13C pulse spectra in Figure 2.3d and Figure 2.3e also lead to the 

conclusion that the signal at 101 ppm results from non-protonated carbons. 

Appropriately substituted 6- and 5-membered-ring lactols along the periphery[290-

292] appear to be the most likely structures in GO responsible for this signal, while 

2-hydroxynaphthalic anhydrides or 1,3-dihydroxyxanthones might be minor 

contributing structures(Scheme 2.1).  The lactol moieties have previously been 

considered as possible structural elements in acidic carbon surface oxides[290-292], 

with only indirect evidence for their presence[290]. 
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Figure 2.3 MAS 13C NMR spectra of GO.  (a) 1H-13C CP, tcp = 1 ms, 67,000 scans.  
(b) Same as (a), except for tcp = 3 ms.  (c) Same as (a) but with a 50-µs 
dephasing interval prior to FID acquisition.  These three spectra are plotted at 
the same noise level to facilitate comparing signal intensities among the 
spectra.  (d) Direct 13C pulse, 10,000 scans.  (e) Same as (d) but with a 50-µs 
dephasing interval prior to FID acquisition.  These two spectra are plotted at 
the same noise level to facilitate comparing signal intensities between the 
spectra. 
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Six- or five-membered ring lactols, 2-hydroxynaphthalic anhydrides, and 1,3-

dihydroxyxanthones will, of course, also give signals in the carbonyl region.  The 

signals observed in this work (Figure 2.2) and other work[16, 55, 289, 293] at 167-

170 ppm are certainly consistent with an ester carbonyl.  For reference, we note 

that the carbonyl carbon in the 7-membered-ring lactol generated by oxidation of 

pyrene gives a signal at 167.4 ppm [294].  Lactols could apparently cause only part 

of the signal intensity near 167 ppm, as this signal is clearly stronger than the signal 

near 100 ppm.  The presence of numerous tertiary alcohols in GO allows for the 

possibility of some of them reacting with nearby carboxylic acids on the periphery 

(either on the same graphene sheet or an adjacent sheet) to generate an ester.  Such 

ester carbonyl signals also appear near 167 ppm, as shown by the data for t-butyl 

benzoate in CDCl3 (δ165.6)[295], 1-adamantyl benzoate in CDCl3 (δ165.3) [296], 

and t-butyl 9-anthroate in CDCl3 (δ169.0) [297]. The signals observed in this and 

other work[16]at 191 and 193 ppm can reasonably be attributed only to carbonyl 

groups, most likely ketones, but their precise nature is not yet clear.  However, these 

signals do not appear to result from simple polycyclic aromatic ketones (e.g., 

benzanthrone, naphanthrone, and other 5-ring aromatic ketones), as the carbonyl 

carbon signals for solutions of these ketones in CDCl3 range from 184-186 ppm [298, 

299].  Hydroxyl and epoxy groups near the ketone carbonyl groups (in an as yet 

unknown functionalization pattern) most likely account for the downfield shift to 

about 192 ppm.  In any event, the majority of the functional groups in GO are still 

epoxy and hydroxyl groups.  
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2.3.2. Two-step Reduction Process 

Based on this chemical composition, we have developed a two-step reduction 

process, de-oxygenation with NaBH4, followed by dehydration with concentrated 

sulfuric acid (H2SO4), which turns out to be really simple and effective in the 

restoration of graphene structure. Compared with other reported routes, including 

hydrazine reduction or direct GO thermal annealing, our strategy is far better as it 

produces graphene with a very low amount of remaining functional groups, high 

conductivity, larger crystallite size, and good solubility.  In addition, our procedure 

does not involve the highly toxic reagent hydrazine or dimethylhydrazine, thus 

providing a more environmentally friendly protocol.  A schematic illustration of the 

typical procedure proposed here is shown in Figure 2.4. The GO structure is the 

same as the one we have established above, which is a modified version of the Lerf-

Klinowski model.  The structure of the product obtained at every step is deduced 

from the solid state 13C NMR spectra as well as from XPS analysis. 
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Figure 2.4 The two-step reduction process, followed by the annealing 
treatment, is an effective method to convert GO sheets into graphene-based 
materials (where CCG stands for chemically converted graphene). 

2.3.3. Characterization of the Reduced Products 

Treating GO with NaBH4 causes enormous structural change (product CCG1).  

The signal for graphitic sp2 carbon dominates both the CP and the direct 13C pulse 

spectra (Figure 2.2b).  This signal is also shifted upfield by 11 ppm. (Expanded plots 

of the spectra before and after NaBH4 treatment are shown in Figure 2.5 to facilitate 

comparison).  

 
Figure 2.5 Effect of NaBH4 treatment on GO.  (a) Expanded plot of Figure 2.2a, 
direct 13C pulse spectrum of GO.  (b) Expanded plot of Figure 2.2b, direct 13C 
pulse spectrum of CCG1. 
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 The CP and direct 13C pulse spectra of CCG1 show essentially complete 

elimination of all epoxides (60 ppm region), almost as large a decrease in the alcohol 

content (70 ppm region), complete elimination of all ketones (190 ppm region), the 

apparent elimination of all lactols (no shoulder recognizable in the 100 ppm region, 

much less intensity near 167 ppm), and the apparent elimination of any esters 

(again, much less intensity near 167 ppm).  The intensity of a new signal at about 

175 ppm in the direct 13C pulse spectrum is clearly less than that of each of the 

carbonyl signals before NaBH4 treatment.  This new signal might result from 

aromatic carboxylic acids, which are known to give a signal in this region [benzoic 

acid in CDCl3 at δ172.4 [300], m-toluic acid in CDCl3 at δ172.8 [301], and biphenyl-2-

carboxylic acid in CDCl3 at δ174.1 (Spectral Database for Organic Compounds, SDBS 

http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi?lang=eng, compound 

#12557)] and to be resistant to reduction by NaBH4 [302]. Any carboxyl signals in 

the precursor GO would be harder to recognize in the presence of other carbonyl 

groups and because the numerous hydroxyl and epoxy groups present in GO would 

presumably shift the carboxyl carbon signal from the region near 173-174 ppm 

typical of simple aromatic carboxylic acids.  Treatment with NaBH4 also generates 

some very shielded aliphatic signals whose origin is not clear.  

In any event, the NaBH4 reduction product CCG1 is considerably more like 

graphite, with a conductivity 200 times higher than the precursor GO.  A spectrum 

similar to that given by sample CCG1 has been reported for a sample of GO reduced 

with NaBH4 and then sulfonated[55]. The basic direct 13C pulse MAS experiment can 
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detect all the carbons, while the basic 1H-13C CPMAS experiment detects only the 

carbons that experience a 1H-13C dipole-dipole interaction, i.e., carbons relatively 

near protons.  In proton-rich solids, a 1H-13C CPMAS experiment with a contact time 

tcp of about 1-2 ms can usually detect all the carbons with accurate relative signal 

intensities.[303] The CP experiment is normally the preferred experiment because 

less time is usually needed to obtain a CP spectrum with adequate S/N than to 

obtain a comparable spectrum by a direct 13C pulse experiment. 

However, in an ill-defined solid such as GO, the direct 13C pulse experiment is 

clearly necessary as well.  This is evident from a comparison of Figure 2.3a, Figure 

2.3b, and Figure 2.3d; not only is a spectrum with higher S/N obtained in less time 

in the direct 13C pulse experiment, but the relative signal intensities are clearly 

different than in the CP experiments, with some signals in the direct 13C pulse 

experiment not even detected in the CP experiments.  In the CP spectra, lengthening 

tcp from 1 ms to 3 ms in an effort to allow carbons relatively far from protons more 

time to cross polarize clearly did not result in this happening.  Indeed, the aliphatic 

signal is weaker with the longer contact time, indicating that 1H spin-lattice 

relaxation in the rotating frame is relatively fast.  Clearly, many carbons are too far 

from protons, including protons in relatively immobile water molecules intercalated 

between layers[31, 50] to be cross polarized efficiently or even at all.  Cai et al. 

similarly noted that the direct 13C pulse experiment on their sample of highly 13C-

enriched graphite oxide provided higher S/N than the CP experiment did.[16] 
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Therefore, the direct 13C pulse spectrum of CCG1 is much more meaningful than the 

CP spectrum. 

Subsequent treatment of CCG1 with H2SO4 increases the conductivity by 

another factor of 20 by eliminating the small amount of aliphatic functionality and 

leaving only graphitic sp2 carbon and some carbonyl carbon in product CCG2 

(Figure 2.2b).  The carbonyl carbon is more evident in the CP spectrum. Acid 

treatment apparently caused the remaining tertiary alcohols to dehydrate to form 

alkenes that are part of a graphitic sp2 carbon network with protons and carboxylic 

acid groups on the periphery.  The treatment with H2SO4 results in a small 

additional upfield shift of the graphitic carbon signal (to 119 ppm), which also 

broadens noticeably, thereby reducing the S/N, even with many more pulses than in 

the corresponding spectrum of the NaBH4 reduction product.  Spectra similar to that 

given by sample CCG2 have been reported for a sample of GO reduced with NaBH4, 

sulfonated, and then reduced with hydrazine[55] and for a sample of GO reduced 

with hydrazine hydrate[12]. 

Subsequent annealing of CCG2 in Ar/H2 at 1100 °C for 15 minutes increases 

the conductivity by another factor of 12 and causes the sample (product CCG3) to 

behave very differently in the NMR magnet.  More pressure than normal was 

required to spin the rotor, and tuning and matching the 13C and 1H channels in the 

probe proved much more difficult; indeed, the 1H channel could not be adequately 

adjusted, as the tuning and matching adjustments needed exceeded the probe’s 

range.  Not surprisingly, the resulting CP spectrum was only noise (Figure 2.2b), and 
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the direct 13C pulse spectrum exhibited only a broad, relatively weak signal shifted 

even further upfield, with a maximum at about 105 ppm (Figure 2.2b).  Clearly, 

annealing generated a sample even more like pure graphite, for which sample 

spinning and probe tuning are even more problematic and for which a 13C NMR 

signal cannot be obtained even in a direct 13C pulse experiment. 

Electrical conductivity of the reduced products is another important criterion to 

evaluate how the π conjugated system has been restored in this structure. Original 

GO is basically an insulator, with the conductivity around 0.5 S m-1. The four orders 

of magnitude increase in conductivity after reduction here clearly indicates an 

efficient restoration of the π conjugated system in our product, induced by the de-

oxygenation and dehydration. NaBH4 de-oxygenation is necessary in our procedure, 

since in the control experiment when only concentrated H2SO4 was used, the 

conductivity obtained was only 46.4 S m-1. Annealing of CCG2 at 1100 °C led to 

further increase of conductivity up to 2.02 × 104 S m-1, which is on the same order of 

magnitude as graphite powder. The conductivity here was measured by a 

standardized “four-point probe” setup (Figure 2.6) in order to eliminate contact 

resistance, and each sample pellet was cut into rectangular shape and measured 

three times to get the average value. 
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Figure 2.6 Film four-point probe setup for conductivity measurement. 

Consistent with the 13C NMR spectra, high resolution C1s peaks in XPS (Figure 

2.7) also indicated good restoration of C=C bonds, as well as the existence of 

carbonyl groups in the final product. The original GO signal shows two separated 

peaks as expected, due to the high percentage of oxygen functionalities. After 

reduction, C=C bonds dominate, as shown as one single peak with small tails at the 

higher binding energy region. The small bump around 288.5 eV in the CCG2 curve is 

within the ketone and carboxyl carbon region. The π to π* satellite peak around 291 

eV was observed both in CCG3 and graphite powder curves, an indication that the 

delocalized π conjugation is restored in our sample.  
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Figure 2.7 XPS characterizations indicate good restoration of the graphene 
structure, as well as little sulfur remaining in the final product. Left: XPS 
analysis of C1s in different samples. Each curve was obtained by 25 scans at 
high 3 sensitivity; right: XPS signal of Sulfur 2p from 156 to 176 eV (45° 
takeoff angle, 200 mm beam size). 

Furthermore, the atomic composition (wt %) of all the samples was analyzed by 

both XPS and elemental analysis. Both Figure 2.7b and Table 2.1 show that there is 

little sulfur (< 0.518 wt%) or nitrogen (< 0.5 wt%) left in the final product CCG3, 

making our product distinct from the other CCGs, such as a hydrazine reduction 

product (N wt%~ 3.25%)[135] and sulfonation products (S mole% ~ 2.8%, N mole% 

~3.2%)[55]. The oxygen percentage (12.68 wt%) in CCG2 is close to the value 

reported by others[55, 135].  Oxygen might be coming from two possible structures 

in CCG2: the chemically adsorbed water and the carboxyl functionalities remaining 

in this structure.  After annealing, the oxygen content in CCG3 becomes less than 0.5 

wt%, which is close to the value in graphite powder. In comparison, literature 
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reports show that when GO is directly annealed up to 1050 °C in Ar atmosphere, the 

oxygen content remains as high as ~ 9.3%.[304]  

Table 2.1 Elemental analysis of GO and its reduction products. Performed by 
Galbraith Laboratories, Inc. C, H and N content was determined by combustion 
analysis, Na and B content was measured by ICP-OES/ FLAA/ GFAA/ ICP-MS, O 
content by pyrolysis, and S content by ASTM D4239 Method B/ D1552 (see 
www.galbraith.com for details). The atomic ratio of C/O and C/S was also 
calculated for each sample. 

Sample C/wt% O/wt% C/O H/wt% S/wt% C/S N/wt% Na/wt% B/wt% 

GO 47.16 40.57 2.44a 2.68 1.20 105 <0.5 0.0152 <0.04 

CCG1 69.66 19.43 4.78 1.63 <0.6 >310 <0.5 1.66 0.297 

CCG2 81.54 12.68 8.57 0.94 0.715 304 <0.5 <0.0366 <0.1 

CCG3 92.42 <0.5 >246 <0.5 <0.518 >476 <0.5 <0.0351 <0.09 

GP 95.85 <0.5 >256 <0.5 <0.05 >5112 <0.5 <0.0191 <0.05 
a Corrected for water content. 

 

A TEM image of CCG2 was also obtained (Figure 2.8).  Unfortunately but 

reasonably, most of the sheets aggregated into thicker flakes with a wide range of 

size distribution, ranging from 200 nm to 2 mm. Unlike the flakes that peel off from 

HOPG (highly ordered pyrolytic graphite), these sheets aggregated in a disordered 

manner; thus, on the periphery of these flakes, monolayer graphene sheets were 

frequently observed.  The selected area electron diffraction pattern (Figure 2.8) 

here clearly indicated the graphitic crystalline structure. Furthermore, the relative 

intensity of the inner and outer circle spots turns out to be ~1, corresponding to a 

“single layer” graphene structure.   

http://www.galbraith.com/
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Figure 2.8 Left: TEM image of CCG2, in which scale bar is 100 nm; right: 
corresponding selected area electron diffraction pattern (SAED) taken at the 
relatively flat edge of the graphene sheet. 

FT-IR spectra gave clear evidence for reduction.  Spectra of GO, CCG1, CCG2, 

CCG3, and graphite powder are shown, after background subtraction for each 

spectrum, in Figure 2.9.  The spectrum of GO shows significant bands around 1060 

cm-1 (νC-O), 1220 cm-1 (νphenolic), 1370 cm-1 (νO-H bending in tertiary alcohol), 1620 cm-1 (νHOH 

bending in water) and 1720 cm-1 (νC=O). After reduction, these signals decrease 

dramatically and are barely detectable. The inset shows expanded plots of the CCG2 

and graphite powder spectra from 1400 to 1900 cm-1. With a highly expanded 

vertical scale, the 1720 cm-1 peak is obvious in CCG2 when compared with the 

graphite powder signal.  Virtually no signals for functional groups remain after 

annealing.  Even though the material consists almost entirely of C=C bonds, the νC=C 

signal is extremely weak because most of these bonds are in essentially symmetrical 

environments, and thus the change in dipole moment is very small.  
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Figure 2.9 FTIR spectra of GO and reduction products. Attenuated Total 
Reflectance (ATR) mode is used, and all samples are in the solid state. The 
inset shows expanded plots of the CCG2 and graphite powder spectra from 
1400 to 1900 cm-1. 

The interlayer spacing of GO changes from 8.8 Å in GO to 3.64 Å in CCG2, 

which is still a little larger than the d-spacing in graphite (3.36 Å) (Figure 2.10). The 

small amount of functional groups remaining might be the main reason for this 

difference. Meanwhile, annealing of CCG2 leads to a further decrease in d-spacing, 

and the product is almost the same as graphite at this point. The broadening of the 
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CCG3 peak indicates the smaller sheet size of the reduction products as compared to 

the original graphite powder and GO. 
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Figure 2.10 XRD data of GO and reduction products. Fixed Time mode, step 
size 0.02 degree, dwell time 1 second. Wavelength to compute d-spacing 
1.54059 A, Cu/K-alpha 1. 

Raman spectra show a decrease in the D/G ratio as well as a red shift of the G 

peak position from CCG1 to CCG3 (Figure 2.11 and Table 2.2). We noted a blue shift 

of D overtone peak position after reduction. The same phenomenon was observed 

by Ruoff et al[305]. However, when compared with the parent graphite powder, an 

obvious D peak, which corresponds to defects or edge areas, still exists in our final 
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product. These defects might be due to the smaller size of graphene sheets as well as 

the remaining functionalities. 
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Figure 2.11 Raman spectra of GO and reduction products. (514.5 nm Laser 
beam, room temperature, solid samples on glass). 
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Table 2.2 Raman spectra analysis of GO and reduction products. 

Sample D position (cm-

1) 

G position 

(cm-1) 

2D position 

(cm-1) 

D/G 2D/G 

GP 1353 1584 2715 0.20 0.70 

GO 1350 1594 2681 0.95 0.27 

CCG1 1349 1590 2702 1.91 0.31 

CCG2 1347 1589 2709 1.00 0.34 

CCG3 1346 1582 2706 0.82 0.76 

 

TGA data of all the samples are available in Figure 2.12.  

 

Figure 2.12 Decomposition behavior of GO, CCG1-3, and graphite powder (GP). 
The data were acquired with the following procedure: in Ar gas, equilibrium 
at 105 °C for 60 min to remove physically absorbed water, then cool down 
under N2 gas, and heat at 5 °C/min to 950 °C under Ar again. Flow rate: 60 

–GO
–CCG1
–CCG2
–CCG3
–GP

Temperature/degree C

W
ei

gh
t(%

)



 79 
 

 
 

ml/min (For GO sample, the ramping rate is set to be 1 °C/min to avoid rapid 
volume expansion). 

We were able to get stable suspensions of sample CCG3 in DMF.  After 50 

minutes’ sonication, the suspension remained stable for at least several weeks.  

Figure 2.13 shows a comparison of solubility for GO and CCG3 in DI water and DMF 

separately. GO shows higher solubility in water, due to the hydroxyl, epoxy and 

carboxyl functionalities on its surface. After reduction, the product shows higher 

solubility in DMF than in water, which is reasonable, given its hydrophobic nature. 

This is quite different from CCGs reported in the literature[55, 135], as most of them 

maintain high solubility in water rather than in DMF.  Tyndall scattering was shown 

by a red laser beam going through each suspension, as an indication of the colloidal 

nature of these mixtures. 

 

 

Figure 2.13 Solubility tests. From left to right: GO in DI water; GO in DMF; CCG3 
in DI water; CCG3 in DMF after 50 minutes water bath sonication. A red laser 
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beam was put through dispersion to show the Tyndall effect of these colloidal 
solutions. Although GO is more soluble in water than in DMF, after reduction 
the product CCG3 is more soluble in DMF than in water. This is consistent with 
its hydrophobic nature. 

2.4. Conclusion 

In conclusion, interpreting solid state 13C NMR spectra in the context of the 

major functional groups believed to be present in GO results in 6- and 5-membered-

ring lactols along the periphery of the layers being proposed as the most likely 

functional groups responsible for the minor, but significant, signal near 100 ppm.  2-

Hydroxynaphthalic anhydrides and 1,3-dihydroxyxanthones appear to contribute to 

only a very limited extent (if at all) to this signal.  The functionalized anhydride 

could easily be accommodated along the periphery of a sheet, but a functionalized 

xanthone would require an interior defect site in the graphene structure in order to 

accommodate the 6-membered-ring ether functionality. 

In principle, 1, 3-dihydroxyxanthones and 2-hydroxynaphthalic anhydrides 

could be differentiated from lactols through a 2D solid state 13C NMR experiment 

detecting scalar-coupled pairs of 13C nuclei[306-310]. 1,3-Dihydroxyxanthones and 

2-hydroxynaphthalic anhydrides would exhibit a distinctive coupling between the 

carbonyl carbon and the adjacent enolic carbon (at about 100 ppm), while lactols 

would exhibit a coupling between the O-C-O carbon (at about 100 ppm) and the two 

adjacent non-carbonyl carbons.  Such an experiment would require preparing GO 
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with 13C-enriched graphite[16] and appears to be the most secure method[306] for 

definitively assigning the signal near 100 ppm. 

In this context, it is worth noting that a 13C-13C dipolar recoupling experiment 

(i.e., exploiting through-space rather than through-bond coupling) applied to 13C-

enriched GO[16] demonstrated the spatial proximity of the 13C nuclei giving signals 

at about 101 ppm to the 13C nuclei giving signals at 60-70 ppm.  [An epoxide group 

adjacent to a lactol would apparently have essentially no effect on the lactol O-C-O 

chemical shift.]  However, the dipolar recoupling experiment did not detect any 

signals that could provide information on the spatial environment of the signals 

with comparable intensities at 169 and 193 ppm, which led the authors to conclude 

that these 13C nuclei “are spatially separated from a majority of the sp2, C-OH, and 

epoxide carbons.”[16] It is hard to envision just what the environment of these 

nuclei would then be.  Indeed, Cai et al. concluded that “Further studies would be 

needed to define all of the structural details of the system.”[16]  

The 2D solid state 13C NMR experiment detecting scalar-coupled pairs of 13C 

nuclei might also provide information on the functional groups near the ketone 

carbonyl carbon believed to be responsible for the signal at 191 ppm and on the 

functional groups near the carbonyl groups responsible for the signal at 167 ppm.  

In general, this experiment could potentially better define the structure of GO by 

providing much information on the specific types of functional groups on the 

periphery of the GO sheets, which is clearly important since about 11% of the 

carbon is in the signals near 100, 167, and 191 ppm. Still, even with this uncertainty 
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as to some of the structural details, our two-step reduction strategy yields nearly 

pure graphite that is highly conductive, has very few functional groups and no 

polymer coating, and is DMF soluble.  This procedure offers an alternative way for 

large scale graphene production for applications that require such material. 
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Chapter 3 Graphite Oxide Derivatives as 
Adsorbents for Water Purification 

Retaining the inherent hydrophilic character of GO nanosheets, sp2 domains 

on GO are covalently modified with thiol groups by diazonium chemistry.  The 

surface modified GO adsorbs six fold higher concentration of aqueous mercuric ions 

than the unmodified GO. ‘Core-shell’ adsorbent granules, readily usable in filtration 

columns, are synthesized by assembling aqueous GO over sand granules. The 

nanostructured GO-coated sand retains at least five fold higher concentration of 

heavy metal and organic dye than pure sand. The research results could open 

avenues for developing low-cost water purification materials for the developing 

economies. 
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3.1. Introduction  

Graphene - a flat, sp2 hybridized, two-dimensional (2D), honeycomb 

arrangement of carbon atoms with single carbon atom thickness - is expected to 

have far reaching consequences in not only understanding the fundamental aspects 

of these materials but also realizing real time applications[311]. Production of 

graphene through wet chemical oxidation of graphite to GO has become a popular 

method and a primary factor for an overwhelming interest in this new material. The 

oxygenated functional groups such as carboxylates, and lactols primarily lie at the 

edge of the nanographene sheets while the basal planes contains sp2 hybridized 

graphene-domains along with some epoxy and hydroxyl groups. While the oxygen 

functional groups impart hydrophilicity[135], the graphene domains render 

hydrophobic character to these amphiphilic GO particles[56]. Consequently, GO is 

soluble in several polar and non-polar solvents including water but suffer from 

breakdown of electrical conductivity. The conductivity can be restored to a certain 

extent by thermal or chemical reduction of the oxygen functionalities, although such 

treatments also increase the hydrophobicity[17]. Nevertheless, the intrinsically 

large surface area of GO have found niche in electrochemical energy storage devices 

[312], hydrogen storage [313] and catalysis[314].  

Historically, water purification technologies have utilized high surface area 

carbon materials in the form of activated carbon for decolorization[315] and heavy 

metal ion[316] retention. Compared to these materials, GO is produced by room 

temperature wet-chemical procedures and is likely to be cost-efficient. Only recently 
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has a report on magnetite-graphene hybrid materials for magnetically controlled 

speciation of arsenic[317] from water been published. The possibility of harnessing 

this readily available and inexpensive material has been relatively unexplored. In 

this article, we report key surface modification approaches and post-synthesis 

assembly steps which will enable exploitation of GO as a novel material for low-cost 

water purification processes.  

Several protocols, including the versatile diazonium grafting chemistry [318], 

are reported for chemical derivatization of graphene nanosheets; however, these 

approaches target the electrically conductive and relatively hydrophobic end-

product. The low accessibility of water molecules in these hydrophobic materials 

will reduce the ability of GO to sequester water soluble contaminants such as heavy 

metals. We therefore, covalently modify GO nanosheets with complexing groups 

without compromising its inherent hydrophilicity. This is achieved by covalent 

grafting of aromatic thiol groups on the remaining electron rich sp2 carbon domains 

of GO, without using the chemically reduced intermediate.  

Sand - an abundant natural resource of earth - is widely used for processes of 

the magnitude of municipal water supplies to small domestic water filters, 

particularly as packed bed filters.  In History, affordability and the granular nature 

of sand that forms filter beds have popularized sand-filtration (SF).  Indeed, early 

Indian and Greek writings dating back 6000 years refer to sand- and gravel-

filtration as  means to securing clean water [319] and currently is a water 

purification process endorsed by the World Health Organization [320].  Of the two 



 86 
 

 
 

broad classifications of SF, fine-SF has higher retention of pathogens, organic matter, 

and heavy metal ions but has low throughput. Although the production rates are 

higher for the more popular coarse-SF, the absence of functionality and 

nanostructures limit pathogen, organics and heavy metal ions retention [320]. We 

demonstrate a simple technique for conversion of regular filtration sand into ‘core-

shell’ GO coated sand (GOsand) granules by assembling water dispersible GO on sand 

grains. Two model contaminants namely mercuric ions and a bulky dye molecule 

(Rhodamine B) are utilized to quantify the effects of the nanostructured GO coating 

for improvements to the well-established coarse sand-filtration process.  

3.2. Experiments 

3.2.1. Preparation of GO Dispersion 

The GO is prepared according to the modified Hummers method that has 

been reported previously[11] and utilizes graphite powder purchased from Bay 

Carbon, Inc (SP-1 grade 325 mesh). In detail, concentrated H2SO4 (50 ml), K2S2O8 

(10 g) and P2O5 (10 g) are mixed in a 2 L Erlenmeyer flask and heated to 80 °C with 

a hotplate. 12 g of graphite powder (purchased from Bay Carbon, Inc. SP-1 grade 

325 mesh) is added to the mixture under strong magnetic stirring for 4.5 hours.  

After that, 2 L of deionized (DI) water is added to the suspension (initially, water is 

added very slowly to avoid large amount of heat from the dilution of H2SO4).  After 

dilution, the mixture is left overnight and then filtered through a 0.1 micron Teflon 

Millipore membrane; the filter cake is allowed to dry in air overnight. On the second 
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day, the filter cake is slowly dispersed into 0.46 L concentrated H2SO4 in a 4 L 

Erlenmeyer flask in an ice bath (keep temperature as low as 0 °C) with stirring.  60 

grams of KMnO4 was slowly added to the flask with stirring, during which the 

temperature of the mixture is carefully controlled not exceeding 10 °C.  The 

dispersion is kept at 35 °C for 2 hours and then diluted with 900 ml of DI water. 

(Water should initially be added slowly to avoid rapid heating. During the whole 

process, the temperature is controlled below 50 °C.)  Subsequently 2.8 L of DI water 

is added over 2 hours with continuous stirring, giving a brownish dispersion.  

Immediately after finishing dilution, 50 ml of 30 % H2O2 is slowly added to the 

dispersion, leading to tremendous bubbling as well as an obvious color change from 

brown to bright yellow.  The mixture is left untouched for at least two days and then 

filtered through a 0.1 micron Millipore Teflon membrane, and washed with 10 % 

HCl and 5 L DI water sequentially.  The final filter cake is left to dry in air and then 

kept in desiccators with P2O5.  The GO product can be easily dispersed in water by 

mild sonication. 

3.2.2. Preparation and Characterization of GOSAND 

Filpro-sand was a gift from US Silica Company. It was washed with 10 % HCl 

before use. 10 grams of clean sand was put in a Petri dish, with 10 ml 0.35wt% of 

GO/DI water dispersion, and heated up to 150 °C in a vacuum oven for two hours. 

The process could be repeated to increase the GO-coating thickness on sand. SEM 

and EDAX data were obtained on Hitachi SEM S-5500, with 4,000-fold magnification 

and 7100 nA emission current. TGA experiments were executed on the Q-600 
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Simultaneous TGA/DSC from TA Instruments under 100 ml/min Ar. Raman spectra 

were characterized with the Renishaw Raman instrument (514.5 nm Laser beam, 

50 % power, room temperature, solid samples on glass). 

3.2.3. Batch Adsorption Tests on GO and Column Tests on GOSAND  

For the batch tests, about 20 mg GO is added to  20 mL of 200 ppm Hg2+ 

solution while the pH of the solution was adjusted to 2.0.  To facilitate thorough 

mixing the solution was mildly sonicated for 20 mins, then allowed to cool to room 

temperature and finally equilibrated for 24 hours at room temperature.  The 

solution is separated from the solid by syringe filtration.  The adsorption isotherm 

was obtained by changing the concentration of Hg2+ solution in the range of 4 ppb-

4000 ppm and repeating the experiment under similar conditions. 

For the column tests, a filtration column (6.6mm dia. x 400mm long) was 

filled with GOSAND, and the feed solution was flowed through the column at 

controlled flow rate, the eluted solution was collected at specific time intervals, and 

concentrations of all the eluates were determined by ICP-MS analysis for mercury 

ion or by UV-Vis spectrometer for Rhodamine B.  For mercury, the feed solution was 

400 ppb mercury(Ⅱ) nitrate solution in 1% nitric acid, and flow rate was 1.000 

ml/min.  For Rhodamine B, the feed solution was 10 ppm Rhodamine B in DI water, 

and flow rate was 1.000 ml/min. 



 89 
 

 
 

3.2.4. Functionalization of GO by Diazonium Chemistry  

The involved diazonium precursor here is 4-aminothiophenol.  In detail, 12 

mmol 4-aminothiophenol was added to 15 ml 1N HCl, gently heated to 53 °C while 

stirring (solution 1). 12 mmol NaNO2 was dissolved in 20 ml DI water, cooled down 

in an ice bath, and then added dropwise to the solution under constant stirring.  The 

resulting solution was separated equally into two batches, and to each batch, a 

certain amount of GO (500 mg in 100 ml DI water) and reduced GO (RGO) (240 mg 

in 1 wt% aqueous sodium dodecylsulfate (SDS)) was added, and the reaction was 

kept in an ice bath with gentle stirring overnight.  The product was separated by 

filtration, washed with acetone, ethanol and copious amount of DI water.  The 

resulting filter cake was re-dispersed in DI water and dialyzed in Cellu Sep 

membrane (H1 high grade regenerated Cellulose Tubular Membrane, Pore size 

5,000) against DI water for over a week. 

 

3.3. Results and Discussion 

3.3.1. Adsorption on GO and f-GO: NMR Characterization and Batch Tests  

GO is synthesized by exfoliation and chemical oxidization of graphite [14]. 

Recent solid state 13C NMR [17]has shown that about 60% of the carbon atoms in 

GO are sp3 hybridized and oxidized, mostly in the form of alcohols and epoxides but 

also as lactols, while the remaining 40% of the carbon atoms remain sp2 hybridized, 
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mostly as unfunctionalized alkene or aromatic carbons but also as carbonyl groups 

in lactols, esters, acids, and ketones. The oxygen containing functional groups while 

imparting hydrophilicity can also exhibit limited complexing capacity with mercuric 

ions[321]. Figure 3.1a shows magic angle spinning (MAS) 13C NMR spectra of GO 

before and after Hg2+ adsorption.  Small spectral changes occur upon complexation 

of Hg2+, presumably because Hg2+ is not directly bound to carbon in carboxylates 

and alkoxides and thus has only a modest influence on the 13C chemical shifts, as 

shown by the similarity of the carbonyl carbon chemical shifts in phenylmercuric 

benzoate [322]and phenyl benzoate [323] and by the similarity of the carbonyl and 

methyl carbon chemical shifts in mercuric acetate [324], cyclohexylmercuric acetate 

[325]phenylmercuric acetate[322], and acetic acid[326]. Limited experiments 

performed so far indicate that the adsorption behavior of Hg2+ ions on the native GO 

nanosheets can be represented by Langmuir type adsorption models (Figure 3.1b 

and c). 
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Figure 3.1 Adsorption of Hg2+ on GO. (a) Left:  MAS 1H-13C cross polarization 
spectra before (top) and after (bottom) adsorption.  Right:  MAS direct 13C 
pulse spectra before (top) and after (bottom) adsorption. b) Adsorption 
isotherm of GO toward mercuric ion. q and y refer to mercuric concentration 
in adsorbent and feed solution, respectively. c) Schematic of interaction 
between GO and mercuric ions. 

Covalent modification of porous materials with complexing groups such as thiol 

(SH) [327] can significantly increase the adsorption efficiency. The Tour group has 

investigated the grafting of aromatic diazonium compounds for covalent 

modification of RGOs [133, 328]. But RGO is hydrophobic and has limited access to 

water molecules.  The diazonium grafting chemistry, nevertheless, provides a means 

to modify electron rich graphene domains by carbon attachment to the nanosheets. 
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We performed a direct diazonium grafting without the intermediate reduction step 

in order to retain the available hydrophilic groups (see Figure 3.2(a)) and to modify 

the remaining sp2 carbon domains.  The strong increase in the intensity of the 

aromatic/alkene carbon region (~110-150 ppm) in the 1H-13C CP and direct 13C 

pulse spectra of the product (GO-SH) in Figure 3.2(a) shows that covalent 

modification of GO occurred.   
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Figure 3.2 (a) Schematic of functionalization chemistry on GO, and 
corresponding NMR analysis of the functionalized product. (b) Batch tests of 
functionalized material for mercuric ion adsorption. The NMR spectra support 
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the functionalization chemistry by the increased intensity in the aromatic 
region (around 130 ppm). 

Additional support for this conclusion is provided by dipolar dephasing 

experiments (Figure 3.3), which show a significant decrease in signal intensity in the 

aromatic/alkene region attributed to the elimination of the aromatic C-H signals.  In 

contrast, the signal intensity from the quaternary aliphatic carbon atoms in the 

alcohol/epoxy region is, as expected, essentially unchanged.   

 

Figure 3.3 MAS 13C NMR spectra of GO- SH:  (a) 1H-13C CP spectrum.  (b) as in (a) 
but with a 50-μs dephasing interval preceding FID acquisition.  (c) Direct 13C 
pulse spectrum.  (d) as in (c) but with a 50-μs dephasing interval preceding 
FID acquisition. 
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A comparison of the abilities of various GO and the functionalized GO systems to 

adsorb Hg2+ is shown in Figure 3.2(b). Adsorption experiments were undertaken 

with ~ 200 ppm Hg2+ solution, acidic pH, and 1 gm/l of adsorbent dosage.  While 

RGO-SH (thiol groups attached to GO with the intermediate reduction step) did not 

improve over the non-functionalized GO, a significant increase (~ 6 fold) was 

observed for the GO-SH material. More specifically, the Hg2+ uptake capacity of GO is 

~0.03 gm/gm of adsorbent, which can be increased to ~ 0.2 gm/gm for GO-SH.  

These results conclusively show that this route of derivatization of GO creates a 

novel hydrophilic material with enhanced heavy metal removal efficiency. Under 

similar conditions, Mohan et al. reports in figure 1 of his article, an uptake of 0.15 

gm of mercury/gm (AC in Figure 3.2(b)) of activated carbon formed by high 

temperature pyrolysis[316]. Compared to the above cited report, these tailored GO-

SH material have better  performance, but their capacities are lower than  the self-

assembled monolayer functionalized mesoporous silica (~ 0.05-0.3-gm/gm) 

discovered in the late 1990s [329] and currently being commercialized. We believe 

that more efficient adsorbent systems can be created using similar derivatization 

approaches to modify the sp2 graphene domains of the GO nanosheets. 

 

3.3.2. A Novel ‘Core-shell’ Adsorbent System and Implications to Sand 

Filtration 

Packed bed columns are the preferred mode of operation in most water-

purification systems owing to their simplicity and rapid kinetics [330]. We show a 
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simple assembly process (see Figure 3.4) for conversion of conventional sand 

granules to a ‘core-shell’ adsorbent granules in which the GO coating imparts 

nanostructural features on the surface of sand granules. The assembly process 

essentially consists of physical mixing of the water dispersible GO colloids with sand, 

followed by a mild heat treatment that causes the nanosheets to adhere to each 

other over the sand surface, likely through van der Waals interaction.  

 

Figure 3.4 (a) Flow chart and schematic illustration of preparation of GOSAND™; 
and (b) photographic images of sand and GOSAND™ product. Inset: Idealized 
schematic of conversion of regular sand to GOSAND™. 
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Figure 3.5 (a) Photographic images and EDAX analysis of sand and GOSAND. 
EDAX analysis from the surface of the grains clearly showed a significant 
increase in carbon content. (b) Clearer evidence for coating from Raman 
spectra, and estimation of the coating thickness from TGA data. 
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 Easily apparent in the photographs of Figure 3.4(b) is the change in color 

from yellowish white to blackish grey after the coating process.  In the inset of 

Figure 3.4 (b) is shown the idealized schematic of the many-layer GO coating and 

the resultant GOSAND filtration granules.   Because the small field-of-view of the SEM 

does not allow us to discern the coating on the mm-scale granules, and because 

there is lack of contrast between the sand and the heavily oxidized carbon particles, 

we resorted to EDAX analysis (see Figure 3.5(a)) at different locations on the 

surface of the sand granules.  A typical elemental composition of the sand granules 

is compared to GOSAND granules which demonstrates a large (~ 30 %) increase in 

carbon abundance and hence the presence of a carbon coating.  We note that these 

results do not confirm that the coating is conformal as idealized in inset of Figure 

3.4(a), but is likely to coat majority of the surface of individual sand granule.  This 

many-layer GO coating can additionally be confirmed with Raman spectra as well as 

its thickness estimated by TGA (Figure 3.5(b)).  Prominent D (1359 cm-1) and G 

(1598 cm-1) peaks, consistent with the GO Raman data reported previously[17], are 

observed from GOSAND sample, while barely any features are obtained from pristine 

sand spectrum. Shown in Figure 3.5(b) right is typical TGA data for GOSAND showing 

a weight loss of ~1.5% contrasted with that of sand.  The thickness can be estimated 

from this weight loss data, the size of the sand granules (measured) ~ 597 μm 

(Figure 3.6), density of sand (~ 2 g/cm3) [331], and the density of GO (~ 1.68 g/cm3) 

[332]. This thickness can be adjusted by changing the concentration of GO solution 
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or repeating of the vacuum heating process and in our typical experiments vary 

from ~0.15 to 1.5 µm.  

 
Figure 3.6 Filpro-sand size distribution analysis. Mean size: 0.597 mm. 

This novel GO-coated sand material easily fills the filtration column (see 

Figure 3.7(a)) and can be used in typical packed-bed experiments.  We have utilized 

two model contaminants: Hg2+ (400 ppb in 1% HNO3) and Rhodamine B dye (10 

ppm) to experimentally measure the adsorption breakthrough of GOSAND and to 

compare it with sand.  While the adsorption capacity of sand granules towards Hg2+ 

(Figure 3.7(b)) was saturated within ten minutes of filtration, the GOSAND maintained 

the adsorption capacity for more than fifty minutes of fluid flow. The treated water 

had less than 1 ppb of Hg2+.  Similar results were also obtained for the dye molecule, 
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where the dye molecule evolves through the GOSAND column after 100 minutes, 

whereas it is after 20 minutes that the dye evolves in the sand column. We have 

checked the possibility of solubilization of GO by attaching a piece of filter paper on 

top of the column. After a series of column filtration experiments running 2-3 hours, 

we did not observe any precipitation on the paper evidencing the stability of the GO 

sand composites.  

 

Figure 3.7 Photographic images of adsorption column using GOsand granules (a) 
and column test results for removal of Hg2+ (b) and Rhodamine dye B (c). Feed 
solution: 400 ppb Hg2+ in 1 % HNO3 for (b) and 10 ppm (~ 0.02 mmol/L) 
Rhodamine B in DI water for (c). Flow rate: 1 ml/min. Column height:  400 mm; 
Column diameter: 6.6 mm. 
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 We were also interested in comparing the performance of GOSAND with 

activated carbon granules (Darco, 400-800 micron). We note that a large dye 

molecule will have high diffusion resistance inside the granules and consequently 

observe that the ‘core-shell’ GOSAND granules with micron thick coating on ~ 600 

micron sand granules perform comparably to the commercially available ~ 600 

micron activated carbon granules.(Figure 3.8). We are investigating the diffusion 

mechanisms in these ‘core-shell’ filtration granules that is likely to overcome the 

intra-granular diffusion limitations in more conventional adsorbents[321]. 

Nevertheless, the experimental evidences imply that this novel ‘core-shell’ 

adsorbent system can sequester heavy metal or organic contaminants at five fold 

higher capacity than regular sand and its performance is comparable to some 

commercially available activated carbon. We are currently investigating strategies 

that will enable us to assemble functionalized GO particles on the sand grains to 

further enhance contaminant removal efficiencies. 
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Figure 3.8 Column test results for Rhodamine B removal with GO SAND and 
activated carbon. Flow rate: 1 ml/min. Column height:  400 mm; Column 
diameter: 6.6 mm. 

 

Figure 3.9 a) Schematics of interaction between f-GO and mercuric ions. b) X-
ray Photoelectron Spectroscopy (XPS) analysis of GO-SH sample. The carbon 
the sulfur atomic ratio is 13.5:1, indicating high degree of functionalization. It 
has been reported earlier that sulfur content is around 1.20 at% in GO[17]. 
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3.4. Conclusion 

We have employed a surface modification technique, originally utilized for 

functionalization of chemically reduced and hydrophobic graphene nanosheets, to 

synthesize hydrophilic GO nanosheets containing covalently attached thiol groups.  

The modification is affected through carbon-carbon attachment of benzene-thiol 

groups to the sp2 lattice within the nanosheets, as confirmed by NMR spectroscopy. 

We therefore demonstrate that the intermediate chemical reduction step isn’t 

necessary for the diazonium chemistry and that the GO nanosheets retain significant 

electron-rich sp2 domains that can be utilized for grafting additional complexing 

groups. This modification results in around six fold increase in adsorption capacity 

of mercuric ions. 

Water soluble GO, prior to chemical modification, can be assembled on sand to 

create novel ‘core-shell’ granules that find use in filtration columns readily. We 

conclude that the nanostructured GO coating can significantly increase the retention 

of heavy metals and organic dye over the parent sand granules.  

Thus suitably engineered GO, particularly derived from natural graphite, can 

improve existing processes and spawn low-cost water purification technologies 

suited for the developing economies.   
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Chapter 4 Direct Writing of 
Supercapacitors on Graphite Oxide 

Films 

Microscale supercapacitors provide an important complement to batteries in 

several applications of power delivery including electronics. While they can be 

manufactured with a variety of printing and lithography techniques[333-335], 

continued improvements in cost, scalability and form factor are required to realize 

their full potential. Here we demonstrate the scalable fabrication of a new type of 

all-carbon, monolithic supercapacitor by laser reduction and patterning of GO films. 

We pattern both in-plane and conventional electrodes consisting of RGO with 

micron resolution, between which GO serves as a new type of solid electrolyte[11, 

14, 17, 336-338]. Substantial amounts of trapped water in GO makes it a 

simultaneous good ionic conductor and an electrical insulator, allowing it to serve as 

both an electrolyte and an electrode separator with ion transport characteristics 

similar to that observed for Nafion membranes [339, 340]. The resulting micro-

supercapacitor devices show good cyclic stability, and energy storage capacities 

comparable to existing thin-film supercapacitors[333]. 
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4.1. Introduction  

In recent times GO has attracted attention since it offers a low-cost, scalable 

and wet-chemical approach to graphene [16, 86, 341-343]. The conductivity of GO, 

dominated by ionic conductivity, depends on the environment and varies from 5E-6 

S/cm to 4E-3 S/cm[17, 84] suggesting that GO is close to electrical insulating.  We 

demonstrate here that with water entrapped during processing or absorbed on 

exposure to environment or moisture, hydrated GO offers very interesting 

applications in energy storage devices. The substantial amount of entrapped water 

in the layered GO structure[336] makes it a strongly anisotropic ionic conductor but 

an electrical insulator, allowing its use as a viable electrolyte and electrode 

separator. The ability to laser-reduce GO into conducting RGO allows the facile and 

nontoxic writing of RGO-GO-RGO patterns in various configurations to build 

electrical double layer capacitors (EDLC) or supercapacitors. Recent reports[344, 

345] describe the laser reduction process of GO into RGO with various levels of 

reduction and electrical conductivity improvements. It is possible to pattern any GO 

surface into RGO-GO-RGO structures with micron resolution in various geometries.  
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4.2. Methods 

4.2.1. Preparation of Hydrated GO Film 

GO was prepared according to the modified Hummers method.[11, 14] The 

as-prepared hydrated GO was stored in a vacuum chamber together with P2O5. 

To make free-standing films, GO was dispersed in DI water at a concentration 

of 6 mg/ml.  The colloidal solution was sonicated in water bath for 1 hour to achieve 

homogeneous dispersion. For a typical film preparation, 50 ml of the dispersion was 

poured into a vacuum filtration setup, filtered under low vacuum for 3 days with a 

nitrocellulose membrane (0.025 mm, Millipore). The resulting film was around 22 

mm in thickness (Figure 4.1), approximately 240 mg in mass, 8.7 cm in diameter, 

free-standing and flexible. It was directly used for X-ray photoelectron spectroscopy 

(XPS, PHI Quantera) and X-ray diffraction (XRD, Rigaku/D, Cu Ka radiation) 

characterizations. 

 

370 mm
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20.39 mm

GO

RGO
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Figure 4.1 SEM characterization of the laser-patterned hydrated GO film 
(parallel column sample). a) Cross-sectional image of the interface between 
hydrated GO and RGO, from the thickness measurement, around 7.5 % of 
hydrated GO thickness is reduced. Scale bar: 100 mm; b) Zoom-out image of a), 
scale bar: 500 mm. The spacing between two parallel RGO parts is measured to 
be 0.37 mm. 

Laser reduction was conducted with the CO2 laser printer (Universal X-660 

Laser Cutter Platform, power of 2.4 W, 30 % scanning speed). Sheet resistivity was 

measured by a four-point probe resistivity meter (Jandel RM3) with a fixed current 

of 1 mA in a clean room. SEM images of the as-prepared device were obtained on a 

high resolution field emission scanning electron microscope (FEI Quanta 400). 

4.2.2. Supercapacitor Fabrication and Characterizations 

The patterned hydrated GO film was covered with the corresponding current 

collectors (from Exopack Advanced Coatings, polyvinyl tape patterned for in-plane 

and carbon coated Al foil for sandwich) and placed between two pieces of glass 

slides for easier handling. Copper tape was pasted to the current collector for 

external electrical contact. Electrolytes were injected into the devices by syringes. 

Cyclic Voltammogram (CV), Galvanostatic charge-discharge (GAL) and 

Electrochemical Impedance Spectroscopy (EIS) measurements were used to 

characterize the supercapacitor performance, with an Autolab workstation 

(PGSTAT302N). The aqueous electrolyte used was 1.0 M Na2SO4 (ACS grade) and the 

organic electrolyte was 1.0 M tetraethylammonium tetrafluoroborate (TEABF4, 

electrochemical grade, >99 %, Sigma Aldrich) in anhydrous acetonitrile (99.8 %, 
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Sigma Aldrich). Devices in organic electrolyte were assembled in Ar atmosphere in a 

dry glove box.   

CV curves were obtained at the scan rates of 20 mV/s and 40 mV/s. GAL 

curves were measured at a constant current of 5 mA or 10 mA. EIS was done using a 

sinusoidal signal with the mean voltage of 0 V and amplitude of 10 mV over a 

frequency range of 1 MHz to 10 mHz. The capacitance value was calculated from the 

CV and GAL data according to the following formula: 

 

Where I refers to the mean current in CV curves and set current in GAL, 

respectively; dV/dt refers to the scan rate in CV curves and slope of the discharge 

curves in GAL. 

Capacitance density was calculated by the formula: 

or   

Where A and V refer to the total surface area and volume of the positive and 

negative electrodes in cm2 and cm3, respectively. In the concentric circular device, A 

is 0.1413 cm2, and V is calculated to be 2.33 E-5 cm3 according to the following 

formula: 

𝑉 = 2 × 𝜋 × 𝑟12 × 𝑑𝑟 
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Figure 4.2 Schematic of the circentric circular geometry. The area of the outer 
ring is designed to be the same as that of the inner circle. The total area of 
both electrodes is calculated to be 2×π×(0.15 cm)2=0.1413 cm2. 

Where r1 refers to the radius of the inner RGO circle that is used as one 

electrode, and dr refers to the depth of reduction applied to the original film (Figure 

4.1); for sandwich structure, the electrode area A becomes 1.28 cm2, corresponding 

to the total area of both 8 mm × 8 mm squares, and V is calculated to be 2.11 E-4 cm3 

accordingly. 

Maximum Power density was obtained from , where P is the 

power density in W/cm3, U is the potential window used in Volt and ESR is the 

equivalent series resistance value in Ω, measured with impedance spectroscopy. 

Energy density was calculated according to , where E is 

the energy density in Wh/cm3, CV is the volume-based specific capacitance in F/cm3, 

and U is the potential window used in Volt. 
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4.2.3. Ionic Conductivity Measurement of Pristine GO films 

The ionic conductivity of the pristine GO is determined from complex 

impedance spectra measured using the Autolab (PGSTST302N) with a frequency 

range from 1MHz to 100 Hz. A conductivity cell containing two stainless steel 

blocking electrodes with an intact GO film was used for this measurement.[346] 

Silver (Ag) was sputter coated onto both surfaces of the GO film to improve the 

contact.  Silver was chosen as the contact metal according to its reported preference 

over gold and platinum at temperatures below 600 °C.[347] For the ionic 

conductivity measurement, the impedance spectra obtained turned out to be a 

depressed semicircle with a slanted line at lower frequencies. In solid electrolyte 

system, the corresponding equivalent circuit for this type of spectra is typically 

represented by electrode resistance in series with a parallel combination of 

electrolyte resistance and capacitance.[346] Therefore, our impedance data at high 

frequencies were fitted by Zview according to this equivalent circuit, where the 

depressed semicircles were simulated by the electrolyte resistance in parallel with a 

Constant Phase Element (CPE) that is generally a result of electrode roughness. The 

corresponding ionic conductivity was calculated from the resistance value according 

to the following formula: 

, 

Where is the ionic conductivity, R is the resistance value in Ω, obtained by 

Zview fitting, l is the thickness of the pristine hydrated GO film in cm, and S is the 

R l
S

ρ ×
=

ρ
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cross-sectional area of the electrodes in cm2. The calculated ionic conductivity is in 

S/cm. 

 

4.2.4. Four-probe Electrical Measurement of a Pristine GO film  

In order to verify that GO is ionically conducting and electronically insulating, 

a four-probe measurement with a Keithley SourceMeter (2410 C) was done on a 

single piece of GO film with 10 mm thickness. The spacing between each probe is 

0.42 cm, and the lengths of those probes are 1.65 cm. The measured resistance in 

ambient condition was ~2.5 MΩ (estimated conductivity was 1.0E-4 S/cm), and 

after the same film was kept in vacuum overnight (1E-5 Torr), the resistance 

increased to 9 GΩ (estimated conductivity was 2.8E-8 S/cm). At least three orders of 

magnitude change in resistance was observed under vacuum, suggesting that the 

major contribution to conductivity is ionic, facilitated by the presence of water in GO. 

4.3.  Result and Discussion 

We constructed both in-plane as well as conventional sandwich 

supercapacitor designs, in various patterns and shapes as described in Figure 4.3. 

All the proposed configurations of supercapacitor, conventional sandwich-like 

configuration and novel in-plane configurations can be directly built on single piece 

of GO paper.  
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Figure 4.3 Schematic showing the detailed fabrication process for RGO-GO-
RGO supercapacitor devices with in-plane and sandwich geometries. The 
black contrast in the top schematic corresponds to RGO and the light contrast 
to unmodified hydrated GO. After laser patterning, the patterns were cut out 
from current collector tapes (polyvinyl tape for in-plane, and carbon-coated 
aluminum tape for sandwich devices). The bottom row shows corresponding 
photographic images of the final devices. Typical dimensions of the devices we 
have fabricated are as follows: Parallel column:1 cm by 1 mm with 0.3 mm 
spacing; concentric circular pattern: 3 mm diameter inner circle, 4 mm 
diameter separating circle, and 5 mm diameter outer circle; hairbrush: 2 cm 
by 5 mm rectangle with five 3.5 mm by 1.5 mm branches equally distributed 
on each brush; sandwich: 8 mm × 8 mm square of RGO on both sides of a 1 cm 
× 1 cm square of hydrated GO film, the edge of the film is patterned to define 
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the outer square on the original film, helping locate the center square on the 
other side. 

4.3.1.  Characterizations of As-prepared Devices (Without External 

Electrolyte) 

4.3.1.1. Electrochemical Characterizations 

Quite surprisingly, the as-prepared laser patterned devices (RGO-GO-RGO) 

show good electrochemical performance without the use of any external electrolyte 

(Figure 4.4). Due to the uncertainty in the measurement of the exact mass of the 

laser reduced active electrode material, we will mostly report the capacitance values 

in area and volume density units.  

 

Figure 4.4 Comparisons of CV and impedance behavior of the in-plane and 
sandwich devices. a) CV curves of in-plane circular and sandwich devices at a 
scan rate of 40 mV/s. The in-plane circular structure is giving specific 
capacitance twice as high as that of sandwich structure. b) Impedance spectra 
from 1MHz to 10 mHz at 10 mV sinusoidal signal, zoomed in at the high 
frequency region, demonstrating much higher ESR value (the intercept of 
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slanted straight line with the Z’ axis) for the in-plane device than that of a 
sandwich, leading to lower power density of the in-plane device. Z’: the real 
part of impedance, Z”: the imaginary part of impedance. 

The capacitance measured seems to depend on the geometry of the design, as 

the ionic mobilities and transport distances (thickness of the separator section) are 

anisotropic and different for different geometries. The in-plane supercapacitor 

structure in a circular geometry is seen to give the highest capacitance (0.51 

mF/cm2), nearly twice as that of a sandwich structure (Figure 4.4a). The control 

experiment was done with pristine hydrated GO films and current collectors (having 

no RGO part), and no capacitance was detectable. The equivalent series resistance 

(ESR) values obtained from the impedance spectra offers information about how 

fast the cells are charged/discharged. The in-plane structure has higher ESR value 

than the sandwich structure (6.5 kΩ versus 126 Ω) as seen in Figure 4.4b, indicating 

lower charge/discharge rate also shown in Figure 4.5a and b. 
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Figure 4.5 Characterization of the device performance and microstructure. a, b) 
Scan rate dependence in cyclic voltammetry measurement for in-plane 
structure (a) and sandwich structure (b); c) SEM image showing the interface 
between GO and RGO in the films; scale bar shown is 20 mm. d) Schematic of 
the proposed microstructure and chemical structure of the interface. Blue 
circles represent freely diffusing charge carriers between the graphitic planes. 

 In comparison, a well designed recently reported, inkjet-printed carbon 

supercapacitor, with inter-digitated electrode structure and similar electrode 

thickness, has a mean capacitance density of 0.4 mF/cm2 with an organic 

electrolyte[335], showing that the performance of our device without external 

electrolyte is in the same range as reported for other systems. For electrochemical 

double-layer microcapacitors, typical capacitance values reported in literature fall 

between 0.4~2 mF/cm2.[334]   
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4.3.1.2. Morphology Characterizations 

The ionic conductivity of hydrated GO is calculated from the impedance 

spectra obtained for the devices (see 4.2.3 for details) [346]and the value is 1.1E-5 

S/cm for the sandwich geometry and 2.8E-3 S/cm for the in-plane one. This 

anisotropy can be easily explained by the microscopic GO-sheet arrangement shown 

in Figure 4.5 c and d. The hydrated GO film has an anisotropic structure with z-

lattice distance of 0.86 nm shown by XRD characterization (Figure 4.6), and thus 

ions can move more easily along the intralayer direction rather than in direction 

normal to the layers. This is similar to the anisotropic electrical conductivity 

reported for graphite and GO platelets.[348]  
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Figure 4.6 The XRD pattern of as-prepared Hydrated GO film. The interlayer 
spacing is defined by the (002) peak, corresponding to a spacing of 8.6 Å. 

4.3.1.3. GO as an Anisotropic Proton Conductor 

In EDLC, electrical energy storage is achieved by nanoscopic charge (ion) 

separation at the interface between electrode and electrolyte. In our system, the 

only source of ions is hydrated GO. The morphology and structure of a GO film is 

shown in Figure 4.5 c and d. The higher value of the interlayer spacing (0.86 nm, 

Figure 4.6) in hydrated GO as compared to completely dehydrated GO (reported to 

be 0.567 nm)[336] is an indication of the high water content within our films. We 

have also characterized the water content in hydrated GO to be ~16 wt% with Karl-

Fischer Titration[17]. The interaction between the trapped water and GO layers is 

key to the ionic conductivity observed here. At low concentration, H2O molecules 

bind to GO sheets via strong intermolecular interaction (hydrogen bonding); as the 

water content increases, the active sites on GO sheets get saturated, and the excess 

water molecules become free to rotate and diffuse. The reported transition point of 

water content between the bonded-water state and free-water state is ~15 

wt%.[336] We speculate that the protons, which are the species here taking part in 

ionic conduction, come from the hydrolysis of the functional groups (carboxyl, 

sulfonic[349] and/or hydroxyl) present on GO, and the resulting protons can move 

via Grotthuss Mechanism[350], which is hopping via hydrogen bonding network, or 

even freely migrate in the hydronium form (H3O+) within the intralayer spaces 

(Figure 4.5). The proton transport here seems to be similar to that seen in Nafion, a 
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well-investigated polymer system which shows water induced proton transport 

following a hopping mechanism.[351]  

To study the dehydration-rehydration influence on pristine hydrated GO 

films, impedance spectroscopy measurements were conducted on the films (4.2.3) 

with control over environment (under vacuum and at various humidity levels). A 

stepwise decrease in the ionic conductivity (Figure 4.7a) is observed with increase 

in exposure time to vacuum, and a full recovery is seen after re-exposure to air for 

three hours. The ionic conductivity calculated from the impedance spectra versus 

exposure time is shown in Figure 4.7b. After six hours under vacuum, there is two 

orders of magnitude decrease in the ionic conductivity of the device, which is also 

fully recovered after exposure to air, indicating the reversibility of this process at 

room temperature.  
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Figure 4.7 Characterization of water effect in GO ionic conductivity. a) A 
stepwise change in impedance spectra versus exposure time to vacuum (0.08 
MPa) at 25 °C. Cell structure: a pristine GO film coated with Ag on both sides, 
and sandwiched between two pieces of stainless steel foil (1 cm by 1.2 cm 
square), frequency range: 1 MHz to 100 Hz at 10 mV sinusoidal signal. Water is 
slowly evaporated out of the film under vacuum, leading to the increase in the 
arc diameter in the high frequency range which indicates the decrease in the 
ionic conductivity. b) Dependence of ionic conductivity on exposure time to 
vacuum and air. Conductivity data were obtained from Zview fitting of the 
impedance spectra. Hydrated GO film became less conductive under vacuum, 
but recovered its full conductivity after three hours of re-exposure to air. 
Four-probe electrical measurement on a single piece of pristine GO film also 
showed at least three orders of magnitude decrease in conductance under 
vacuum, indicating the major contribution to the measured conductivity is 
ionic in GO. c) Schematic of GO chemical structure reported earlier and table 
showing the measured physical properties of GO in ambient environment 
(*sandwich geometry with well-defined cross-sectional area offered accurate 
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conductivity value of 1.1E-5 S/cm, whereas in-plane structure with estimated 
cross-sectional area showed a higher ionic conductivity of 2.8E-3 S/cm. We 
believe due to the lamella structure of GO, its ionic conductivity is anisotropic. 
Upon hydration, the ionic conductivity further increases (Figure 4.8 a & b), 
and becomes comparable to Nafion[340].) 

In order to study the effect of moisture on the ionic conductivity of GO, 

impedance spectra measurements were conducted at various humidity levels of GO 

film (Figure 4.8 a & b). Almost three orders of change in magnitude of ionic 

conductivity has been observed upon hydration of GO film (Figure 4.8 b). The 

dramatic changes in ionic conductivity resemble the proton-conducting behavior of 

Nafion[351]. The chemical structure and properties of GO and Nafion are shown in 

Figure 4.7c and Figure 4.8d, respectively. The active group in Nafion is sulfonic acid 

group[352], while in GO, it could be carboxylic acid group, sulfonic acid group[349], 

or even tertiary alcohol group; furthermore, large amount of existing epoxy groups 

in GO could also help proton migration. The application of Nafion as an electrolyte 

and a separator in supercapacitor devices has been reported[339]. Our observations 

in relevance to the Nafion-like conduction strongly suggest that hydrated GO is 

acting like an ionic conductor, with its ionic/proton conductivity influenced by the 

water content. 

 

To further support the water assisted ion-conduction mechanism working in 

the real device, the dehydration-rehydration process on the sandwich-like 

supercapacitor structure was studied. The device was put in a vacuum oven and 
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heated up to 105°C for two days. After it was taken out and exposed to air, 

impedance spectroscopy measurements were immediately conducted. A stepwise 

increase in the ionic conductivity of the electrolyte (Figure 4.8c) was observed with 

increase in exposure time in air. The ionic conductivity calculated from the 

impedance spectra versus exposure time is presented in Figure 4.8c (insert). After 

around two hours, there is at least 3 orders of magnitude increase in the ionic 

conductivity. This dramatic change resembles the proton-conducting behavior of the 

well-known cationic conducting polymer –Nafion[351]. 
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Figure 4.8 a) The evolution of the impedance spectra of GO film at various 
humidity conditions, 1 MHz to 10 mHz at 10 mV sinusoidal signal, zoomed in 
at the high frequency region. b) Calculated ionic conductivity dependence 
upon relative humidity, obtained from the arc diameters in the impedance 
spectra at high frequencies. c) The evolution of the impedance spectra of a 
pre-dried sandwich device upon exposure time in air, 1 MHz to 10 mHz at 10 
mV sinusoidal signal, zoomed in at the high frequency region; (Insert: 
Calculated ionic conductivity dependence upon exposure time in air, obtained 
from the arc diameters in the impedance spectra at high frequencies). d) 
Chemical structure of Nafion. 

4.3.1.4. Characterization of the Laser-patterning Process 

The fact that GO can easily be converted to RGO via laser radiation, enables 

us to scalably produce any number of in-plane or sandwiched RGO-GO-RGO 

supercapacitor devices via laser patterning of hydrated GO in a simple way. The 

active electrode material, RGO, formed from hydrated GO using laser heating is 

porous due to the evolved gases from the decomposition of functional groups[17] 

and water during localized laser heating (Figure 4.9b, and Figure 4.5c).  
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Figure 4.9 A photograph of an array of concentric circular patterns fabricated 
on a free-standing hydrated GO film; b) SEM image of the interface between GO 
and RGO (scale bar 100 mm), with yellow arrows indicating long range pseudo-
ordered structure generated by the laser-beam scanning; c) Long cyclability 
tests of the as-prepared sandwich and concentric circular devices, with less 
than 35 % drop in capacitance after 10,000 cycles; d) Histogram comparison 
of area-based capacitance density of a sandwich device as-prepared (dark 
yellow), with excess DI water (navy), aqueous electrolyte (1.0 M Na2SO4, 
purple), and organic electrolyte (1.0 M TEABF4, wine red), inset: volumetric 
energy density versus power density data of the corresponding devices shown 
in the same colors. Error bars represent the standard error of the mean of five 
independent experiments. 
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Figure 4.10 a) XPS (X-ray Photoelectron Spectroscopy) high resolution C1s 
signal of original GO film and laser treated GO film (RGO); b) Local oxygen 
atomic percentage (O at%) by XPS scan through the interface between RGO 
and GO. Insert: SEM image of the RGO/GO interface, and the corresponding 
data spot locations, X-ray beam size: 9 mm. The RGO/GO interface lies between 
spot No. 3 and 4, obvious oxygen content change was observed across the 
interface, whereas the O at% variation within each part were probably due to 
thermal diffusion or adsorption of small organic molecules on the surfaces; c) 
Dependence of sheet resistivity and RGO thickness on laser power in the laser 
treatment process, thickness data were obtained by SEM analysis; d) Raman 
spectra characterization of GO and laser treated GO (RGO). Acquisition 
parameters: 514.5 nm laser with 1.65 mW power, 10 s exposure time, 5 

0 1 2 3 4 5 6
101

102

103

104

105

106

107

 

CO2 Laser Power/WSh
ee

t R
es

is
tiv

ity

0

10

20

30

RGO thickness/mm

1000 1500 2000 2500

 

 

Wavenumber/cm-1

 GO 
  RGO( Ω

/ �
)

 C 1s in GO
 C 1s in Laser-Treated GO

276 280 284 288 292 296
0

1000
2000
3000
4000
5000
6000
7000
8000
9000

10000

 

 
In

te
ns

ity
/c

 s
-1

Binding Energy/eV

C-C

C-O

a

c d

b

1 2 3 4 5

20

40

60

80

100

 

 

O
xy

ge
n 

at
%

Data Spot

400 mm

GO
RGO

12345



 125 
 

 
 

accumulation, and 1800 l/m gridding, where signals are adjusted in intensity 
to facilitate comparison. 

The dependence of RGO resistivity and reduction depth upon laser power is 

shown in Figure 4.10b and up to four orders of magnitude decrease in resistivity can 

be achieved by this laser treatment, in consistent with previously reported 

work[344]. The long-range ordered structure[353] in RGO (Figure 4.9b) facilitates 

the ion-diffusion within the electrode. However, the short-range random 

arrangement of RGO flakes could lead to resistance for ion migration[354], as 

indicated in the impedance spectra (Figure 4.4b).  

 

Figure 4.11 Cyclability test of the device with concentric circular geometry for 
a week in ambient after its first 10,000 cycling test. The capacitance almost 
doubled and remained stable for ~4,000 cycles of testing. 
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4.3.1.5. Technical Performance of Our As-made Devices 

The cyclic stability tests performed on the supercapacitor devices are shown 

in Figure 4.9c. After 10,000 cycles, there is ~30% drop in the capacitance of the in-

plane circular device, whereas a ~35% drop is noticed for the sandwich devices. The 

drop seen in capacitance upon cycling is typical of many supercapacitor devices 

reported in literature.[355, 356] The decline in capacitance could be due to water 

loss in the device; interestingly, the capacitance doubled after the device was kept in 

ambient after long cycling for a week (see Figure 4.11). 

The in-plane circular design shows the highest specific capacitance of ~0.51 

mF/cm2. Considering only the active thickness of the electrodes, the volumetric 

capacitance corresponds to ~3.1 F/cm3, where the electrode volume is estimated 

from the thickness of the reduced region (Figure 4.1). The energy density for this 

device is calculated to be approximately 4.3E-4 Wh/cm3, with a power density of 1.7 

W/cm3. Due to the lower ESR value, the sandwich device geometry gives higher 

power density of ~9.4 W/cm3, although the energy density for this device is lower 

(1.9E-4 Wh/cm3). A good match between the 20 mV/s and 40 mV/s CV scan rates 

(Figure 4.12a) indicates similar ion diffusion paths within this scan rate range[357]. 

However, we did see the decrease of capacitance when the scan rate was increased 

to 100 mV/s. This could be due to the inhomogeneous pore structure within the 
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electrodes or the pseudo-capacitance caused by the impurities and hetero-atoms 

remaining in RGO.  

 

Figure 4.12 a) CV curves of a concentric circular in-plane device at 20 and 40 
mV/s scan rate. b) The impedance spectra of the device before and after 
drying in vacuum oven; 1 MHz to 10 mHz at 10 mV sinusoidal signal. Insert: 
zoom-in diagram at high frequencies, obvious increase in the arc diameter is 
observed after drying, corresponding to lower ionic conductivity. 

Self-discharge data of a concentric circular device is also presented in Figure 

4.13; the data shows about 80% voltage retention within the first half hour and 

about 50% retention over a period of eight hours. Some of the discharge is caused 

by the non-zero input current of the measurement apparatus, meaning the actual 

charge retaining time could be longer. The voltage retention in our devices is more 

than 80% after half hour discharge, a good indication of limited current leakage in 

these devices. Further optimization of the device geometry and thicknesses should 

lead to better self-discharge profiles for our devices 
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Figure 4.13 Experimental data for the self-discharge of a concentric circular 
device. Using standard self-discharge measurement technique we obtained 50% 
voltage loss in approximately eight hours. 

4.3.2. Characterizations of Devices with External Electrolyte 

When an extra drop of deionized (DI) water was added into the as-prepared 

device, the ion transport was enhanced, showing a three-fold increase in 

capacitance (Figure 4.9d).  In the presence of external electrolytes, the performance 

of the devices is further improved. The capacitive behavior with external aqueous 

(1.0 M Na2SO4) and organic (1.0 M TEABF4 in acetonitrile) electrolyte was 

characterized and results for the sandwich device is shown in Figure 4.9d and 

Figure 4.14. For devices with added external electrolytes, nearly five-fold increase in 

capacitance and 95% decrease in ESR were observed right after addition of a few 
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drops of Na2SO4 solution, due to the presence of additional inorganic ions within the 

device. As for organic electrolyte the as-prepared device was put in a vacuum oven 

and heated up to 105°C for 2 days to remove all the absorbed water, and after 

drying, the device was immediately transferred to a dry glove box where the organic 

electrolyte was added. In the end the device was laminated between two sheets of 

moisture-resistant plastic. The CV response showed twelve-fold enhancement in 

capacitance and five-fold increase in ESR immediately after organic electrolyte 

addition (Figure 4.14). Larger capacitance obtained with organic over aqueous 

electrolyte is simply due to the larger amount of organic electrolyte added into the 

device, since solubility of GO limited the total amount of water present in the device. 

Furthermore, the capacitance in organic electrolyte was strongly influenced by the 

scan rate in CV, indicating less uniform ion-migration path within structures than 

those of as-prepared and aqueous-electrolyte cases. However, it is worth 

mentioning that, the capacitance and ESR value with external electrolyte degrades 

faster with increasing number of cycles, probably due to the chemical activity of GO. 
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Figure 4.14 Impedance spectra of a sandwich device as prepared, with water 
and external electrolytes added. 1 MHz to 10 mHz at 10 mV sinusoidal signal, 
zoomed in at the high frequency region. 

4.4. Conclusion 

Here, we have successfully demonstrated the ionic conductivity and the use of 

as-prepared hydrated GO films as a new type of separator/electrolyte membrane 

system. The ability to reduce and pattern hydrated GO films by laser irradiation 

enables the development of a scalable process to write micro-supercapacitors on 

these films, which work with or without the use of external electrolytes. The process 

we have offers a unique method compared to typical printing processes used for 

building micro-supercapacitors and could serve complimentary to the latter which 
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is widely used technique. Also, the GO films offer an entirely different type of porous 

solid electrolyte and could find applications as lightweight membranes in several 

energy storage applications. 
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Notes 

Media reports for work in Chapter 2 
http://www.rsc.org/chemistryworld/News/2009/July/05070901.asp 
Media reports for work in Chapter 3 
http://www.bbc.co.uk/news/business-13895077  
http://www.youtube.com/watch?v=1nfddpRfEq0 
Media reports for work in Chapter 4 
http://www.futurity.org/science-technology/lasers-create-slice-of-energy-storage/  
http://www.youtube.com/watch?v=3O4YV0mrkfQ. 

 

http://www.rsc.org/chemistryworld/News/2009/July/05070901.asp
http://www.bbc.co.uk/news/business-13895077
http://www.youtube.com/watch?v=1nfddpRfEq0
http://www.futurity.org/science-technology/lasers-create-slice-of-energy-storage/
http://www.youtube.com/watch?v=3O4YV0mrkfQ
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