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Abstract 

Development of electrocatalysts, along with cheap and available materials to facilitate oxygen 

reduction reaction (ORR) in fuel cells to replace Pt-based catalyst is an important issue in the 

development of fuel cells and other electro-chemical energy devices. The graphene provides good 

substitutes for electrode catalyst and some research have done to apply graphene nano-material into 

an cathodic catalyst as an ORR performance owing to its large surface area, the excellent 

conductivity, freely selectable functional groups such as atoms, molecules involved. It also can be 

noted that well-defined theoretical design of graphene-based nano-material with specific structure can 

perform important electro-chemical property in fuel cells ORR. Many studies have made for various 

hetero-atom based graphene nano-material or graphene-based nano-composites to reach goals which 

is its extraordinary characteristics for applications (ORR) in the fuel cells. It is reported that the 

synthesis of edge-iodine/sulfonic acid functionalized graphene nanoplatelets (ISGnP) via two-step 

sequential ball-milling graphite and their use as electrocatalyst for oxygen reduction reaction (ORR) 

in fuel cells. Graphite was ball-milled in presence of iodine to produce edge-iodine functionalized 

GnP (IGnP) in the first step and subsequently IGnP was ball-milled with sulfur trioxide to yield 

ISGnP. The resultant ISGnP was highly dispersible in various polar solvents, allowing the fabrication 

of electrodes for ORR using solution processing. The ORR performance of ISGnP in an alkaline 

medium was superior to commercial Pt/C in terms of electrocatalytic activity and cycle stability.     

 

 

 

 

 

 

 

 



II 

 

Contents 

I. Introduction-------------------------------------------------------------------------------------        

 

II. Experiment------------------------------------------------------------------------------------- 

2.1  Materials-------------------------------------------------------------------------------- 

    2.2  Instrumentations----------------------------------------------------------------------- 

    2.3  Procedure for the preparation of ISGnP by stepwise ball-milling graphite in the 

  presence of iodine and sulfur trioxide------------------------------------------------  

    2.4  Electro-chemical study----------------------------------------------------------------- 

 

III. Results and discussion------------------------------------------------------------------------ 

3.1 Structural information------------------------------------------------------------------- 

3.1.1 Functionalization of graphite via ball-mill and                            

Morphology of pristine graphite and IS-graphite--------------------------- 

3.1.2 FT-IR study----------------------------------------------------------------------- 

3.1.3 Elemental analysis (EA), X-ray photoelectron spectroscopy (XPS) and 

Energy dispersive X-ray (EDX) study---------------------------------------- 

3.1.4 Thermal properties (Thermogravimetric analysis (TGA))---------------- 

3.1.5 Raman spectroscopy study----------------------------------------------------- 

3.1.6 X-ray diffraction (XRD) study------------------------------------------------- 

3.1.7 Dispersion stability test, Zeta-potential Study, Contact angle study----- 

3.2 Application (Oxygen reduction reaction)--------------------------------------------- 

3.2.1 Cyclic voltammetry (CV)------------------------------------------------------- 

3.2.2 Rotating disk electrode (RDE)--------------------------------------------------     



III 

 

IV. Conclusions 

References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 

 

List of figures 

Figure 1. (a) Schematic representation of stepwise ball-milling graphite in the presence of (1) iodine 

and (2) sulfur trioxide to produce ISGnPs. SEM images: (b) pristine graphite; (c) ISGnP. Scale bars are 

1 μm. 

 

Figure 2. FT-IR spectra. 

 

Figure 3. XPS survey spectrum 

 

Figure 4. High-resolution XPS survey spectra of the ISGnP: (a) C 1s; (b) O 1s; (c) S 2p; (d) I  

 

Figure 5. TGA results obtained at the rate of 10 °C/min: (a) in air; (b) in nitrogen. 

 

Figure 6. Raman spectrum. 

 

Figure 7. XRD results 

 

Figure 8. Photographs of ISGnP dispersed solutions in various solvents after one week standing on 

bench top in the normal laboratory condition: (a) (1) H2O; (2) 1M aq. NH4OH; (3) 1M aq. HCl; (4) 

MeOH; (5) EtOH; (6) ethyl acetate; (7) acetone; (8) DMAc; (9) DMF; (10) NMP; (11) toluene; (12) 

CH2Cl2; (13) hexane; (14) diethyl ether; (15) THF. Contact angles: (b) the surface of ISGnP coated on 

Si wafer; (c) the surface of Si wafer. The contact angle is an average value of ten measurements. 

 

Figure 9.  Cyclic voltammograms (CV) of samples on glassy carbon (GC) electrodes in 0.1 M aq. 

KOH solution; with scan rate of 10 mV/s: (a) Nitrogen-saturated; (b) Oxygen-saturated. 

 



V 

 

Figure 10. Comparison of cyclic voltammograms (CV) of samples on glassy carbon (GC) electrodes 

in 0.1 M aq. KOH solution with scan rate of 100 mV/s: (a) ISGnP in nitrogen-saturated condition; (b) 

ISGnP in oxygen-saturated condition; (c) Pt/C in nitrogen-saturated condition; (b) Pt/C in oxygen-

saturated condition. 

 

Figure 11.  Koutecky-Levich plots derived from RDE measurements at different electrode potentials: 

(a) Pristine graphite; (b) ISGnP; (c) Pt/C; (d) Comparison of the Koutecky-Levich plots at -0.6 V 

electrode potential. ISGnP and Pt/C are a four-electron transfer process, while the pristine graphite is 

close to a classical two-electron process. 

 

Figure 12. RDE voltammograms in oxygen-saturated 0.1 M aq. KOH solution with a scan rate of 10 

mV/s at different rotating rates of 400, 600, 900, 1200, 1600, 2000 and 2500 rpm: (a) the pristine 

graphite; (b) ISGnP; (c) Pt/C; (d) comparison of RDE voltammograms of sample electrodes at a 

rotation rate of 1600 rpm. 

 

 

 

 

 

 

 

 

 

 

 



VI 

 

List of tables 

Table 1. TGA residue amount (%) in N2 flow at 800℃, 1000℃ respectively and EA, EDX, XPS of the 

pristine graphite and ISGnP 

 

Table 2. Zeta-potential of samples at different concentrations in NMP solution 

 

Table 3. The relationship between Zeta-potential and colloidal stability* 

 

Table 4. The specific capacitance (F/g) obtained from average value of 100 cycles 

 

Table 5. BET surface areas of samples 

 

Table 6. The cycle retention after 10000 cycles in oxygen- and nitrogen-saturated 0.1M aq. KOH 

electrolyte at the scan rate of 100 mV/s 

 

Table 7. The average number of electrons (n) transferred for oxygen reduction reaction at different 

potential for sample electrodes in oxygen-saturated 0.1M aq. KOH electrolyte 

 

 

 

 

 



VII 

 

List of Schemes 

Scheme 1. Various graphene-based nano-material as electro-chemical catalyst for ORR 

 

Scheme 2. Fuel cells work by electro-chemically decomposing fuel instead of burning it, converting 

energy directly into electricity. 

 

Scheme 3. A Scheme of mechanochemical reaction (ball-mill synthesis) between in-situ generated 

highly active carbon atoms and introduced reactant gases into the ball mill reactor. The cracking, 

cleavage of graphite by ball-mill under desired, interesting gases and subsequent exposure to air 

containing moisture results in the formation of Edge-Functionalized graphene nanoplatelets (EFGnP). 

 

 

 

 

 

 

 

 

 

 

 



VIII 

 

Nomenclature 

EFGnP: Edge-functionalized graphene nanoplatelets 

ISGnP: Iodine/Sulfonic acid functionalized graphene nanoplatelets 

HGnP: Hydrogen functionalized graphene nanoplatelets 

ORR: Oxygen reduction reaction 

Pt: Platinum 

Pt/C: Platinum(Pt) on activated carbon 

GC: Glassy carbon 

D.I. water: Distilled water (Deionized water) 

CVD: Chemical vapor deposition 

GO: graphite oxide 

rGO: Reduced graphite oxide 

CNT: Carbon nanotube 

EA: Elemental analysis 

XPS: X-ray photoelectron spectroscopy 

EDX: Energy dispersive X-ray 

SEM: Scanning electron microscope 

FT-IR: Fourier-transform Infrared 

TGA: Thermogravimetric analysis 

XRD: X-ray diffraction 

CV: Cyclic voltammetry 

RDE: Rotating disk electrode



１ 

 

I. Introduction 

Energy demand is expected to increase considerably as a result of population growth and economic 

development. Therefore, the great effort for alternative sustainable energy technology has been going 

on. Various ongoing electro-chemical energy generating system (fuel cells, supercapacitors and Li ion 

batteries) are substitutes. For fuel cells, the cathodic catalyst which is related with the oxygen 

reduction reaction (ORR) performs important things for determining the characteristics of electro-

chemical based energy devices such as fuel cells.  

Platinum is widely utilized as the fuel cell catalysts in ORR. Yet, some important issues should be 

issued until Pt catalysts can be commercialized in a practical utilization. The absolute fact is the slow 

ORR kinetics should require high amount Pt loading onto the cathode to get a large amount of the 

energy generating system within short time. Futhermore, the Platinum active material suffers from its 

poor durability because of drift and carbon monoxide, methanol deactivation (oxidation). It drastically 

decreases the cathodic potential (onset potential) and conversion efficiency in fuel cells. More, the 

high cost of Pt catalysts limited reserves in nature, has shown for one of the major obstacle to global 

energy device market in commercialization. Under the worldwide situations, the fuel cells catalyst 

development for enhancing ORR performance should be very urgent, desired. Due to the expensive Pt 

cost, time-drift poor performance as previously mentioned, the fuel cells catalyst related with organic 

carbon based materials through doping hetero-atom into graphitic structure1 or other co-doped 

metal/organic carbon material have been actively studied up to now.  

 

Scheme 1. A variety of graphene-based nano-material for electro-chemical catalyst in ORR 

 

Based on the specific, unique characteristics of graphene, many research efforts have been conducted 

to synthesize graphene-based nano-material for enhanced performance in fuel cells ORR. By the way, 
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the theoretical, experimental researches have been done until now. The both studies have shown 

heteroatom-based graphene nano-material (a nitrogen, a sulfur, halogen atoms) can modulate their 

electronic propertis such as band gap, conductivity and chemical reactivity such as reactivity, 

solubility to accelerate electro-catalytic, chemical activities, as well as rise to new functions, which 

could be regarded to be promising cheap, excellent performancing electrocatalysts for ORR in fuel 

cell. There are numerous approaches to prepare the heteroatom-doped carbon nano-materials. A 

representative research example is Nitrogen doped graphene (N-graphene). It exhibits excellent 

electro-catalytic activity, electro-chemical tolerance under Methanol, CO against oxidation on cathode 

in a comparison with existing Pt based catalyst in ORR fuel cells, exhibit absolute promising in future 

energy to replace Pt based precious catalyst in ORR fuel cells. It also can influence other electro-

chemical device fields. However, metal based catalyst still suffers from electrolyte dissolution, 

poisoning, time-drift aggregation during their operations. They could affect to degraded, poor 

catalysts. Most cases, the poor conductivity of these metal oxide based electro-catalysts constitutes 

one of the major bottlenecks in application in electrical energy system because electron flows into the 

electrodes are significantly perturbed in the catalytic process. When considering its excellent thermal, 

electrical conductivity and broad surface area, graphene-based material have appeared now for the 

new catalyst alternative. When considering important component in graphene nano-composite 

functionality. The application of graphene can improve the catalytic-active graphene surface area 

efficiently, enhance its conductivity. It also can improve its catalytic performance via electronic 

modulation, tolerance under Methanol, CO. The GO which is the precursor of graphene , could show 

good solubility or dispersion in various organic solvents and provide additional applications to 

construct graphene related hybrid type nano-composite, its latent application as excellent electro-

catalyst for in ORR fuel cells. As mentioning again, graphene would not only show for the high 

performance organic electrocatalyst but also can be adopted as a catalyst substitute for novel metal 

such as Pt. 
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Scheme 1. Fuel cells work by electro-chemically decomposing fuel instead of burning it, converting energy directly into 

electricity. 

It is necessary to opened up theoretical designs in the graphene nano-material, along with well-

defined structure. The point would perform some important roles for the electro-chemical 

performance in ORR fuel cells. Many studies have made to construct various hetero-atom doped 

graphene nano-material or graphene-based nano-composite, fully aiming at using its excellent 

properties for ORR applications. Under these important views, in harmony with theoretical structural 

design, application studies and recent ongoing research advancements as the graphene-based 

electrocatalyst development for ORR performance in electro-chemical energy generation device (fuel 

cells & secondary batteries) have an attention up to now. For example; heteroatom-doped graphene 

nano-materials, nonprecious graphene-based hybrid type (graphene/metal-oxide, graphene/Nano-

material composite, graphene/calcogenic atoms etc.) and Graphene nanoplatelets/noble metal (Pt) 

nano-composite.  

 

 

 

 

 

 

 

 



４ 

 

Hetero-atom doped graphene would be synthesized in a variety of methods: 

1. Chemical vapor deposition (CVD): a carbon backbone, together with other species are 

vaporized, deposited onto a support substrate. 

2. Arc discharge: graphite electrode vaporized in the presence of an atom such as nitrogen and 

other precursor results in hetero-atom doped graphene. 

3. Solvothermal reaction: it mixes desired precursors, solvent in a sealed, high pressure 

autoclave. After then, it heats the mixture to specific temperature for specific time. 

4. Ball-milling: A recent technique involving ball milling of graphite in the presence of a 

variety of gaseous elements to produce edge functionalized graphene nanoplatelets 

5. Thermal treatment: In a typical thermal treatment, nitrogen atom can be introduced by 

exposing the carbon material to a nitrogen-rich atmosphere under high temperature. 

6. Reduction of graphene oxide(GO): A N2H4-NH3 mixture can be used reduce and nitrogen 

doped GO at usually the temperature lower than 160℃ 

 

 

Scheme 3. A Scheme of mechanochemical reaction (ball-mill synthesis) between in-situ generated highly active carbon 

atoms and introduced reactant gases into the ball mill reactor. The cracking, cleavage of graphite by ball-mill under desired, 

interesting gases and subsequent exposure to air containing moisture results in the formation of Edge-Functionalized 

graphene nanoplatelets (EFGnP). 

 

  Representatively, several approaches including chemical vapor deposition (CVD),1 the chemical 

derivatization of graphite oxide (GO)2 have been investigated for the introduction of heteroatoms 

such as boron,3 pnictogens,4 chalcogens5 and halogens6 into graphitic frameworks. Although CVD 

method can produce high quality doped graphene nanoplatelets (GnPs),3 it requires meticulous 

technical elaborations and thus it is not cost-effective for a scalable production to be uses in practice. 

The solution exfoliation of graphite into GO allows the mass production of GnPs. However, the 

method involves strong hazardous oxidizing reagents (e.g., HNO3, KMnO4, and/or H2SO4) and a 
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tedious multi-step process.7 After the exfoliation of graphite into GO, a reduction of GO into reduced 

graphene oxide (rGO) requires even more hazardous reducing reagents (e.g., hydrazine, NaBH4).4,8,9 

These treatments, which use strongly destructive reagents lead to severe physical and chemical 

damages to the graphitic framework, diminish unique properties such as electrical characteristics and 

structural integrity arising from high crystallinity of graphitic structure.10 Recently, it has been 

developed an alternative method to overcome the limitations of CVD and GO approaches. The newly-

developed mechanochemical ball-milling can introduce various functional groups at the cracked edges 

of GnPs.11 The mechanism involves that mechanochemical cracking of graphitic C-C bonds generates 

reactive carbon species, which induce edge-selective functionalization at the cracked edges and 

subsequent delamination of graphitic layers into a few layer GnPs. As a result, the mechanochemical 

process is a simple, but low-cost, eco-friendly, scalable approach to produce various GnPs with 

desired functionality and minimal distortion of basal plane.13,12,13,14 On the basis of an optimized 

condition for mechanochemical process, It could be hybridized two systems for the best 

electrocatalytic activity for oxygen-reduction reaction (ORR) in fuel-cells. Iodine group in edge-

iodine/sulfonic acid functionalized GnPs (ISGnP) thermodynamically contributed to the charge 

polarization for enhanced ORR performance15 and sulfonic acid group in ISGnP kinetically attributed 

to the efficient oxygen diffusion for improved ORR performance.14 As a result, the ISGnP was 

expected to exhibit synergistically enhanced ORR performance. Thus, ISGnP was prepared by two-

step sequential ball-milling graphite in the presence of iodine in the first step and sulfur trioxide in the 

following step. The resultant ISGnP is dispersible well in many polar solvents, leading to feasible 

solution process for many practical applications. In this work, metal-free cathodes were fabricated for 

fuel cell application. The ISGnP displayed high electrocatalytic activity in an alkaline electrolyte 

(0.1M KOH), which is superb to Pt-based electrocatalyst in terms of current density and cycle 

stability for use in practice 
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II. Experiment 

2.1 Materials 

All reagents and were purchased from Aldrich Chemical Inc. or Alfa Aesar, USA. and used as 

received, unless otherwise specified. The pristine graphite (natural graphite, 100 mesh, < 150 μm, 

99.9995% metals basis, lot # 14735) was obtained from Alfa-aesar. and Iodine (≥ 99.8%), sulfur trioxide 

(≥ 99.0%) were also obtained from Aldrich Chemical Inc. 

2.2 Instrumentations 

Fourier transform infrared (FT-IR) spectra were recorded on Perkin-Elmer Spectrum 100 using KBr 

pellets. TGA were conducted on a TA Q200 (TA Instrument) under air and nitrogen atmosphere with a 

ramping 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-SEM) was performed on FEI Nanonova 230. 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. X-ray diffraction (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). Contact angle measurements were conducted on a Krüss 

DSA 100 contact angle analyzer. Sample solutions were coated on a silicon (Si) wafer. 

2.3 Procedure for the preparation of ISGnP by stepwise ball-milling graphite in the presence 

of iodine and sulfur trioxide. 

In a typical experiment, the ball-milling graphite was carried out in a planetary ball-mill machine 

(Pulverisette 6, Fritsch) in the presence of the iodine and sulfur trioxide at 500 rpm for 24 hours for 

each step. For the first step, the pristine graphite (5.0 g, Alfa Aesar, natural graphite, 100 mesh, < 150 

μm, 99.9995% metals basis, lot # 14735) and iodine (10.0g, Aldrich Chemical Inc., ≥ 99.8%) were 

placed into a stainless steel capsule containing stainless steel balls (500 g, diameter: 5 mm). After five 

cycles of argon charge/discharge through gas inlet, the capsule was fixed in the ball-mill machine and 

agitated with 500 rpm for 24 h. The intermediate edge-iodine functionalized graphene nanoplatelets 

(IGnP) were completely worked-up by Soxhlet extracted with 1 M aq. HCl solution to completely 

acidify the residual active species and to remove metallic impurities (e.g., iron oxide), if any. Further 

Soxhlet extraction with methanol was conducted to get rid of residual iodine. The resultant IGnP was 

freeze-dried at −120 °C under a reduced pressure (0.05 mmHg) for 48 h to yield 6.2g (at least 1.2 g of 
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iodine uptake) of dark black powder. For the second step, the IGnPs (5.0 g) and stainless steel balls 

(500 g, diameter: 5 mm) were charged in the capsule. After five cycles of argon charge/discharge, sulfur 

trioxide (9.0g, Aldrich Chemical Inc.) was injected through gas inlet. The capsule was agitated with 

500 rpm for 24 h and worked-up as following the procedure used for IGnPs to produce ISGnP (4.57g) 

of dark black powder. 

2.4  Electro-chemical 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 electrodes were 

used as the working electrode, a platinum wire as the counter electrode, and an Ag/AgCl (saturated KCl) 

electrode as the reference electrode. Rotating disk electrode (RDE) experiments were carried out on a 

MSRX electrode rotator (Pine Instrument) and the CHI760C 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 electrode are described as follows: the working 

electrode was polished with alumina slurry to obtain a clean surface and washed with deionized water 

and dried in air. Samples (2 mg) were dissolved in 1 mL solvent (N-methyl-2-pyrrolidone). The sample 

suspensions were pipetted as much as 10ug on the glassy carbon electrode surface, followed by drying 

at room temperature and Nafion was coated on the electrode surface. The detailed kinetic analysis was 

conducted according to Koutecky-Levich plots:  

1

𝑗
=

1

𝑗𝑘
+

1

𝐵𝑤0.5                                              (1) 

Where jk is the kinetic current and B is Levich slope which is given by: 

B =0.2nF(Do2)2/3v-1/6Co2                                                    (2) 

   n is the number of electron transfer in the reduction of one O2 molecule. F is the Faraday constant 

(F= 96485C/mol of e), Do2 is the diffusion coefficient of O2 (Do2 =1.9ⅹ10-5 cm2 s-1), v is the kinematics 

viscosity of KOH (v = 0.01cm2s-1) and Co2 is the concentration of O2 in the solution (Co2 =1.2ⅹ10-

6mol cm-3). The constant 0.2 is adopted when the rotation speed is expressed in rpm. 
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III. Results and discussion 

3.1  Structural information 

3.1.1  Functionalization of graphite via ball-mill and Morphology of pristine graphite and IS-

graphite 

Iodine/sulfonic acid co-doped graphene nanoplatelets (ISGnP) was prepared by sequential ball-

milling graphite in the presence of iodine and sulfur trioxide (Figure 1a). In the first ball-milling step, 

edge-selectively iodine doped GnP (IGnP) was prepared by ball-milling graphite (100 mesh, < 150μm) 

in the presence of iodine. In the second ball-milling step, the intermediate IGnP was further grinded in 

the presence of sulfur trioxide in the ball-mill crusher to yield ISGnP (see Experimental section). As 

described in Figure 1a, the mechanism of edge-selective functionalization via mechanochemical ball-

milling can be explained that the reactive carbon species (mostly radicals or ions) are generated by 

cleavage of graphitic C-C bonds at the broken edges.5,11 The reactive carbon species reacted with iodine 

for IGnP and subsequently with sulfur trioxide for ISGnP during sequential ball-milling. After ball-

milling, the remnant active carbon species could be terminated by exposure to air moisture and Soxhlet 

extraction with aqueous medium introducing additional hydroxyl (-OH) and carboxylic acid (-COOH) 

at the edges of the ISGnP.5,11 Scanning electron microscope (SEM) images show that obvious 

morphology changes before (pristine graphite, Figure 1b) and after ball-milling (ISGnP, Figure 1c). 

The pristine graphite displays a large flake shape with grain size in the range of few tens of micrometers 

(Figure 1b). On the other hand, the ISGnP shows aggregated morphology with wrinkled surface due 

probably to polar nature of sulfonic acid at the edges and reduced grain size in the range of 0.1-1 μm as 

a result of mechanochemical cracking (Figure 1c). 
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Figure 1. (a) Schematic representation of stepwise ball-milling graphite in the presence of (1) iodine and (2) sulfur trioxide to 

produce ISGnPs. SEM images: (b) pristine graphite; (c) ISGnP. Scale bars are 1 μm. 
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3.1.2  FT-IR study 

To illustrate the bonding nature of ISGnP, FT-IR analysis was represented in Figure 2. A broad O-

H stretching peak is abserved at around 3425 cm-1, due to bound moisture and sulfonic acid (-SO3H). 

The peaks at 2920 and 2850 cm-1 are due to sp3 and sp2 C-H stretching, respectively. The C=O and C-

O stretching peaks from carboxyl acid (O=C-OH) are located at 1715 and 1230 cm-1, respectively. The 

C=C stretching peak corresponding to the extended conjugated C=C bond of graphitic framework is at 

1585cm-1. The S=O and S-O stretching peaks for –SO3H were appeared at 1400 and 825 cm-1, 

respectively. The relatively weak bands of the –SO3H can be interpreted because of the perturbation of 

the strong inter- and intra-molecular hydrogen bonding.14 Finally, the C-I stretching peak is detected at 

around 600 cm-1. The FT-IR results indicate that iodine and sulfonic acid have been introduced in ISGnP 

via mechanochemical ball-milling. 
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Figure 2. FT-IR spectra. 
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3.1.3  Elemental analysis (EA), X-ray photoelectron spectroscopy (XPS) and Energy dispersive 

X-ray (EDX) study 

Element compositions of ISGnP were further characterized by using elemental analysis (EA), 

energy dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS). As summarized in Table 

1, element compositions are presented in terms of weight percent (wt.%) for EA, atomic percent (at.%) 

for EDX and XPS. Carbon content of pristine graphite was in the range of 98.35 - 99.64%, while that 

of ISGnP was significantly reduced in the range of 74.52 - 83.55%, implying that heteroatoms should 

be introduced at the edges of ISGnP. It could identify the presence of iodine and sulfur, together with 

oxygen (Table 1). X-ray photoelectron spectroscopy (XPS) survey of ISGnP also displays the presence 

of iodine and sulfur elements (Figure 3). The high-resolution XPS spectra show that the C 1s core level 

of ISGnP is divided into five curves at 284.3 (C=C), 285.1 (C-O), 289.5 (C-S), 288.2 (C=O) and 290.1 

(C=C plasmon) (Figure 4a). The O 1s core level of ISGnP can be deconvoluted into two curves at 531.4 

(O-C=O, S=O), 533 (C-O-H) (Figure 4b). The S 2p core level of ISGnP is divided into three peaks at 

163.3 (C-S), 164.5 (C-S) and 167.6 (S=O) (Figure 4c). The I 3d core level of ISGnP gives four peaks 

at 618.8 (C-I semi-ionic, Id5/2), 620.8 (C-I covalent, Id5/2), 630 (C-I semi-ionic, Id3/2) and 631.5 (C-I 

covalent, Id3/2) (Figure 4d).16  
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Table 1. TGA residue amount (%) in N2 flow at 800℃, 1000℃ respectively and EA, EDX, XPS of the pristine graphite and 

ISGnP 

Sample TGA Char Yield in N2 Element EA 

(wt.%) 

EDX 

(at.%) 

XPS 

(at.%) 800 °C 1000 °C 

Graphite 99.7 99.1 C 99.64 98.80 98.35 

O 0.13 1.20 1.65 

IGnP   C    

H    

O    

I    

ISGnP 73.4 71.7 C 74.52 81.69 83.55 

H 0.84 - - 

O 17.37 16.20 13.17 

I - 0.51 0.16 

S 3.76 5.57 1.50 
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Figure 3. XPS survey spectrum 
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Figure 4. High-resolution XPS survey spectra of the ISGnP: (a) C 1s; (b) O 1s; (c) S 2p; (d) I 3d. 
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3.1.4  Thermal properties (Thermogravimetric analysis (TGA)) 

Thermogravimetric analysis (TGA) was conducted to quantitatively estimate the degree of 

functionalization. Pristine graphite was stable up to 750 °C at one atmosphere. Weight loss of ISGnP 

occurred around 100 °C, and major thermo-oxidative weight loss occurred at around 480 °C (Figure 

5a). The early weight loss could be attributed to bound moisture, and the catastrophic weight loss at 

around 480 °C could be related to heavy functionalization and grain-size reduction of ISGnP. In 

nitrogen, the pristine graphite experienced negligible weight loss (~0.9 wt.%) up to 1000 °C. On the 

basis char yield at 1000 °C, the difference between structurally robust, pristine graphite and ISGnP 

could provide a rough estimation of the amount of functional groups (28.3 wt.% - Table 1). The 

weight loss for ISGnP was mainly attributed to the thermal decomposition of the edge functional 

groups via dehydration, decarboxylation, de-sulfonation and de-iodination into moisture, carbon 

dioxide, sulfur trioxide and iodine; in that order.[16] The weight loss (28.3 wt.%) determined by the 

TGA analysis agreed quite well with the EA result (25.5 wt.%) (Table 1).  
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Figure 5. TGA results obtained at the rate of 10 °C/min: (a) in air; (b) in nitrogen. 
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3.1.5 Raman spectroscopy study 

Raman spectra are shown in Figure 6. Due to its undisturbed large grain size of the pristine graphite, 

it does not show the D band (Defect induced band) around 1350 cm-1 related to the edge distortion of 

graphene and other topological defects (Figure 6). In contrast, ISGnP shows a strong D band at 1350 

cm-1 with the ID/IG ratio of 1.14, which indicates that mechanochemical cracking by ball-milling has 

induced significant size reduction, and thus edge distortion of ISGnP as described in Figure 1.14   
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Figure 6. Raman spectrum. 
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3.1.6 X-ray diffraction (XRD) study 

X-ray diffraction (XRD) was used to estimate the degree of delamination of ISGnP (Figure 7). The 

XRD pattern of the pristine graphite showed a typical strong [002] peak at 26.5°associated with an 

interlayer d-spacing of 0.34 nm of hexagonal graphite.17 In contrast, ISGnP shows a weak (less than 

0.01% of pristine graphite) and broad peak at around 25.7°(d-spacing of 0.35 nm, inset in Figure 7), 

signifying an edge-delamination of graphitic layers after functionalization even in the solid state.14 

Therefore, the ball-milling induces not only mechanochemically cracking large graphitic layers into 

small fragments but also functionalization at cracked edges, resulting in significant delamination of 

graphitic layers into GnP.14 Further exfoliation of ISGnP upon dispersion in solvents could be 

expected. 
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Figure 7. XRD results 

 

 

 

 

 

 

 

 

 

 

 

 

 



２２ 

 

3.1.7  Dispersion stability test, Zeta-potential Study, Contact angle study 

Figure 8a demonstrates that ISGnP is dispersible well in various solvents not only in aqueous 

media (small oval) such as water and aqueous ammonium hydroxide, but also polar protic and aprotic 

solvents (large oval) such as alcohols, acetone, N,N-dimethylformamide (DMF), N,N-

dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP). Due to the presence of polar acidic 

edge-functional groups at the edges of ISGnP including OH, COOH and SO3H, ISGnP displays a poor 

dispersibility in aqueous acidic medium and nonpolar solvents such as aqueous hydrochloric acid, 

toluene, dichloromethane and hexane, and ether solvents. The dispersion stability of ISGnP in NMP 

was evaluated by Zeta potential measurement. The values are -43.4, -45.4 and -43.6 mV at different 

concentrations of 0.4, 0.5 and 0.6 mg/mL, respectively (Table 2). The result indicated that the 

negatively charged sulfonate groups (-SO3
-) from sulfonic acids were contributed to a good dispersion 

stability of ISGnP in basic NMP medium. Hence, the high dispersion stability of ISGnP allows a good 

solution processability, leading to many practical applications. Figure 8b shows contact angle snap 

shot, which is describing for polar surface natures of ISGnP. Generally, if the water contact angle is 

larger than 90°, the solid surface is considered hydrophobic.18 ISGnP has contact angle of 51°, it is 

considered to be hydrophilic as like the surface of silicon oxide (SiO2) (Figure 8c). Although the 

ISGnP was expected to possess more hydrophilic nature than SiO2 due to the polar functional groups 

at its edges such as (OH, COOH, SO3H), it displayed higher contact angle than SiO2. This is because 

of the presence of much less hydrophilic iodine, which repels water molecules to minimize its contact 

area with the surface of ISGnP. As a result, the interaction between the ISGnP and water was 

diminished and its contact angle was less than silicon wafer. 
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Figure 8. Photographs of ISGnP dispersed solutions in various solvents after one week standing on bench top in the normal 

laboratory condition: (a) (1) H2O; (2) 1M aq. NH4OH; (3) 1M aq. HCl; (4) MeOH; (5) EtOH; (6) ethyl acetate; (7) acetone; 

(8) DMAc; (9) DMF; (10) NMP; (11) toluene; (12) CH2Cl2; (13) hexane; (14) diethyl ether; (15) THF. Contact angles: (b) 

the surface of ISGnP coated on Si wafer; (c) the surface of Si wafer. The contact angle is an average value of ten 

measurements. 
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Table 2. Zeta-potential of samples at different concentrations in NMP solution 

Sample 

Concentration (mg/mL) 

0.4 0.5 0.6 

IGnP -38.7 -38.5 -34.8 

ISGnP -43.4 -45.4 -43.6 

 

Table 3. The relationship between Zeta-potential and colloidal stability* 

Zeta-potential (mV) Stability behavior of the solid 

From 0 to ±5 Rapid coagulation or flocculation 

From ±10 to ±30 Incipient instability 

From ±30 to ±40 Moderate stability 

From ±40 to ±60 Good stability 

More than ±61 Excellent stability 

* http://en.wikipedia.org/wiki/Zeta_potential. 
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3.2  Application (Oxygen reduction reaction) 

3.2.1  Cyclic voltammetry (CV) 

Given the structural information, ISGnP was finally evaluated for potential use as an electro-

catalyst in fuel cells. The heteroatoms in ISGnP (e.g., iodine, sulfur and oxygen) could polarize ISGnP 

to enhance electro-catalytic activity.[22] Polar heteroatom-doping enables stable adsorption onto the 

surface of functionalized graphitic electrodes (thermodynamic contribution)[19] and rapid oxygen 

diffusion to the electrode (kinetic contribution).[16] For the purpose of comparison, the pristine graphite 

(much bigger grain size than ISGnP), edge-hydrogen functionalized GnP (HGnP,[16] similar grain size 

with ISGnP) and platinum on activated carbon (Pt/C, Vulcan XC-72R, commercial ORR electro-

catalyst) were tested under the same conditions. The HGnP was prepared via ball-milling of graphite 

under H2 gas. [16] Typical, cyclic voltammograms (CV) in alkaline electrolyte showed that ISGnP has 

much better electro-chemical capacitance than pristine graphite and nitrogen-saturated HGnP (Figure 

9a and Table 4). The capacitance of ISGnP (108.8 F/g) is even better than Pt/C (90.1 F/g). When 

oxygen saturated, ISGnP displays superb electro-catalytic activity; in relation to the reference samples 

(Figure 9b and Table 4). In addition, ISGnP showed significantly improved onset potential (of ORR) 

compared to pristine graphite and HGnP (sky blue arrow, Figure 9b). This expected result implies 

that ISGnP contributes to efficient oxygen diffusion and adsorption. For example, the BET surface 

area of ISGnP (6.03 m2/g) is much less than that of HGnP (437 m2/g), but the specific capacitance of 

ISGnP is much greater (Table 5). This can be explained by the high polarity of the ionic iodine (C-I+-

C) and sulfonate (-SO3
-) of ISGnP in the alkaline medium; which contribute to increased double-layer 

capacitance by enhancing charge polarization (thermodynamics)[10] and oxygen diffusion (kinetics). 

[16] Together, these overcome the disadvantage of its small surface area. More importantly, the ISGnP 

showed better cycle stability than Pt/C under prolonged use (10,000 cycles). ISGnP exhibited 

capacitance retentions of 77.1 and 66.4% under nitrogen and oxygen-saturated conditions 

respectively, while Pt/C retained only 57.7 and 53.4% (Table 6).  
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Figure 9.  Cyclic voltammograms (CV) of samples on glassy carbon (GC) electrodes in 0.1 M aq. KOH solution; with scan 

rate of 10 mV/s: (a) Nitrogen-saturated; (b) Oxygen-saturated. 
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Figure 10. Comparison of cyclic voltammograms (CV) of samples on glassy carbon (GC) electrodes in 0.1 M aq. KOH 

solution with scan rate of 100 mV/s: (a) ISGnP in nitrogen-saturated condition; (b) ISGnP in oxygen-saturated condition; (c) 

Pt/C in nitrogen-saturated condition; (b) Pt/C in oxygen-saturated condition. 
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Table 4. The specific capacitance (F/g) obtained from average value of 100 cycles 

Sample 

Capacitance (F/g) 

N2 O2 

Pristine graphite 3.5 11.0 

HGnP 6.69 34.7 

ISGnP 108.8 153.5 

Pt/C 90.1 104.2 

 

Table 5. BET surface areas of samples 

Sample Surface area (m2/g) Pore volume (mL/g) Pore size (nm) 

Pristine graphite 2.78 0.0016 22.7 

HGnP* 437 0.3909 35.8 

ISGnP 6.03 0.0205 13.58 

* Adapted from Jeon, et al., J. Am. Chem. Soc. 2013, 135, 1386-1393. 

 

Table 6. The cycle retention after 10000 cycles in oxygen- and nitrogen-saturated 0.1M aq. KOH electrolyte at the scan rate 

of 100 mV/s 

Sample 

Retention after 10000 cycles (%) 

N2 O2 

Graphite 99.0 91.8 

ISGnP 77.1 66.4 

Pt/C 57.7 53.4 
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3.2.2  Rotating disk electrode (RDE)  

The ORR kinetics of ISGnP were studied using a rotating disk electrode (RDE) and analyzed using 

the Koutecky−Levich equation (Supporting Information). Figure 11 shows that the current density 

increases as the rotation rate increases, because the flux of electro-active species to the surface of the 

electrode increases by convection force. As summarized in Table 7, the electron transfer number (n) 

of the ISGnP was increased from 2.8 to 4.0 as the applied potential increased from -0.4 to -0.6 V; 

which is a typical potential range of fuel-cell operation.[23] This result indicates that use of ISGnP as 

an electro-catalyst could efficiently facilitate ORR. Hence, introduction of iodine (I) and sulfonic acid 

(-SO3H) at the edges of graphitic layers was found to produce good ORR performance; with higher 

capacitance and better cycle stability than commercial Pt/C electro-catalyst. These results provide 

insights into the design of carbon-based materials as alternatives to expensive Pt-based electro-

catalysts for cathodic ORR in fuel cells. 
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Figure 11.  Koutecky-Levich plots derived from RDE measurements at different electrode potentials: (a) Pristine graphite; 

(b) ISGnP; (c) Pt/C; (d) Comparison of the Koutecky-Levich plots at -0.6 V electrode potential. ISGnP and Pt/C are a four-

electron transfer process, while the pristine graphite is close to a classical two-electron process. 
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Figure 12. RDE voltammograms in oxygen-saturated 0.1 M aq. KOH solution with a scan rate of 10 mV/s at different 

rotating rates of 400, 600, 900, 1200, 1600, 2000 and 2500 rpm: (a) the pristine graphite; (b) ISGnP; (c) Pt/C; (d) 

comparison of RDE voltammograms of sample electrodes at a rotation rate of 1600 rpm. 
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Table 7. The average number of electrons (n) transferred for oxygen reduction reaction at different potential for sample 

electrodes in oxygen-saturated 0.1M aq. KOH electrolyte 

Sample 

Potential (V) 

-0.4 -0.5 -0.6 

Graphite 1.7 1.7 2.0 

ISGnP 2.8 3.3 4.0 

Pt/C 3.9 4.0 4.0 
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IV. Conclusion 

The interesting properties of graphene, together with its low price, potential application for new 

commercialization, have emerged the next-generation research area for alternative energy system 

studies and technological applications. Specifically, the introduction of hetero-atom into graphene 

nanoplatelets can be excellent, efficient breakthrough to broaden and strengthen the electronic function, 

performance in electro-chemical devices such as fuel cells. The hetero-atom doped graphene-based 

nano-material has been studied to introduce the newly advanced electro-catalyst in fuel cells. It should 

be vital things to achieve theoretical research of highly active materials for ORR performance to jump 

up existing limitations. It has been shown as an organic catalyst based on the molecular control 

engineering, also as a platinum catalyst support material. Scientist engineer have shown the special 

properties of graphene (theoretical huge surface area, good electrical, thermal conductivity, stability). 

Futhermore, graphene can conduct the synergistic perforamance between graphene and other atoms, 

molecules. These points were attributed to the excellent electro-chemical performance in fuel cells. 

As one of these instances, it was able to synthesize edge-iodine/sulfonic acid-functionalized, 

graphene nano-platelets (ISGnP) via stepwise ball-milling of graphite with iodine initially and 

subsequently with sulfur trioxide. The structure of the resultant ISGnP was confirmed by various 

microscopic and spectroscopic analyses. Due to the polar functional groups, the dispersibility of 

ISGnP in various polar solvents is good enough for solution processing to form electrodes. Due to 

hetero-atom doping to enhance the polarity and oxygen-diffusion, the ISGnP displayed superior 

electro-catalytic activity for ORR; compared to commercial Pt/C. The thermodynamic control of ORR 

contributed to enhanced oxygen adsorption and electron transfer. These were induced by edge-

functional groups (iodine and sulfonic acid) on the graphitic framework, and the kinetic contribution 

(related to oxygen diffusion by the polar nature) of these edge functional groups. More importantly, 

ISGnP displayed better cycle stability; compared with Pt/C. Considering scalable productivity, edge-

selectivity and manufacturing simplicity, the ball-milling approach is considered to be an eco-

friendly, low-cost, simple general method; when compared to existing GO/rGO and CVD approaches. 

Hence, ISGnP appears to be a strong potential alternative to expensive Pt/C electro-catalyst. 
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To Javeed, I really appreciate all the help you've given me. I think I have done experimental things 

well thanks to you. I wish that you get good career and nice lifetime with your wife. 

모두들 감사했습니다. 올 한해 좋은 일이 가득하셨으면 합니다.   
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