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SUMMARY 

The fast development of electric vehicles and portable electronics has been urging 

the development of high-performance electrochemical energy storage devices with long 

cycle life and made from low-cost and sustainable materials. Electrochemical capacitors 

(ECs) and Li-ion batteries (LIBs) are the most widely studied electrochemical energy 

storage devices during the past few decades. However, since the different energy storage 

mechanism in ECs and LIBs, they exhibited different performance in terms of energy 

density and power density. Generally, LIBs exhibit high energy density but low power 

density owing to the bulk intercalation process. On the contrary, ECs exhibit high power 

density but low energy density which is limited by the surface charge storage mechanism. 

To bridge the performance between LIB and ECs, Li-ion capacitors (LICs) have been 

developed by utilizing a battery-type anode paired with a supercapacitor-type cathode, 

LICs can combine the advantages from both types of devices and provide high energy 

and high power simultaneously.  

Activated carbon, which has high electrical conductivity and high surface area, 

has been the most widely used cathode materials, however, the available capacities have 

been limited within 38-71 mAh/g which significantly limits the energy density of LICs. 

Thus, the first part of my research focused on the development of high density carbon-

based cathodes with enhanced energy storage capability for high energy LICs (for both 

gravimetric and volumetric performance). To achieve this target, we first investigate the 

role of oxygen functional groups on graphene for additional Li-ion storage by DFT 

calculation. Our experimental results also confirm that surface redox-active oxygen 
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functional groups were introduced on nanocarbon materials, such as graphene and carbon 

nanotubes. We develop a simple two-step compression and vacuum-drying process for 

preparing compact graphene films from graphene hydrogels, which show a capacity up to 

160 mAh/g and 91.5 Ah/L as capacitive cathodes in Li-ion batteries. Because of the 

trade-off between redox-active oxygen functional groups and electrical conductivity of 

reduced graphene oxide, we introduce redox-active organic molecules on the surface of 

reduced graphene oxide by the π-π interaction. In addition, the redox-active organic 

molecules are also able to reduce the GO more effectively. The functionalized graphene 

films deliver a capacity of 165 mAh/g.  

Another issue of LIBs is that the electrode materials are mainly from transitional 

metal elements (Ni, Co, Mn) which are non-sustainable mineral resources and also not 

environmental-friendly. Organic materials, especially organic carbonyl molecules, which 

can be directly prepared from natural biomass, have always been considered as promising 

candidates as sustainable electrodes. In the second part of this thesis, I develop a 

hydrothermal carbonization process that converts glucose, the most common biomass 

into redox-active carbonaceous cathodes for Li-ion batteries. These cathodes delivered a 

capacity of ~210 mAh/g.  

Our recent collaboration investigated the Li binding thermodynamics and redox 

properties of several anthraquinone derivatives. However, since only two carbonyl groups 

are available for Li ion storage in each molecule, these molecules only show theoretical 

capacities less than 250 mAh/g. In addition, these small organic molecules are easily 

dissolved in the organic electrolytes, which significantly limits their cycling stability. 

Thus, in the final part of my thesis, I investigate the electrochemical properties of 
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spontaneously polymerized dopamine since its oxidation state, 5,6- indolequinone has 

similar quinone structure. We fabricate a free-standing electrode by using few-walled 

carbon nanotubes as a template for the growth of polydopamine. The redox properties of 

the self-polymerized dopamine are studied by both theoretical and experimental methods. 

These films show promising performance as organic cathode materials for both Li- and 

Na-ion batteries. Furthermore, we use graphene oxide as a template and an oxidant for 

the controlled growth of polydopamine sheet. The higher surface area of graphene oxide 

is critical for conformal coating of polydopamine on reduced graphene oxide. Compact 

polydopamine-graphene films are obtained by compressing the 3D-structured aerogels 

and these films showed enhanced performance in both Li- and Na-ion batteries. 

In summary, this dissertation discusses the strategies for enhancing the 

gravimetric and volumetric performance of capacitive cathode materials for use in hybrid 

capacitors. Sustainable options for preparing high-performance electrode materials are 

also discussed by using glucose as an example. What's more, new guidelines for further 

enhancing the performance are also discussed.  
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CHAPTER 1. INTRODUCTION 

1.1 Motivation 

 Electrochemical energy storage systems have attracted considerable attention over 

the past few decades for energy storage, this is because of their short charge/discharge 

time, high energy storage efficiency, long cycle life, and ease of integration into 

renewable energy sources.[1, 2] Among these systems, electrochemical capacitors (ECs) 

and rechargeable batteries are the most widely studied electrochemical energy storage 

(EES) devices.[1, 3] The ECs and rechargeable batteries have similar structures, which 

both consist of two electrodes (positive vs. negative or cathode vs anode), a porous 

polymer film that serves as the separator, which physically separates these two 

electrodes, and electrolyte. However, the charge storage mechanisms in both devices are 

different.[4]  

 Charge is mostly stored on/near the surface of electrodes in ECs, however, ECs 

can be further divided into two subgroups, which are electrical double layer capacitors 

(EDLCs) and pseudocapacitors. In EDLCs, charge is mainly stored on the surface of the 

electrode, during the charge/discharge process, the ions physically absorb or desorb from 

the surface of the electrodes (Figure 1.1a). Thus, the performance of the EDLCs depends 

on the surface area, pore size, and electrolyte ions.[5-7] High surface area carbon 

materials, such as activated carbon (ACs),[8-10] carbon nanotubes,[11, 12] and 

graphene[13-18], have been widely studied as electrode materials in EDLCs. In contrast 

to EDLCs, pseudocapacitors store charges through faradic processes, which involve fast 

and reversible surface redox reactions between the electrolyte ions and active materials. 
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Thus, the surface chemistry of the electrode materials plays a critical role in the 

performance of the pseudocapacitors. The common active materials include metal oxides, 

such as manganese oxide,[19, 20] ruthenium oxide[21-23] or conducting polymers such 

as polyaniline,[24-27] polypyrrole.[22, 28, 29]  

 

Figure 1.1 Schematic of charging and discharging process in (a) ECs and (b) Li-ion 

batteries 
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 Comparing to ECs, charges are stored in rechargeable batteries, such as Li-ion 

batteries, through a bulk process, where Li ions are intercalated/deintercalated from the 

active materials during the charge/discharge process (Figure 1.1b). Thus, the particle 

size, crystal structure and surface chemistry will be crucial for the performance of the 

electrode materials. Taking graphite as an example, during the charging process, Li ions 

will be continuously intercalated between the graphene layers at specific voltages (~ 0.1 

V vs. Li), and forming fully lithiated graphite, LiC6, contributing a theoretical capacity of 

372 mAh/g. Based on the reduction potential towards Li, the active materials can be 

divided into cathode and anodes. Lithium transition metal oxide (LiCoO2, 

Li1+x(Ni0.33Co0.33Mn0.33)1-xO2, LiNi0.8Co0.15Al0.05O2) [30-33] or phosphate materials 

(LiFePO4)[34, 35] have been the widely studied as the cathode materials, which give 

specific capacities of 150-300 mAh/g in the high voltage region between 3.5- 4.5 V vs. 

Li. On the other hand, graphite has been the most widely used anode materials owing to 

its lower intercalation potential (0.1 V vs. Li) and low cost. However, for achieving 

higher energy density, other anode materials such as Si,[36, 37] Ge,[38] that can provide 

much higher capacity are also being actively investigated. Commercial products that use 

graphite with a small amount of Si as the anode are already available on market.   

 However, owing to different energy storage mechanisms in ECs and Li-ion 

batteries, there is a tradeoff between the energy and power densities of these two 

devices.[39, 40]  ECs exhibit high power density because of the surface driven process 

but suffer from low energy density. State-of-the-art ECs deliver a specific energy of 4-5 

Wh/kg.[41] On the other hand, recharge batteries, such as Li-ion batteries (LIB), deliver 

high energy but suffer from the low power performance that is limited by Li-ions 
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diffusion in the bulk materials. Ragone plot (Figure 1.2) is usually used for evaluating 

the performance in terms of energy density and power density either based on the mass or 

the volume of the devices.[4, 42]    

 

Figure 1.2 A Ragone plot showing the specific power against specific energy for 

various electrical energy storage devices (Reproduced from Ref #39 copyright 

(2008), Rights Managed by Nature Publishing Group) 

1.2 Li-ion capacitors 

 Tremendous efforts have been devoted to achieving high-energy and high-power 

simultaneously in either ECs or batteries. For ECs, enhancing the energy can be achieved 

by increasing the working voltage window by switching from the aqueous electrolyte into 

the non-aqueous electrolyte or ionic liquids.[43, 44] For Li-ion batteries, high power 

density can be achieved through optimizing the structure and particle size of the electrode 

materials.[33, 45, 46] To further combine the advantages of both devices, scientists have 
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invented a hybrid capacitor that combines the charge storage mechanisms of ECs and Li-

ion batteries.[47-49] In the hybrid capacitor, the capacitive electrode from ECs is 

working as a cathode, and an anode from Li-ion batteries is working as an intercalation-

type anode. The electrolyte used in the hybrid capacitor is the same as that in Li-ion 

batteries. Thus, the hybrid capacitor can also be called as Li-ion capacitors (Figure 1.3). 

[39, 48, 49]  

 

Figure 1.3 The schematic of Li-ion capacitor 

 In this respect, there have been extensive studies based on this type of hybrid 

capacitor trying to achieve both battery-level energy density and EC-level power density. 

In these studies, graphite[50-53] and Li titanium oxide (Li4Ti5O12)[54-56] have been the 
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most widely investigated anode materials. For further increasing the energy density, other 

anode materials are being actively investigated. Recently, M. Cai et al. incorporate Si as 

the anode materials in Li-ion capacitor, which shows a theoretical capacity of 4200 

mAh/g. During the charge process, anions (PF6
-) are absorbed on the surface of the 

capacitive cathode, while Li+ inserted into Si.[47] However, the poor performance of the 

hybrid capacitors is critically limited by the low capacity of capacitive cathodes. 

Activated carbon (AC) has been the dominant capacitive cathode in hybrid capacitors 

owing to its good electrical conductivity and high surface area. However, since only 

electrical double layer capacitance is available in ACs, their capacity is mostly limited 

between 38-71 mAh/g in the voltage range 3-4.5 V,[57] which significantly limits the 

energy density of the practical devices. Besides structure optimization, heteroatoms 

doping (such as B or N) has been one effective method in enhancing the performance of 

ACs. Recently, Lee et al showed the oxygen functional groups on carbon materials 

(CNTs, and graphene) are redox active towards Li at a voltage ~3.2 V vs. Li.[58, 59] 

Thus, two charge storage mechanisms, electrical double layer capacitance and 

pseudocapacitance, are both available in these redox-active carbon electrodes, which 

opens up new opportunities for design high-performance cathode materials for Li-ion 

capacitors. In line with this approach, various carbon-based cathode materials have been 

developed, Lee et al used layer-by-layer method developed functionalized multi-walled 

carbon nanotubes (Figure 1.4a and b),[58] carbon nanotube/graphene (Figure 1.4c and 

d),[60] and carbon nanotube/polyaniline electrodes (Figure 1.4e and f).[61] Other rapid 

methods such as spray layer-by-layer[62] and vacuum filtration methods[63] are also 

used to develop high-performance carbon-based cathodes. The state of the art 
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performance of the carbon-based cathodes lies in the range of 90-150 mAh/g. Although 

progress has been made over the past few years, a lack of fundamental understanding of 

the redox-reactions between oxygen functional groups and Li-ions limits further 

development of better carbon-based cathode materials.  

 

Figure 1.4  Scanning electron microscope images of various carbon-based cathode 

materials, (a, b) Layer-by-layer multi-walled carbon nanotube (MWNT) films. 

Adapted with permission from Ref #58. Copyright (2010) Nature Publishing Group. 

(c, d) MWNT/GO films. Adapted with permission from Ref #60. Copyright (2012) 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e, f) the composite films 
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consist of PANi and MWNTs. Adapted with permission from Ref #61. Copyright 

(2014) American Chemical Society. 

1.3 Renewable electrode materials 

  Transition metals such as Co, Mn, or Ni, are critical in commercial rechargeable 

batteries, but one pitfall of these elements is that they are not renewable, and heavily 

depends on the limited natural mineral resources. As the demands for batteries grow 

continuously the sustainable issue of these mineral elements is becoming more and more 

important. Although efforts have been devoted to recycling the mineral elements in the 

used batteries, the potential environmental issues should also be considered. In addition, 

in line with the renewable, clean energy, such as wind, solar, it is highly desirable to 

investigate the more sustainable or 'greener' electrode materials for future electrochemical 

energy storage (Figure 1.5). [64-66] A growing trend in the scientific community is 

trying to obtain high-performance electrode materials from earth-abundant biomass.  

 

Figure 1.5 Biomass derived ‘green’ batteries that connect renewable energy 

resources with end-user applications. 
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 Biomass is cheap and renewable and has received considerable attention over the 

past few decades. Several methods have been developed to convert this biomass into 

various types of carbon materials for electrochemical energy storage application. Direct 

carbonization and hydrothermal carbonization are the most frequently reported methods, 

scientists have successfully prepared electrode materials from various biomass materials, 

such as chicken eggshell membranes,[67] peanuts shells,[68] and banana peels.[69] 

Mitlin et al. have demonstrated that by selecting different parts of peanut shells both 

high-performance cathode and anode materials can be obtained simultaneously.[68] They 

used the peanut inner part as the precursor for the anode materials due to the homogenous 

structure composed of lignin, while the outer shell is used for preparing the capacitive 

cathode materials owing to more heterogeneous but nanoscale periodicity. By coupling 

the intercalation anode and capacitive cathode, a high-energy Na-ion capacitor has been 

built. However, as mentioned, these cathode materials are still EDLC-mechanism limited, 

thus the available capacity will be very limited, other methods which can incorporate 

redox-active functional groups are highly desirable.  
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Figure 1.6 Material synthesis process employed for each of the electrodes and the 

relevant cathode/anode charge storage mechanisms in the hybrid capacitor. 

Reproduced with permission from Ref #68. Copyright (2014) Royal Society of 

Chemistry. 

1.4 Organic electrode materials  

  Besides carbon materials, organic materials are also one of the promising products 

that we can obtain from biomass. Organic materials have been intensively investigated 

since the invention of Li-ion batteries, this is due to their low cost, high theoretical 

capacity, structural diversity, and environmental friendliness.[65, 70-73] Over the past 

few decades, different organic electrode materials have been developed, such as 

organosulfur compounds,[74, 75] organic free radical compounds,[76, 77] organic 

carbonyl compounds,[78-83] and conducting polymers. Carbonyl compounds are one of 

the earliest investigated organic electrode materials.[78-83] The charge storage 

mechanism in carbonyl based on compounds can be explained by the reversible reactions 
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between carbonyl groups and Li ions (Figure 1.7). Moreover, recently several groups 

have shown these carbonyl-based compounds can also be used in Na- or Mg-ion batteries 

following a similar mechanism. 

 

Figure 1.7 Charge storage mechanism for reversible reduction of general carbonyl 

compounds (up) and quinone (down) in Li-ion batteries. Reproduced with 

permission from Ref #73. Copyright (2012) WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim 

 However, most of these small organic molecules are soluble in the organic 

electrolyte, which results in low cycling stability and low coulombic efficiency. 

Tremendous efforts have been devoted to enhancing the cycling stability of these organic 

materials. Polymerization has been the most widely investigated method through which 

the soluble small molecules are polymerized into insoluble polymers or oligomers. Song 

et al. have successfully synthesized lithium salt of poly(2,5-dihydroxy-p-benzoquinonyl 

sulfide),[84] poly (benzoquinonyl sulfide),[85] and poly(anthraquinonyl sulfide)[86] via 

the polycondensation reactions between aromatic halide and sodium (lithium) sulfide 

(Figure 1.8a), showing significantly enhanced cycling stabilities. However, during this 

process, the linkage groups, such as -S-, decrease the theoretical capacity of the final 

polymers. Thus, Song et al. improved the polymerization process and synthesized 

poly(1,4-anthraquinone) and poly(1,5-anthraquinone) through an organometallic 
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dehalogenation polycondensation method (Figure 1.8b).[87] Considering the 

complicated polymerization process, several other simple methods have been proposed, 

such as immobilization of molecules on the surface of carbon materials,[88] or using Li-

ion-selective membrane as the separator,[89] which also alleviates the dissolution issue of 

these organic active materials. Another issue limiting the wide application of organic 

electrode materials is their poor electrical conductivity, which significantly limits their 

rate performance. A growing trend, which attempts to coat the organic active materials on 

the surface of highly conductive carbon nanomaterials, has received considerable 

attention. Wang et al. successfully coated the poly(anthraquinonyl sulfide) and polyimide 

on the surface of graphene sheets showing a significantly enhanced rate performance up 

to 100C (Figure 1.9a and b).[90] Wei et al, used flexible single-walled carbon nanotube 

films as the substrates for the growth of polyimide and fabricated flexible composite 

films which showed enhanced rate performance. [91, 92] 

 

 

Figure 1.8 Synthetic route of (a) poly(anthraquinonyl sulfide). Adapted with 

permission from Ref #86. Copyright (2008) Royal Society of Chemistry, and (b) 
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poly(1,4-anthraquinone). Adapted with permission from Ref #85. Copyright (2015) 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

 

Figure 1.9 (a) Galvanostatic charge/discharge profiles of PAQS-FGS-b, (b) Rate 

performance of pristine poly(anthraquinonyl sulfide), and poly(anthraquinonyl 

sulfide)/graphene composites. Adapted with permission from Ref #90. Copyright 

(2012) American Chemical Society (c) Galvanostatic charge/discharge profiles of 

polyimide/SWNT, (d) Rate performance of pristine polyimide and polyimide/SWNT 

at different current rates. Adapted with permission from Ref #92. Copyright (2014) 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1.5 Chapter Organization 

 In Chapter 2, the reduced graphene oxide is used as a cathode material for 

lithium-ion energy storage. Firstly, the redox reactions between surface oxygen 

functional groups on reduced graphene oxide and Li-ions are confirmed by both density 

functional theory (DFT) calculations and electrochemical measurements at a high voltage 

of ~3 V vs. Li. The DFT results reveal the carbonyl and epoxide groups are the main 

contributor to these redox reactions. In addition, a two-step compression process is 
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developed for fabricating highly compact reduced graphene oxide films from reduced 

graphene hydrogels. These films show advantages in high Li-ion energy storage within a 

confined mass and volume with a density of ∼0.64 g/cm3, showing a capacity of 160 

mAh/g and 91.5 Ah/L as capacitive cathodes in Li-ion batteries, which indicating these 

films as promising positive electrodes for Li-ion batteries. 

 In Chapter 3, tetrahydroxyl-1,4-benzoquinone (THQ) is used as both chemical 

reductant for efficiently reducing graphene oxide at low temperature and redox-active 

molecules for functionalization of reduced graphene oxide. By controlling the loading 

amount of THQ molecules, the oxygen ratio in the final graphene hydrogels can be easily 

tuned. The electrochemical performance of the electrode is correlated with surface 

oxygen chemistry. By optimizing the loading amount of THQ, we show that the 

functionalized graphene electrodes exhibit high capacities of ∼165 mA h/g in Li cells and 

∼120 mA h/g in Na cells, opening a new opportunity to further improve the performance 

of these carbon-based cathode materials 

 In Chapter 4, recent results in biomass materials derived carbonaceous electrode 

materials for Li-ion batteries are discussed. The earth-abundant glucose is converted into 

redox-active carbon spheres through a hydrothermal carbonization process. The 

electrochemical measurements show that these carbon spheres (CS) exhibit a specific 

capacity of ∼210 mAh/gCS, with high redox potentials in the voltage range of 2.2–3.7 

V vs. Li. Few walled carbon nanotubes are used as the internal current collectors for 

fabricating free-standing films that can be directly used as cathodes in Li-ion batteries. 

These films deliver high specific capacities, up to ~155 mAh/g based on the total mass of 
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electrodes. I believe this method opens up a green and sustainable process for designing 

promising cathode materials for lithium-ion batteries or capacitors. 

 Chapter 5 covers the research related with organic/polymer-based electrode 

materials, which also mainly consist of carbon and oxygen, but show advantages in high 

theoretical capacity and low cost. Dopamine can be easily self-polymerized as a versatile 

coating material on any object. In this study, the redox properties of dopamine are studied 

by both density functional theory (DFT) calculations and electrochemical measurements, 

revealing the multiple redox reactions between self-polymerized dopamine and 

electrolyte ions in the high voltage region from 2.5 to 4.1 V vs. Li. By coating 

polydopamine on the outer surface of few-walled carbon nanotube, free-standing and 

flexible hybrid films are fabricated by a simple vacuum filtration process. These films 

exhibit high specific capacities of ∼133 mA h g−1 in Li-cells and ∼109 mA h g−1 in Na-

cells based on the total mass of electrodes. Furthermore, the capacity contribution from 

polydopamine is estimated by using the rule of mixture, polydopamine itself can deliver 

high gravimetric capacities of ∼235 mAh/g in Li-cells and ∼213 mAh/g in Na-cells.  

 In Chapter 6, the polydopamine-based electrode materials are further optimized. 

In Chapter 5, dopamine is oxidized by the dissolved oxygen in the aqueous solution, 

which proves to be a low efficiency polymerization process. In this chapter, graphene 

oxide is used as both an oxidant and template for high efficient conformal coating of 

polydopamine on the surface of reduced graphene oxide. Highly compact films are 

fabricated by compressing the polydopamine coated graphene aerogels and directly used 

as cathodes in both Li- and Na-ion cells. The compact films deliver high capacities of 

~230 mAh/g in Li cells and ~211 mAh/g in Na cells based on the total mass of electrodes.   
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 In Chapter 7, a summary and suggestions for future technical work are provided. 
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CHAPTER 2. HIGH-DENSITY LITHIUM-ION ENERGY 

STORAGE UTILIZING THE SURFACE REDOX REACTIONS IN 

FOLDED GRAPHENE FILMS 

Reprinted with permission from Tianyuan Liu, Ki Chul Kim, Reza Kavian, Seung Soon 

Jang, and Seung Woo Lee Chemistry of Materials 2015 27 (9), 3291-3298. Copyright 

2015 American Chemical Society. 

 

2.1 Introduction 

 The ever increasing demand for the portable electronic devices and electric 

vehicles has been urging the development of low-cost, sustainable, and high-performance 

energy storage devices, having both high energy and power density along with stable 

cycling performance.[1, 93, 94] Recently, graphene based energy storage devices, 

including electrochemical capacitors (ECs)[14, 18, 95-100] and Li-ion batteries,[90, 101-

104] have been intenstively explored owing to its unique physical and chemical 

properties, such as high electrical conductivity and high surface area.[105-108] In 

addition, the scalable synthetic route of graphene from GO, which can be simply 

prepared from graphite by the modified Hummer’s method,[109, 110] has accelerated the 

development of graphene based electrode materials. To maximize the electrochemically 

active surface area as well as facilitate electrolyte ion diffusion, nanostructured 3D 

graphene electrodes have been assembled for advanced EC applications using various 

fabrication methods, including chemical vapor deposition,[111] laser-scribing,[98] self-
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assembly,[15, 112, 113] freeze-casting[114] and the template method.[96] Although 

these 3D graphene nanostructured electrodes have significantly increased energy and 

power density per unit mass of the electrode, they generally have low packing densities 

due to their well-developed open pores, limiting the volumetric energy density. The open 

pores within the 3D graphene electrodes are flooded with electrolytes, eventually leading 

to a low gravimetric and volumetric performance in a real device, when the weight of 

electrolyte is considered.[42] Thus, recent efforts on graphene electrodes have been 

focused on increasing the packing density using various fabrication methods, including 

electrolyte mediated densification of films[16] and evaporation-induced drying of 3D 

graphene assembly,[13, 99] which can significantly enhance the volumetric capacitance 

for EC applications.  

 These carbon based ECs, which store charge by a surface adsorption process of 

electrolyte ions, are classfied as EDLCs. These EDLCs can deliver high power density 

owing to their rapid charge storage mechanism. However, their energy density is 

significantly limited compared to that of rechargeable batteries based on redox (Faradaic) 

reactions of electrode materials. Recent studies have shown that oxygen functionalized 

nanocarbons, including CNTs and reduced GOs, can enhance the energy density of the 

carbon electrodes by employing the surface redox reactions beween oxygen groups and 

Li ions.[58-60] Since these surface redox reactions are centered at high potential regions 

of ~3 V vs. Li, these functionalized carbon electrodes have been employed as positive 

electrodes for high-power Li-ion batteries or Li-ion capacitors.[58, 62, 63, 115, 116] 

However, the clear charge storage mechanism of these functionalized nanocarbons 

remains unanswered since various oxygen functional groups, such as carbonyl, epoxide, 
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hydroxyl, and carboxylic acid, may play different roles for the redox reactions with Li 

ions. Thus, understanding different roles of the various oxygen functional groups is 

crucial for identifying specific oxygen chemistries with high redox potentials.  

 In this study, we demonstrated a simple synthesis of reduced GO electrodes, 

which can deliver both high gravimetric and volumetric energy density with exceptional 

cycling stability in Li-cells, by the effective utilization of surface redox reactions of 

oxygen functional groups. Additive-free, free-standing, high-density, redox-active 

graphene electrodes were fabricated by compressing and subsequent vacuum-drying 

process of the hydrothermally reduced graphene hydrogel. The fabricated graphene 

electrodes displayed a folded micro-structure due to the anisotropic capillary force during 

the vacuum-drying process of the compressed film, which can increase their density up to 

~0.64 g/cm3. In addition, the surface oxygen chemistry and corresponding redox 

reactions were controlled by the hydrothermal reduction temperature. The folded 

graphene film (f-GF) electrodes delivered both high gravimetric and volumetric 

capacities up to ~160 mAh/g and 91.5 Ah/L, respectively. When f-GFs were employed as 

positive electrodes with Li metal negative electrodes, they exhibited a gravimetric energy 

density up to ~419 Wh/kg and a volumetric energy density up to ~239 Wh/L.  In 

addition, a high gravimetric capacity of ~160 mAh/g was maintained over 50,000 cycles 

with a coulombic efficiency close to ~100%. More importantly, we demonstrated for the 

first time a correlation between the redox potential of various oxygen functional groups 

on the graphene with their local oxygen chemistries, using First-Principles DFT 

modeling. Based on the DFT calculation, we revealed that surface carbonyl and epoxide 

groups are responsible for high-potential surface reactions in the range of 2~3 V vs. Li.  
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2.2 Experimental  

Sample preparation: Folded graphene film electrodes: GO was synthesized by the 

modified Hummer’s method[110] (the detailed process can be found in previous 

works[60, 95]). The 3D Graphene hydrogel was prepared using the hydrothermal 

reduction method based on a previous report.[117] 1 mg/mL of GO dispersion was 

sonicated for 1 h by a bath sonicator (Branson, Bransonic). Next, the GO dispersion was 

sealed in a Teflon-lined autoclave and was maintained at high temperatures (130~230 °C) 

for 6 h. After a waiting period, the autoclave was naturally cooled down to room 

temperature, and the assembled graphene hydrogel was taken out with a tweezer. To 

prepare a pressed graphene film, a small piece of graphene hydrogel was cut and pressed 

into a film by 5 MPa for 15 s. The pressed films were dried in vacuum oven overnight at 

70 °C, yielding the fabricated folded graphene films (f-GFs). The thickness of the final 

film was controlled in the range of 30-50 μm. The mass loading of the f-GF-130 °C and f-

GF-180 °C were 1.7 mg/cm2 and 2.2 mg/cm2, respectively. 3D-graphene electrodes: 

Graphene hydrogel assembly was dried using a freeze-dryer at -84 oC (FreeZone Plus 2.5 

Liter Cascade Benchtop Freeze Dry System) for 24 h to maintain the 3D structure. The 

dried electrode was pressed into a film gently by hand in order to improve the electrical 

contact between the electrode and the current collector. The density of the electrode was 

~0.17 g/cm3. GO-film electrodes: GO-film electrodes were prepared by a vacuum-

filtration process on a filtration membrane with 0.1 μm pore size and 47 mm diameter 

(PC, Whatman).[115] The thickness of the GO-film electrodes was ~10 µm after the 

drying process. 
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Characterization: The microstructure and morphology of the electrode were investigated 

using a SEM (Hitachi SU8010, operated at 3 kV). The elemental analysis of the 

electrodes was charcterized by XPS (Thermal Scientific K-alpha XPS instrument), and 

the high-resolution C1s peaks were fitted by the XPSPEAKS 4.1. XRD patterns were 

measured by XPert Pro Alpha-1 using Cu K-α1 X-rays.  

Electrochemical measurements: The f-GFs were used as the positive electrodes in 

Swagelok-type electrochemical cells, pieces of Li foils were used as the negative 

electrodes. Two pieces of Celgard 2500 separators were placed between the negative and 

positive electrodes. The electrolyte was 1 M LiPF6 in a mixture of EC and DMC (3:7 

volume ratio, BASF). The cells were assembled in an Argon-filled glovebox (MBraun 

O2<0.1 ppm; H2O<0.1 ppm). The electrochemical performance of the Li-cells was 

measured by Bio-Logic VMP3 potentiostat/galvanostat in the voltage range of 1.5-4.5 V 

vs. Li at room temperature. The cells were charged or discharged at  different 

galvanostatic current densities  ranging from 0.05 to 50 A/g, and at the end of the 

charging/discharging process, the cell voltage was held constant for 30 min at either 4.5 

or 1.5 V vs. Li, respectively. The Li cells were tested by an accelerated galvanostatic 

cycling method, that is, the cells were charged/discharged at 0.1 A/g for one cycle, and 

every 99 cycles at 10 A/g, up to 10,000 cycles. Cell voltage holding stage was also 

applied for 30 min at 1.5 V or 4.5 V vs. Li prior to low-rate charge or discharge, 

respectively. For cycle numbers between 10,000 and 50,000, 499 accelerated cycles were 

performed at every slower charge/discharge cycle, while other prarameters were kept the 

same within the first 10,000 cycles. 



 22 

Specific energy densities (E) and specific power densities (P) in the Ragone plot were 

evaluated by using the below equations.[118] Only positive electrode weight was 

considered in the specific energy and power density calculations. 

 
𝐸 = ∫ 𝑉(𝑡)𝑖𝑑𝑡

𝜏

0

 (1) 

Where V is the voltage of the cell, τ is the total discharge time when the gravimetric 

current density is i. 

 
𝑃 =

𝐸

𝜏
 (2) 

Where τ is the total discharge time at a given gravimetric current density. 

Redox potential calculations: All of the calculations were performed by using the Jaguar 

software with a 6-31G+(d,p) basis set.[119] Both the PBE0 and PWB6K levels of theory 

were chosen to compute the optimized geometries of the pristine graphene and the 

oxygen functional groups on the graphene. The vibrational frequency calculations, with 

the same levels of theory and basis set, were further computed to evaluate the Gibbs free 

energies at 298 K in the gas phase. The solvation free energy calculations were computed 

using Poisson-Boltman implicit solvation model to approximate the solvation 

contributions to the free energies. A dielectric constant of 16.14, which reliably describes 

the polarity of the solvent in our systems, was used for the solvation free energy 

calculations. 
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A pristine graphene sheet consisting of 54 carbon atoms and 18 terminal hydrogen atoms 

was prepared for the calculations. Various GO sheets were prepared separately by 

incorporating the oxygen functional groups (i.e., carbonyl, epoxide, hydroxyl, and 

carboyxlic acid), either on the center or at the edge of the pristine graphene sheet to 

mimic the experimentally observed oxide environment.[106, 107] The effect of the 

oxygen functional group density on the redox potentials was considered by incorporating 

two identical oxygen functional groups on the graphene. The thermodynamic cycle which 

was used to predict the redox potentials of the pristine graphene and the oxygen 

functional groups on the graphene is described elsewhere.[120, 121] The redox potential 

(∆𝐸𝑟𝑒𝑑) of an active electrode material in solution with respect to a Li/Li+ reference 

electrode can be predicted by Equation 3 as, 

 
∆𝐸𝑟𝑒𝑑 =

−∆𝐺𝑠𝑜𝑙𝑛

𝑛𝐹
− 1.44𝑉 (3) 

where, ∆𝐺𝑠𝑜𝑙𝑛 is the difference in the Gibbs free energy in solution during the reduction, 

n is the number of electrons transferred, and F is the Faraday constant. The constant, 1.44 

V, indicates the redox potential of the Li/Li+ reference electrode. The HOMO-LUMO 

energy levels of the active electrode materials were also computed to rationalize the 

predicted redox potentials. 

2.3 Results and Discussions 
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Figure 2.1 (a) The fabrication process of the folded graphene films from the 

dispersion of GO in water (1 mg/mL) via hydrothermal reaction at 180 °C for 6 h (f-

GF-180 °C) and subsequent compressing and vacuum drying process at 70 °C. 

 Graphene hydrogel was obtained from the dispersion of GO in water (1 mg/mL) 

via a hydrothermal reduction process at 180 °C for 6 h (Figure 2.1a, b).[117] The 

reduction process of GO was induced by superheated water in hydrothermal condition, 

where the generated H+ ions from the superheated water can reduce the oxygen functional 

groups on the GO.[122] As the GO sheets lose the oxygen functional groups, they tend to 

interact with each other through the combination of hydrophobic and π-π 

interactions.[113, 117] If the concentration of GO is high enough (typically higher than 1 

mg/mL), the 3D structured graphene hydrogel can be assembled without using any 

chemical reducing agents.[123, 124] Since the most widely used reducing agents, such as 

hydrazine[125, 126] and hydroiodic acid (HI)[127], are toxic, the hydrothermal reduction 

process can represent a green reduction route to fabricate 3D reduced GO assembly.[117, 

122]  
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Figure 2.2 Digital images of (a) the as prepared graphene hydrogel from the 

dispersion of GO in water (1 mg/mL) via hydrothermal reaction at 180 °C for 6 h 

and (b) the directly vacuum dried graphene hydrogel at 70 °C overnight without the 

pressing process. 

 Since the assembled reduced GO hydrogel usually consists of over 90% water, the 

hydrogel needs to be fully dried for non-aqueous electrolyte based energy storage 

applications.  However, if the hydrogel is directly dried using the conventional vacuum-

drying process at high temperatures, the hydrogel would shrink into a small aggregate by 

capillary compressible forces during the evaporation of the water within the pores. 

Figure 2.2 shows the small aggregate after the vacuum-drying process at 70 ⁰C 

overnight, at which point it is too brittle for assembly as an electrode in the Li-cells. To 

preserve the 3D structure of the graphene assembly, freeze drying or critical point drying 

methods are generally used.[18, 100, 112, 124, 128] The freeze-dried 3D graphene 

assembly has a hierarchical porous structure with the pore sizes of up to tens of 

micrometers (Figure 2.3a), with a very low packing density (~0.02 g/cm3).[99] Although 

the hierarchical porous structure of the 3D graphene assembly is beneficial for fast 

diffusion of electrolytes—for electrochemical energy storage—the low density of the 

electrode significantly decreases its volumetric energy density.[13, 16, 42] In addition, 
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the large pore volume in the 3D graphene assembly consumes a large amount of 

electrolyte, decreasing the gravimetric performance of real devices taking the weight of 

the electrolyte into account.[42]   

 

Figure 2.3 SEM images of (a) the 3D-graphene obtained by freeze-drying process of 

the graphene hydrogel. (b, c) cross-sectional view and (d) top-view SEM images of 

the pristine GO-film obtained by a vacuum-filtration process. The digital image of 

the GO-film is shown as an inset in (b). 
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Figure 2.4 The schematic procedure for the preparation of the folded graphene film 

(f-GF) from the dispersion of GO in water. Graphene hydrogel was assembled from 

the GO dispersion via a hydrothermal reduction process, and a piece of the 

graphene hydrogel was cut and pressed between two separators. The pressed 

graphene hydrogel was dried in the vacuum oven at 70 oC overnight, obtaining the 

f-GF electrode. The ~260 µm thick f-GF film was obtained after a compression and 

vacuum drying process of a ~1 cm thick graphene hydrogel. The ratio of the film 

thickness changes before and after the compression and vacuum drying process is 

about 38:1. 

 To increase the packing density as well as preserve pore interconnectivity of the 

graphene electrode, we developed a simple two-step electrode fabrication process based 



 28 

on compression and a subsequent vacuum drying process, resulting in free-standing, 

high-density, folded graphene films (f-GFs) (Figure 2.4).  This process was inspired by 

the drying process of 2D graphene films, in which, great shrinkage exists mainly in the 

vertical direction, with small shrinkage in the lateral direction.[129] A piece of graphene 

hydrogel was cut and pressed into a thin film between two pieces of separator material, 

and subsequently dried in vacuum oven at 70 ⁰C overnight. After the drying process, a 

free-standing f-GF was obtained, and the thickness of the film controlled in a range of 30-

50 μm (Figure 2.1c). The density of the f-GFs was in the range of 0.44-0.64 g/cm3, 

which is significantly higher than that of the freeze-dried 3D graphene assembly at ~0.02 

g/cm3, but lower than that of the GO-films obtained by a vacuum-filtration process at 

~1.4 g/cm3.[99]   
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Figure 2.5 SEM (a, b) cross-section view and (c, d) top view images of the folded 

graphene film (f-GF-180 °C). 

 The microstructure of the f-GFs was investigated by SEM analysis (Figure 2.5). 

The f-GFs have a laterally developed pore structure between the corrugated reduced GO 

sheets (SEM cross-section images, Figure 2.5a, b). The scale of the horizontally 

developed pores of the f-GF is much smaller compared to the hierarchically developed 

micro-pores of the freeze-dried 3D-graphene assembly (Figure 2.3a), but lager than that 

of the compactly packed GO-films (Figure 2.3b-c). In addition, the surface morphology 

of the f-GFs show a rougher structure-characterized by sporadic vertical holes throughout 

the graphene sheets (SEM top-view images, Figure 2.5c-d)-in contrast to the much flatter 

surface of the GO-films obtained via the vacuum-filtration process Figure 2.3d). The 

structural characteristic of the f-GFs can be attributed to the anisotropic compression 

applied during the fabrication process. Since the graphene hydrogel was compressed 

before the drying process, most of the capillary force existed in the vertical direction. 

This anisotropic compression can drive the horizontally aligned graphene layers closer, 

while the vertically aligned graphene layers are folded between those that are horizontally 

aligned, resulting in a horizontally developed yet vertically interconnected porous 

structure within the f-GFs. The high packing density of the resulting f-GFs can yield high 

volumetric performances of the electrodes, whereas the interconnected porous structure 

can still support fast ion diffusion for electrochemical charge storage.   
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Figure 2.6 (a) XRD spectra of the GO-film and the f-GF-180 °C. (b) XPS wide scan 

survey of the GO-film and the folded graphene films (f-GF) obtained at different 

hydrothermal reaction temperatures. (c) High-resolution XPS C1s spectra of the 

GO-film (top), f-GF-130 °C (center), and f-GF-180 °C (bottom). 

 The XRD pattern of the GO film displayed a sharp peak at 2θ = 11.10° with an 

interlayer distance of 7.96 Å, which is usually observed in layered GO films,[127, 130] 

indicative of strong ordering in the thickness direction (Figure 2.6a).  On the other hand, 

the XRD pattern of the f-GFs that was obtained at 180 °C (f-GF-180 °C) showed a much 

broader peak around 25°, which corresponds to an interlayer distance of 3.56 Å (Figure 

2.6a). This broader peak with a decreased interlayer distance can be attributed to the less 

ordered porous structure, given by the compactly packed reduced graphene sheets.  

 The reduction process of GO during the hydrothermal reaction was confirmed by 

XPS measurements (Figure 2.6b, c). The atomic ratios of oxygen to carbon (O/C) of the 

GO-film and f-GFs obtained at different hydrothermal reaction temperatures were 
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compared using XPS wide scan survey (Figure 2.6b). The O/C ratios significantly 

decreased from 0.42 for the GO-film to 0.19 for f-GF prepared by hydrothermal reaction 

at 130 °C (f-GF-130 °C), and further decreased to 0.15 for f-GF obtained at higher 

reaction temperatures (both f-GF-180 °C and f-GF-230 °C), which confirmed an effective 

reduction process of GO during the hydrothermal reduction process. The detailed surface 

chemistry of the GO-film and f-GFs was investigated using high-resolution XPS C1s 

spectra (Figure 2.6c). The C1s spectra can be fitted into four different peaks: the peak 

centered at 284.5 eV for sp2-hybridized graphitic carbon (C-C/C=C), 286.4 ± 0.1 eV for 

hydroxyl or epoxide groups (C-O), 288.2 ± 0.1 eV for carbonyl group (C=O), and 290.2 

± 0.1 eV for carboxylic group (COOH), respectively.[107, 127] Comparison of the C1s 

spectra of the GO-film and the f-GF-130 °C clearly shows a significant reduction of 

hydroxyls and epoxide groups (C-O) and a partial decrease of carbonyl and carboxylic 

groups (C=O and COOH) with concomitant recovery of the conjugated carbon (C-

C/C=C) during the reduction process. Consistent with the trend of the O/C ratio, oxygen 

functional groups further decreased for the f-GF-180 °C obtained with a higher reduction 

temperature of 180 °C.  
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Figure 2.7 CV scans based on (a) gravimetric and (b) volumetric current for 

different electrodes at 1 mV/s between 1.5 to 4.5 vs. Li in 1 M LiPF6 in a mixture of 

EC and DMC (3:7 volume ratio). 

 Charge storage characteristics of the f-GF electrodes were evaluated using CV 

scans in the Li-cells (Figure 2.7a and b). The f-GF electrodes exhibited much higher 

gravimetric currents than that of the GO-film prepared through a vacuum-filtration 

process. Despite its high O/C ratio of 0.42, the GO-film showed smaller current density 

with weak redox peaks due to the limitations of electron or ion transport through the film. 

The transport resistance of the GO-film can be attributed to the low electronic 



 33 

conductivity[115] and limited accessibility of electrolyte ion into the inner space of the 

layered GO sheets (Figure 2.3b-c).  On the other hand, the f-GF-130 °C electrode 

showed a significant increase in gravimetric current with strong redox peaks owing to the 

recovery of electronic conductivity during the reduction process, and the increased 

electrochemically active surface within the interconnected porous structure (Figure 2.5a-

d), which can effectively support the redox reactions between the oxygen functional 

groups and Li ions.[60] The f-GF-180 °C electrode showed a slightly decreased 

gravimetric current compared to that of the f-GF-130 °C, indicating a reduction in redox-

active oxygen functional groups during the higher temperature reduction process.  

 

Figure 2.8 Comparison of the steady-state CV scans of the f-GF-180 oC and the 

freeze-dried 3D-graphene electrodes. CV scans were obtained at 1 mV/s between 1.5 

to 4.5 vs. Li in 1 M LiPF6 in a mixture of EC and DMC (3:7 volume ratio). 
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 In addition, galvanostatic and volumetric currents of the f-GF electrodes were 

compared with the freeze-dried 3D graphene assembly (3D-graphene, Figure 2.8). The 

3D-graphene electrode was gently pressed into a film with a density of 0.17 g/cm3 in 

order to improve the electrical contact between the electrode and the current collector. 

Comparing with the freeze-dried 3D graphene, the f-GF electrode retained ~80% of the 

gravimetric capacitance (Figure 2.8), indicating that only ~20% of the electrochemical 

active surface area was decreased during the two-step compression and vacuum drying 

process. However, the f-GF electrodes showed a much higher volumetric current than the 

3D-graphene electrode, owing to their high packing density of 0.44~0.64 g/cm3. The f-

GF-130 °C electrode exhibited the highest volumetric current because of the higher 

packing density of 0.64 g/cm3 and the atomic O/C ratio of 0.19 compared to those 

(packing density=0.44 g/cm3, O/C=0.15) of the f-GF-180 °C. 
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Figure 2.9 The chemical structures of four pairs of the feasible oxygen functional 

group cases incorporated either on the plane or edge of a pristine graphene. Either 

one or two identical oxygen functional groups were incorporated for each case. The 

grey, white, and red colors represent carbon, hydrogen, and oxygen, respectively. 

 

Figure 2.10 (a) The calculated redox potentials for graphene and oxygen functional 

groups using PWB6K. One (green) and two (orange) functional groups were 

considered for each functional group to consider the effect of oxygen percentage on 

the redox potential. The correlation between the calculated redox potentials and the 

electronic properties, (b) LUMO energy levels and (c) electron affinities, of 

graphene and oxygen functional groups.  
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Figure 2.11 The redox potentials for different oxygen functional groups were 

calculated using two DFT methods (PBE0, green and PWB6K, orange). (a) One or 

(b) two functional groups were considered for each oxygen functional groups in 

order to show the effect of oxygen percentage on the redox potential. 
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Table 2.1 The DFT-calculated redox potentials (in V), highest occupied molecular 

orbital (HOMO) (in eV), lowest unoccupied molecular orbital (LUMO) (in eV), and 

electron affinity (EA) (in eV) for the five pairs of feasible oxygen functional group 

cases on the graphene shown in Figure 2.9 with pristine graphene as a reference. 

(EA: The DFT-calculated total energy difference at 0K between anion and neutral 

cases). One or two identical oxygen functional groups were incorporated for each 

case. Two different levels of theory (PBE0 and PWB6K) were used for the 

calculations. 

Oxygen 

functional 

group 

PBE0 PWB6K 

Redox 

potential (V) 

HOM

O 

(eV) 

LUM

O 

(eV) 

EA 

(eV) 

Redox 

potential (V) 

HO

MO 

(eV) 

LU

MO 

(eV) 

EA 

(eV) 

1 Carbonyl 

(edge) 
2.9 -5.02 -2.44 -2.96 3.0 -5.44 -1.87 -2.95 

2 Carbonyl 

(edge) 
2.8 -5.63 -3.81 -2.95 2.7 -6.05 -3.36 -2.85 

1 Epoxide 

(plane) 
2.0 -5.10 -2.86 -2.04 2.0 -5.48 -2.38 -1.92 

2 Epoxide 

(plane) 
2.3 -4.90 -3.21 -2.36 2.3 -5.21 -2.82 -2.32 

1 Hydroxyl 

(edge) 
1.4 -5.24 -2.31 -1.46 1.2 -5.69 -1.77 -1.24 

2 Hydroxyl 

(edge) 
1.4 -5.11 -2.32 -1.49 1.2 -5.57 -1.79 -1.29 

1 Hydroxyl 

(plane) 
2.9 -4.78 -2.26 -2.68 2.8 -5.16 -1.66 -2.62 

2 Hydroxyl 

(plane) 
1.9 -5.47 -2.57 -1.71 1.5 -5.99 -1.94 -1.45 

1 Carboxylic 

(edge) 
1.6 -5.47 -2.51 -1.72 1.4 -5.92 -1.95 -1.52 

2 Carboxylic 

(edge) 
1.7 -5.56 -2.68 -1.94 1.6 -6.01 -2.12 -1.72 

Pristine 

graphene 
1.4 -5.38 -2.31 -1.45 1.2 -5.82 -1.74 -1.25 
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Figure 2.12 (a) Rate dependent galvanostatic charge and discharge curves for the f-

GF-130 °C electrode with a thickness of 26 µm and (b) the f-GF-180 °C electrode 

with a thickness of 51 µm. The cell was tested between 1.5 and 4.5 V vs. Li and 

gravimetric current density was controlled from 0.05 to 50 A/g.   

 Previous studies[58-60, 62, 63, 115, 131] hypothesized that surface carbonyl 

groups (C=O) on nanocarbons can react reversibly with Li ion, which is supported by the 

redox reaction mechanism between organic carbonyl compounds and Li ions.[73, 86, 
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132-135] However, it is unclear how the oxygen chemistry and the amount of the oxygen 

functional groups can affect the redox reactions on graphene. To answer these questions, 

DFT calculations were employed to investigate the redox potentials of the available 

oxygen functional groups on graphene (Figure 2.9). The calculations were performed 

with two different DFT methods (PBE0 and PWB6K) for pristine graphene, and its 

derivatives with carbonyl, epoxide, hydroxyl or carboxyl acid groups on the edge or 

plane. To consider the effect of the density of oxygen functional groups on the redox 

potentials, placing two identical oxygen functional groups on graphene was also 

considered in addition to one oxygen function group cases (Figure 2.9, Figure 2.10a,  

and Table 2.1). It is interesting to note that the redox potentials predicted by two 

different DFT methods were very similar, and the deviations were less than 0.2 V for 

most cases (Figure 2.11, Table 2.1). Graphene itself as well as carboxylic, and hydroxyl 

groups on the edge showed low redox potentials in the range of 1.2 -1.6 V vs. Li (Figure 

2.10a), indicating that their contributions are negligible in the CV scans (Figure 2.7a, b), 

with a voltage window between 1.5 - 4.5 V vs. Li. One hydroxyl group on the plane 

showed a high redox potential of 2.8 V vs. Li, but two hydroxyl groups exhibited 

significantly decreased potential to 1.5 V vs. Li (Figure 2.10a, Table 2.1), corresponding 

to the lower limit of the operation voltage window of the CV scans. This suggests that 

increasing the density of hydroxyl groups on the graphene plane may decrease the overall 

redox potentials of the electrode.  On the other hand, carbonyl and epoxide groups 

showed higher and stable redox potentials in the range of 2.0 - 3.0 V vs. Li, indicating 

that they are the major redox-active functional groups for the broad redox peaks around 3 

V vs. Li in CV scans. Highest-occupied molecular orbital (HOMO), lowest-unoccupied 
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molecular orbital (LUMO) energy levels and electron affinity of each system were 

calculated to investigate their correlations with the redox potential. Previous studies have 

employed LUMO energy levels to explain different redox behaviors of various carbonyl 

containing molecules.[136, 137] However, the LUMO energy levels of various oxygen 

functional groups on the graphene were not well correlated to the calculated redox 

potentials (Figure 2.10b, Table 2.1), which is mainly due to the structural difference 

between the neutral and anionic states of the calculated models. In contrast, the calculated 

electron affinities were found to have a strong correlation with the calculated redox 

potential (Figure 2.10c, Table 2.1).  
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Figure 2.13 The rate-dependent galvanostatic charge and discharge profiles of (a) 

the GO-film with a thickness of 10 µm (the data is modified from reference 5), and 

(b) the 3D-graphene electrode. The cell was tested between 1.5 to 4.5 V vs. Li and 

gravimetric current changed from 0.05 to 50 A/g. 



 42 

 

Figure 2.14 (a) Cycling performance of the f-GF-180 °C electrode tested 

galvanostatically up to 50,000 cycles. The data points indicate gravimetric change 

and discharge capacities obtained at a slow rate of 0.1 A/g and its coulombic 

efficiency. The cell was cycled at an accelerated rate of 10 A/g between the slow rate 

(0.1 A/g) measurements. (b) Charge and discharge profile comparison between the 

first and the 50,000th cycle of the f-GF-180 °C electrode. 
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Figure 2.15 (a) Cycling performance of the f-GF-130 °C electrode tested 

galvanostatically up to 1,000 cycles. The data points indicate gravimetric change 

and discharge capacities obtained at a slow rate of 0.1 A/g and its coulombic 

efficiency. The cell was cycled at an accelerated rate of 10 A/g between the slow rate 

(0.1 A/g) measurements. (b) Charge and discharge profile comparison between the 

first and the 1,000th cycle of the f-GF-130 °C electrode. 

 Li-ion storage performance of the f-GF electrodes was evaluated using rate 

dependent galvanostatic charge and discharge tests (Figure 2.12a, b). It is interesting to 

note the sloped charge and discharge profiles of the f-GF electrodes. These sloped charge 
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and discharge characteristics can be attributed to the coupling of different charge storage 

mechanisms: double-layer capacitance and the surface redox reactions between various 

surface functional groups and Li ions at different potentials.[58, 60, 63] In this study, 

DFT calculations further confirm that various oxygen functional groups on the graphene 

have different redox potentials depending on their local oxygen chemistries, resulting in 

sloped characteristics of the f-GF electrodes. The f-GF-130 °C electrode exhibited a high 

gravimetric capacity of ~143 mAh/g at 0.05 A/g (Figure 2.12a), which is higher than ~94 

mAh/g of the GO-film electrode (Figure 2.13a)[115] and ~130 mAh/g of the f-GF-180 

°C (Figure 2.12b). In addition, the f-GF-130 °C electrode delivered a high volumetric 

capaicty of 91.5 Ah/L (Figure 2.12a). Moreover, the f-GF electrodes showed excellent 

cycling performance (Figure 2.14a and Figure 2.15). The f-GF electrodes were 

accelerated cycled at 10 A/g and the capacities were measured at a slow rate of 0.1 A/g. 

The f-GF-130 °C electrode showed stable cycling stability up to 1,000 cycles with a 

negligible change of the voltage profiles in the first and 1,000 cycles (Figure 2.15). 

Interestingly, the capacity of the f-GF-180 °C electrode was found to progressively 

increase up to 2,000 cycles, presumably due to the gradual diffusion of the electrolyte 

into more of the inner-space of the electrodes. The cell was left open circuit for ~2 weeks 

after the 10,000 cycles, and then cycling was continued up to 50,000 cycles. The 

coulombic efficiencies of the electrode were also gradually improved during cycling, 

which approached values close to 100% (Figure 2.14a).  The voltage profile comparison 

between the first and 50,000th cycle showed that the capacity of the f-GF-180 °C 

electrode increased ~30 mAh/g after cycling, resulting in a higher capacity of ~160 

mAh/g (Figure 2.14b). This capacity is almost the same value as the 3D-graphene 
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electrode obtained by the freeze-drying method, indicating the highly accessible active 

surface area in the folded structure of the f-GF electrodes. These high gravimetric 

capacities and exceptional cycling stabilities show superior performance of the f-GFs 

electrodes, in comparison to other organic based positive electrode materials for Li ion 

storage applications.[71]  

 

Figure 2.16 (a) Ragone plot comparing gravimetric energy and power performances 

of the GO-film and f-GF electrodes. (b) Ragone plot comparing volumetric energy 
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and power performance of the f-GF and 3D reduced graphene electrode (3D-

graphene) obtained from a freeze-drying process of the graphene hydrogel. 

 Gravimetric and volumetric energy and power characteristics of the f-GF 

electrodes were assessed by Ragone plots (Figure 2.16a, b) based on galvanostatic 

charge and discharge tests (Figure 2.12a, b and Figure 2.13). At a low power density of 

~130 W/kgelectrode, the f-GF electrodes exhibited energy densities of ~340 Wh/kgelectrode 

for the f-GF-180 °C and of ~370 Wh/kgelectrode for f-GF-130 °C, while the GO-film only 

delivered ~250 Wh/kgelectrode.  Interestingly, the energy density for f-GF-180 °C after 50, 

000 cycles increased to ~419 Wh/kgelectrode at a power density of 266 W/kgelectrode (the 

star-shaped point in Figure 2.16a). This energy density (~419 Wh/kgelectrode) attainable by 

the f-GF electrodes is higher than those of the oxidized CNT, oxidized CNT/graphene 

composite, and reduced GO film electrodes assembled by vacuum-filtration process 

(300~350 Wh/kgelectrode),[60, 63, 116] and is close to that of 3 µm thick thin-film CNT 

electrodes (~422 Wh/kgelectrode).[58] At a higher power density of ~10 kW/kgelectrode, the 

difference in the attainable energy density between the GO-film (~16 Wh/kgelectrode) and 

the f-GF electrodes (180~200 Wh/kgelectrode) became more significant. The improved 

power density of the f-GF electrodes when compared to the GO-film can be attributed to 

the significantly improved electrical conductivity[117] and the favorable porous structure 

for fast ion diffusion.[96, 138] In addition, at a lower power density range (less than 100 

W/L), the f-GF electrodes showed high volumetric energy density—239 Wh/L for the f-

GF-130 °C—which is ~3.4 times higher than that (70.3 Wh/L) of the 3D-graphene 

electrode obtained from the freeze-drying method (Figure 2.16b).  

2.4 Conclusions 
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 In summary, we have assembled free-standing, high-packing density, and redox-

active graphene electrodes from the dispersion of GO in water by a simple compressing 

and vacuum-drying process of the hydrothermally reduced graphene hydrogels. The 

assembled graphene electrodes have high packing densities of up to ~0.64 g/cm3 with the 

folded micro-structure. The surface oxygen chemistry of the electrodes was controlled by 

the hydrothermal reduction temperatures, and correlated with the redox reaction with Li 

ions. DFT calculations were used to determine the role of different oxygen functional 

groups in the electrodes, revealing that carbonyl and epoxide groups are the dominating 

contributors to the high potential redox reactions. When employed as positive electrodes 

in Li-cells, the f-GF electrodes showed excellent gravimetric and volumetric 

performance, delivering both high gravimetric energy of ~419 Wh/kgelectrode and high 

volumetric energy of ~239 Wh/L.  More importantly, the f-GF electrodes showed an 

exceptional cycling stability, retaining a gravimetric capacity of ~160 mAh/g after 50,000 

cycles. The results provide significant insights on the Li ion storage mechanisms of the 

oxygen functional groups on the reduced GO electrodes, and the effective utilization 

method to maximize their performance within the confined mass and volume for Li-ion 

battery or hybrid capacitor applications.  
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CHAPTER 3. SELF-ASSEMBLED, REDOX-ACTIVE 

GRAPHENE ELECTRODES FOR HIGH-PERFORMANCE ENERGY 

STORAGE DEVICES 

Reprinted with permission from Tianyuan Liu, Reza Kavian, Inkyu Kim, and Seung Woo 

Lee. The Journal of Physical Chemistry Letters 2014 5 (24), 4324-4330. Copyright 2014 

American Chemical Society 

 

3.1 Introduction 

 Nanocarbons, such as CNT and graphene, have become rising electrode materials 

for electrochemical energy storage devices, such as ECs and rechargeable batteries.[105, 

108, 139-143] This is owing to their superior physicochemical properties, including high 

surface area, high electrical conductivity, high mechanical strength, and chemical 

stability.[144, 145] In particular, the scalable and low-cost synthesis methods of graphene 

materials from GO using solution-based processes open up a new opportunity to develop 

large-scale graphene based electrodes.[110, 146] 

 Graphene based electrodes have been intensively studied for EDLCs,[96, 147-

149] one type of ECs, which store charge by electrolyte ion adsorption (double layer 

capacitance) on high surface area conductive carbon materials.[39] However, graphene 

sheets can be readily restacked via the strong π-π interaction during the electrode 

fabrication and subsequent drying process, eventually decreasing the available surface 
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area for electrochemical reactions. Accordingly, research efforts have been focused on 

preventing the restacking of graphene sheets, which can maximize electrochemically 

active surface area, by KOH activation,[149] laser-scribing,[98] and hydrothermal 

reaction.[117] Although these graphene-based EDLCs represent state-of-the-art high-

power energy storage devices, their energy density utilizing double layer capacitance is 

significantly lower than that of Li-ion batteries employing intercalation reaction 

mechanism in the bulk of active materials. 

 A promising approach to increase the energy density of carbon based electrodes is 

incorporating heterogeneous atoms into the electrodes, such as nitrogen or oxygen[150-

153] which have pseudocapacitive (surface redox) reactions. Recently, reversible surface 

redox reactions between Li ions and the oxygen functional groups on the nanocarbons, 

including CNT and graphene, have been observed at a high redox potential of ~3.2 V vs. 

Li.[58-60] Based on these surface redox reactions, oxygen group functionalized carbon 

materials have been employed as positive electrodes in Li-cells, providing both high 

energy and power density with stable cycling stability.[63, 95] The electrochemical 

performance of these functionalized carbon electrodes strongly depends on their physical 

and chemical structures. Binder free 3D porous nanostructured electrodes showed 

enhanced electrochemical performance than that of the composite electrodes including 

polymer binder owing to increased electrochemically active surface area.[58] The 

thickness of the electrodes is also an important factor, as it was previously shown that 

thicker functionalized CNT electrodes exhibited lower energy and power density 

compared to those of thin-film CNT electrodes due to increased electronic and ionic 

resistance. [58, 62] In addition, oxidized CNT and CNT/graphene composite electrodes 
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showed that surface oxygen chemistry can greatly influence the electrochemical 

performance.[60, 63] Therefore, the assembly of 3D nanostructured electrodes with a fine 

tuning of surface oxygen chemistry as well as controlled physical properties is a crucial 

design factor in developing high-performance pseudocapacitive carbon electrodes. 

 

Scheme 3.1 The reduction and functionalization mechanism of GO by 

tetrahydroxyl-1,4-benzoquinone (THQ). The mixture of GO and THQ in water was 

heat- treated at 80 ⁰C, during which H+ released from THQ can reduce the oxygen 

functional groups on the surface of the GO. The remaining THQ and oxidized THQ 

(C6O6Hx) can adsorb on the surface of the reduced GO by π-π interaction, forming 

functionalized graphene. 

 In this study, we present a simple synthetic route to assemble 3D nanostructured 

graphene electrode and simultaneously introduce redox-active oxygen functional groups 

on the surface of the electrode using tetraydroxy-1,4-benzquinone (THQ) as both the 

reducing and functionalization agent (Scheme 3.1). THQ exhibits a strong reducing 

ability, enabling the fast self-assembly of 3D functionalized graphene from the dispersion 

of GO in water at a low temperature of ~80 ⁰C under atmospheric pressure without any 

disturbance. In addition, the surface oxygen chemistry of the graphene electrodes can be 

manipulated by simply controlling the concentration ratio of THQ to GO in water. We 
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correlate the surface oxygen chemistry with gravimetric capacity of the electrodes 

assembled at different THQ concentrations, confirming the introduction of the surface 

redox reactions by THQ into the electrodes. In addition, we reveal that the microstructure 

of the functionalized graphene electrodes consists of 3D interconnected graphene sheets 

with hierarchically developed pores, using SEM. The 3D functionalized graphene 

electrodes can be employed as positive electrodes in both Li- and Na-cells, storing Li up 

to a gravimetric capacity of ~165 mAh/g and Na up to ~120 mAh/g due to the surface 

redox reactions between oxygen functional groups and cations. The energy and power 

density of the functionalized graphene electrodes have been evaluated in both Li-cells 

and Na-cells using current density dependent galvanostatic charge and discharge test, 

showing high energy density up to ~410 Wh/kgelectrode and power density over ~100 

kW/kgelectrode with excellent cycling stability up to 10,000 cycles. As THQ can be 

produced in high yield from renewable myo-inositol, a kind of natural compounds which 

widely exists in plants,[154-156] the simple THQ based assembly process opens a new 

pathway to synthesize large-scale, high-performance positive electrodes for both Li- and 

Na-ion batteries.  

3.2 Experimental  

Functionalized Graphene Electrode Preparation: GO was prepared by a modified 

Hummer’s method.[109, 110] Detailed synthesis procedure of GO can be found in 

previous reports.23, [95] 10 mL of GO dispersion (1 mg/mL) in deionized water was 

mixed with tetrahydroxy-1,4-benzquinone (THQ, Sigma-Aldrich, 99% purity) at different 

concentration ratios (GO:THQ=1:1, 1:2, and 1:4) and the mixture was stirred for 1 hr. 

Then, the mixture was sealed in a glass vial and was heated at 80 ⁰C for 3 hr under 
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atmospheric pressure without any disturbance. The self-assembled functionalized 

graphene hydrogel was observed in the glass vial after 3 hr.  

After cooling the mixture for ~1 hr, the assembled graphene hydrogel was taken out from 

the vial with a tweezer and was washed with D.I. water (Milli-Q, 18.2 MΩ) several times 

to remove the weakly adsorbed molecules. Next, it was freeze-dried at -84 ⁰C (FreeZone 

Plus 2.5 Liter Cascade Benchtop Freeze Dry System) for 24 hr to remove water within its 

pores. For electrochemical tests, a small part of the functionalized graphene was cut from 

the freeze-dried sample and pressed into a film. The thickness of the functionalized 

graphene film electrodes was controlled to be around 100 µm. 

GO Electrode Preparation: GO film was obtained by the vacuum-filtration process. 10 

mL of GO solution (1 mg/mL) was vacuum filtrated using a filtration membrane with 0.1 

μm pore size and 47 mm diameter (PC, Whatman). After the drying process, the 

thickness of the prepared GO film electrodes was around 10 µm. 

Characterization: The microstructure of the functionalized graphene electrodes was 

characterized by the SEM (Hitachi SU8010 operated at 10 kV). The surface chemistry 

analysis of the electrodes was carried by the XPS (Thermal Scientific K-alpha XPS 

instrument), and the peaks were fitted by the XPSPEAKS 4.1. 

Electrochemical Measurement: Electrochemical measurements were performed by a 

Bio-logic VMP3 potentiostat/galvanostat. Two-electrode Swagelok type cells were used 

for the Li-cell and Na-cell tests. The Li-cells were assembled with a functionalized 

graphene positive electrode, a lithium foil negative electrode, two pieces of Celgard 2500 

separators, and 1 M LiPF6 in EC and DMC (3:7 volume ratio) electrolyte (BASF 
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Novolyte) inside an Argon-filled glovebox (MBraun O2<0.1 ppm; H2O<0.1 ppm). The 

Li-cells were tested in the voltage range of 1.5-4.5 V vs. Li. For charge and discharge 

test, the current density was controlled from 0.05 to 100 A/g. At the end of the charge or 

discharge process, the cells were kept at 4.5 or 1.5 V for 30 minutes, respectively. The 

cycling test was carried by an accelerated galvanostatic cycling method. Charge and 

discharge profiles were measured at 0.1 A/g once every 100 cycles up to 1,000 cycles and 

once every 500 cycles between 1,001 to 10,000 cycles, after voltage holding process for 

30 minutes. Within these slow rate measurements at 0.1 A/g, the Li-cells were cycled at 

an accelerated rate of 10 A/g. 

The Na-cells were composed of a functionalized graphene positive electrode, a thin Na 

foil (Sigma Aldrich) negative electrode, one piece of glass fibre film (VWR 

International) separator, and 1 M NaPF6 (Alfa Aesar) in ethylene carbonate (EC): 

dimethyl carbonate (DMC) (3:7 volume ratio) electrolyte (BASF Novolyte). The Na-cells 

were tested in the voltage range from 1.3 to 4.2 V vs. Na. For the galvanostatic charge 

and discharge test, the current rate was controlled from 0.05 to 25 A/g. At the end of the 

charge or discharge process, the cells were kept at 4.2 or 1.3 V for 30 minutes 

respectively. 

3.3 Results and Discussions 
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Figure 3.1 (a) Digital images of the mixture of GO (1 mg/mL) and tetrahydroxyl-1,4-

benzoquinone (THQ, 3 mg/mL) in water (left), and the assembled functionalized 

graphene hydrogel (right). (b) XPS wide scan survey of the GO film and the 

functionalized graphene electrodes. (c) XPS C1s spectra of the GO film (top) and the 

functionalized graphene electrodes obtained from mixtures of GO and THQ with 

different concentration ratios (GO:THQ=1:1, (middle), and GO:THQ=1:4, 

(bottom)). 
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Figure 3.2 XPS C1s spectra of the functionalized graphene electrodes obtained from 

the mixtures GO and THQ with different concentration ratios, (a) GO:THQ=1:2 

and (b) GO:THQ= 1:3. 

 Functionalized graphene hydrogel was self-assembled by heating a mixture of GO 

(1 mg/mL) and THQ (1-4 mg/mL) in deionized water at 80 ⁰C for 3 hr under atmospheric 

pressure without any disturbance (Figure 3.1a). The hydroxyl groups in THQ can 

generate H+ ions in water, and the released H+ ions react with the oxygen functional 

groups, such as hydroxyls, epoxide and carbonyl groups, on the GO surface, enabling the 

deoxygenation (reduction) of the GO.[122] The reduced graphene sheets have 
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hydrophobic properties, and therefore they tend to interact with each other through the 

hydrophobic and π-π interaction.[15, 113, 117] When the concentration of the GO is high 

enough (>1 mg/mL), the reduced graphene sheets can self-assemble into a 3D structure 

(Figure 3.1a). Functionalized graphene electrode was prepared by removing water within 

the graphene hydrogel using a freeze-dryer. 

 The surface oxygen chemistry of the functionalized graphene electrodes was 

determined by XPS analysis (Figure 3.1b, c and Figure 3.2). XPS wide scan survey 

peaks revealed that the functionalized graphene electrode prepared from a mixture of GO 

and THQ with a 1:1 concentration ratio (GO:THQ=1:1) had a significantly reduced 

atomic ratio of oxygen to carbon (O/C=0.12) compared to that of a pristine GO film 

(O/C=0.42) (Figure 3.1b), indicating that THQ is an efficient reducing agent. High 

resolution C1s spectra of the electrodes were fitted with sp2-hybridized graphitic carbon 

peak (284.5 eV) and oxygenated carbon groups (C‒O: hydroxyl or epoxide group peak at 

286.4±0.1 eV, C=O: carbonyl group peak at 288.2±0.1 eV, and COOH: carboxylic group 

peak at 290.2±0.1 eV).[127] C1s spectra of the functionalized graphene electrode 

(GO:THQ=1:1) had a significantly reduced hydroxyl or epoxide (C‒O) peak and partially 

decreased carbonyl (C=O) peak relative to sp2-hybridized carbon (sp2-C) peak compared 

to those of the GO film, showing the recovery of a conjugated carbon structure during the 

reduction process (Figure 3.1c). In addition, the O/C ratio of the functionalized graphene 

electrodes was found to increase from 0.12 to 0.25 as the concentration of THQ increased 

from GO:THQ=1:1 to 1:4 (Figure 3.1b). This trend is supported by high resolution C1s 

spectra, which showed the increased intensities of both C-O and C=O in the 

functionalized graphene electrodes as the THQ concentration increased (Figure 3.1c and 
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Figure 3.2). We postulate that excess THQ (C6O6H4) or oxidized THQ (C6O6Hx)[157, 

158] molecules can adsorb on the reduced graphene sheets via π–π interaction,[15, 159-

161] incorporating oxygen functional groups in the electrodes prepared with high THQ 

concentration.  

 

Figure 3.3 (a) Digital images of the mixture of GO (1 mg/mL) and THQ (1 mg/mL) 

(GO:THQ=1:1, top left), and the mixture of GO (1 mg/mL) and hydroquinone (HQ, 

1 mg/mL) (GO-HQ (1:1), top right) in water. After heat-treatment at 80 ⁰C for 2 h, 

a graphene hydrogel was formed in the mixture of GO and THQ (bottom left), while 

no obvious change was observed for the mixture of GO and HQ (bottom right). (b) 

The pH of the mixtures of GO and THQ (GO:THQ=1:3) on the left y-axis and the 

atomic ratio of oxygen to carbon (O/C) of the reaction products in the mixture after 

heat-treatment at 80 ⁰C for 3 h on the right y-axis as a function of the molar ratio of 

Na2CO3 and THQ in water. 

 Previous work has shown that hydroquinone (C6O6H4, HQ) has a similar 

reduction and functionalization mechanism, which can contribute to assembling 3D 

graphene hydrogels from the dispersion of GO.[15, 113, 162] Figure 3.3 compares the 

reducing ability of THQ and HQ for the self-assembly process of reduced GO in water. 

Functionalized graphene hydrogel was assembled when the mixture of GO (1 mg/mL) 
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and THQ (1 mg/mL) was kept at 80 ⁰C for 2 hr, while no obvious change was observed 

for the mixture of GO (1 mg/mL) and HQ (1 mg/mL), indicative of stronger reducing 

power of THQ than HQ (Figure 3.3). The aggregation of GO (1mg/mL) was even 

initiated with THQ (2mg/mL) at a lower temperature of 50 ⁰C (Figure 3.4). THQ can 

release H+ ions from four hydroxyl groups in aqueous solution, forming anions such as 

C6H2O6
2- and C6O6

4-.[157] The ionization constants of THQ for releasing the first two H+ 

are pK1=4.8 and pK2=6.8 in aqueous solution,[157] which are much lower than pK1=9.9 

of HQ.[163] Accordingly, the mixture of GO and THQ showed lower pH (2.82) than that 

of the mixture of GO and HQ (3.38), indicating more H+ exist in the THQ solution. 

Furthermore, the adsorbed THQ or oxidized THQ (C6O6Hx) on the graphene sheets have 

four more oxygen donor atoms compared to HQ or benzoquinone (the final oxidization 

state of HQ), which can adopt more oxidation and reduction states for surface redox 

reactions. 
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Figure 3.4 A digital image of the aggregates of reduced GO in a mixture of GO (1 

mg/mL) and tetrahydroxyl-1,4-benzoquinone (THQ) (2 mg/mL) in deionized (DI) 

water at 50 oC after 3 h without stirring condition. 

 The reduction and self-assembly process in the mixture of GO and THQ showed a 

strong pH dependence. Na2CO3 was used to tune the pH of the solution with the fixed 

concentration ratio of GO and THQ at 1:3. The initial pH of the solution was 2.24, and 

the pH increased with the increased Na2CO3 concentration relative to THQ (pH 7.01 for 

1:1 molar ratio and pH 7.84 for 2:1 molar ratio of Na2CO3 and THQ) (Figure 3.3b). 

After heat-treatment at 80 ⁰C for 3 hr, stable graphene hydrogel was assembled in the 

solution without Na2CO3 (pH 2.24), whereas meta-stable hydrogel was formed in the 

solution with 1:1 molar ratio of Na2CO3 and THQ (pH 7.01). Even gentle shake of the 

glass vial could tear the assembled meta-stable hydrogel. In the high pH solution with 2:1 

molar ratio of Na2CO3 and THQ (pH 7.84), no graphene hydrogel was observed and the 

GO dispersion was stable for several weeks. This pH dependent assembly behaviour can 

be explained by the reduction trend of GO. The O/C ratios of the products (the self-

assembled graphene or the dispersed GO) after the reduction process with THQ gradually 

increased with the higher concentration of Na2CO3 relative to THQ, showing that high 

pH condition can depress the reduction of GO (Figure 3.3b). Accordingly, at high pH 

condition, GO still can preserve the hydrophilic characteristic, preventing the self-

assembly process via the hydrophobic and π-π interaction. 
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Figure 3.5 (a) Low-magnification and (b) high-magnification SEM images of the 3D 

functionalized graphene obtained from the mixture of GO and THQ 

(GO:THQ=1:3). 

 The microstructure of the 3D functionalized graphene electrodes was 

characterized by a SEM. The electrodes showed 3D interconnected conductive network 

structure assembled by the partial stacking of the graphene sheets (Figure 3.5). The 

hierarchical porous structure was observed with the pore size ranging from tens of 

nanometers to tens of micrometers (Figure 3.5), which can facilitate ionic transport and 

increase electrochemically accessible surface areas. Thus, this 3D porous microstructure 
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can provide continuous electronic and ionic transport pathways within the electrode, 

supporting fast surface redox reactions on the oxygen functional groups. 

 

Figure 3.6 (a) Comparison of the steady-state CV scans of the GO film and 

functionalized graphene electrodes with different concentration ratios of GO and 

THQ in Li-cells, in 1 M LiPF6 in a mixture of EC and DMC (3:7 volume ratio). The 

voltage window of the CV was 1.5 - 4.5 V vs. Li at a scan rate of 1 mV/s. (b) 

Instantaneous specific capacitance of the electrodes at 3.4 V vs. Li as a function of 

the concentration ratio of GO and THQ. 
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 The introduction of redox-active oxygen functional groups of THQ into the 

graphene electrodes can be confirmed by investigating surface redox reactions using CV. 

Figure 3.6a shows the stead-state CV scans of the electrodes in Li-cells as a function of 

the concentration ratio of GO and THQ in the solution. The graphene electrode prepared 

from the 1:1 concentration ratio of GO and THQ (GO:THQ=1:1) showed a small redox 

peak around ~3.2 V vs. Li (Figure 3.6a) on top of double layer capacitance, which is 

similar to that found for previously reported oxidized CNT and CNT/graphene composite 

electrodes (Figure 3.6a).[58-60] The surface redox current and redox potential region 

were found to increase gradually as the concentration of THQ increased (Figure 3.6a). 

The functionalized graphene electrode prepared from the 1:4 concentration ratio of GO 

and THQ (GO:THQ=1:4) showed the enhanced redox current from several redox peaks 

in a broad range of 2.5-4.3 V vs. Li, which can be attributed to the multiple redox 

reactions of the adsorbed THQ or oxidized THQ (C6O6Hx). In contrast, the CV scan of 

the GO electrode prepared by vacuum filtration exhibited smaller current density with 

negligible redox peaks compared to those of the graphene electrodes. To estimate the 

introduced redox-active oxygen functional groups from THQ into the electrodes, the 

instantaneous capacitances at 3.4 V vs. Li were plotted as a function of the concentration 

ratio of GO and THQ (Figure 3.6b). The instantaneous capacitance gradually increased 

with higher THQ concentration from ~90 F/g of GO up to 277 F/g of the graphene 

electrode (GO:THQ=1:4), confirming the role of THQ for introducing redox-active 

oxygen functionality into the electrodes.  
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Figure 3.7 Current density dependent galvanostatic charge and discharge curves of 

(a) the GO film electrode prepared by the vacuum-filtration process and the 

functionalized graphene electrodes assembled at different concentration ratios of 

GO and THQ, (b) GO:THQ=1:2 (c) GO:THQ=1:4 in the voltage range between 1.5-

4.5 V vs. Li. Before each discharge and charge process, the cells were held at a 

constant voltage of 4.5 or 1.5 V vs. Li, respectively, for 30 minutes, and the 

gravimetric current density were controlled from 0.05 to 100 A/g. (d) Gravimetric 

capacity and oxygen atomic percentages of the electrodes as a function of the 

concentration ratio of GO and THQ. GO:THQ=1:0 indicates the GO film. The 

thicknesses of the electrodes were ~10 μm for the GO electrodes, ~113 μm for 

GO:THQ=1:2, and ~107 μm for GO:THQ=1:4. 

 Galvanostatic charge and discharge tests of the electrodes in Li-cells revealed that 

the capacities at a slow rate of 0.05 A/g increased with increasing THQ concentration 

(Figure 3.7 and Figure 3.8). The capacity of the GO electrode assembled by vacuum-

filtration process was ~94 mAh/g, while the capacities of the functionalized graphene 

electrodes progressively increased from ~102 mAh/g for GO:THQ=1:1, to ~117 mAh/g 
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for GO:THQ=1:2, to 165 mAh/g for GO:THQ=1:4 (Figure 3.7, Figure 3.8a). The 

functionalized graphene electrodes also showed significantly improved rate capability 

compared to that of the GO film. The capacity of the GO film at 1 A/g was ~25 mAh/g 

(27% of the capacity at 0.05 A/g) (Figure 3.7a), whereas the capacities of the 

functionalized graphene electrodes at 1A/g were 78 mAh/g for GO:THQ=1:2 (66.5% of 

the capacity at 0.05 A/g) and 91 mAh/g for GO:THQ=1:4 (55% of the capacity at 0.05 

A/g), respectively (Figure 3.7b and c). It should be noted that the thicknesses of the 

functionalized graphene electrodes (~100 µm) were 1 order of magnitude higher than that 

of the GO film (~10 µm). The significantly enhanced rate capability of the functionalized 

graphene electrodes can be attributed to their favourable chemical and physical structure, 

which can facilitate electronic and ionic transportation to support fast electrochemical 

reactions. The functionalized graphene electrodes have higher electrical conductivity than 

that of GO film (Figure 3.9) owing to the recovery of a conjugated sp2 structure. In 

addition, the 3D hierarchical pore structure (Figure 3.5) of the functionalized graphene 

electrodes can provide faster ion diffusion pathway and larger electrochemically 

accessible surface area compared to those of GO films having the 2D layered 

structure.[130] 
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Figure 3.8 Current density dependent galvanostatic charge and discharge curves of 

the functionalized graphene electrodes assembled at different concentration ratios 

of GO and THQ, (a) GO:THQ=1:1 and (b) GO:THQ=1:3 in the voltage range 

between 1.5-4.5 V vs. Li. Before each discharge and charge process, the cells were 

held at a constant voltage of 4.5 or 1.5 V vs. Li, respectively, for 30 minutes, and the 

gravimetric current density controlled from 0.05 to 100 A/g. 
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Figure 3.9 The electrical resistance measurements of (a) the GO film prepared by 

vacuum-filtration process and (b) the pressed 3D functionalized graphene electrode 

prepared at GO:THQ=1:2 condition. 

 The gravimetric capacities of the electrodes were plotted with their oxygen atomic 

percentage (Figure 3.7d). The functionalized graphene electrodes showed a strong 

correlation between the oxygen percentage and the gravimetric capacity, while the GO 

electrode showed the highest oxygen percentage (29.7%), but the lowest capacity (~94 

mAh/g) compared to those of the graphene electrodes. This comparison indicates that 

THQ can replace electrochemically inactive oxygen groups on the surface of GO with 

redox-active oxygen functional groups on the surface of the reduced graphene via the 
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reduction and concomitant functionalization process. It is interesting to note that the ~100 

µm thick 3D functionalized graphene electrodes showed higher capacity (~165 mAh/g) 

than those (120~135 mAh/g) of 10~20 µm thick oxidized CNT or 4 µm thick 

CNT/graphene composite electrodes having similar oxygen percentages (15~17%).[60, 

63] Since the oxygen functional groups of the oxidized CNT or CNT/graphene composite 

electrodes were incorporated into the electrode by chemical oxidation process using 

strong acids,[60, 63] such an increase of the capacity for the functionalized graphene 

electrodes can be attributed to the enhanced redox-active oxygen functionality introduced 

by external THQ molecules. 
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Figure 3.10 (a) The steady-state CV scan of the functionalized graphene electrode 

(GO:THQ= 1:3) in a Na-cell in the voltage range between 1.3 and 4.2 V vs. Na at a 

scan rate of 1 mV/s in 1M NaPF6 in a mixture of EC and DMC (volume ratio 3:7). 

(b) Current density dependent charge and discharge curves for the graphene 

electrode (GO:THQ=1:3). The current density was controlled from 0.05 to 25 A/g in 

a voltage window of 1.3-4.2 V vs. Na. Before each discharge and charge process, the 

cells were held at a constant voltage of 4.2 or 1.3 V vs. Na for 30 minutes, 

respectively. The thickness of the electrode was ~225 μm for GO:THQ=1:3. 

 Recently, oxidized carbon foam electrodes have shown the surface redox 

reactions between oxygen functional groups and Na ions, in a similar way with Li, 

showing that functionalized carbon materials can also be utilized as positive electrodes 

for Na-ion batteries.[164] Electrochemical performance of the functionalized graphene 

electrodes was also evaluated in Na-cells. The CV scan of the graphene electrode 

(GO:THQ=1:3) showed redox peaks in a broad potential range of 2 ~ 4.2 V vs. Na that 

are ascribed to the surface redox reactions between oxygen functional groups introduced 

by THQ and Na ions (Figure 3.10a). It is worth to point out that the surface redox 

reactions on the functionalized graphene electrodes are mainly centered at higher 

potential region from 3 to 4.2 V vs. Na, which is significantly higher that (2~3 V vs. Na) 

of the oxidized carbon foam electrodes,[164] which may be attributed to the different 

chemical structures of oxygen functional groups in the graphene and carbon foam 

electrodes. The gravimetric capacity of the electrode (GO:THQ=1:3) was ~120 mAh/g at 

a slow rate of 0.05 A/g and ~76.5 mAh/g at 1 A/g (64% of the capacity at 0.05 A/g) in a 

Na-cell, showing comparable gravimetric capacity as well as rate capability to those 

measured in Li-cells (Figure 3.10b).  
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Figure 3.11 (a) Gravimetric charge and discharge capacities of the functionalized 

graphene electrode (GO:THQ=1:4) and its columbic efficiency as a function of cycle 

number up to 10,000 cycles. Charge and discharge capacities were measured at 0.1 

A/g, once every 100 cycles up to 1,000 cycles and once every 500 cycles between 

1,001 to 10,000 cycles, after voltage holding process for 30 minutes. Within these 

measurements at 0.1 A/g, the Li-cells were cycled at an accelerated rate of 10 A/g. 

The figure inset compares the charge and discharge curves for the first and the 

10,000th cycle at 0.1 A/g. (b) Ragone plot comparing gravimetric energy and power 

density of the electrodes, which was calculated from galvanostatic data in Figure 

3.7a-c and Figure 3.8a. Only the weight of positive electrode was considered for the 

calculation of the gravimetric energy and power density. 

 

 The functionalized graphene electrodes showed excellent cycling stability in Li-

cells (Figure 3.11a). Galvanostatic charge and discharge cycle test showed that after 
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10,000 cycles, the capacity at 0.1 A/g retained 122 mAh/g which was 87.4% of the initial 

capacity, and the coulombic efficiency was maintained at 96.7~100% during the cycling 

test (Figure 3.11a). The energy and power characteristics of the electrodes in Li-cells 

were evaluated by a Ragone plot (Figure 3.11b) based on the galvanostatic charge and 

discharge tests (Figure 3.7 and Figure 3.8). At a low power density of ~130 W/kgelectrode, 

the GO electrodes exhibited an energy density of ~254 Wh/kgelectrode and the 

functionalized graphene electrodes showed progressively increased energy density with 

the THQ concentration: ~270 Wh/kgelectrode for GO:THQ=1:1, ~304 Wh/kgelectrode for 

GO:THQ=1:2, and ~416 Wh/kgelectrode for GO:THQ=1:4. The maximum energy density 

(~416 Wh/kgelectrode) attainable at the functionalized graphene electrodes is higher than 

those of the oxidized CNT, oxidized CNT/graphene composite, and reduced GO film 

electrodes assembled by vacuum-filtration process (300~350 Wh/kgelectrode),[60, 63, 116] 

and approaches close to that of 3 µm thick thin-film CNT electrodes (~422 

Wh/kgelectrode).[58] At a higher power density of ~10 kW/kgelectrode, the difference in the 

attainable energy density between the GO electrode (~16 Wh/kgelectrode) and the 

functionalized graphene electrodes (140~170 Wh/kgelectrode) became more significant. 

This energy and power characteristic of the 100 μm thick functionalized graphene 

electrodes is comparable to that of the 20 μm thick oxidized CNT electrode. It is 

interesting to note that, at an extremely high power density of ~100 kW/kgelectrode, the 

energy density trend of the functionalized graphene electrode becomes reversed with the 

THQ concentration: ~80 Wh/kgelectrode for GO:THQ=1:1, ~40 Wh/kgelectrode for 

GO:THQ=1:2, and ~12 Wh/kgelectrode for GO:THQ=1:4. We postulate that the introduced 

surface redox reactions by THQ may give rise to the charge transfer resistance, 
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decreasing the attainable energy of the electrodes at an extremely fast discharge 

condition. It should be mentioned that the functionalized graphene electrode 

(GO:THQ=1:3) also delivered a high energy density of 292 Wh/kgelectrode at a low power 

region (~120 W/kgelectrode) and maintained a significant energy density of 100 

Wh/kgelectrode at a high power region (~10 kW/kgelectrode) in Na-cells, showing promise for 

Na-ion batteries (Figure 3.12). 

 

Figure 3.12 (a) Ragone plot for the functionalized graphene electrode 

(GO:THQ=1:3) in a Na-cell, which was calculated from galvanostatic data in Figure 

3.10b. Only the positive electrode weight was considered for the calculation of the 

gravimetric energy and power density. The thickness of the electrode was ~225 μm. 

3.4 Conclusions 
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 In summary, we have assembled 3D functionalized graphene electrodes from the 

dispersion of GO in water at a low temperature of ~80 ⁰C within a short period of time of 

~3 hr under atmospheric condition using THQ as both the reducing and redox-active 

functionalization agent. THQ replaced electrochemically inactive oxygen groups on the 

surface of GO with redox-active oxygen functional groups on the surface of graphene 

during the reduction and functionalization process. The surface oxygen chemistry of the 

graphene electrodes and corresponding surface redox reactions can be controlled by the 

concentration of THQ relative to GO. 3D functionalized graphene electrodes delivered 

high gravimetric capacities of ~165 mAh/g in Li-cells and ~120 mAh/g in Na-cells with 

high redox potentials, which can be employed as positive electrodes for both Li- and Na-

ion batteries. Owing to the 3D hierarchical porous structure and the enhanced surface 

redox reactions introduced by THQ, the functionalized graphene showed high energy 

density (up to ~410 Wh/kgelectrode) and high power density (over ~100 kW/kgelectrode), 

while maintaining cycling stability up to 10,000 cycles. The 3D functionalized graphene 

electrodes assembled by a simple aqueous process, provide a new opportunity to develop 

low-cost, large-scale, and high-performance positive electrodes for both Li- and Na-ion 

batteries.  
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CHAPTER 4. BIOMASS-DERIVED CARBONACEOUS 

POSITIVE ELECTRODES FOR SUSTAINABLE LITHIUM-ION 

STORAGE 

Reproduced from Tianyuan Liu, Reza Kavian, Zhongming Chen, Samuel S. Cruz, Suguru 

Noda and  Seung Woo Lee, Biomass-derived carbonaceous positive electrodes for 

sustainable lithium-ion storage. Nanoscale, 2016. 8(6): 3671-3677. with permission from 

the Royal Society of Chemistry. 

 

4.1 Introduction 

 Replacing fossil fuels with various types of clean and renewable energy sources is 

vital in order to effectuate the world’s sustainable development.[165] However, 

inconstant and location dependent natures of renewable energy sources, such as wind or 

solar, require the integration with electrical energy storage systems for improving 

reliability.[1, 2] Electrochemical energy storage systems, including rechargeable lithium-

ion batteries and electrochemical capacitors (ECs), take possession of several advantages 

for effective renewable energy storage, such as compact size, long cycle life, high 

efficiency, short charge/discharge time and pollution free operation.[1, 166] Despite these 

merits, high cost of electrode materials, such as transition metal oxides, limits their 

market penetration for large-scale energy storage applications.[1, 167] Thus, it is critical 

to develop low-cost, sustainable, and high-performance electrode materials to support 

http://pubs.rsc.org/en/results?searchtext=Author%3ATianyuan%20Liu
http://pubs.rsc.org/en/results?searchtext=Author%3AReza%20Kavian
http://pubs.rsc.org/en/results?searchtext=Author%3AZhongming%20Chen
http://pubs.rsc.org/en/results?searchtext=Author%3ASamuel%20S.%20Cruz
http://pubs.rsc.org/en/results?searchtext=Author%3ASuguru%20Noda
http://pubs.rsc.org/en/results?searchtext=Author%3ASuguru%20Noda
http://pubs.rsc.org/en/results?searchtext=Author%3ASeung%20Woo%20Lee
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electrochemical energy storage devices in line with the green and renewable energy 

sources.[64, 71, 94]  

 Redox-active organic electrode materials derived from low-cost and sustainable 

sources has attracted extensive attention to replace transition metal based electrodes.[71, 

137] In particular, organic carbonyl molecules showed high capacities (up to 580 mAh/g 

for LixC6O6),[65] by employing the reversible redox reaction between carbonyl group and 

lithium ion.[137] However, dissolution of these organic molecules into organic 

electrolytes during cycling limits their cycling stability within few hundred cycles.[83, 

86, 132, 168] In addition, the insulating nature of organic molecules requires mixing with 

a large amount of conductive carbons during the electrode fabrication process to support 

electrical conductivity.[72, 82, 84, 137] Alternative approach to resolve these challenges 

is to incorporate redox-active oxygen functional groups on conductive carbon matrix, 

such as carbon nanotube or graphene, via surface oxidation process.[58, 60, 63, 169, 170] 

In addition, these functionalized carbon materials can be fabricated as free-standing 

electrodes. Free-standing carbon electrodes are free of metal current collector, which can 

improve electrochemical performance of practical devices.[63] Free-standing Oxidized 

carbon nanotube or reduced GO electrodes show enhanced rate capability as well as 

cycling stability over 1,000 cycles owing to the covalent-bonded oxygen functional 

groups on the conductive carbon matrix.[169, 170].  

 Biomass is renewable, cheap, and is the most abundant carbon source for 

synthesizing sustainable functional carbon materials.[171-173] Among various 

conversion methods, a hydrothermal carbonization (HTC) process has shown promising 

outcome in converting biomass to various functional carbon materials utilizing its unique 
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advantages, including environmentally benign process, relatively low reaction 

temperature, and versatile morphology control of carbon products.[171] Recent studies 

synthesized carbon spheres from carbohydrates, such as glucose, sucrose, or cellulose, 

via the HTC process, which can be used as catalyst support[174] or active electrode 

materials for electrochemical double layer capacitor (EDLC) applications.[175, 176] 

However, redox-active properties of these carbon spheres have not been explored 

intensively. If comprehensively studied and rationally utilized, these properties can open 

up new possibilities to develop renewable electrode materials for lithium-ion batteries or 

lithium-ion capacitors. 

 In this study, for the first time, we demonstrate that carbon sphere products from 

glucose via a HTC process have redox-active properties with lithium ions, which enables 

those carbon spheres as active electrode components for lithium-ion batteries or 

capacitors. We assembled free-standing composite electrodes by mixing the carbon 

spheres with sub-millimeter long few-walled carbon nanotubes (FWNTs)[177, 178] using 

vacuum-filtration process. In addition, we showed that a microwave treatment can 

improve connectivity between the carbon spheres and FWNTs. After the microwave 

process, the composite electrode exhibits a high capacity of ~155 mAh/gelectrode with 

significantly enhanced rate capability compared to that before the microwave treatment.  

Moreover, the electrode shows an excellent cycling stability up to 10,000 cycles. 

Considering the redox-active carbon spheres are prepared from earth-abundant biomass 

via scalable HTC process, this approach guides a promising green route to develop 

sustainable organic electrodes for large-scale energy storage devices.   

4.2 Experimental  
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Sample preparation: Carbon sphere synthesis. 3 mg/mL of D-(+)-Glucose (Sigma 

Aldrich) was dissolved in DI-water by sonication for 30 min. The mixture was sealed in a 

Teflon-lined autoclave and maintained at 200 °C for 18 h for a hydrothermal 

carbonization (HTC) process, forming carbon spheres. The autoclave was naturally 

cooled down to room temperature as the HTC process finished. FWNT. FWNTs were 

synthesized by chemical vapor deposition method according to previous papers.[177, 

178] The FWNTs were dispersed in a mixture of ethanol and DI-water (1:1 volume ratio) 

by short sonication. Pristine FWNT films were prepared by vacuum- filtration process. 

Composite film fabrication. The aqueous dispersion of carbon spheres was mixed with 

different amounts of FWNTs by short sonication for ~10 min. Composite films were 

fabricated via vacuum-filtration process of the mixture. The films were dried in a vacuum 

oven at 70 oC overnight. Microwave treatment was carried out for 30 s at a power of 1250 

W under Ar protection using a commercial microwave (Panasonic).  

Characterization:  The microstructures of the films were characterized using a SEM 

(Hitachi SU8010, operated at 5 kV). The Raman spectra were collected by Thermo 

Nicolet Almega XR Dispersive Raman Spectrometer using a 488-nm wavelength laser. 

XPS (Thermal Scientific K-alpha XPS instrument) was employed to analyze the chemical 

composition of the films. High-resolution C1s peaks were fitted using XPSPEAKS 4.1 

software. Electrical conductivities of the films were measured by a standard four-point 

probe configuration (Signatone).  

Electrochemical measurements: Swagelok cells were assembled in an Argon filled 

glovebox (MBraun). The carbon (FWNT or composite) films and pieces of Li foil were 

used as the positive and negative electrodes, respectively. The negative and positive 
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electrodes were separated by two pieces of Celgard 2500 separators. 1M LiPF6 in a 

mixture of EC and DMC (3:7 volume ratio, BASF) was used as an electrolyte. The 

electrochemical characteristics of the carbon films were evaluated using Bio-Logic 

VMP3 potentiostat/galvanostat at room temperature. The voltage window was kept at 

1.5-4.5 V vs. Li for cyclic voltammetry and galvanostatic charge/discharge tests. Current 

densities were controlled from 0.05 to 100 A/g during the galvanostatic tests. At the end 

of each charging or discharging process, a voltage holding was applied for 30 min at 

either 4.5 V or 1.5 V vs. Li. The cycling stability of the carbon electrodes were tested via 

an accelerated cycling method up to 10 000 cycles based on a previous report.[170] 

Loading density of the positive electrodes was in the range of 0.9 ~ 3 mg/cm2. 

4.3 Results and Discussions 

 

Figure 4.1 (a) Digital images of the glucose aqueous solution (3 mg/mL, left) and 

collidial dispersion of synthesized carbon spheres (CSs) after the hydrothermal 

carbonization (HTC) process (right). SEM images of (b) the pristine few-walled 

carbon nanotube (FWNT) film and composite films consisting of (c) 40 wt% of CSs 

(CS-0.4), (d) 68 wt% of CSs (CS-0.68). The digital image of the composite film (CS-

0.4) fabricated by vacuum-filtration process is shown in the inset (c). (e) Low- and 

(f) high-magnification SEM images of the composite film (CS-0.68) after the 

microwave process at 1250 W for 30 s in Ar.  



 78 

Table 4.1 Densities and electrical conductivities of the pristine FWNT and composite 

films. 

Sample Density (g/cm3) Electrical Conductivity (Scm2/g) 

FWNT 0.24 209.2 

FWNT-MW 0.20 183 

CS-0.4 0.37 93 

CS-0.4-MW 0.34 93.8 

CS-0.68 0.41 64.4 

CS-0.68-MW 0.35 75.7 

 The carbon spheres were prepared from an aqueous solution of glucose (3 

mg/mL) via a HTC process at 200 oC for 18 h, during which the transparent glucose 

solution was transformed into a brownish colloidal dispersion (Figure 4.1a). The HTC 

process consists of complex chemical transformation cascades, including dehydration, 

condensation, polymerization and aromatization reactions, which results in the formation 

of carbon-rich organic compounds (carbon spheres).[171, 179-181] The sizes of 

synthesized carbon spheres are mainly in the range of 60 - 100 nm as shown in Figure 

4.2c.  Free-standing composite films were fabricated via filtering the aqueous mixture of 

carbon spheres and FWNTs, where sub-millimeter long FWNTs were employed as a 

conductive agent (Figure 4.1c inset). Pristine FWNT films were also prepared via 

vacuum-filtration process for comparison. The FWNT films exhibited intertwined 

network structure with a high electrical conductivity of ~209 Scm2/g (Figure 4.1b and 

Table 4.1). The density of a composite film with 40 wt% of carbon spheres (CS-0.4) 

increased to 0.37 g/cm3 from 0.24 g/cm3 of the pristine FWNT, whereas electrical 

conductivity of the composite films decreased to ~93 Scm2/g (Table 4.1). Incorporating 
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more carbon spheres into the composite electrode to 68 wt% (CS-0.68) further increased 

the density to 0.41 g/cm3 and decreased the electrical conductivity to ~64.4 Scm2/g 

(Table 4.1). Most of the carbon spheres were attached on the surface FWNTs in the 

composite film with a lower loading (CS-0.4) (Figure 4.1c), while considerable amount 

of the carbon spheres was separated from FWNTs in the film with a higher loading (CS-

0.68) (Figure 4.1d, Figure 4.2b). Irradiating microwave to nanocarbon materials has 

been widely used as a rapid heat treatment method.[149, 182, 183] After a microwave 

process for 30 s under Ar environment, the carbon  spheres in the film (CS-0.68) were 

‘glued’ together forming peanut-shaped nanorod structures, creating a dense network 

structure which was well threaded by FWNTs (Figure 4.1e and f, CS-0.68-MW). During 

the microwave treatment, FWNTs in the composite films strongly absorbed the 

microwave and act as an internal heat source which can be heated up to up to 2000 

oC.[184-186] Therefore, we postulated that the heated FWNTs enable the reconstruction 

of the interface between CSs and FWNTs, giving rise to the fusion of CSs and FWNTs. 

The electrical conductivity of the film after the microwave process (CS-0.68-MW) was 

found to increase to ~75.7 Scm2/g, owing to the improved connectivity between CSs and 

FWNTs during the process. 
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Figure 4.2 SEM images of (a) the pristine few-walled carbon nanotube (FWNT) film 

after the microwave process and (b) the composite film including 68 wt% of carbon 

spheres (CS-0.68). (c) A histogram of the diameter of the carbon spheres, which was 

analyzed by SEM. The average diameter is 79.9±11.9 nm by counting 38 carbon 

spheres. 
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Figure 4.3 (a) Raman spectra, (b) X-ray photoelectron spectroscopy (XPS) wide 

scan survey of as-synthesized carbon sphere (CS), pristine FWNT, and composite 

films at different loadings of CSs. (c) The high resolution C1s spectra of the CS and 

composite films. 
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Figure 4.4 Raman spectrum of glucose in the range of 50-4000 cm-1. A broad plateau 

between 3100 and 3500 cm-1 is associated with bonded hydroxyl groups, while 

superimposed three sharp peaks above 3200 cm-1 are ascribed to non-hydrogen-

bonded hydroxyl groups.[187]  Two sharp peaks between 2800 and 3000 cm-1 can be 

assigned to C-H symmetric and asymmetric stretching. A complex series of sharp 

peaks below 1200 cm-1 are due to the vibration of the C-O, C-C, and C-O-H groups. 

 Chemical structure of the carbon spheres was investigated by Raman 

spectroscopy and XPS. The Raman spectrum of the carbon spheres exhibited two broad 

overlapping bands at ~1350 cm-1 (D mode) and ~1580 cm-1 (G mode) (Figure 4.3a), 

which are completely different from that of glucose (Figure 4.4). Rather, these two peaks 

resemble the characteristics of carbon materials [188-190] that includes sp2 hybridized 

carbon atoms in benzene or condensed benzene structures.[190] The pristine FWNT film 

displayed much sharper peaks, and the spectrum of the composite films showed blended 

characteristics between the carbon sphere and FWNT (Figure 4.3a, Figure 4.5a). 

Chemical elements analysis of the carbon sphere and composite films was conducted by 

XPS (Figure 4.3b, Figure 4.5b). As-synthesized carbon spheres showed significant 

oxygen content with an atomic ratio of oxygen to carbon (O/C ratio) of 0.32. According 

to the LaMer model, hydrothermally synthesized carbon spheres have a core-shell type 

structure consisting of highly dehydrated hydrophobic core and oxygen-rich hydrophilic 

shell.[171, 179] Thus, the high O/C ratio of the carbon spheres can be attributed to a large 

number of oxygen functional groups on the surface.[172] On the other hand, pristine 

FWNT film exhibited negligible oxygen content with an O/C ratio of 0.03, which was 

probably due to the adsorbed oxygen or introduced defects during the dispersion process. 

The O/C ratios of the composite films were found to increase from 0.10 to 0.14 as the 

loading of the carbon sphere increased from 40 wt% (CS-0.4) to 68 wt% (CS-0.68) 

(Figure 4.3b). Detailed chemical structures of the composite films were further analyzed 



 83 

by fitting the high resolution C1s peaks (Figure 4.3c).[58] The main peak at 284.5 eV 

was attributed to sp2 hybridized graphitic carbon,[58] and binding energy for sp3 

hybridized diamond-like carbon shifted to a higher binding energy at 285.2±0.1 eV. C1s 

spectra of the carbon sphere exhibited dominant sp3 hybridized carbon peak with minor 

sp2 hybridized graphitic carbon peak, while the FWNT film showed major sp2 carbon 

peak with minor sp3 carbon peak (Figure 4.5c). In addition, various oxygen functional 

groups, including hydroxyl/phenolic (C-O centered at 286.0±0.1 eV), carbonyl (C=O 

centered at 286.9±0.1 eV), and carboxylic/carboxylate (COOH/COOR, centered at 

288.9±0.1 eV),[63] were found for the carbon sphere, which is consistent with LaMer 

model. Therefore, the ratio of sp3 peak to sp2 peak and the amount of oxygen functional 

groups progressively increased with higher loading of the carbon spheres in the 

composite films (Figure 4.3c). After the microwave process, the O/C ratios of the 

composite films were found to slightly decrease from 0.10 to 0.08 for CS-0.4 and from 

0.14 to 0.12 for CS-0.68 (Figure 4.3b, Figure 4.5b) presumably due to further 

carbonization of CSs. Fourier transform infrared (FTIR) spectroscopy comparison of the 

composite films before (CS-0.68) and after (CS-0.68-MW) the microwave treatment 

showed significant decrease of peaks in the range of 1000-1300 cm-1, which correspond 

to the C-OH stretching and OH bending vibrations,[179] further confirming the 

carbonization process of the carbon spheres (Figure 4.6).  
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Figure 4.5 (a) Raman spectra, (b) XPS wide scan survey of the microwave processed 

FWNT film and the CS-0.4-MW. (c) High resolution C1s spectra of pristine 

FWNTs. 

 

Figure 4.6 (a) FTIR spectroscopy comparison of the composite films before (CS-

0.68) and after (CS-0.68-MW) microwave process. 
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Figure 4.7 CV scan comparisons of the FWNT and composite electrodes at 1 mV/s 

in lithium cells with 1M LiPF6 in a mixture of EC and DMC (3:7 volume ratio). (a) 

Comparison of initial CV scans of the pristine FWNT electrode and CS-0.4. (b) CV 

scans of the CS-0.4 as a function of cycle number. Comparisons of steady-state CV 

scans for different composite electrodes (c) before and (d) after microwave process. 

CV scans of the pristine FWNT electrodes were utilized as guidelines. The weight of 

the total positive electrode (carbon spheres + FWNTs) was considered in the current 

density calculation.   

 Cyclic voltammetry (CV) measurements were conducted to investigate the charge 

storage characteristics of the carbon spheres in lithium cells. The first CV scan of the 

pristine FWNT electrode displayed a rectangular shape (Figure 4.7a) and subsequent 

potential cycling showed negligible difference (Figure 4.8a), indicative of charge storage 

based on double-layer capacitance. In contrast, the first CV scan of the composite 

electrodes including the carbon spheres exhibited oxidation current with an onset 

potential of ~2.5 V vs. Li and a strong oxidation wave at an onset potential of ~3.7 V vs. 

Li (Figure 4.7a and Figure 4.8b-d). The strong oxidation wave may be attributed to the 
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anodic polymerization of aromatic hydrocarbons.[166, 191-194] Upon subsequent 

potential cycling, the anodic oxidation current gradually decreased and finally arrived at 

steady-state, which is accompanied by the formation of a broad redox peak in voltage 

range of 2.2 - 3.7 V vs. Li (Figure 4.7b). The remaining redox peak of the composite 

electrodes can be ascribed to the surface redox reactions between oxygen functional 

groups on the carbon spheres and lithium ions. Comparison of steady-state CV scans 

showed that the composite electrodes have higher gravimetric current densities compared 

to that of pristine FWNT owing to the additional surface redox reactions on top of double 

layer capacitance (Figure 4.7c). Interestingly, there was a little difference in CV scans 

between the CS-0.4 and CS-0.68 (Figure 4.7c). We postulate that a significant amount of 

carbon spheres was not effectively utilized in the composite film with high loading (68 

wt%), since many carbon spheres were separated from conductive FWNT matrix (Figure 

4.1d). Comparison of steady-state CV scans after the microwave process displayed a 

significant increase in current for the CS-0.68-MW (Figure 4.9a), resulting in higher 

gravimetric current density compared to that of the CS-0.4-MW (Figure 4.7d). 

Moreover, the CS-0.68-MW retained its redox behavior at a high scan rate of 100 mV/s 

(Figure 4.9b). Such enhanced charge storage performance after the microwave treatment 

can be attributed to the increased redox-active surface as well as electrical conductivity 

on the connected carbon nanorod structure that was well threaded by conductive FWNTs 

(Figure 4.1e and f).  
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Figure 4.8 CV scans of (a) the pristine FWNTs electrode, (b) CS-0.4-MW, (c) CS-

0.68, and (d) CS-0.68-MW as a function of cycle number. 

 

Figure 4.9 Comparison of steady state CV scans before (CS-0.68, olive) and after 

(CS-0.68-MW, orange) microwave process at (a) 1 mV/s and (b) 100 mV/s. A CV 

scan of the FWNT electrode was compared as control in (b). 
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Figure 4.10 Rate-dependent galvanostatic charge and discharge curves of (a) the 

pristine FWNT electrode, (b) CS-0.4-MW, and (c) CS-0.68-MW in lithium cells. (d) 

Discharge capacity comparisons of the FWNT and composite electrodes at 0.05 A/g 

before and after microwave treatments. (e) Specific capacity comparison of the 

FWNT, CS-0.68 and CS-0.68-MW as a function of discharge current densities. (e) 

Specific capacities of the FWNT, CS-0.4-MW and CS-0.68-MW as a function of 

cycle number up to 10,000 cycles using an accelerating cycling method.[170] Data 

points indicate specific discharge capacities of the electrodes measured at a slow rate 

of 0.1 A/g. Between each slow measurement, the cells were cycled at high current 

density of 10 A/g.  

 Charge storage performance of the electrodes was further evaluated using rate-

dependent galvanostatic charge and discharge tests (Figure 4.10a-c and Figure 4.11). 
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The pristine FWNT electrode delivered a low specific capacity of ~40 mAh/gelectrode at 

0.05 A/g, while the capacities of the composite electrodes were significantly increased to 

~103 mAh/gelectrode for CS-0.4 and ~117 mAh/gelectrode for CS-0.68 (Figure 4.10d). After 

the microwave treatment, the FWNT and CS-0.4 showed negligible changes of their 

capacities, whereas the CS-0.68 exhibited considerable increase of capacity from ~117 to 

~155 mAh/gelectrode owing to the improved utilization of the carbon spheres for charge 

storage (Figure 4.10d). This capacity is higher than those of previous reported carbon 

based electrodes (38~135 mAh/g)[54, 60, 63, 116, 195] and comparable to those of 

recently reported redox-active graphene electrodes (~160 mAh/g).[169] Based on the rule 

of mixture, specific capacity of the carbon spheres in the CS-0.68-MW was estimated to 

be ~210 mAh/gcarbon sphere, which is higher than those of previous reported redox-active 

polyimides[90, 196, 197] and carbonyl compounds.[88, 137] Microwave treatment also 

significantly improved the rate capability of the composite electrode (CS-0.68). The 

capacities of the CS-0.68 were compared before and after microwave treatment as a 

function of discharge rate (Figure 4.10e).  Rate dependent capacity curve of the CS-0.68-

MW was almost parallel with that of the pristine FWNT electrode, while the curve of the 

CS-0.68 dropped rapidly when the current densities were higher than 1 A/g (Figure 

4.10e). The CS-0.68-MW retained ~59% of the capacity when the current density 

increased from 0.05 to 1 A/g, and ~15% at an extremely high current density of 50 A/g. 

The significant enhancement in both capacity and rate performance after the microwave 

process can be attributed to the transformation of isolated carbon spheres into connected 

peanut-shaped nanorods penetrated by FWNTs (Figure 4.1e and f), which facilitates 
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electronic transportation from FWNT network to redox-active sites on the carbon 

spheres.  

 It should be noted that the composite electrodes have sloped charge and discharge 

profiles. Our recent DFT calculation study on similar redox reactions of the reduced GO 

showed that various oxygen functional groups on the GO have different redox potentials 

depending on their oxygen chemistry as well as local chemical environments [169]. Thus, 

the sloped profiles of the composite electrode can be attributed to overlap of double-layer 

capacitance and the redox reactions of various oxygen functional groups on the carbon 

spheres. 
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Figure 4.11 Rate-dependent galvanostatic charge and discharge curves for (a) the 

microwave processed FWNT film (FWNT-MW), (b) CS-0.4, and (c) CS-0.68 in 

lithium cells.  
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Figure 4.12 Cycling stability of CS-0.68-MW at a current density of 0.1 A/g up to 

100 cycles. 

 

Figure 4.13 Specific capacities of the FWNT-MW, CS-0.4 and CS-0.68 as a function 

of cycle number up to 10,000 cycles using an accelerating cycling method. Data 

points indicate specific discharge capacities of the films measured at a slow rate of 

0.1 A/g. Between each slow measurement, the cells were cycled at high current 

density of 10 A/g. 
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 Cycling stability of the electrodes was evaluated at 0.1 A/g up to for 100 cycles 

(Figure 4.12), which showed no obvious capacity fading. In order to evaluate the long 

term stability of the electrodes, an accelerated cycling method, was also conducted 

according to our previous works.[169, 170] Specific capacities displayed in Figure 4.10 

were measured at a slow current density of 0.1 A/g, while the cells were accelerated at a 

high current density of 10 A/g between each measurement. The pristine FWNT and 

composite electrodes exhibited a negligible capacity decrease up to 10,000 cycles 

(Figure 4.10f, Figure 4.13). The excellent cycling stability of the composite electrodes, 

which is superior than most of the organic electrode materials,[72, 81, 82, 84, 86, 88, 

137, 168] can be attributed to the covalently bonded redox-active oxygen functional 

groups on the carbon spheres.   

4.4 Conclusions 

 In summary, redox-active carbon spheres were synthesized from the glucose 

aqueous solution via the HTC process. The free-standing composite electrodes were 

fabricated by mixing the carbon spheres with sub-millimeter long FWNTs using vacuum-

filtration process. The composite electrodes exhibited broad redox peaks in voltage range 

of 2.2 - 3.7 V vs. Li and delivered high specific capacities up to ~155 mAh/gelectrode in 

lithium cells. In addition, these electrodes maintained their high capacity up to 10,000 

cycles. Moreover, we demonstrated that microwave treatment can improve the utilization 

of carbon spheres for effective charge storage. The simple HTC conversion process from 

earth-abundant biomass source to redox-active electrode material enables the 

development of high-performance lithium-ion storage systems, which can provide a 

sustainable solution towards clean and renewable energy storage.    
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CHAPTER 5. SELF-POLYMERIZED DOPAMINE AS AN 

ORGANIC CATHODE FOR LI- AND NA-ION BATTERIES 

Reproduced from Tianyuan Liu, Ki Chul Kim, Byeongyong Lee, Zhongming Chen, 

Suguru Noda, Seung Soon Jang and  Seung Woo Lee Self-polymerized dopamine as an 

organic cathode for Li- and Na-ion batteries. Energy & Environmental Science, 2017. 

10(1): 205-215 with permission from the Royal Society of Chemistry. 

 

5.1 Introduction 

 Organic electrode materials have been intensively investigated to replace 

conventional transitional metal based inorganic cathodes for rechargeable batteries.[66, 

71] This is because of their potential advantages, including high theoretical capacity, 

environmental friendliness, and use of low cost and earth-abundant resources, which is 

ideal for large-scale electrical energy storage applications, such as grid load-leveling, 

renewable energy storage, and electric vehicles.[64, 66, 71] The past few decades have 

witnessed the development of various organic electrode materials, such as conductive 

polymers,[198, 199] organosulfur compounds,[74, 75] organic free-radical 

compounds,[76, 77] and organic carbonyl compounds.[78-80, 86, 137, 168, 200] Despite 

their high theoretical capacities, the development of organic cathodes has been hindered 

by two factors, which significantly limits their practical applications. First, most of the 

organic molecules are highly soluble in organic electrolytes, which results in low cycling 

https://scholar.google.com.hk/citations?view_op=view_citation&hl=zh-CN&user=oE4C1PAAAAAJ&citation_for_view=oE4C1PAAAAAJ:kNdYIx-mwKoC
https://scholar.google.com.hk/citations?view_op=view_citation&hl=zh-CN&user=oE4C1PAAAAAJ&citation_for_view=oE4C1PAAAAAJ:kNdYIx-mwKoC
http://pubs.rsc.org/en/results?searchtext=Author%3ATianyuan%20Liu
http://pubs.rsc.org/en/results?searchtext=Author%3AKi%20Chul%20Kim
http://pubs.rsc.org/en/results?searchtext=Author%3AByeongyong%20Lee
http://pubs.rsc.org/en/results?searchtext=Author%3AZhongming%20Chen
http://pubs.rsc.org/en/results?searchtext=Author%3ASuguru%20Noda
http://pubs.rsc.org/en/results?searchtext=Author%3ASeung%20Soon%20Jang
http://pubs.rsc.org/en/results?searchtext=Author%3ASeung%20Woo%20Lee
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stability. The second shortcoming is their poor electrical conductivity limiting the rate-

performance of the electrodes.  

 A promising strategy to overcome these issues is to polymerize redox-active 

molecules onto conductive carbon substrates.[90, 92, 166] In this nanocomposite 

structure, the linkage of molecules by covalent bond prevents the dissolution of 

molecules, while conductive carbon network supports fast redox reactions in the polymer. 

Utilizing this strategy, Song et. al synthesized poly (anthraquinonyl sulfide) and 

polyimide on graphene flakes, demonstrating significantly enhanced rate performances of 

the composite electrodes as organic cathodes in Li-cells.[90] However, most of the 

reported polymerization processes of carbonyl compounds are complicated and usually 

introduce inactive linkers.[86, 90] In addition, the electrochemical performance of the 

composite electrodes significantly depends on the morphology of the polymer coatings 

on the substrate.[92] This indicates that there is an optimized interface structure between 

polymer coating and conductive substrate that can maximize the electrochemical 

performance of the composite electrodes. Thus, identifying a simple and versatile 

polymerization process that enables the strong adhesion of redox-active carbonyl 

compounds on the surface of conductive substrates is highly desirable. 

 With a similar molecular structure to adhesive proteins in mussel, dopamine can 

be oxidized and self-polymerized into polydopamine in alkaline aqueous solutions, 

generating adhesive polymer coatings on various types of substrates.[201-205] After a 

series of cyclisation and oxidation reactions in alkaline environment, it is proposed that 

the dopamine can be oxidized into 5,6-indolequinone before the polymerization (Scheme 

5.1).[206] We noticed that 5,6-indolequinone has a similar molecular structure with 
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benzoquinone and naphthoquinone which have two redox-active quinone groups that can 

store Li- or Na-ions.[207-209] Thus, if the polymerized form of 5,6-indolequinone or 

other dopamine intermediates have redox-active properties with Li- or Na-ions, this 

polydopamine can be a promising carbonyl-based cathode for rechargeable batteries 

(Scheme 5.1). However, the redox properties of polydopamine with Li- or Na-ions 

remain unclear. Here, we investigate the electrochemical properties of polydopamine by 

both computational and experimental methods. Density functional theory (DFT) 

calculations show the multiple redox reactions of the polydopamine with electrolyte ions 

at high voltage region of 2.5~4.1 V vs. Li, which is also confirmed by cyclic voltammetry 

measurements. To maximize its electrochemical performance, we fabricate flexible, free-

standing hybrid films via spontaneous coating process of polydopamine on few-walled 

carbon nanotubes (FWNTs) and continuous vacuum-filtration method. Hybrid electrodes 

consisting of polydopamine-coated FWNTs exhibit enhanced rate-performance and 

excellent cycling stability owing to the unique combination of the redox-active 

polydopamine and superior electrical conductivity of FWNTs. 
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Scheme 5.1 Molecular structures and corresponding theoretical capacity of p-

benzoquinone, 1,4-naphthoquinone, 9,10-anthraquinone and 5,6-indolequinone. The 

theoretical capacities are calculated based on the redox reactions of carbonyl groups 

in the molecules. 

5.2 Experimental 

DFT Calculations: All the calculations to compute the redox potentials of molecules 

were performed by the Jaguar software with the PBE0 level of theory and 6-31G+(d,p) 

basis set.[210],[211] First of all, we geometrically optimized the 5,6-dihydroxyindole and 

5,6-indolequinone monomers and their oligomers such as dimer and trimer. The 

vibrational frequency calculations with the same level of theory and basis set were further 

performed to compute the Gibbs free energies at 298 K in the vacuum. The solvation free 

energy calculations were finally performed using Poisson-Boltzman implicit solvation 

model to evaluate the contribution of the solvation free energies to the free energies. In 
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the solvation free energy calculations, a dielectric constant of 16.14 was used to reliably 

describe the polarity of the solvent mixture in our systems. 

The thermodynamic cycle, which was used to predict the redox potentials of the 

molecules, is described elsewhere.[212] The redox potential (𝛥𝐸𝑟𝑒𝑑 ) of a molecule 

within the solvent mixture with respect to a Li/Li+ reference electrode can be predicted by 

𝛥𝐸𝑟𝑒𝑑 =
−𝛥𝐺𝑠𝑜𝑙𝑛

𝑛𝐹
− 1.44𝑉 

where 𝛥𝐺𝑠𝑜𝑙𝑛 is the difference in the Gibbs free energy in solution during the reduction, 

n is the number of electrons transferred, and F is the Faraday constant. The constant 1.44 

V indicates the redox potentials of the Li/Li+ reference electrode. The computed redox 

potentials of the molecules are listed in Table 5.1. The electronic properties such as the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels of the molecules were also computed to investigate the 

correlations with their redox potentials. 

Sample preparation:  Few-walled carbon nanotubes (FWNTs) (6–10 nm diameter, 0.4 

mm length, 99 wt% purity, triple-walled on average) were synthesized by CVD method 

in a single fluidized bed reactor.[177, 178] Dopamine (Sigma-Aldrich) and FWNTs were 

mixed at different mass ratio (i.e. 1:1, 2:1, 4:1 and 8:1) in 1.2 mg/mL 2-amino-2-

hydroxymethylpropane-1,3-diol (Tris, Aldrich) aqueous solution. The solutions were 

stirred for 6 ~ 18 h, then, were vacuum filtered using a filtration membrane with 0.1 µm 

pore size. After drying at 70 oC under vacuum overnight, a piece of free-standing hybrid 

film was obtained. Pristine FWNT films were obtained by vacuum filtering the aqueous 
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dispersion of FWNTs. Pristine PDA particles were also prepared by the similar process 

by stirring dopamine in weak alakline soltuion (pH=8.5) for 6 h without adding FWNTs. 

Characterization: The microstructures and morphologies of pristine FWNT films and 

various hybrid films were characterized by a SEM (Hitachi SU8010, operated at 10 kV). 

The EDX mapping was performed using Hitachi SU8230 equipped with an EDX detector 

(Oxford Instruments) at 10 kV. XPS (Thermal Scientific K-alpha XPS instrument) was 

employed to analyze the chemical composition. The high-resolution C 1s, N 1s and O 1s 

peaks were fitted by the software XPSPEAKS 4.1.  Electrical conductivities of various 

FWNT films were measured by a standard four-point probe configuration (Signatone). 

The UV-vis spectroscopy was conducted by sonicating a small piece of the composite 

film in water for 1 h, the supernatant was used for UV-vis measurement. In comparison, 

fresh dopamine aqueous solution was prepared just before UV-vis measurement to avoid 

the possible oxidation. 

Electrochemical Measurements: Swagelok-type cells were used for the electrochemical 

measurements. For Li-cell tests, 1 M LiPF6 in a mixture of EC and DMC (3:7, volume 

ratio, BASF) was used as an electrolyte and two pieces of Celgard 2500 as separators. 

The voltage window for Li-ion batteries was controlled in the range of 1.5-4.5 V vs. Li. 

For Na-cell tests, 1 M NaPF6 in EC/DMC (3:7, volume ratio, BASF) was used as 

electrolyte, and a piece of glass fiber (VWR International) was used as separator. The Na-

cells were tested in the voltage range from 1.3 to 4.2 V vs. Na. All of the cells were 

assembled in an Argon filled glovebox (MBraun, O2 < 0.1 ppm and H2O < 0.1 ppm). The 

thickness of the hybrid films is 97 µm for PDA 39 wt%, and 54 µm for PDA 53 wt%.  

Current densities were controlled from 0.05 to 50 A/g during the galvanostatic tests and 
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at the end of each charging or discharging process, the voltage was held for 30 min at 

either 4.5 V or 1.5 V vs. Li (4.2 V or 1.3 V vs. Na). The conventional cycling test was 

conducted by repeatedly charging and discharging the cell at 0.25 A/g for 100 cycles. The 

cycling test with potentiostatic holding was held at 4.5 V or 1.5 vs. Li (4.2 V or 1.3 V vs. 

Na) for 5 min at the end of charge/discharge process. The accelerated cycling test was 

conducted following our previous reports.[213] Briefly, the charge or discharge capacity 

was obtained from a low current density of 0.1 A/g and at the end of each charge or 

discharge process, the cell was held at 4.5 or 1.5 V vs. Li for 30 min. Between each data 

point, the cell was cycled at a high current density of 10 A/g for 99 cyces (1-1,000th 

cycle) or 499 cycles (1,100th-10,000th cycle).  

Self-discharge course and the ex-situ XPS measurement: The hybrid electrodes were 

charged or discharged to target voltage at 0.1 A/g and held at costant voltage (4.5, 3.5, 

1.5 V vs. Li) for 60 min. After hold process, the cell was rested at open-circuit condition 

for ~18 h and the voltage was recorded with time. After the voltage of the cell was 

stabalized for ~18 h, the cell was dissembled and the electrode was washed with DMC 

for several times, and vacuum dried at 70 oC for overnight before the XPS measurement.  

5.3 Results and discussion  
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Scheme 5.2 Contemporary reaction mechanism of polydopamine from dopamine 

including various intermediate species, which is modified from the previous 

study.[214] 

  In this study, the first principle DFT method was employed with the PBE0[215, 

216] and standard 6-31+G(d,p) basis set[210] via Jaguar.[211] We investigated the 

redox-potentials of monomers, and corresponding oligomers such as dimers and trimers 

based on two most reported structural units in polydopamine,[217-219] namely, 5,6-

indolequinone and 5,6-dihydroxyindole in  Scheme 5.2. The calculated redox potentials 

are shown in Figure 5.1a. 5,6-indolequinone with carbonyl groups showed a high redox 

potential of 2.83 V vs. Li, while 5,6-dihydroxyindole including hydroxyl groups had a 

very low redox potential of -0.26 V vs. Li (Table 5.1). This indicates that the only 5,6-

indolequinone with a high redox potential can be employed as the cathode material for 

rechargeable batteries. The high redox potential of 5,6-indolequinone is consistent with 

our previous findings of redox-active carbonyl groups on reduced GO[169] and quinone 

derivatives.[207] It is also interesting to note that the redox potentials for both structural 

units are not significantly dependent on the degree of the polymerization: the oligomers 



 103 

containing quinone showed slightly increased redox-potential to 2.93-2.94 V vs. Li, 

whereas those of oligomers containing hydroxyl groups increased to 0.11-0.27 V vs. Li. 

Previous studies employed the lowest unoccupied molecular orbital (LUMO) energy 

levels to explain different redox behaviors of various organic molecules.[137, 169, 207] 

We find that the redox potentials calculated in this study also show linear correlations not 

only with the LUMO energy levels but also with the electron affinity (EA) and the gap 

between highest occupied molecular orbital (HOMO) and LUMO (HOMO-LUMO) 

(Figure 5.1b-d). This infers that redox-active molecules with more negative EA and 

LUMO energy levels would have higher redox potentials due to the preferentially 

reductive nature of the molecules. In addition, we considered the existence of secondary 

amine (R−NH−R) in the molecules, which can contribute additional charge capacity to 

polydopamine through the p-type doping/de-doping process with anions (Scheme 5.3). 

To confirm this contribution, we computed the redox potentials of the molecules binding 

with the anion (PF6
-). The DFT calculation showed that the doping/de-doping process of 

anions (PF6
-) occurred at 4.03 and 4.41 V vs. Li for 5,6-dihydroxyindole and 5,6-

indolequinone monomers, respectively.  These redox potentials decreased to 3.73-3.82 

and 3.95-3.97 V vs. Li for corresponding dimers and trimers, respectively (Table 5.2). 

Thus, these computation results predict multiple redox reactions of the polydopamine 

with electrolyte ions in the broad voltage range of 2.5 ~ 4.1 V vs. Li.   
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Figure 5.1  (a) The calculated redox potentials of 5,6-dihydroxyindole and 5,6-

indolequinone monomers and their oligomers (dimers and trimers). The 

correlations of the redox potentials of the molecules in (a) with their electronic 

properties, namely (b) EA, (c) LUMO, and (d) HOMO-LUMO gap. 

Table 5.1 The calculated redox potentials of 5,6-dihydroxyindole and 5,6-

indolequinone monomers and their oligomers illustrated in Figure 5.1. 

Molecule Redox potential (V vs. Li/Li+) 

5,6-

dihydroxyindole 

Monomer -0.26 

Dimer 0.11 

Trimer 0.27 

5,6-indolequinone 

Monomer 2.83 

Dimer 2.94 

Trimer 2.93 



 105 

 

Table 5.2 The calculated redox potentials of 5,6-dihydroxyindole and 5,6-

indolequinone monomers and their oligomers associated with the doping and de-

doping process of anions. 

Molecules 

Calculated  

Redox  

Potential (V) 

Electron 

affinity 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

HOMO-

LUMO  

Gap (eV) 

5,6-

dihydroxyindole 

Monomer 4.03 -100.9 -7.72 -3.85 3.87 

Dimer 3.82 -92.8 -6.27 -3.59 2.68 

Trimer 3.73 -91.9 -6.11 -3.55 2.56 

5,6-

indolequinone 

Monomer 4.41 -114.2 -8.75 -5.76 2.99 

Dimer 3.97 -104.1 -7.32 -5.2 2.12 

Trimer 3.95 -106.0 -6.98 -5.10 1.88 
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Scheme 5.3 Geometrically optimized structures for the monomers and oligomers of 

5,6-dihydroxylindole and 5,6-indolequinone with PF6
-. The shortest distances of P-H 

in Å are shown in red. Gray, white, blue, red, green, and yellow in color depict 

carbon, hydrogen, nitrogen, oxygen, phosphorus, and fluorine, respectively. 

 Because most organic electrode materials have poor electrical conductivity, they 

require a mixing process with a large amount of conductive additive to activate the redox 

reactions. In this study, we employed sub-millimeter long FWNT, which was synthesized 

by fluidized-bed chemical vapor deposition method, as a conductive substrate owing to 

its high electrical conductivity and high aspect ratio.[177, 178] We coated polydopamine 

on the surface of FWNTs through the self-polymerization process of dopamine in weak 

alkaline solutions (Scheme 5.4a). Dopamine and FWNTs were mixed at different 

concentration ratios (i.e. FWNT/dopamine = 1:1, 1:2, 1:4, and 1:8) in 2-amino-2-

hydroxymethylpropane-1,3-diol (Tris) aqueous solution (1.2 mg/mL, pH=8.5). The 
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mixtures were stirred at room temperature for 6~18 h, during which polydopamine was 

coated on the surface of FWNTs. Flexible and free-standing films were assembled via 

vacuum-filtering the aqueous mixture (Scheme 5.4b). The loading amount of 

polydopamine within the hybrid films can be controlled by the concentration ratio and 

stirring time of the aqueous mixture. The hybrid films were labeled with the 

concentration ratios of FWNT and dopamine in the aqueous mixtures (i.e. PDA-X 

indicates the film prepared from the concentration ratio of FWNT/dopamine = 1:X, 

where X = 1, 2, 4 and 8). We estimated the weight percentage of polydopamine in hybrid 

films by measuring the mass difference between the used FWNTs and hybrid films. As 

the concentration of dopamine increased, the weight percentage of polydopamine 

progressively increased (Figure 5.2a), whereas their yield percentage from monomer to 

polymer gradually decreased (Figure 5.2b). It is interesting to note that increasing 

stirring time can increase both weight percentage and yield of polydopamine, indicating 

that the effective polymerization process takes place under stirring condition (Figure 

5.2a, b). After stirring the mixture for 18 h, a maximum loading of 65.6 wt% was 

achieved for PDA-8, while a maximum yield of 65.5% was obtained for PDA-1. In 

addition, the normalized electrical conductivity decreased from 209 Scm2/g for the 

pristine FWNT film to 20 Scm2/g for PDA-8 (65.6 wt%) owing to the insulating nature of 

polydopamine coating on the surface of FWNTs (Figure 5.2c).  



 108 

 

Scheme 5.4  (a) Oxidative self-polymerization reactions of dopamine in weak 

aqueous solution and continuous coating process of polydopamine on the surface of 

few-walled carbon nanotubes (FWNTs). (b) Digital image of a flexible hybrid film 

consisting of polydopamine coated FWNTs. 

 

Figure 5.2 (a) Weight percentage and (b) yield of polydopamine in the hybrid films 

as a function of the concentration of dopamine and stirring time. (c) Normalized 

electrical conductivities of hybrid films as a function of the concentration of 

dopamine (18 h stirring).  
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Figure 5.3 UV-vis spectra of aqueous solutions of pristine dopamine and hybrid film 

(PDA-2, 6 h stirring, 39 wt%). High-resolution XPS (d) C 1s, (e) O 1s, and (f) N 1s 

spectra of the pristine FWNT and hybrid film (PDA-2, 18 h stirring, 53 wt%). 
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Figure 5.4 SEM images of (a) the pristine FWNT and hybrid films: (b) PDA-2 (53 

wt%), (c) PDA-4 (59.5 wt%), and (d) PDA-8 (65.6 wt%). High resolution 

transmission electron microscopy (TEM) images of (e) pristine FWNT and hybrid 

films: (f) PDA-2 (39 wt%) and (g) PDA-2 (53 wt%). 

 

Figure 5.5 SEM image of as prepared PDA particles. The PDA particles were 

prepared by directly stirring dopamine solution in weak alkaline solution (pH=8.5) 

for 6 h without using FWNTs as a template. 
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Figure 5.6 SEM images of (a) pristine FWNT film and (b) hybrid film (PDA-2, 53%) 

and corresponding EDX elemental mapping of (c, d) oxygen and (e, f) nitrogen.   

 The formation of quinone groups in the polydopamine was investigated by the 

UV-vis spectra (Figure 5.3a). Compared with the spectrum of pristine dopamine, the 

hybrid film (PDA-2, 6 h stirring, 39 wt%) displayed an intensive absorption band at ~266 

cm-1 due to the π-plasmon absorption of carbon nanotubes[220] and a shoulder absorption 

peak ~350 nm that is ascribed to the formation of the quinone.[217] Detailed surface 

chemistry of the hybrid film (PDA-2, 18 h stirring, 53 wt%) was further analyzed by XPS 

(Figure 5.3b-d). High-resolution C 1s spectrum of the pristine FWNTs was dominated 

by the sp2-hybridzed carbon peak, while the hybrid film displayed broadened spectrum 

towards higher binding energy owing to the introduced polydopamine coating on the 
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FWNTs (Figure 5.3b). The C 1s spectrum of the hybrid film can be fitted into four peaks 

at 284.5±0.1 eV for CHx/C-NH2 and sp2-hybridized carbon, 285.6±0.1 eV for C-O/C-N, 

287.7±0.1 eV for C=O and 290.9±0.3 eV for the π→π* transition satellite for aromatic 

carbon species.[214, 221] The O 1s spectrum of the hybrid film were fitted with two 

main peaks, the peak centered at 533.1±0.2 eV for O-C and 531.2±0.1 eV for O=C,[214, 

221] where the percentage of carbonyl species (quinone group) is 26%.  In addition, the 

N 1s spectrum of the hybrid film was revealed three peaks at 401.9±0.1 for primary 

amine (R−NH2), 399.9±0.1 eV for secondary amine (R−NH−R), and 398.5±0.1 eV for 

tertiary/aromatic (=N−R) amine functional groups.[214, 221] The primary amine peak 

comes from dopamine, the secondary amine peak is associated with polydopamine or 

oxidized intermediates, and the tertiary/aromatic peak is ascribed to tautomers of the 5,6-

dihydroxyindole and 5,6-indolequinone (Scheme 5.4a).[214] A recent study proposed 

that the polydopamine consists of the combination of covalent polymerization of 5,6-

indolequinone and non-covalent self-assembly of dopamine and its intermediates.[222] 

Therefore, the coexistence of the different amine groups in the hybrid film is consistent 

with the proposed structural model of polydopamine.[222]  
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Figure 5.7 CV scans of the pristine FWNT electrodes 1 mV/s in (a) Li and (b) Na-

cells. (c) The first four CV scans and (d) Rate-dependent CV scans of the hybrid 

electrode (PDA-2, 39 wt%). 

 The pristine FWNT and hybrid films both exhibited 3D interpenetrating network 

structures consisting of FWNTs (Figure 5.4a) or polydopamine coated FWNTs in the 

SEM images (Figure 5.4b-d). In addition, when the concentrations of dopamine are high, 

randomly distributed polydopamine spheres with diameters of ~200 nm were also 

observed within the hybrid films (Figure 5.4c and d). These polydopamine spheres were 

synthesized via self-nucleation reactions in aqueous solution as the concentration of 

dopamine increases.[223] These polydopamine spheres were also observed from the 

homogeneous polymerization process of dopamine without FWNTs (Figure 5.5). We 

further conducted the elemental mapping of oxygen and nitrogen on pristine FWNT and 

hybrid films by EDX. Despite the observation of the polydopamine particles within the 
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selected area for the EDX mapping, the hybrid film exhibited homogenous distribution of 

oxygen and nitrogen with higher density compared to those of the pristine FWNT film, 

confirming the successful coating of polydopamine on FWNTs (Figure 5.6). The 

conformal coating of amorphous polydopamine on the surface of FWNTs was further 

confirmed by high-resolution TEM images. Pristine FWNTs exhibited slightly roughened 

outer wall owing to the introduced defects during the growth process (Figure 5.4). 

Synthesized polydopamine formed irregular coating on the surface of FWNT for the 

hybrid film with a low loading amount of the polymer (39 wt%) (Figure 5.4f). This 

coating became more uniform with a thickness of ~5 nm as the loading of polydopamine 

increased to 53 wt% (Figure 5.4g). 

 

Figure 5.8 CV measurement of the hybrid electrode (PDA-2, 39 wt%) in Li- and Na-

cells. (a) The first four CV scans at 1 mV/s in a Li-cell. (b) Comparison of steady-

state CV scans in Li- and Na-cells. (c) Potential-dependent and (d) rate-dependent 

CV scans in Li-cells. Peak current of the electrode as a function of a scan rate is 

shown in 3d inset. The voltage window of the CV scans in Li-cells was 1.5 – 4.5 V vs. 
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Li in 1 M LiPF6 in a mixture of EC and DMC (3:7 volume ratio) and the voltage 

window in Na-cells was 1.3 – 4.2 V vs. Na in 1 M NaPF6 in a mixture of EC and 

DMC (3:7 volume ratio). 

 

Figure 5.9 (a) CV measurement of pristine PDA and (b) rate-dependent 

galvanostatic charge-discharge profiles of the pristine PDA in Li-cells. 

 

Figure 5.10 (a) The self-discharge course of the hybrid films after holding at 

different voltages.  (b) XPS Li 1s spectra of the hybrid films (PDA-2, 53wt%) after 

the hold at different voltage and continuous self-discharge test. 
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Figure 5.11 Change in the structure (PBE0 functional) as a function of the Li atoms 

binding with 5,6-indolequinone monomer. 

Table 5.3 Change in the bonding distance and charge distribution (PBE0 functional) 

as a function of the Li atoms binding with 5,6-indolequinone monomer. 

Bond Type 

Distance (Å) 

Atom 

Charge 

Without Li With 1Li With 2Li Without Li 
With 

1Li 
With 2Li 

Li1-O1 - 1.81 1.79 Li1 - 0.51 0.46 

Li1-O2 - 1.81 1.80 Li2 - - 0.08 

Li2-C1 - - 2.31 O1 -0.37 -0.52 -0.58 

O1-C1 1.22 1.28 1.30 O2 -0.39 -0.52 -0.59 

O2-C2 1.22 1.28 1.29 C1 0.26 0.29 0.34 

C1-C2 1.57 1.50 1.50 C2 0.25 0.31 0.38 

C2-C3 1.46 1.41 1.41 C3 -0.26 -0.32 -0.34 

C3-C4 1.36 1.38 1.42 C4 0.25 0.22 0.32 

C4-C5 1.48 1.45 1.42 C5 -0.02 -0.07 0.01 

C5-C6 1.36 1.39 1.43 C6 -0.23 -0.27 -0.30 

C6-C1 1.46 1.41 1.41 
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Figure 5.12  Change in the redox potentials (PBE0 functional) as a function of the Li 

atoms binding with 5,6-indolequinone monomer and dimer. 
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Figure 5.13 Comparison of discharge profiles of the pristine FWNT (grey) and 

hybrid electrodes (PDA-2, 39 wt% (olive) and 53 wt% (orange)) at 0.05 A/g in (a) 

Li- and (b) Na-cells. Gravimetric discharge capacities of polydopamine as a function 

of discharge rate in (c) Li- and (d) Na-cells. Gravimetric capacities of the 

polydopamine were calculated based on the rule of mixtures. (e) Cycling stabilities 

of the hybrid electrodes (PDA-2, 39 wt%) and their Coulombic efficiencies. The cells 

were cycled at 0.25 A/g up to 100 cycles with three different methods: dark grey 

circle for continuous cycles without any potentiostatic holding process, olive circle 

for cycles including a short 5 min potentiostatic holding at 4.5 or 1.5 V vs. Li at the 

end of each charge and discharge cycle, and orange circle for initial 50 cycles 

without holding and subsequent 50 cycles with the 5 min potentiostatic holding. 

Inset is the comparison of CV scans of PDA-2 (39 wt%) at the initial cycle and 100th 

cycle at 1 mV/s. (f) Gravimetric charge and discharge capacities of the hybrid 

electrode (PDA-2, 53 wt%) as a function of cycle number up to 10,000 cycles using 

an accelerating cycling method.[213] Figure 5.13f inset compares the charge and 
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discharge curves of the 1st and 1000th and 10,000th cycles. The capacities were 

measured based on the total weight of the hybrid electrodes. 

 Redox-active properties of the polydopamine were investigated by CV 

measurements in both Li- and Na-cells. The free-standing hybrid films with mass loading 

of 1-3 mg/cm2 were directly used as cathodes against Li or Na metal anodes. The CV 

scans of pristine FWNT films were also measured as references, showing characteristic 

box-like shapes owing to their electrical double-layer capacitance charge storage 

mechanism (Figure 5.7a and b).[63, 166, 213] The first forward scan of the hybrid 

electrode exhibited a wide oxidation peak with an onset potential of ~2.5 V vs. Li that is 

ascribed to the interactions between quinone groups in polydopamine and Li-ions. The 

oxidation peak position of ~3.3 V vs. Li is similar with that of benzoquinone (~3.1 V vs. 

Li)[207] (Figure 5.8a). The second oxidation peak at ~3.9 V vs. Li is associated with the 

p-doping process of anions (PF6
-) into the polymer chain or nitrogen atoms, which is also 

consistent with the DFT calculation results (Table 5.2).[72, 224] A strong oxidation 

wave with an onset potential of ~4 V vs. Li can be attributed to further anodic 

polymerization of intermediates within the polydopamine film.[29] Upon subsequent CV 

cycling, the anodic polymerization current progressively disappeared and the broad redox 

peaks centered at ~3.1 V vs. Li approached stable current values (Figure 5.8a and b), this 

redox potential is very consistent with those calculated by DFT method (2.83-2.93 V vs. 

Li) (Figure 5.1a). The pristine polydopamine electrode, which was prepared from 

polydopamine spheres, exhibited similar redox characteristic in a Li-cell (Figure 5.9a). 

Similar to the results in Li-cells, the hybrid electrode displayed steady-state redox peaks 

centered at ~2.8 V vs. Na after the anodic polymerization process in Na-cells (Figure 

5.7c and Figure 5.8b). These high redox potentials suggest that polydopamine is an ideal 
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candidate for organic cathodes for both Li- and Na-ion batteries. The charge storage 

characteristics of the polydopamine were further analyzed by the potential-dependent CV 

measurements in Li-cells (Figure 5.8c). At a low voltage range of 1.5 - 2.5 V vs. Li, the 

CV scan showed a box-like shape, indicative of double layer capacitance from FWNTs. 

In contrast, the redox peaks were gradually developed as the voltage increased from 2.5 

to 4 V vs. Li, which clearly revealed the redox reactions between quinone groups and Li 

ions. In addition, the backward CV scans from 4.5 V to 3.5 V showed the gradual 

increase of currents, which can be attributed to the p-doping process of anions into the 

polymer chain or nitrogen atoms.[72, 224] Moreover, rate-dependent CV scans in both 

Li- and Na-cells maintained the redox features at higher scan rates (100 mV/s for Li-cells 

and 25 mV/s for Na-cells) owing to the fast surface redox reactions (Figure 5.8d and 

Figure 5.7d). The linear relationship between the peak current and scan-rate indicates a 

surface-controlled redox process of polydopamine within the hybrid films (Figure 5.8d 

inset).  

 To further understand the redox reactions between quinone groups in 

polydopamine and Li ions, we conducted ex-situ XPS measurements of the hybrid 

electrode (PDA-2, 53 wt%) after the constant potential holding and continuous self-

discharge process in Li-cells. The voltage drift of the hybrid electrode was measured at 

open circuit for ~18 h after holding the cell at a target voltage for 60 min (Figure 5.10a). 

The open circuit potential of the hybrid electrode is ~3.2 V vs. Li. After voltage hold 

process at 4.5 V vs. Li, the open-circuit voltage gradually dropped to ~3.6 V vs. Li during 

the rest process owing to parasitic leakage current.[131] In contrast, after hold process at 

1.5 V vs. Li, the voltage progressively recovered to ~2.5 V vs. Li with time. The 
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electrode also showed almost constant voltage behavior after hold at 3.5 V vs. Li, which 

is close to the open circuit potential of the as-assembled electrode. After self-discharge 

test, we washed the electrodes in DMC and then measured XPS Li 1s spectrum to 

compare the remaining Li ions on the polydopamine (Figure 5.10b). The hybrid 

electrode that was held at 1.5 V vs. Li showed strong Li 1s peak owing the adsorbed Li 

ions on quinone groups in the polydopamine after discharge process. The Li 1s peak 

intensity was found to decrease with increasing hold voltage, indicating the desorption 

process of Li ions on the quinone groups during the charge process. This potential 

dependent Li adsorption and desorption behavior further supports the reversible redox 

reactions between quinone groups in the polydopamine and Li ions.  

 We further employed the DFT method to structurally characterize the redox 

reactions between quinone groups in polydopamine and Li ions in molecular levels. The 

changes in the structural and electronic properties derived by the Li binding to the 

monomer constituting the polydopamine are depicted in Figure 5.11. The first Li ion 

positioned between the two carbonyls loses its electrons to the neighboring oxygen 

atoms, exhibiting the charge of +0.52. The charge transfer between Li and O 

subsequently affects the bonding characteristics of the carbonyls, partially losing their 

double bond nature. The second Li ion adsorbed on top of the aromatic ring in the 

molecule provides additional charge transfer with the neighboring oxygen atoms. This 

ultimately leads to the further change in the bonding characteristics of the carbonyls, 

forming in the C-O-Li bonds (Table 5.3). Figure 5.12 shows how the redox potentials 

for the 5,6-indolequinone monomer and dimer consisting of the polydopamine are 

changed with the number of bound Li ions during the discharge process. As expected, the 
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redox potentials are gradually reduced as the number of the bound Li ions increases. 

They become negative after binding with two and four Li ions, respectively, losing their 

cathodic activities. 

 

Figure 5.14 Rate-dependent galvanostatic charge-discharge profiles of the pristine 

FWNT electrodes in (a) Li- and (d) Na-cells. Rate-dependent galvanostatic charge-

discharge profiles of the hybrid electrodes (PDA-2) in Li-cells (b for 39 wt% and c 

for 53wt%) and Na-cells (e for 39 wt% and f for 53wt%). 
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 Galvanostatic charge and discharge tests were conducted in both Li- and Na-cells 

for evaluating the charge storage capabilities of the hybrid electrodes. We compared the 

discharge profiles of the pristine FWNT and hybrid electrodes in Li- and Na-cells 

(Figure 5.13a and b). The pristine FWNT electrodes showed small gravimetric capacities 

of ~40 mAh/g in a Li-cell[63, 166, 213] and ~32 mAh/g in a Na-cell, while the hybrid 

electrodes (PDA-2, 39 wt%) delivered significantly enhanced capacities of ~117 mAh/g 

and ~103 mAh/g in Li- and Na-cells, respectively. It is interesting to note that the hybrid 

electrodes have sloped discharge profiles, which can be attributed to the combination of 

double-layer capacitance and multiple redox reactions. As the loading of polydopamine 

increased from 39 to 53 wt%, the gravimetric capacities of the hybrid films slightly 

increased to ~133 mAh/g in a Li-cell and ~109 mAh/g in a Na-cell. To understand 

intrinsic charge storage capability of polydopamine, we calculated the rate-dependent 

gravimetric capacities of polydopamine in the hybrid electrodes based on the rule of 

mixtures in Li- and Na-cells (Figure 5.13c, d and Figure 5.14). At a slow discharge rate 

of 0.05 A/g, the polydopamine in the hybrid electrode with lower loading (PDA-2, 39 

wt%) delivered higher capacities of ~235 mAh/g in a Li-cell and ~213 mAh/g in a Na-

cell compared to those of the polydopamine with higher loading (PDA-2, 53 wt%) (~217 

mAh/g in a Li-cell and ~178 mAh/g in a Na-cell). In addition, the pristine PDA electrode, 

which was prepared from polydopamine spheres, delivered a discharge capacity of 158 

mAh/g and a charge capacity of 102 mAh/g at a current density of 0.05 A/g (Figure 

5.9b). The lower discharge capacity and the difference between the charge and discharge 

capacities of the pristine PDA electrode may be attributed to the electrical and ionic 

resistance through the large polydopamine particles. The capacity of polydopamine in the 
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hybrid electrodes is comparable or even higher than most of the reported carbonyl-based 

compounds.[82, 84, 86, 90, 92] Over higher current densities, the polydopamine with 

lower loading (39 wt%) showed overall enhanced rate-performance compared to that of 

the polydopamine with higher loading (53 wt%). At a high current density of ~10 A/g, 

the polydopamine with lower loading (39 wt%) exhibited high capacities of ~139 mAh/g 

in a Li-cell and 54 mAh/g in a Na-cell, whereas the polydopamine with higher loading 

(53 wt%) delivered decreased capacities of ~87 mAh/g and ~10 mAh/g in Li- and Na-

cells, respectively. These differences indicate that a portion of the polydopamine is not 

effectively utilized as the loading amount increases. Such decreased charge storage 

performance of the polydopamine with high loading may be attributed to the 

polydopamine spheres that were separated from the conductive FWNT network (Figure 

5.4), resulting in poor utilization of their redox activities. Relatively low capacity (121-

129 mAh/g) and poor rate-performance of the hybrid electrodes prepared with the higher 

concentration of dopamine (PDA-4 and 8) (further confirm this trend (Figure 5.15c, d). 

Figure 5.16 compares the Nyquist plots for the hybrid electrodes (PDA-1, 2, 4, 8, 18 h 

stirring). A single semicircle in the high-to-medium frequency region and an inclined line 

at low frequency give information about a charge-transfer resistance Rct and a mass-

transfer process, respectively. Higher Rct (2051-2370 Ω) of the PDA-4 and PDA-8 

compared to those of the PDA-1 and PDA-2 electrodes (1336 Ω) further indicates the 

significantly low charge transfer resistance within the PDA-4 and PDA-8 electrodes 

including separated polydopamine spheres. These results suggest that the conformal 

coating of polydopamine on the conductive substrate is a crucial design factor for 

maximizing the performance of the hybrid electrodes.  
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Figure 5.15 (a) CV measurement of the hybrid electrodes (PDA-1, 4, 8, 18 h stirring) 

in Li-cells. Rate-dependent galvanostatic charge-discharge profiles of the hybrid 

electrodes in Li-cells for (b) PDA-1, 37.5 wt%, (c) PDA-4, 59.5 wt%, (d) PDA-8, 65.6 

wt%. 

 

Figure 5.16 Nyquist plots of the hybrid electrodes (PDA-1,2,4, and 8) in fresh Li-

cells from 200 kHz to 100 mHz at room temperature. The inset shows the magnified 

plot for the high frequency region. 
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Figure 5.17 Cycling stabilities of the hybrid electrodes (PDA-2, 53 wt%) and their 

Coulombic efficiencies. The cells were cycled at 0.25 A/g up to 100 cycles. 

 

Figure 5.18 (a) Cycling stabilities of the hybrid electrode (PDA-2, 39 wt%) in a Na-

cell. The cell was cycled at 0.25 A/g up to 100 cycles. (b) The comparison of CV 

scans at the initial cycle and after 100 cycles at 1 mV/s. 

 The cycling stabilities of the hybrid electrodes were evaluated by repeatedly 

charging and discharging the cells at a constant current density of 0.25 A/g (Figure 

5.13e, Figure 5.17, and Figure 5.18). Different cycling test conditions were applied to 

the same electrode (PDA-2, 39 wt%). The electrode under repeated charge/discharge 
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cycles without any potentiostatic holding process exhibited a rapid capacity fading, 

retaining 50% of the initial capacity after 100 cycles. On the other hand, when a short 

potentiostatic holding for 5 min at 4.5 or 1.5 V vs. Li was applied at the end of each 

charge and discharge cycle, capacity retention is significantly improved, maintaining 

78% of the initial capacity. Comparison of the CV scans before and after the cycling test 

(Figure 5.13e inset, PDA-2, 39 wt%) indicates that the loss of capacity was attributed to 

the decrease of the redox peaks.  The control experiment is also conducted in which no 

potentiostatic holding was applied for the first 50 cycles, and a 5 min potentiostatic 

holding was applied for the subsequent 50 cycles. The capacity gradually decreased 

during the first 50 cycles, while the capacity immediately recovered once the potential 

holding was applied. It is interesting to note that this recovered capacity was similar to 

that of the cycling test with the continuous 5 min potentiostatic holding test. A similar 

result was also observed for the electrode with higher polydopamine loading (PDA-2, 53 

wt%, Figure 5.17). This suggests that the gradual capacity loss during cycling is owing 

to the kinetic limitation of the redox reactions within polydopamine film rather than the 

dissolution of the molecules. We also evaluated the cycling stability of this electrode via 

an accelerated cycling where the cell was cycled at a high current density of 10 A/g and 

then the capacity was measured at a slow current density of 0.1 A/g after 30 min 

holding[213] (Figure 5.13f). The accelerated cycling test revealed negligible capacity 

fade up to 10,000 cycles, indicating most of the capacity of the hybrid electrode is 

recoverable after 30 min holding. To further confirm the stability of polydopamine in 

organic electrolyte, the stability and dissolution test were conducted following the 

method from the previous study.[208] A piece of the fresh hybrid electrode including 
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51.4 wt% of polydopamine was dipped into the electrolyte solvent, a mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC). Although the electrode was kept for 

more than 12 h, no color change of the solvent was observed (Figure 5.19a). In addition, 

there was no mass change after completely drying the dipped electrode, indicating that 

synthesized polydopamine is stable in the electrolyte. Solubility tests of the hybrid 

electrodes at either fully charged or discharge state also showed no color changes even 

after keeping the electrodes in the electrolyte over 12 h (Figure 5.19b), indicating that 

polydopamine are also insoluble in the electrolyte at the charged or discharged states. 

These results further confirm that the self-polymerization process can prevent the 

dissolution of dopamine molecules, which is a common shortcoming of the most organic 

electrode materials. 

 

Figure 5.19 Dissolution tests of (a) fresh hybrid electrode and (b) charged (left) and 

discharged (right) electrode. 

5.4 Conclusions 

 In conclusion, we have demonstrated that polydopamine can be utilized as high-

performance organic cathode materials for rechargeable Li- and Na-ion batteries. 
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Dopamine was self-polymerized on the surface of FWNTs in alkaline aqueous solutions 

during which the loading of polydopamine can be simply controlled by the mixing time 

and concentration of dopamine. The free-standing and flexible hybrid films were 

assembled via a vacuum filtration method, which were employed as cathodes in both Li- 

and Na-cells. Polydopamine within the hybrid films exhibited multiple redox reactions 

with both electrolyte ions in the high voltage region of 2.5 ~ 4.1 V vs. Li, which were 

consistent with DFT computation results. The hybrid electrodes exhibited gravimetric 

capacities of ~133 mAh/g in Li-cells and ~109 mAh/g in Na-cells through double layer 

capacitance and multiple redox-reactions. We further revealed that the polydopamine 

itself in the hybrid electrodes can store high capacities of ~235 mAh/g in Li-cells and 

~213 mAh/g in Na-cells. Moreover, the hybrid electrodes showed high rate-performance 

with excellent cycling stability. Combined with its advantage of simple polymerization 

process, the introduced polydopamine based electrodes can be an ideal candidate for 

developing high-performance organic batteries.  
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CHAPTER 6. POLYDOPAMINE FUNCTIONALIZED 3D 

GRAPHENE FOR HIGH-CAPACITY LI- AND NA-ION STORAGE 

 

6.1 Introduction 

 Carbon materials have been dominantly used as electrodes for high-power 

electrochemical energy storage devices, especially for electrochemical capacitors (also 

called supercapacitors), because of their large surface area and high electrical 

conductivity.[71, 225-227] High surface area activated carbon (AC) has been mainly 

employed as an electrode material for commercial supercapacitors.[225-227] On the 

other hand, recently introduced graphene has been rapidly expanding its application range 

to electrochemical energy storage devices by taking advantage of its excellent 

physicochemical properties, such as high surface area, excellent electrical 

conductivity.[108, 142, 147, 228] However, an important challenge of graphene 

electrodes is that the graphene sheets are readily restacked and aggregated due to strong 

π−π interaction during the electrode fabrication, reducing the electrochemically active 

area.[229-231] Recent studies have shown that GO sheets dispersed in an aqueous 

solution can be reduced and subsequently self-assembled to 3D hydrogels under 

hydrothermal conditions,[117, 169] which can effectively prevent restacking. The 3D 

graphene hydrogels have been actively explored as electrode materials for 

supercapacitors and rechargeable batteries due to their unique advantages, including 

simple and mild synthesis condition, scalability, high electrical conductivity, and 
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interconnected porous structure.[17, 24, 117, 170, 232-234] Despite these advantages, the 

energy density of 3D graphene-based supercapacitors is considerably lower than that of 

rechargeable batteries.[16, 233] This is an intrinsic limitation of the surface-limited 

double layer capacitance charge storage mechanism of carbon-based supercapacitors over 

the faradaic (redox) reaction based batteries.[4] Therefore, research efforts have been 

focused on increasing the energy density of the electrodes by introducing redox-active 

conducting polymers[17, 24, 235] or metal oxides,[234, 236] into the 3D graphene 

hydrogels. 

 Recently, organic carbonyl compounds have been attracting considerable 

attention as active electrode materials for ‘greener’ rechargeable batteries due to their 

environmental benignity, sustainability, and high energy density.[64, 66, 71, 73, 78, 80, 

82] For example, Chen et al. showed that the oxocarbon salt (Li2C6O6) can deliver a high 

capacity of 580 mAh/g based on the multiple redox reactions between carbonyl groups 

and Li-ions.[65] Despite their high capacity, carbonyl-based electrodes have two critical 

limitations: poor cycling stability due to the dissolution of the carbonyl-based compounds 

into the electrolytes and low rate-performance due to their insulating natures. The 

researchers, therefore, have attempted to immobilize the carbonyl compounds on the 

conductive substrate by polymerization[90-92, 197] or covalent attachment[88, 237] to 

enhance both cycling stability and rate-performance. In line with this approach, 

researchers also have introduced carbonyl oxygen functional groups on the conductive 

carbon substrates, including carbon nanotube (CNT) and graphene, through the surface 

oxidation process.[169, 170, 213, 238-240]  
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 Polydopamine, a functional coating material, also contains the redox-active 

carbonyl (quinone) functional groups, which can be applied for charge storage 

applications.[170, 239-241] Dopamine, a catechol structure with one amine group, can be 

self-polymerized with oxygen as the oxidant in alkaline environment, forming adhesive 

polydopamine coatings on almost any type of substrate.[203, 214, 217, 218, 222] 

Although the exact structure of polydopamine is still controversial due to the complex 

oxidation process involving various intermediates, the several proposed models include 

the 5,6-dihydroxyindole and 5,6-indolequinone as the major components of the 

polydopamine.[218, 222] Recent studies have shown that polydopamine can be employed 

as a promising electrode material for both Li- and Na-ion batteries.[200, 241, 242] In 

particular, we first revealed that polydopamine has multiple redox reactions at the high 

voltage region of 2.5 ~ 4 V vs. Li or Na, which can be used as positive electrodes for both 

Li- and Na-ion batteries.[241] The polydopamine and CNT composite electrodes were 

fabricated by coating polydopamine on CNTs through the self-polymerization process of 

dopamine under a simple stirring condition.[241] However, the polydopamine coating 

process on CNTs tends to produce polydopamine particle byproducts because of the self-

nucleation reaction when the concentration of dopamine is high.[223, 241] In addition, 

due to the large portion of the CNTs, the overall electrode capacity was limited to ~133 

mAh/g in Li-cells and ~109 mAh/g in Na-cells.[241] Thus, it is highly desirable to 

develop a novel synthesis method that can effectively utilize the redox reactions of 

polydopamine.  

 Here, we introduce a high-capacity functionalized graphene electrode for 

enhanced Li- and Na-ion storage. We incorporate polydopamine within a 3D reduced GO 
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assembly through a simple hydrothermal reaction. We show that the GO can assist the 

polymerization of dopamine due to its oxidizing nature and provide a large surface area 

substrate for the deposition of polydopamine, allowing a uniform polymer coating on the 

surface of 3D assembled rGO. We fabricate high-density and self-standing films by 

pressing the polydopamine functionalized graphene assembly. The fabricated films were 

further heat-treated to correlate chemical changes with their charge storage performances. 

The polydopamine functionalized graphene electrodes exhibit multiple redox reactions 

with electrolyte ions when used as positive electrodes in Li- or Na-ion batteries, giving 

rise to high capacities of ~230 mAh/g in Li-cells and ~ 211 mAh/g in Na-cells. The 

electrodes also show exceptional cycling stability and rate-performance, suggesting high-

performance organic electrode materials for Li- and Na-ion batteries or hybrid capacitors. 

6.2 Experimental  

Sample preparation. GO was synthesized from graphite (Bay Carbon Inc.) by the 

modified Hummer’s method.[109, 110] GO was mixed with dopamine hydrochloride 

(Sigma Aldrich) at the same concentration of 2 mg/mL by sonication for 1 h. The mixture 

was then sealed in a Teflon-lined autoclave, and the hydrothermal reaction was carried 

out at 180 °C for 6 h. The graphene-polydopamine composite (GD) hydrogel was formed 

after the hydrothermal reaction and was picked up by tweezers and washed several times 

with DI water. The hydrogel was by freeze-dried at -84 °C (FreeZone Plus 2.5 Liter 

Cascade Benchtop Freeze Dry System) for 24 h to obtain GD aerogel. The GD-200 and 

GD-650 were prepared by thermally treating the GD aerogel at 200 °C and 650 °C for 2 

h, respectively. Graphene aerogel (GA) was also prepared from the GO solution by a 
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similar hydrothermal reaction without dopamine hydrochloride. For electrochemical 

measurements, the GD aerogels were cut and compressed into high-density films. 

Characterizations. The microstructure and morphology were investigated using a SEM 

equipped with EDX (Hitachi SU8230, operated at 5 kV) and TEM (Hitachi HT7700, 

operated at 120 kV). The elemental analysis of the electrodes was characterized by XPS 

(Thermal Scientific K-alpha XPS instrument), and the high-resolution C 1s, O 1s, and 

N1s peaks were fitted by the XPSPEAKS 4.1. TGA was carried out by Q600 TGA/DSC 

in the temperature range of 50-700°C under air and nitrogen environment with a ramping 

rate of 5 °C min-1. 

Electrochemical measurements. Electrochemical measurements were conducted in two-

electrode Swagelok-type cells. The Li- and Na-cells were operated using a piece of the 

various polydopamine functionalized graphene films as positive electrodes and a piece of 

Li or Na foil as negative electrodes. Two pieces of Celgard 2500 or glass fiber membrane 

(Whatman) were employed as separators in Li- and Na-cells. 1 M LiPF6 or NaPF6 in a 

mixture of EC and DMC (3:7 v/v, BASF) were used as the electrolyte for Li- or Na-cells, 

respectively. The operation voltage windows of Li- and Na-cells were 1.5 – 4.5 V vs. Li 

and 1.3 – 4.2 V vs. Na, respectively. Current densities were controlled from 0.05 to 25 

A/g for Li-cells and 0.05 to 10 A/g Na-cells during the galvanostatic tests. At each end of 

charge and discharge, the voltage was held for 30 min at either 4.5 V or 1.5V vs. Li (4.2 

V or 1.3 V vs. Na). The cycling stabilities of the electrodes were tested via an accelerated 

cycling method based on previous reports.[169, 170, 213, 240, 241] The accelerated 

cycling consists of the charge/discharge capacity measurements at 0.1 A/g and the high 

current density cycling at 20 A/g. Between each charge and discharge capacity 
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measurement at 0.1 A/g, the electrodes were cycled at a 20 A/g for 99 cycles (up to 

1500th cycle) or 499 cycles (1501th-7,000th cycle). Before charge or discharge capacity 

measurements at 0.1 A/g, the electrodes were held at 4.5 or 1.5 V vs. Li (4.2 or 1.3 V vs. 

Na in Na-cells) for 30 min.  

6.3 Results and Discussion 

 

Figure 6.1 (a) Schematic preparation of a high-density and flexible graphene-

polydopamine (GD) film. (b) Digital image of the graphene (left) and GD hydrogels 

(right). (c) SEM and (d and e) TEM image of the GD aerogel. (f) SEM and EDX 

elemental mapping of (g) carbon, (h) oxygen, and (i) nitrogen on the GD film.  

 Polydopamine functionalized graphene hydrogels were prepared by a simple 

hydrothermal reaction (Figure 6.1a). First, dopamine was uniformly mixed with the GO 

aqueous dispersion at the same concentration of 2 mg/mL by sonication for 1 h. The 

hydrothermal reaction was carried out on the mixture at 180 oC for 6 h, forming a 3D 

structured hydrogel. Under the hydrothermal condition, the H+ ions released from the 

superheated water can reduce the GO, and the rGO sheets can self-assemble into the 
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hydrogel through π-π and the hydrophobic interactions between the rGO layers.[117, 169, 

232]  The previous study has shown that the GO can act as a chemical oxidant for the 

polymerization of conducting polymers under a mild heating condition above 80 °C.[243] 

Therefore, we expect that dopamine is simultaneously polymerized on the rGO surface 

during the self-assembly process of the rGO sheets, resulting in a 3D graphene-dopamine 

composite (GD) hydrogel. It is interesting to note that the GD hydrogel has a larger 

volume than that of the graphene hydrogel prepared under the same condition without 

dopamine (Figure 6.1b).  The previous study has shown that when pyrrole monomers are 

adsorbed to the GO surface via a π-π interaction or hydrogen bonding, the self-stacking 

process of rGO sheets can be effectively interrupted during the hydrothermal reaction, 

increasing the volume of the assembled hydrogel.[17] Therefore, the increased volume of 

the GD hydrogel can be attributed to the adsorption of the dopamine via π-π interaction 

and continuous formation of the polydopamine film on the surface of the rGO. The 

assembled hydrogel was freeze-dried to fabricate a GD aerogel (Figure 6.1a). The 

aerogel was cut and compressed into a high-density GD film with a density of ~0.75 

g/cm3, giving rise to flexible, self-standing electrodes. SEM images of the GD aerogel 

displayed a 3D porous interconnected network structure (Figure 6.1c). TEM images of 

the GD (Figure 6.1d and e) showed an assembly consisting of rougher layers compared 

to graphene aerogel (GA, Figure 6.2, Figure 6.3), indicating the deposition of the 

polydopamine on rGO surface. The vertically compressed GD films still exhibited a 3D 

interconnected porous structure, but the pore dimension was significantly reduced in the 

vertical direction (Figure 6.1f and Figure 6.4). To gain insight into the uniformity of the 

polydopamine coating on rGO surface, elemental mappings of carbon, oxygen, and 
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nitrogen on the GD film were conducted by EDX (Figure 6.1f-i). A homogenous 

distribution of each element was observed on the GD film, indicating the successful and 

uniform deposition of polydopamine with the 3D rGO assembly.  

 

Figure 6.2 TEM images of a graphene aerogel (GA) at (a) low- and (b) high-

magnification. 

 

Figure 6.3 SEM images of a GD aerogel at (a) low- and (b) high-magnification. 
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Figure 6.4 SEM images of a GD film in lateral view at (a) low- and (b) high-

magnification, showing the densely-packed film. 
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Figure 6.5 SEM images and energy-dispersive X-ray spectroscopy (EDX) mappings 

of the (a, c, e, g) GD-200 and (b, d, f, h) GD-650 films. 

 

Figure 6.6 (a) TGA of the GD under nitrogen flow. (b) TGA of the GD, GD-200, and 

GD-650 under air flow. (c) XPS wide scan survey of the films with their O/C and 

N/C ratios. High-resolution XPS (d) C 1s and (e) N 1s spectra of the films 

 The fabricated films were further heat-treated to investigate chemical changes and 

corresponding charge storage performances. The GD aerogels were heat-treated at 200 

⁰C (GD-200) and 650 ⁰C (GD-650) under argon environment for 2h. After pressing, the 

densities of GD-200 (0.60 g/cm3) and GD-650 (0.1 g/cm3) films were lower than that of 

the GD (0.75 g/cm3). The compressed GD-200 and GD-650 films also showed 
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interconnected 3D network structures with uniformly distributed nitrogen and oxygen in 

the SEM and EDX mapping (Figure 6.5). TGA of the GD was carried out under nitrogen 

at a flow rate of 50 mL min-1, showing a gradual weight loss with increasing temperature 

(Figure 6.6a). During this gradual decay, weight losses of 7% and 31% were observed at 

200 °C and 650 °C. The thermal stability of the films was compared by TGA under 

flowing air, showing the enhanced stability with higher preheating temperature from GD 

to GD-650 (Figure 6.6b). The enhanced stability of the GD-200 and GD-650 can be 

attributed to the preliminary removal of the oxygen and nitrogen functional groups during 

the heat-treatments under inert gas environment. The chemical composition and surface 

chemistry of the films were investigated by XPS. An atomic oxygen to carbon ratio (O/C) 

of 0.15 was observed for GA, and this ratio was increased to 0.17 for GD (Figure 6.6c). 

The GD film also showed an atomic nitrogen to carbon ratio (N/C) of 0.06 due to the 

incorporated polydopamine. The GD-200 film had slightly decreased O/C ratio of 0.15 

and N/C ratio of 0.04, while the GD-650 showed more reduced O/C ratio of 0.05 and N/C 

ratio of 0.03 due to the thermal reduction of the rGO and carbonization of 

polydopamine.[205, 244] Detailed chemical states of the materials were analyzed by 

fitting the high-resolution C 1s, O1s and N1s spectra (Figure 6.6d and e, and Figure 

6.7).  The C 1s spectra were fitted by five characteristic peaks, including 284.6 ± 0.1 eV 

for CHx and sp2-hybridized carbon, 285.5 ± 0.1 eV for C–N, 286.4 ± 0.2 eV for C-O, 

287.8 ± 0.2 eV for C=O, and 288.9 ± 0.2 eV for COOH.[245, 246] The C–N and C-O 

peaks were found gradually decreased from GD to GD-650 as the heat-treatment 

temperature increased, indicating the gradual removal of these functional groups during 

the heat-treatment.  The O1s spectra were fitted by 533.1 ± 0.2 eV for O–C and 531.2 ± 
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0.1 eV for O=C and the percentage of carbonyl group (C=O) was calculated by 

comparing these two peaks (Figure 6.7).[214, 221] It is interesting to note that the GD 

film synthesized by hydrothermal reaction has a higher percentage of the carbonyl group 

(36%) compared to that of the self-polymerized dopamine on CNT (26%).[241] The N1s 

spectra was also fitted by assigning 401.7±0.1 to primary amine (–NH2), 399.9±0.1 eV to 

secondary amine (–NH–), and 398.5±0.1 eV to tertiary/aromatic amine (–N=), 

respectively (Figure 6.6e).[214, 221] The existence of primary amine is due to the non-

covalent self-assembly of dopamine,[222] while other amines are associated with the 

polydopamine and oxidized intermediates, including 5,6-dihydroxyindole and 5,6-

indolequinone,[214, 241] further confirming the polymerization process under 

hydrothermal condition.  

 

Figure 6.7 High-resolution O 1s spectra of the (a) graphene aerogel (GA), (b) GD, 

(c) GD-200 and (d) GD-650 films. 
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Figure 6.8 CV scans of the (a) GD and (b) GD-200 electrodes at 1 mV/s in Li-cells. 

(c) Comparisons of the steady-state CV scans of the GD, GD-200, GD-650 and GA 

electrodes in Li-cells. (d) Forward and backward potential-dependent CV scans of 

the GD-200 in Li-cells. (e) Comparisons of the steady-state CV scans of the GD and 

GD-200 electrodes in Na-cells. (f) Forward and backward potential-dependent CV 

scans of the GD-200 in Li-cells. 
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Figure 6.9 CV scans of the (a) GD, (b) GD-650 and (c) GA electrodes at 1 mV/s in 

Li-cells. 

 

Figure 6.10 Forward and backward potential-dependent CV scans of the GD at 1 

mV/s in Li-cells. 
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Figure 6.11 CV scans of the (a) GD and (b) GD-200 electrodes at 1 mV/s in Na-cells. 

 

Figure 6.12 Forward and backward potential-dependent CV scans of the GD at 1 

mV/s in Na-cells. 
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Figure 6.13 Rate-dependent CV scans of the (a) GD and GD-200 electrodes in Li-

cells, and (c) GD-200 in a Na-cell. Insets show the anodic and cathodic currents as a 

function of scan rates. 

 The charge storage mechanism of the GD films was studied as positive electrodes 

against Li or Na metal foil negative electrodes by CV test. The initial CV scan of the GD 

electrode displayed a strong oxidation wave from ~4.1 V vs. Li due to the anodic 
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polymerization of the dopamine intermediate within the adsorbed polydopamine on the 

rGO (Figure 6.8a and Figure 6.9a).[241, 247] During sequential CV cycling, two 

distinct redox peaks were found at ~3.2 and ~4.0 vs. Li, and the second redox peak 

broadened at the steady state. The first sharp peak can be attributed the redox reactions 

between oxygen functional groups and Li ions, while the second broad peak is due to the 

PF6
- anion insertion (p-doping) reaction into the polymer film.[224, 241] The GD-200 

electrode exhibited the significantly reduced anodic wave in the high potential region, 

which may arise from the partial removal of functional groups that can participate in the 

anodic polymerization (Figure 6.8b). Upon CV cycling, two redox peaks were 

progressively developed and eventually one broad redox peak was observed at ~3.2 V vs. 

Li at the steady-state. The GD-650 showed the negligible anodic wave and redox peak, 

indicating a significant removal of the redox-active functional groups during the high-

temperature heat-treatment (Figure 6.9b). The GA electrode displayed also a small redox 

peak around ~3 V vs. Li due to the redox reactions between the remaining oxygen 

functional groups and Li-ions (Figure 6.9c). Comparing the steady-state CV scans of the 

electrodes, both GD and GD-200 have the higher capacitances (~183 F/g for GD and 

~202 F/g for GD-200) compared to that of GA (~147 F/g, Figure 6.8c). The significantly 

increased capacitances of the GD and GD-200 electrodes can be attributed to the multiple 

redox reactions of the introduced polydopamine in the voltage over ~2.5 V vs. Li. In 

contrast, the GD-650 exhibited the lowest capacitance of ~49 F/g mainly due to the 

removal of the redox-active functional groups. The potential-dependent CV tests were 

conducted for GD-200 and GD to gain further insight into its charge storage mechanism 

(Figure 6.8d and Figure 6.10). The gradual CV scans from a low voltage limit of 1.5 V 
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vs. Li to higher voltage ranges clearly visualized the development of the redox reaction 

with Li-ions (n-doping), while the CV scans from a high voltage limit of 4.5 vs. Li to 

lower voltage regions showed a small contribution of the p-doping mechanism. Upon CV 

cycling in Na-cells, both GD and GD-200 showed a gradual increase in current density 

over the entire voltage range of 1.3–4.2 V vs. Na (Figure 6.11). Despite its indistinct 

redox peaks compare to those in Li-cells, the GD-200 exhibited a high specific 

capacitance of ~174 F/g, which is higher than that of the GD (~150 F/g, Figure 6.8e). 

The enhanced capacitance of the GD-200 compared to the GD can be attributed to the 

partial removal of non-redox active oxygen and nitrogen functional groups during the 

heat treatment. The redox characteristic of the GD-200 can be more clearly observed by a 

potential-dependent CV test, demonstrating gradual evolutions of the redox reactions 

from continuously expanding CV scans (Figure 6.8f and Figure 6.12). Additionally, the 

rate-dependent CV tests for GD and GD-200 in both Li- and Na-cells showed that the 

current density of the main redox peak can be fitted almost linearly to the scan-rate, 

indicating that the redox reactions of the polydopamine are surface-controlled (Figure 

6.13).[4] 
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Figure 6.14 Galvanostatic charge-discharge profiles of the (a, b) GD and (c, d) GD-

200 electrodes in Li-cells with a voltage window of 1.5-4.5 V vs. Li and Na-cells with 

a voltage window of 1.3-4.2 V vs. Na.  Comparisons of galvanostatic discharge 

capacities of the electrodes in (e) Li-cells and (f) Na-cells.  

 

Figure 6.15 Rate-dependent galvanostatic charge/discharge profiles of the GD-650 

electrode in a Li-cell. 
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Figure 6.16 Gravimetric discharge capacities of the GD and GD-200 electrodes and 

their coulombic efficiencies in (a) Li- and (b) Na-cells as a function of cycle number. 

(c) SEM and EDX mapping of the GD-200 electrode after cycling. Between each 

charge and discharge capacity measurement at 0.1 A/g, the electrodes were cycled at 

20 A/g for 99 cycles. 

 The steady-state charge storage capacities of the electrodes were evaluated by 

rate-dependent galvanostatic charge/discharge tests in both Li- and Na-cells (Figure 6.14 

and Figure 6.15). The GD and GD-200 displayed a small plateau around 3.2 V vs. Li that 

is ascribed to the main redox reaction between the oxygen functional groups and Li ions 

(Figure 6.14a and c). The overall sloped charge and discharge profiles can be attributed 

to the multiple redox reactions on top of double layer-capacitance.[169, 241] At a low 

current density of 0.05 A/g, the GD-200 electrode delivered the highest capacity of ~230 

mAh/g compared to those of other electrodes (~163 mAh/g for GA, ~182 mAh/g for GD, 

and ~ 59 mAh/g for GD-650). This capacity (~230 mAh/g) is also significantly higher 

than that of the recently introduced polydopamine-coated CNT electrode (~133 

mAh/g),[241] indicating a more effective utilization of the redox reactions from 

polydopamine within the 3D rGO assembly. The GD-200 maintained its high capacity of 
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~144 mAh/g at an increased current density of 1 A/g and ~ 67 mAh/g at a high current 

density of 5 A/g, outperforming GD and GD-650 (Figure 6.14c). Such high rate-

performance should be attributed to the facilitated electron and ion transport through the 

3D interconnected porous structure that supports fast surface redox reactions of 

polydopamine. The GD-200 also delivered a higher capacity of ~210 mAh/g that that of 

the GD (~160 mAh/g) at a 0.05 A/g in Na-cells. This capacity (~210 mAh/g) 

significantly exceeds those of the previously reported polydopamine-coated CNT (~109 

mAh/g),[241] tetrahydroxyl-1,4-benzoquinone functionalized graphene aerogel (~120 

mAh/g),[170] and oxygen functionalized carbon foams (~152 mAh/g).[164] The GD-200 

also showed superior rate-performance relative to the GD in Na-cells (Figure 6.14f). The 

enhanced performance of the GD-200 compared to the GD can be attributed to the partial 

reduction of non-redox active functional groups. On the other hand, the remarkably 

decreased performance of the GD-650 is due to a significant reduction of redox-active 

functional groups. It is also worth to mention that the GD-200 and GA have the same 

O/C ratio of 0.15 (Figure 6.6c), but the GD-200 can deliver a significantly higher 

capacity (~230 mAh/g) than that of the GA (~163 mAh/g). These results suggest that 

controlling both the quantity and quality (type) of the functional groups is critical to 

achieve the maximum performance of the functionalized carbon electrode.   



 151 

 

Figure 6.17 (a) Gravimetric discharge capacities of the GD-200 at 0.1 A/g as a 

function of cycle number up to 7,000 cycles in Li- and Na-cell via an accelerated 

cycling method. SEM images of the GD-200 after cycling in (b and c) Li-cell and (d 

and e) Na-cell. Between each charge and discharge capacity measurement at 0.1 A/g, 

the electrodes were cycled at 20 A/g for 99 cycles (up to 1500th cycle) or 499 cycles 

(1501th-7,000th cycle). 

 The cycling stability of the GD and GD-200 electrodes were evaluated by an 

accelerating cycling method in both Li- and Na-cells (Figure 6.16a and b). The both 

electrodes showed the negligible decreases of their capacities over 1,000 cycles with high 

Columbic efficiencies over ~99% in Li-cells and ~95% in Na-cells. The extended cycling 

stability tests of the GD-200 electrodes were also conducted up to 7,000 cycles to 

investigate their structural changes after the cycling test (Figure 6.17). The SEM with 

EDX mapping showed that the GD-200 electrode maintained the interconnected 3D 



 152 

network structure with the uniform distribution of nitrogen and oxygen atoms after the 

cycling process, further confirming its exceptional cycling stability (Figure 6.16c). This 

excellent cycling stability should be attributed to the polymerization process of dopamine 

and the strong adhesive property of the polydopamine coating on the rGO surface, which 

can effectively prevent the dissolution of active molecules. 

6.4 Conclusions 

 We have fabricated a new organic electrode, polydopamine functionalized 3D 

graphene assembly, through a simple and scalable hydrothermal reaction. This 

polydopamine functionalized graphene electrode delivered high capacities of ~230 

mAh/g in Li-cells and ~211 mAh/g in Na-cells in the high voltage regions utilizing the 

multiple redox reactions of polydopamine, suggesting high-capacity positive electrodes 

for both Li- and Na-ion storage. This electrode also showed excellent rate-performance 

due to its unique 3D structure that can support fast surface redox reactions of 

polydopamine. Furthermore, the polymerization process of dopamine during the 

hydrothermal reaction and the strong adhesive property of polydopamine can prevent the 

dissolution of active molecules, enabling exceptional cycling stability. Thus, the high-

performance polydopamine functionalized graphene electrode opens a variety of 

opportunities up for electrochemical energy storage applications, including Li- and Na-

ion batteries or hybrid-capacitors.  
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CHAPTER 7. CONCLUSION AND OUTLOOK 

7.1 General Conclusions 

In this thesis, we studied the energy storage mechanism in the redox-active carbon-

based cathodes. Using reduced GO as an example, the interaction between oxygen 

functional groups and Li-ions were investigated by both theoretical and experimental 

methods. The redox active oxygen species were determined as carbonyl and epoxide 

groups. Electrochemical measurements showed that the reduced GO films delivered a 

capacity of 160 mAh/g (91.5 Ah/L) in Li-cells, the high capacity resulted from the 

contribution from both EDLC and Faradic capacitance. To further enhance the 

gravimetric capacity of redox-active graphene-based cathodes, we successfully 

incorporated redox-active molecules on the surface of reduced GO. The incorporated 

molecules could reduce and functionalize the GO simultaneously, resulting in functional 

graphene electrodes with an enhanced capacity of 165 mAh/g.  

The second part of this thesis focused on developing high-performance carbon-based 

electrodes from renewable and low-cost biomass. Using glucose as an example, we 

successfully converted glucose into redox-active carbon materials through a 

hydrothermal carbonization process. The redox-active carbon materials delivered a 

capacity of ~210 mAh/g, owing to the existence of abundant oxygen functional groups. 

We also continuously optimized the carbon materials by modifying their morphologies. 

Adding a small amount of GO during the hydrothermal carbonization process of glucose, 

we obtained carbon sheets instead of carbon spheres, which would facilitate the electrical 
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connections. The utilization of GO served as a template as well as facilitated the 

carbonization of glucose. 

In the last part of this thesis, we showed our research on organic electrode materials. 

Dopamine, which can be simply self-polymerized in weakly alkaline solution, was 

identified as promising cathode materials in both Li- and Na-ion batteries. DFT and 

electrochemical measurements were used to investigate the energy storage mechanism in 

polydopamine. Our results showed that polydopamine had multiple redox reactions with 

electrolyte ions (both cations and anions). Our electrochemical measurements showed 

that polydopamine could deliver high capacities of ∼235 mAh/g in Li-cells and ∼213 

mAh/g in Na-cells, respectively. However, the self-polymerization process had a 

shortcoming of low efficiency, polydopamine particles couldn’t be avoided at a high 

concentration of dopamine which resulted in the low usage of active materials and poor 

rate capability. To solve this issue, we used GO as an oxidant and developed a high-

efficient hydrothermal polymerization process for dopamine. During the hydrothermal 

polymerization process, dopamine would reduce GO, while polydopamine would 

uniformly grow on the surface of the reduced GO. A compact polydopamine-graphene 

film (0.75 g/cm3) could be easily obtained after compressing the freeze-dried 3D 

structured polydopamine-graphene composite. This compact film delivered high 

capacities of 230 mAh/g in Li-cells and 211 mAh/g in Na-cells based on the total mass of 

the electrodes. 

7.2 Future and Challenges 
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The research in this thesis showed the promise of further enhancing the capacity of 

carbon-based cathode materials for hybrid capacitors (or Li-ion capacitors) by 

introducing additional oxygen functional groups. However, there are still several issues 

should be investigated or improved. Firstly, how could we finely control the surface 

chemistry of these functional carbon cathode materials? The typical oxidation methods of 

carbon materials introduce several types of oxygen functional groups simultaneously, 

such as hydroxyl (-OH), carbonyl (-C=O), carboxylic acid (-COOH), and epoxide. But 

our theoretical study based on rGO have shown that only carbonyl and epoxide contribute 

additional capacities by reversibly reacting with Li-ions at a high redox potential (~3.0 V 

vs. Li). Simply increasing the oxidant concentration or time for carbon materials will 

increase all the oxygen species simultaneously. The excess oxygen species can only 

slightly increase the capacity but decrease the rate capability significantly owing to the 

poor conductivity. Thus, methods which can convert these inactive oxygen species 

(hydroxyl and carboxylic acid) into active species (carbonyl and epoxide) or which can 

introduce specific oxygen species (carbonyl or epoxide) on carbon materials will be 

highly desirable. Similarly, although we propose a high-efficiency, hydrothermal 

polymerization process of dopamine, hydroxyl groups are still dominant in the final 

polydopamine. By developing a polymerization method which can promote the formation 

of carbonyl-dominant polydopamine, we can expect even higher capacity (up to 364 

mAh/g). 

Secondly, the stability of the oxygen species should also be investigated considering 

both the time and temperature effect. For example, the stability of oxygen functional 

groups at a high operation temperature (i.e. 60 oC) should be investigated, the cycling 
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stability can be used as an indirect evidence for checking the stability of oxygen 

functional groups. In addition, the electrochemical measurements in this thesis were 

conducted with a high cutoff voltage of 4.5 V vs. Li which is close to the stability limit of 

typical EC/DMC mixture. Whether the functionalized carbon materials will catalyze the 

decomposition of the electrolyte should be investigated. In both cases, post-mortem 

analysis techniques, such as XPS, SEM, and FT-IR, will be needed. Technique 

challenges will be how to distinguish the oxygen and carbon from carbon-based 

electrodes and decomposed electrolyte. 

How to increase the volumetric performance of the carbon-based cathode is another 

important topic should be further investigated. In specific applications, storing more 

energy in limited spaces is one of the critical criteria for selecting the energy storage 

systems. In this thesis, we were able to increase the density of graphene-based electrodes 

to 0.64 g/cm3, and carbon nanotube-base electrode to 1.02 g/cm3. However, efforts still 

need to be devoted to determining the optimal density of carbon-based electrodes 

considering the trade-off between the volumetric and gravimetric performance. In 

addition, we also showed the morphologies of the carbon materials have great effects on 

the performance of the electrodes. In this case, once the optimized morphologies of 

redox-active carbon materials were determined, more efforts should be devoted to 

investigating the thickness and the porosity of the electrodes.  

The performance of the above carbon-based cathodes should also be evaluated in the 

full-cell configurations to evaluate their energy and power performance. For typical 

hybrid capacitors (Li-ion capacitors), the most widely used anodes in Li-ion capacitors 

are graphite or lithium titanium oxide for different requirements, while the high surface 
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area activated carbon serves as the cathodes. Nowadays, efforts have been devoted to 

introducing silicon into the anode for further increasing the energy density of the hybrid 

capacitors. However, the critical limitation for hybrid capacitors lies in the limited 

capacity from the cathode. Instead of using the typical activated carbon, we’re 

recommending using the redox-active carbon cathodes developed in this thesis aiming 

higher energy density. For full-cell configuration tests, additional lithium sources are 

needed. Prelithiation of cathodes or anodes by either chemical or electrochemical 

methods are widely used in assembling full-cells. Considering the relative low first 

Coulombic efficiency of anode materials, prelithiation of anodes will be recommended.  

The lithiated anodes with high initial Coulombic efficiency are also beneficial for higher 

energy density by avoiding the irreversible capacity loss during the formation process of 

the full-cells.  

Increasing the energy efficiency of these redox-active carbon cathodes is another 

technical challenge should be solved. Once introducing oxygen functional groups, a 

hysteresis up to 750 mV can be introduced between the charge and discharge profiles, 

resulting in a low energy efficiency of ~75%. Further improving the functionalization 

process which can eliminate the inactive oxygen functional species could decrease the 

hysteresis and improving the energy efficiency.  

Other than oxygen functionalization process, heteroatoms doping, such as N, B and S, 

is also a promising strategy to further improve the performance of the carbon-based 

cathodes. Among these elements, nitrogen doping has been a widely used method to 

improve the performance of carbon electrode materials. Introducing nitrogen atoms in 

carbon frameworks can improve the conductivity and favorable for Li binding. We 
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believe nitrogen doping can also improve the performance of carbon-based cathodes. 

However, typical nitrogen doping processes are conducted under high temperatures (600-

900 oC) where oxygen functional groups are no longer stable. Thus, the development of 

new nitrogen doping process is also highly desirable. 

In terms of organic electrode materials, efforts need to be devoted to identifying new 

energy storage mechanisms or trying to combine the as-know mechanisms in the same 

electrode materials for achieving higher capacity or rate capability. Our group is currently 

trying to combine the n-doping and p-doping process in anthraquinone-based polymers, 

thus, we can change the two-electron process in anthraquinone monomers into a four-

electron process in the anthraquinone-based polymers achieving higher energy. Another 

promising topic for organic electrode materials is the development of redox flow batteries 

for grid energy storage applications, but we will not discuss in this thesis. 
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