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Abstract 
 

Graphite Derivatives for Li and Na 
Rechargeable Batteries 

 

Kim Haegyeom 

Department of Materials Science and Engineering 

College of Engineering 

Seoul National University 
 

 

The development of a low-cost and high-performance energy storage device is 

considered as a key issue in moving toward a sustainable society. The 

electricity production from renewable energy resources such as solar, wind 

and geothermal energy does not always coincide with consumption time. 

Therefore, the energy storage devices is necessary to account for the 

discrepancy. Currently, various energy storage devices (i.e. Li rechargeable 

batteries, Na rechargeable batteries, and supercapacitors) are intensively 

studied for emerging large scale applications.  

 

For satisfying the emerging large scale applications, it is of prime importance 

in developing low-cost and high energy/power energy storage devices. 

Graphite is earth-abundant, non-toxic, and it can be obtained by relatively low 

cost process. Furthermore, graphitic materials have high electric conductivity, 

which is beneficial to deliver high power density. Under this consideration, 

graphite derivatives are the most promising electrode materials for next 

i 

 



 

generation energy storage applications. This thesis proposes novel approaches 

for utilizing graphite derivatives as electrodes, including both anode and 

cathode, for Li and Na rechargeable batteries, while graphite electrode is 

currently used only for Li rechargeable battery anodes.  

 

Chapter Ⅱ deals with sodium storage behaviors in natural graphite using 

ether-based electrolytes. This thesis demonstrates that ether-based electrolytes 

enable sodium intercalation into natural graphite using sodium-solvent co-

intercalation behaviors. The natural graphite could provide superior cycle 

stability over 2000 cycles without noticeable capacity degradation and supply 

outstanding rate capability.  

 

Chapter Ⅲ introduces functionalized graphene nano-platelets with porous 

structures for Li and Na rechargeable battery applications. The functional 

groups anchored with conductive graphene surface can store Li and Na ions 

with acceptably high voltage for cathode applications through surface 

Faradaic reactions. Because the functionalized graphene cathode uses surface 

Faradaic reactions differently from conventional inorganic electrode materials 

(i.e. LiCoO2, LiMn2O4, and LiFePO4) utilizing solid-state diffusion, much 

higher rate capability can be obtained. Furthermore, the surface Faradaic 

reaction does not accompany large volume change, and therefore, the 

functionalized graphene cathode can provide excellent cycle performance.  

 

A new type energy storage device, all-graphene-battery, will be introduced in 

Chapter Ⅳ. All-graphene-battery is composed of functionalized graphene 

cathode and reduced graphene anode. In this device, the graphene with 

surface functional groups works as a cathode and that without functional 

groups functions as an anode. Because both electrodes use surface reactions, 
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high power density can be obtained while maintaining high energy density. 

 

Keywords: Carbon; Graphene; Batteries; Energy storage; Energy 
conversion 
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Chapter 1. Introduction 

 

1.1 General background 
 

Now a days, energy and environmental issues are increasingly highlighted 

owing to the exhaustion of fossil fuels and global warming. The global energy 

paradigm is rapidly transforming from fossil fuels to renewable energy 

resources such as solar, wind, and geothermal energies. But, power production 

from those sustainable energy resources is not always coincident with energy 

demands. To resolve this discrepancy, it needs to develop large scale energy 

storage systems.  

To date, various energy storage devices including lead-acid batteries, sodium-

sulfur batteries (so-called NAS battery), lithium/sodium rechargeable batteries, 

and supercapacitors have been proposed and intensively studied.1-15 The lead-

acid battery that is the oldest type of rechargeable battery invented in 1859 

was commercialized and widely used in 1990’s.16 However, several problems 

including low round-trip efficiency, low energy density, and high self-

discharge rate are not suitable for emerging large scale energy storage systems 

such as electric vehicles and smart grids. Sodium-sulfur batteries constructed 

from liquid sodium and sulfur have been considered as promising candidates 

for large scale applications because of their high energy density, high round-

trip efficiency, and long cycle stability.4 Nevertheless, the high operating 

temperature (300-350 °C) and corrosive nature of the discharged products 

hinder their commercial applications.  
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As alternatives, lithium and sodium rechargeable batteries that can be 

operated at room-temperature have been proposed.5, 17 Lithium and sodium 

rechargeable batteries typically use intercalation compounds that contain 

transition metals. The high redox potential of transition metals in the 

electrodes contribute to the high voltage of rechargeable batteries, which 

provides high energy density. However, the transition metals contribute to a 

major portion of the material costs and some transition metals are not 

environmentally benign. Thus, it needs to develop transition-metal-free 

electrode materials. This thesis focus on the development of electrode 

materials using graphite derivatives, which are earth abundant and non-toxic.  

In chapter Ⅱ, sodium storage behaviors in natural graphite are demonstrated 

when ether-based electrolytes are used. While sodium intercalation into 

natural graphite is not available using conventional carbonate-based 

electrolyte systems,10, 18-19 ether-based electrolytes enable sodium intercalation 

into natural graphite using sodium-solvent co-intercalation behaviors. The 

natural graphite could provide superior cycle stability over 2000 cycles 

without noticeable capacity degradation and outstanding rate capability.  

Chapter Ⅲ proposes a novel strategy to use conductive graphene as cathodes 

for lithium and sodium rechargeable batteries. By simple and scalable 

synthetic route, functionalized graphene nano-platelets were prepared and 

used as cathodes for lithium and sodium rechargeable batteries. Graphene 

based electrode materials have been widely used as anode materials for 

lithium and sodium rechargeable batteries because of their low 
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lithium/sodium storage potentials.20-23 When graphene is functionalized with 

oxygen-containing groups, its redox potentials storing lithium and sodium 

significantly increased, which are suitable for cathode applications. 

Differently from conventional inorganic intercalation reaction compounds, the 

functionalized graphene nano-platelets use surface reactions while 

maintaining high energy. Therefore, the functionalized graphene nano-

platelets can deliver high power density without sacrificing energy density.  

In chapter Ⅳ, a new type energy storage device, all-graphene-battery, will 

be introduced. All-graphene-battery is composed of functionalized graphene 

cathode and reduced graphene anode. In this device, the graphene with 

surface functional groups works as a cathode and that without functional 

groups functions as an anode. Because both electrodes use surface reactions, 

high power density can be obtained while maintaining high energy density. 
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Chapter 2. Na storage in natural graphite 

(The content of this chapter has been published in Adv. Funct. Mater. 

DOI:10.1002/adfm.201402984. Reprinted from [H. Kim et al. Sodium 

Storage Behavior in Natural Graphite using Ether-based Electrolyte Systems.  

Adv. Funct. Mater. 25, 534-541 (2015)]. Wiley-VCH Verbg GmbH&Co. 

KGaA, Weinheim. Copyright 2014) 

 

2.1 Na storage behavior in natural graphite 
 
2.1.1 Research background 
Low cost and high performance energy storage systems (ESSs) utilizing 

environmental-friend elements are bound to increase in demand for large-

scale applications such as an electric vehicle and a stationary storage 

combined with renewable energy resources (i. e. solar, wind, and geothermal 

energy).1-3 Na-ion batteries (NIBs) have been recently considered as an 

alternative battery system for large-scale energy storage owing to the low-

cost and widespread reserves of Na salts.4 Most research, to date, has 

focused on the development of cathode materials for NIBs, and therefore, 

considerable achievements have been obtained in the cathode materials,5-8 

but, on the contrary, much less research effort has been devoted to the anode 

materials.  

Carbonaceous materials have been extensively investigated as the most 

promising anode for NIBs.9-12 Carbon materials with low graphitization (i. e. 
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hard carbon and soft carbon) are mostly demonstrated to capable of storing 

Na ions through Na intercalation to large interlayer distance combined with 

Na filling into nanovoids.13-15 On the other hand, graphite, which is 

commercially used for Li-ion batteries (LIBs) due to its advantages in terms 

of high capacity, low operation voltage, and excellent cycle stability, has 

been so far reported to be not suitable for Na storage because of its small 

lattice distance for Na intercalation.16-18 Nevertheless, there have been 

continuous efforts to utilize graphite as an anode for NIBs because of its 

straightforward advantages such as low costs, earth abundance, 

environmental benignness, and non-toxicity. For example, Wen et al. and 

Weng et al. proposed chemically modified graphite as a high performance 

anode for NIBs.19-20 They functionalized graphite to enlarge interlayer 

distance, which can facilitate Na ion diffusion and enhance Na intercalation. 

In spite of those intensive recent research interests, there has never been 

demonstrated for the Na storage in natural graphite without modification or 

post-treatment, which is of prime importance to a practical point of view.  

It is generally known that electrolytes can affect the properties and 

performances of electrode materials. Solvated ion size, de-solvation energy, 

and solid-electrolyte interphase (SEI) formation vary depending on the 

electrolytes, which, in turn, affects electrochemical properties such as cycle 

stability and rate capability.21-24 It was also found that the intercalation 

behavior of monovalent cations (i. e. Li, Na, and K ions) depend strongly on 

the nature of the electrolyte solvents.25 The intercalation of monovalent 

cations is known to be efficient only when they are strongly solvated. Li ions 
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are intrinsically strongly solvating in nature, and thus, Li ions can easily 

form solvated species with most solvents, enabling efficient intercalation. On 

the other hand, Na ions are relatively poor in solvating capability. Therefore, 

solvating and intercalation behaviors of Na ions are significantly affected by 

the solvent species. These results motivated us to explore electrolytes to 

enable natural graphite to be utilized as an anode for NIBs.  

In this work, we report unusual Na storage behavior in natural graphite 

without any modification or treatment. Natural graphite anode can deliver a 

reversible capacity of ~150 mAh g-1 when ether-based electrolytes are used. 

By using electrochemical and structural analyses, we demonstrate that Na 

storage in natural graphite occurs through Na+-solvent co-intercalation 

combined with pseudocapacitive behaviors. The natural graphite anode 

exhibits exceptionally high cycle stability (2500 cycles) and rate capability 

(>75 mAh g-1 at 10 A g-1). Furthermore, the practical validity of natural 

graphite in NIB full cells is examined by combination with Na1.5VPO4.8F0.7 

(NVPF) cathode, which delivers an energy of ~120 Wh kg-1 (calculated by 

weight of both anode and cathode active materials) with average discharge 

voltage of ~2.92 V.   
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2.1.2 Experiments 
Natural graphite (Bay Carbon Inc.) was used without any modification or 

post-treatment. Electrolytes were carefully prepared to maintain low H2O 

content (<20 ppm). Na salts including NaPF6, NaClO4, and NaCF3SO3 and 

molecular sieves were kept in a vacuum oven (180 °C) for 3 days before use. 

Then, the Na salts were added to electrolyte solvents including diethylene 

glycol dimethyl ether (DEGDME), tetraethylene glycol dimethyl ether 

(TEGDME), dimethoxyethane (DME), ethylene carbonate/diethyl carbonate 

(EC/DEC), dimethyl carbonate (DMC), and tetrahydrofuran (THF) 

maintaining 1 M of concentration. The solution was stirred at 80 °C for 2 

days and then molecular sieves were added to remove residual H2O in the 

electrolyte solution.  

Graphite electrodes were prepared by mixing the active material (natural 

graphite, 70 wt%) with polyvinylidene fluoride binder (PVDF, 10 wt%) and 

conductive carbon black (20 wt%) in an N-methyl-2-pyrrolidone (NMP) 

solvent. The resulting slurry was uniformly pasted onto Al and Cu foil, dried 

at 120°C for 2 h, and roll-pressed. The average electrode thickness and 

loading density are ~45 µm and ~4.3 mg cm-2, respectively. Test cells were 

assembled in a glove box into a two-electrode configuration with a Na metal 

counter electrode. A separator of grade GF/F (Whatman, USA) was 

sonicated in acetone and dried at 120°C before use. Electrochemical profiles 

were obtained over a voltage range from 2.5 to 0.001 V using a multichannel 

potentio-galvanostat (WonATech). The full cell were assembled using natural 

graphite anode and NVPF cathode with a 1:1.5 ratio for weight, in which 1 
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M NaPF6 in DEGDME electrolyte was used. The full cell was cycled in the 

voltage window between 0.7 V and 4.2 V. Electrochemical impedance 

spectroscopy (EIS, VSP-300, Bio-Logic, France) measurements were 

performed from 3 MHz to 100 mHz.  

The structure of the samples was analyzed with an X-ray diffactometer 

(XRD, D2PHASER, Bruker, USA) using Cu Kα radiation. The morphology 

of the samples was verified using field-emission scanning electron 

microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss, Germany). Na storage 

mechanism was analyzed using X-ray photoelectron spectroscopy (XPS, PHI 

5000 VeraProbeTM), high-resolution transmission electron microscopy (HR-

TEM, Tecnai F20, FEI), Raman spectroscopy (High resolution dispersive 

Raman microscope, Horiba Jobin Yvon, France), and fourier transform 

infrared (FTIR, Hyperion 3000, Bruker, USA).  
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2.1.3 Results and discussion 
To observe effect of electrolyte types on the Na storage capability of natural 

graphite with dozens to hundreds of micron size (Figure 2-1), we examined 

cyclic voltammetry (CV) and galvanostatic measurements in various 

electrolyte systems including carbonates, ether, and furan based electrolytes 

(Figure 2-2 – 4-4 and Figure 2-5). Natural graphite shows negligible 

electrochemical activity in most electrolyte systems such as carbonate and 

furan based electrolytes. However, surprisingly graphite/Na cell exhibits 

very reversible oxidative and reductive reactions in ether based electrolytes 

such as diethylene glycol dimethyl ether (DEGDME) as shown in Figure 2-2, 

4-3. To understand whether the reversible redox reaction in DEGDME is 

related to Na storage in natural graphite, CV analysis was conducted using 

DEGDME electrolyte without Na salts. In absence of Na ions, no 

electrochemical reaction occurs as shown in Figure 2-2, which implies that 

the reversible oxidative and reductive reactions in DEGDME electrolyte 

system is attributable to Na storage in natural graphite. The capacity-voltage 

profiles show a reversible capacity of ~150 mAh g-1 with average voltage of 

~0.6 V (Figure 2-3). To gain reliability, we performed galvanostatic 

charge/discharge measurements using other natural graphite with smaller 

size and synthetic graphite, wherein similar charge/discharge profiles were 

confirmed, which indicates the electrochemical reactions in DEGDME 

electrolytes do not critically depend on the size or synthetic method of 

graphite (see Figure 2-6).  

To identify the effects of Na salts and solvent species on Na storage 
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behaviors, galvanostatic measurements were performed to natural graphite 

with various ether based electrolyte systems. With various Na salts including 

NaPF6, NaClO4, and NaCF3SO3, very identical charge/discharge profiles 

were observed, demonstrating that anions in the electrolytes do not 

participate in the electrochemical reactions (see Figure 2-7). We further 

confirmed that Na storage in natural graphite is possible not only in 

DEGDME but also in other ether based electrolytes such as tetraethylene 

glycol dimethyl ether (TEGDME) and dimethoxyethane (DME) as shown in 

Figure 2-4. Independent on chain length of the electrolyte solvents, Na ions 

are reversibly stored in natural graphite without a significant alteration of 

capacity. However, unexpectedly, it was found that the plateau for Na 

storage is proportionally increased from 0.60 V to 0.78 V according to the 

chain length (Figure 2-4). This behavior indicates that the electrolyte 

solvents may take part in the electrochemical reactions and the solvents with 

longer chain length would form energetically more stable discharged 

products. We further conducted galvanostatic cycling at high temperature 

(60 °C) to identify the composition that can be thermodynamically 

approached. The graphite/Na cell cycled at a high temperature exhibits a 

very similar specific capacity to that operated at room temperature, while 

irreversible capacity is slightly increased due to enhanced electrolyte 

decomposition at high temperature. On the basis of the results, we can 

conclude that natural graphite can thermodynamically store Na ions up to the 

formation of ~NaC15 although further investigation is needed.  

Figure 2-9 shows cycle stability of natural graphite at 100 mA g-1, wherein 
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127 mAh g-1 was maintained after 300 cycles and high coulombic efficiency 

(>98 %) was retained while the coulombic efficiency was slightly low at the 

initial few cycles, which is attributable to the SEI formation. At increased 

current rate of 500 mA g-1, natural graphite anode could deliver a reversible 

capacity of ~125 mAh g-1 (~83% of 100 mA g-1) and 80% was maintained 

even after 2500 cycles (Figure 2-10). The excellent electrochemical 

properties are more highlighted in rate capability as illustrated in Figure 1i. 

Natural graphite could exhibit a specific capacity of ~100 mAh g-1 at 5000 

mA g-1. The most notable here is that natural graphite could show excellent 

electrochemical properties such as stable cycle life and high rate capability 

under one of the most severe conditions without any modification, functional 

binders, and electrolyte additives to facilitate Na storage properties.  

To grasp insight into Na storage mechanism in natural graphite, 

electrochemical measurements were performed (Figure 2-12). Herein, we 

used a CV technique, which is widely used to distinguish the contributions 

of surface-limited capacitive and diffusion-controlled intercalation elements 

in the electrochemical reactions through the dependence of current on scan 

rates.1-4 Figure 2a shows the typical CV curve of natural graphite/Na cells at 

a scan rate of 0.2 mV s-1, where apparent several cathodic and anodic peaks 

are shown, demonstrating multiple electrochemical reactions. The capacitive 

and intercalation effects were analyzed by using CV data at various scan 

rates from 0.2 to 3 mV s-1 (Figure 2-13) through the following power-law 

relationship.4 (Note: cathodic (intercalation) peak currents labelled to C1, C2, 

C3, and C4 in Figure 2-12 were used.)  
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i = aνb     (1) 

where i is the current (A), ν is the scan rate (mV s-1), a and b are adjustable 

values. Figure 2-12 shows the plot of log (|i|) vs. log (ν), in which the slope 

of the linear line is estimated to b-value. A b-value of 0.5 indicates that the 

reaction follows diffusion-controlled one, while a value of 1.0 indicates that 

the reaction is surface-limited. The b value of C3 was estimated to be 0.5, 

indicating diffusion-controlled reactions primarily occur, whereas the b 

values of C1, C2, and C4 were calculated to 0.8-0.9, indicating combined 

capacitive and intercalation reactions.  

In order to quantitatively separate the contribution of the surface-limited 

capacitive and diffusion-controlled intercalation elements, the method 

proposed by Dunn et al was used.3 Through the dependence between the 

peak currents and scan rates, we can estimate the contribution of capacitive 

and intercalation elements using the following equation:  

i = k1ν + k2ν1/2   (2) 

where i is the current (A) at a given potential, ν is the scan rate (mV s-1), k1 

and k2 are constants. Here, k1ν represents the capacitive elements and k2ν1/2 

represents intercalation elements. If we divide both sides of the equation 

above with the square root of the scan rate and plot the i/ν1/2 vs. ν1/2, we can 

obtain a line with a slope of constant k1 and the y-intercept of constant k2, 

which provides a quantitative information of capacitive elements and 

intercalation elements (see Figure 2-12). The quantitative characterization 

was carried out dividing the electrochemical reactions into three different 

regions in Figure 2-12d. On the basis of the results, we can conclude that the 
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diffusion-controlled intercalation reaction primarily occurs in region II. On 

the other hand, the intercalation reaction in combination with capacitive 

reaction occurs in region I and III. 

The Na storage mechanism in natural graphite was further characterized 

through ex situ analyses. Ex situ XPS analysis shows that the content of Na 

in natural graphite is noticeably changed depending on the state of discharge. 

In the Na1s spectra, the Na peak reversibly increased with the discharge and 

decreased with subsequent charge of the natural graphite electrode, 

demonstrating the reversible Na insertion and extraction into/from natural 

graphite (Figure 2-14a). It should be noted that the sample before cycling is 

obtained after soaking in the NaPF6 in DEGDME electrolyte for 1 day. 

Therefore, Na1s peak from before cycling would be originated from residual 

Na salts in the sample. Figure 2-14b and c show the ex situ Raman 

measurements during battery cycling. After discharge process, the intensity 

of D band (~1340 cm-1) and D’ band (~1600 cm-1) significantly increased, 

indicative of sp3-defects formation which implies that well-ordered graphitic 

interlayers become disordered.5-6 Upon charge process, the Raman spectrum 

reversibly returns to the original state. Na insertion reaction was further 

directly visualized by using high resolution transmission electron 

microscopy (HR-TEM) analysis as illustrated in Figure 2-15. HR-TEM 

image of pristine natural graphite shows well-ordered lattice fringe of ~0.33 

nm. However, the graphene layers are wrinkled and disordered, and the 

interlayer distances are greatly increased to the range of 0.415-0.53 nm 

without exfoliation of graphene layers (Figure 2-15b and Figure 2-16). As a 
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result, the thickness of the graphite electrode was expanded as much as 34% 

of the pristine electrode (Figure 2-17). This behavior is attributable to the 

formation of sp3-defect carbon observed in Raman spectrum after discharge. 

After charge, the disordered planes became well-ordered with reduced lattice 

fringe of ~0.34 nm without significant damages on graphite, indicating that 

the electrochemical Na de/intercalation reaction is reversible (Figure 2-15c).  

Since Na storage in graphite is feasible with only selected electrolytes (i. e. 

ether based electrolytes) and the working voltage varies depending on the 

chain length of the electrolytes, we considered the possibility of the alkali 

ion-solvent co-intercalation into graphite, which was demonstrated in Li-

system by Abe et al..7 Indeed, they reported that Li+-solvent co-intercalation 

into graphite anode with DME and dimethylsulfoxide (DMSO) electrolytes 

differently from conventional carbonate based electrolytes. To clarify the 

Li+-solvent co-intercalation behavior, we examined galvanostatic cycling of 

natural graphite/Li cells with an ether based electrolyte, TEGDME (Figure 

2-18). The charge/discharge profiles are significantly different from those 

obtained with carbonate based electrolyte systems, and the specific capacity 

is rather similar with natural graphite/Na system using ether based 

electrolytes. This suggested that the reaction mechanism in Li and Na 

systems with ether based electrolytes is similar each other, which could be 

the co-intercalation of alkali ion-solvent, according to the previous work of 

Abe and coworkers.7 The co-intercalation behavior of Na ions and solvents 

are further evident by fourier transform infrared (FTIR) analysis (Figure 2-

19a). The discharge process involves appearance of FTIR vibration peaks, 
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which is related to solvated Na ions in the electrolytes. This phenomena 

suggests that Na+-solvent are co-intercalated to natural graphite upon 

discharge. While it is still controversial and further study is needed, we 

expect that Na intercalation into the graphite interlayers is prohibited 

because Na-intercalated graphite is energetically unstable. On the contrary, 

Na+-solvent co-intercalated graphite would be thermodynamically stable, 

which resulting in Na storage in natural graphite (Figure 2-19b). However, it 

still remains an issue why Na+-solvent co-intercalation is possible only in 

selected electrolyte solvents (i. e. ether based electrolytes). Graphite has a 

hydrophobic character, and thus, the intercalated species need to a 

hydrophobic or non-polar environment for efficient intercalation.8 The ether 

based electrolytes with a high donor number can form stable Na+ solvated 

species with non-polar in character for co-intercalation into natural graphite. 

Also, ether based electrolyte could suppress the electrolyte decomposition, 

which will form a negligible SEI film on the graphite surface, enabling Na+-

solvent transport to graphite lattice. On contrary, carbonate based 

electrolytes would form relatively thick insulating SEI layers on the graphite 

surface, which blocks Na+-solvent transport (Figure 2-20).  

The practical validity of natural graphite in NIB full cells was examined by 

combining with NVPF cathode that we previously reported.9 Before 

constructing full cells, NVPF was cycled with the NaPF6 in DEGDME 

electrolyte, delivering ~120 mAh g-1 with two plateaus of ~3.6 V and ~3.9 V 

(vs. Na) as shown in Figure 2-21a. The full cell assembled with NVPF 

cathode and natural graphite anode (balanced with 1.5:1.0 ratio for weights) 
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was tested in the voltage window between 0.7 V and 4.2 V at various current 

rates from 0.1 A g-1 to 1.0 A g-1 (Figure 2-21b). The full cell could deliver a 

specific capacity of ~103 mAh g-1 based on anode active material, 

corresponding to ~41 mAh g-1 based on the total electroactive materials 

including anode and cathode with average discharge voltage of ~2.92 V. The 

energy density obtained in this system was ~120 Wh kg-1 based on the total 

electroactive materials. Figure 2-21c shows cycle stability of the full cells at 

a current rate of 0.5 A g-1. It could retain more than 70 % of the initial 

discharge capacity after 250 cycles. While further improvement is needed for 

practical applications, it is worth noting that the natural graphite is feasible 

for NIB full cells.  
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2.1.4 Conclusion 
This study reported unusual Na storage behavior in natural graphite through 

Na+-solvent co-intercalation combined with pseudocapacitive behaviors 

when ether based electrolytes with a high donor number were used, which 

was confirmed by electrochemical and ex situ analyses. Natural graphite 

delivered a reversible capacity of ~150 mAh g-1 and the plateau could be 

tuned from 0.6 V to 0.78 V (vs. Na) by adjusting chain length of electrolyte 

solvents. Without any modification and treatment, natural graphite exhibited 

excellent cycle stability (~2500 cycles) and rate capability (~100 mAh g-1 at 

5000 mA g-1). The practical feasibility of natural graphite in NIB full cells 

was confirmed by combining with NVPF cathode, which could deliver an 

energy of ~120 Wh kg-1 with average discharge voltage of ~2.92 V. This 

work would stimulate extensive research interests in graphite as a promising 

anode for NIBs in conjunction with its straightforward advantages such as 

low costs, earth abundance, environmental benigness, and non-toxicity. 

 

 

 

 

 

 

 

 

 

 

 

24 



 

 

Figure 2-1. Na storage properties of natural graphite. XRD pattern of 

natural graphite (inset: FE-SEM image) 
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Figure 2-2 CV profiles of natural graphite in various electrolyte systems 

(red: NaPF6 in DEGDME, black: NaPF6 in DMC, green: NaPF6 in EC/DEC, 

blue: DEGDME without Na salts) 
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Figure 2-3. Typical charge/discharge profiles of natural graphite in Na half 

cells with NaPF6 in DEGDME. 
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Figure 2-4. (a) Galvanostatic charge/discharge profiles and (b) dQ dV-1 of 

natural graphite in Na half cells with different electrolytes of NaPF6 in 

DEGDME, TEGDME, and DME.(inset: schematic of solvent molecules) 
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Figure 2-5. Charge/discharge profiles of natural graphite in three 

different electrolyte systems. NaPF6 in a. ethylene carbonate/diethyl 

carbonate (EC/DEC), b. Dimethyl carbonate (DMC), and c. tetrahydrofuran 

(THF). 
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Figure 2-6. FE-SEM images (a and c) and galvanostatic charge/discharge 

profiles (b and d) of natural graphite (above) and synthetic graphite (below). 

The natural graphite and synthetic graphite were purchased from Sigma-

Aldrich.  
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Figure 2-7. Charge/discharge profiles of natural graphite using different Na 

salts in DEGDME.  
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Figure 2-8. Charge/discharge profiles of natural graphite operated at high 

temperature (60 oC). 
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Figure 2-9. Cycle stability of natural graphite at 100 mA g-1. 
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Figure 2-10. Long-term cycle stability of natural graphite at 500 mA g-1. 
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Figure 2-11. Rate capability of natural graphite at various current rates from 

0.1 A g-1 to 10 A g-1. 
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Figure 2-12. Electrochemical measurements to identify Na storage 

mechanism in NaPF6 in DEGDME electrolyte. (a) CV profile of natural 

graphite. (b) b-value determination of the cathodic (intercalation) peak 

currents. (c) Cathodic peak current dependence on the scan rate determining 

capacitive and intercalation contribution for energy storage. (d) Typical 

charge/discharge profile. Quantitative contribution of capacitive and 

intercalation on Na storage was estimated from Figure (c).  
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Figure 2-13. CV curves of natural graphite operated at various scan rates 

from 0.2 mV s-1 to 3 mV s-1.  
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Figure 2-14. Na storage mechanism in natural graphite through ex situ 

analyses. (a) XPS analysis demonstrates Na storage in natural graphite. (b) 

Raman measurements confirms that sp3-defect formation in natural graphite 

upon discharge. The sp3-defect disappeared after subsequent charge. (c) 

Magnified Raman spectra of natural graphite with discharged and charged 

samples. 
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Figure 2-15. HR-TEM images of natural graphite at (a) before cycling, 

(b) after discharge, and (c) after charge with lattice distances in the samples. 

The HR-TEM analysis reveals that the Na storage generates disordered 

planes with expanded lattice distance. 
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Figure 2-16. FE-SEM image of natural graphite after discharge. NaPF6 in 

DEGDME was used as an electrolyte.  
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Figure 2-17. Typical charge/discharge profiles (above) and thickness change 

of natural graphite electrode (below).  
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Figure 2-18. Charge/discharge profile of natural graphite/Li cells in a. LiPF6 

in TEGDME and b. LiPF6 in EC/DMC 
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Figure 2-19. Confirmation of co-intercalation using FTIR analysis. (a) 

FTIR analysis demonstrates that Na storage occurs through solvated Na ion 

co-intercalation. (b) Schematic shows a proposed energetics of Na+-

intercalated graphite and N+-solvent co-intercalated graphite. 
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Figure 2-20. (a) EIS analysis after discharge in NaPF6 in EC/DEC (above) 

and NaPF6 in DEGDME (below). (b) A proposed schematic on how Na 

storage is possible in natural graphite with selected electrolyte systems. 
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Figure 2-21. Electrochemical properties of full cells using Na1.5VPO4.8F0.7 

cathode and natural graphite anode. (a) Typical charge/discharge profile 

of Na1.5VPO4.8F0.7 cathode in NaPF6 in DEGDME electrolyte. (b) 

Galvanostatic charge/discharge profiles of the full cells at various current 

rates. (c) Cycle stability of the full cells at 0.5 A g-1.  
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Chapter 3. Transition metal free cathodes 

 

3.1 Functionalized graphene for Li rechargeable 
batteries 

(The essence of this chapter has been published in Scientific Reports. 

Reprinted from [H. Kim et al. Sci. Rep., 3, 1506 (2013) 

DOI:10.1038/srep01506]. Because this paper has been distributed under a 

Creative Commons license (Attribution-Noncommercial 2.5), one may reuse 

the contents for the paper for non-commercial/educational purposes without 

obtaining additional permission from Nature Publishing Group, providing 

that the author and the original source of publication are fully 

acknowledged.)  

3.1.1 Research background 
The development of electrode materials that combine high energy 

and power density with low cost is an ongoing challenge for energy storage.1 

Current lithium ion batteries (LIBs) use intercalation compounds that contain 

transition metals for positive electrode materials. While the high redox 

potential of transition metals in the electrode materials contributes to the 

high voltage of LIBs, the presence of heavy transition metals increases the 

molecular weight, thus substantially decreasing the capacity. For example, 

about 60% of the molecular weight of LiCoO2 (mw = 97.874 g mol-1), the 

most widely used cathode, comes from Co (mw = 58.933 g mol-1), and 

transition metals constitute a major portion of the material cost.2–4 
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Furthermore, some transition metals that are commonly used for redox 

reactions in cathodes are not environmentally benign.  

Current electrode chemistry based on intercalation does not supply 

sufficient power density for LIBs applications because (i) relatively slow 

solid-state lithium diffusion should take place during intercalation and (ii) 

the electrical conductivity of such compounds is often semi-conducting or 

even insulating.5–7 This has, in turn, given rise to rigorous research on the 

synthesis of nanostructured electrodes hybridized with conductive 

carbonaceous materials.8–25 However, the synthesis of nanostructured 

electrodes is not trivial and often induces structural defects, which are 

detrimental to Li diffusion during intercalation. Also, the additional weight 

from the conductive agent decreases the energy density per total electrode 

weight.  

A promising resolution to both energy and power density limitations is the 

use of a transition-metal-free conductive agent, itself, as an active material 

with a non-intercalation-based lithium storage reaction.26–31 Here, I propose 

new type of electrode materials for LIBs using functionalized graphene 

nano-platelets with tunable power and energy density. It is noted that the 

previous research on graphene electrodes has been focused primarily on 

anode applications.32, 33 The electrochemical reaction mechanisms and redox 

potentials of anode and cathode are certainly different and it is generally 

accepted that the discovery of cathode material is more challenging because 

the hosting material should store lithium with much higher potential (e.g. 

much lower lithium chemical potential). Only certain chemistries allow the 
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lithium to be stored in the host with potentials suitable for cathode. This 

work manipulating graphene from conventional anode activity to cathode 

region will point at an interesting new direction for electrode materials 

development.  

The simple and cost-effective process suggested here could produce 

graphene nano-platelets with programmed functionalities in a porous 

microstructure. The fast surface Faradaic reactions of functional groups in 

graphene nano-platelets, combined with high electrical conductivity and 

porous morphology, could significantly increase energy and power density. 
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3.1.2 Experiments 
NaNO3 (1 g) and H2SO4 (45 mL) were added to graphite (1 g) and stirred for 

30 min in an ice bath. Varying amounts (4–6 g) of an oxidizing agent, 

KMnO4, were added to the resulting solution to control the degree of 

oxidation of the functionalized graphene nano-platelets, followed by stirring 

at 50°C for 2 h. Deionized (DI) water (100 mL) and H2O2 (6 mL, 35%) were 

slowly added to the solution and filtered with HCl (150 mL, 10%). 

Additional filtering with concentrated HCl (100 mL, 37%) was performed to 

retrieve the GO powder. Then, the samples were annealed at 120°C for 6 h. 

At this point, the color of the GO changed from dark brown to black, and the 

volume expanded significantly. It should be noted that functionalized 

graphene nano-platelets were not obtained below 120°C and without 

concentrated HCl treatment. As a control, treatment was also carried out with 

NH3 and H2O instead of HCl. The degree of oxidation in the functionalized 

graphene nano-platelets was controlled by simply changing the amount of 

oxidizing agent from 4 g to 6 g and by additional heat treatment. The 

samples were labeled HFG, MFG, LFG, and MFG-400, representing samples 

with high, medium, and low contents of functional groups, while the MFG-

400 sample underwent additional heat treatment at 400°C. All the samples 

were annealed at 120°C after HCl treatment to generate a porous 

morphology. 

     The morphologies of graphite, GO, and functionalized graphene nano-

platelets were investigated using field-emission scanning electron 

microscopy (FE-SEM, SUPRA 55VP) and high-resolution transmission 
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electron microscopy (HR-TEM, JEM-3000F). The structures were analyzed 

with an X-ray diffractometer (XRD, D8-Advance) using Cu Kα radiation 

over a scan range of 5–45° and Fourier transform infrared (FT-IR, Hyperion 

3000) spectroscopy. X-ray photoelectron spectroscopy (XPS, AXIS-HSi) and 

an element analyzer (EA, EA11110-FISONS and FlashEA 1112) were used 

to determine the degree of oxidation of GO and the amount of functional 

groups in functionalized graphene nano-platelets. Ex-situ and in-situ mass 

spectrometry (MS, HPR-20, Hiden Analytical) were used to understand the 

effect of HCl on pore formation and the reduction of GO. The electrical 

conductivities of the functionalized graphene nano-platelets with different 

degrees of oxidation were measured using a four-point probe method for 

pelletized powder.  

     Electrodes were prepared by mixing the active material 

(functionalized graphene nano-platelets with different degrees of oxidation, 

72 wt%) with polyvinylidene fluoride binder (18 wt%) and super-P (10 wt%) 

in an N-methyl-2-pyrrolidone solvent. The resulting slurry was uniformly 

pasted onto Al foil, dried at 120°C for 2 h, and roll-pressed. Test cells were 

assembled into a two-electrode configuration with a Li metal counter 

electrode, a separator (Celgard 2400), and an electrolyte of 1 M lithium 

hexafluorophosphate in a 1:1 mixture of ethylene carbonate and dimethyl 

carbonate (Techno Semichem) in a glove box. The loading density of the 

electrodes was 1.4-1.6 mg cm-2. Electrochemical profiles were obtained over 

a voltage range from 4.5 to 1.5 V at varying current rates from 0.1 to 10.0 A 

g-1 using a multichannel potentio-galvanostat (WonATech). Cyclic 
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voltammetry (CV) measurements were performed using the same cell 

configuration with potentiao-galvanostat tests in the voltage range from 4.5 

to 1.5 V at a scan rate of 0.1 mV sec-1. The capacitance values were 

calculated from the CV curves by dividing the current by the voltage scan 

rate. 
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3.1.3 Results and discussion 
 Functionalized graphene nano-platelets were synthesized by controlled 

oxidation of pristine graphite and subsequent one-step low-temperature 

(~120°C) annealing. To obtain samples with different amounts of functional 

groups, graphite was oxidized while adjusting the amount of oxidizing agent. 

The primary focus was to partly reduce the graphite oxide (GO) and obtain a 

porous microstructure using a simple process. An optimal porous 

microstructure was expected to facilitate the efficient transport of lithium 

ions from the electrolyte through the micropores during fast charge and 

discharge. In one-step partial reduction process, I found that the solvent 

molecules, which were trapped in the interlayer galleries of hydrophilic GO 

during the washing step, played an important role in the generation of a 

porous structure upon annealing at 120°C. Various solvents were considered 

to optimize the porous morphology of the functionalized graphene nano-

platelets from HBr to NH3 with different vapor pressure, as shown in Figure 

3-1a1 (order of increasing vapor pressure: NH3 > HCl > DI, H2SO4, 

CH3COOH, HNO3, HBr). Figure 3-1 shows that pristine graphite (Figure 3-

1b) was oxidized to GO (Figure 3-1c) with interlayer expansion. During 

annealing at 120°C, the GO (washed in deionized (DI) water), showed mild 

exfoliation with visible pores along the graphene nano-platelets (Figure 3-

1d). Previous reports have described similar behavior; pore formation was 

attributed to the sudden evaporation of water molecules trapped between the 

GO layers and to gas generation by thermal decomposition of labile oxygen 

functionalities.2–4 Inspired by this, I decided to use solutions with higher 
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vapor pressures than water to enhance the effect. GO washed with an 

additional HCl solution (37 wt%) was annealed (Figure. 2-1e), resulting in 

uniform pores with sizes ranging from a few tens to a few hundred 

nanometers; the 10-nm-thick graphene nano-platelets covered a large area, 

with simultaneous partial reduction. The pore formation by the gas evolution 

implies that the pores are interconnected from the inside to the surface of the 

material. It is believed this pore formation mechanism is advantageous in 

that facile accessibility of the electrolyte is also possible.5, 6 The gas 

evolution path which interconnects the inside and the surface of the material 

is expected to provide the efficient transport route for lithium ions in the 

electrolyte through the micropores during fast charge and discharge. From 

the laser scanning confocal microscopic analysis in Figure 3-2, we could 

have a glance at the micropores that are connected throughout the graphene 

cathode.  Evidence of the partial reduction of GO is provided in the 

following paragraph. It is believed that the HCl solution trapped in the 

interlayer galleries of GO exhibited stronger exfoliation than HCl-free water 

when heated to 120°C because the vapor pressure of the HCl solution was 

higher than that of water. The bottom inset in Figure 3-1e shows a 

photograph of the resultant sample, indicating a large expansion of the 

powder volume compared to the pristine graphite (inset in Figure 3-1b). In 

order to confirm the pore generation was mainly affected by the vapor 

pressure, it was examined whether acidic media catalyze GO’s thermal 

decomposition or not. However, other acidic media such as CH3COOH and 

H2SO4 did not show any notable catalytic effects on generating pores (Figure 
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3-3). The use of a solution with even higher vapor pressure, NH3 solution 

(30 wt%), however, did not exfoliate the GO (Figure 3-1f). This was 

probably because the NH3 molecules could be easily evaporated from the 

sample before reaching the boiling temperature of the NH3 solution. Finally, 

the scalability of the process was examined by preparing a large quantity of 

functionalized graphene nano-platelet samples with 30 gram scales as shown 

in Figure 3-4. By proportionally increasing the amount of precursor 

materials, the fabrication was easily scalable with a high yield about 95 %. 

X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) 

analysis of the functionalized graphene nano-platelets revealed that the GO 

was reduced by low-temperature annealing. The XRD pattern in Figure 3-5a 

(above) shows that the main GO peak shifted from 10° to 24° and broadened 

because of the reduction of GO and the loss of long-range ordering of 

graphene planes.7, 8 The bottom of Figure 3-5a compares the sample before 

and after annealing. The presence of two distinct peaks (286.6 and 287.6 eV) 

in the C 1s spectrum was attributed to carbon atoms in C–O moieties on the 

basal planes of nano-platelets and C=O moieties at the edges of nano-

platelets.9–11 Both C–O and C=O bonds in GO were significantly reduced 

after annealing. Fourier transform infrared (FT-IR) spectroscopy (Figure 3-6) 

further identified the partial reduction of GO. Simultaneous reduction and 

exfoliation during low-temperature annealing was monitored with ex-situ 

and in-situ mass spectrometry (MS), as shown in Figure 3-5b and Figure 3-7. 

Gas evolution of CO, H2O, H2, CO2, and H2O2 resulted from reactions 

between functional groups and carbon atoms in GO.12, 13 Gas evolution 
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occurred in a relatively short time, as shown in the in-situ MS results in 

Figure 3-7, which may explain the exfoliation at this temperature. The 

detection of gas species with molecular weights greater than 60 was 

attributed to the reaction of HCl with functional groups. The formation of 

Cl-containing molecules, such as CH2ClOH, ClOOH, CCOClCH3, and 

CH3ClO2, indicates additional reduction effects of HCl. The reduction effects 

of HCl were further identified by XPS analysis (Figure 3-8). HCl-washed 

samples contained significantly fewer functional groups than water-washed 

and NH3-washed samples, suggesting that the introduction of HCl treatment 

enhanced the reduction of GO at 120°C more effectively than water or even 

NH3 which is known to reduce GO.  

The schematic illustration in Figure 3-9 shows the proposed mechanism of 

pore formation and reduction when GO is heated to 120°C after HCl 

treatment. During HCl treatment, HCl and H2O molecules are intercalated 

into the interlayer galleries of hydrophilic GO. As a result of dramatically 

increased vapor pressure in the presence of HCl upon heating, simultaneous 

exfoliation and pore formation occur. During gas evaporation, the paths of 

escaping gases create interconnected micropores within the sample. It is 

worthwhile to note that the connectivity of pores is important in facile 

lithium transport within the electrode during battery operation.  

Samples containing different amounts of functional groups were 

prepared by adjusting the amount of oxidizing agent in preparing GO but 

using the same one-step low-temperature reduction. Four samples with 

different target amounts of functional groups are denoted as HFG (high-
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content functional group), MFG (medium-content functional group), LFG 

(low-content functional group), and MFG-400, which denotes the MFG 

sample with an additional thermal reduction at 400°C. The label of HFG, 

MFG, and LFG were based on the content of functional groups, especially, 

C=O group. It should be noted that the sample in the previous section was 

MFG, and the porous morphology of all the samples were identical 

regardless of the amount of functional groups (Figure 3-10). XPS analysis 

revealed that the amount of residual functional groups could be 

systematically controlled by modifying the oxidation processes proposed in 

this work (Figure 3-11a). The peaks from C-O and C=O bonding in the C1s 

XPS spectra correspond well with the targeted degree of functionalization of 

the samples. HFG contained the highest content of C–O and C=O, while 

MFG-400 contained the lowest content of C–O and C=O bonds.  

The atomic composition of each sample was further analyzed with an 

element analyzer (EA) and tabulated in Figure 3-12 along with the values 

obtained from XPS analysis. The O/C ratio is about 1.12 for GO, and was 

reduced to 0.45 for HFG and 0.33 for MFG-400. The different O/C ratios 

obtained by XPS and EA analysis may be due to the experimental conditions 

of the analysis, i.e., vacuum (XPS) and ambient air (EA) atmospheres, but 

the overall trend of the O/C ratio was consistent. Because the reduction 

occurred rapidly, the uniformity of the O/C ratio within a sample was also 

carefully investigated. I randomly chose 10 points in the LFG sample and 

analyzed the O/C ratio. The O/C ratios at the 10 points were similar, as 

shown in F (right), which indicated that the O/C ratio was uniform 
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throughout the sample, despite the rapid reduction process.  

Cyclic voltammetry (CV) data of the functionalized graphene nano-

platelets demonstrated that surface Faradaic reactions were responsible for 

the electrochemical reactivity (Figure 3-11b). CV measurements of the 

samples were conducted in the voltage range of 1.5 to 4.5 V with 0.1 mV s–1 

scan rate. Gravimetric capacitance was increased from 133.2 F g-1 (LFG 

sample) to 291.6 F g-1 (HFG sample), which coincided with the degree of 

oxidation of each sample. Increased capacitance was mainly observed over a 

voltage range from 3.0 to 1.5 V, as illustrated in the shaded region of Figure 

3-11b. Recently, it was reported that carbonyl (C=O) groups can be 

reversibly reduced and oxidized with Li ions over a voltage range from 3.5 

to 1.5 V in aromatic carbonyl derivative organic materials such as Li2C6O6,14 

3, 4, 9, 10-perylene-tetracarboxylicacid-dianhydride sulfide polymer,15 and 

poly (2,5-dihydoxy-1,4-benzoquinon-3,6-methylene).16 Higher gravimetric 

capacitance due to the higher degree of oxidation was attributed to an 

increase in Faradaic reactions of surface functional groups on the 

functionalized graphene nano-platelets.  

The specific capacitance values of the functionalized graphene nano-

platelets (MFG sample) before and after heat treatment were compared to 

further confirm the role of functional groups in providing high capacitance. 

Functional groups on the MFG were further removed with heat treatment at 

400°C without changing the morphology of graphene nano-platelets (Figure 

3-10). Gravimetric current and capacitance values were decreased by a factor 

of ~0.3 after heat treatment (Figure 3-11c). As shown in Figure 3-11a and 
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Figure 3-12, heat treatment decreased the O/C ratio; thus, this experiment 

strongly suggests that the Faradaic reactions of functional groups with 

lithium ions are responsible for the large gravimetric capacitance of the 

functionalized graphene nano-platelets. Additionally, the linear relationship 

between the O/C ratio and gravimetric capacitance (Figure 3-11d) provides 

further evidence that the redox reactions of oxygen-containing functional 

groups with lithium ions primarily contributed to the high gravimetric 

capacitances. 

The dependence of lithium storage capability on functionality was 

identified by potentio-galvanostat tests. Figure 3-13 shows that the specific 

capacity of the functionalized graphene nano-platelets increased according to 

the amount of functional groups. The specific capacities were ~239, 178, and 

150 mAh g-1 for HFG, MFG, and LFG, respectively, at a current density of 

~100 mA g-1. The charge/discharge profiles of each sample were identical, 

indicating that they undergo an identical electrochemical reaction. The linear 

increase in specific capacity with increasing functional groups supports the 

proposed redox reaction mechanism between functional groups and lithium. 

To identify the redox center for lithium storage, ex-situ XPS and ex-situ FT-

IR analysis were used (Figure 3-14, and Figure 3-15). It was found that the 

lithium ions are stored via the reaction with the C=O functional groups. 

Figure 3-14b reveals that the lithium ions were stored in in the discharged 

state. Correspondingly, XPS peak from C=O functional group was reduced 

and that from C-O functional group was substantially increased in Figure 3-

14c. This indicates the lithium ions were stored at C=O functional groups by 
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breaking the double bonds and forming the single bonds between carbon and 

oxygen. 

Cycle stability of the electrodes was tested for 100 cycles, where no 

noticeable capacity fading was observed with high Coulombic efficiencies 

(Figure 3-16). A long-lasting cyclability test was also conducted with the 

MFG sample at a current density of 1 A g-1. Figure 3-17 shows that the MFG 

sample can be tested over 2,000 cycles without capacity degradation. Field-

emission scanning electron microscopy (FE-SEM) and FT-IR analysis of the 

cycled electrodes indicated that there were no distinctive changes in 

morphology and surface functional groups such as C=O, which further 

supports superior cycle stability (Figure 3-18). Excellent cycle stability is 

thought to be related to stable covalent bonding of surface functional groups 

on the functionalized graphene nano-platelets and lithium storage without 

significant volume change, which is typically observed in intercalation-based 

cathodes.   

Functionalized graphene nano-platelets may also exhibit a respectably 

high rate capability depending on the degree of functionalization. At a 

current rate of 2.0 A g-1, HFG, MFG, and LFG delivered 175, 150, and 

125 mAh g-1, respectively. Even at 10 A g-1, all the samples delivered ~100 

mAh g-1. The exceptional rate capability was attributed to the porous 

morphology of the functionalized graphene nano-platelets, allowing the 

electrolyte to easily penetrate into the pores, thus improving lithium ion 

transport from the electrolyte to the functionalized graphene nano-platelets. 

It should be noted that, compared to the capacities delivered at a low current 
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rate, higher rate performance was found in less oxidized samples (Figure 3-

19). It is believed that at high current densities, slight differences in the 

electrical conductivity of the samples led to substantial differences in rate 

performance. Figure 3-20 and 2-21 show that electrical conductivity 

increased with decreasing functional group content. The highest power 

performance was obtained from LFG, while the highest energy density was 

achieved with HFG. This indicates that power and energy density can be 

tuned simply by controlling the functional group content on graphene nano-

platelets.  

The dependence of power and energy density on functionalization is 

clearly shown in the Ragone plot of Figure 3-22. The power capability of the 

functionalized graphene nano-platelets was reduced with an increasing 

degree of oxidation. Nevertheless, HFG still exhibited a very high 

gravimetric energy of ~250 Wh kg-1 at a gravimetric power over 10 kW kg-1 

(at few minutes charge/discharge rate). The gravimetric energy of the 

functionalized graphene nano-platelets approached that of a commercially 

available high-power LiMn2O4 cathode. At current rates higher than 6 kW 

kg-1, the functionalized graphene nano-platelets delivered significantly 

greater gravimetric energy (>1.5 – 1.8 times) than LiMn2O4 nanowires 

having the highest reported power capability.17  

The high gravimetric energy and power were attributed to the fast 

surface Faradaic reaction between functional groups and lithium ions 

combined with the three-dimensional network framework of the 

functionalized graphene nano-platelets (Figure 3-23) and high electrical 
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conductivity throughout the graphitic region (Figure 3-23b). The lithium 

storage occurs at functional groups on the surface or at the edge of the 

graphene nano-platelets. It means that the delivery of lithium ions and 

electrons to the surface is likely the limiting factor for the electrochemical 

reaction similarly with Ref. 8. Therefore, it is important to form porous 

morphology to facilitate the accessibility of electrolyte to the electrode 

material. The suitable control of the electrode architecture by increasing 

active surface area with a stable interconnection of the electrode is expected 

to further increase the electrochemical performance of electrode materials 

based on C=O redox centers.  
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3.1.4 Conclusion 

Functionalized graphene nano-platelets derived from a simple mass-

scalable chemical method were found to be extremely promising as an 

electrode material for rechargeable batteries that can deliver high gravimetric 

energies (~250 Wh kg–1) at a power over 20 kW kg-1 for more than a 

thousand cycles. Moreover, we have demonstrated that gravimetric energy 

and power can be simply tuned by controlling the degree of oxidation, 

suggesting that further development of the electrode based on the same 

chemistry is possible. Low material cost and simple fabrication, combined 

with the tunable high power and energy density of this new class of cathodes, 

will open up new possibilities for the development of high-performance 

energy storage devices for various applications.  
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Figure 3-1. Solvent-assisted pore formation of the functionalized 

graphene nano-platelets. a. Vapor pressures of various solvents (NH3, HCl, 

water, H2SO4, CH3COOH, HNO3, HBr) from 10 to 50°C, obtained from 

literature data (Ref. 35). b. FE-SEM images of pristine graphite (inset: photo 

of pristine graphite). c. GO oxidized from pristine graphite. FE-SEM images 

of GO samples that were assisted by d. H2O, e. HCl (inset: photo of HCl-

assisted sample after annealing), and f. NH3. NH3- and H2O-assisted samples 

do not show porous morphology; the HCl-assisted sample had pores (a few 

hundred nanometers in diameter).  
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Figure 3-2. The cross-sectional images of the functionalized graphene 

cathode for as drop-casted (a and b) and after slicing the sample to 

investigate the internal structure (c – f). 
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Figure 3-3. FE-SEM images of GO samples that were assisted by a. 

CH3COOH and b. H2SO4. 
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Figure 3-4. Demonstration of scalability of the functionalized graphene 

nano-platelets. a. GO slurry before filtering process (using 30 g of graphite) 

and b. funtionalized graphene nano-platelets after low temperature (120 ˚C) 

heat treatment (approximately 28.5 g, e.g. 95 % yield from 30 g of graphite). 
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Figure 3-5. Pore formation and reduction mechanism. a. XRD (above) 

and XPS (bottom) analysis results for GO and functionalized graphene nano-

platelets after annealing at 120°C b. MS analysis result of gases that evolved 

after HCl-treated GO sample were heated at 120°C. Gas species with high 

molecular weights were thought to be Cl-containing molecules such as 

CH2ClOH, ClOOH, CCOClCH3, and CH3ClO2, which explains the reduction 

effects of HCl on GO. 
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Figure 3-6. FT-IR spectra of GO (red) and functionalized graphene nano-

platelets (blue). 
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Figure 3-7. In-situ MS analysis result of HCl-treated samples annealed at 

less than 120°C.  
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Figure 3-8. XPS spectra of H2O-washed, NH3-washed GO and HCl-washed 

samples after heat treatment at 120°C. 
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Figure 3-9. Schematic drawing of the pore formation and reduction 

mechanism. 
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Figure 3-10. FE-SEM images of HFG, MFG, LFG, and MFG-400 

samples. FE-SEM images of a. HFG, b. MFG, c. LFG, and d. MFG-400 

samples. Functionalities were controlled by adjusting the amount of 

oxidizing agent and subsequent heat treatment; however, their porous 

morphologies did not change significantly. 
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Figure 3-11. Functionality-dependant electrochemical behavior of the 

functionalized graphene nano-platelets. a. XPS C 1s spectra of the 

functionalized graphene nano-platelets with different degrees of oxidation. b. 

CV data for the functionalized graphene nano-platelet samples over a 

voltage range from 1.5 to 4.5 V with a scan rate of 0.1 mV s-1. c. CV data for 

the functionalized graphene nano-platelets with and without heat treatment at 

400°C under an Ar atmosphere for 6 h. d. Relationship between the O/C 

ratio and gravimetric capacitance, which indicates that the gravimetric 

capacitance increased linearly with the O/C ratio of the functionalized 

graphene nano-platelets.  
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Figure 3-12. O/C ratio analysis of the functionalized graphene nano-

platelets and O/C ratio uniformity. O/C ratio analysis data obtained from 

XPS and EA (left table). (The differences in the O/C ratios for XPS and EA 

results were related to the analysis conditions, i.e., vacuum and ambient air 

atmospheres. The trend in the O/C ratio for the two techniques was 

consistent.) The O/C ratio uniformity of the LFG sample was tested using 

the EA (right figure). Ten points were randomly collected from the LFG 

sample. The O/C ratio shows only a small variation from the average value 

of 0.36. 
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Figure 3-13. Charge/discharge profiles of the samples in which the 

profile shapes of the samples are similar to one another, demonstrating that 

the electrochemical reaction mechanism of each sample is similar.  

 

 

 

 

 

 

 

 

 

 

 

81 



 

 
 

Figure 3-14. Ex-situ XPS analyses a. Ex-situ XPS in Li1s region shows 

lithium ions are stored after discharge, b. Ex-situ XPS in O1s region reveals 

that the C=O functional group becomes C-O after discharge process, 

indicating C=O functional group is the redox center for lithium storage.  
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Figure 3-15. Ex-situ FTIR analysis identifies that the C=O functional group 

participates in the lithium storage. 
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Figure 3-16. Cycle stability data over a voltage range from 1.5 to 4.5 V 

with a current rate of 0.1 A g–1. a. Discharge capacities and b. Coulombic 

efficiency of HFG, MFG, and LFG samples up to 100 cycles.   
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Figure 3-17. Long-lasting cyclability test of the MFG sample at a high 

current rate of 1 Ag–1 up to 2,000 cycles.  
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Figure 3-18. Morphology and chemical composition stability during 

battery cycling. a. SEM and b. FT-IR analysis results after battery cycling, 

which demonstrate cycle stability of the functionalized graphene sheet.   
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Figure 3-19. Discharge profiles at various current rates from 0.1 to 10.0 

A g-1 of a. HFG, b. MFG, and c. LFG samples. While HFG exhibits large 

specific capacity at low current rates, MFG and LFG show better capacity 

retention properties at higher current rates.  
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Figure 3-20. Electrical conductivities and BET surface areas of HFG, MFG, 

LFG, and MFG-400 samples. Electrical conductivities ranged from 68 to 114 

S m-1 and BET surface areas ranged from 249 to 371 m2 g-1.  
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Figure 3-21. Electrical conductivities and BET surface areas of HFG, MFG, 

LFG, and MFG-400 samples.  
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Figure 3-22. Ragone plot for the functionalized graphene nano-platelet 

electrodes with different amounts of functional groups; a conventional 

electrode material, LiMn2O4, is shown for comparison. Only the 

functionalized graphene nano-platelet weight was considered in the 

gravimetric energy and power calculations.   
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Figure 3-23. HR-TEM images of the functionalized graphene nano-

platelets. a. Three-dimensional network structure of the functionalized 

graphene nano-platelets confirmed by HR-TEM analysis and a schematic 

drawing of the proposed surface Faradaic reactions on the functionalized 

graphene nano-platelets (inset). b. Magnified HR-TEM image of the 

functionalized graphene nano-platelets where graphitic regions act as 

electron transfer paths and surfaces contribute to the surface Faradaic 

reaction.  
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3.2 Functionalized graphene for Na rechargeable 
batteries 

(The content of this chapter has been published in Nano Energy, 4, 97 (2014) 

DOI:10.1016/j.nanoen.2013.12.009. Reprinted from H. Kim et al. Novel 

transition-metal-free cathode for high energy and power sodium 

rechargeable batteries. Nano Energy, 4, 97 (2014) with permission from 

Elsevier. Copyright 2014.)   

 
3.2.1 Research background 
Developing a reliable energy storage system (ESS) is one of the most 

important issues in moving toward a sustainable society.1-3 Because 

electricity production from renewable energy (i.e. solar, wind and 

geothermal energy) does not coincide with consumption time, the ESS is 

required to account for the discrepancy. Lithium ion batteries (LIBs) have 

been considered as the leading candidates for large-scale ESS due to their 

relatively high energy, power density and stable cyclability.4-9 Nevertheless, 

the high cost of LIBs (partly due to the use of transition metals such as Co 

and Ni), and the arguable shortage of Li resources can limit their 

applications.10-14  

In the respect of materials cost, this issue can be addressed by exploring 

energy storage chemistry based solely on earth-abundant elements. Recently, 

Na ion batteries (NIBs) have been extensively studied as an alternative to 

LIBs, since Na is earth-abundant and shares similar chemical properties with 
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Li. Recent studies on NIB have reported an electrochemical performance 

comparable to LIB.15-17 However, NIB at present uses cathodes based on 

transition metal redox elements, which are typically much more expensive 

than Li or Na and account for the majority of the cathode cost. This 

significantly dilutes the cost merit of NIB. Furthermore, during the battery 

operation, the larger ionic size of Na than Li induces large lattice expansion 

and contraction during insertion and extraction in typical intercalation 

compounds, which can lead to the slow Na diffusion and cause cycle 

deterioration.13, 18-20  

In resolving these issues and taking advantage of cost-effective Na chemistry, 

here, we propose a novel NIB cathode based on a transition-metal-free 

carbonaceous material with a non-intercalation-based Na storage mechanism. 

Starting from natural graphite, functionalized graphite nanoplatelets were 

fabricated via simple scalable routes. By adopting surface reactions between 

Na and functionalized graphite nanoplatelets, (i) no significant lattice change 

occurred during battery cycling, and (ii) much faster Na kinetics could be 

achieved without solid-state diffusion.21-22 Furthermore, the high electrical 

conductivity of carbonaceous materials could aid in improving the rate 

capability.23-24 While previous studies of graphite-based electrodes are found 

in anode applications for NIB,25-26 this work manipulated the material to 

store Na ions within an acceptable cathode potential by chemical 

modification. 
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3.2.2 Experiments 
Graphite oxide (GO) was first fabricated by modifying the Hummers 

method.1 Graphite (5 g) was dispersed in a solution of NaNO3 (5 g) and 

H2SO4 (225 mL), which was stirred for 30 min in an ice bath. KMnO4 (30 g) 

was added to the resulting solution, followed by stirring at 50˚C for 2 h. 

Deionized (DI) water (500 mL) and H2O2 (30 mL, 35%) were slowly added 

to the solution. The solution was filtered and washed with HCl (750 mL, 

10%). Additional washing/filtering was performed using concentrated HCl 

(500 mL, 37%) to retrieve the GO powder. The samples were annealed at 

120˚C for 6 h to generate the functionalized graphite nanoplatelets.  

The structure of the functionalized graphite nanoplatelet was analyzed with 

an X-ray diffractometer (XRD, D2PHASER) using Cu Kα radiation. X-ray 

photoelectron spectroscopy (XPS, AXIS-HSi) was used to quantify the 

functionals in the samples. Morphology was examined using field-emission 

scanning electron microscopy (FE-SEM, SUPRA 55VP) and high-resolution 

transmission electron microscopy (HR-TEM, JEM-3000F). A focused ion 

beam (FIB, AURIGA) was used at 30 kV and 600 pA after Pt coating. The 

carbon structure was analyzed using a high-resolution dispersive Raman 

microscope (LabRAM HR UV/Vis/NIR). The surface area and pore volume 

were determined using the Brunauer-Emmett-Teller (BET) method. 

Electrochemical impedance spectroscopy (EIS) data were recorded from 1 

MHz to 100 mHz using a potentiostat/galvanostat (VSP-300, Bio-Logic, 

France). 

Electrodes were prepared by mixing the active material (70 wt%) with 
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polyvinylidene fluoride binder (20 wt%) and super-P (10 wt%) in an N-

methyl-2-pyrrolidone solvent. The resulting slurry was uniformly pasted 

onto Al foil, dried at 120°C for 2 h, and then roll-pressed. A total of 1-2 mg 

cm-2 of the active material was loaded onto the electrode. Test cells were 

assembled into a two-electrode configuration with a Na metal counter 

electrode (Sigma-Aldrich), a glass microfiber filter separator (grade FG/G; 

Whatman, USA), and an electrolyte of 1 M NaBF4 or NaClO4 in propylene 

carbonate (PC, Sigma-Aldrich) in a glove box. Electrochemical profiles were 

obtained over a voltage range of 4.3 V to 1.0 V using a multichannel 

potentio-galvanostat (WBCS 3000, WonATech).  
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3.2.3 Results and discussion 
Functionalized graphite nanoplatelets were synthesized by the controlled 

reduction of graphite oxides (GO) with a low-temperature annealing in the 

presence of residual HCl. After chemical oxidation, the XRD peak of pristine 

graphite (002) shifted to a lower angle, indicative of expansion of graphene 

interlayers as a result of a large amounts of C-O or C=O formation in the 

graphite (Figure 3-24a).2 However, the characteristic XRD peak of GO 

disappeared after the annealing process at 120˚C, shown as the upper blue 

pattern in Figure 3-24a. This implied that C-O or C=O functional groups 

were removed and the long-range ordering along the perpendicular direction 

of basal graphene planes was lost at this temperature.3 XPS analysis in 

Figure 3-24b and c confirmed the partial reduction of GO, in which the 

amount of functional groups of C-O (286.6 eV) and C=O (287.6 eV) were 

significantly reduced.4 The partially reduced sample was further analyzed by 

Raman spectroscopy and compared with the pristine graphite. Figure 3-25 

shows significant changes in both G and D bands. The broadened G band 

and the high intensity D band indicates that the sample contained significant 

amount of defects.5  

It was noted that the annealing process of GO led to a dramatically different 

morphology. The FE-SEM and HR-TEM analysis in Figure 3-26d-g shows 

that the pristine graphite structure was partially exfoliated into the assembled 

thin layers of graphite (~10 nm), forming a two-dimensionally porous 

structure. It was observed that the pores were present throughout the sample, 

as shown in Figure 3-26f-g and 2-27 (hereafter we call the sample 
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functionalized graphite nanoplatelet.) In our previous study, we attributed the 

formation of these pores at such low temperatures (120˚C) to the rapid gas 

evolution of high-concentration HCl solution from GO. The HCl solution 

trapped in the interlayer galleries exhibited strong exfoliation capability 

because of the increased vapor pressure.6 The gas escape paths are expected 

to make the pores interconnected throughout the sample. The pore analysis 

by N2 adsorption and desorption revealed mesopores with a pore volume of 

0.922 cm3g-1 and a surface area of 278.318 m2g-1 in Figure 3-28. I found that 

the functional groups were not locally formed, but rather distributed 

uniformly on the graphite nanoplatelet surface from EDS mapping and FE-

SEM in line-scan mode (Figure 3-29). Furthermore, the functional groups 

were distributed evenly inside the sample, as shown in Figure 3-30.  

The applicability of the functionalized graphite nanoplatelet as a cathode for 

NIB was examined in a half-cell within a voltage window of 1.0 V and 4.3 V 

at a current rate of 0.1 A g-1. Figure 3-31 clearly shows the electrochemical 

activity of the graphite nanoplatelet with Na in the cathode potential. While 

the graphite or graphene is generally considered as an anode material due to 

its low potential, the functionalized graphite nanoplatelet exhibited a 

considerably higher operating voltage in the Na cell. The average voltage of 

the graphite nanoplatelet could reach 2.2 V (vs. Na) without an apparent 

voltage plateau. The first discharge capacity was about 190 mAh g-1 and 

increased to ~230 mAh g-1 after the first cycle, whose origin will be 

discussed later.  

To illucidate the electrochemical acitivty of functionalized graphite 
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nanoplatelets with Na, ex-situ XPS analysis was performed. Figure 3-32 

shows that after the initial discharge, a new peak at 1072.3 eV was detected 

in the Na 1s region, which reversibly disappeared upon recharge. Since the 

characteristic binding energy of Na 1s from Na-O is typically found at ~1072 

eV, it suggests that a reversible Na incorporation occurs via Na-O binding.7-8 

Furthermore, the Na Auger peak was observed at 536.9 eV in O 1s of Figure 

3-32b, which confirms the uptake of Na into the functionalized graphite 

nanoplatelet.7 Closer examination of O 1s spectrum revealed that the binding 

nature of oxygen and carbon reversibly changed upon Na insertion and 

extraction. The intensity of the XPS peak from C=O at 533.5 eV decreased, 

while that from C-O increased significantly during discharge.4 This proposes 

that the Na ions were chemically bound to C=O functional groups by 

breaking the double bonds and forming single bonds between carbon and 

oxygen. After charging the sample, the XPS peaks returned to their original 

state, which illustrates that the Na ion storage in C=O functional groups was 

reversible. To further confirm the role of functional groups on the 

electrochemical performance, the graphite nanoplatelet cathode after having 

fully removed functional groups at a high temperature was tested under the 

same electrochemical conditions. The pore volume, morphology, and the 

surface area did not change after being subjected to the 800˚C annealing 

process (Figure 3-33). Figure 3-34 shows that the absence of functional 

groups in the sample significantly reduced the specific capacity. Only 

negligible capacity was observed for the graphite nanoplatelet with few 

functional groups at the voltage region between 1.0 V and 4.3 V. It implies 
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that the degree of functionality in graphite nanoplatelets was important for 

the activation of the electrochemical reaction within the cathode voltage 

region.  

As noted above, the discharge capacity increased after the first cycle (Figure 

3-31). To better understand this behavior, the functionalized graphite 

nanoplatelet cathode was first charged without the initial discharge process 

in the Na half-cell (Figure 3-35a). Interestingly, a considerably large capacity 

of ~80 mAh g-1 could be charged even without Na insertion to the electrode. 

We found that this extra capacity accompanied the adsorption of boron on 

the surface of the graphite nanoplatelet from the ex situ XPS analysis in 

Figure 3-35b. It strongly suggests the contribution of anion adsorption (such 

as BF4
-) on the nanoplatelet surface to the capacity. This capacitor-like 

behavior was reminiscent of the anion participation in supercapacitors, 

where anions can be reversibly adsorbed on and desorbed from various 

carbonaceous materials at the high potential.9 In this respect, the energy 

storage mechanism of the functionalized graphite nanoplatelet as a NIB 

cathode is proposed as in Figure 3-36: (i) Na ions bind to the functional 

groups by breaking double bonds and forming single bonds between carbon 

and oxygen in the first discharge. (ii) During the initial charging process 

(<3.8 V vs. Na), Na ions are removed from the functionalized graphite 

nanoplatelet by reversible changes of the single to double C-O bonds. (iii) 

Further charging processes involve BF4
- anions adsorbing on the 

nanoplatelet surface, delivering additional capacity (> 3.8V vs. Na). During 

the subsequent cycles, the combined energy storage reactions continue 
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reversibly. I found that these series of reactions are so reversible that nearly 

no capacity decay was observed over cycles in Figure 3-37.  

To further explore the participation of anions in the electrochemical reaction, 

the performance of functionalized graphite nanoplatelet cathodes was tested 

in Na half-cells with different Na salts in the electrolyte. Figure 3-38a 

compares the charge/discharge profiles of Na cells using NaBF4 and NaClO4 

at a current rate of 1.0 A g-1. While the electrochemical profiles were similar 

for both cases, significant capacity decay after 300 cycles was observed for 

the Na cell using NaClO4 (Figure 3-38b). It was found that the capacity 

decay of the Na cell using NaClO4 accompanied a significant increase in the 

charge transfer resistance upon repeated battery cycling from EIS analysis, 

which contrasted to the case of NaBF4 (Figure 3-39). The increase in the 

resistance was attributed to the gradual formation of an insulating layer on 

the graphite nanoplatelet with cycling, which is speculated to stem from the 

electrolyte instability of NaClO4 in PC with high-voltage cycling (above 4 V 

vs. Na).10 The notable difference in cyclability suggests that the selection of 

Na electrolytes can be an important factor in utilizing the electrochemical 

reaction of the functionalized graphite nanoplatelet cathode in NIBs. 

Nevertheless, it is worth to note that an excellent cycle stability over 300 

cycles could be achieved for the functionalized graphite when NaBF4 was 

used as the Na salt. It is believed that this notable cycle stability originates 

from the robustness of the chemical and morphological structures of 

functionalized graphite without involving intercalation of Na ions during 

battery cycling. Figure 3-40 shows that no significant changes in chemical 
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and morphological structures are detected after the extended battery cycling.  

The energy density of the functionalized graphite nanoplatelet cathode could 

reach 500 Wh kg-1 based on the average voltage of 2.2 V (vs. Na) and the 

specific capacity of ~230 mAh g-1 (Figure 3-41). Previously reported 

cathodes for NIB, such as Na3V2(PO4)3, NaCrO2, or NaCoO2, ranged 

between 300–400 Wh kg-1, whereas few cathode materials, such as bipolar 

porous organic electrode (BPOE), approach 500 Wh kg-1.11-20 The 

functionalized graphite nanoplatelet could deliver exceptionally high power 

capabilities, and could outperform the high-energy BPOE cathode. The 

Ragone plot in Figure 3-42 provides the trade-off between energy and power 

densities of several state-of-the-art NIB cathodes.11, 21-27 It shows that 

functionalized graphite can retain an energy of ~100 Wh kg-1 with a 10-s 

charge/discharge rate, which exceeds the recently reported high-power NIB 

cathodes, such as Na3V2(PO4)3 and Na1.72MnFe(CN)6 (NMHFC). We believe 

that this unprecedently high power capability in NIB can be attributed to the 

aforementioned fast surface reactions of Na ion and anion without involving 

the intercalation and the unique interconnected porous morphology of the 

functionalized graphite that enabled the facile ionic transport in the battery.  
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3.2.4 Conclusion 
Porous functionalized graphite nanoplatelets were proposed as a novel high-

performance cathode for NIBs. The porous functionalized graphite 

nanoplatelet exhibited a specific capacity of ~230 mAh g-1, delivering a high 

energy of ~500 Wh kg-1 via fast surface Faradaic reaction combined with the 

capacitive anion adsorption. The high energy could be retained even with 10-

s charge/discharge rates, which could lead to the development of high-power 

NIB. The promising electrochemical performance of the functionalized 

graphite nanoplatelet cathode was attributed to the following aspects: (i) the 

light carbonaceous framework in the absence of heavy transition metals, (ii) 

fast surface reactions rather than intercalation-based Na storage reactions, 

(iii) the interconnected porous morphology enabling facile and rapid Na ion 

transport, and (iv) rapid electron transport through the carbonaceous 

framework.6 This development of a novel class of cathode materials provides 

new possibilities for the design of high-performance NIBs based on 

graphites.  
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Figure 3-24. Fabrication of functionalized graphite nanoplatelets with 

porous structures. (a) XRD patterns of graphite oxide and functionalized 

graphite nanoplatelets with a graphite reference. XPS analysis results of (b) 

graphite oxide and (c) functionalized graphite nanoplatelets.  
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Figure 3-25. Raman analysis of functionalized graphite nanoplatelets with a 

graphite reference. 
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Figure 3-26. (a) FE-SEM image and (b) HR-TEM image of functionalized 

graphite nanoplatelets. FE-SEM images of functionalized graphite 

nanoplatelets (c) at the surface and (d) inside after FIB cutting revealed that 

the pores were interconnected from the surface to the inside of 

functionalized graphite nanoplatelets. To prevent damage from FIB cutting, 

Pt was deposited on the surface of the graphite nanoplatelets. 
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Figure 3-27. FE-SEM images of several cross-sectioned regions of 

functionalized graphite nanoplatelets showing that the pores are also present 

inside the sample.  
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Figure 3-28. N2 adsorption/desorption isotherm plot of functionalized 

graphite nanoplatelets. The hysteresis between adsorption and desorption 

curves revealed mesopores.  
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Figure 3-29. Macroscopic distribution of functional groups in the sample. 

(a) FE-SEM image merged with EDS mapping, (b) EDS line scan and (c) 

the corresponding FE-SEM image showing that the functional groups were 

distributed uniformly on the graphite nanoplatelet surface.  
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Figure 3-30. FE-SEM images with EDS mapping analysis. (a) FE-SEM 

image after FIB cutting. To prevent damage from FIB cutting, the Pt layer 

was deposited on the surface of the sample. EDS mapping image of (b) 

carbon and (c) oxygen, which showed that functional groups were 

distributed uniformly, even inside the sample.  

 

 

 

 

 

 

115 



 

 

Figure 3-31. Energy storage capability and reaction mechanism. 

Charge/discharge profiles of functionalized graphite nanoplatelet cathodes 

during the initial cycles.  
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Figure 3-32. Ex-situ XPS analyses for Na storage mechanism. The Na ion 

storage mechanism was confirmed by ex situ XPS analysis at the (a) Na 1s 

and (b) O 1s region.  
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Figure 3-33. Material characterization of reduced graphite nanoplatelets. 

(a) FE-SEM image of reduced graphite nanoplatelets. The porous structure 

was maintained after the high-temperature annealing process. (b) XPS full 

scan and (c) XPS spectrum in C1s region reveals that the functional groups 

were completely removed at a high temperature annealing process. The BET 

surface area and pore volume were 234.1051 m2g-1 and 0.837639 cm3g-1, 

respectively.  
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Figure 3-34. The electrochemical profile of graphite nanoplatelets with few 

functional groups in the voltage range from 1.0 V to 4.3 V at a current rate of 

0.1 A g-1.  
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Figure 3-35. Anion adsorption on functionalized graphite nanoplatelet 

cathode. (a) The electrochemical profile when the functionalized graphite 

nanoplatelet cathode was first charged. (b) XPS analysis results when 

functionalized graphite nanoplatelet cathodes were first charged. When a 

functionalized graphite nanoplatelet cathode was charged to high voltage, 

BF4
- anion could be adsorbed on its surface, delivering a specific capacity of 

~80 mAh g-1 at a low current rate of 0.05 A g-1. 
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Figure 3-36. Schematic illustration of the energy storage mechanism of 

functionalized graphite nanoplatelet cathodes.  
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Figure 3-37.  Cyclability of functionalized graphite nanoplatelets upon 

40 cycles. The electrochemical cells were tested at a current rate of 0.1 A g-1 

in the voltage window between 1.0 V and 4.3 V using the electrolyte NaBF4. 
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Figure 3-38. Electrochemical performance of functionalized graphite 

nanoplatelet cathode. (a) Charge/discharge profiles in the 20th cycle and (b) 

cyclability of functionalized graphite nanoplatelet cathode at a current rate of 

1.0 A g-1 with NaBF4 and NaClO4.  
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Figure 3-39. Electrochemical impedance spectroscopy (EIS) spectra of 

functionalized graphite nanoplatelets when (a) NaBF4 and (b) NaClO4 

were used as Na salts in the voltage range from 4.3 V to 1.0 V at a current 

rate of 1.0 A g-1. The EIS spectra were recorded at the end of charge of each 

cycle. Representative EIS spectra at the 1st, 2nd, 5th, 10th, 15th, and 20th cycles 

are shown in Figure 3-39a and 2-39b. Figure 3-39c shows the charge transfer 

resistance (Rct) in each cycle. The Rct values were obtained by the one-circle 

fitting of the EIS data using the equivalent circuit by EC-Lab software.  
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Figure 3-40. Chemical and morphological stability upon battery cycling. 

Ex situ XPS analysis results of functionalized graphite nanoplatelet cathodes 

before battery cycling and after 20 cycles in (a) the C1s region, and (b) the 

O1S region. (c) Ex situ FE-SEM image after 20 cycles. For ex situ analysis, 

functionalized graphite nanoplatelet cathodes were cycled at a current rate of 

0.1 A g-1 in the voltage range from 1.0 V to 4.3 V.  
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Figure 3-41. Energy density of various cathode materials for NIB. The 

average operation voltage (vs. Na) was used to calculate the energy density 

for cathodes.  
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Figure 3-42. Ragone plot of functionalized graphite nanoplatelet cathodes 

compared to other cathode materials for NIB and Na-ion capacitors. The 

Ragone plot of the functionalized graphite cathode was calculated from the 

discharge profiles at various current rates (Figure 3-43). 
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Figure 3-43. Charge/discharge profiles at various current rates from 0.1 A g-1 

to 30 A g-1. The cut-off voltages were 1.0 V and 4.3 V.  
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Chapter 4. All-graphene-battery 
 

4.1 A new type all-graphene-battery 

(The essence of this chapter has been published in Scientific Reports. 

Reprinted from [H. Kim et al. Sci. Rep., 4, 5278 (2014) 

DOI:10.1038/srep05278]. Because this paper has been distributed under a 

Creative Commons license (Attribution-Noncommercial 2.5), one may reuse 

the contents for the paper for non-commercial/educational purposes without 

obtaining additional permission from Nature Publishing Group, providing 

that the author and the original source of publication are fully 

acknowledged.)  

4.1.1 Research background 
The global energy paradigm is rapidly transforming from fossil fuels to 

sustainable energy resources, including solar, wind, and geothermal 

energies.1-2 However, power production from those energy resources is not 

always coincident with energy demand. Therefore, the development of large-

scale energy-storage systems that resolve this discrepancy is vitally 

important. Considerable efforts have been expended on the development of 

high-performance energy-storage devices such as lithium-ion batteries 

(LIBs), supercapacitors, and hybrid supercapacitors.3-15 A major hurdle 

remains: the development of a novel energy storage system that combines 

high energy and power density. 

LIBs are promising candidates because of their high energy density, which is 
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attributed to the high operating potential and the large charge-storage 

capability of conventional LIB electrode materials.4-5 However, the power 

density of available LIBs is not suitable for large-scale applications, and the 

cost is too high. These issues – low power density and high cost – are closely 

related to the fundamental electrode reaction characteristic of LIBs, which 

relies on intercalation-based reactions of transition metal oxides 

accompanied by intrinsically slow solid-state lithium diffusion16-17 and 

generally low electronic conductivity.4, 17 In this respect, there have been 

intensive researches on hybrid supercapacitors using a lithium intercalation 

electrode in one electrode and a capacitive electrode in the other electrode to 

achieve battery-level energy density combined with the power density of 

supercapacitors.18-22 However, despite the recent advancement of hybrid 

supercapacitors, the imbalance in kinetics between two electrodes still 

remain as a major drawback that should be overcome. It is because the 

intercalation reaction in one electrode is generally far slower than the surface 

reaction in the other electrode.  

One approach to resolving the aforementioned challenge is to adopt fast 

surface electrode reactions in both electrodes while maintaining high energy 

density.23-26 Recently, we demonstrated that the functionalization of graphene 

to enable fast surface reaction could lead to exceptionally high Li storage 

capability.4 The functional groups on the graphene cathode acted as radical 

centers to store Li ions at acceptably high potential.4, 27  

In this study, we expanded the advantages of exploiting fast surface 

electrode reactions on functionalized graphene cathodes by matching them 
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with reduced graphene oxide anodes, thereby introducing an advanced 

asymmetric hybrid supercapacitors. While similar concept was introduced in 

the literature, they still used lithium particles or foils in the anode side 

incorporating with graphene.28 Also, the fabrication of graphene was not 

mass-scalable. To realize, herein, advanced asymmetric full cells, mass-

scalable functionalized graphene and prelithiated reduced graphene oxide are 

used in cathode and anode, respectively, without utilizing lithium metals. 

The advanced hybrid supercapacitor delivers exceptionally high power 

density because both the anode and cathode exhibit fast surface reactions 

combined with porous morphology and high electrical conductivity. 

Furthermore, their similar chemistry and microstructure maximizes the 

performance of each electrode in the full cell without introducing a power 

imbalance, which is commonly observed in hybrid supercapacitors.11 
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4.1.2 Experiments 
NaNO3 (5 g) and H2SO4 (225 mL) were added to graphite (5 g) and stirred 

for 30 min in an ice bath. KMnO4 (25 g) was added to the resulting solution, 

and then the solution was stirred at 50°C for 2 h. Deionized (DI) water (500 

mL) and H2O2 (30 mL, 35%) were then slowly added to the solution, and the 

solution was washed with HCl (750 mL, 10%). Additional washing with 

concentrated HCl (500 mL, 37%) afforded the GO product as a powder. 

Next, the GO powder samples were annealed at 120°C for 6 h to synthesize 

functionalized graphene. The reduced graphene oxide was prepared by high 

temperature treatment of the functionalized graphene sample at 800°C. 

The structure of the samples was analyzed with an X-ray diffactometer 

(XRD, D2PHASER) using Cu Kα radiation. X-ray photoelectron 

spectroscopy (XPS, AXIS-HSi) was used to determine the degree of 

oxidation of the samples. The morphology of the samples was verified using 

field-emission scanning electron microscopy (FE-SEM, SUPRA 55VP) and 

high-resolution transmission electron microscopy (HR-TEM, JEM-3000F). 

Focused ion beam (FIB, AURIGA) analysis was carried out at 30 kV and 

600 pA after Pt deposition. The samples were further analyzed using a high-

resolution dispersive Raman microscope (LabRAM HR UV/Vis/NIR). The 

surface area and pore volume were quantified using the Brunauer–Emmett–

Teller (BET) method. 

Electrodes were prepared by mixing the active material (functionalized 

graphene or reduced graphene oxide, 70 wt%) with polyvinylidene fluoride 
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binder (PVDF, 20 wt%) and Super-P® conductive carbon black (10 wt%) in 

an N-methyl-2-pyrrolidone (NMP) solvent. The resulting slurry was 

uniformly pasted onto Al or Cu foil, dried at 120°C for 2 h, and roll-pressed. 

Test half-cells were assembled in a glove box into a two-electrode 

configuration with a Li metal counter electrode, a separator (Celgard 2400), 

and a 1 M lithium hexafluorophosphate electrolyte in a 1:1 mixture of 

ethylene carbonate and dimethyl carbonate (Techno Semichem). 

Electrochemical profiles were obtained over a voltage range from 4.5 to 1.5 

V for the functionalized graphene cathode, and over a voltage range from 3.0 

to 0.01 V for the reduced graphene oxide anode using a multichannel 

potentio-galvanostat (WonATech). Before constructing full cells, each 

electrode was cycled twice as a formation step in half-cells at a current rate 

of 50 mA g–1, and then the cells were disassembled and re-collected in a full 

cell. The reduced graphene oxide was fully discharged (lithiated) up to 0.01 

V (vs. Li) before used in the full cells. The mass balance in the test cells was 

about 2.5 : 1 (cathode : anode). The mass loading of the electrode including 

a cathode and an anode was 1.1-1.2 mg. The full cells were assembled in a 

glove box into a two-electrode configuration with a separator (Celgard 2400), 

and a 1 M lithium hexafluorophosphate electrolyte in a 1:1 mixture of 

ethylene carbonate and dimethyl carbonate (Techno Semichem). The 

fabricated cells were tested in the voltage range from 0.01 to 4.3 V.  
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4.1.3 Results and discussion 
Simple chemical modification was used to tune the graphene for either the 

anode or cathode. Starting from natural graphite, the modified Hummers 

method was used to obtain both the functionalized graphene cathode and the 

reduced graphene oxide anode. The characteristic XRD peak of graphite at 

26° shifted to a lower angle after oxidation; this shift was attributed to the 

extended interlayers in graphite oxide (Figure 4-1). XPS analysis revealed 

that the oxygen content increased from 2.1 to 33% after the oxidation 

process (Figure 4-2).1 The resulting graphite oxides were reduced partially or 

fully to yield cathode graphene (functionalized graphene) or anode graphene 

(reduced graphene oxide), respectively. In our previous work, we 

demonstrated that porous functionalized graphene can be obtained in a one-

step annealing process at low temperature (120°C) in a controlled 

atmosphere.2 The reduction at low temperature was verified by XRD and 

XPS analyses, as shown in Figure 4-1. No significant XRD peaks were 

detected after the reduction process, thus indicating the loss of long-range 

ordering of the graphene planes.3 In addition, the XPS spectra (Figure 4-1bc) 

indicated that functional groups, such as C–O and C=O, were reduced either 

partially (upper spectrum) or almost fully (lower spectrum) compared to 

graphite oxide (Figure 4-2 and 4-3). The oxygen contents in each sample 

were approximately 24.5% and 5.8%, respectively. Raman spectroscopy in 

Figure 4-4 also showed that the D band (a disordered band caused by the 

graphite edges) and G band (associated with in-plane vibration of the 
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graphite lattice) were observed at 1350 cm–1 and 1590 cm–1 in both the 

functionalized and reduced graphene oxide samples. 4-5 However, the 

intensity ratios of the D and G bands (D/G) were 1.11 and 1.04 in the 

functionalized and reduced graphene oxide samples, respectively, thereby 

confirming a difference between the two materials.6 The partially reduced 

graphene oxide with some remaining functional groups functioned as a 

cathode, while the reduced graphene oxide with a minimal amount of 

functional groups functioned as an anode in the cell. 

Both materials exhibited a similar porous morphology, as indicated by FE-

SEM and HR-TEM analyses (Figure 4-5 and 4-6). The pores in the 

functionalized graphene were formed by rapid gas evolution under the high 

vapor pressure generated upon treatment with the concentrated HCl (37 

wt%) (Figure 4-5).2 The reduced graphene oxide with minimal functional 

groups exhibited a similar microstructure, as illustrated in Figure 4-6. 

Because the pores were formed by gas evolution, the pores were 

interconnected and extended from the inside to the surface of the materials, 

which will be discussed later. The porous electrode structures are expected to 

be advantageous for electrochemical reactions, because they enable greater 

penetration of the electrolyte into the interior of the electroactive materials. 

Moreover, the identical porous structures of both electrodes are expected to 

be capable of minimizing the power imbalance between the anode and 

cathode that is a commonly observed drawback of high-power hybrid 

supercapacitors.7 The surface area and pore volume of the samples were 

further characterized by BET and N2 adsorption/desorption isotherm 
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analyses (Table 4-1, Figure 4-7 and 4-8); the results of both analyses gave 

similar values for both materials. The slightly lower results observed for the 

fully reduced graphene originated from partial restacking of graphene layers 

and locally blocked pores.8  

EDS line scanning and mapping analyses were carried out to evaluate the 

spatial distribution of functional groups on the samples (Figure 4-9, 4-11, 4-

12). The graphene surface of the cathode was extensively functionalized 

(Figure 4-9), while far less functionalization was observed on the reduced 

graphene oxide anode (Figure 4-10). Mapping images from both HR-TEM 

and FE-SEM (Figure 4-11, 4-12) further indicated that the functional groups 

were uniformly distributed on the graphene surface. Uniform distribution of 

functional groups is critical to delivering a large Li capacity because the 

entire surface of the functionalized graphene cathode can participate in the 

electrochemical reaction. Cross-sectional images of the functionalized 

graphene cathode indicated well-developed interconnection of pores within 

the sample (Figure 4-13) and verified that the functional groups were 

uniformly distributed even inside the material (Figure 4-14).  

Prior to construction of full cells with the functionalized graphene cathode 

and reduced graphene oxide anode, the electrochemical performances of 

each electrode were separately characterized in Li half-cell configurations. 

First, the functionalized graphene cathode was tested in the voltage window 

between 1.5 and 4.5 V at a current rate of 0.1 A g–1 (Figure 4-15). Within this 

voltage range, the cathode initially delivered approximately 150 mAh g–1 at 

an average discharge voltage of 2.5 V. The capacity increased slightly to 
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~200 mAh g–1 over 100 cycles, likely because of the gradual activation of 

functional groups within the electrode.9 Ex situ XPS analysis indicated that 

the C=O functional group was responsible for Li storage at high potential. 

As shown in Figure 4-16, in the discharged state, the XPS peak 

corresponding to Li–O–C was emerging. In addition, the intensity of the 

peak associated with C=O decreased simultaneously with an increase in the 

peak associated with C–O. This behavior indicated that, in this voltage range, 

the C=O functional group acted as a redox center for storage of Li ions. 

Upon repeated cycles, the high specific capacity was maintained with a 

coulombic efficiency of ~93%. This outstanding cyclability was attributed to 

C=O/C–O faradaic surface reactions, which resemble pseudocapacitance that 

does not accompany a significant lattice expansion or contraction. The rate 

capability test (Figure 4-15b) indicated remarkably fast Li storage capability 

in the functionalized graphene cathode. A capacity of greater than 100 mAh 

g–1 was delivered at current density of 3,000 mA g–1; furthermore, even at a 

current density of 8,000 mA g–1, 47% of the initial capacity (~70 mAh g–1) 

was maintained.  

The reduced graphene oxide anode was evaluated in the voltage range from 

0.01 to 3.0 V at a current density of 0.1 A g–1 (Figure 4-17). A capacity of 

540 mAh g–1 was reversibly obtained over 100 cycles, while the first 

irreversible capacity was relatively high. Wang et al. reported that Li ions 

can be stored on both sides of graphene, forming C3Li.10 Accordingly, 

graphene can deliver about twice the capacity of a conventional graphite 

anode. In our case, >72% of the theoretical capacity was achieved with a 
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coulombic efficiency near 100% after 100 cycles. Because the reduced 

graphene oxide fabricated in this study was multilayer rather than single-

layer graphene, it delivered slightly lower capacity than the theoretical value. 

The reduced graphene oxide anode also exhibited outstanding rate capability. 

At 8,000 mA g–1, 220 mAh g–1 of the capacity was delivered without any 

noticeable capacity degradation (Figure 4-17b). The high-power capability 

of both electrodes was attributed to the fast surface reactions on the graphene 

that enabled rapid Li storage capability. The linear relationship between 

current peaks and scan rates measured by cyclic voltammetry (CV), as 

shown in Figure 4-18, confirmed that the electrochemical reactions in the 

functionalized graphene cathode and reduced graphene oxide anode were not 

diffusion-limited but confined to the surface.11   

The similar chemical composition and microstructure of both electrodes in 

the advanced hybrid supercapacitor maximized the performance of each 

electrode while avoiding the commonly observed power imbalance in the 

full cell. The advanced hybrid supercapacitor was prepared by combining a 

functionalized graphene cathode with a reduced graphene oxide anode in a 

lithiated state, as shown in Figure 4-19. The electrochemical properties of 

the advanced hybrid supercapacitor were evaluated at a current density of 

0.05 A g–1 in the voltage window between 0.01 and 4.3 V (Figure 4-20). The 

specific capacity was approximately 170 mAh g–1 based on the weight of the 

cathode, which corresponded to nearly 100% utilization of the functionalized 

graphene cathode. The graphene anode delivered a capacity of 430 mAh g–1, 

which corresponded to ~80% utilization. The total capacity was ~120 mAh 
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g–1 when calculated from the total active material weights of both the 

cathode and the anode. The charge/discharge profiles were not significantly 

altered upon repeated cycling, thereby indicating that the electrochemical 

reaction was highly reversible. High coulombic efficiency (~98%) was 

achieved after 50 cycles. Extended cycle stability tests were conducted at a 

current density of 0.5 A g–1 (Figure 4-20c). Approximately 75% of the initial 

capacity was maintained after 400 cycles with a coulombic efficiency of 

~99% (Figure 4-20c); approximately 56% of the capacity could be still 

delivered stably after 2,000 cycles, indicating the robustness of the electrode 

reaction.  

A Ragone plot was used to represent the trade-off between energy and power 

density from discharge profiles at various current rates, which is important 

for practical applications. (Figure 4-21). The power (P) and energy (E) were 

calculated from the equation used in literatures as follows:7, 12  

P = △V ⅹ i/m 

E = P ⅹ t/3600 

△V = (Emax + Emin)/2 

where, Emax and Emin are the voltages at the beginning and end of the 

discharge (V), i is the discharge current (A), t is the discharge time (sec.), 

and m is the total mass of active materials in the anode and cathode (g).  

The advanced hybrid supercapacitor exhibited an energy density of ~225 Wh 

kg–1. The energy density was comparable to that of conventional LIBs,13 and 

it was retained even at second-level charge/discharge rates providing ~ 6,450 

W kg–1, which also makes the advanced hybrid supercapacitor comparable to 
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supercapacitor systems.14 The power and energy of this advanced hybrid 

supercapacitor rivaled other high performance hybrid supercapacitors 

previously reported,12, 15-17 which have aroused considerable recent interests. 

The unique performance of the advanced hybrid supercapacitor is attributed 

to the following factors: (i) the electrochemical reactions in both the anode 

and cathode are based on fast surface reactions and are similar to those 

typically associated with supercapacitors, but (ii) the Li storage capability is 

not compromised due to the large amount of Li storage sites in graphene-

derived materials. Additionally, the interconnected porous structure and high 

electrical conductivity of graphene-based materials boosted the power 

capability.  
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4.1.4 Conclusion 

An advanced hybrid supercapacitor based on a functionalized graphene 

cathode combined with a reduced graphene oxide anode was proposed as an 

alternative high-performance energy storage technology. Simple chemical 

modification of graphene was used to tune the material for use as either an 

anode or a cathode. The similar chemical composition and microstructure of 

the electrodes in the advanced hybrid supercapacitor enabled maximized 

performance by each electrode and avoided the power imbalance commonly 

observed in conventional hybrid supercapacitors. As a result, the advanced 

hybrid supercapacitor delivered a power density of 2,150 W kg–1
total electrode 

and an energy density of 130 Wh kg−1
total electrode, thereby positioning its 

performance in a region inaccessible to LIBs and supercapacitors. By 

utilizing carbonaceous materials in both the anode and cathode, this work 

offers a novel approach to the development of energy-storage devices that 

bridge the performance gap between LIBs and supercapacitors.  
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Figure 4-1. Structural and morphological characterization of the 

functionalized graphene cathode and the reduced graphene oxide anode. 

a. XRD patterns of the functionalized graphene and reduced graphene oxide 

with comparison to graphite oxide and graphite. XPS analysis of the 

functionalized graphene and reduced graphene oxide at b. the C1s region 

and c. the O1s region. The functionalized graphene contained a large amount 

of oxygen (24.5%), and the reduced graphene oxide contained a negligible 

amount of oxygen (5.8%).  
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Figure 4-2. XPS analysis of graphite and graphite oxide. a. Full scan mode, 

b. C1s region, and c. O1s region. The quantitative analysis based the area 

below each peaks indicates oxygen contents in graphite and graphite oxide 

are 2.1 % and 33 %, respectively.  
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Figure 4-3. XPS analysis of functionalized graphene and reduced graphene 

oxide at full scan mode.  
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Figure 4-4. Raman analysis of graphite, functionalized graphene, and 

reduced graphene oxide. 
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Figure 4-5. Images a. and b. are FE-SEM and HR-TEM images of the 

functionalized graphene, respectively.  
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Figure 4-6. Images a. and b. are FE-SEM and HR-TEM images of the 

reduced graphene oxide, respectively. The FE-SEM images were obtained by 

cutting the sample using an FIB. 
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Figure 4-7. The isotherm linear plot of functionalized graphene sample. 
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Figure 4-8. The isotherm linear plot of reduced graphene oxide sample. 
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Figure 4-9. Uniformity of functional groups and interconnected pores of 

the functionalized graphene cathode. a. EDS line-scanning demonstrated 

that the functional groups were uniformly distributed on the graphene 

surface.  
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Figure 4-10. EDS line scanning of reduced graphene oxide sample. 
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Figure 4-11. a. A TEM image of the functionalized graphene cathode. b. and 

c. represent the EDS mapping images of C and O atoms.  
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Figure 4-12. FE-SEM image of the functionalized graphene cathode, 

merging with O atoms acquired by EDS mapping analysis.  
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Figure 4-13. FE-SEM images of the functionalized graphene cathode a. 

at the surface (before FIB cutting) and b. inside (after FIB cutting). To 

prevent damage from FIB cutting, Pt was deposited on the surface of the 

sample.  
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Figure 4-14. a. FE-SEM image of functionalized graphene after FIB cutting. 

b. EDS mapping of carbon. c. EDS mapping of oxygen.  
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Figure 4-15. Electrochemical properties of functionalized graphene 

cathode. a. Cycle stability of the functionalized graphene cathode (inset: 

charge/discharge profile) in the voltage window between 1.5 and 4.5 V. b. 

Rate capability of the functionalized graphene cathode at different current 

rates from 0.1 to 8.0 A g–1.  
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Figure 4-16. Ex-situ XPS analysis of functionalized graphene cathode at a. 

Li1s and b. O1s regions. 
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Figure 4-17. Electrochemical properties of reduced graphene oxide 

anode. a. Cycle stability of the reduced graphene oxide anode (inset: 

charge/discharge profile) in the voltage window between 0.01 and 3.0 V. b. 

Rate capability of the reduced graphene oxide anode at different current rates 

from 0.1 to 8.0 A g–1.  
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Figure 4-18. Cyclic voltammetry analysis for a. the functionalized 

graphene cathode and b. the reduced graphene oxide at a scan rate of 1.0 mV 

sec.–1 (inset: linear relationship between redox peak current and scan rates). 
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Figure 4-19. Schematic illustration of an advanced hybrid 

supercapacitor and its electrochemical reaction. In the functionalized 

graphene cathode, Li ions and electrons are stored in the functional groups 

on the graphene surface at a relatively high potential. On the other hand, Li 

ions and electrons are stored on the surface of graphene with low potential, 

in the reduced graphene oxide anode. 

 

 

 

 

 

 

 

 

 

 

168 



 

 
Figure 4-20. Electrochemical performance of an advanced hybrid 

supercapacitor composed of a functionalized graphene cathode and a 

reduced graphene oxide anode in a full cell system. a. Charge/discharge 

profiles at a current rate of 0.05 A g–1
cathode+anode. Cycle stability of the 

advanced hybrid supercapacitor at a current rate of b. 50 mA g–1 and c. 500 

mA g–1.  
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Figure 4-21. Rate capability of all-graphene energy storage devices. a. 

Charge/discharge profiles at various current rates from 50 mA g-1 to 3,000 

mA g-1. b. Ragone plot of the advanced hybrid supercapacitor that compares 

it to conventional Li batteries, supercapacitors, and other high performance 

hybrid supercapacitors based on the total weight of active materials 

(including both cathode and anode materials). (1) Symmetric supercapacitor 

(2) LiMn2O4/graphite (3) AC/G-Li4Ti5O12 (4) ZHTP/Li4Ti5O12 (5) 

URGO/MG (6) Fe3O4-G//3Dgraphene. 
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Table 4-1. BET surface area and pore volume of the functionalized graphene 

and the reduced graphene oxide. 
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Chapter 5. Summary 

 

This thesis is composed of four parts: (i) natural graphite as an anode for Na 

rechargeable batteries, (ii) transition-metal-free cathode materials for Li and 

Na rechargeable batteries, (iii) all-graphene-battery, and (iv) advanced hybrid 

supercapacitors. In the first part, the thesis demonstrates that sodium 

intercalation into natural graphite is possible when ether-based electrolyte 

systems are used. Through sodium-solvent co-intercalation, natural graphite 

can deliver excellent cycle stability and rate performance. However, sodium 

storage mechanism is not yet clear and further study is needed. Also, it needs 

to discover why sodium-solvent co-intercalation is available only when 

specific electrolytes are used.  

The second part demonstrates that the functionalized graphene nano-platelets 

with porous structures can be utilized as high performance cathode for Li and 

Na rechargeable battery. The functional groups can be redox centers storing Li 

and Na ions with acceptably high voltage for cathode applications. The 

functionalized graphene cathode uses surface Faradaic reactions differently 

from conventional inorganic electrode materials (i.e. LiCoO2, LiMn2O4, and 

LiFePO4) requiring solid-state diffusion. Therefore, the functionalized 

graphene nano-platelets cathode can provide much higher rate capability. 

Furthermore, the surface Faradaic reaction does not accompany large volume 
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change during battery operation. Thus, outstanding cycle performance could 

be achieved.  

The third part demonstrates the all-graphene-battery which is composed of 

graphite derivative cathode and anode. In this device, the graphene with 

surface functional groups works as a cathode and that without functional 

groups functions as an anode. Because both electrodes use surface reactions, 

high power density can be obtained while maintaining high energy density. 

The last part of this thesis introduces advanced hybrid supercapacitors. The 

hybrid supercapacitors typically use an intercalation based electrode and a 

capacitive electrode. The most important issue in the hybrid supercapacitors 

is the imbalance in kinetics between the two electrodes. The lithium 

de/intercalation reactions are kinetically slower than the surface reactions. 

So, it is vital to improve kinetics of intercalation based electrodes to deliver 

maximized performances in terms of energy and power. This thesis proposes 

novel approaches; (i) nanoparticles grown on graphene templates, (ii) bulk 

particles wrapped by graphene.  
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Chapter 6. Abstract in Korean 
 

 

초    록 

 

환경문제와 에너지 고갈의 문제로 인하여 고성능 에너지 저장 개

발이 더욱 중요해지고 있다. 태양열, 풍력, 지열 등의 신재생 에너

지를 적재적소에 사용하기 위해서는 에너지 저장장치의 개발이 필

수 적이다. 또한, 현대사회의 에너지 사용량을 충족시키고 점점 대

형화 되고 있는 전자 장치에 적용하기 위해서는 가격 경쟁력이 있

는 소재를 사용해야 한다. 이러한 점에서 풍부한 매장량을 갖고 낮

은 가격에 공정이 가능한 흑연계 소재는 차세대 전극소재로 여겨

지고 있다. 하지만, 흑연계 전극소재는 주로 리튬 이차전지 음극으

로의 활용으로만 제한되어 왔다. 본 논문은 흑연계 전극소재를 소

듐 이차전지 음극으로 활용 할 수 있는 방법과 흑연계 전극소재를 

리튬 및 소듐 이차전지 양극으로 활용할 수 있는 방법에 대해 논

하였다.  

제 2장은 지금까지 소듐이차전지 음극소재로 사용될 수 없다고 

알려진 흑연을 소듐이차전지 음극으로 활용할 수 있는 방법을 

소개한다. 에테르 계열 전해질을 사용할 경우 소듐과 전해액이 함께 
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그라파이트에 삽입/탈리 되면서 에너지를 저장할 수 있게 된다.  이 

경우, 2000 싸이클 이상 매우 우수한 수명특성과 율특성을 발현하게 

된다.  

본 논문의 3장에서는 다공성 그래핀의 표면에 작용기를 달아 리튬 

및 소듐 이차전지 양극으로 활용 가능성에 대해 다루고 있다. 그래

핀 표면의 작용기는 리튬 및 소듐을 전기화학적으로 저장할 수 있

다. 일반적으로 그래핀은 낮은 전압으로 인하여 이차전지 음극으로 

사용되지만, 작용기를 달아 줄 경우 작동 전압이 크게 상승하여 양

극으로 활용 할 수 있게 된다. 이 경우, 리튬 및 소듐이 그래핀 표

면에서 반응을 하고 구조내부로 확산 할 필요가 없기 때문에 율특

성이 매우 우수하게 나타난다. 또한, 충방전시 큰 부피 변화가 나

타나지 않아 우수한 수명특성을 보인다.  

제 4장에서는 양극과 음극이 모두 흑연계 전극소재로 구성되어 있

는 리튬 이차전지에 대해 다루고 있다. 그래핀 표면의 작용기를 통

하여 리튬을 저장하는 양극과 그래핀 표면에 리튬을 저장하는 음

극을 조합하여 전이금속이 없는 리튬이차전지 풀셀을 구현하였다. 

 

주요어: 탄소; 그래핀; 배터리; 에너지 저장; 에너지 변환 

학  번: 2011-30186 
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