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ABSTRACT 

 

I contrived a new method that was named edge-functionalized graphite (EFG). Unlike chemical 

oxidation method, this method can functionalize only an edge of graphite as it can retains superb 

properties of graphite. The new edge-functionalization was divided into two groups. One is to use 

organic wedges via Friedel-Crafts acylation reaction with poly(phosphoric acid) (PPA)/phosphorous 

pentoxide (P2O5) medium. There are wedges of organic materials such as organic molecule, linear 

macromolecular, dendritic macromolecular. The resultant showed an improved dispersibility in 

various common organic solvents because of organic wedges. And also, EFG could become films 

form via a simply heat-treatment. That was nitrogen doped graphene films to display outstanding 

electrocatalytic activity for oxygen reduction reaction (ORR).  

The other is to use a mechano-chemical cracking via ball milling. Graphite was broken by force 

energy of metal ball and broken graphite was functionalized with organic material and then exfoliated 

into graphene. The resultant is highly dispersible in various solvents to self-exfoliate into single- and 

few-layer (≤5 layers) graphene nanosheets (GNs). This method is effective, and eco-friendly, edge 

functionalization of graphite without the basal plane oxidation by ball milling. Therefore, the newly 

developed ball milling approach, involving neither hazardous chemicals nor tedious procedures, 

outperforms current processes for mass production of high-quality graphene nanosheets (GNs) at an 

unprecedented low cost. The resultants (EFGnPs) were also used as electrocatalysts for ORR in an 

alkaline electrolyte. It was found that the edge polar nature of the newly prepared EFGnPs without 

heteroatom doping into their basal plane played an important role in regulating the ORR efficiency 

with the electrocatalytic activity in the order of SGnP > CSGnP > CGnP > HGnP > pristine graphite. 

More importantly, the sulfur-containing SGnP and CSGnP were found to have a superior ORR 

performance to commercially available platinum-based electrocatalyst. 
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diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image. 

 

Figure 7-7. TEM images of SGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image.  

 

Figure 7-8. TEM images of CSGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image. 

 

Figure 7-9. (a) FT-IR spectra (KBr pellets); (b) XPS survey spectra; (c) TGA thermograms obtained 

from the heating rate of 10 °C/min in nitrogen; (d) Raman spectra; (e) XRD diffraction patterns; and 

(f) Magnified XRD diffraction patterns from sky blue rectangle box in (e). 

 

Figure 7-10. High resolution XPS spectra: (a) C 1s and (b) O 1s of HGnP; (c) C 1s and (d) O 1s of 

CGnP. 

 

Figure 7-11. High resolution XPS spectra: (a) C 1s (b) O 1s (c) S 2p of SGnP; (d) C 1s (e) O 1s (f) S 

2p of CSGnP. 

 

Figure 7-12. Photographs of EFGnPs dispersed solutions in various solvents after one week standing 

on bench top in a normal laboratory condition: (1) H2O; (2) 1M HCl; (3) 1M KOH; (4) 1M NH4OH; 

(5) 7M NH4OH; (6) ethyl acetate; (7) MeOH; (8) isopropanol; (9) THF; (10) acetone; (11) DMAc; 

(12) DMF; (13) NMP; (14) dichloromethane; (15) toluene; (16) hexane: (a) HGnP; (b) CGnP; (c) 

SGnP; (d) CSGnP. Zeta-potentials of SGnP and CSGnP in DMF at a concentrations of (e) 0.04 

mg/mL; (f) 0.14 mg/mL. 

 

Figure 7-13. Heat-treated EFGnPs at 900 °C under argon atmosphere: (a) Raman spectra; (b) XRD 

diffraction patterns. 

 

Figure 7-14. Contact angles of samples: (a) HGnP; (b) CGnP; (c) SGnP; (d) CSGnP. 
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Figure 7-15. Cyclic voltammograms of sample electrodes on glassy carbon (GC) electrodes in N2- and 

O2-saturated 0.1 M aq KOH solution with a scan rate of 0.1 V/s: (a) Pristine graphite; (b) HGnP; (c) 

CGnP; (d) SGnP; (e) CSGnP; and (f) Pt/C. 

 

Figure 7-16. (a) Cyclic voltammograms; (b) Linear sweep voltage (LSV) of sample electrodes on 

glassy carbon (GC) electrodes in O2-saturated 0.1 M aq. KOH solution with a scan rate of 0.1 V/s; (c) 

A schematic representation for the edge-delamination of SGnP in an aqueous KOH electrolyte. 

 

Figure 7-17. Capacitance changes with respect to cycle number in 0.1 M aq. KOH solution with a 

scan rate of 0.1 V/s: (a) Capacitance vs. cycle number in N2 saturated electrolyte solution; (b) Relative 

capacity retention vs. cycle number in N2 saturated electrolyte solution; (c) Capacitance vs. cycle 

number in O2 saturated electrolyte solution; (d) Relative capacity retention vs. cycle number in O2 

saturated electrolyte solution. 

 

Figure 7-18. Current vs. time (i-t) curves obtained for 100 cycles showing cycling current stability of 

samples/glassy carbon (GC) electrodes in N2-saturated 0.1 M aq. KOH solution with a scan rate of 0.1 

V/s: (a) Pristine graphite; (b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; (f) Pt/C. 

 

Figure 7-19. Current vs. time (i-t) curves obtained for 100 cycles showing cycling current stability of 

samples/glassy carbon (GC) electrodes in O2-saturated 0.1 M aq. KOH solution with a scan rate of 0.1 

V/s: (a) Pristine graphite; (b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; (f) Pt/C. 

 

Figure 7-20. RDE voltammograms in O2-saturated 0.1 M aq KOH solution with a scan rate of 0.1 V/s 

at different rotating rates of 400, 900, 1200, 1600, 2000, and 2500 rpm: (a) Pristine graphite; (b) 

HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; and (f) Pt/C. 

 

Figure 7-21. Koutecky-Levich plots derived from RDE measurements at different electrode potentials 

(black line: -0.4 V, red line: -0.5 V and blue line: -0.6 V): (a) Pristine graphite; (b) HGnP; (c) CGnP; 

(d) SGnP; (e) CSGnP; (f) Pt/C. On the basis of RDE results of sample electrodes, the transferred 

electron number per oxygen molecule involved in the oxygen reduction is calculated. 

 

Figure 7-22. Comparison of Koutecky-Levich plots at 0.8 V. Pristine graphite follows two-electron (n 

= 2) process, while EFGnPs and Pt/C follow four-electron (n = 4) process. 
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І. Edge-functionalization of pyrene as miniature graphene 

 

1. 1 Abstract  

 

The feasibility of edge-functionalization of graphite was tested via the model reaction between 

pyrene and 4-(2,4,6-trimethylphenyloxy)benzamide (TMPBA) in poly(phosphoric acid) 

(PPA)/phosphorous pentoxide (P2O5) medium. The functionalization was confirmed by various 

characterization techniques. On the basis of the model study, the reaction condition could be extended 

to the edge-functionalization of graphite with TMPBA. Preliminary results showed that the resultant 

TMPBA-grafted graphite (graphite-g-TMPBA) was found to be readily dispersible in N-methyl-2-

pyrrolidone (NMP) and can be used as a precursor for edge-functionalized graphene (EFG). 

 

1. 2 Introduction 

 

Graphene, a single layer of carbon atom bonded together in a hexagonal lattice, has attracted 

tremendous attention due to its peculiar electronic and physical properties.
1-6

 However, there are two 

issues that have to be resolved first for its use in practice. The one is scalable exfoliation of graphite 

into graphene and/or graphene-like sheets (less than ten layers).
7
 The other is stabilization of 

exfoliated graphene suspension in various matrices.
8
 Graphite oxide (GO), which is oxidized form of 

graphite containing oxygenated functional groups on its edge and basal plane, has been considered the 

most viable chemical approach for the mass production of graphene.
9
 However, GO has inherent 

problem in reversing to graphene structure, because the reduction conversion from GO into reduced 

graphene oxide (rGO) is limited to 70%, implying that rGO still contains 30% of oxygenated 

defects.
10

 Thus, an important remaining challenge is still the development of new chemical method to 

produce large quantity and high quality graphene in large quantities. I believe that one promising 

chemical approach is the edge-functionalized graphite (EFG) via Friedel-Crafts acylation reaction. 

Unlike GO, the EFG is exclusively functionalized at the edge, where sp
2 
C-H is located.

11
 As a result, 

the interior graphene crystalline structure is undamaged and its characteristic properties are preserved. 

In addition, the EFG is expected to be efficiently dispersed and stabilized in common organic solvents 

to give graphene-like sheets. 

I studied the edge-chemistry of graphene via the model reaction between pyrene as a miniature 

graphene and 4-(2,4,6-trimethylphenyloxy)benzamide (TMPBA) as a molecular wedge. The reaction 

condition, poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5) medium at 130 
o
C, was 

previously optimized for the “direct” functionalization of carbon-based nanomaterials such as carbon 
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nanotubes and carbon nanofiber.
11-20

 The results from the model reaction could give an insight for 

predicting edge-chemistry of graphene. 

 

1. 3 Materials 

 

All reagents and solvents were purchased from Aldrich Chemical Inc. and used as received, 

unless otherwise mentioned. 4-(2,4,6-Trimethylphenyloxy)benzamide (TMPBA) was synthesized by 

literature procedure.
21

 Graphite (Cat#: 496596, type: powder, particle size: <45 μm, purity: 99.99+%) 

was obtained from Aldrich Chemical Inc. and used as received. 

 

1. 4 Instrumentation 

 

Infrared (FT-IR) spectra were recorded on a Bruker Fourier transform spectrophotometer IFS-

66/FRA106S. The field emission scanning electron microscopy (FE-SEM) was performed on FEI 

NanoSem 200. Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) from Bruker 

Ultraflex III was used for mass analysis. 
1
H and 

13
C NMR were conducted with Varian VNMRs 600. 

Elemental analysis (EA) was conducted with Thermo Scientific Flash 2000. X-Ray photoelectron 

spectroscopy (XPS) was performed on Thermo Fisher K-alpha. 

 

1. 5 Procedure for the functionalization of pyrene with 4-(2,4,6-trimethylphenyloxy)benzamide 

(TMPBA) in polyphosphoric acid (PPA)/phosphorous pentoxide (P2O5) 

 

Into a 250-mL resin flask equipped with a high-torque mechanical stirrer, the nitrogen inlet and 

outlet, pyrene (0.5 g, 2.47 mmol), 4-(2,4,6-trimethylphenyloxy)benzamide (0.5 g, 1.96 mmol), PPA 

(83% P2O5 assay: 20.0 g) and P2O5 (5.0 g) were placed and stirred under dry nitrogen purge at 130 
o
C 

for 72 h. The initial white mixture became pinkish-white as the functionalization reaction progressed. 

At the end of the reaction, the color of the mixture turned to violet, and the reaction mixture was 

poured into distilled water. The resultant brown precipitates were collected by suction filtration, 

Soxhlet extracted with water for 3 days to completely remove reaction medium and then with 

methanol for three more days to get rid of unreacted pyrene and TMPBA. Finally, the sample was 

freeze-dried under reduced pressure (0.5 mmHg) at -120 
o
C for 72 h to give 0.74 g (79% yield) of 

greenish-brown powder. Anal. Calcd. for C48H38O2 (pyrene-g-TMPBA2): C, 84.93%; H, 5.64%; O, 

9.43%. Found: C, 84.69%; H, 5.25%; O, 7.58%. 
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1. 6 Results and discussion 

 

As presented in Scheme 1-1a, pyrene and TMPBA were treated in PPA/P2O5 at 130 
o
C for 48 h. 

Then, the reaction mixture was poured into distilled water to isolate light greenish-brown powder. The 

reason for using TMPBA is to prevent self-reaction by blocking 2, 4 and 6 positions to the aromatic 

ether-activated sites for electrophilic substitution reaction. To avoid unexpected variables, the 

resultant products were completely worked-up by Soxhlet extraction with water for 3 days to remove 

reaction medium and with methanol for 3 days to get rid of unreacted TMPBA and low molar mass 

impurities.  

 

 

Scheme 1-1. (a) The reaction between pyrene and TMPBA in poly(phosphoric 

acid)/phosphorous pentoxide at 130 
o
C; (b) Proposed mechanism of a “direct” Friedel-Crafts 

acylation reaction between acylium ion (Ph-C
+
=O) of TMPBA and sp

2 
C-H of pyrene.  

 

The isolated pyrene-g-(TMPBA)n was freeze-dried (-120 
o
C) under reduced pressure (10

-2
 

mmHg). The proposed mechanism of the electrophilic substitution reaction is a „„direct‟‟ Friedel-

Crafts acylation reaction between acylium ion (Ph-C
+
=O) of TMPBA and sp

2 
C–H of pyrene to give 

pyrene-g-(TMPBA)n (Scheme 1-1b). FT-IR was used as convenient tool to identify chemical bonds in 

pyrene-g-(TMPBA)n. If there are free standing TMPBA and pyrene as residual impurities, there must 

be trace of carbonyl (C=O) stretching peak at 1642 cm
-1

 and amide peaks at 3215 and 3386 cm
-1

 

arising from benzamide, and sp
2 
C-H peak at 3044 cm

-1
 from pyrene (Fig. 1-1a). However, pyrene-g-

(TMPBA)n did not show benzamide carbonyl and amine peaks, indicating it does not contain residual 
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impurities, while it did show relatively much weaker sp
2 
C-H and new sp

3 
C-H peaks around 2921 cm

-

1
 due mainly to TMPBA and distinct aromatic carbonyl (C=O) stretching peak at 1656 cm

-1
. Hence, it 

is evident that most of TMPBA was covalently attached to the edge of pyrene. However, I could not 

reliably calculate the graft density of TMPBA onto pyrene edges.  
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Figure 1-1. FT-IR (KBr pellet) spectra: (a) Pyrene, 4-(2,4,6-trimethylphenyloxy)benzamide and 

pyrene-g-(TMPBA)n; (b) Graphite and graphite-g-TMPBA. 

 

The covalent attachment of TMPBA onto pyrene could be confirmed by matrix-assisted laser 

desorption ionization time of flight (MALDI-TOF) analysis (Fig. 1-2). A series of peak groups 

appeared, indicating that a mixture of pyrene-g-(TMPBA)n (n = 2, 3, 4, 5, 6, 7, 8, 9, 10) is present. 

The peak groups are separated by 238.1 amu, whose value is exact molecular weight of dehydrated 

[TMPBA]
+
 (FW = 238.23 g/mol). The strongest peak group contains 679.2 amu, which is exactly 

matched to the molecular weight of pyrene-g-(TMPBA)2. The highest peak at 615.1 amu corresponds 

to [CH3]4 losses from pyrene-g-(TMPBA)2. Hence, it can be concluded that the highest population in 

the mixture of pyrene-g-(TMPBA)n is pyrene-g-(TMPBA)2 (n=2).  

 

(b) (a) 
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Figure 1-2. MALDI-TOF spectra of pyrene-g-(TMPBA)n. Inset is extended from 500 to 700 amu. 

 

From elemental analysis, experimental CHO contents were 84.69, 5.25 and 7.58% for pyrene-g-

(TMPBA)n (Table 1-1). The values were closest to theoretical CHO values with empirical formula 

weight of C48H38O4, which agreed well with those of pyrene-g-(TMPBA)2 (n=2). Hence, the bi-

substitution of TMPBA onto pyrene could be most likely occurred to pyrene via „„direct‟‟ Friedel-

Crafts acylation reaction. Although the mixture of pyrene-g-(TMPBA)n contains pyrene-g-(TMPBA)2 

as major component, it was still a mixture as referenced by MALDI-TOF analysis. The full 

assignment of all NMR peaks was technically impossible. Nevertheless, the carbonyl bond (C=O) 

between pyrene and TMPBA could be clearly assignable from both 
1
H (Fig. 1-3a) and 

13
C-NMR 

spectra (Fig. 1-3b). The results further assured the feasibility of the reaction between pyrene and 

TMPBA.  
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Table 1-1. Empirical formaula (EF), formula weight (FW), calculated and experimental 

elemental analysis of samples. 

Sample EF FW 
Elemental analysis 

C (%) H (%) O (%) 

Pyrene C16H10 202.25 95.02 4.98 0.00 

Pyrene-g-(TMPBA)1 C32H24O2 440.54 87.25 5.49 7.26 

Pyrene-g-(TMPBA)2 C48H38O4 678.82 84.93 5.64 9.43 

Pyrene-g-(TMPBA)3 C64H52O6 917.11 83.82 5.71 10.47 

Pyrene-g-(TMPBA)4 C80H66O8 1155.39 83.16 5.76 11.08 

Pyrene-g-(TMPBA)5 C96H80O10 1393.68 82.73 5.79 11.48 

Pyrene-g-(TMPBA)6 C112H94O12 1631.97 82.43 5.81 11.76 

Pyrene-g-(TMPBA)7 C128H108O14 1870.25 82.20 5.82 11.98 

Pyrene-g-(TMPBA)8 C144H122O16 2108.54 82.03 5.83 12.04 

Pyrene-g-(TMPBA)9 C160H136O18 2346.82 81.89 5.84 12.27 

Pyrene-g-(TMPBA)10 C176H150O20 2585.11 81.77 5.85 12.38 

Pyrene-g-(TMPBA)n CxHyOz Found 84.69 5.25 7.58 
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Figure 1-3. (a) 
1
H NMR (CDCl3) spectrum of pyrene-g-(TMPBA)n; (b) 

13
C NMR (CDCl3) 

spectrum of pyrene-g-(TMPBA)n.  

 

On the basis of results from model reaction, the covalent attachment of TMPBA on the edge of 

graphite can be anticipated. Hence, graphite was also treated with TMPBA in the same reaction and 

work-up conditions. For the purpose of having a basic understanding of the starting material, pristine 

graphite was characterized by elemental analysis (Table 1-2).  
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Table 1-2. Elemental analysis of graphite and graphite-g-TMPBA. 

Sample  

Elemental analysis 

C (%) H (%) N (%) O (%) 

Graphite 

Calcd. 100.00 0.00 0.00 0.00 

Found 98.81 0.13 BDL* BDL* 

graphite-g-TMPBA 

Calcd. 92.03 2.56 0.00 5.41 

Found 90.41 2.50 BDL* 5.71 

* BDL =Below detection limit. 

 

When theoretical CHNO contents were calculated, the negligible amount of edge sp
2 

C-H 

contribution was ignored and C content for pristine graphite was assumed to be 100%. However, the 

elemental analysis of pristine graphite showed CHNO contents of 98.81, 0.13, 0.00 and 0.00%, 

respectively. The result allowed us to estimate the amount of available sp
2
 C-H for the Friedel-Crafts 

acylation reaction. The H content, which is most likely from sp
2 
C-H at the edges, of graphite, seems 

minor. However, when it was converted into molar ratio, the C/H ratio becomes 63.8. Thus, the 

theoretical CHNO values of resultant graphite-g-TMPBA are calculated based on final yield. For 

example, assuming the amount of graphite before and after reaction remains constant, the amount of 

TMPBA grafted onto the edge of graphite can be simply estimated by subtracting the feed amount of 

graphite. Considering a low experimental C content of as received graphite (1.19%), a low 

experimental C content of graphite-g-TMPBA (1.62%) was expected. As a result, it was fair to say 

that overall experimental CHNO values obtained from graphite-g-TMPBA were agreed well with 

theoretically calculated values. In addition, the resultant graphite-g-TMPBA did show aromatic 

carbonyl (C=O) peak at 1663 cm
-1

, indicating covalent linkage between graphite and TMPBA (Fig. 1-

1b). 

The scanning electron microscope (SEM) images of graphite-g-TMPBA and pristine graphite 

displayed distinct surface morphology. Pristine graphite showed very smooth surface (Fig. 1-4a), 

whereas the surface of graphite-g-TMPBA was relatively rough due to the attachment of TMPBA (Fig. 

1-4b). Both pristine graphite and graphite-g-TMPBA displayed almost identical the XPS peaks with 

different intensities (Fig. 1-5a). Pristine graphite showed a predominant C 1s peak at 285 eV and 

much weaker O 1s peak at 530 eV, presumably arising from physically adsorbed oxygen-containing 

species in “pristine” graphite,
22

 whereas graphite-g-TMPBA showed relatively weaker C 1s peak and 



８ 

 

stronger O 1s peak due to oxygen in carbonyl groups (C=O) together with physically adsorbed one. 

As expected, the dispersibility of graphite-g-TMPBA was significantly improved. A red beam from a 

laser pointer was shined through the graphite-g-TMPBA solution in NMP (0.2 mg/mL) and was able 

to pass through the dispersed solution, showing Tyndall scattering (Fig. 1-5b). The resulting solution 

remained visually unchanged even after months of standing under ambient condition. 

 

 

Figure 1-4. SEM image: (a) Pristine graphite; (b) graphite-g-TMPBA. 

 

 

  

 

Figure 1-5. (a) XPS surveys of pristine graphite and graphite-g-TMPBA; (b) Photograph of 

graphite-g-TMPBA dispersed in NMP. 
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1. 7 Conclusion 

 

The model reaction between pyrene as a miniature grapheme and 4-(2,4,6-

trimethylphenyloxy)benzamide (TMPBA) in polyphosphoric acid (PPA)/phosphorous pentoxide 

(P2O5) medium was successful for anticipating the edge chemistry of graphite. The reaction condition 

was applied for the edge-functionalization of graphite. The resultant graphite-g-TMPBA as an edge-

functionalized graphite (EFG) was readily dispersible in N-methyl-2-pyrrolidone (NMP). The result 

envisioned that high quality graphene like sheets could be synthesized as an alternative approach to 

problematic graphite oxide (GO).  
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ІІ. Graphene nanoplatelets via organic molecule wedge  

 

2. 1 Abstract 

 

Edge-functionalized graphite (EFG) was prepared via a “direct” covalent attachment of organic 

molecular wedges. The EFG was dispersed in N-methyl-2-pyrrolidone with a concentration as high as 

0.27 mg/mL, leading to high-yield exfoliation of the three-dimensional graphite into two-dimensional 

graphene-like sheets. 

 

2. 2 Introduction 

 

Exfoliation of three-dimensional graphite into two-dimensional graphene and/or graphene-like 

sheets has attracted a lot of attention, because graphene has many potential applications due to its 

peculiar properties.
1-6

 Hitherto, two major approaches, namely the physical
7-9

 and combined chemical-

physical approaches,
10-11

 have been developed to exfoliate graphite into graphene with one or a few 

stacks of graphene-like sheets. The physical approach involves rubbing or taping to produce enough 

graphene for research purposes, but insufficient practical applications. Hence, chemical approaches 

draw more attention and have many advantages over the physical one. 

I studied a new approach to chemical exfoliation of graphite by grafting organic molecular 

wedges to the defect sites (mostly sp
2
 C-H) located mainly on the edges of graphite via electrophilic 

substitution reaction in poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) medium. The 

reaction condition has been previously optimized for the functionalization of carbon-based 

nanomaterials such as carbon nanotubes and carbon nanofibers.
12-18

 This was the first attempt at large-

scale “direct” chemical exfoliation of graphite not involving strong acid and sonication that have been 

known to damage the carbon framework.
19

 

 

2. 3 Materials 

 

All reagents and solvents were purchased from Aldrich Chemical Inc. and used as received, 

unless otherwise mentioned. 4-Aminobenzoic acid (ABA) as a reactive molecular wedge was purified 

by recrystallization from water. Graphite (Aldrich Cat#: 7782-42-5, type: powder, particle size: < 45 

μm, purity: 99.99+%) was obtained from Aldrich Chemical Inc. 
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2. 4 Instrumentation 

 

Infrared (FT-IR) and FT-Raman spectra were recorded on a Bruker Fourier-transform 

spectrophotometer IFS-66/FRA106S. UV-vis spectra were obtained from a Perkin-Elmer Lambda 35 

UV-vis spectrometer. Fluorescence experiments were conducted with a Perkin-Elmer LS 55 

fluorometer. The applied excitation wavelength was the UV absorption maximum. Themogravimetric 

analysis (TGA) was conducted in air and nitrogen atmospheres at a heating rate of 10 °C/min using a 

TA Hi-Res TGA 2950 thermogravimetric analyzer. The field emission transmission electron 

microscope (FE-TEM) images were taken on a FEI Tecnai G2 F30 S-Twin under an operating voltage 

of 200 kV. The samples for electron microscopy were prepared by dispersion in N-methyl-2-

pyrrolidone (NMP). X-ray photoelectron spectroscopy (XPS) was performed on Thermo Fisher K-

alpha. Elemental analysis (EA) was conducted with Thermo Scientific Flash 2000. Atomic force 

microscopy (AFM) analysis was conducted with Veeco Multimode V. The resistance of film was 

measured by four point probe method using Advanced Instrument Technology (AIT) CMTSR 1000N 

with Jandel Engineering probe at room temperature. The film was prepared by filtration with 

membrane (Whatman Anodisc 47, 0.2 μm), and the conductivity values were the averages of 10 

measurements. 

 

2. 5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in polyphosphoric 

acid (PPA)/phosphorous pentoxide (P2O5)  

 

Graphite was functionalized with 4-aminobenzoic in a 250 mL resin flask equipped with a high-

torque mechanical stirrer, the nitrogen inlet and outlet. Into the flask, 4-aminobenzoic acid (0.5 g, 3.6 

mmol), graphite mesh (0.5 g), PPA (83% P2O5 assay: 20.0 g) and P2O5 (5.0 g) were placed and stirred 

under dry nitrogen purge at 130 °C for 72h. The initially black mixture became lighter and viscous as 

the functionalization onto graphite progressed. At the end of the reaction, the color of the mixture 

turned tanned brown, and water was added into the flask. The resultant tanned brown precipitate was 

collected by suction filtration, Soxhlet-extracted with water for three days, and then with methanol for 

three more days. Finally, the sample was dried over phosphorus pentoxide under reduced pressure 

(0.5 mmHg) at 100 °C for 72h to give 0.74 g (79% yield) of tanned brown powder. Anal. Calcd. for 

C26.70H6NO: C, 89.90%; H, 1.70%; N, 3.93%; O, 4.48%. Found: C, 86.41%; H, 1.54%; N, 3.81%; O, 

6.02%.  
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2. 6 Results and discussion 

 

In-situ grafting of 4-aminobenzoic acid (ABA) as an organic wedge molecule was carried out by 

treating graphite in PPA with an optimized P2O5 content at 130 °C. The reaction condition had been 

developed as a “direct” aromatic electrophilic substitution reaction. Much like the functionalization of 

carbon nanotubes (CNTs),
12-18

 the reaction medium PPA used in this study is a viscous, mild 

polymeric acid and plays two pivotal roles for dispersion and functionalization of graphite. PPA can 

protonate the surface of graphite, and it has strong ionic interaction with the ionized graphite surface 

to delaminate the graphite.
20

 Its viscous nature provides strong shear to the surface of graphite during 

the mechanical stirring. These effects can open up the edge of graphite, allowing the viscous 

polymeric acid PPA to penetrate into the open gap and impede restacking of graphene sheets (Scheme 

2-1a).  

 

 

Scheme 2-1. (a) Schematic presentation of graphite exfoliation mechanism; (b) Schematic 

representation of the reaction between graphite and 4-aminobenzoic acid as a molecular wedge 

via Friedel-Crafts acylation in PPA/P2O5 medium. 
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Subsequently, in-situ generated carbonium ions (-C
+
=

 
O) on the wedge molecules (ABA) in the 

PPA/P2O5 medium are strong enough to efficiently attack the sp
2 
C-H bonds on the edge of graphite. 

The resultant edge-functionalized graphite (EFG) became dispersible, which allowed further 

penetration of the reaction medium (PPA in this work) for effective exfoliation without damaging the 

inner crystalline graphene structure. The photograph of the reaction mixture clearly showed that the 

initial dark-black color associated with graphite in the mixture was turned to tanned brown as the 

reaction progressed (Fig. 2-1), indicating that EFG was visually well dispersed into the PPA/P2O5 

medium. The isolated final product was tanned brown after complete work-up by Soxhlet extraction 

with water for three days to remove the residual reaction medium and with methanol for another three 

days to get rid of the unreacted ABA (Fig. 2-1b).  

 

 

Figure 2-1. (a) Digital photograph of reaction flask at the final stage of reaction between 

graphite and ABA in PPA/P2O5 medium; (b) Digital photograph of isolated 4-aminobenzoyl-

functionalized graphite (ABA-g-graphite) after complete work-up procedure. 

 

The slight increase in the carbon content and decrease in the oxygen content seen in the elemental 

analysis (EA) data (Table 2-1) indicated that the PPA/P2O5 medium, as expected, was indeed benign 

in not oxidizing the graphene framework but plays very important roles in both dispersion and 

functionalization for exfoliation of the graphite into graphene sheets without oxidation.  
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Table 2-1. Elemental analysis and XPS surface composition data for samples. 

Sample  

Elemental analysis XPS 

C (%) H (%) N (%) O (%) C (%) N (%) O (%) 

Graphite 

Calcd. 100.00 0.00 0.00 0.00 100.00 0.00 0.00 

Found 97.64 BDL* 0.085 0.0046 85.05 BDL* 14.92 

Graphite, 

PPA/P2O5 treated 

Calcd. 100.00 0.00 0.00 0.00 -- -- -- 

Found 97.85 0.022 BDL* BDL* -- -- -- 

EFG 

Calcd. 89.90 1.70 4.48 3.93 89.90 4.48 3.93 

Found 86.41 1.55 3.81 6.02 74.81 6.65 18.54 

* BDL=Below detection limit. 

 

 

The proposed structure of EFG was that organic wedges (4-aminobenzoyl moiety) were 

covalently attached on the edges of graphene and graphene-like sheets (Scheme 2-1b). The 

dispersibility was tested in N-methyl-2-pyrrolidone (NMP) solvent with various amounts (0.2-0.8 

mg/3 ml) of the EFG (Fig. 2-2). The EFG was readily dispersed as much as 0.27 mg/ml. This value 

was approximately three times higher than the highest value previously reported for graphite (0.1 

mg/ml).
21

 A red beam from a laser pointer was shone through the sample solutions and was able to 

pass through the dispersed solution, showing Tyndall scattering. The resulting solution remained 

visually unchanged even after months of standing under ambient conditions. It kept being 

homogeneous and optically transparent-to-translucent without noticeable sedimentation. On the other 

hand, the dispersion of pristine graphite in NMP was readily sedimented under the same conditions, 

indicating a kinetic dispersion leaving an essentially clear liquid. As expected, the dispersibility of 

EFG was greatly improved. 
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Figure 2-2. EFG solutions in NMP with different concentrations (mg/3 mL) with (top) without 

(bottom) a red beam from hand-held laser pointer: (a) 0.20; (b) 0.25; (c) 0.30; (d) 0.35; (e) 0.40; 

(f) 0.45; (g) 0.50; (h) 0.55; (i) 0.60; (j) 0.65; (k) 0.70; (l) 0.75; (m) 0.80. 

 

Fourier transform infrared (FT-IR) spectroscopy was a convenient tool to further demonstrate the 

covalent link. The “pristine” graphite showed a featureless spectrum in the range of 500-4000 cm
-1

  

except for the minor broad peak at 1017 cm
-1

, which corresponds to aromatic C-O stretching.
22

 The 

EFG showed a strong carbonyl (C=O) stretching peak at 1656 cm
-1

 and a strong amine peak at 3340 

cm
-1

 (Fig. 8a).  

 

 

Figure 2-3. (a) FT-IR spectra; (b) TGA thermograms obtained with ramping rate of 10 
o
C/min 

in air. 
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The optical behaviors of EFG solution in NMP were studied. The sample solution showed 

absorption and emission peaks centered at 319 and 466 nm, respectively (Fig. 2-4). Although carbon 

materials are known to be strong excimer quenchers not showing emission,
23

 the EFG displayed a 

broad emission peak centered at 466 nm at low concentration. This behavior could reflect that the 

organic wedge molecules at the edges of graphite minimized optical quenching of EFG. The amount 

of ABA in EFG was determined by thermogravimetric analysis (TGA). In the air atmosphere (Fig. 2-

3b), graphite showed an on-set degradation temperature higher than 700 
o
C, while EFG started to lose 

weight around 600 
o
C due to thermal decomposition of the ABA moiety. Judging simply from the 

weight loss which occurred at the plateau region around 800 
o
C, the amount of covalently attached 

organic ABA moiety was estimated to be approximately 36 wt%, which agreed well with the yield 

(yield = 79%; graphite = 50%; ABA moiety = 29%) by assuming that the carbon content of pristine 

graphite is 100%. It was interesting to note that the thermooxidative stability of EFG above 850 
o
C 

was higher than that of pristine graphite, suggesting self-healing of the thermooxidative defects on the 

graphene framework. The defects were fixed during the charring process, and the resultant graphitic 

structure became more intact structurally and thermally.
24,25

 The higher char yield (80%) of EFG at 

900 
o
C in the nitrogen atmosphere than that in the air indicates a lower yield of thermooxidative 

defects and/or a faster self-healing of the thermooxidative defects under nitrogen. More importantly, 

the fact that there was no weight loss around 100-200 
o
C, characteristic of the bound water trapped in 

graphene oxide (GO) due to its hygroscopic nature,
26,27

 strongly suggests that graphite is not oxidized 

during the edge-functionalization and subsequent exfoliation. The result agreed well with the EA. 

There was no additional oxygen content beyond the calculated value on the basis of yield. 

 

 

Figure 2-4. UV-vis absorption and fluorescence spectra of EFG solution in NMP. 
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Figure 2-5a showed the transmission electron microscopy (TEM) image for EFG dispersed in 

NMP and dip-coated on an aperture carbon grid, along with the corresponding selected area electron 

diffraction (SAED) pattern (Fig. 2-5a and inset). The graphene sheet was wrinkled due to its flexibility, 

and its surface was clean without noticeable flaws. Most of the EFG consisted of less than five 

graphene sheets (Fig. 2-6).  

 

 

Figure 2-5. (a) TEM image with electron diffraction pattern (inset) of EFG; (b) AFM image with 

topographic height profiles. 

 

AFM images obtained from EFG dispersion in tetrahydrofuran (THF) with lower concentration 

and drop-coated on a silicon wafer clearly showed EFG with approximately 2 μm width and a few 

microns length (Fig. 2-5b). Many bright spots on the edges of graphene were seen due to covalent 

attachment of ABA grafts. The thickness of graphene was 0.8 nm. All the topographic height profiles 

clearly showed that the interior (the “basal plane”) area was lower than the edges (red arrows), 
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implying that edge-functionalization is exclusively at the edges, where presumably sp
2
 C-H defects 

are located.
28 

 

 

Figure 2-6. TEM images: (a) Three layers of graphene-like sheets; (b) Four layers of graphene-

like sheets. 

 

The electrical conductivity of the as-prepared EFG film (Fig. 2-7a) from a NMP solution was 

found to be 1291 S/m - a value which is several orders of magnitude higher than that of insulating 

graphene oxide (GO), and even higher than that of the chemically reduced graphene (rGO) sheet from 

GO.
29

 The electrical conductivity of the as-prepared EFG film was also much higher than that of 

pristine graphite film (18 S/m), which was prepared by the method used for EFG film. After the 

organic moiety was thermally stripped off by heat-treatment at 900 
o
C under argon atmosphere, the 

electrical conductivity of heat treated EFG film was 20000 S/m. The value was more than 15 times 

improved compared to the as-prepared EFG film and there must be more room for improvement after 

optimazation. 

 

 

Figure 2-7. Photographs of sample films cast from NMP solutions: (a) As-prepared free 

standing EFG film; (b) Pristine graphite film. 
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2. 7 Conclusion 

 

I demonstrated a simple one-pot reaction between graphite and ABA wedge compound in a mild 

viscous PPA/P2O5 for producing graphene and graphene-like sheets dispersible in polar solvents. The 

improved dispersibility was attributable to the better interaction between the ABA polar surface 

groups and polar solvents (i.e. NMP). I believe that the procedure demonstrated in the present study is 

the most simple and efficient for a large-scale exfoliation of three-dimensional graphite into two-

dimensional graphene-like sheets without involving any hazardous reagents, and thus EFG can be 

potentially useful in graphene-based materials.  
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ІІІ. Graphene nanoplatelets via linear macromolecular wedge  

 

3. 1 Abstract 

 

The edges of pristine graphite were covalently grafted with para-poly(ether-ketone) (pPEK) in a 

mildly acidic poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) medium. The resulting pPEK 

grafted graphite (pPEK-g-graphite) showed that the pristine graphite had been exfoliated into a few 

layers of graphene platelets (graphene-like sheets), which were uniformly dispersed into a pPEK 

matrix. As a result, the tensile properties of pPEK-g-graphite films were greatly improved compared 

to those of controlled pPEK films. The origins of these enhanced mechanical properties were deduced 

from scanning electron microscope (SEM) images of fracture surfaces. Upon tracing wide-angle X-

ray scattering (WAXS) patterns of the film under strain, the graphene-like sheets were further 

exfoliated by an applied shear force, suggesting that a toughening mechanism for the pPEK-g-

graphite film occurred. This approach envisions that the “direct” edge grafting of pristine graphite 

without pre-treatments such as corrosive oxidation and/or destructive sonication is a simple and 

efficient method to prepare graphene-based polymer composites with enhanced mechanical properties. 

 

3. 2 Introduction 

 

The exfoliation of three-dimensional graphite into two-dimensional graphene sheets is an 

important challenge, because graphene sheets exhibit unusual physical
1-2 

and electronic properties.
3-7

 

As a stable material for electronic applications, graphene could compete with silicon
8
 and indium tin 

oxide (ITO, In2O3 : Sn).
9
 However, there are two issues that must be resolved first for its mass 

production and practical use. The first is the feasibility of scalable exfoliation of graphite into single 

and a few layers of graphene platelets (graphene-like sheets) to achieve the desired properties for its 

practical use.
10

 The second is the stabilization of a homogeneously dispersed graphene suspension in 

various matrices.
11

 Many physical and chemical approaches for the synthesis of graphene have been 

reported. The physical method involves a mechanical peel off, or so-called “Scotch tape” method,
3
 

which yields a minute amount of high quality graphene for fundamental research.
12

 Traditional 

graphene synthesis is via epitaxial growth on conducting (noble metals)
13-16

 and insulating (SiC)
8
 

surfaces via chemical vapor deposition (CVD). Still, the yield of the CVD approach is limited and 

suitable only for scientific study. As a result, the chemical approach via the oxidation of graphite into 

graphite oxide (GO) draws more attention for use in mass production.
17-19

 The GO can be prepared by 

oxidation of graphite in a nitric acid/sulfuric acid mixture. Subsequent sonication produces a colloidal 
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suspension of graphene oxide. However, this resultant graphene oxide does not have graphene 

properties and thus, chemical and/or thermal reduction is required to restore crystalline graphene 

structures and properties.
20-23

 Unfortunately, however, the outstanding properties of graphene were not 

fully restored due to limited reduction conversion,
24,25

 implying that the reduced GO (rGO) remained 

as GO with relatively fewer defects. Another promising approach is expandable graphite. Graphene-

like platelets can be prepared by soaking sulfuric acid into graphite and expanding it by rapid heating 

to 1050 
o
C.

26,27
 Sonication was subsequently applied in a proper solvent with stabilizing agents and 

then the solution was centrifuged. The separated supernatant contained a colloidal suspension of 

graphene. This approach thought to be one of the most promising methods for scalable production. 

However, as with the GO approach, one concern is that chemical functionalization could possibly take 

place at the edge and basal plane of the graphene, thereby destroying the original crystalline graphene 

structure. Hence, the transport properties of graphene prepared via this approach are still not 

satisfactory.
27

 The poor transport properties could be attributed to structural damage on the basal 

plane. Further systematic study of this approach is necessary to identify side reactions such as the 

covalent attachment of solvent molecules.
28

 There have also been reports suggesting that strong acid 

treatments
29,30

 and/or sonication to carbon nanotubes (CNT) could result in significant structural 

damage as well as chemical functionalization.
28,31

 Applying sonication itself can increase the 

temperature at a point to as high as 5000 K, pressures of about 500 atm, and lifetimes of a few 

microseconds, which can result in chemical bond breaking to form extremely reactive anions, cations 

and radicals.
32

 Unexpected side reactions, so-called “sonochemical reactions”, must be assumed to 

occur. Therefore, the aforementioned chemical approaches are promising, but they may not be 

appropriate as a basis for the mass production of graphene and graphene-like sheets.  

Hence, I have proposed “edge-functionalization” of pristine graphite via “direct” Friedel-Crafts 

acylation in poly(phosphoric acid) (PPA) with an optimized amount of phosphorus pentoxide 

(P2O5).
33

 In this approach, sp
2
 C-H, which is present on the edges of graphite, is the reactive site for 

electrophilic substitution. As a result, the organic molecular wedges could be selectively attached onto 

the edge of graphite. Depending on the nature of surface functional groups, the ability of the resultant 

edge-functionalized graphite (EFG) to disperse could be tailored. Improved ability to disperse should 

originate not only from the physical wedging by edge grafts but also from chemical affinity between 

the edge functional groups and solvents. Through an EFG approach, the effect of the macromolecular 

wedge is expected to be more efficient in delamination due to its bulkiness. For graphite-based 

polymer composite applications, immediate issues to obtain maximum enhanced properties include a 

uniform dispersion for maximum aspect ratio, as well as strong adhesion between the reinforcing 

graphite additive and supporting polymer matrix for efficient load transfer. I studied the in-situ 
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grafting of para-poly(ether ketone) (pPEK) to the edge of pristine graphite via a „„direct‟‟ electrophilic 

substitution reaction in a poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) medium. The 

reaction conditions have been previously optimized for the grafting of polymers onto the surface of 

carbon nanotubes (CNTs).
34

 The challenge is the exfoliation of pristine graphite into graphene-like 

sheets by “direct” covalent attachment of pPEK in a viscous polymeric PPA medium. In this approach, 

PPA is expected to play two important roles: effective exfoliation of graphite and covalent grafting of 

pPEK to the edges of graphite. The proposed exfoliation mechanisms of graphite in the resultant 

pPEK grafted graphite (pPEK-g-graphite) are concerted actions as schematically described in Figure 

3-1a; they are as follows: (1) surface protonation of graphite by mildly acidic PPA, providing better 

solvation, (2) shear-induced strain by mechanical stirring in viscous PPA opens the edge of graphite, 

(3) grafting of pPEK onto the open edge of graphite, (4) the grafted pPEK acts as a macromolecular 

wedge and further opens up the graphene layers, and (5) finally, graphite was delaminated into 

individual grapheme and graphene-like sheets. Furthermore, applying shear strain during processing 

and/or testing could further exfoliate graphene-like sheets into individual graphene.  

 

3. 3 Materials 

 

All reagents and solvents were purchased from Aldrich Chemical Inc. and used as received, 

unless otherwise specified. The graphite (Aldrich Cat#: 7782-42-5, type: powder, particle size: <45μm, 

purity: 99.99+%) was purchased from Aldrich Chemical Inc. The monomer, 4-phenoxybenzoic acid, 

was purified by recrystallization from a toluene/heptane (50/50, v/v) mixture solvent (m.p. 162-164 

o
C).  

 

3. 4 Instrumentation  

 

Fourier-transform infrared (FT-IR) spectra were recorded on a Jasco FT-IR 480 Plus 

spectrophotometer. Solid samples were imbedded in KBr disks. Elemental analysis (EA) was 

performed with a CE Instruments EA1110. Thermogravimetric analysis (TGA) was conducted in 

nitrogen and air atmospheres with a heating rate of 10 
o
C/min using a Perkin-Elmer TGA7 

thermogravimetric analyzer equipped with TAC7 controller. Wideangle X-ray diffraction (WAXD) 

powder patterns were recorded with a Rigaku RU-200 diffractometer using Ni-filtered Cu-Kα 

radiation (40 kV, 100 mA, λ=0.15418 nm). The field emission scanning electron microscope (FE-

SEM) used in this work was a LEO 1530FE. The field emission transmission electron microscope 

(FE-TEM) employed in this work was a FEI Tecnai G2 F30 S-Twin with an operating voltage of 200 
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kV. Dispersed sample solutions in methanesulfonic acid (MSA) were prepared and a few drops of 

MSA solution were put into N-methyl-2-pyrrolidone (NMP) to neutralize. Then, copper grids were 

prepared by dipping into the solution and taken out to dry. Mechanical properties of the specimen 

films were measured using dynamic mechanical analysis (DMA, Q800) with a 10% crosshead 

speed/min at ambient temperature and 50% relative humidity.  

 

3. 5 Procedure for the functionalization of graphite with 4-phenoxybenzoic acid in 

polyphosphoric acid (PPA)/phosphorous pentoxide (P2O5) 

 

 4-Phenoxybenzoic acid (4.5g, 21.0 mmol), graphite (0.5g), PPA (83% P2O5 assay: 100g) and 

P2O5 (25g) were placed and stirred under a dry nitrogen purge at 130 
o
C for 72 h in a 250 mL resin 

flask equipped with a high-torque mechanical stirrer, nitrogen inlet and outlet. The initially dark 

mixture became lighter and more viscous as the polymerization progressed. At the end of the reaction, 

the color of the mixture was a shiny and deep-red brown. The reaction mixture was poured into 

distilled water to form a light yellowish-tan-brown curly wire. It was then Soxhlet extracted with 

water for three days to remove any residual reaction mixture and then with methanol for three more 

days to remove low molar mass impurities. Finally, the sample was dried over phosphorus pentoxide 

under reduced pressure (0.5 mmHg) at 100 
o
C for 72h to give a quantitative yield of the product. Anal. 

Calcd. for C14.98H8O2: C, 81.78%; H, 3.67%. Found: C, 80.61%; H, 3.69%. 

 

3. 6 Results and discussion 

 

In situ polymerization of the AB monomer in the presence of pristine graphite (10 wt%) was 

carried out in an optimized “direct” electrophilic substitution reaction condition and in 

poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) at 130 
o
C (Fig. 3-1a).

34,35
 Under the same 

reaction conditions, high molecular weight pPEK was synthesized
36 

and the polymer was successfully 

grafted onto the surface of carbon nanomaterials such as carbon nanofibers,
37,38

 carbon nanotubes
34

 

and diamond nanoparticles.
39

 Unlike graphene oxide (GO), which is an oxidized version of graphite 

containing hydroxyl, epoxy, anhydride, carbonyl and carboxylic acid groups,
40

 pristine graphite 

contains negligible amounts of oxygenated species on its surface (Table 3-1).  

As revealed by elemental analysis (EA), the major edge chemical composition of graphite is sp
2
 

C-H, which is responsible for the grafting of para-poly(ether-ketone) (pPEK) via an electrophilic 

substitution reaction to yield pPEK grafted graphite (pPEK-g-graphite). When graphite and 4-

phenoxybenzoic acid, used as an AB monomer for pPEK, were treated in the reaction medium, the 
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initial color of all the reaction mixtures was black due to the graphite dispersion. It turned a deep 

shiny red as the reaction progressed (Fig. 3-1b). The color change was a strong indication that the 

edge grafting of pPEK and, thus, the delamination of graphite into graphene and/or graphene-like 

sheets was progressing due to mechanical shear forces in a viscous reaction medium. The observed 

viscosity also drastically increased due to an increase of molecular weight when the reaction 

temperature approached 130 
o
C. After 24 h of stirring, the very viscous reaction mixture was poured 

into distilled water while it was still hot to produce a single transparent wire (Fig. 3-1c).  

 

 

Figure 3-1. (a) Schematic presentation of in situ grafting of pPEK onto the edges of graphite; (b) 

Digital photograph of reaction flask showing a shiny deep-red finish indicates the homogeneous 

dispersion of graphene and graphene-like sheets into the reaction medium; (c) Digital 

photograph of coagulated composite wire, after the reaction mixture was poured into distilled 

water; (d) Digital photograph of tied wire. 
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As judged by the high viscosity of the reaction mixture and the formation of a high quality wire, it 

was speculated that the formation of high molecular weight pPEK-g-graphite was achieved. The wire 

was not dark graphite black but instead a transparent tanned brown, indicating that graphite had 

delaminated well into graphene and graphene-like sheets. Even after the reaction medium (~95 wt%) 

was soaked out into water, the shrunken porous wire could be tied into a knot, displaying that it was 

flexible and had good physical integrity (Fig. 3-1d). 

 

Table 3-1. Elemental analysis and TGA data of graphite and pPEK-g-graphite.  

Sample 

Elemental analysis TGA 

 
C 

(%) 

H 

(%) 

O 

(%) 

 

 

Td5% 

(°C) 

Char yield at 

900 °C (%) 

Graphite  

Calcd. 100.00 0.00 0.00 In air 745 18.6 

Found 97.7 0.00 0.0046 In N2 >900 96.4 

pPEK-g-graphite  

Calcd. 81.78 3.67 14.55 In air 500 0.0 

Found 80.61 3.69 15.58 In N2 554 57.0 

 

Graphite showed a featureless spectrum at the given transmittance scale (Fig. 3-2a), while pPEK-

g-graphite displayed a distinct sp
2 
C-H peak at 3064 cm

-1
 and carbonyl (C=O) stretching peak at 1655 

cm
-1

. There is no trace of a carbonyl (C=O) stretching peak at 1687 cm
-1

 arising from residual 

carboxylic acid (Fig. 3-2b). If there are free standing pPEK molecules in the sample, pPEK molecules 

must have carboxylic acid at one end, unless cyclic molecules have formed. The probability of the 

formation of cyclic molecules is very low for linear macromolecules at relatively high solid contents 

(5 wt% in this work), while it is common in hyperbranched cases.
41

 On this basis, it is reasonable to 

assume one end of pPEK to be covalently attached to the edge of the graphite. To further assure that a 

covalent link existed, Soxhlet experiment was conducted with N,N-dimethylacetamide (DMAc). The 

pPEK homopolymer was quite soluble in boiling DMAc. The amount of free pPEK in pPEK-g-

graphite was estimated. Similar to previous observations,
34

 the weight loss after Soxhlet extraction 

was less than 3 wt%, which was in the margin of experimental error. On the basis of elemental 

analysis, the CHO contents of Soxhlet extracted pPEK-g-graphite theoretical and experimental values 
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corresponded well (Table 3-1). Thus, it is reasonable to say that there is a negligible amount of free 

standing pPEK present in the pPEK-g-graphite. 
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Figure 3-2. FT-IR (KBr pellet) spectra of nanocomposites: (a) Pristine graphite; (b) pPEK-g-

graphite; (c) 4-phenoxybenzoic acid. 

 

The powder samples were subjected to thermogravimetric analysis (TGA) from room 

temperature to 900 
o
C in air and nitrogen at a heating rate of 10 

o
C/min. The thermooxidative 

decomposition of the as-received graphite started at around 700 
o
C in air, but it showed stability 

higher than 900 
o
C in nitrogen (Fig. 3-3a and Table 3-1). The pPEK-g-graphite composite displayed 

an onset degradation temperature of around 500 
o
C in air, due to the pPEK grafts starting to thermally 

strip off. The residual amount of pPEK-g-graphite at 700 
o
C, which should be solely attributed to 

residual graphite, was 9.8 wt% and agreed well with the graphite load (calcd. 11.0 wt%). Furthermore, 

the second stage onset thermooxidative degradation temperature, which could be attributable to 

graphite core after pPEK was stripped off, approached 800 
o
C. The temperature was 100 

o
C higher 

than “pristine” graphite (700 
o
C). Important information can be drawn from this; the PPA/P2O5 

medium was indeed benign enough to not damage the graphite framework, yet strong enough to drive 

grafting of pPEK onto the edge of graphite. In addition, the basal plane of graphite was not damaged 

and remained structurally intact during the in situ polymerization and work-up procedures. The char 

yield of pPEK-g-graphite at 900 
o
C in nitrogen was 57 wt%; this value was approximately 13 wt% 

higher than the pPEK homopolymer (44 wt%).
36

 The higher char yield could also be attributed to the 

amount of graphite loaded. The glass-transition temperature (Tg) of the pPEK-g-graphite was obtained 
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from differential scanning calorimetry (DSC). The DSC samples (powder form) were subjected to two 

cycles from 20 to 370 
o
C with a ramping rate of 10 

o
C/min. The Tg values were taken as the mid-point 

of the maximum baseline shift from the second heating run (Fig. 3-3b). The pPEK-g-graphite had a Tg 

of 167 
o
C. The value was approximately 8 

o
C higher than pPEK homopolymer due to the graphite 

acting as a rigid filler.
36

 Surprisingly, pPEK-g-graphite showed a broad exothermic peak at 183 
o
C, 

attributable to a thermally-induced crystallization process. This also implied that the sample had 

remained amorphous during the polymerization and work-up procedures. On the first heating scan, the 

pPEK-g-graphite displayed multiple melting endotherms centered at 338 
o
C with a strong heat of 

fusion (∆Hf = 64 J/g). The melting temperature was approximately 6 
o
C lower, but the heat of fusion 

was almost twice as high as that of the pPEK homopolymer (344 
o
C and 32.7 J/g).

36
 The result 

suggested that the pPEK-g-graphite had less crystal stability but higher crystallinity than of the pPEK 

homopolymer. Interestingly, the multiple melting endotherm disappeared on the second heating run, 

suggesting that the mobility of pPEK molecules was limited due to one end of the molecular chain 

being tied (covalently linked) to rigid graphite, which hampered the recrystallization of pPEK after 

melting. Furthermore, the multiple morphism (multiple melting) indicated that there were different 

types of crystals present since the sharp edge of graphite could contain nucleation sites for semi-

crystalline pPEK.
42

 

 

 

Figure 3-3. (a) TGA thermograms obtained with a ramping rate of 10 
o
C/min in air and 

nitrogen; (b) DSC thermograms obtained with a ramping rate of 10 
o
C/min under nitrogen. 

 

The SEM image obtained from pristine graphite showed a smooth surface and graphene stacks 

with dimensions of a few microns (Fig. 3-4a). The morphology of the as-prepared pPEK appeared to 

be nanofibers with diameters of 40~50 nm (Fig. 3-4b). As expected, as-prepared pPEK-g-graphite had 

a mixed morphology of both fibrous pPEK and graphene-like platelets (Fig. 3-4c). Graphene-like 
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sheets (Fig. 3-4c, arrows) were dispersed well into the pPEK matrix and the edges of the graphene-

like sheets are linked by pPEK fibers, which appeared to be flattened and aligned parallel to the 

surface of the graphene-like sheets. TEM images were also taken of samples after they were dispersed 

in ethanol. The nanofiber morphology of the as prepared pPEK was also confirmed by the TEM 

image (Fig. 3-4d). At lower magnifications (Fig. 3-4e), the phase boundary between graphene-like 

sheets and the pPEK matrix in pPEK-g-graphite could not be clearly discerned, but the selected area 

electron diffraction (SAED) pattern clearly supports the presence of graphene-like sheets with high 

crystallinity (Fig. 3-4e, inset).
43

 TEM image taken at high magnification (Fig. 3-4f) from the 

rectangular area marked in Figure 3-4e revealed that graphene-like sheets consist of three layers of 

platelets with high crystallinity. Honeycomb hexagonal unit cells are identifiable in the basal plane 

(Fig. 3-4f, inset), indicating that the interiors of the graphene-like sheets were not chemically altered. 

Considering the SEM and TEM results, it could be considered that graphite in pPEK-g-graphite was 

exfoliated into graphene-like sheets without damage to the basal plane. 

 

 

Figure 3-4. SEM images: (a) As-received graphite (×10000); (b) pPEK (×50000); (c) pPEK-g-

graphite (×50000). Scale bars are 400 nm. TEM images: (d) As-prepared pPEK; (e) pPEK-g-

graphite at a lower magnification. Inset is selected area electron diffraction (SEAD) pattern of 

pPEK-g-graphite, indicating the presence of graphene-like sheets with high crystallinity; (d) 

pPEK-g-graphite at a higher magnification from the sky blue rectangle area, showing a few 

layers of graphene platelets (arrow). Inset is an image of honeycomb hexagonal unit cells. Scale 

bar is 2 nm. 
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The pPEK-g-graphite was compression molded into a thin film at 370 
o
C. The sheet resistance of 

the film was 1.18 × 10
11

 ± 1.10 × 10 kΩ, which suggests that it is an insulator. The low conductivity 

was most likely due to exfoliated graphene-like sheets that were decorated by a significant amount of 

pPEK grafts. Although the degree of graphite exfoliation into graphene-like sheets is assumed to be 

high, the contact resistance due to the pPEK coat must be too high to be electrically conductive. A 

tensile test of the compression molded pPEK-g-graphite films was performed. The test specimens 

were prepared by razor cutting films into 2 × 15 mm pieces. For the purpose of comparison, pPEK 

homopolymer films were also prepared and tested (Fig. 3-5a). Tensile strength and Young‟s modulus 

of pPEK-g-graphite film were 79.3 ± 8.2 MPa and 8.6 ± 1.2 GPa, respectively (Fig. 3-5b and c). The 

values were 251 and 374%, respectively-higher than those of the controlled pPEK film (31.6 ± 3.8 

MPa and 2.3 ± 0.2 GPa). Surprisingly, the tensile toughness (37.5 ± 4.6 MPa, the area under the 

stress–strain curve) of the pPEK-g-graphite film was as much as 60 times higher than that of 

controlled pPEK (0.63 ± 0.1 MPa) (Fig. 3-5d).  

 

Figure 3-5. (a) Representative tensile stress–strain curves of pPEK and pPEK-g-graphite films 

obtained with a crosshead speed of 10%/min under room temperature and 50% relative 

humidity; (b) Tensile strength; (c) Young’s modulus; (d) Toughness calculated from the area 

under the stress–strain curve. 
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The origin of these profoundly enhanced mechanical properties was examined by fracture surface 

morphology. The SEM image showed that the initial thickness of the pPEK film was 130 mm and was 

reduced to 70 mm after necking (Fig. 3-6a). The fracture surface of the pPEK film at high 

magnification appeared to be smooth and clean (Fig. 3-6b) and short fibrils were aligned parallel to 

the fracture surface, demonstrating that the film failed in a brittle fashion. On the other hand, the 

initial thickness of pPEK-g-graphite film was 75 mm and reduced to approximately 40 mm at 

breaking (Fig. 3-6c). The fracture surface of pPEK-g-graphite film appeared rough and long fibrils 

were pulled out and angled to the surface (Fig. 3-6d); this showed that the film was tough and failed 

in a ductile manner. 

 

 

Figure 3-6. SEM images obtained from the fracture surfaces of sample films: (a) pPEK (low 

magnification); (b) pPEK-g-graphite (low magnification); (c) pPEK (high magnification); (d) 

pPEK-g-graphite (high magnification). Scale bars are 10 mm. 

 

A wide-angle X-ray diffraction (WAXD) pattern was taken of the samples; the degree of 

exfoliation can be quantitatively estimated from the relative peak intensity. As-received graphite 
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showed a strong peak at 26.46° (d-spacing = 3.37 Å ), which corresponded to the interlayer distance of 

graphene sheets (Fig. 3-7a). Since a few stacks of graphene platelets (graphene-like sheets) were 

present in the sample, pPEK-g-graphite displayed a peak at 26.50° (d-spacing = 3.36 Å ) (Fig. 3-7b). 

The slightly lower measured d-spacing is probably due to compression. The peak intensity was only 

28% of that of as-received graphite. The low intensity can be attributed to the delamination of 

graphite into graphene-like sheets, which is present in pPEK-g-graphite. Unlike functionalized 

graphene oxide (GO),
11

 an important feature of pPEK-g-graphite was that the inter-layer distance 

remained constant. This result implied that the basal plane of graphene was not functionalized. 

Interestingly, pPEK, which is a semi-crystalline polymer,
35

 showed an amorphous hollow peak (Fig. 

19b), suggesting that the pPEK was well bounded by graphene-like sheets.  

 

 

Figure 3-7. XRD diffraction patterns: (a) Pristine graphite; (b) As-prepared pPEK-g-graphite 

film; (c) pPEK-g-graphite film under 20% elongation; (d) pPEK-g-graphite film under 40% 

elongation. Inset is a magnification of the sky blue rectangle area. 

 

The WAXD together with the DSC results (Fig. 3-3b) showed that the molecular mobility of 

pPEK was restricted by graphene-like sheets acting as a rigid filler, which hampers the 

recrystallization of pPEK after melting. Even after annealing at 200 
o
C without external shear stress, 

pPEK-g-graphite remains amorphous. To demonstrate that the residual graphene-like sheets could be 

further delaminated by an applied shear force, WAXD patterns were obtained after pPEK-g-graphite 

films were strained to 20 and 40%, respectively. At 20% elongation (Fig. 3-7c), the peak location was 

shifted to 26.40° (d-spacing = 3.38 Å ) and the intensity was significantly reduced to 31% of that 
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measured from as-prepared pPEK-g-graphite film. When the sample was further stretched to 40%, the 

peak intensity was only 5.6% of the corresponding peak from as-prepared pPEK-g-graphite film and 

the peak location was further shifted to 26.24° (d-spacing = 3.40 Å ) (Fig. 3-7d). In contrast to the 

peak produced by the graphene-like sheets, the relative peak intensity of the pPEK phase increased 

with respect to elongation (Fig. 3-7, inset).  

The result clearly demonstrated that graphene-like sheets covalently linked with pPEK could be 

delaminated further by shear strain. Therefore, the overall improvement of the tensile properties of 

pPEK-g-graphite film could be explained by the proposed mechanism that was depicted in Figure 3-8. 

The edges of the graphene-like sheets were covalently grafted by pPEK and thus tensile load could be 

efficiently transferred from pPEK to the graphene-like sheets through covalent bonds. Hence, edge-

grafted graphene-like sheets could be further delaminated by sliding along the direction of the applied 

tensile stress. Thus, overall tensile properties such as tensile strength, Young‟s modulus, elongation to 

break and toughness can be simultaneously improved. 

 

 

Figure 3-8. Proposed sliding mechanism of edge-grafted graphene-like sheets under applied 

shear stress. 

 

3. 7 Conclusion 

 

Without pretreatment of “pristine graphite” using techniques such as corrosive oxidation and 

destructive sonication, the direct edge grafting of pristine graphite with pPEK was conducted in a 

mildly acidic polymeric PPA to produce pPEK grafted graphite (pPEK-g-graphite). During 

polymerization in the viscous reaction medium, the pristine graphite was exfoliated into a few layers 

of platelets (graphene-like sheets), which were covalently edge-linked with pPEK and dispersed well 

into the matrix. Compression molded pPEK-g-graphite films displayed greatly improved tensile 

properties compared to controlled pPEK films. The origin of the enhanced properties could be 

identified from SEM images which were taken of the fracture surfaces of the tested films. On the 

basis of the WAXS study, the toughening mechanism was proposed to be interlayer sliding of 

graphene-like sheets, which are imbedded in the pPEK-g-graphite film and covalently connected to 

pPEK. Hence, an efficient load transfer from pPEK to graphene-like sheets was possible through these 

covalent links. The results suggested that graphene-based polymer composites could be simply 
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prepared through a one-pot process and the resultant composites are expected to possess properties 

that have been optimized. 
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IV. Graphene nanoplatelets via dendritic macromolecular wedge 

 

4. 1 Abstract 

 

I also reported in situ “direct” grafting of dendritic macromolecular wedges to the edges of 

“pristine” graphite. Because of the three-dimensional molecular architectures, the solubility of 

dendritic macromolecules is profoundly improved compared with that of their linear analogues. As a 

result, the resultant macromolecular wedge grafted graphite dispersed well in common solvents. On 

the basis of results from wide-angle X-ray diffraction (WAXD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and atomic force microscopy (AFM), HPEK is selectively 

grafted at the edges of graphite. For the efficient delamination of graphite into graphene and 

graphene-like platelets, the dendritic macromolecules with numerous polar periphery groups not only 

acted as macromolecular wedges but provided chemical affinity to solvents. 

 

4. 2 Introduction 

 

Graphene, a single layer of graphite, possesses a range of unusual properties.
1-3

 It has many 

potential applications such as batteries,
4,5

 supercapacitors,
6
 separation membranes,

7,8
 catalytic 

supports
9
 and solar cells.

10
 As a result, many physical

11-17 
and chemical

17-22 
attempts to exfoliate 

graphite into graphene and graphene-like platelets have been reported. Amongst them, graphite oxide 

(GO) is the most commonly used chemical approach in practice.
23,24

 The approach involves oxidation 

of „pristine‟ graphite in a nitric acid/sulfuric acid mixture to form GO,
25-27

 which contains various 

oxygenated functional groups, such as carboxylic acids and anhydrides at its edges, and hydroxyl and 

epoxy groups at its basal planes. The introduction of oxygenated functional groups converts sp
2
 

hybridized C-C bonds into sp
3
 hybridized C-C bonds, losing crystallinity and electron continuum.

28
 

The  interlayer distance (0.34 nm) of graphite is expanded to 0.74 nm for GO.
29

 The GO can be 

easily exfoliated into graphene oxide in water with the aid of sonication.
30

 However, the conversion of 

graphene oxide into reduced graphene oxide (rGO) via chemical and/or thermal reduction is limited in 

fully restoring the original crystalline graphene structure.
31

 As a result, rGO still has a relatively low 

carbon/oxygen ratio, with the result that rGO films obtained by this method usually suffer from poor 

electrical performance, mainly because of the many persisting oxidized defects.
23,24

 

I reported edge-selective functionalization of graphite as an alternative approach.
32-34

 The 

approach involves “direct” Friedel-Crafts acylation of „pristine‟ graphite with benzoic acid derivatives. 

The sp
2
 C-H, which is the reactive site for the reaction, is most likely located at the edges of graphite. 
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Hence, substituted benzoyl groups will be selectively attached to the edges of graphite. The edge-

functionalized groups can act as molecular wedges and provide chemical affinity to be compatible 

with the dispersion media such as solvents, polymers and ceramics. As a result, the dispersibility of 

edge-functionalized graphite (EFG) was greatly improved without disturbing the crystallinity and 

electron continuum at the graphene basal plane. 

I studied a substantially improved approach for the exfoliation of graphite into graphene and 

graphene-like platelets via edge-grafting of three-dimensional dendritic macromolecules, which are 

known to show better solubility compared with their linear analogues.
35

 Thus, compared to linear 

macromolecules,
32-34

 the bulky dendritic units covalently grafted at the edges of graphite are expected 

to act as efficient macromolecular wedges to graphite and to provide chemical affinity to the 

dispersion media for efficient exfoliation of graphite. The resultant EFG with dendritic 

macromolecular wedges was expected to display much improved dispersibility in common organic 

solvents. 

 

4. 3 Materials 

 

All reagents and solvents were purchased from Aldrich Chemical Inc. and used as received, 

unless otherwise mentioned. Graphite (Aldrich Cat#: 7782-42-5, type: powder, particle size: < 45 μm, 

purity: 99.99+%) was obtained from Aldrich Chemical Inc. 

 

4. 4 Instrumentation 

 

Fourier-transform infrared (FT-IR) spectra were recorded on a Jasco FT-IR 480 Plus 

spectrophotometer. Solid samples were imbedded in KBr disks. Elemental analyses (EA) were 

performed with a CE Instruments EA1110. Differential scanning calorimetry (DSC) was performed 

under a nitrogen atmosphere with heating and cooling rates of 10 
o
C/min using a PerkinElmer DSC7 

equipped with a TAC7 controller. The DSC thermograms were obtained on powder samples after they 

had been heated to 300 
o
C and cooled to 20 

o
C. Glass transition temperatures (Tg) were taken as the 

mid-point of the baseline shift. Thermogravimetric analysis (TGA) was conducted in air and nitrogen 

atmospheres with a heating rate of 10
 o

C/min using a Perkin-Elmer TGA 7. The field emission 

scanning electron microscope (FE-SEM) used in this work was a LEO 1530FE. The field emission 

transmission electron microscope (FE-TEM) employed in this work was a FEI Tecnai G2 F30 S-Twin. 

The operating voltage was 200 kV. Wide-angle X-ray diffraction (WAXD) powder patterns were 

recorded with a Rigaku RU-200 diffractometer using Ni-filtered Cu Ka radiation (40 kV, 100 mA, λ = 
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0.15418 nm). The same amount of samples was used to compare relative intensity. Atomic force 

microscopy (AFM) analysis was conducted with a Veeco Multimode V. Proton conductivity was 

evaluated using a two-point probe method with a Solartron 1260 AC impedance analyzer with an 

amplitude of 10 mV and a frequency range of 1-100000 Hz at a relative humidity of 50%. For the 

electrochemical measurements, cyclic voltammetry (CV) was carried out using a VersaSTAT3 

AMETEK Model (Princeton Applied Research TN) potentiostat/galvanostat employing a standard 

three-electrode electrochemical cell; which consisted of the functionalized HPEK-g-graphite/glassy 

carbon (GC) as the working electrode, an Ag/AgCl (sat. KCl) as the reference electrode, and platinum 

gauze as the counter electrode. Experiments were carried out at room temperature in 0.1 M aqueous 

KOH and H2SO4 solutions as the electrolytes. All potentials are reported relative to an Ag/AgCl (sat. 

KCl) reference electrode recorded at a scan rate of 10 mV/s. The procedure of GC electrode 

pretreatment is described as follows: prior to use, the working electrode was polished with alumina 

slurry to obtain a mirror-like surface and then washed with DI water and allowed to dry. The HPEK-g-

graphite (2 mg) was dispersed in 0.18 mL tetrahydrofuran (THF), Nafion (5%) in EtOH-water (v/v = 

1:9) mixture solution (0.02 mL) was added and applied brief sonication (5 min). The HPEK-g-

graphite suspension (10 μL) was pipetted on the glassy carbon (GC) electrode surface, followed by 

drying at room temperature.  

 

4. 5 Synthesis of 5-phenoxyisophtalic acid (AB2 monomer) 

  

5-Phenoxyisophthalic acid was synthesized in a two-step sequence as reported in the literature.
36

 

The final product was recrystallized from acetic acid to afford white flakes, m.p. 310-312 
o
C. Anal. 

Calcd. for C14H10O5: C, 65.12%; H, 3.90%; O, 30.98%: Found: C, 65.23%; H, 4.02%; O, 30.99%. FT-

IR (KBr, cm
-1

): 2986, 2828, 2565, 1692, 1587, 1489, 1466, 1420, 1321, 1280, 1250. Mass spectrum 

(m/z): 258 (M
+
, 100% relative abundance). 

1
H-NMR (DMSO-d6, d in ppm): 7.15-7.18 (d, 2H, Ar), 

7.25-7.46 (t, 1H, Ar), 7.49-7.56 (d, 2H, Ar), 7.70 (s, 2H, Ar), 8.25 (s, 1H, Ar), 13.44 (broad s, 2H, 

COOH). 
13

C-NMR (DMSO-d6, d in ppm): 119.89, 122.14, 124.50, 124.82, 130.49, 133.23, 155.52, 

157.79, 166.11.  

 

4. 6 Procedure for the functionalization of graphite with 5-phenoxyisophtalic acid in 

polyphosphoric acid (PPA)/phosphorous pentoxide (P2O5)  

  

5-Phenoxyisophthalic acid (1.8 g), graphite (0.2 g), phosphorus pentoxide (P2O5, 10 g), and 

poly(phosphoric acid) (PPA, 40 g) were charged into a 250 mL resin flask equipped with a high torque 
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mechanical stirrer and nitrogen inlet and outlet. The mixture was stirred with dried nitrogen purging at 

100 
o
C for 3 h. The reaction mixture was then heated to 130 

o
C for 72 h. During reaction progress, the 

initial dark-black mixture, whose color was due to the graphite dispersion, finally turned to light 

brown and the phase became mostly homogeneous with an increase in viscosity. The mixture was 

poured into distilled water and the resultant precipitated powder was collected by suction filtration 

and washed with water. The solid product was transferred to an extraction glass thimble and Soxhlet 

extracted with water for three days and with methanol for three days. It was finally freeze dried for 48 

h to give 1.63 g (87.2% yield) of dark-gray solids (HPEK-g-graphite): Anal. Calcd. for C16.39H8O4: C, 

73.20%; H, 3.00%. Found: C, 68.35%; H, 3.20%. 

 

4. 7 Results and discussion  

 

To investigate the roles of poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5), “pristine” 

graphite was treated in the reaction condition without the presence of AB2 monomer. The SEM image 

of “pristine” graphite showed that the surface was plain, clean and smooth (Fig. 4-1a).  

 

 

Figure 4-1. SEM images: (a) Pristine graphite; (b) PPA/P2O5-treated graphite at 130
 o

C; (c) 

PPA/P2O5-treated graphite rubbed on SEM conducting tape. Scale bars are 2 mm; (d) TEM 

image of PPA/P2O5 treated graphite at 130 
o
C. 
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The morphology of graphite in PPA/P2O5 was strikingly different from “pristine” graphite, 

showing that graphite is wiggled, wrinkled and crumpled because of the surface tension of PPA/P2O5 

(Fig. 4-1b). When the PPA-treated graphite was rubbed onto SEM conducting tape and the TEM grid, 

many isolated graphene-like platelets could be seen by SEM (Fig. 4-1c) and TEM (Fig. 4-1d). The 

result indicated that the PPA/P2O5 medium is mild but acidic enough to protonate the graphite surface. 

The protonation produces a stronger interaction between graphite and PPA to help the delamination. 

The viscous nature of PPA provides enough to shear the graphite for edge opening and prevents 

restacking of the opening. The elemental analysis (EA) data are summarized in Table 4-1. 

 

Table 4-1. Elemental analysis and thermal properties of graphite and HPEK-g-graphite. 

Sample 

Elemental analysis DSC
a
 TGA

b
 

 
C 

(%) 

H 

(%) 

Tg
 

(C) 

Tvap
 

(C) 

ΔHexo 

(J/g) 

In air In N2 

Td5% 

(C) 

Char at 

700 C 

(%) 

Td5% 

(C) 

Char at 

700 C 

(%) 

Graphite 

Calcd. 100 0.0 

NA NA NA 763 99.0 NA 99.7 

Found 98.81 0.13 

HPEK-g-

graphite 

Calcd. 73.20 3.00 
234(1)

 c
 

240(2) 
122 42 449 11.7 461 69.2 

Found 68.35 3.20 

a. Determined by DSC with heating rate of 10 
o
C /min. 

b. Determined by TGA with heating rate of 10 
o
C min. The Td5% is the temperature at which 5% 

weight loss occurred on TGA thermograms.  

c. The numbers in parenthesis are scanning number.  

 

It is noteworthy that the “pristine” graphite contains a significant amount of hydrogen (0.13 wt%), 

presumably attributable to the sp
2
 C-H at the edges of graphite (Fig. 4-2a). Accordingly, the datum 

suggests an upper limit of one hydrogen atom attached for every 64 carbon atoms. The sp
2
 C-H is 

responsible for the edge-grafting of hyperbranched poly(ether ketone) (HPEK) by the Friedel-Crafts 

acylation reaction. The AB2 monomer, 5-phenoxyisophthalic acid, was synthesized in a two-step 

sequence, as reported in the literature.
37

 As shown in Figure 4-2a, graphite (10 wt% to the AB2 

monomer feed) was treated with AB2 monomer for HPEK in a PPA/P2O5 mixture. The reaction 

mixture was stirred and heated to 130 C. Interestingly, the color of the reaction mixture during 
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reaction progress changed from dark black to dark brown and finally light pink-brown (Fig. 4-2b) 

because of the exfoliation of graphite into graphene and graphene-like platelets. The viscosity of the 

reaction mixture was increased because of the molecular weight increase of HPEK. The powder that 

precipitated upon pouring into distilled water was collected by suction filtration and washed with 

water. To minimize unexpected variables, the powder product was transferred to an extraction glass 

thimble and Soxhlet extracted with water to completely remove the reaction medium and with 

methanol to get rid of freestanding HPEK. Finally, the samples were freeze-dried for 48 h to give 

87.2% (1.63 g) yield of dark-gray solids of HPEK-g-graphite (Fig. 4-2c).  

 

 

Figure 4-2. (a) “Direct” Friedel-Crafts acylation reaction between graphite and 5-

phenoxyisophthalic acid as an AB2 monomer for HPEK in PPA/P2O5 medium. Digital 

photographs; (b) Reaction flask at the end of the reaction; (c) Isolated HPEK-g-graphite after 

complete work-up; HPEK-g-graphite dispersed solutions in THF: (d) Soon after dispersion; (e) 

After a month standing on the bench-top under ambient conditions. 

 

HPEK-g-graphite from EA showed lower carbon and higher hydrogen contents than the 

theoretical amounts (Table 4-1). This may have originated from the hygroscopic nature of HPEK, 

which contains a large number of aromatic carboxylic acids. The probability for the covalent 
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attachment of HPEK to the edges of graphite is much higher than that for its linear analogues.
32-34

 In 

this case, the AB2 monomer contains two aromatic carboxylic acids as a B-functionality that reacted 

with sp
2
 C-H on phenoxy groups to form HPEK as well as sp

2
 C-H at the edges of graphite to graft 

HPEK. Because linear PEK (LPEK) from the AB monomer only has a reactive terminal group at one 

end, the probability of hyperbranched polymers from AB2 monomers to be attached to the edges of 

graphite was higher by a factor of the average degree of polymerization (DP). The number of reactive 

aromatic carboxylic acids at the periphery of HPEK was increased by as much as DP and becomes 

theoretically DP + 1.
38

 For example, when side reactions are excluded, the average number of B 

groups for the case of hyperbranched polymer from AB2 monomers is equal to DP + 1. On the other 

hand, it is always one for the linear product from AB monomers. Regardless of the average DP of the 

linear analogue, LPEK has only one reactive carboxylic acid when it is synthesized from AB 

monomer. A single hyperbranched polymer molecule could also form multiple links to graphite 

because of the numerous reactive functional groups that are available. Thus, it could be rationalized 

that the covalent attachment of HPEK to the graphite should result in HPEK grafted to edges of 

graphite (HPEK-g-graphite). FT-IR spectroscopy was used as a convenient and informative analytical 

tool to check covalent grafting of HPEK at the edges of graphite. The result showed that HPEKs were 

successfully linked to the edges of graphite (Fig. 4-3a).  

 

Figure 4-3. (a) FT-IR (KBr pellet) spectra of samples: (i) Pristine graphite; (ii) AB2 monomer, 5-

phenoxyisophthalic acid; (iii) HPEK-g-graphite; (b) X-ray diffraction patterns. 

 

Furthermore, wide-angle X-ray diffraction (WAXD) was used to estimate the degree of 

exfoliation in the bulk state (Fig. 4-3b). The intensity of HPEK-g-graphite was decreased 94.2% 

compared with that of “pristine” graphite, while that of LPEK-g-graphite was 78.0%.
32-34

 The 

significant intensity decline should be closely related to the exfoliation of three-dimensional graphite 

into single graphene and graphene-like platelets. Unlike GO, the interlayer distance was maintained at 
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0.34 nm, indicating that the graphene basal plane was not functionalized in the graphene-like platelets. 

Thus, compared to linear analogues, the grafting of bulky three-dimensional dendritic 

macromolecules was more efficient for the exfoliation of graphite. Because the peripheral surface 

functional groups of HPEK-g-graphite consist of numerous carboxylic acids, the resultant 

nanocomposite was not soluble in neutral water but soluble in basic water, which contains ammonium 

hydroxide and potassium hydroxide. Furthermore, it was soluble in polar solvents such as 

tetrahydrofuran (THF), N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), and N-

methyl-2-pyrrolidone (NMP) (Fig. 4-4). However, they were not soluble in acidic water, alcohols and 

less polar solvents such as 1M aqueous hydrochloric acid, methanol, isopropanol, acetone, 

dichloromethane, toluene, hexane and ethyl acetate. On the other hand, its linear analogue, linear 

poly(ether-ketone) grafted graphite (LPEK-g-graphite), was only soluble in strong acids such as 

sulfuric acid and methanesulfonic acid (MSA).
32-34

 The concentrations of HPEK-g-graphite in 

dispersed solvents were in the range of 1.0 and 2.4 mg/mL, respectively. This value was 

approximately 10 and 24 times higher than the highest value reported for graphite in NMP (0.1 

mg/mL).
39

  

 

 

Figure 4-4. HPEK-g-graphite in a various solvents for dispersibility test: (a) As soon as HPEK-

g-graphite dispersed; (b) After one week (1. H2O; 2. 1M aqueous HCl; 3. 1M aqueous NH4OH; 4. 

concentrated NH4OH; 5. 1M aqueous KOH; 6. methanol; 7. isopropyl alcohol; 8. acetone; 9. 

THF; 10. DMF; 11. DMAc; 12. NMP; 13. dichloromethane; 14. toluene; 15. hexane; 16. ethyl 

acetate). 

 

A red beam from a handheld laser pointer was shone through the sample solution in THF and 

was able to pass through the dispersed solution, showing Tyndall scattering (Fig. 4-2d). The resulting 
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solution remained visually unchanged even after a month of standing on the benchtop under ambient 

conditions (Fig. 4-2e). It remained homogeneous and optically transparent without noticeable 

sedimentation. HPEK-g-graphite displayed proton conductivity at the relative humidity of 50% (Fig. 

4-5). The result was evidences the presence of a large number of carboxylic acids on the surface of the 

HPEK-g-graphite.  

 

 

Figure 4-5. Proton conductivity of HPEK-g-graphite at the relative humidity of 50%, indicating 

the presence of a large number of carboxylic acids. 

 

The surface characteristic of HPEK-g-graphite was further evaluated by using cyclic voltammetry 

(CV) experiments. Figure 4-6 showed the CV curves of sample in 0.1 M aqueous KOH and H2SO4 

solutions. The sample in basic medium showed strong oxidation and reduction (redox) peaks (Fig. 4-

6a), while it was in acidic medium displays featureless curve (Fig. 4-6b).  

The result further supported that the periphery of HPEK-g-graphite consists of weak carboxylic 

acid groups. Hence, edge-functionalized graphite (EFG) can be a precursor for exfoliation of graphite 

into graphene and graphene-like platelets. It may be potentially very useful for various applications, 

such as conductive filler and electrode material because of its substantial solubility in common 

organic solvents. The transition temperatures of the HPEK-g-graphite were determined by differential 

scanning calorimetry (DSC). The DSC samples (powder form) were subjected to two cycles of 

heating from room temperature to 300 
o
C and then cooling to room temperature with a ramping rate of 

10 
o
C/min (Fig. 4-7 and Table 4-1). For comparison, the DSC thermogram obtained from the HPEK 

homopolymer is also presented (Fig. 4-7a). In the first heating scan of HPEK, there was a broad 

endothermic peak ranging from 50 to 150 
o
C with the peak centered at 93 

o
C, the heat of evaporation 
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(∆Hvap) being 98 J/g, which originated from the heat loss occurring from the bound water evaporation 

that was taken up because of the hygroscopic nature of HPEK. This uptake would be an explanation 

for the lower carbon content in the elemental analysis (Table 4-1). There was a glass transition 

temperature (Tg) at 218 
o
C in the first heating scan that shifted to 226 

o
C in the second heating scan 

because of water loss (Fig. 4-7b). The Tg of HPEK homopolymer is the same as the reported value.
37 

 

 

Figure 4-6. Cyclic voltammograms (CV) of HPEK-g-graphite/GC electrode with a sweep rate of 

10 mV/s: (a) 0.1Maqueous KOH solution; (b) 0.1 M aqueous H2SO4 solution. 

 

In the case of HPEK-g-graphite, there was a broad endothermic peak that was shifted higher to 

122 
o
C, ranging from 50 to 180 

o
C (Fig. 4-7a). The ∆Hvap was 42 J/g, which was less than half that of 

HPEK, indicating that HPEK-g-graphite is less hygroscopic. The Tgs were 234 and 240
 o
C in the first 

and second heating scans, respectively (Fig. 4-7b). Compared with HPEK homopolymer, the Tg of 

HPEK-g-graphite was significantly increased, because graphite was dispersed into the HPEK matrix 

and acted as a nanoscale rigid filler reducing the HPEK matrix free volume, as well as hampering the 

HPEK molecular motion. Thus, the Tg increment of HPEK-g-graphite would contribute to effective 

graphite dispersion. 

The samples were also subjected to thermogravimetric analysis (TGA) to determine the thermo-

oxidative stability and thermal stability of the powder samples in air and nitrogen, respectively. The 

TGA thermograms were presented in Figure 4-7 and the results were summarized in Table 4-1. The 

5% weight loss temperatures (Td5%) of “pristine“ graphite and HPEK-g-graphite were 763 and 449
 o
C 

in air, respectively (Fig. 4-7c). The Td5% of HPEK-g-graphite in nitrogen was 461 
o
C, while that of 

“pristine” graphite was greater than 960 
o
C (Fig. 4-7d). In addition, changes of inclination of HPEK-

g-graphite were displayed at about 420 and 564
 o
C in air (Fig. 4-7c). The stepwise weight losses to 

96.5, 80.7 and 11.7 wt% were related to bound water evaporation, CO2 loss from the carboxylic acids 

and HPEK decomposition, in that order. The calculated (16.2 wt%) and experimental CO2 losses (15.8 
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wt%) agreed well, which was an indication that HPEK-g-graphite contains carboxylic acids on its 

periphery. The char yields of “pristine” graphite and HPEK-g-graphite at 700 
o
C were 99.0 and 11.7 

wt% in air, and 99.7 and 69.2 wt% in nitrogen, respectively (Table 4-1). The calculated yield of 

graphite in HPEK-g-graphite upon thermally stripping off the HPEK moiety at 700 
o
C in air was 

10.7%, a value that also agreed well with the retention weight of HPEK-g-graphite at 700 
o
C in air 

(11.7 wt%). This result implied that the reaction medium, PPA/P2O5, was indeed nondestructive but 

strong enough to functionalize graphite.  

 

Figure 4-7. DSC thermograms of samples obtained with a heating rate of 10 
o
C /min: (a) 1

st
 

heating scan; (b) 2
nd

 heating scan. TGA thermograms of samples obtained with a heating rate of 

10 
o
C /min: (c) In air; (d) In nitrogen. 

 

The SEM image of “pristine” graphite has also been taken for the purpose of comparison. 

“Pristine” graphite showed a smooth surface with some variation in size distribution (Fig. 4-8a). The 

SEM image of HPEK-g-graphite showed that the surface of the graphite is heavily grafted with HPEK 

and uniformly dispersed into the HPEK matrix (Fig. 4-8b). Uniformly dispersed craters with a 

diameter range of approximately 0.2-1.0 mm, which is a typical size distribution of graphite, can be 
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observed (sky blue arrows, Fig. 4-8b). The formation mechanism of the craters was schematically 

presented in Figure 4-8c-e. Because of the attachment of dendritic macromolecular wedges (HPEK) to 

the edges of graphite with the aid of protonation by the PPA/P2O5 medium (Fig. 4-8d), the edges of 

HPEK-g-graphite are delaminated forming a “graphite-rose” morphology in the solid state (Fig. 4-8e), 

which becomes a easily dispersible form of graphite (precursor) allowing effective solvent penetration 

between graphene layers upon dispersion in solvents (vide infra).  

 

 

Figure 4-8. SEM images: (a) Pristine graphite; (b) HPEK-g-graphite. Scale bars are 400 nm; (c) 

Schematic presentation of edge-delamination of HPEK-g-graphite. 

 

To visually confirm that the basal plane of graphene remained intact during the reaction sequence 

and to verify the covalent attachment of the HPEKs onto the edges of graphite, HPEK-g-graphite was 

dispersed in THF and then the carbon-coated grid was dipped into the mixture and taken out to dry in 

a vacuum oven. In accordance with the SEM image (Fig. 4-8b), an edge expanded “graphite-rose” 

image (Fig. 4-9a) was observed. The “edge-on” view image (Fig. 4-9b) and selected area electron 

diffraction (SAED) paten (Fig. 4-9b, inset) clearly showed the presence of individual graphene with 

high crystallinity. Furthermore, HPEK-g-graphite was dispersed in tetrahydrofuran (THF) at a very 

dilute concentration. The solution was drop-coated on a silicon wafer and the AFM image obtained 

(Fig. 4-9c), which clearly showed HPEK-g-graphite with approximately 2 mm width and 3 mm length. 

Unlike mechanically exfoliated graphene
40

 and reduced graphene oxide (rGO),
17-22

 the edges of 

graphene were smooth and rounded because of the covalent attachment of grafted HPEK. The 
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thickness of graphene is 1.1 nm, which is interpreted to be a single layer graphene
41

 with its edge 

higher than its interior because of the presence of HPEK grafts at the edges.
42

 All of the topographic 

height profiles, obtained from four different locations, clearly showed that the interior (the „„basal 

plane‟‟) area was always lower than the edges (red arrows), implying that the edge-functionalization 

of HPEK was exclusively at the edges, where presumably sp
2
 C-H defects are located.

43
 

 

 

Figure 4-9. TEM images: (a) HPEK-g-graphite; (b) “Edge-on” view. Inset is selected area 

electron diffraction (SAED) pattern obtained from the basal area; (c) AFM image (left) of 

HPEK-g-graphite with topographic height profiles (right). 

 

4. 8 Conclusion 

 

In-situ polymerization of 5-phenoxyisophthalic acid as an AB2 monomer for carboxylic acid-

terminated hyperbranched poly (ether-ketone) (HPEK) in the presence of “pristine” graphite was 

carried out in poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) medium. HPEK was 

exclusively grafted at the edges of graphite to produce HPEK grafted graphite (HPEK-g-graphite), 

which showed an edge-expanded, “graphite rose” morphology in solid state and was readily 

dispersible in many polar solvents. The use of HPEK as macromolecular wedges played an important 
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role for the exfoliation of graphite into a graphene and graphene-like platelets. The concept of edge 

selective grafting of graphite suggested an efficient pathway to prepare graphene and graphene-like 

platelets without basal plane functionalization. This approach envisioned that the edge-chemistry of 

graphite can be utilized to produce various application specific graphene-based materials by simple 

introduction of diverse functional molecular wedges. 
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V. Electrocatalytic activity of nitrogen-doped graphene via edge-functionalized graphite 

 

5. 1 Abstract 

 

“Pristine” graphite was edge-selectively functionalized with 4-aminobenzoic acid by a “direct” 

Friedel-Crafts acylation reaction in a poly(phosphoric acid) (PPA)/phosphorus pentoxide (P2O5) 

medium to produce 4-aminobenzoyl edge-functionalized graphite (EFG). The EFG was readily 

dispersible in N-methyl-2-pyrrolidone (NMP). Subsequent solution casting led to the formation of 

large-area graphene film on a silicon wafer. The film showed sheet resistances of 60 and 200 Ω/sq, 

respectively, before and after heat treatment at 900 
o
C in an argon atmosphere. Upon the heat 

treatment, the EFG film became N-doped graphene (N-graphene) film to display outstanding 

electrocatalytic activity for oxygen reduction reaction (ORR). 

 

5. 2 Introduction 

 

The oxygen reduction reaction (ORR) at the cathode in a H2/O2 fuel cell has attracted particular 

attention, because the ORR is the most important process to control the cell performance.
1
 Although 

platinum (Pt) has the highest electrocatalytic activity for ORR,
2
 the major drawback of Pt-based 

cathode materials is that they tend to be inactivated by carbon monoxide (CO) poisoning and by 

agglomeration, in addition to its cost and scarcity.
3,4

 Furthermore, a common pitfall for direct 

methanol fuel cells (DMFCs) has been the methanol crossover, which reduces cell performance.
5
 A 

key issue in the development of fuel cells for practical applications is the search for lower cost and 

more-stable catalysts to replace expensive noble-metal-based electrodes. Recently, heterocyclic 

polymers,
6
 N-doped carbon materials, such as vertically aligned N-doped carbon nanotubes 

(VANCNTs)
7
 and N-doped graphene (N-graphene),

8
 have attracted tremendous attention as long-term 

stable cathode materials for ORR, displaying even much improved catalytic activity and long-term 

stability over the commercially available Pt-based cathode (Vulcan XC-72R). These results strongly 

suggest potentials of fuel cells as one of the most promising sustainable energy resources. However, 

the scalability of VA-NCNT
7
 and N-graphene

8,9 
for large-quantity production is limited by chemical 

vapor deposition (CVD). Thus, a solvent-based preparation of N-graphene will be one of important 

advancements in commercialization of fuel cell technologies based on the metal free N-doped carbon 

materials.
10-12

  

I studied the synthesis of scalable and high-quality N-graphene film via a simple solution 

processing and subsequent heat treatment of edge-functionalized graphite (EFG) with 4-aminobenzoyl 
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moieties. The desired EFG was prepared from the reaction between 4-aminobenzoic acid and 

“pristine” graphite (P-graphite) to afford 4-aminobenzoyl-functionalized graphite.
13

 The EFG was 

readily dispersible in N-methyl-2-pyrrolidone (NMP). Solution casting and subsequent heat treatment 

can lead to the formation of large-area nitrogen-doped graphene (N-graphene) film. The 4-

aminobenzoyl moieties- at the edges of EFG can be the in-situ feedstock for carbon and nitrogen 

sources for “C-welding” and “N-doping” at the same time. 

 

5. 3 Materials  

 

All reagents and solvents were purchased from Aldrich Chemicals, Inc., and used as received, 

unless otherwise mentioned. 4-Aminobenzoic acid as a reactive molecular wedge was purified by 

recrystallization from water. Graphite (Aldrich Cat#: 7782-42-5, type: powder, particle size: < 45 μm, 

purity: 99.99+%) was obtained from Aldrich Chemical Inc. The commercial-grade platinum (Pt) on an 

activated carbon catalyst (Pt/C, C2-20, 20% HP Pt on Vulcan XC-72R, E-TEK Division, PE-MEAS 

Fuel Cell Technologies) was provided by BASF Fuel Cells. 

 

5. 4 Instrumentation 

 

 Infrared (Fourier transform infrared (FT-IR)) and Fourier transform (FT)-Raman spectra were 

recorded on a Fourier transform spectrophotometer (Bruker, Model IFS-66/FRA106S). FT-Raman 

spectra were taken with 46-mW argon-ion laser (1064 nm) as the excitation source. Themogravimetric 

analysis (TGA) was conducted in air and argon atmospheres at a heating rate of 10 
o
C/min, using a TA 

Hi-Res TGA 2950 thermogravimetric analyzer. Field-emission scanning electron microscopy (FE-

SEM) analysis was performed on LEO Model 1530FE and FEI Model NanoSEM 200 systems, while 

field-emission transmission electron microscope (FE-TEM) images were taken on a FEI Tecnai G2 

F30 S-Twin under an operating voltage of 200 kV. The samples for electron microscopy were 

prepared by dispersion in N-methyl-2-pyrrolidone (NMP). X-ray photoelectron spectroscopy (XPS) 

was performed on Thermo Fisher K-alpha (the detection limit is ca.0.01). Elemental analysis (EA) 

was conducted using the Thermo Scientific Flash 2000 system. Atomic force microscopy (AFM) 

analysis was conducted with Veeco Multimode V.  

 

5. 5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in polyphosphoric 

acid (PPA)/phosphorus pentoxide (P2O5)  
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Graphite was functionalized with 4-aminobenzoic in a 250-mL resin flask equipped with a high-

torque mechanical stirrer, a nitrogen inlet, and an outlet.
13

 Into the flask, 4-aminobenzoic acid (0.5 g, 

3.6 mmol), graphite mesh (0.5 g), PPA (83% P2O5 assay: 20.0 g), and P2O5 (5.0 g) were placed and 

stirred under dry nitrogen purge at 130
 o

C for 72 h. The initially black mixture became lighter and 

viscous as the functionalization onto graphite progressed. At the end of the reaction, the color of the 

mixture turned tanned brown, and water was added into the flask. The resultant tanned brown 

precipitate was collected by suction filtration, Soxhlet-extracted with water for three days, and then 

with methanol for three more days. Finally, the sample was dried over phosphorus pentoxide under 

reduced pressure (0.5 mmHg) at 100 
o
C for 72 h to give 0.74 g (79% yield) of tanned brown powder. 

Anal. Calcd. for C26.70H6NO: C, 89.90%; H, 1.70%; N, 3.93%; O, 4.48%. Found: C, 86.41%; H, 

1.54%; N, 3.81%; O, 6.02%.  

 

5. 6 Electrochemical study  

 

Cyclic voltammetry (CV) measurements were performed using a computer-controlled 

potentiostat (CH Instruments, Model CHI 760 C) in a standard three-electrode cell. Samples/glassy 

carbon (GC) electrode was used as the working electrode, a platinum wire as the counter electrode, 

and an Ag/AgCl (3 M KCl filled) electrode as the reference electrode. Rotating disk electrode (RDE) 

experiments were carried out on a MSRX electrode rotator (Pine Instruments) and the CHI 760 C 

potentiostat. For all CV and RDE measurements, an aqueous solution of KOH (0.1 M) was used as 

the electrolyte. N2 or O2 was used to purge the solution to achieve oxygen free or oxygen-saturated 

electrolyte solution. The procedures of GC electrode pretreatment and modification are described as 

follows: prior to use, the working electrode was polished with alumina slurry to obtain a mirror-like 

surface and then washed with deionized (DI) water and allowed to dry. The EFG (1 mg) was 

dissolved in 1mL solvent mixture of Nafion (5%) and EtOH/water (v/v = 1:9) by sonication. The EFG 

suspension (5 μL) was pipetted on the glassy carbon (GC) electrode surface, followed by drying at 

room temperature. Heat treatment of EFG/GC to N-graphene/GC was conducted in argon (200 

SCCM) at 900
 o
C for 3 h. 

 

5. 7 Results and discussion 

 

Edge-functionalized graphite (EFG) was prepared from the reaction between 4-aminobenzoic 

acid and “pristine” graphite (P-graphite) to afford 4-aminobenzoyl-functionalized graphite (ABA-g-

graphite) (Scheme 5-1).
13

 The reaction medium poly(phosphoric acid) (PPA) used in this study was a 
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viscous polymeric acid to provide strong shear while mechanically stirring, but not to damage carbon 

frameworks as a mild acid (pKa ≈ 2.1). It has many advantages for functionalization of carbon 

nanomaterials over the commonly used nitric acid (pKa = -1.5) / sulfuric acid (pKa = -3.0) mixture for 

the synthesis of graphite oxide (GO).
14,15

 One of the salient features for the reaction conditions used in 

this study is that the reaction medium, PPA/P2O5, does not oxidize graphite but selectively 

functionalize the sp
2
 C-H defects at the edges of graphite (Fig. 5-1b).

13 

 

C
O

C OHHHH

H

H

H

H

H

H

H

C

O

C

O

C O C OH H H

C

O

H

H

C

O

H

H

C

O

H

C O

H2N

H2N

NH2 NH2

NH2

NH2

NH2

NH2NH2

H2N

+

H

H

H

H

H

H

H

H

H

H H H H H H

H

H

H

H

H

H

H

H

HHHHHH

C

O

HO NH2

PPA
P2O5

N

N

N

N

N

N

N

N

N

N

N

1) -H2O

2) -H2

 

Scheme 5-1. Functionalization of pristine graphite (P-graphite) with 4-aminobenzoic acid to 

produce edge-functionalized graphite (EFG) with 4-aminobenzoyl groups and subsequent heat 

treatment to prepare nitrogen-doped graphite (N-Graphite) 

 

The resultant EFG can be readily dispersed in N-methyl-2-pyrrolidone (NMP). The EFG 

dispersion was then dip-coated on a glassy carbon (GC) electrode and heat-treated in-situ at 900 
o
C 

for 3 h under argon atmosphere to afford the GC-supported nitrogen-doped graphene or N-graphene.  

 

 

Figure 5-1. SEM images: (a) P-graphite; (b) EFG in solid state; and (c) N-graphite in solid state. 

Scale bars = 1 μm. 

 

During the heat treatment, the 4-aminobenzoyl moieties covalently attached to the edges of EFG 

were expected to be carbon and nitrogen sources for the in-situ “C-welding” and “N-doping” to 
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produce a large-area N-graphene film coated on the GC electrode for the subsequent investigation of 

the ORR electrocatalytic activity. It showed the panoramic morphology changes in solid states from 

P-graphite (Fig. 5-1a) to EFG (Fig. 5-1b) and heat-treated EFG (N-graphite, Fig. 5-1c) upon the edge 

functionalization and subsequent heat treatment. 

TEM images from a holey carbon-coated grid dipped in the EFG dispersion in NMP showed the 

presence of winkled graphene-like platelets (Fig. 5-2a-c). The corresponding TEM image obtained 

from the basal plane of EFG at a high magnification showed a highly crystalline graphene structure 

(Fig. 5-2d), implying that its basal plane has not been functionalized and/or damaged throughout the 

functionalization and workup processes. Although a dispersed EFG solution can give a mixture of 

single and few layer graphene platelets,
13

 the TEM imaging focused on the edge of the EFG at a high 

magnification showed a single layer graphene sheet with a high crystalline interior plane and 4-

aminobenzoyl moieties exclusively located on its edge (Fig. 5-2e).  

 

 

Figure 5-2. TEM images: (a-c) Wrinkled EFG obtained from its dispersion in NMP; (d) TEM 

image obtained from EFG basal plane, showing the well-defined graphitic structure; and (e) 

TEM image focused on the EFG edge, showing the well-defined graphitic structure at interior 

part (see the white squared area) and the edge with functionalization. Insets are the selected-

area electron diffraction (SAED) patterns from basal plane of the EFG, indicating a highly 

crystalline structure. 
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The electron diffraction patterns clearly represented that the EFG consists of individual graphene 

and graphene-like platelets (insets, Fig. 5-2d and e). For AFM analyses, a drop of the diluted EFG 

dispersion in NMP was placed on a silicon wafer and dried under reduced pressure. The AFM image 

and its corresponding topographic height profiles also showed the presence of the graphene-like 

structure with the layer height of ~1 nm in Figure 5-3. As expected, the height at the edge of the 

graphene sheet was higher than that of the inner layer, because the functionalization occurred 

exclusively at the edge of the graphite. 

 

Figure 5-3. AFM image obtained from EFG dispersed solution in NMP and drop-coated on 

silicon wafer. Its topographic height profiles are presented in right side. 

 

The aromatic 4-aminobenzoyl moieties on the EFG can thermally heal the damages on the carbon 

frame during the heat treatment, as indicated by the thermogravimetric analysis (TGA) results (Fig. 5-

4).
14,15

 The TGA study also showed that the thermo-oxidative stability of EFG has greatly increased 

after 4-aminobenzoyl moieties were stripped off at 500-600 
o
C (the sky blue oval region in Fig. 5-4). 

The result strongly implied that the heat treatment could convert the EFG to N-doped graphite (N-

graphite) (Scheme 5-1). The 4-aminobenzoyl moieties acted as the in-situ feedstock for carbon and 

nitrogen sources for the thermal “C-welding” and “N-doping”, respectively. The mechanism for 

thermal cyclization of EFG is proposed in two-step sequences.
16,17

 The N-graphene could be produced 

in large quantities via a simple solution casting of EFG dispersion and subsequent heat treatment. The 

resultant large-area N-graphene film could be very useful as the electrocatalytic catalysts for ORR.
7,8
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Figure 5-4. TGA thremograms obtained with ramping rate of 10 
o
C/min in air. The degree of 

functionality could be estimated from the weight loss around 800 
o
C. The thermal stability of 

EFG above 850 
o
C is higher than that of pristine graphite (sky blue oval), implying 4-

aminobenzoyl moieties can be a feedstock for thermal healing and nitrogen-doping of graphene 

framework during charring process. 

 

Based on the TGA result, the bulk EFG was heat-treated at 900 
o
C under an argon atmosphere for 

3 h. As shown in Figure 5-5a and summarized in Table 5-1, XPS measurements on the EFG revealed 

the expected composition of carbon, oxygen, and nitrogen. XPS analysis clearly showed the presence 

of nitrogen (ca. 1.73 at.%) after heat treatment. Curve fitting of the XPS N 1s revealed peaks at 398 

and 401 eV (Fig. 5-5b), corresponding to pyridine-like and pyrrolic-like nitrogen, respectively.
18-20

  

 

Table 5-1. XPS analysis data for samples. 

Sample C (%) N (%) O (%) 

P-graphite 85.05 BDL
a
 14.92 

EFG 74.81 6.65 18.54 

N-graphite 95.16 1.73 1.78 

a. Below detection limit 
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Figure 5-5. XPS spectra obtained from bulk samples: (a) Full spectrum; and (b) Magnified 

spectrum in the N 1s region of N-graphite (sky blue square in panel a), showing peaks from 

pyridine-like and pyrrolic-like nitrogen at 398 and 401 eV, respectively. 

 

Thereafter, I designated the N-graphite thus produced as “heat-treated EFG”. From Raman 

spectra obtained from bulk N-graphite shown in Figure 5-6, the ID/IG intensity ratio of the bulk P-

graphite and N-graphite were 0.06 and 0.14, respectively, implying that the defect ratio was increased 

slightly, because of the N-doping.  
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Figure 5-6. Raman spectra obtained from pristine graphite (P-graphite) and heat-treated EFG 

(N-graphite) in bulk state. 

 

The sheet resistance of the as-cast EFG film (Fig. 5-7a) on a silicon wafer from a NMP solution 

was found to be 60 ± 5Ω/sq, which was a value that is several orders of magnitude lower than that of 
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an insulating graphene oxide (GO) film,
21

 and even much lower than that of the chemically reduced 

graphene oxide (rGO) film.
22

 However, the heat treatment increased the resistance up to 200 ± 28 

Ω/sq for the heat-treated EFG film on a silicon wafer (Fig. 5-7b), albeit still much lower than that of 

rGO. Relatively much lower sheet resistance, compared to that of rGO, should be originated from a 

highly graphitic structure (Fig. 5-1). The observed increase in resistance from EFG to N-graphene can 

be attributed to structural defects by “C-welding” at grain boundary and wrinkles induced by N-

doping at the elevated temperature (Fig. 5-7b and 5-8).  

 

 

Figure 5-7. SEM images: (a) As-cast EFG film on silicon wafer by drop coating of EFG 

dispersed solution in NMP; (b) Heat-treated EFG (N-graphene) film on silicon wafer at 900 
o
C 

under an argon atmosphere. 

 

 

Figure 5-8. Photograph of heat-treated EFG (N-graphene) film on silicon wafer. The electrical 

resistance of N-graphene film is 200 Ω/sq. The resistance of silicon wafer (300 nm SiO2 layer) is 

out of machine’s detection limit (> 1 MΩ/sq).  
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To test the electrocatalytic activity, the EFG solution in NMP was dip-coated on a glassy carbon 

(GC) electrode and heat treated at 900 
o
C for 3 h under an argon atmosphere to afford N-graphene/GC 

electrodes. For comparison, figure 5-9a presented CV curves of the as-cast EFG on GC electrode in 

0.1M aqueous KOH solution saturated with N2 or O2 with a scan rate of 0.01 V/s. Featureless 

voltammetric currents within the potential range of -1.0 V to 0.2 V were observed for EFG in N2 

saturated aqueous KOH solution (0.1 M), whereas the reduction of oxygen occurred at the potential of 

-0.15 V, when the electrolyte solution was saturated with O2. In the case of N-graphene film on a GC 

electrode, the change in current density was profoundly higher than that in EFG indicating high 

oxygen reduction activity (Fig. 5-9b).  

 

 

Figure 5-9. (a, b) Cyclic voltammograms of sample film/glassy carbon (GC) electrodes in an O2 

saturated and an N2 saturated 0.1 M aqueous KOH solution with a scan rate of 0.1 V/s: (a) EFG 

and (b) N-graphene. (c, d) Rotating disk electrode (RDE) voltammograms of sample film/GC 

electrodes in an O2 saturated 0.1 M aqueous KOH solution with a scan rate of 0.01 V/s: (c) At a 

rotate rate of 1600 rpm; and (d) At different rotate rates of 100, 400, 900, 1200, and 1600 rpm of 

N-graphene film. 
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Figure 5-9c showed rotating disk electrode (RDE) voltammograms of the EFG and N-graphene. 

Although the N-doping level may significantly influence the performance of ORR catalysis,
23-25

 the 

oxygen reduction activity of the N-graphene was obviously more pronounced and similar to that of N-

graphene prepared by CVD.
8
 Although N-graphene (nitrogen content, ca.1.7 at.%) from EFG had 

lower N-doping level than that (nitrogen content, ca. 4.0 at. %) from CVD,
8
 similar catalytic activity 

can be attributed to wrinkles, which provide a larger surface area (Fig. 5-7b). Compared to 

commercially available platinum (Pt) on activated carbon (Pt/C, Vulcan XC-72R) supported by a GC 

electrode, the steady-state catalytic current density at the N-graphene electrode was found to be ~4 

times higher than that of a Pt/C electrode over a large potential range.
8
 In addition, the electrocatalytic 

activity of N-graphene was ~40 times higher than that of rGO (Fig. 5-10).  

To gain further insight into the role of N-graphene/GC electrode during the ORR process, the 

reaction kinetics by rotating-disk voltammetry was investigated (Fig. 5-9d and 5-11). The 

voltammetric profiles showed that the current density was increased by increasing the rotating rate. 

The onset potentials of EFG/GC and N-graphene/GC for ORR were approximately -0.15 and -0.13 V, 

respectively, which are close to that identified from CV measurements (Fig. 5-9a and b).  
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Figure 5-10. Rotating disk electrode (RDE) voltammograms of sample film/GC electrodes in an 

O2 saturated 0.1 M aq. KOH solution with a scan rate of 0.01 V/s at a rotate rate of 1600 rpm. 
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Figure 5-11. RDE voltammograms of EFG/GC electrode in an O2 saturated 0.1 M aq.KOH 

solution with a scan rate of 0.01 V/s at different rotate rates of 100, 400, 900, and 1600 rpm. 

 

The corresponding Koutecky-Levich at various electrode potentials revealed parallel plots with a 

good linearity at different potentials (Fig. 5-12), which are often taken as an indication of first-order 

reaction kinetics, with respect to the concentration of dissolved O2.
26

 The kinetic parameters can be 

analyzed on the basis of the Koutecky-Levich equation,
27

 which was used to determine the transferred 

electrons number involved in oxygen reduction using graphene.
28,29

 The equation is valid for a first-

order process, with respect to the diffusion species, and the current density j is related to the rotation 

rate ω of the electrode, according to 

0.5

1 1 1

kj j B
 

 

 
(1) 

where jk is the kinetic current and B is Levich slope which is given by: 

2 2

2/3 1/60.2 ( )O OB nF D v C  (2) 

Here, n is the number of electrons transferred for the reduction of one O2 molecule, F the Faraday 

constant (F = 96485 C/mol), DO2
 the diffusion coefficient of O2 (DO2

 = 1.9 × 10
-5

 cm
2
/s), ν the kinetic 

viscosity for KOH (v = 0.01 cm
2
/s), and CO2

 the concentration of O2 in the solution (CO2 = 1.2 × 10
-6
 

mol/cm
3
). The constant 0.2 is adopted when the rotation speed is expressed in units of revolutions per 

minute (rpm). According to the above equation, the number of electron transferred (n) can be obtained 

from the slope of the Koutecky-Levich plots. The n values were calculated to be in the range of 3.2-
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3.5 (Fig. 5-12a and Table 5-2). Similar to the value obtained from N-graphene prepared by CVD,
8
 

suggesting that the N-graphene led to a four-electron transfer in oxygen reduction process, while EFG 

leads to a two-electron transfer (Fig. 5-12b).  

 

Figure 5-12. (a) Koutecky-Levich plots of the heat-treated EFG (N-graphene) derived from RDE 

measurements at different electrode potentials (red line: -0.30 V, green line: -0.35 V and blue 

line: -0.40 V). Based on RDE results of EFG, the transferred electron number per oxygen 

molecule involved in the oxygen reduction is in the range of 3.2-3.5; (b) Koutecky-Levich plots 

of EFG derived from RDE measurements at -0.4 V electrode potential. Based on RDE results of 

EFG, the transferred electron number per oxygen molecule involved in the oxygen reduction is 

approximately 2. 

 

Table 5-2. Kinetic current (jk) and average number of electrons transferred for oxygen reduction 

(ni) at different potentials for heat-treated graphene in oxygen-saturated 0.1 M KOH solution. 

i  Ei (V) vs Ag/AgCl  ni 

1  -0.30  3.2 

2  -0.35  3.4 

3  -0.40  3.5 

 

I also investigated the electrochemical stability under ORR conditions for the N-graphene in O2-

saturated KOH for 3 days using a chronoamperometric method. The relative current-time (i-t) 

chronoamperometric response of the N-graphene/GC electrode exhibited a very slow attenuation (Fig. 

5-13a). A high and steady relative current was still 87% under continuous ORR condition after 3 days.  
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Figure 5-13. (a) Relative current-time (i-t) chronoamperometric response of the N-graphene/GC 

electrode at -0.3 V in an O2 saturated 0.1Maqueous KOH solution with a rotation rate of 1600 

rpm for 3 days; (b) Relative current-time (i-t) chronoamperometric response at the N-

graphene/GC electrode at -0.3 V in an O2 saturated 0.1 M aqueous KOH solution with the 

addition of 3 M methanol at ~400 s, as indicated by the arrow. The Y-axis represents the 

percentage of current remaining with time, relative to the initial current 

 

The result indicated that the catalytic sites of the N-graphene were very stable in the base medium. 

The test period was too short for commercial demands. However, it was already known that N-

graphene prepared from CVD is stable up to 200000 cycles,
8
 endorsing that N-graphene in this study 

supposed to display similar performance. As can be seen from Figure 5-13b, the relative i-t 

chronoamperometric response of the N-graphene/GC electrode did not show any obvious change in an 

O2 saturated 0.1 M aqueous KOH solution after adding 3 M methanol, which suggested that the 

corresponding effect of methanol crossover on the electrode was almost negligible.
30

 

 

5. 8 Conclusion 

 

Edge-functionalized graphite (EFG) with aminobenzoyl moiety, which could be in-situ feed stock 

for “C-welding” and “N-doping” at the same time, was simply prepared via a one-pot reaction.
13

 The 

EFG was well dispersible in NMP to produce graphene and graphene-like platelets. The procedure 

demonstrated in the present study was simple, but very efficient for a large scale production of 

graphene platelets without introducing any oxygen-containing surface groups on the graphene basal 

plane. Thus, the large-area graphene film could be prepared from solution casting on silicon wafer and, 

thus, it showed low sheet resistance (as low as 60 Ω/sq). The N-graphene/glassy carbon (N-

graphene/GC) electrode could also be simply formed by solution casting on the GC electrode and 
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subsequent heat treatment. The resultant N-graphene/GC electrode showed similar ORR performance 

with N-graphene/GC electrode prepared from the CVD process. These results ensured scalable and 

high-quality production of N-graphene for cathode material in fuel cells
31

 and metal-air batteries
32

 in 

practice.  
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VІ. Edge-carboxylated graphene nanoplatelets via ball-milling 

 

6. 1 Abstract 

 

Low-cost, high-yield production of graphene nanosheets (GNs) is essential for practical 

applications. I have achieved high yield of edge-selectively carboxylated graphite (ECG) by a simple 

ball milling of pristine graphite in the presence of dry ice. The resultant ECG was highly dispersible 

in various solvents to self-exfoliate into single- and few-layer (≤5 layers) GNs. These stable ECG (or 

GN) dispersions have been used for solution processing, coupled with thermal decarboxylation, to 

produce large-area GN films for many potential applications ranging from electronic materials to 

chemical catalysts. The electrical conductivity of a thermally decarboxylated ECG film was found to 

be as high as 1214 S∕cm, which is superior to its GO counterparts. Ball milling could thus provide 

simple, but efficient and versatile, and eco-friendly (CO2-capturing) approaches to low-cost mass 

production of high-quality GNs for applications where GOs have been exploited and beyond. 

 

6. 2 Introduction 

 

As a building block for carbon nanomaterials of all other dimensionalities, such as 0D buckyball, 

1D nanotubes, and 3D graphite, graphene nanosheets (GNs) with carbon atoms densely packed in a 

2D honeycomb crystal lattice have recently attracted tremendous interest for various potential 

applications.
1
 Several techniques, including the peel-off by Scotch tape,

2
 epitaxial growth on SiC,

3
 

chemical vapor deposition (CVD),
4,5

 and solution exfoliation of graphite oxide (GO),
6
 have been 

reported for producing GNs. Although the Scotch tape method led to the Nobel-Prize-winning 

discovery of high quality GNs,
2
 it is unsuitable for large-area preparation of GN films due to 

technique difficulties. On the other hand, large-area thin GN films up to 30 in. have been prepared by 

CVD.
7
 However, the CVD process involves extremely careful fabrication processes, which appears to 

be too tedious and too expensive for mass production. The widely reported solution exfoliation of 

graphite into GO, followed by solution reduction,
8-10

 allows the mass production of GNs via an all-

solution process. Due to strong interactions between the hexagonally sp
2
-bonded carbon layers in 

graphite, however, the solution exfoliation requires the involvement of hazardous strong oxidizing 

reagents (e.g., HNO3, KMnO4, and/or H2SO4) and a tedious multistep process.
8,9,11,12

 Such a corrosive 

chemical oxidation often causes severe damage to the carbon basal plane to introduce a large number 

of chemical and topological defects.
13

 As a result, post-exfoliation reduction of GO into reduced 

graphene oxide (rGO) is essential in order to restore the graphitic basal plane for the resultant 
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GNs.
6,14-19

 To make the matter worse, the reduction reaction also involves hazardous reducing reagents 

(e.g., hydrazine, NaBH4) with a limited reduction conversion (approximately 70%).
20

 The reduced GO 

(rGO) still contains considerable oxygenated groups and structural defects, and thus additional high-

temperature thermal annealing step is required.
20

  

To overcome the above-mentioned limitations on the widely studied GO approach, I studied a 

method for a simple, but effective and eco-friendly, edge-selective functionalization of graphite 

without the basal plane oxidation by ball milling in the presence of dry ice (solid phase of carbon 

dioxide). High yield of edge-carboxylated graphite (ECG) was produced and the resultant ECG was 

highly dispersible in various polar solvents to self-exfoliate into GNs useful for solution processing. 

Unlike GO, the edge-selective functionalization of the pristine graphite could preserve the high 

crystalline graphitic structure on its basal plane. The edge-attached functional groups tended to repel 

each other to effectively open up the edges of the ECG leading to self-exfoliation in solvent for the 

formation of high-quality GN films. Indeed, large-area GN films with an electrical conductivity as 

high as 1214 S∕cm, superior to their GO counterparts, have been prepared simply by solution casting 

the ECG dispersions on a substrate, followed by thermal decarboxylation. In addition, the use of dry 

ice (or CO2 gas) as a reagent for carboxylation in the ball milling could also facilitate the CO2 capture 

and storage to reduce their detrimental effects on our planet.
21

 Therefore, the newly developed ball 

milling approach, involving neither hazardous chemicals nor tedious procedures, outperforms current 

processes for mass production of high-quality GNs at an unprecedented low cost. 

 

6. 3 Materials 

 

Graphite was obtained from Alfa Aesar (natural, 100 mesh, 99.9995% metals basis, Lot#14735) 

and used as received. Dry ice was purchased from Hanyu Chemical Inc., Korea. All other solvents 

were supplied by Aldrich Chemical Inc. and used without further purification, unless otherwise 

specified.  

 

6. 4 Instrumentation 

 

Fourier transform infrared (FT-IR) spectra were recorded on Perkin-Elmer Spectrum 100 using 

KBr disks. Differential scanning calorimety (DSC) and themogravimetric analysis (TGA) were 

conducted on a TA Q200 (TA Instrument) under nitrogen at a heating rate of 10 °C/min. The surface 

area was measured by nitrogen adsorption-desorption isotherms using the Brunauer-Emmett-Teller 

(BET) method on Micromeritics ASAP 2504N. The field emission scanning electron microscopy (FE-
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SEM) was performed on FEI Nanonova 230 while the high-resolution transmission electron 

microscopy (HR-TEM) employed in this work is a JEOL JEM-2100F (Cs) microscope operating at 

200 kV. The TEM specimen were prepared by dipping carbon micro-grids (Ted Pella Inc., 200 Mesh 

Copper Grid) into well-dispersed samples in NMP or ethanol. X-ray photoelectron spectra (XPS) were 

recorded on a Thermo Fisher K-alpha XPS spectrometer. Elemental analysis (EA) was conducted with 

Thermo Scientific Flash 2000. Zeta-potential values were determined using a Malvern Zetasizer 

(Nano ZS, Malvern Instruments). X-Ray diffraction (XRD) patterns were recorded with a Rigaku 

D/MAZX 2500V/PC with Cu–Kα radiation (35 kV, 20 mA, λ = 1.5418 Å). Raman spectra were taken 

with a He-Ne laser (532 nm) as the excitation source by using confocal Raman microscopy (Alpha 

300S, WITec, Germany), in conjunction with atomic force microscopy (AFM). Solid state 
13

C magic 

angle spinning (MAS) NMR spectrum was recorded on a Varian Unitylnova 600 (600 MHz) 

spectrometer, using a 5-mm probe spinning at 9 kHz. The resistance/conductivity of film samples was 

measured by four point probe method using Advanced Instrument Technology (AIT) CMT-SR1000N. 

 

6. 5 Procedure for synthesis of edge-carboxylated graphene nanoplatelets via ball-milling 

 

The ball milling of graphite was carried out in a planetary ball-mill machine (Pulverisette 6, 

Fritsch, Fig. 6-1a) in the presence of dry ice at 500 rpm. To start with, 5 g of the pristine graphite (Fig. 

43b) and 100 g of dry ice for ECG, NH3 (1.52 g) for EAG or SO3 (7.0 g) for ESG were placed into a 

stainless steel capsule containing stainless steel balls of 5 mm in diameter (Fig. 6-1b). The container 

was then sealed and fixed in the planetary ball-mill machine (Fig. 6-1c), and agitated with 500 rpm for 

48h. Thereafter, the built-up internal pressure was maintained ca. 5 bar and very slowly released 

through a gas outlet (Fig. 6-1c). Upon opening the container lid in air at the end of ball milling, 

sparkling occurred (Fig. 6-1d and e) due to the hydration of carboxylates into carboxylic acids by the 

air moisture, as schematically shown in Figure 6-2d. The resultant product was further Soxhlet 

extracted with 1M aqueous HCl solution to completely acidify carboxylates and to remove metallic 

impurities, if any. Final product was freeze-dried at -120 °C under a reduced pressure (0.05 mmHg) 

for 48h to yield 6.28 g of ECG as dark black powder (Fig. 6-2c). Found: C, 72.04%; H, 1.01%; O, 

26.46%. 5.25 g of EAG as dark black powder. Found: C, 88.83%; H, 1.21%; N, 4.49%; O, 3.69%. 

5.03 g of ESG as dark black powder. Found: C, 79.58%; H, 0.62%; O, 9.36%; S, 9.35%.  
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6. 6 Synthesis of graphite oxide by modified Hummers’ process  

 

Pristine graphite (3.0 g) was mixed with 1.5 g of NaNO3 and 75 mL of concentrated H2SO4. The 

mixture was cooled down to 0 °C in an ice bath and stirred for 2h. Then, 9.0 g of KMnO4 was added 

slowly (temperature was maintained at <5 °C throughout the mixing), and continuously stirred for 

another hour. The cooling bath was then removed and the mixture was cooled down to room 

temperature. To this, ~100 mL of distilled water was added (gas evolved) and the temperature was 

increased to 90 °C in an oil bath. After reaching 90 °C, 300 mL of water was added again and 

continuously stirred for another hour and a half. The color of the mixture turned to mud brown. This 

mixture was then treated with 30 mL of 30% H2O2 and ~3 liters of hot water was added and diluted. 

The mixture was further washed with excess water until the pH of the filtrate was nearly neutral, 

finally vacuum filtered and freeze-dried under reduced pressure (0.5 mmHg) at -120 °C for 48 h to 

yield GO. 

 

6. 7 Preparation of ECG and GO thick films by compression molding  

 

ECG and GO samples were compressed 3000 bar by hydraulic press (Specac Inc, Model No.: 

21984) to produce ECG and GO thick films, respectively. 

 

6. 8 Preparation of the H-ECG/PET thin films by solution casting  

 

Large-area graphene films were made with different ECG concentrations in NMP. These 

solutions were cast on a SiO2 (300 nm)/Si wafer and subsequently heat-treated at 900 °C in argon for 

2h. To transfer the solution-cast H-ECG films onto other substrates, poly(methylmethaacrylate) 

(PMMA) solution in tetrahydrofuran (THF) was spin coated on the H-ECG films. The SiO2 substrate 

was then etched off by floating on an aqueous solution of 1M hydrofluoric acid (HF). Thereafter, the 

H-ECG on PMMA (H-ECG/PMMA) films were transferred to poly(ethylene terephthalate) (PET) 

films and the PMMA was washed off by immersing in acetone to produce H-ECG on PET (H-

ECG/PET). Six different H-ECG/PET thin films with approximately 3.5 × 5 cm dimensions were 

tested, though many larger H-ECG films on various substrates can be readily prepared through the 

similar procedure. The optical transmittances and sheet resistances of the films were measured by 

using UV-vis spectroscopy and four-point probe, respectively, and were found to be in the range of 

4.6-86.0% and 0.58-53.0 kΩ/sq. The thickness was estimated on the basis of 2.3% light absorption per 

graphitic layer at 550 nm, which has thickness of 0.34 nm.
7
  



７２ 

 

 

 

Figure 6-1. (a) Ball milling apparatus; (b) Ball mill capsule with graphite and stainless balls 

(diameter = 5 mm); (c) Ball mill capsule assembled with gas inlet and outlet. Inset is pressure 

gauge; (d) After 48h ball milling, ECG was sparkling in a ball mill container upon opening the 

lid; (e) Violent sparkling occurred when ECG was exposure to ambient air.  

 

6. 9 Results and discussion 

 

Edge-carboxylation of graphite (ECG) was prepared by ball milling of the pristine graphite in a 

planetary ball-mill machine in the presence of dry ice at 500 rpm. 5 g of the pristine graphite and 100 

g of dry ice were placed into a stainless steel capsule containing stainless steel balls of 5 mm in 

diameter. The capsule was then sealed and fixed in the planetary ball-mill machine, and agitated with 

500 rpm for 48 h. The resultant product was further Soxhlet extracted with 1 M aqueous HCl solution 

to completely acidify carboxylates and to remove metallic impurities, if any. Final product was freeze-

dried at 120 
o
C under a reduced pressure (0.05 mmHg) for 48 h to yield 6.28 g (pristine graphite 

captured 1.28 g of CO2 during mechano-chemical cracking) of dark black powder.  
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The ball milling was carried out in a planetary ball-mill machine (Pulverisette 6, Fritsch; Fig. 6-

1a) in the presence of graphite (5.0 g, Fig. 6-2A), dry ice (100 g, Fig. 6-2B) and stainless steel balls 

(Fig. 43B). Upon opening the stainless steel capsule lid (Fig. 6-1C) in air at the end of ball-milling 

process, violent sparkling occurred (Figs. 6-1D and E), presumably due to hydration of the ball-

milling-induced, highly energetic carboxylates (-COO
-
) into carboxylic acids (-COOH) by air 

moisture (H2O) and residual activated carbon species (radicals, anions, and cations) into hydroxyl (-

OH) and hydroperoxy (-OOH) by air oxygen (O2) and moisture (H2O). The recovered product was 

further Soxhlet extracted with 1 M aqueous HCl solution to completely acidify carboxylates and to 

remove metallic impurities, if any. The starting graphite (Fig. 6-2A) gained weight to be 6.28 g of the 

ECG (Fig. 6-2C), indicating an efficient uptake of CO2 (1.28 g). A high-yield carboxylation was thus 

occurred, as schematically shown in Figure 6-2D. The detailed mechanism of carboxylation via 

mechano-chemical process by ball milling is proposed in Figure 6-3 and confirmed by various 

spectroscopic measurements (vide infra).  

 

 

Figure 6-2. (A) Pristine graphite; (B) Dry ice (solid phase CO2); (C) Edge-carboxylated graphite 

(ECG) prepared by ball milling for 48 h; (D) A schematic representation of physical cracking 

and edge-carboxylation of graphite by ball milling in the presence of dry ice, and protonation 

through subsequent exposure to air moisture.  
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Figure 6-3. Proposed mechanism for the edge-carboxylation and thermo-decarboxylation. The 

graphitic structure is simplified for the reason of clarity. 

 

Elemental (EA, Table 6-1) and thermogravimetric analyses (TGA, Fig. 6-4) revealed that the 

oxygen content of ECG increased with an increase in the ball-milling time before leveling off at 48 h.  

 

Table 6-1. Elemental analysis of the ECG samples collected at different ball-milling times. 

Milling Time (h) C (%) H (%) O (%) 

0 99.64 BDL
a
 0.13 

24 96.68 0.38 2.66 

36 90.83 0.78 5.54 

48 72.04 1.01 26.46 

60 71.88 1.03 26.44 

72 71.72 1.08 26.74 

a. BDL = Below detection limit. 



７５ 

 

 

Figure 6-4. TGA thermograms for ECG samples prepared with different ball milling times. The 

heating rate was 10 
o
C/min in nitrogen. The degree of carboxylation remained almost constant 

after 48h ball milling, implying a steady state was reached at 48h. 

 

 

Figure 6-5. SEM images: (a) Pristine graphite; (b) ECG-24 h; (c) ECG-36 h; (d) ECG-48 h; (e) 

ECG-60 h; and (f) ECG-72 h. The grain size of graphitic platelets drastically decreased with the 

balling time until 48h. 
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The increase in the ball-milling time also caused a continuous decrease in the sample grain size 

until 48 h to reach a steady state, as seen from the scanning electron microscope images in Figure 6-5. 

For subsequent investigation, therefore, ECG samples prepared by the ball milling for 48 h were used 

unless otherwise stated. As reference, GO was also prepared by the modified Hummers‟ process.
12

  

 

 

Figure 6-6. (a) SEM and (b) TEM images of GO prepared by the modified Hummers’ process. 
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Figure 6-7. (a) Syntheses and proposed structures of graphene oxide (GO), reduced graphene 

oxide (rGO) and heat treated GO (H-GO); (b) Syntheses and proposed structures of edge-

carboxylated graphene (ECG) and heat-treated (decarboxylated) ECG (H-ECG). 

 

Figure 6-6 showed typical SEM and TEM images, respectively, for the GO sample thus prepared. 

To empathize advantages of the ECG approach, the direct comparison between GO and ECG 

approaches is presented in Figure 6-7.  
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Figure 6-8A gave a typical SEM image of the pristine graphite flake, showing micro-scale (100 

mesh, <150 μm) irregular particle grains with smooth surfaces. As proposed in Figure 6-2D, more 

homogenous but much smaller ECG grains (100~500 nm) formed after ball milling for 48 h (Fig. 

50B). The corresponding TEM images given in Figure 6-8C and 6-9 clearly showed the presence of 

GNs with wrinkles characteristic of flexible GNs. Selected area electron diffraction pattern (SAED) 

(Fig. 6-8C, Inset) showed a typical sixfold symmetry peaks with the {2110} spots appeared to be 

more intense relative to the {1100} spots, reflecting a few layers (<5 layers, vide infra) of GNs with 

high crystallinity.
22

  

 

 

Figure 6-8. SEM images: (a) Pristine graphite; and (b) Edge-carboxylated graphite (ECG). 

TEM images: (c) ECG at a low magnification. Inset showed a selected area electron diffraction 

(SAED) pattern, showing high crystallinity; (d) Edge-on view of (c) at a higher magnification. 

 

Due to the strong van der Waals interactions associated with the defect-free basal planes and 

hydrogen bonding of the edge-carboxylic acids, therefore, GNs in the dip-coated ECG dispersion 
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(0.02 mg∕mL in NMP) on a TEM grid have a strong tendency to “restack” into overlapped aggregates. 

Under a higher magnification, the self-assembled ECG thin film showed some edge distortion, as 

indicated by the arrow in Figure 6-8d. As observed on TEM (Fig. 6-9) and atomic force microscope 

(AFM) (Fig. 6-10), most of the GN films were typically less than five graphitic layers and single layer 

population is approximately 25% (Fig. 6-10A). 

 

 

Figure 6-9. TEM images for various randomly selected ECGs at different magnifications: 

Sample 1 (a) to (d); Sample 2: (e) to (h); Sample 3 (i) to (l); and Sample 4 (j) to (k). Maximum 

number of layers is approximately 5. 
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Figure 6-10. AFM images with topographic height profiles: (a, b) single layer; (c, d) a few layers. 
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The above results clearly indicated that the pristine graphite flake could have been directly 

exfoliated into single and few-layer GNs simply by ball milling in the presence of dry ice, followed 

by dispersion in polar solvents (vide infra). From EA data (i.e., an oxygen content of 26.46% and C/O 

= 3.63, Table 6-2) for ECG ball milled 48h, I could estimate that an average one carboxylic acid group 

has been introduced onto every 7.26 carbons along the distorted ECG edge if there is negligible 

carboxylation on the basal plane. This was in good consistence with the TGA results (Table 6-2 and 

Fig. 6-4).  

 

Table 6-2. EA, XPS, EDX, and TGA data of the pristine graphite and ECG after the ball milling 

for 48 hours.  

Sample Element EA XPS 

TGA (Char yield in N2) 

at 800 °C 

(%) 

at 1000 °C 

(%) 

Graphite 

C (%) 99.64 98.35 

99.7 99.1 

H (%) BDL
a
 NA

b
 

O (%) 0.13 1.65 

C/O 1021 79.4 

ECG 

C (%) 72.04 82.22 

64.9 61.8 

H (%) 1.01 NA
b
 

O (%) 26.46 17.78 

C/O 3.63 6.16 

GO 

C (%) 48.92 32.53 

48.1 

 

44.6 

(900 °C) 

H (%) 2.13 NA
b
 

O (%) 45.45 67.47 

C/O 1.43 0.64 

a. BDL = Below detection limit or not available. 

b. NA = Not applicable. 
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To gain further insights on chemical changes caused by the ball milling, I performed Fourier 

transform infrared (FT-IR) spectroscopic measurements. FT-IR spectrum of the pristine graphite (Fig. 

6-11A) showed only a weak band at 1632 cm
-1

 characteristic of the vibration mode of adsorbed water 

molecules
23

 in addition to the strong peak at 3400 cm
-1

 attributable to crystal water associated with 

KBr used for the preparation of IR specimen. However, the presence of carboxylic acid groups in 

ECG and GO is clearly evident by a strong C=O stretching peak at 1718 cm
-1

 seen in Figure 6-11A. 

As expected, the FT-IR spectrum of ECG showed a unique sharp peak for C-O stretching at 1250 cm
-1

 

exclusively from O=C-OH (Fig. 6-7b) whereas the corresponding broad C-O stretching band for GO 

indicated the coexistence of C-OH (hydroxyl), C-O-C (epoxy) and O=C-OH (carboxyl) (Fig. 6-7a). 

Hydroxyl and epoxy groups have been known to distribute over the carbon basal plane while carboxyl 

groups are mainly located at the edge in GO.
24,25

 This, once again, implied the edge-carboxylation for 

ECG. Both ECG and GO display a sp
3 
C-H peak at 2939 cm

-1
 associated with defects (Fig. 6-3 and 6-

7), along with the sp
2
 peak at 2919 cm

-1
 (Fig. 6-11A). These spectroscopic results were consistent 

with the scenario for the reactions given in Figure 6-2D and 6-7, which showed that the reactive 

carbon species (radicals, anions and cations), generated by hemolytic and heterolytic cleavages of the 

graphitic C-C bonds during ball milling in the presence of dry ice, reacted with carbon dioxide (CO2), 

followed by protonation with moisture in air (Fig. 6-3). In a control experiment, the sparkling was not 

occurred when the capsule was opened in nitrogen/moisture (80∕20, v∕v) or dry air condition, 

implying that the origin of sparkling is due to the reaction of residual activated carbon species in the 

presence of both oxygen and moisture together. Furthermore, I charged the ball mill capsule with 

pristine graphite and dry ice without balls and sealed for 48 h under the same conditions as for ECG. 

No change in the carbon content was observed, indicating the ball-milling-induced carboxylation did 

not occur in the control experiment. Powder samples were further characterized by Raman 

spectroscopic and X-ray diffraction (XRD) measurements. As can be seen in Figure 6-11B, the 

pristine graphite showed the G and 2D bands at 1584 and 2970 cm
-1

, respectively. Due to the large 

grain size of graphite (Fig. 6-8a), its D band at 1351 cm
-1

 associated with the edge distortion is 

negligibly weak with a ratio of the D-band to G-band intensity (ID/IG) to be approximately 0.01 (Fig. 

6-11B) In contrast, ECG showed a broad strong D band over 1347 cm
-1

 with ID/IG = 1.16 (even 

slightly higher than ID/IG = 0.97 for the often more distorted GO), indicating significant edge 

distortion due to grain size reduction (Fig. 6-8b).  
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Figure 6-11. (A) FT-IR spectra (KBr pellets); (B) Raman spectra; (C) XRD diffraction patterns; 

(D) XPS survey spectra of the pristine graphite, ECG and GO; (E) Schematic presentation of 

samples in solid state. 

 

To confirm the edge-selective carboxylation, I have performed micro-Raman measurements at the 

edge and within the basal plane on a large piece of ECG deliberately selected at a relatively short ball-

milling time (approximately 24 h). As expected, the Raman spectrum from the edge showed a much 

higher ID∕IG ratio (approximately 1.32) than the corresponding value (approximately 0.33) for the 

basal plane (Fig. 6-12a). Interestingly, only ECG clearly displayed that the sp
3
 peak at 1134 cm

-1
 at the 

edge-on scan (arrow, Fig. 6-12a), while the pristine graphite (Fig. 6-12b) and GO (Fig. 6-12c) did not 

show sp
3
 peak around 1130 cm

-1
. These results prop up the proposed mechanism for the edge-

selective carboxylation of graphite by ball-mill process (Figs. 6-2D and 6-3). XRD diffraction patterns 

in Figure 6-11C showed a strong [002] peak at 26.5° for the pristine graphite, corresponding to a 
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layer-to-layer d-spacing of 0.34 nm, with all other peaks attributable to the expected three-

dimensional diffraction lines from hexagonal graphite (h-graphite).
26

 The large shift of the [002] peak 

from 26.5° to 11.5° (corresponding to an interlayer distance change from 0.34 nm to 0.77 nm), along 

with the significant intensity decrease for all the peaks, seen in Figure 6-11C for GO indicated a 

lattice expansion with partial exfoliation. However, only a very weak broad band over 15-30° was 

observed for ECG, suggesting a high degree of edge-expansion in solid state (Fig. 6-11E).  

 

Figure 6-12. Micro-Raman spectra recorded at the edge and on the basal plane: (a) A relatively 

large ECG flake after being ball-milled for 24 h; (b) Pristine graphite flake; (c) GO flake. Insets 

are confocal optical microscopy image of D and G bands. 

 

Further evidence for the edge-carboxylation comes from the XPS spectroscopic measurements. 

As expected, Figure 6-11D showed only a pronounced C 1s peak at 284.3 eV for the pristine graphite 

with a trace amount of O (approximately 532 eV) arising from the physically adsorbed oxygen.
6,27

 As 

seen in Figure 6-13a, the pristine graphite showed a typical C 1s peak at 284.3 eV associated with the 

graphitic C-C, along with two very weak sub-bands assignable to C-OH and O=C-OH at 285.5 and 

290.1 eV, respectively.  
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Figure 6-13. High resolution XPS spectra: (a) C 1s and (b) O 1s of the pristine graphite; (c) C 1s 

and (d) O 1s of ECG; (e) C 1s and (f) O 1s of GO.  

 

The pristine graphite also showed a minor O 1s peak at 532.1 eV (Fig. 6-11d and 6-13b), which is 

mostly related to physically adsorbed oxygen/moisture for C-OH.
23

 In the case of ECG, the C 1s peak 

consists of graphitic C-C centered at 284.5 eV with much higher peak intensities for C-OH (286.1 eV) 

and O=C-OH (288.6 eV) than those for the pristine graphite (Fig. 6-13c).
27

 The O 1s spectrum of 

ECG also showed C-OH and O=C-OH peaks at 531.9 and 533.3 eV, respectively. The edge groups of 
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ECG were mostly carboxylic acids with high oxygen content of 17.18 %. Since ECG was edge-

selectively carboxylated, C 1s and O 1s peak are very different from those of GO (Fig. 6-13e and 6-

13f).
28-30

 GO has many different oxygenated groups, such as hydroxyl, epoxy, carboxyl and others.
31,32

 

GO has the graphitic C-C at 285.4 eV as a second major peak, while C-OH at 286.1 eV is a major 

peak that is attributable to both C-OH and O=C-OH. Together with FT-IR (Fig. 6-11A), mixed C-O 

responses from C-OH and O=C-OH in GO are completely distinguishable. More clearly, GO has a 

single major O 1s peak at 533.1 eV for C-OH and O=C-OH at 531.9 eV except very minor peak at 

535 eV for physically absorbed moisture as observed in TGA (see, Fig. 6-17b) and DSC (Fig. 6-

17c).
33

 

Upon exfoliation either by acid-oxidation in solution or ball milling in the presence of dry ice, the 

O 1s peak intensity relative to the C 1s peak increased significantly as suggested by Figure 6-2 and 6-

7A. The (C∕O 0.64) for GO clearly indicated that GO contains more oxygen-rich functionalities (Fig. 

6-7a and Table 6-2) than the ECG with its edge only being functionalized with carboxylic acid (Fig. 6-

3 and Table 6-2). Together with the curve fittings, high resolution XPS C 1s and O 1s spectra (Fig. 6-

13), once again, showed that the O component in ECG comes dominantly from O=C-OH, whereas 

GO contains C-OH (hydroxyl), C-O-C (epoxy) and O=C-OH (carboxyl). These XPS data were in a 

good agreement with the FT-IR results (Fig. 6-11A) as well as the structures shown in Figure 6-3 and 

6-7A for ECG and GO, respectively. 

 

Figure 6-14. Solid-state 
13

C magic-angle spinning (MAS) NMR spectra of ECG. A direct 
13

C 

pulse spectrum obtained with 12 kHz MAS and a 90° 
13

C pulse (40000 scans). The peak at 

around 60 ppm is caused by the carbons where carboxylic acid attached sp
3 
C (highlighted in 

red, structure 5 in Fig. 6-3). The peaks at around 130 and 190 ppm are graphitic sp
2 

C and 

carbonyl (C=O) in carboxylic acid, respectively. 
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Solid-state 
13

C magic-angle spinning (MAS) NMR spectrum of ECG given in Figure 6-15 also 

agreed well with the reactions shown in Figure 6-3. While peaks at around 130 and 190 ppm were 

associated with the graphitic sp
2 
C and carbonyl C in carboxylic acid, respectively, the peak centered 

at 60 ppm was attributable to the sp
3
 C, at which carboxylic acid was attached (structure 5 in Fig. 6-3). 

Overall, the 
13

C MAS NMR spectrum was in good accordance with structure 5 as highlighted in 

Figure 6-3.  

Hitherto, on the basis of EA, TGA, SEM, TEM, FT-IR, Raman, XRD, XPS, and NMR 

characterization, the structural changes from graphite to ECG and GO could be pictorially 

summarized in Figure 6-11E. As envisioned from Figure 6-11E, both the ball milling and GO process 

should lead to an increase in the surface area. It was found that Brunauer-Emmett-Teller (BET) 

surface area of pristine graphite, ECG and GO were 2.8, 389.4, and 29.8 m
2∕g, respectively (Table 6-

3). The profound increase (139 times) in the surface area of ECG by ball milling of the pristine 

graphite indicated the occurrence of a significant edge-lifting in ECG, as schematically shown in 

Figure 6-11E. On the other hand, GO had approximately 10 times increase in surface area, in 

consistent with the slight interlayer expansion (Fig. 6-11E). Upon heat-treatment, the surface area of 

H-ECG was 631.8 m
2∕g, which is approximately 6.9 times higher than that of H-GO (92.1 m

2∕g) 

(Table 6-3).  

 

Table 6-3. BET surface areas, pore volumes and pore sizes of samples. 

Sample 
Surface Area 

(m
2
/g) 

Pore Volume 

(mL/g) 

Pore Size 

(Å ) 

Graphite 2.8 0.0016 22.667 

ECG 389.4 0.1841 18.912 

H-ECG 631.8 0.2904 18.385 

GO 29.8 0.0147 19.668 

H-GO 92.1 0.0463 20.140 

 

Thus, the H-ECG displayed much higher double layer capacitance of 108 F∕g (Fig. 6-15a) with 

good cycle stability (Fig. 6-15b), while H-GO has 72 F∕g (Fig. 6-15a) with relatively poorer cycle 

stability (Fig. 6-15b). The ability to carboxylate the edge of graphite flake simply by ball-milling with 

dry ice provided a great scope for dispersing the resultant ECG in various solvents and further 
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modification with a large variety of functional moieties on demands via reactions characteristic of the 

carboxylic acid group (Fig. 6-16).  

 

Figure 6-15. (a) Cyclic voltammograms of samples/glassy carbon (GC) electrodes in 0.1 M aq. 

H2SO4 solution with a scan rate of 0.1 V/s; (b) Relative capacitance changes with respect to cycle 

number at 0.1 V/s. H-ECG and H-GO maintain 94.3 and 82.1 % of initial capacitance, 

respectively. 
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Figure 6-16. Various derivatization reactions from aromatic carboxylic acids. 
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Indeed, ECG was found to be readily dispersible not only in protic solvents, such as basic water 

(containing ammonium hydroxide or potassium hydroxide), methanol, and isopropyl alcohol, but also 

polar aprotic solvents, including dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-

dimethylacetamide (DMAc), and N-methyl-2-pyrrolidone (NMP) (Fig. 6-17a). Among all the solvents 

tested, NMP was found to be the best for dispersing ECG into a stable dispersion. The degree of 

dispersion roughly followed solvent polarity, which decreased with increasing number in Figure 6-17a.  

 

 

Figure 6-17. (a) Solubility of ECG in various solvents: (1) NMP; (2) IPA; (3) 7M NH4OH; (4) 

H2O; (5) hexane; (6) toluene; (7) DMF; (8) DMAc; (9) 1M HCl; (10) 1M KOH; (11) 1M NH4OH; 

(12) MeOH; (13) THF; (14) ethyl acetate; (15) acetone; (16) CH2Cl2: (top) after 30s; (bottom) 

after 1 week; (b) TGA thermograms of graphite, ECG and GO with a ramping rate of 

10 °C/min in nitrogen; (c) DSC thermograms of graphite, ECG and GO with a ramping rate of 

10 °C/min in nitrogen; (d) SEM image of ECG after dispersed in NMP and reaggregated. 

 

ECG displayed the better dispersibility in the higher solvent polarity due to the presence of polar 

edge-carboxylic acids (-COOH). Both ECG and GO displayed a good stability of dispersion with 

similar Zeta-potential values of -34.2 and -35.1 mV, respectively, at the highest achievable 

concentration for GO in NMP (0.02 mg∕mL, Fig. 6-18A). However, the concentration of ECG in 

NMP could be increased up to 0.06 mg∕mL (three times that of GO in NMP) without precipitation and 

still with a Zeta-potential of -30.5 mV (Fig. 6-18A, Inset). It is well known that a Zeta-potential value 
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either more negative or positive than -30 mV is sufficient to ensure a good dispersion stability via 

charge repulsion.
34

 Therefore, the above results indicated that the strong repulsion force between the 

negatively charged -COO
-
 moieties, generated from the edge-carboxylic acids (-COOH) via ionization 

in the basic NMP medium,
14

 is responsible for the good dispersion of ECG in NMP. To test the direct 

formation of molded objects for electronic applications, I first compressed ECG and GO samples into 

pellets [diameter = 2.5 cm and thickness = ~200 μm, Fig. 6-18B(i) and B(ii), respectively], in solid 

state at room temperature (25 °C). ECG pellet showed electrical conductivity of 1.1 × 10
-2

 S∕cm, 

which was 688 times higher than that of GO pellet (1.6 × 10
-5

 S∕cm) (Table 6-4).  

 

Table 6-4. Electrical properties of graphite, ECG, H-ECG, GO and H-GO. In case of H-GO, 

indicated by (*), samples were shattered by direct annealing of GO to produce H-GO at 900 °C. 

Sample Form Conductivity (S/cm) 

ECG Pellet 1.1 × 10
-2

 

H-ECG Pellet 38 

GO Pellet 1.6 × 10
-5

 

H-GO* NA NA 

H-ECG Free-standing film 1214 

H-GO* NA NA 

 

 

Upon thermal annealing at 900 °C (decarboxylation) for 2 h under nitrogen, the ECG pellet 

remained intact as a cohesive film with electrical conductivity of 38 S∕cm (Fig. 6-18B(iii)) whereas 

the compressed GO shattered into small pieces over the whole substrate surface (Fig. 6-18B(iv)) due 

to their different thermal behaviors (Note that gases evolve from edges and basal plane of GO) and 

hygroscopic natures (bound water) indicated by Figure 6-17b. Further plausible evidence for the 

difference between ECG (edge only functionalization) and GO (edge and basal plane 

functionalization), which has hygroscopic oxygenated groups on its edges and basal plane to cause an 

explosive expansion of GO pellets, came from the TGA (Fig. 6-17b) and DSC (Fig. 6-17c) 

measurements. SEM image obtained from ECG after dispersed in NMP and reaggregated displayed 

completely different surface morphology (Fig. 6-17d), indicating the presence of strong edge-
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hydrogen bonding. Therefore, ECG was more suitable than GO for the direct formation of conductive 

grapheme pellet by high pressure compressing and subsequent thermal annealing. In the light of this 

observation, I also tested the possibility for the formation of large-area thin films by simple solution-

casting. The stable dispersions of ECG in NMP with different concentrations were coated on SiO2 

(300 nm)/Si wafers (3.5 cm × 5.0 cm, the size of a graphene film to be formed is limited only by the 

size of the substrate used, and many substrates of different sizes can be used) and annealed at 900 °C 

to produce cohesive graphene films, which were able to be transferred on PET film (Fig. 6-18C). On 

the other hand, as observed in Figure 6-18B(iv), direct annealing a GO thin film at 900 °C led to an 

explosion, leaving nothing on the SiO2 (300 nm)/Si wafer. In view of the above structural and 

mechanistic studies on reactions proposed in Figure 6-3, I further treated ECG in the solid state at 

900 °C under argon in order to restore the graphitic structure (6–8 of Fig. 6-3) by thermal 

decarboxylation (CO2-loosing) of ECG (5 of Fig. 6-3).  

 

 

Figure 6-18. (A) Zeta-potentials of ECG and GO at a concentration of 0.02 mg∕mL in NMP. Inset 

is Zeta-potentials of ECG at a concentration of 0.06 mg∕mL in NMP; (B) As-compressed pellets 

of (i) ECG and (ii) GO. After annealing at 900 °C for 2 h (iii) H-ECG and (iv) H-GO; (C) H-

ECG thin film on PET (H-ECG/PET); (D) Optical transmittance of H-ECG/PET films. (E) 

Conductivity of the H-ECG/PET films vs. the calculated H-ECG transmittance at 550 nm. 
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Indeed, the resultant heat-treated ECG (H-ECG) showed much narrowed D and G bands (Fig. 6-

19a) with respect to the untreated ECG (Fig. 6-11B). H-ECG also displayed an additional peak at 

1090 cm
-1

 arising from those sp
3 

C-H edge bonds
35

 highlighted in structures 7 and 8 of Figure 6-3. 

Upon the heat treatment, the typical graphitic XRD diffraction pattern (Fig. 6-11C) reappeared for H-

ECG (Fig. 6-19b), due probably to self-assembling induced by the strong π-π stacking between the 

newly regenerated graphitic basal planes (Fig. 6-11E). Therefore, ECG can be used as an ideal 

precursor for the formation of molded objects and/or large-area grapheme films by low-cost, direct 

high pressure compressing as well as solution casting of its stable dispersion followed by thermal 

decarboxylation.  

 

Figure 6-19. Heat-treated ECG (H-ECG) at 900 °C for 2 h: (a) Raman spectra, showing a peak 

at 1090 cm
-1

 attributable to sp
3 

C-H as highlighted in 7 and 8 in Figure 6-3;
38

 (b) XRD 

diffraction pattern, showing strong peak at 25.9° (d-spacing = 0.34). 

 

Depending on the film thickness, the optical transmittance at 550 nm of the solution-cast H-ECG 

films varied from 4.6 % to 86.0 % over a calculated thickness range of 2-14 nm (Fig. 6-18D)
7
. Figure 

6-18E reproduces the percent transmittance-dependence of conductivity, which showed that the 

conductivity was inversely proportional to the optical transmittance.
7
 A simple conversion of the 

conductivity in the range of 90-1200 S∕cm into the corresponding sheet resistances from 53 to 0.58 

kΩ/sq clearly showed that the conductivity of solution-cast H-ECG thin films were superb to their GO 

counterparts (approximately 100 kΩ/sq)
11

 by a few orders of magnitude even at the high transmittance 

region. The methodology developed in this study could be regarded as a general approach toward low-

cost, high-yield production of edge-selectively functionalized graphite (EFG) with various functional 

groups for multifunctional applications. To illustrate this point, I have also performed ball milling of 

the pristine graphite under the same condition as for ECG in the presence of ammonia (NH3) or sulfur 
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trioxide (SO3), instead of dry ice (CO2), to produce edge-amine (EAG) and edge-sulfonic-acid 

functionalized graphene (ESG). EA results showed that the atomic contents of nitrogen for EAG and 

sulfur for ESG are 4.49 and 9.35%, respectively (Table 6-5), in a good agreement with the TGA data 

(Fig. 6-20) as is the case for ECG. Apart from the above discussion, more other advantages for ECG 

with respect to GO can be found in Table 6-6. 

 

Table 6-5. Elemental analysis of EAG and ESG compared with pristine graphite and ECG. 

Sample C (%) H (%) N (%) O (%) S (%) 

Graphite 99.64 BDL
a
 NA

b
 0.13 NA

b
 

ECG 72.04 1.01 NA
b
 26.46 NA

b
 

EAG 88.83 1.21 4.49 3.69 NA
b
 

ESG 79.58 0.62 NA
b
 9.36 9.35 

a. BDL = Below detection limit. 

b. NA = Not applicable. 

 

 

Figure 6-20. TGA thermograms obtained from EAG and ESG samples prepared by ball milling 

for 48 hours in the presence of NH3 and SO3, respectively. The heating rate was 10 °C/min in 

nitrogen atmosphere. TGA thermograms from the pristine graphite and ECG are also included 

for comparison. 
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Table 6-6. Comparison of general characteristics of ECG and GO. 

 
ECG GO Advantages for ECG 

History 2011: Invention 

1860: Brodie
36 

1898: Staudenmaier
37

 

1958: Hummers
12

 

GO has known for longer than 

150 years 

Reactant Graphite + CO2 
Graphite + NaNO3,  

KMnO4, H2SO4
12

 
ECG is eco-friendly process 

Yield  
Very high 

(~quantitative) 
Low 

Only limited by the size of the 

ball milling chamber 

Interlayer 

d-spacing (Å )  
Broad  6.67 ~7.70

12
 Graphite=3.4  

C/O ratio (EA)  3.63  2.25
12

 timeless C-basal plane damage 

BET surface 

area (m
2
/g) 

389.4 29.8 139 times higher 

ID/IG ratio  1.15  1.03
38

 Depending on reaction time 

Functional 

Groups  
Carboxylic acid only 

Various (Carboxylic Acid, 

Carbonyl, Aldehyde, 

Epoxy, Hydroxyl etc.)
25

 

Well-defined functional groups 

could be further selectively 

modified by using carboxylic 

acid reaction 

Functional  

Groups 

Selectivity  

Selective Non-selective  

Highly selective, but other 

functional groups can also be 

selectively introduced  via the 

ball milling process (e.g., amine 

and sulfonic acid) 

Regio-

selectivity 
Edge only Edge + Basal plane

18
 Region-specific 

Powder 

Conductivity 

(S/cm)  

1.1 ×10
-2

 
6 × 10

-7 10 

6.8 × 10
-10 18

 

Much higher conductivity 

(Graphite = 10~1400 )
39

  

Char yield at 

800 °C in N2  
< 65%  < 60% 

40
 ECG has better thermal stability 

Diapersibility in 

basic solvents 
Good Good 

Higher stable concentration 

(~three times in NMP) 

Zeta-potential 

(mV)  

-34.2 (NMP) 

-41.6 (Water, pH=10) 

-35.1 (NMP) 

-43.0 (Water, pH=10) 
8
  

Similar 
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6. 10 Conclusion 

 

I developed a simple and eco-friendly (CO2-capturing) ball-milling process to efficiently produce 

edge-carboxylated graphite (ECG) in solid state without involving hazardous chemicals. A reaction 

mechanism for the carboxylation by ball milling in the presence of dry ice and decarboxylation by 

thermal annealing ECG (H-ECG) under nitrogen was proposed and confirmed by various microscopic 

and spectroscopic measurements. The resultant ECG was demonstrated to be highly dispersible in 

various polar solvents suitable for solution casting. The ECG and H-ECG exhibited many superior 

structure property characteristics with respect to its GO and H-GO counterparts. Thus, the ball-milling 

technique developed in this study could be regarded as a general approach toward low-cost, high yield 

production of edge-functionalized graphene (EFG) with various functional groups of practical 

significance for mass production of multifunctional materials and devices based on graphene 

materials.  
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VІІ. Oxygen reduction reaction of edge-functionalized graphene nanoplatelets 

 

7. 1 Abstract 

 

Edge-selectively functionalized graphene nanoplatelets (EFGnPs) with different functional 

groups were efficiently prepared simply by dry ball milling graphite in the presence of hydrogen, 

carbon dioxide, sulfur trioxide, or carbon dioxide/sulfur trioxide mixture. Upon exposure to air 

moisture, the resultant hydrogen- (HGnP), carboxylic acid- (CGnP), sulfonic acid- (SGnP), and 

carboxylic acid/sulfonic acid- (CSGnP) functionalized GnPs readily dispersed into various polar 

solvents, including neutral water. The resultant EFGnPs were then used as electrocatalysts for oxygen 

reduction reaction (ORR) in an alkaline electrolyte. It was found that the edge polar nature of the 

newly prepared EFGnPs without heteroatom doping into their basal plane played an important role in 

regulating the ORR efficiency with the electrocatalytic activity in the order of SGnP > CSGnP > 

CGnP > HGnP > pristine graphite. More importantly, the sulfur-containing SGnP and CSGnP were 

found to have a superior ORR performance to commercially available platinum-based electrocatalyst. 

 

7. 2 Introduction 

 

The electrocatalytic activity of heteroatom-doped carbon-based nanomaterials has become a 

growing interest in the past few years due to their potential applications for fuel cells
1
 and metal-air 

batteries.
2
 Several approaches, including chemical vapor deposition (CVD),

3
 the chemical 

derivatization of graphite oxide (GO),
4-6

 and edge-functionalization of graphite (EFG),
7
 have been 

exploited for the doping of heteroatoms, such as nitrogen and boron, or both, into graphitic structures. 

Although the CVD method led to the initial discovery of nitrogen-doped CNTs (N-CNTs)
8
 and 

graphene (N-graphene)
3
 as metal-free electrocatalysts for oxygen reduction reaction (ORR), this 

approach is undesirable for the scalable production of heteroatom-doped carbon nanomaterials due to 

costs and technical challenges. The recent availability of solution-processible GO by physicochemical 

exfoliation, followed by solution reduction
9-11 

and/or heat-treatment
12

 in the presence of appropriate 

chemical reagent(s) (e.g.,ammonia) has allowed for the mass production of nitrogen doped graphene 

nanoplatelets (NGnP) via an all-solution process. However, the solution exfoliation of graphite into 

GO involves strong, hazardous oxidizing reagents (e.g., HNO3 and/or H2SO4)
13

 and a tedious 

multistep process.
9,14

 Such a corrosive chemical oxidation often leads to severe damage of the 

graphitic basal plane by introducing a large number of chemical and topological defects
15

 to cause 

detrimental effects on the electron transfer and structural integrity. As a result, the post-exfoliation 
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reduction of GO into a reduced graphene oxide (rGO) is essential in order to restore the graphitic 

structure within the resultant GnPs.
16,17

 Unfortunately, the reduction reaction also involves hazardous 

(carcinogenic) reducing reagents (e.g., hydrazine, NaBH4). Due to an inherently low reduction 

conversion (∼70%) limited by edge reduction and subsequent edge-zipping to hamper the basal area 

reduction, the resultant rGO still contains considerable chemical and structural defects.
18

 Nevertheless, 

the GO to rGO process has so far been considered to be one of the most reliable methods for the mass 

production of graphene, though it still remains elusive. Recently, I have developed an alternative 

approach to the large-scale production of edge-carboxylated GnPs (CGnP) without basal plane 

distortion via simple and ecofriendly ball milling of graphite in the presence of dry ice (solid state of 

carbon dioxide).
19

 Furthermore, I have also demonstrated that the electrocatalytic activity of carbon 

nanotubes without heteroatom doping is significantly affected by its periphery polarity.
20

 

On the basis of our new fundamental findings,
19

 I prepared in this study a series of edge-

selectively functionalized GnPs (EFGnPs) with different edge groups and minimal basal plane 

distortion by simply dry ball milling graphite in the presence of various gases or gas mixture(s). The 

resultant EFGnPs were highly dispersible in various polar solvents, leading to a large-scale production 

of EFGnPs. The electrocatalytic activities of these EFGnPs without heteroatom-doping on their basal 

planes were investigated for an ORR in an alkaline electrolyte. Possible effects of the edge nature 

(polarity) of EFGnPs on the ORR electrocatalytic activity in an alkaline electrolyte were evaluated in 

terms of both the thermodynamic (oxygen physisorption on electrodes) and kinetic (oxygen diffusion 

to electrodes) aspects.
8
  

 

7. 3 Materials 

 

Graphite was obtained from Alfa Aesar (natural, 100 mesh, 99.9995% metals basis, Lot#14735) 

and used as received. Dry ice was purchased from Hanyu Chemical Inc., Korea. All other solvents 

were supplied by Aldrich Chemical Inc. and used without further purification, unless otherwise 

specified.  

 

7. 4 Instrumentation 

 

Fourier transform infrared (FT-IR) spectra were recorded on Perkin-Elmer Spectrum 100 using 

KBr disks. TGA were conducted on a TA Q200 (TA Instrument) under nitrogen at a heating rate of 

10 °C/min. The surface area was measured by nitrogen adsorption-desorption isotherms using the 

Brunauer-Emmett-Teller (BET) method on Micromeritics ASAP 2504N. The field emission scanning 
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electron microscopy (FE-SEM) was performed on FEI Nanonova 230 while the HR-TEM employed 

in this work was a JEOL JEM-2100F (Cs) microscope operating at 200 kV. The TEM specimen was 

prepared by dipping carbon microgrids (Ted Pella Inc., 200 mesh copper grid) into well-dispersed 

samples in ethanol. XPS were recorded on a Thermo Fisher K-alpha XPS spectrometer. EA was 

conducted with Thermo Scientific Flash 2000, and Zeta-potential values were determined using a 

Malvern Zetasizer (Nano ZS, Malvern Instruments). XRD patterns were recorded with a Rigaku 

D/MAZX 2500 V/PC with Cu-Kα radiation (35 kV, 20 mA, λ= 1.5418 Å ). Raman spectra were taken 

with a He-Ne laser (532 nm) as the excitation source by using confocal Raman microscopy (Alpha 

300S, WITec, Germany) in conjunction with atomic force microscopy (AFM). Contact angle 

measurements were conducted on a Krüss DSA 100 contact angle analyzer. Sample solutions were 

coated on a silicon (Si) wafer.  

 

7. 5 Electrochemical study  

 

Cyclic voltammetry (CV) measurements were performed using a computer-controlled 

potentiostat (CHI 760 C, CH Instrument) in a standard three-electrode cell. Samples/glassy carbon 

(GC) electrodes were used as the working electrode, a platinum wire as the counter electrode, and an 

Ag/AgCl (3 M KCl filled) electrode as the reference electrode. Rotating disk electrode (RDE) 

experiments were carried out on a MSRX electrode rotator (Pine Instrument) and the CHI 760 C 

potentiostat. For all CV and RDE measurements, an aqueous solution of KOH (0.1 M) was used as 

the electrolyte. N2 or O2 was used to purge the solution to achieve oxygen-free or oxygen-saturated 

electrolyte solution. Procedures for the pretreatment and modification of glassy carbon (GC) electrode 

are described as follows: the working electrode was polished with alumina slurry to obtain a mirror-

like surface and then washed with DI water and dried in air. Samples (1 mg) were dissolved in 1 mL 

solvent mixture of Nafion (5%) and EtOH/water (v/v=1:9) by sonication. The sample suspensions (5 

μL) were pipetted on the glassy carbon (GC) electrode surface, followed by drying at room 

temperature. The detailed kinetic analysis was conducted according to Koutecky-Levich plots:  

 

0.5

1 1 1

kj j B
   

(1) 

where jk is the kinetic current and B is Levich slope which is given by: 

2 2

2/3 1/60.2 ( )O OB nF D v C  (2) 
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Here n is the number of electrons transferred in the reduction of one O2 molecule, F is the 

Faraday constant (F = 96485 C/mol), DO2
 is the diffusion coefficient of O2 (DO2

 =1.9×10
-5

 cm
2
/s), is 

the kinematics viscosity for KOH (v = 0.01 cm
2
/s) and CO2

 is concentration of O2 in the solution (CO2
 

= 1.2 × 10
-6

 mol/cm
-3

). The constant 0.2 is adopted when the rotation speed is expressed in rpm. 

 

7. 6 Procedure for edge-selectively functionalized graphene nanoplatelets by ball milling  

 

The ball-milling graphite was carried out in a planetary ball mill machine in the presence of 

hydrogen, dry ice (solid form of carbon dioxide), sulfur trioxide, or dry ice/sulfur trioxide mixture at 

500 rpm. As a typical example, the pristine graphite (5.0 g) and hydrogen (10 bar, Daesung Industrial 

Gases Co. LTD) for edge HGnP, dry ice (100 g, Hanyu Chemical Inc.) for edge CGnP, sulfur trioxide 

(7.0 g, Aldrich Chemical Inc.) for edge SGnP or dry ice/sulfur trioxide mixture for edge CSGnP were 

placed into a stainless steel capsule containing stainless steel balls of 5 mm in diameter. The container 

was fixed in the planetary ball-mill machine and agitated with 500 rpm for 48 h in all cases. 

Thereafter, the built-up internal pressure was very slowly released through a gas outlet. Upon opening 

the container lid in air at the end of ball milling, sparkling occurred in some cases due to the hydration 

by air moisture, as schematically shown in Figure 7-2. The resultant products were further Soxhlet 

extracted with a 1 M aqueous HCl solution to completely acidify the residual active species and to 

remove metallic impurities, if any. The final products were freeze dried at -120 
o
C under a reduced 

pressure (0.05 mmHg) for 48 h to yield 5.32 g of HGnP, 6.28 g of CGnP, 5.03 g of SGnP, and 5.23 g 

of CSGnP, respectively, as dark-black powder. Found for HGnP: C, 80.61%; H, 2.98%; N, 1.08%; O, 

9.98%. Found for CGnP: C, 72.04%; H, 1.01%; O, 26.46%. Found for SGnP: C, 79.58%; H, 0.62%; 

O, 9.30%; S, 9.72%. Found for CSGnP: C, 79.49%; H, 0.83%; O, 13.11%; S, 3.66%.  

 

7. 7 Results and discussion  

 

Due to the versatility of mechano-chemical reactions driven by ball milling, various functional 

groups could be introduced at the broken edges of graphite in the presence of appropriate chemical 

vapors, liquids, or solids in the ball-mill crusher.
19

 Thus, the methodology used in this study is a low-

cost, high yield, versatile approach to the mass production of GnPs with various desired functional 

groups.
19

 In this work, a series of EFGnPs were prepared by ball milling the graphite (100 mesh, <150 

μm) in the presence of hydrogen, dry ice, sulfur trioxide, or a dry ice/sulfur trioxide mixture to 

produce a large amount (typically 5.0 g for each batch) of hydrogen- (HGnP), carboxylic acid- 

(CGnP), sulfonic acid- (SGnP), and carboxylic acid/sulfonic acid-functionalized (CSGnP) GnPs, 
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respectively (Fig. 7-1a). The mechanism of edge-selective functionalization in the ball-milling process 

involves the reaction between reactive carbon species (radicals and ions) generated by a mechano-

chemical cleavage of graphitic C-C bonds and gases introduced into a sealed ball-mill crusher (Fig. 7-

1a and 7-2).  

 

Figure 7-1. (a) Schematic representation of the mechano-chemical reaction between in situ 

generated active carbon species and reactant gases in a sealed ball-mill crusher. The cracking of 

graphite by ball milling in the presence of corresponding gases and subsequent exposure to air 

moisture resulted in the formation of EFGnPs. The red balls stand for reactant gases such as 

hydrogen, carbon dioxide, sulfur trioxide, and air moisture (oxygen and moisture); SEM 

images: (b) Pristine graphite; (c) HGnP; (d) CGnP; (e) SGnP; (f) CSGnP. Scale bars are 1 μm. 

(g) EDX spectra of the pristine graphite and EFGnPs. 

 

The dormant active carbon species unreacted in the crusher could be terminated by subsequent 

exposure to air moisture. As a result, some oxygenated groups, such as hydroxyl (-OH) and carboxylic 
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acid (-COOH), could be introduced at the broken edges of the preformed EFGnPs (Fig. 7-2). I used a 

scanning electron microscope (SEM) to demonstrate the mechano-chemical cracking of a large grain 

size of graphite into a small grain size of EFGnPs, as schematically shown in Figure 7-1a. 

A typical SEM image of the pristine graphite had a grain size in the range of a few to a hundred 

micrometers (Fig. 7-1b). After ball milling for 48 h, the resultant EFGnPs showed dramatically 

reduced grain sizes in the range of 0.1-1 μm (Fig. 7-1c-f), indicating an obvious size reduction by 

mechano-chemical cracking. Due to the reaction between the newly formed active carbon species at 

the broken edges of the GnPs and corresponding gases, the ball milling and subsequent workup 

procedures were found to increase the weight of all the resultant EFGnPs with respect to the graphite 

starting material. These results indicated that the mechano-chemical functionalization of graphite was 

efficient. Interestingly enough, the SEM images in Figure 7-1 showed a more aggregate morphology 

for the SGnP and CSGnP (Fig. 7-1e and f, respectively) containing polar sulfonic acid groups than the 

EFGnPs of relatively less polar groups, such as HGnP and CGnP (Fig. 7-1c and d, respectively). The 

observed difference is presumably due to the formation of strong edge hydrogen bonds for the former, 

which will be discussed later. As expected, the corresponding energy dispersive X-ray (EDX) surveys 

(Fig. 7-1g) and element mappings in Figure 7-3 and 7-4 showed the presence of constituent elements 

for each of the samples with sulfur being observed only in SGnP and CSGnP. 

 

 

Figure 7-2. Proposed mechanism for the edge-selective functionalization of graphite by 

mechano-chemical cracking of graphitic C-C bonds in the presence of hydrogen, carbon dioxide, 

sulfur trioxide and carbon dioxide/sulfur trioxide mixture to yield: (a) HGnP; (b) CGnP; (c) 

SGnP; (d) CSGnP, respectively, and their thermal defunctionalization at elevated temperature 

(900 
o
C) under argon atmosphere. The graphitic structures are idealized for clarity. 
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Figure 7-3. SEM images and their corresponding carbon and oxygen mappings in that order: 

(a-c) Pristine graphite; (d-f) HGnP; (g-i) CGnP. Scale bars are 1 µm. 

 

 

Figure 7-4. SEM images and their corresponding carbon, oxygen and sulfur mappings in that 

order: (a-d) SGnP; (e-h) CSGnP. Scale bars are 1 µm.  
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The TEM images with selected area electron diffraction (SAED) patterns presented in Figures 7-

5~7-8 clearly showed the presence of EFGnPs with characteristic folding and wrinkles due to the 

flexible nature of few-layered GnPs. As expected, the few-layered GnPs showed typical SAED 

patterns of a six-fold symmetry with the {2110} spots appearing to be more intense relative to the 

{1100} spots (Fig. 7-5a~7-8a, insets), indicating also a high crystallinity.
21

 Furthermore, the high 

resolution TEM (HR-TEM) images displayed honeycomb-type morphologies for well-preserved basal 

planes (Fig. 7-5d~7-8d).  

 

 

Figure 7-5. TEM images of HGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image.  
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Figure 7-6. TEM images of CGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image.  

 



１０６ 

 

 

 

Figure 7-7. TEM images of SGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image.  
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Figure 7-8. TEM images of CSGnP: (a) Bright field (BF) image. Inset is selected area electron 

diffraction (SAED) pattern; (b, c) Energy-filtered images; (d) High-resolution image. 

 

Elemental analysis (EA) data showed that the pristine graphite contains 99.64 wt% carbon with a 

negligible amount of oxygen (0.13 wt%), whereas the carbon content of EFGnPs was reduced to the 

range of 72.04-80.61 wt% (Table 7-1), presumably indicating the uptake of new elements at the edges 

of EFGnPs. Compared to the pristine graphite with undetectable hydrogen content, for example, the 

ball milling induced hydrogen in the HGnP was found to increase its weight by 2.98 wt%. The 

observed weight increase corresponds to the introduction of hydrogen per 2.3 carbon (C/H = 2.3) into 

the HGnP (Table 7-1), suggesting that the mechano-chemically produced active carbon species can 

readily capture hydrogen to produce HGnP. Similarly, high oxygen and/or sulfur contents were found 
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for CGnP (C/O = 3.4), SGnP (C/O = 11.4 and C/S = 21.8), and CSGnP (C/O = 8.1 and C/S = 69.4) 

(Table 7-1).  

The FT-IR spectrum of the pristine graphite showed only a weak band at 1632 cm
-1

, which is 

characteristic of the vibration mode of adsorbed water molecules.
22

 The strong peak at 3400 cm
-1

 is 

attributable to the bound moisture in KBr (Fig. 7-9a), which was used for the preparation of the IR 

specimen. Due to the size reduction and hydrogenation at the edges, HGnP showed prominent peaks 

at 2850 and 2918 cm
-1

, which are attributable to sp
3
 C-H and sp

2
 C-H, respectively, and in good 

agreement with EA (Table 7-1). 

 

Table 7-1. Elemental analysis of the pristine graphite, HGnP, CGnP, SGnP and CSGnP.  

Sample C (%) H (%) O (%) S (%) C/H C/O C/S 

Graphite
c
 99.64 BDL

a
 0.13 NA

b
 64.3 1021 NA 

HGnP 80.61 2.98 9.98 NA 2.3 10.8 NA 

CGnP
c
 72.04 1.01 26.46 NA 6.0 3.6 NA 

SGnP 79.41 0.50 9.30 9.72 13.3 11.4 21.8 

CSGnP 79.65 0.67 13.11 3.35 10.0 8.1 69.4 

a. BDL = Below detection limit.  

b. NA = Not applicable.  

c. Reported values in reference 19.  

 

The CGnP and CSGnP displayed their characteristic peaks for carboxylic acid carbonyl (CO) at 

around 1720 cm
-1

, whereas the expected sulfonic acid sulfonyl (OSO) peaks at around 1360 cm
-1

 were 

not discernible for SGnP and CSGnP due to the strong inter- and intramolecular hydrogen bonding 

(Fig. 7-9a), as reflected by the SEM morphologies (Fig. 7-1e and f). The absence of IR signal from 

groups with strong hydrogen bonding has been observed for various materials.
23

  

Along with the EDX (Fig. 7-1g) and EA (Table 7-1) results, further evidence for the edge 

functionalization shown in Figure 7-1a came from the XPS spectroscopic measurements. As can be 

seen in Figure 7-9b, the pristine graphite showed a strong C 1s peak at 284.3 eV with a very minor 

band at 532 eV due to physically adsorbed oxygen.
24,25

 After the ball milling and subsequent exposure 

to air moisture, the EFGnPs showed a significantly increased O 1s peaks relative to the corresponding 

C 1s peaks with increased C/O ratios in the range of 4.6-11.9 (Fig. 7-9b and Table 7-1). The high-
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resolution XPS spectra for HGnP and CGnP, together with the curve fittings, showed that the O 

element dominantly comes from O=C-OH (Fig. 7-10). For SGnP and CSGnP, additional S 2p and S 2s 

peaks appeared at 164 and 228 eV, respectively (sky blue square box in Fig. 7-9b), indicating the 

presence of sulfur-containing groups (e.g., -SO3H) (Fig. 7-11). Thermogravimetric analysis (TGA) 

was used to quantitatively estimate the degree of functionalization. As shown in Figure 7-9c and Table 

7-2, the pristine graphite displayed a negligible amount of weight loss (0.3 wt%) up to 800 °C in 

nitrogen, whereas the corresponding weight losses for HGnP, CGnP, SGnP, and CSGnP are 82.2, 64.9, 

86.8, and 82.0 wt%, respectively. The observed weight losses for EFGnPs were mainly caused by the 

thermal decomposition of edge groups via dehydrogenation (hydrogen), decarboxylation (carboxylic 

acid), and desulfonation (sulfonic acid) into hydrogen, carbon dioxide, and sulfur trioxide, 

respectively (Fig. 7-2).
16

 Unlike the pristine graphite, all the EFGnPs exhibited gradual weight losses, 

suggesting the presence of strong intersheet interactions (e.g., H-bonding) between some of the polar 

edge groups to alter their decomposition behaviors. The Raman spectra for the pristine graphite 

showed no detectable D band, while the G and 2D bands appeared at 1584 and 2970 cm
-1

, respectively. 

Due to the large grain size (Fig. 7-1b), the pristine graphite did not show a D band at around 1350 cm
-

1
 associated with the edge distortions and topological defects. The ratio of the D- to G-band intensities 

(ID/IG) was zero. In contrast, all of the EFGnPs showed strong D bands around 1350 cm
-1

 (Fig. 7-9d), 

and their ID/IG ratios were in the range of 0.79-1.50, indicating a significant size reduction by 

mechano-chemical cracking and edge distortion by functionalization (Fig. 7-1a and 7-2). Interestingly, 

sulfonic acid containing SGnP and CSGnP displayed relatively sharper D and G bands than those of 

HGnP and CGnP, which was probably due to the formation of relatively bigger grain sizes and tighter 

aggregates by stronger surface interactions (H-bonding) between the sulfonic acids at their edges (Fig. 

7-1d and e). In addition, SGnP and CSGnP showed the D′ band to the right shoulders of the G bands 

(arrows), which stems from another weak disorder on the graphitic structure associated with the strain 

induced by strong surface interactions.
21

 As shown in Figure 7-9e, the XRD diffraction pattern of the 

pristine graphite showed a typical strong [002] peak at 26.5°, which corresponds to an interlayer d-

spacing of 0.34 nm, with all the other peaks attributable to other three-dimensional diffraction lines 

associated with hexagonal graphite (h-graphite).
22

 In contrast, the corresponding XRD diffraction 

patterns for EFGnPs exhibited broad peaks over 15-30° with much weaker intensities, suggesting a 

high degree of exfoliation, even in the solid state. Unlike GO, which has a large shift of the [002] peak 

from 26.5° (d-spacing of 0.34 nm) to as low as 10.5° (d-spacing of 0.83 nm),
28

 the EFGnPs showed a 

significant decrease in intensities, while the peak location remains in the range of 22.3-25.9°, which 

corresponds to the interlayer d-spacing in the range of 0.40-0.34 nm (Fig. 7-9f).  
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Figure 7-9. (a) FT-IR spectra (KBr pellets); (b) XPS survey spectra; (c) TGA thermograms 

obtained from the heating rate of 10 
o
C/min in nitrogen; (d) Raman spectra; (e) XRD diffraction 

patterns; and (f) Magnified XRD diffraction patterns from sky blue rectangle box in (e). 
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Figure 7-10. High resolution XPS spectra: (a) C 1s and (b) O 1s of HGnP; (c) C 1s and (d) O 1s 

of CGnP. 

 

 

Figure 7-11. High resolution XPS spectra: (a) C 1s (b) O 1s (c) S 2p of SGnP; (d) C 1s (e) O 1s (f) 

S 2p of CSGnP. 
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Table 7-2. XPS, EDX and TGA data of the pristine graphite, HGnP, CGnP, SGnP and CSGnP. 

Sample 

TGA (Char yield in N2) 

Element 
EDX 

(at%) 

XPS 

(at%) at 800 °C 

(%) 

at 1000 °C 

(%) 

Graphite 99.7 99.1 

C (%) 97.05 98.35 

O (%) 2.95 1.65 

C/O 43.8 59.6 

HGnP 82.2 81.1 

C (%) 92.56 86.65 

O (%) 6.69 13.35 

C/O 18.4 8.6 

CGnP
a
 64.9 61.8 

C (%) 91.72 82.22 

O (%) 8.82 17.78 

C/O 13.9 4.6 

SGnP 86.8 82.9 

C (%) 75.05 88.52 

O (%) 6.79 (18.16)
b
 7.47 (4.01)

b
 

C/O 11.1 11.9 

CSGnP 82.0 78.8 

C (%) 79.53 86.66 

O (%) 7.38 (13.09)
b
 10.69 (2.65)

b
 

C/O 10.8 8.1 

a. Reported values in reference 19. 

b. Number in parenthesis is sulfur content. 

  

These results implicated that the edges of EFGnPs are delaminated to a great extent without much 

lattice expansion. Hence, the ball-milling process involves not only mechanochemically cracking and 

edge-selectively functionalizing graphite but also delaminating graphite. The EFGnPs could be further 

exfoliated into few-layer GnPs upon dispersion in polar solvents (vide infra). Hitherto, various 

structural characterization techniques have indicated that a large number of desired functional groups 

have been introduced at the broken edges of EFGnPs by ball milling of graphite in the presence of 

reactant gases and oxygenated groups by subsequent exposure to air moisture. The edge functionality 

(enthalpy gains) and size reduction (entropy gains) should provide thermodynamic driving forces for 
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the dispersion of EFGnPs in various solvents. As a result, EFGnPs could disperse well in most protic 

and polar aprotic solvents, including neutral water (Fig. 7-12a−d). 

 

 

Figure 7-12. Photographs of EFGnPs dispersed solutions in various solvents after one week 

standing on bench top in a normal laboratory condition: (1) H2O; (2) 1M HCl; (3) 1M KOH; (4) 

1M NH4OH; (5) 7M NH4OH; (6) ethyl acetate; (7) MeOH; (8) isopropanol; (9) THF; (10) 

acetone; (11) DMAc; (12) DMF; (13) NMP; (14) dichloromethane; (15) toluene; (16) hexane: (a) 

HGnP; (b) CGnP; (c) SGnP; (d) CSGnP. Zeta-potentials of SGnP and CSGnP in DMF at a 

concentrations of (e) 0.04 mg/mL; (f) 0.14 mg/mL. 
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Among all 16 tested solvents, polar aprotic solvents (e.g., DMAc, DMF, and NMP) were found to 

be good solvents for dispersing EFGnPs into stable dispersions with concentrations higher than 0.1 

mg/mL. As expected, the polar nature of EFGnPs makes them less dispersible in nonpolar solvents, 

such as dichloromethane, toluene, and hexane. In view of their high polarity, I further selected SGnP 

and CSGnP for Zeta-potential measurements to ensure their dispersion stability at different 

concentrations in DMF as a basic solvent (Fig. 7-12e and f). As indicated by the EA and XPS (Table 

7-1 and 2, respectively) studies, SGnP contained more sulfonic acid groups and hence more acidic in 

nature. As a result, SGnP displayed higher absolute values of the Zeta-potential: -48.6 mV (0.04 

mg/mL) and -38.8 mV (0.14 mg/mL) than the corresponding values for the CSGnP (-42.6 and -32.8 

mV at 0.04 and 0.14 mg/mL, respectively) (Table 7-3).  

 

Table 7-3. Zeta-potentials of the pristine graphite, HGnP, CGnP, SGnP and CSGnP at different 

concentrations in DMF solutions. 

Sample 

Concentration (mg/mL) Particle Size 

(nm) 0.14 0.07 0.04 

SGnP -38.8 -44.6 -48.6 278.4 

CSGnP -32.8 -39.0 -42.6 491.0 

 

It was well known that good dispersion stability via positive or negative charge repulsion can be 

achieved when the absolute value of Zeta-potential is higher than 30 mV.
27

 Thus, the Zeta-potential 

measurements, together with microscopic and spectroscopic studies (Fig. 7-1 and 7-9, respectively), 

indicated that the driving force for good dispersion stability must originate from the strong repulsion 

between the negatively charged -SO2-O
-
 generated in the basic DMF medium (vide infra).

29
 On the 

basis of TGA results, I heat-treated EFGnPs in a solid state at 900 °C under argon in order to 

thermally strip off the edge-functional groups into hydrogen, carbon dioxide, and sulfur trioxide and 

to restore the graphitic structures. Indeed, the resultant heat-treated EFGnPs (H-EFGnPs) showed 

much narrowed Raman D and G bands (Fig. 7-13a) in comparison with those of starting EFGnPs (Fig. 

7-9d). The XRD diffraction patterns also showed that the interlayer d-spacing of H-EFGnPs 

approaches 0.34 nm (Fig. 7-13b), which is a typical interlayer distance of the pristine graphite (Fig. 7-

9e). Thus, the graphitic interlayer d-spacing of H-EFGnPs has been largely restored by removal of the 

edge functional groups. Therefore, EFGnPs can be used as low-cost, stable precursors to high-quality 

graphene materials for many applications via simple solution processing, followed by thermal 

annealing, if necessary.  
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Figure 7-13. Heat-treated EFGnPs at 900 
o
C under argon atmosphere: (a) Raman spectra; (b) 

XRD diffraction patterns. 

 

Finally, I evaluated the relationship between the electrocatalytic activity and edge polarity of 

EFGnPs for oxygen reduction reaction (ORR) in alkaline electrolyte. Because the polarities of edge 

groups were in the order of -SO3H > -COOH > -H, the polarity order was expected to be SGnP > 

CSGnP > CGnP > HGnP >the pristine graphite.  

 

 

Figure 7-14. Contact angles of samples: (a) HGnP; (b) CGnP; (c) SGnP; (d) CSGnP.  
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To start with, the polarities of EFGnPs were determined by contact angle measurements. The 

average contact angles (10 measurements) of SGnP, CSGnP, CGnP, and HGnP were 23.2, 34.3, 77.1 

and 81.6°, respectively (Fig. 7-14 and Table 7-4). As a result, a large number of sulfonic acids at the 

edges of SGnP and CSGnP were expected to be more hydrophilic for efficient oxygen absorption.
1
 

 

Table 7-4. Contact angles of the pristine graphite, HGnP, CGnP, SGnP and CSGnP. 

No. Si Wafer HGnP CGnP SGnP CSGnP 

1 48.8 80.4 75.1 21.4 30.5 

2 49.6 83.9 80.1 21.7 30.7 

3 48.2 79.7 74.5 21.9 33.6 

4 49.0 81.1 75.9 22.1 33.6 

5 49.3 81.5 76.8 22.5 33.6 

6 49.3 81.9 77.6 22.9 34.1 

7 49.4 83.6 79.7 23.8 34.2 

8 49.7 86.3 83.0 23.9 36.7 

9 44.4 77.5 74.0 24.4 37.8 

10 47.6 79.6 74.4 26.9 38.4 

Average 48.5 81.6 77.1 23.2 34.3 

 

EFGnP electrodes were prepared by drop coating each sample (0.5 mg) dispersed in Nafion/ethyl 

alcohol solution (1.5 mL) on a glassy carbon (GC) electrode. For comparison purposes, the pristine 

graphite and platinum (Pt) on activated carbon (Pt/C, Vulcan XC-72R) electrodes were also prepared 

by using the same procedure. Cyclovoltametric scans of EFGnPs showed featureless voltammetric 

currents in N2 saturated 0.1 M aq KOH solutions within the potential range of -1.0 to 0.2 V. As 

expected, the pristine graphite had the lowest capacitance, while the capacitances of EFGnPs 

increased in the order of HGnP < CGnP < CSGnP < SGnP (Fig. 7-15b-e). Among all the tested 

samples, the SGnP showed the highest capacitance, which should correlate to its highest polarity 

rather than surface area (Table 7-5). 
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Figure 7-15. Cyclic voltammograms of sample electrodes on glassy carbon (GC) electrodes in 

N2- and O2-saturated 0.1 M aq KOH solution with a scan rate of 0.1 V/s: (a) Pristine graphite; 

(b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; and (f) Pt/C. 
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Table 7-5. BET surface areas of the pristine graphite, HGnP, CGnP, SGnP and CSGnP 

measured in solid state. 

Sample 
Surface Area 

(m
2
/g) 

Pore Volume 

(mL/g) 

Pore Size 

(Å ) 

Graphite
a
 2.8 0.0016 22.7 

HGnP 437 0.3909 35.8 

CGnP
a
 389 0.1841 18.9 

SGnP 2.9 0.0135 186.2 

CSGnP 2.7 0.0136 204.3 

a. Reported values in reference 19. 

 

The capacitance order was reproducible for five CV tests (Fig. 7-16a) and linear sweep voltage 

(LSV) measurements (Fig. 7-16b). All tested sample electrodes displayed a dramatic increase in 

voltametric currents in O2 saturated solutions compared to the currents observed in the N2 saturated 

electrolyte (Fig. 7-15b-e). Hence, the high electrocatalytic activity of EFGnPs for ORR was evident. 

Specifically, the SGnP and CSGnP are much more efficient than the pristine graphite, HGnP and 

CGnP, in terms of low over potential, high current density, and capacitance (Table 7-6).  

 

Table 7-6. Onset potential, current density, and capacitance (F/g) obtained from the 50
th

 cycle of 

CV in N2- and O2-saturated 0.1 M KOH solution. 

Sample 
Onset Potential 

(V) 

Current Density at 

-1.0 V 

(mA/cm
2
) 

Capacitance 

(F/g) 

Capacity Retention 

(%) 

N2 O2 N2 O2 

graphite -0.25 -0.17 1.6 13.7 98.2 95.5 

HGnP -0.24 -0.24 13.4 19.3 98.4 84.3 

CGnP -0.22 -0.41 34.6 42.9 76.6 60.6 

SGnP -0.16 -0.38 64.2 82.4 95.1 97.6 

CSGnP -0.16 -0.28 49.6 69.7 99.6 99.3 

Pt/C 0.50 -1.68 76.1 91.9 76.8 88.7 
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Figure 7-16. (a) Cyclic voltammograms; (b) Linear sweep voltage (LSV) of sample electrodes on 

glassy carbon (GC) electrodes in O2-saturated 0.1 M aq. KOH solution with a scan rate of 0.1 

V/s; (c) A schematic representation for the edge-delamination of SGnP in an aqueous KOH 

electrolyte. 

 

More specifically, the onset potentials of the sulfur-containing SGnP and CSGnP were similar at -

0.16 V, and their maximum current densities are -0.38 and -0.28 mA/cm
2
 at -1.0 V, respectively. The 

capacitances of SGnP (82.4 F/g) and CSGnP (69.7 F/g) were approximately 90 and 76% of the 

commercial Pt/C (91.9 F/g) in O2 saturated 0.1 M aq KOH solutions (Table 7-6). However, 

considering the current contribution to the reduction potential of hydrogen at around -0.7 V (sky blue 

arrow in Fig. 7-15f), the pure ORR activities of SGnP and CSGnP were expected to be equivalent 

and/or even higher. The comparably high ORR activities of SGnP and CSGnP in alkaline condition 

are attributable to their acidic polar nature, and thus, strong polyelectrolyte effect in alkaline 

electrolyte stemming from sulfonic acids at their edges. The ionic interactions between strong acidic 

sulfonic acids on SGnP and CSGnP and strong basic KOH in the electrolyte solution made SGnP and 



１２０ 

 

CSGnP more hydrophilic. As a result, they have a strong affinity to electrolyte and oxygen. In 

conjunction to effective interactions with electrolyte, sulfonic acids at the edges of SGnP and CSGnP 

could be fully ionized in an alkaline medium to form a strong negative charge, as observed in Zeta-

potential measurements (Fig. 7-12e and f).
30

 As schematically presented for SGnP in Figure 7-16c, 

there must be strong charge repulsions between the graphitic layers in SGnP and CSGnP in alkaline 

electrolyte solutions to allow efficient oxygen diffusion into the graphitic layers for a more effective 

oxygen reduction. Compared with Pt/C, all EFGnPs displayed very good cycle stability in N2-

saturated electrolyte solutions (Fig. 7-17a,b and 7-18). More importantly, SGnP and CSGnP displayed 

good cycle stability. They maintained 97.6 and 99.3% of initial capacitance after 100 cycles in O2-

saturated electrolyte solutions, while Pt/C showed only 88% (Fig. 7-17c,d and 7-19). Thus, I believe 

both SGnP and CSGnP could be scalable as low-cost alternatives to expensive Pt-based 

electrocatalysts for ORR.  

 

Figure 7-17. Capacitance changes with respect to cycle number in 0.1 M aq. KOH solution with 

a scan rate of 0.1 V/s: (a) Capacitance vs. cycle number in N2 saturated electrolyte solution; (b) 

Relative capacity retention vs. cycle number in N2 saturated electrolyte solution; (c) Capacitance 

vs. cycle number in O2 saturated electrolyte solution; (d) Relative capacity retention vs. cycle 

number in O2 saturated electrolyte solution. 



１２１ 

 

 

Figure 7-18. Current vs. time (i-t) curves obtained for 100 cycles showing cycling current 

stability of samples/glassy carbon (GC) electrodes in N2-saturated 0.1 M aq. KOH solution with 

a scan rate of 0.1 V/s: (a) Pristine graphite; (b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; (f) Pt/C. 
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Figure 7-19. Current vs. time (i-t) curves obtained for 100 cycles showing cycling current 

stability of samples/glassy carbon (GC) electrodes in O2-saturated 0.1 M aq. KOH solution with 

a scan rate of 0.1 V/s: (a) Pristine graphite; (b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; (f) Pt/C.  
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Figure 7-20. RDE voltammograms in O2-saturated 0.1 M aq KOH solution with a scan rate of 

0.1 V/s at different rotating rates of 400, 900, 1200, 1600, 2000, and 2500 rpm: (a) Pristine 

graphite; (b) HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; and (f) Pt/C. 
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Figure 7-21. Koutecky-Levich plots derived from RDE measurements at different electrode 

potentials (black line: -0.4 V, red line: -0.5 V and blue line: -0.6 V): (a) Pristine graphite; (b) 

HGnP; (c) CGnP; (d) SGnP; (e) CSGnP; (f) Pt/C. On the basis of RDE results of sample 

electrodes, the transferred electron number per oxygen molecule involved in the oxygen 

reduction is calculated. 

 

On the basis of a high current density and good cycle stability observed for SGnP and CSGnP, the 

reaction kinetics of EFGnP sample electrodes were studied by using a rotating disk electrode (RDE) 

(Fig. 7-20). The oxygen reduction activities of the sulfur-containing SGnP and CSGnP (Fig. 7-15d and 

e) were obviously more pronounced than those of the pristine graphite, HGnP, and CGnP (Fig. 7-15a-

c) and similar to that of commercial Pt/C (Fig. 7-15f). In all cases, the voltammetric profiles showed 

that the current density was increased by increasing the rotating rate. Compared with the onset 
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potentials of the pristine graphite (~-0.25 V) (Fig. 7-20a), those of EFGnPs were gradually decreased 

according to their polarity order of HGnP (-0.24 V) < CGnP (-0.22 V) < CSGnP (-0.16 V) < SGnP (-

0.16 V) (Fig. 7-20b-e), though Figure 7-15a-e strongly suggested a two-electron ORR process at low 

potential. The corresponding Koutecky-Levich plots at the electrode potential ranges of -0.4 to -1.0 V 

revealed first order reaction kinetics with respect to the concentration of dissolved O2 (Fig. 7-21).
31

  

As the detailed kinetic analysis described in electrochemical study section, the number of 

transferred electrons (n) involved in oxygen reduction can be analyzed on the basis of the Koutecky-

Levich equation.
32

 The n values for EFGnPs were increased from 2.2 to 3.8 as the applied voltage 

increased (Fig. 7-21 and Table 7-7), indicating they were mainly two-electron transfer at low voltage 

and four electron transfer at high voltage in the oxygen reduction process. The results were different 

from heteroatom-doped graphene
3,6 

and commercial Pt/C.
2,4

 The overall electrocatalytic activities of 

EFGnPs are closely related to the edge polarity nature in the order of SGnP > CSGnP > CGnP > 

HGnP > pristine graphite. In addition to the electron-accepting ability (thermodynamic contribution) 

of heteroatom-doped GnPs,
8 

therefore, the oxygen diffusion kinetics could also significantly 

contribute to ORR. More importantly, both SGnP and CSGnP demonstrated comparable ORR activity 

at high potential (Fig. 7-22) and superb cycle stability (Fig. 7-17) to commercially available platinum-

based electrocatalyst (Pt/C, Vulcan XC-72R, E-TEK). 

 

Figure 7-22. Comparison of Koutecky-Levich plots at 0.8 V. Pristine graphite follows two-

electron (n = 2) process, while EFGnPs and Pt/C follow four-electron (n = 4) process. 
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Table 7-7. Kinetic current (jk) and average number of electrons (ni) transferred for oxygen 

reduction at different potentials for sample electrodes in O2-saturated 0.1 M KOH solution. 

Sample i Ei (V) vs Ag/AgCl ni 

Graphite 

1 -0.4 2.6 

2 -0.5 2.2 

3 -0.6 2.2 

4 -0.7 2.3 

5 -0.8 2.4 

6 -0.9 2.6 

7 -1.0 2.6 

HGnP 

1 -0.4 2.2 

2 -0.5 2,6 

3 -0.6 3.0 

4 -0.7 3.2 

5 -0.8 3.7 

6 -0.9 3.8 

7 -1.0 3.7 

CGnP 

1 -0.4 2.0 

2 -0.5 2.4 

3 -0.6 2.9 

4 -0.7 3.1 

5 -0.8 3.4 

6 -0.9 3.6 

7 -1.0 3.8 

SGnP 

1 -0.4 2.2 

2 -0.5 2.3 

3 -0.6 3.1 

4 -0.7 3.1 

5 -0.8 3.7 

6 -0.9 3.6 

7 -1.0 3.8 

CSGnP 

1 -0.4 2.6 

2 -0.5 2.6 

3 -0.6 2.8 

4 -0.7 2.9 

5 -0.8 3.2 

6 -0.9 3.4 

7 -1.0 3.6 

Pt/C (Vulcan XC-72R) 

1 -0.4 4.0 

2 -0.5 4.0 

3 -0.6 3.9 

4 -0.7 4.0 

5 -0.8 4.0 
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7. 8 Conclusion  

 

I have developed a simple and versatile ball-milling process to efficiently exfoliate the pristine 

graphite directly into EFGnPs. Various microscopic and spectroscopic measurements were performed 

to confirm the reaction mechanisms for the edge functionalization of graphite by ball milling in the 

presence of reactant gases. The resultant EFGnPs were highly dispersible in various polar solvents 

suitable for simple solution processing. Compared to the less polar pristine graphite, HGnP and CGnP, 

more polar sulfur-containing SGnP and CSGnP, even without heteroatom doping in the graphitic 

carbon framework, displayed relatively high electrocatalytic activity and good cycle stability for ORR. 

In addition to the thermodynamic control of ORR via enhanced electron transfer induced by 

heteroatom doping into the graphitic basal plane, the kinetic contribution related to oxygen diffusion 

by edge polarity nature was demonstrated in this study to also play an important role in regulating the 

ORR process. This work provided an important insight for designing a new class of carbon-based 

electrocatalysts. The heteroatom (thermodynamic contribution) doped GnPs with stable polar edge 

functional groups (kinetic contribution), such as sulfonic acid, would be expected to display 

maximum enhanced ORR activity. Hence, the ball-milling technique could be regarded as a powerful 

approach toward low-cost, high-yield production of EFGnPs with various functional groups of 

practical significance for the mass production of multifunctional materials and devices based on GnPs.  

 

7. 9 Reference 

 

(1) Yu, D.; Nagelli, E.; Du, F.; Dai, L. J. Phys. Chem. Lett. 2010, 1, 2165. 

(2) Lee, J. S.; Tai Kim, S.; Cao, R.; Choi, N. S.; Liu, M.; Lee, K. T.; Cho, J. Adv. Energy Mater. 2011, 

1, 34. 

(3) Qu, L.; Liu, Y.; Baek, J. -B.; Dai, L. ACS Nano 2010, 4, 1321. 

(4) Li, X.; Wang, H.; Robinson, J. T.; Sanchez, H.; Diankov, G.; Dai, H. J. Am. Chem. Soc. 2009, 131, 

15939. 

(5) Sheng, Z. H.; Gao, H. L.; Bao, W. J.; Wang, F. B.; Xia, X. H. J. Mater. Chem. 2011, 22, 390. 

(6) Wang, S.; Zhang, L.; Xia, Z.; Roy, A.; Chang, D. W.; Baek, J. B.; Dai, L. Angew. Chem., Int. Ed. 

2012, 51, 4209. 

(7) Jeon, I. -Y.; Yu, D.; Bae, S. -Y.; Choi, H. -J.; Chang, D. W.; Dai, L.; Baek, J. -B. Chem. Mater. 

2011, 23, 3987. 

(8) Gong, K.; Du, F.; Xia, Z.; Durstock, M.; Dai, L. Science 2009, 323, 760. 



１２８ 

 

(9) Niyogi, S.; Bekyarova, E.; Itkis, M. E.; McWilliams, J. L.; Hamon, M. A.; Haddon, R. C. J. Am. 

Chem. Soc. 2006, 128, 7720. 

(10) Li, D.; Mu ller, M. B.; Gilje, S.; Kaner, R. B.; Wallace, G. G. Nat. Nanotechnol. 2008, 3, 101. 

(11) Xu, Y.; Bai, H.; Lu, G.; Li, C.; Shi, G. J. Am. Chem. Soc. 2008, 130, 5856. 

(12) Wang, X.; Li, X.; Zhang, L.; Yoon, Y.; Weber, P. K.; Wang, H.; Guo, J.; Dai, H. Science 2009, 

324, 768. 

(13) Hummers, W. S., Offeman, R. E. J. Am. Chem. Soc. 1958, 80, 1339. 

(14) Eda, G.; Fanchini, G.; Chhowalla, M. Nat. Nanotechnol. 2008, 3, 270. 

(15) Park, S.; Ruoff, R. S. Nat. Nanotechnol. 2009, 4, 217. 

(16) Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; 

Nguyen, S. B. T.; Ruoff, R. S. Carbon 2007, 45, 1558. 

(17) Wang, X.; Zhi, L.; Mu llen, K. Nano Lett. 2008, 8, 323.  

(18) Boukhvalov, D. W.; Katsnelson, M. I. J. Am. Chem. Soc. 2008, 130, 10697. 

(19) Jeon, I. -Y.; Shin, Y. -R.; Sohn, G. -J.; Choi, H. -J.; Bae, S. -Y.; Mahmood, J.; Jung, S. -M.; Seo, J. 

-M.; Kim, M. -J.; Chang, D. W.; Dai, L.; Baek, J. -B. Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 

5588. 

(20) Sohn, G. -J.; Choi, H. -J.; Jeon, I. -Y.; Chang, D. W.; Dai, L.; Baek, J. -B. ACS Nano 2012, 6, 

6345. 

(21) Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F. M.; Sun, Z.; De, S.; McGovern, I.; Holland, 

B.; Byrne, M.; Gun‟Ko, Y. K. Nat. Nanotechnol. 2008, 3, 563. 

(22) Stankovich, S.; Piner, R. D.; Nguyen, S. B. T.; Ruoff, R. S. Carbon 2006, 44, 3342. 

(23) Langner, R.; Zundel, G. J. Phys. Chem. 1995, 99, 12214. 

(24) Collins, P. G.; Bradley, K.; Ishigami, M.; Zettl, A. Science 2000, 287, 1801. 

(25) Everett, D. H.; Chemistry, R. S. Basic principles of colloid science; Royal Society of Chemistry: 

London, 1988. 

(26) Liang, Y.; Wu, D.; Feng, X.; Müllen, K. Adv. Mater. 2009, 21, 1679. 

(27) Li, Z.; Lu, C.; Xia, Z.; Zhou, Y.; Luo, Z. Carbon 2007, 45, 1686. 

(28) Dikin, D. A.; Stankovich, S.; Zimney, E. J.; Piner, R. D.; Dommett, G. H. B.; Evmenenko, G.; 

Nguyen, S. B. T.; Ruoff, R. S. Nature 2007, 448, 457. 

(29) Becerril, H. A.; Mao, J.; Liu, Z.; Stoltenberg, R. M.; Bao, Z.; Chen, Y. ACS Nano 2008, 2, 463.  

(30) Kotin, L.; Nagasawa, M. J. Am. Chem. Soc. 1961, 83, 1026.  

(31) Allen, J. B.; Larry, R. F. Fundamentals and Applications. In Electrochemical Methods, 2nd ed.; 

Wiley: New York, 2001. 

(32) Tammeveski, K.; Tenno, T.; Claret, J.; Ferrater, C. Electrochim. Acta 1997, 42, 893. 



１２９ 

 

Manuscript 

 

2013 

1. Jeon, I.-Y *; Choi, H.-J.*; Jung, S.-M.; Seo, J.-M.; Kim, M.-J.; Dai, L.; Baek, J.-B. “Large-scale 

production of edge-selectively functionalized graphene nanoplatelets via ball-milling and their use 

as metal-free electrocatalysts for oxygen reduction reaction” J. Am. Chem. Soc. 2013, 135, 1386. 

(Highlighted in Graphene Times.com.) *Authors contributed equally 

2. Mahmood, J.; Kim, D. W.; Jeon, I.-Y; Lah, M.; Baek, J.-B. “Large-scale syhthesis of pure and 

stable hexaaminobenzene trihydrochloride” Synlett. 2013, 24, 246. 

 

2012 

3. Park, J.-S.; Lee, M.-H.; Jeon, I.-Y; Park, H.-S.; Baek, J.-B.; Song, H.-K. “Edge-exfoliated 

graphite for facile kinetics of lithiation” ACS Nano 2012, 6, 10770.  

4. Shin, Y. -R.; Jung, S.-M.; Jeon, I.-Y.; Baek, J.-B. “Highly Ordered Pyrolytic Graphite in a Nitric 

Acid/Sulfuric Acid Mixture” Carbon 2012, 52, 493-8. 

5. Choi, E.-K.; Jeon, I.-Y.; Shin, Y.-R.; Baek, J.-B. “Strain-induced delamination of edge-grafted 

graphite” Chem. Comm. 2012, 48, 11109-11.  

6. Sohn, G.-J.; Choi, H.-J.; Jeon, I.-Y.; Chang, D. W.; Dai, L.; Baek, J.-B. “Water-dispersible, 

sulfonated hyperbranched poly(ether-ketone) grafted multi-walled carbon nanotubes as oxygen 

reduction catalysts” ACS Nano 2012, 6, 6345-55.  

7. Jeon, I.-Y.; Shin, Y.-R.; Sohn, G.-J.; Choi, H.-J.; Bae, S.-Y.; Mahmood, J.; Jung, S.-M.; Seo, J.-M.; 

Kim, M.-J.; Chang, D.-W.; Dai, L.; Baek, J.-B. “Edge-carboxylated graphene nanosheets via ball 

milling” Proc. Natl. Acad. Sci. USA 2012, 109, 5588-93. (Highlighted in Chosun.com, KBS 

World, and Science Daily and more than 100 times global News Hits) 

8. Choi, H.-J.; Kang, J.-Y.; Jeon, I.-Y.; Eo, S.-M.; Tan, L.-S.; Baek, J.-B. “Immobilization of 

Platinum Nanoparticles on ortho-Diaminobenzoyl-Functionalized Multi-Walled Carbon Nanotube 

and Its Electrocatalytic Activity” J. Nanopart. Res. 2011, 14, 1-11.  

9. Shin, Y.-R.; Jeon, I.-Y.; Baek, J.-B. “Stability of multi-walled carbon nanotubes in different acidic 

media” Carbon 2011, 50, 1465-76 

2011 



１３０ 

 

10. Choi, H.-J.; Jeon, I.-Y.; Kang, S.-W.; Baek, J.-B. “Electrochemical activity of a 

polyaniline/polyaniline-grafted multiwalled carbon nanotube mixture produced by a simple 

suspension polymerization" Electrochim. Acta 2011, 56, 10023-31. 

11.  Jeon, I.-Y.*; Yu, D.*; Bae, S.-Y.; Choi, H.-J.; Chang, D. W.; Dai, L.; Baek, J.-B “Formation of 

Large-Area Nitrogen-Doped Graphene Film Prepared from Simple Solution Casting of Edge-

Selectively Functionalized Graphite and Its Electrocatalytic Activity” Chem. Mater. 2011, 23, 

3987-92.*Authors contributed equally. (Top Twenty Most Read Articles during September, 

2011). 

12. Bae, S.-Y.; Jeon, I.-Y.; Yang, J.; Park, N.; Shin, H. S.; Park, S. J.; Ruoff, R. S.;
 
Dai, L.; Baek, J.-B. 

“Large-Area Graphene Films by Simple Solution Casting of Edge-Selectively Functionalized 

Graphite” ACS Nano 2011, 5, 4974-8. (Top Twenty Most Read Articles during June, 2011). 

13. Jeon, I.-Y.; Choi, H.-J.; Tan, L.-S.; Baek, J.-B. "Nanocomposite prepared from in-situ grafting of 

polypyrrole to aminobenzoyl-functionalized multi-walled carbon nanotube and its electrochemical 

properties" J. Polym. Sci., Part A: Polym. Chem. 2011, 49, 2529-37. 

14. Jeon, I.-Y.; Choi, H.-J.; Bae, S.-Y.; Chang, D. W.; Baek, J.-B. "Wedging graphite into graphene 

and graphene-like platelets by dendritic macromolecules" J. Mater. Chem. 2011, 21, 7820-26. 

15. Kim, K. S.; Jeon, I.-Y.; Ahn, S. -N.; Kwon, Y. -D.; Baek, J.-B. “Edge-functionalized graphene-like 

platelets as a co-curing agent and a nanoscale additive to epoxy resin” J. Mater. Chem. 2011, 21, 

7337-42. 

16. Kumar, N. A.*; Jeon, I.-Y.*; Sohn, G. -J.; Jain, R.; Kumar, S.; Baek, J.-B. “Highly conducting and 

flexible few-walled carbon nanotube thin film” ACS Nano 2011, 5, 2324-31. *Authors 

contributed equally.  

17. Choi, H.-J.; Jeon, I.-Y.; Chang, D. W.; Yu, D.; Dai, L.; Tan, L.-S.; Baek, J.-B. “Preparation and 

electrocatalytic activity of gold nanoparticles immobilized onto the surface of mercaptobenzoyl-

functionalized multi-walled carbon nanotubes” J. Phy. Chem. C 2011,115, 1746-51. 

 

2010  

18. Jeon, I.-Y.; Bae, S.-Y.; Baek, J.-B. “Exfoliation of Graphite via Edge-Functionalization with 

Carboxylic Acid-Terminated Hyperbranched Poly(ether-ketone)s” Adv. Mater. Res. 2010, 123-

125, 671-4. 

19. Bae, S.-Y.; Jeon, I.-Y.; Baek, J.-B. “Highly Transparent and Conductive Graphene Electrode” Adv. 

Mater. Res. 2010, 123-125, 113-6. 



１３１ 

 

20. Choi, E.-K.; Jeon, I.-Y.; Oh, S.-J.; Baek, J.-B. “Direce grafting of Linear Macromolecular 

„Wedges‟ to the Edge of Pristine Graphite: A Precursor toward Exfoliation of Graphite into Two-

Dimensional Graphene” J. Mater. Chem. 2010, 20, 10936-42. 

21. Chang, D. W.; Jeon, I.-Y.; Baek, J.-B.; Dai, L. “Efficient dispersion of single walled carbon 

nanotubes by novel amphiphilic dendrimers in water and substitution of the pre-adsorbed 

dendrimers with conventional surfactants and lipids” Chem. Comm. 2010, 46, 7924-26. 

22. Jeon, I.-Y.; Choi, J. I.; Lee, S. G.; Chae, H. G.; Jang, S. S.; Kumar, S.; Baek, J.-B. “Sponge 

behaviors of functionalized few-walled carbon nanotubes” J. Phy. Chem. C. 2010, 114, 14868-75  

((Selected Top 100 Outstanding Research Award from Korea Nationwide R&D Competition 

and Top 50 Outstanding Research Awards from NRF, KOREA and will be Displayed in 

National Science Musium for a Year and Highlighted in NATURE Asia Materials-

highlight.php?id=790) 

23. Choi, E.-K.*; Jeon, I.-Y.*; Bae S.-Y.; Lee, H.-J.; Shin, H.-S.; Dai. L.; Baek, J.-B. “High-yield 

exfoliation of the three-dimensional graphite into two-dimensional graphene-like sheets” Chem. 

Comm. 2010, 46, 6320-22. (Top Ten Most Accessed Articles during August, 2010) *Authors 

contributed equally. 

24. Jeon, I.-Y.; Choi, E.-K.; Bae S.-Y.; Baek, J.-B. “Edge-functionalization of pyrene as a miniature 

graphene via Friedel-Crafts acylation reaction in Poly(phosphoric acid). Nano Res. Lett. 2010, 

3(6), 3654-74. 

25. Jeon, I.-Y.; Baek, J.-B. “Nanocomposites Derived from Polymers and Inorganic Nanoparticles” 

Materials 2010, 3(6), 3654-74. 

26. Jeon, I.-Y.; Kang, S.-W. Tan, L.-S.; Baek, J.-B. “Grafting of polyaniline onto the surface of 4-

aminobenzoyl functionalized multi-walled carbon nantobue and electrochemical properties” J. 

Polym. Sci., Part A: Polym. Chem. 2010, 48(14), 3103-12. 

27. Jeon, I.-Y.; Tan, L.-S.; Baek, J.-B. “Synthesis and Electrical Properties of Polyaniline/Polyaniline 

Grafted Multi-Walled Carbon Nanotube Mixture via in-Situ Static Interfacial Polymerization” J. 

Polym. Sci., Part A: Polym. Chem. 2010, 48(9), 1962-72. 

28. Kang, J.-Y.; Eo, S.-M.; Jeon, I.-Y.; Choi, Y. S.; Tan, L.-S.; Baek, J.-B. “Multifunctional Poly(2,5-

benzimidazole)/Carbon Nanotube Composite Films” J. Polym. Sci., Part A: Polym. Chem. 2010, 

48,1067-78.  

 

2009 

29. Jeon, I.-Y.; Tan, L.-S.; Baek, J. -B. “Self-Controlled Synthesis of Hyperbranched Poly(ether-

ketone)s from A2+B3 Approach in Poly(phosphoric acid)” J. Polym. Sci., Part A: Polym. Chem. 



１３２ 

 

2009, 47(13), 3326-36  

30. Lim, J.-K.; Jeon, I.-Y.; Lyons, C. B.; Laufersweliler, M. C.; Tan, L.-S.; Baek, J.-B. “Carbonxylic 

Acid-Terminated Hyperbanched Polybenzoxazole and Its Polyarm-Star Block Copolymers” 

Macromolecules 2009, 42(5), 1541-53.  

 

2008 

31. Jeon, I.-Y.; Lee, H.-J.; Choi, Y. S.; Tan, L.-S.; Baek, J.-B. “Semimetallic Transport in 

Nanocomposites Derived from Grafting of Linear and Hyperbranched Poly(phenylene sulfide)s 

onto the Surface of Functionalized Multi-Walled Carbon Nanotubes” Macromolecules 2008, 

41(20), 7423-32. 

32. Jeon, I.-Y.; Tan, L.-S.; Baek, J.-B. “Nanocomposites Derived from In Situ Grafting of Linear and 

Hyperbranched Poly(ether-ketone)s Containing Flexible Oxyethylene Spacers onto the Surface of 

Multi-Walled Carbon Nanotubes” J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 3471-81. 

 

2007 

33. Jeon, I.-Y.; Tan, L.-S.; Baek, J.-B. “Synthesis of Linear and Hyperbranched Poly(etherketone)s 

Containing Flexible Oxyethylene Spacers” J. Polym. Sci., Part A: Polym. Chem. 2007, 45(22), 

5112-22.  



１３３ 

 

International Patents 

 

1. Jeon I. -Y; Baek, J. -B. “Edge-functionalized graphite via mechanic-chemical process and 

manufacture of its” Appl. No.: PCT/KR2012/004008; Filing Data: 05-21-2012. 

2. Choi, E.-K.; Jeon I. -Y.; Bae, S.-Y.; Baek, J. -B. “Synthesis of graphene via edge-

functionalization of graphite” Appl. No.:US 13/404,918; Filing Data: 02-04-2012.  

3. Jeon I. -Y; Baek, J. -B. “Edge-functionalized graphite through mechanochemical process and 

manufacturing method thereof” Appl. No.: US 13/270,198; Filing Data: 10-10-2011.  

4. Jeon I. -Y; Baek, J. -B. “Method of preparing nitrogen-doped graphene and nitrogen-doped 

graphene prepared thereby” Appl. No.: US 13/077,777; Filing Data: 03-31-2011.



１３４ 

 

 

Domestic Patents 

 

1. Jeon I. -Y; Baek, J. -B. “Apparatus and Method for exfoliation of graphite” Domestic Pat. 10-

2012-0037463 (Appl. No.: 1-1-2012-0287144-70; Appl. Date 04-10-2012) 

2. Jeon I.-Y; Baek, J.-B. “Edge-functionalized graphite via mechanic-chemical process and 

Manufacture of Its” Domestic Pat. 10-2011-0069886 (Appl. No.: 1-1-2011-0541744-12; 

Issued on 07-14-2011) 

3. Jeon I.-Y; Baek, J.-B. “Method of preparing nitrogen-doped graphene and nitrogen-doped 

graphene prepared thereby” Patent No. 10-1216052 (Regi. Data: 12-20-2012) (Appl. No.: 

2010-0126262; Appl. Data: 12-10-2012) 

4. Bae S.-Y; Jeon I.-Y; Baek, J.-B. “Method of manufacturing large area graphene film and 

pattering graphene film” Domestic Pat. 10-2010-0086732 (Appl. No.: 2010-0086732; Issued 

on 09-03-2010) 

5. Kim K.-S; Jeon I.-Y; Baek, J.-B. “Graphite functionalized with 4-substituted benzoic acid, 

graphite/polymer nanocomposites” Domestic Pat. 10-2010-0086731 (Appl. No.: 2010-

0086731; Issued on 09-03-2010) 

6. Jeon I.-Y; Baek, J.-B. “Graphene grafted with polymer, film and fiber manufactured thereby, 

and the method for manufacturing the sames” Patent No. 10-1150974 (Regi. Data: 05-22-

2012) (Appl. No.: 2010-0076592;  Appl. Date 08-09-2010) 

7. Choi, E.-K.; Jeon I.-Y; Bae, S.-Y.; Baek, J.-B. “Method of graphene synthesis via edge-

functionalization of graphite” Domestic Pat.10-2011-0110139 (Appl. No.: 1-1-2011-0840998-

71; Appl. Date 10-26-2011). 

8. Jeon, I. -Y.; Baek, J. -B. “Grafting of linear and hyperbranched poly(phenylene sulfide) onto 

the surface of functionalized multi-walled carbon nanotubes” Domestic Pat. 10-2008-0089423 

(Appl. No.: 1-1-2008-0642956-82; Appl. Date 09-10-2008). 



１３５ 

 

International Book Chapters 

 

1. Hwang, S.-H.; Seo, J.-M.; Jeon. I.-Y.; Park, Y.-B.; Baek, J.-B. “Conducting polymer-based carbon 

nanotube composites: preparation and applications” RSC Book Series, Chapter 1, 2012. ISBN: 

978-1-84973-568-1. 

2. Chang, D. W.; Jeon. I.-Y.; Choi, H.-J.; Baek, J.-B. “Mild and nondestructive chemical 

modification of carbon nanotubes (CNTs): Direct Friedel-Crafts acylation reaction” Recent 

Progress in Carbon Nanotube Research/Book 2, InTech Open Access Publisher, 2012. ISBN: 980-

953-307-485-1. 

3. Jeon. I.-Y.; Chang, D. W.; Kumar, N. A.; Baek, J.-B. "Functionalization of Carbon Nanotubes" 

Intech Open Access Publisher, 2011. ISBN: 978-953-307-498-6. 

4. Jeon. I.-Y.; Baek, J.-B. "Modification of Carbon Nanotube and Properties of Their Composites." 

Transworld Research Network, 2009. ISBN: 978-81-7895-413-4. 

 



１３６ 

 

Domestic Book Chapters 

 

1. 젂인엽, 서정민, 백종범 “친환경적인 방법에 의핚 그래핀 nanoplatelet 제조 및 응용” 

대핚재료화학회, 2012.  



１３７ 

 

International Invited Talks 

1. Jeon. I.-Y.; Lee H.-J. Choi, Y. S. Tan, L.-S. Baek, J.-B. “Grafting of Linear and Hyperbranched 

Poly(phenylene Sulfide) onto the surface of Functionalized Multi-Walled Carbon 

Nanotubes“ Japan-Korea polymer Young Scientist Sympo., Niigata, Japan, October 22-25 2008. 



１３８ 

 

Domestic Invited Talks 

 

1. Jeon. I.-Y.; Baek, J.-B. “Grafting of Linear and Hyperbranched Polyphenylene Sulfide onto the 

surface of Functionalized Multi-Walled Carbon Nanotubes” Chungbuk National University, 

March 12 2008.  

2. Jeon. I.-Y.; Bae, S.-Y.; Baek, J.-B. “High-yield exfoliation of the three-dimensional graphite into 

two-dimensional graphene-like sheets” The polymer Society of Korea 2010, Daegu, October 7-8 

2010.  

3. Jeon. I.-Y.; Baek, J.-B. “Edge-Functionalized Graphite via Organic Material Wedges: Preparation, 

Properties, Application” The Korea Chemical Society 2011, Seogipo,April 28-29, 2011.  

4. Jeon. I.-Y.; Bae, S.-Y.; Baek, J.-B. “Edge-functionalized graphene nanosheets via ball milling ” 

The polymer Society of Korea 2012, DaeJeon, April 12-13 2012.  

5. Jeon. I.-Y.; Baek, J.-B. “Synthesis and application of graphene nanoplatelet via simple and eco-

friendly ball-milling” Nano Korea 2012, Seoul, August 16-18, 2012.  

 

 



１３９ 

 

International Proceedings 

 

1. Baek, J.-B.; Jeon. I.-Y.; Harris, F. W. “Synthesis of Phenylquinoxaline Oligomers Containing 

Pendant Electron Donating and Withdrawing Groups” Polymer Preprints (American Chemical 

Society, Division of Polymer Chemistry), 2006, 47(1), Atlanta, GA, March 25-30 2006. 

2. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Grafting of Linear and Hyperbranched Flexible 

Polyetherketones onto the Surface of Multi-Walled Carbon Nanotubes” The Asia Polymer 

Symposium 2006, 264-268, Seoul, June 25-29 2006. 

3. Jeon. I.-Y.; Park, S.-Y.; Tan, L.-S.; Baek, J.-B. “Grafting of a linear and Hyperbranched Flexible 

Polyetherketons onto the Surface of Multi-Walled Carbon Nanotube” Polymer Preprints 

(American Chemical Society, Division of Polymer Chemistry), 2006, 47(2), 389. San Francisco, 

September 9-14 2006. 

4. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B “Modification of Multi-walled Carbon Nanotube with 

Linear&Hyperbranched Flexible Polyetherketone” IUPAC International Symposium on 

Advanced Polymers for Emerging Technologies 2006, busan, October 10-13 2006. 

5. Jeon. I.-Y.; Lee, H.-J.; Tan, L.-S.; Baek, J.-B “Grafting of Linear and Hyperbranched 

Polyphenylene Sulfide onto the surface of Functionalized Multi-Walled Carbon Nanotubes” 

Polymer Preprints (American Chemical Society, Division of Polymer Chemistry), 2007, 48(1), 

Chicago, IL, March 25-29 2007. 

6. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B “Self-Controlled Synthesis of Hyperbranched Poly(ether-

ketone)s from “A2+B3” Approach via Different Solubilities of Monomers in the Reaction 

Medium” Polymer Preprints (American Chemical Society, Division of Polymer Chemistry), 2008, 

49(1), New Orleans, LA, April 6-10 2008. 

7. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B “Grafting of Polyaniline onto the surface of Amine-

Functionalized Multi-Walled Carbon Nanotubes” Polymer Preprints (American Chemical Society, 

Division of Polymer Chemistry), 2008, 49(2), Philadelphia, PA, August 17-21 2008. 

8. Kang, S.-W.; Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Doping of polyaniline by carboxylic acid- and 

sulfonic acid-terminated poly(ether-ketone)” Polymer Preprints (American Chemical Society, 

Division of Polymer Chemistry), 2009, 50(1), Salt Lake City, UT, United States, March 22-26 

2009. 

9. Choi, H.-J.; Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Thiol-functionalized multi-walled carbon 

nanotube/gold nanoparticle composites” Polymer Preprints (American Chemical Society, 

Division of Polymer Chemistry), 2009, 50(1), Salt Lake City, UT, United States, March 22-26 

2009. 



１４０ 

 

10. Jeon. I.-Y.; Baek, J.-B. “Grafting of Polyaniline onto the Surface of Amino-Functionalized Multi-

Walled Carbon Nanotube via Interfacial Polymerization” 2009 MRS fall meeting, Boston, MA, 

United States, November 30-december 4 2009. 

11. Kim, K.-S.; Jeon. I.-Y.; Baek. J.-B “Reinforcing efficiency of epoxy resin by 4-

(aminophenoxy)benzoyl-functionalized carbon nanomaterials” 2009 MRS fall meeting, Boston, 

MA, United States, November 30-december 4 2009. 

12. Choi, H. J.; Jeon. I.-Y.; Baek, J.-B “Synthesis and properties of gold nanopaticle/thiol-

functionalized multi-walled carbon nanotube composites” 2009 MRS fall meeting, Boston, MA, 

United States, November 30-december 4 2009. 

13. Jeon. I.-Y.; Baek, J.-B. “Synthesis and properties of polypyrrole nanocomposites grafting onto 

amino-functionalized multi-walled carbon nanotubes” Polymer Preprints (American Chemical 

Society, Division of Polymer Chemistry), 2010, 51(1), San Francisco, CA, United States, March 

21-25 2010. 

14. Kim, K.-S., Jeon. I.-Y.; Baek, J.-B. “Reinforcing efficiency of epoxy resin by 4-

(aminophenoxy)benzoyl-functionalized carbon nanomaterials” Polymer Preprints (American 

Chemical Society, Division of Polymer Chemistry), 2010, 51(1), San Francisco, CA, United 

States, March 21-25 2010. 



１４１ 

 

Domestic Proceedings 

 

1. Baek, J.-B.; Jeon. I.-Y.; “Synthesis of poly(ether-ether-benzil) from Self-polymerizable AB 

Monomer as a Precursor toward Optically Active Polyphenylquinoxalines(PPQs)” The polymer 

Society of Korea 2005, 30(2) (October 13-14, 2005). 

2. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Grafting of Linear and Hyperbranched Flexible 

Polyetherketones onto the Surface of Multi-Walled Carbon Nanotubes” The polymer Society of 

Korea 2006, 31(1) (April 6-7, 2006). 

3. Jeon. I.-Y.; Lee, H.-J.; Tan, L.-S.; Baek, J.-B. “Grafting of Linear and Hyperbranched 

Polyphenylene Sulfide onto the surface of Functionalized Multi-Walled Carbon Nanotubes” The 

polymer Society of Korea 2007, 32(1) (April 12-13, 2007). 

4. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Self-Controlled Synthesis of Hyperbranched Poly(ether 

ketone)s from A2+B3 approach via Different Solubilities of Monomers in the Reaction Medium” 

The polymer Society of Korea 2007, 32(2) (October 11-12, 2007). 

5. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “In-situ grafting of carboxylic acid-terminated hyperbranched 

poly(ether-ketone) to the surface of graphite” The polymer Society of Korea 2008, 33(1) (April 

10-11, 2008). 

6. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Grafting of Polyaniline onto the Surface of Amine-

Functionalized Multi-Walled Carbon Nanotubes” The polymer Society of Korea 2008, 33(1) 

(April 10-11, 2008). 

7. Jeon. I.-Y.; Tan, L.-S.; Baek, J.-B. “Synthesis and Characterization of Polyaniline/Multi-Walled 

Carbon Nanotubes Nanocomposites with a Facile Interfacial Polymerization” The polymer 

Society of Korea 2008, 33(2) (October 9-10, 2008). 

8. Jeon. I.-Y.; Baek, J.-B. “Grafting of Polypyrrole onto the Surface of Amino-Functionalized Multi-

Walled Carbon Nanotubes” The polymer Society of Korea 2009, 34(1) (April 9-10, 2009). 

9. Kim, K.-S.; Jeon. I.-Y.; Baek, J.-B. “Reinforcing efficiency of epoxy resin by 4-

(aminophenoxy)benzoyl-functionalized carbon nanomaterials” The polymer Society of Korea 

2009, 34(1) (April 9-10, 2009). 

10. Kang, S.-W.; Jeon. I.-Y.; Baek, J.-B. “Electrochemical properties of polyaniline doped by 

carboxylic acid or sulfonic acid terminated hyperbranched poly(ether-ketone)s” The polymer 

Society of Korea 2009, 34(1) (April 9-10, 2009). 

11. Jeon. I.-Y.; Baek, J.-B. “Mass production of graphene by edge-functionalization of graphite in 

poly(phosphoric acid)” The polymer Society of Korea 2009, 34(2) (October 8-9, 2009). 

12. Kang, S.-W.; Jeon. I.-Y.; Baek, J.-B. “In-situ synthesis of polymeric acids doped polyaniline via 



１４２ 

 

oxidative polymerization” The polymer Society of Korea 2009, 34(2) (October 8-9, 2009). 

13. Choi, H. J.; Jeon. I.-Y.; Baek, J.-B. “Synthesis of  thiol-functionalized multi-walled carbon 

nantobube/gold nano-particle composites and its electrochemical properties” The polymer 

Society of Korea 2009, 34(2) (October 8-9, 2009). 

14. Kim, K. S.; Jeon. I.-Y.; Baek, J.-B. “Reinforcing efficiency of epoxy resin by 4-

(aminophenoxy)benzoyl-functionalized carbon nanomaterials” The polymer Society of Korea 

2009, 34(2) (October 8-9, 2009). 

15. Shin, Y.-R.; Jeon. I.-Y.; Baek, J.-B.  "Stability of Carbon Nanotubes in Strong Acids" The 

polymer Society of Korea 2010, 35(1) (Daejeon, April 8-9).  

16. Kim, K.-S.; Jeon. I.-Y.; Baek, J.-B. "Reinforcing efficiency of epoxy resin by 4-

(aminophenoxy)benzoyl-functionalized carbon nanomaterials " The polymer Society of Korea 

2010, 35(1) (Daejeon, April 8-9). 

17. Kang, S.-W.; Jeon. I.-Y.; Baek, J.-B. "Polyanilne doped by hyperbranched poly(ether-ketone)s" 

The polymer Society of Korea 2010, 35(1) (Daejeon, April 8-9).  

18. Shon, K.J.; Jeon. I.-Y.; Baek, J.-B "Synthesis of Water Soluble Carbon Nanotubes by 

Sulfonation." The polymer Society of Korea 2010, 35(1) (Daejeon, April 8-9). 

19. Jeon. I.-Y.; Baek, J.-B. "Exfoliation of Graphite into Graphene via Edge-Grafting of Carboxylic 

Acid-Terminated Hyperbranched Poly(ether-ketone) as Macromolecular Wedges" The polymer 

Society of Korea 2010, 35(1) (Daejeon, April 8-9).  

20. Jeon. I.-Y.; Bae, S.-Y.; Baek, J.-B. “High-yield exfoliation of the three-dimensional graphite into 

two-dimensional graphene-like sheets” Graphene and Devices 2010 (Ulsan, UNIST, August 26-

27).  

21. Jeon. I.-Y.; Baek, J.-B. "Exfoliation of Graphite via Edge-Functionalization with Carboxylic 

Acid-Terminated Hyperbranched Poly(ether-ketone)s" International Conference on Multi-

Functional Materials and Structures 2010 (Jeonju, September 14-18).  

22. Jeon. I.-Y.; Choi, E.-Y.; Bae, S.-Y.; Baek, J.-B. “Edge-functionalization of pyrene as a miniature 

graphene via Friedel-Crafts acylation reaction in poly(phosphoric acid)” The polymer Society 

of Korea 2010, 35(2) (Daegu, October 7-8).  

23. Kim, K.-S.; Jeon. I.-Y.; Baek, J.-B. "Aminobenzoyl-Functionalized Graphite as Reinforcing 

Additive to Epoxy Resin" The polymer Society of Korea 2010, 35(2) (Daegu, October 7-8). 

24.  Sohn, G.-J.; Jeon. I.-Y.; Baek, J.-B. "Sulfonated Hyperbranched Poly(ether-ketone) Grafted 

MWNT" The polymer Society of Korea 2010, 35(2) (Daegu, October 7-8). 



１４３ 

 

25.    Choi, H.-J.; Jeon. I.-Y.; Baek, J.-B. "Preparation and electrocatalytic activity of gold 

nanoparticles immobilized onto the surface of mercaptobenzoyl-functionalized multi-walled 

carbon nanotubes" The polymer Society of Korea 2010, 35(2) (Daegu, October 7-8). 

26.   Shin, Y.-R.; Jeon. I.-Y.; Baek, J.-B. "Stability of Multi-Walled Carbon Nanotubes in Variety 

Acids" The polymer Society of Korea 2010, 35(2) (Daegu, October 7-8). 

27. Jeon. I.-Y.; Baek, J.-B. “Sponge Behaviors of Functionalized Few-Walled Carbon Nanotubes” 

The polymer Society of Korea 2011, 36(1) (Daejeon, April 7-8).  

28. Jeon. I.-Y.; Baek, J.-B. „„Direct‟‟ grafting of linear macromolecular „„wedges‟‟ to the edge of 

pristine graphite to prepare edge-functionalized graphene-based polymer composites” polymer 

Society of Korea 2011, 36(1) (Daejeon, April 7-8).  

29. Jung, S.-M.; Jeon. I.-Y.; Baek, J.-B. "'Nanocomposite Prepared from in-situ Grafting of 

Polypyrrole to Aminobenzoyl Functionalized Multi-Walled Carbon Nanotube and its 

Electrochemical Properties" The polymer Society of Korea 2011, 36(1) (Daejeon, April 7-8). 

30. Sohn, G.-J.; Jeon. I.-Y.; Baek, J.-B. "Functionalization of graphite with polyether-ketones and 

successive sulfonation" The polymer Society of Korea 2011, 36(1) (Daejeon, April 7-8). 

31.  Shin, Y.-R.; Jeon. I.-Y.; Baek, J.-B. "Synthesis Polyaniline-Sulfonated Hyperbranched 

Multiwalled Carbon Nanotube In Situ Static Interfacial Polymerization" The polymer Society 

of Korea 2011, 36(1) (Daejeon, April 7-8).  

32. Shin, Y.-R.; Jeon. I.-Y.; Baek, J.-B. “Stability of multi-walled carbon nanotubes in different 

acidic medic” Recent Progress in Graphene Research 2011 (Suwon, October 3-6). 

33. Sohn, G.-J.; Jeon. I.-Y.; Baek, J.-B. “ Sulfonated hyperbranched poly(ether-ketone) grafted 

MWNT” Recent Progress in Graphene Research 2011 (Suwon, October 3-6). 

34. Bae, S.-Y.; Jeon. I.-Y.; Yang, J.; Park, N.; Shin, H. S.; Park, S.; Ruoff, R. S.; Dai, L.; Baek, J.-B. 

“Large-area graphene films by simple solution process of edge functionalized graphite” Recent 

Progress in Graphene Research 2011 (Suwon, October 3-6). 

35. Jeon. I.-Y.; Choi, H.-J.; Bae, S.-Y.; Chang, D. W.; Baek, J.-B.; “wedging graphite into graphene 

and graphene-like platelets by dendritic macromolecules” Recent Progress in Graphene Research 

2011 (Suwon, October 3-6). 

36. Jeon. I.-Y.; Kumar, N. A.; Shon, G. -J.; Jain. R.; Kumar, S.; Baek, J.-B. " Highly conducting and 

flexible few-walled carbon nanotube thin film" The polymer Society of Korea 2011, 36(2) 

(Gwangju, October 6-7). 

37. Bae, S.-Y.; Baek, J.-B. Yang, J.; Jeon. I.-Y.; “Large-Area Graphene films by Solution Process of 

Edge Functionalized Graphite” The polymer Society of Korea 2011, 36(2) (Gwangju, October 6-

7).  



１４４ 

 

38. Jeon. I.-Y.; Yu, D.; Bae, S.-Y.; Choi, H. J.; Chang, D. W.; Dai, L.; Baek, J.-B. “Formation of 

Large-Area Nitrogen-Doped Graphene Film Prepared from Simple Solution Casting of Edge-

Selectively Functionalized Graphite and Its Electrocatalytic Activity” The polymer Society 

of Korea 2011, 36(2) (Gwangju, October 6-7).  

39. Jung, S.-M.; Jeon. I.-Y.; Baek, J.-B. “Solvothermal Synthesis of Doped Graphene” The polymer 

Society of Korea 2011, 36(2) (Gwangju, October 6-7).  

40. Choi, H. J.; Kang, J. -Y.; Jeon. I.-Y.; Eo, S.-M.; Tan, L.-S.; Baek, J.-B. “Synthesis of Nitrogen 

Doped Multi-walled Carbon Nanotube and Its Electrocatalytic Activity for Oxygen Reduction 

Reaction” The polymer Society of Korea 2011, 36(2) (Gwangju, October 6-7).  

41. Jeon. I.-Y.; Shin, Y.-R.; Sohn, G.-J.; Choi, H.-J.; Bae S. -Y.; Mahmood, J.; Jung, S.-M.; Seo, J.-

M.; Kim, M.-J.; Chang, D.W.; Dai, L.; Baek, J.-B. "Edge-functionalized graphite via a simple and 

eco-friendly ball milling" The polymer Society of Korea 2012, 37(1) (Daejeon, April 12-13).  

42. Kim, M.-J.; Jeon. I.-Y.; Baek, J.-B. "Conjugated Polyelectrolyte/Graphene Composites as Metal-

Free Electrocatalyst in Oxygen Reduction Reaction" The polymer Society of Korea 2012, 37(1) 

(Daejeon, April 12-13).  

43. Jung, S.-M.; Jeon. I.-Y.; Baek, J.-B. "Heteroatom-Doped Graphene via Solvothermal 

Process" The polymer Society of Korea 2012, 37(1) (Daejeon, April 12-13).  

44. Jeon. I.-Y.; Baek, J.-B. “Edge-functionalized graphite via simple and eco-friendly methods” The 

Korea Chemical Society 2012 ( April 25-27, 2012)  

45. Jeon. I.-Y.; Baek, J.-B. “Synthesis and properties of halogen doped graphene nanosheets via ball 

milling” The polymer Society of Korea 2012, 37(2) (Changwon, October 11-12) 

46. Seo, J.-M.; Jeon. I.-Y.; Baek, J.-B. "Mechanochemically Driven Diels-Alder Reaction between 

Graphite and Maleic Anhydride" The Polymer Society of Korea 2012, 37(2), (Changwon, 

October 11-12). 

47. Kim. M.-J.; Jeon. I.-Y.; Baek, J.-B. "Polyelectrolyte/Graphene Composites as Metal-Free 

Electrocatalyst for Oxygen Reduction Reaction" The Polymer Society of Korea 2012, 37(2), 

(Changwon, October 11-12). 

48. Jung, S.-M.; Jeon. I.-Y.; Baek, J.-B. "Edge-Chlorinated Graphene Nanoplatelets via Ball-Milling" 

The Polymer Society of Korea 2012, 37(2), (Changwon, October 11-12). 

49. Choi, H.-J Jeon. I.-Y.; Dai. L.; Baek, J.-B. "Edge-Functionalized Graphene Nanoplatelets as 

Catalysts for Oxygen Reduction Reaction" The Polymer Society of Korea 2012, 37(2), 

(Changwon, October 11-12). 

50. Jeon. I.-Y.; Baek, J.-B. “Synthesis and properties of halogen doped graphene nanosheets via ball 

milling” The Korea Chemical Society 2012 (Busan, October 17-19) 



１４５ 

 

51. Seo, J.-M.; Jeon. I.-Y.; Baek, J.-B. "Mechanochemically Driven Diels-Alder Reaction between 

Graphite and Maleic Anhydride" The Korean Chemical Society 2012, (Busan, October 17-19). 

52. Kim. M.-J.; Jeon. I.-Y.; Baek, J.-B. "Polyelectrolyte/Graphene Composites as Metal-Free 

Electrocatalyst for Oxygen Reduction Reaction" The Korean Chemical Society 2012, (Busan, 

October 17-19). 

53. Jung, S.-M.; Jeon. I.-Y.; Baek, J.-B. "Edge-Chlorinated Graphene Nanoplatelets via Ball-Milling" 

The Korean Chemical Society 2012, (Busan, October 17-19). 

54. Choi, H.-J.; Choi, Jeon. I.-Y.; Baek, J.-B. "Edge-Functionalized Graphene Nanoplatelets as 

Catalysts for Oxygen Reduction Reaction" The Korean Chemical Society 2012, (Busan, October 

17-19). 

55. Jeon. I.-Y.; Shin, Y.-R.; Sohn, G.-J.; Choi, H.-J.; Bae S. -Y.; Mahmood, J.; Jung, S.-M.; Seo, J.-

M.; Kim, M.-J.; Chang, D.W.; Dai, L.; Baek, J.-B. "Edge-functionalized graphite via a simple and 

eco-friendly ball milling" Korean carbon society 2012, (Jeonju, November 08-09).  

56. Choi, H.-J., Jeon. I.-Y.; Dai. L.; Baek, J.-B. "Large-Scale Production of Edge-Selectively 

Functionalized Graphene Nanoplatelets via Ball-Milling and Their Use as Metal-Free 

Electrocatalysts for Oxygen Reduction Reaction" Korean Carbon Society 2012, (Jeonbuk, 

November, 8-9) 

 

 

 

 



１４６ 

 

Acknowledgement 

 

박사과정에 입문해서 어느덧 시간이 흘러 학위를 마친다고 하니 많은 상념과 아쉬움이 

남습니다만, 연구실에서 많은 밤을 지새우며 실험하고 고민했던 여러 날들이 이젠 

소중핚 경험과 기억들로 간직되면서 지금 이 자리에 오기까지 많은 분들의 도움이 있어 

가능하였기에 이 자리를 빌어 감사말씀을 젂하려 합니다.  

학문적인 배움의 길로 처음 들어섰을 때 묵묵히 이끌어 주시고, 학위 과정 동안 많은 

사랑과 관심을 베풀어 주셨으며, 달리는 말에 채찍을 가하듯이 제가 핚 발이라도 더 

젂젂핛 수 있도록 지도해 주신 백종범 교수님께 머리 숙여 감사를 드립니다. 세심핚 

가르침과 꾸준핚 지도로 격려해주셨던 송현곤 교수님, 양창덕 교수님, 박영빈 교수님께도 

깊이 감사 드립니다. 학위 과정 중 실험실에서 많은 조얶과 가르침을 주신 장동욱 

교수님께도 감사 드립니다. 더불어, 좋은 연구 성과를 이끌어 낼 수 있도록 많은 도움이 

주신 UNIST 연구지원본부 분석실 선생님들께도 깊은 감사 드립니다. 연구 수행 중에 

많은 도움을 주었고, 힘든 시기에 나에게 위안을 주었던 후배들, 초이 현정, 애기 서윤, 

조용 경주, 김구 선민, 똥배 민정, 버럭 정민, 외국인 친구 Parimal 과 Javeed 및 그 동안 

HPPS 실험실을 졸업핚 선배님과 후배들에게도 감사의 뜻을 젂합니다.  

지금껏 제가 있기까지 모든 정성으로 키워주신 부모님, 얶제나 잘핚다고 칭찬해 주신 

조부모님, 든든핚 후원자이자 커다란 힘이 되어준 형님 내외분, 말없이 물심양면으로 

도와주신 장인어른과 우리 장모님, 많은 응원을 보내준 처남과 처남댁에게도 감사를 

드립니다. 그리고 두 아이와 남편 뒷바라지를 하면서 힘든 내색을 하지 않은 아내 

지은이와 맑고 건강하게 자라준 예쁜 공주님들 채민이와 예슬이에게도 고마움을 젂하며, 

우리 가족들 모두와 함께 이 기쁨을 나누고자 합니다.  



１４７ 

 

끝으로 그 동안 많은 도움을 주시고 저와 함께 해왔던 모든 분들께 깊이 감사를 

드리며, 앞으로도 항상 새롭게 도젂하고 혼신의 열정으로 최선을 다하는 모습으로 

보답하겠습니다.  

 

2013 년 2 월 마음은 따뜻핚 겨울 어느 날 

젂인엽 拜上 


	Ⅰ. Edge-functionaliziation of pyrene as miniature graphene  
	1. 1  Abstract 
	1.2 Introduction 
	1.3. Materials  
	1.4 Instrumentation  
	1.5 Procedure for the functionalization of pyrene with 4-(2,4,6-trimethylphenyloxy)benzamide (TMPBA) in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5) 
	1.6 Results and discussion 
	1.7 Conclusion 
	1.8 Reference 

	Ⅱ. Graphene nanoplatelets via organic molecule wedge
	2.1  Abstract 
	2.2 Introduction 
	2.3 Materials  
	2.4 Instrumentation
	2.5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)  
	2.6 Results and discussion  
	2.7 Conclusion 
	2.8 Reference  

	Ⅲ. Graphene nanoplatelets via linear macromolecular wedge 
	3.1  Abstract 
	3.2 Introduction 
	3.3 Materials  
	3.4 Instrumentation 
	3.5 Procedure for the functionalization of graphite with 4-phenoxybenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5) 
	3.6 Results and discussion 
	3.7 Conclusion 
	3.8 Reference 

	Ⅳ. Graphene nanoplatelets via dendritic macromolecular wedge 
	4.1  Abstract 
	4.2 Introduction 
	4.3 Materials  
	4.4 Instrumentation 
	4.5 Synthesis of 5-phenoxyisophtalic acid (AB2 monomer) 
	4.6 Procedure for the functionalization of graphite with 4-phenoxyixophtalic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5) 
	4.7 Results and discussion 
	4.8 Conclusion 
	4.9 Reference 

	Ⅴ. Formation of large-area nitrogen-doped graphene film via edge-functionalized graphite and its electrocatalytic activity 
	5.1 Abstract 
	5.2 Introduction 
	5.3 Materials  
	5.4 Instrumentation
	5.5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5) 
	5.6 Electrochemical study  
	5.7 Results and discussion 
	5.8 Conclusion 
	5.9 Reference 

	Ⅵ. Edge-carboxylated graphene nanoplatelets via ball-milling 
	6.1  Abstract
	6.2 Introduction 
	6.3 Materials  
	6.4 Instrumentation
	6.5 Procedure for synthesis of edge-carboxylated graphene nanoplatelets via ball milling
	6.6 Synthesis of graphite oxide by modified Hummers’ process 
	6.7 Preparation of ECG and GO thick films by compression molding- 
	6.8 Preparation of the H-ECG/PET thin films by solution casting 
	6.9 Results and discussion 
	6.10 Conclusion 
	6.11 Reference

	Ⅶ. Large-scale production of edge-selectively functionalized graphene nanoplatelets via ball milling and their use as metal-free electrocatalysts for oxygen reduction reaction 
	7.1  Abstract 
	7.2 Introduction 
	7.3 Materials  
	7.4 Instrumentation
	7.5 Electrochemical study
	7.6 Procedure for edge-selectively functionalized graphene nanoplatelets via ball-milling
	7.7 Results and discussion 
	7.8 Conclusion

	Manuscript  
	Acknowledgement


<startpage>28
グ. Edge-functionaliziation of pyrene as miniature graphene   1
 1. 1  Abstract  1
 1.2 Introduction  1
 1.3. Materials   2
 1.4 Instrumentation   2
 1.5 Procedure for the functionalization of pyrene with 4-(2,4,6-trimethylphenyloxy)benzamide (TMPBA) in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)  2
 1.6 Results and discussion  3
 1.7 Conclusion  9
 1.8 Reference  9
ケ. Graphene nanoplatelets via organic molecule wedge 11
 2.1  Abstract  11
 2.2 Introduction  11
 2.3 Materials   11
 2.4 Instrumentation 12
 2.5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)   12
 2.6 Results and discussion   13
 2.7 Conclusion  20
 2.8 Reference   20
ゲ. Graphene nanoplatelets via linear macromolecular wedge  22
 3.1  Abstract  22
 3.2 Introduction  22
 3.3 Materials   24
 3.4 Instrumentation  24
 3.5 Procedure for the functionalization of graphite with 4-phenoxybenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)  25
 3.6 Results and discussion  25
 3.7 Conclusion  34
 3.8 Reference  35
コ. Graphene nanoplatelets via dendritic macromolecular wedge  37
 4.1  Abstract  37
 4.2 Introduction  37
 4.3 Materials   38
 4.4 Instrumentation  38
 4.5 Synthesis of 5-phenoxyisophtalic acid (AB2 monomer)  39
 4.6 Procedure for the functionalization of graphite with 4-phenoxyixophtalic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)  39
 4.7 Results and discussion  40
 4.8 Conclusion  49
 4.9 Reference  50
ゴ. Formation of large-area nitrogen-doped graphene film via edge-functionalized graphite and its electrocatalytic activity  52
 5.1 Abstract  52
 5.2 Introduction  52
 5.3 Materials   53
 5.4 Instrumentation 53
 5.5 Procedure for the functionalization of graphite with 4-aminobenzoic acid in poly(phosphoric acid) (PPA)/phosphorous pentoxide (P2O5)  53
 5.6 Electrochemical study   54
 5.7 Results and discussion  54
 5.8 Conclusion  65
 5.9 Reference  66
サ. Edge-carboxylated graphene nanoplatelets via ball-milling  68
 6.1  Abstract 68
 6.2 Introduction  68
 6.3 Materials   69
 6.4 Instrumentation 69
 6.5 Procedure for synthesis of edge-carboxylated graphene nanoplatelets via ball milling 70
 6.6 Synthesis of graphite oxide by modified Hummers¨ process  71
 6.7 Preparation of ECG and GO thick films by compression molding-  71
 6.8 Preparation of the H-ECG/PET thin films by solution casting  71
 6.9 Results and discussion  72
 6.10 Conclusion  94
 6.11 Reference 94
ザ. Large-scale production of edge-selectively functionalized graphene nanoplatelets via ball milling and their use as metal-free electrocatalysts for oxygen reduction reaction  97
 7.1  Abstract  97
 7.2 Introduction  97
 7.3 Materials   98
 7.4 Instrumentation 98
 7.5 Electrochemical study 99
 7.6 Procedure for edge-selectively functionalized graphene nanoplatelets via ball-milling 100
 7.7 Results and discussion  100
 7.8 Conclusion 127
Manuscript   129
Acknowledgement 146
</body>

