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Abstract 

Supercapacitors are the promising next-generation energy storage devices that bridge 

the gap between traditional capacitors and batteries, but still require their electrode 

material to be further developed. Here, this thesis aims at design and development of 

the graphene-based porous structures as the supercapacitor electrode for efficient 

electrochemical energy storage. Step-by-step research is carried out by firstly 

investigating the effect of graphene-oxide precursors, then enhancing the specific 

capacitance of a single electrode, and finally increasing the overall performance (in 

terms of the energy density and power density) at the entire device level. The details 

of these three main work in the PhD project are as follows: 

(1) Graphene-based materials are highly desirable for supercapacitors, but vary 

considerably in reported properties despite being prepared by similar procedures; 

therefore, a clear route to improve the performance is currently lacking. Here, a direct 

correlation between the initial oxidation of graphene-oxide precursors and final 

supercapacitor performance is demonstrated. Building on this significant 

understanding, the optimized three-dimensional graphene frameworks achieve a 

superior gravimetric capacitance of 330 F g-1 in an aqueous electrolyte. This 

extraordinary performance is also validated in various electrolytes at a device level. In 

a commercially used organic electrolyte, an excellent volumetric energy density of 51 

Wh L-1 can be delivered, which significantly outperforms the state-of-the-art 

commercial carbon-based devices. Furthermore, solid-state supercapacitor with a gel 

electrolyte shows an impressive capacitance of 285 F g-1 with a rate capability of 79% 

at 20 A g-1 and capacitance retention of 93% after 20,000 cycles. This study presents 

a versatile design principle for engineering chemically derived graphene towards 

diverse applications in energy storage. 

(2) Graphene-oxide (GO) based porous structures are highly desirable for 

supercapacitors, as the charge storage and transfer can be enhanced by advancement 

in the synthesis. Here, this study presents an effective route of, first, synthesis of a 

three dimensional assembly of GO sheets in a spherical architecture by flash-freezing 

of GO dispersion, and then development of hierarchical porous graphene networks by 

facile thermal-shock reduction of GO spheres. Thus, this process leads to a superior 

gravimetric specific capacitance of ~306 F g−1 at 1.0 A g−1, with a capacitance 
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retention of 93% after 10,000 cycles. The values represent a significant capacitance 

enhancement by 30–50% compared with the GO powder equivalent, and are among 

the highest reported for GO-based structures from different chemical reduction routes. 

Furthermore, a solid-state flexible supercapacitor is fabricated by constructing the 

porous graphene networks with polymer gel electrolyte, exhibiting an excellent areal 

specific capacitance of 220 mF cm−2 at 1.0 mA cm−2 with exceptional cyclic stability. 

The work reveals the synthetic and further processing effects of GO-based materials 

to enhance their structure-performance relationships for capacitive energy storage. 

(3) Supercapacitors have shown extraordinary promise for miniaturized electronics 

and electric vehicles, but are usually limited by electrodes with rather low volumetric 

performance largely due to the inefficient utilization of pores in charge storage. Herein, 

this study designs a freestanding graphene laminate film electrode with highly 

efficient pore-utilization for compact capacitive energy storage. The interlayer spacing 

of this film can be precisely adjusted, which enables a tunable porosity. By 

systematically tailoring the pore size for the electrolyte ions, pores are utilized 

optimally and thereby the volumetric capacitance is maximized. Consequently, the 

fabricated supercapacitor delivers a record-high stack volumetric energy density of 

88.1 Wh L-1 in an ionic liquid electrolyte, representing a critical breakthrough for 

optimizing the porosity towards compact energy storage. Moreover, the optimized 

film electrode is assembled into an ionogel-based all-solid-state flexible smart device 

with multiple optional output and superior stability, demonstrating enormous potential 

as portable power supply in practical applications. 
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Impact Statement 

This PhD project focuses on understanding and developing graphene-based electrode 

material to enhance supercapacitor performance. The impact and highlights from this 

thesis are: 

(1) In the first study, by systemically investigating 3D graphene frameworks derived 

from series of GO precursors of controlled initial oxidation, it gains an 

unprecedentedly detailed insight into the structure-property correlation that underpins 

the supercapacitor performance. The understanding allows to achieve a considerable 

enhancement of the capacitive energy storage performance for reduced graphene-

oxide (rGO) structures, which was further validated over a diverse range of relevant 

electrolytes and used to yield a superior energy density. The most significant 

achievements from this study are as follows: 

• It first demonstrates that the initial functionalization level of GO precursors 

directly underpins the delamination, interconnectivity, concentration of defect, 

wettability and porosity of the rGO products, which in synergy determine the 

electrochemical capacitive performance. 

• With precise control of the initial oxidation, the optimized 3D graphene 

frameworks show a specific capacitance of 330 F g-1 in an aqueous electrolyte, 

which represents the highest value among peer dopant-free graphene-based 

materials to date. 

• The exceptional performance is also validated in diverse commonly used 

electrolytes, under acidic, basic, organic and gel conditions. Specifically, the all-

solid-state flexible supercapacitor exhibits 285 F g-1 at 1 A g-1, a rate capability of 

79% at 20 A g-1 and cyclic stability of 93% after 20,000 cycles, all of which are 

prominent amongst the practical solid-state devices. 

• The supercapacitor fabricated with an organic electrolyte readily delivers a stack 

volumetric energy density (regarding the entire device including two active 

electrodes, two current collectors and separator) of 36.5 Wh L-1 within a 2.7 V 

operating voltage. Even at a rather high power density of over 10 kW L-1, it can 

still maintain an energy density of 24.7 Wh L-1. This demonstration is remarkable 

since it clearly indicates that the gap in energy storage capabilities between 
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traditional capacitors and batteries can be bridged, and thus opening up extensive 

opportunities for practical applications. 

(2) The second study first provides a simple method to address the “aggregation” issue 

of GO sheets, in terms of constructing a three-dimensional (3D) assembly. 

Furthermore, the capacitive energy storage performance and structure-performance 

relationships of constructed structures are critically analysed to provide a clear 

understanding of the mechanism. The significance and novelty of the outcomes are 

highlighted as follows: 

• The strategy for the preparation of 3D assembly involve just a water mediated GO 

dispersion, during the flash-freeze process, the ice among GO sheets acts as 

impurity-free spacers to retain the orientation of layers in the diluted liquid phase. 

Such “self-assembled” 3D structures directly boost 30‒50% capacitive 

performance, compared with the untreated GO powder, when subjected to a 

similar reduction at mild temperatures. 

• A further performance enhancement is achieved by an alternative way of reduction, 

thermal-shock at ≤400 °C for less than 5 minutes, leading to a hierarchical porous 

graphene networks with a large specific surface area (700 m2 g-1), total pore 

volume (5.2 cm3 g-1) and wide pore size distribution across micro-meso-macro-

pores regime. In particular, the obtained structures exhibit a superior specific 

capacitance of 306 F g-1 at 1 A g-1 with excellent cyclic stability. To the best of 

the knowledge, the gravimetric specific capacitance of over 300 F g-1 at 1 A g-1 is 

one of the highest values among many pure GO-based structures, reported so far. 

(3) The third study hypothesises that pores can be utilized more efficiently in charge 

storage if they can accommodate only a single layer of ions. Then, it experimentally 

confirms this hypothesis by developing a graphene laminate film from two precursors 

(graphene-oxide and exfoliated graphene) for highly efficient pore-utilization. The 

interlayer spacing of the film can be precisely adjusted by altering the ratio of two 

precursors, which produces a tunable porosity and eventually enables to realize 

remarkable performance of compact capacitive energy storage. The most significant 

achievements from the study are as follows: 
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• By systematically tuning the pore size to adapt to the electrolyte ions, the film 

reaches an optimal point of the most efficient pore-utilization (46 µF cm-2 in terms 

of capacitance contribution per specific surface area), which is the highest 

efficiency among peer dopant-free carbon-based materials to date. 

• Based on this film and taking all aforementioned factors from the overall device 

perspective into consideration, the as-fabricated supercapacitor delivers a record-

high stack volumetric energy density of 88 W L-1, even approaching to that of 

lead-acid batteries. This value bridges the gap between traditional capacitors and 

batteries, demonstrating great potential for practical applications. 

• It shows the advanced design of an all-solid-state flexible smart device using this 

graphene laminate film. The constructed device achieves multiple optional output 

with considerable stability, representing a promising candidate as the mobile 

power supply for portable miniaturized electronics.  

In summary, these findings are believed to boost a step-change of graphene materials 

and would attract broad interests not only from researchers working in the fields of 

energy storage, material science and chemistry but also from a wider community on 

2D- and graphene-based systems and technologies. 
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htrGO Hydrothermally reduced graphene-oxide 

LED light-emitting diode 

LFGO Low-level oxygen-functionalized graphene-oxide 

MFGO Medium-level oxygen-functionalized graphene-oxide 

MOF Metal organic framework 

nano-CT X-ray nano-computed tomography 
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NLDFT Non-local density functional theory 

PC Propylene carbonate 

PET Polyethylene terephthalate 

PSD Pore size distribution 

PTFE Polytetrafluoroethylene 

PVA Polyvinyl alcohol 

PVDF-HFP Polyvinylidene fluoride-hexafluoropropylene 

QSDFT Quenched solid density functional theory 

rGO Reduced graphene-oxide 

SAXS Small angle X-ray scattering 

SEM Scanning electron microscope 

srGO(S) Simple thermal reduced graphene-oxide (spheres) 

SSA Specific surface area 

TEABF4 Tetraethylammonium tetrafluoroborate 

TEM Transmission electron microscope 

TGA Thermogravimetric analysis 

UHFGO Ultrahigh-level oxygen-functionalized graphene-oxide 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

ZIF Zeolitic imidazolate framework 
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Chapter 1. Background and Literature Review 

1.1 Introduction 

The continuous development of human society requires an increasing demand for 

energy worldwide. The majority of current energy sources are still limited to fossil 

fuels, which will run out someday, and also generates a considerable amount of CO2, 

causing climate change.[1] For this reason, developing sustainable energy resources is 

critically important. Recently, an increasing proportion of renewable energy sources, 

such as sunlight and wind, is utilized for power supply.[2] However, the sun does not 

always shine and the wind does not always blow; hence, effective energy storage 

systems are urgently required to balance the supply and demand relationship, and to 

therefore ensure the efficiency and security of in-stock energy. The most broad-scale 

energy storage devices so far are lithium-ion batteries and supercapacitors.[3] 

The pioneering commercial lithium-ion batteries were first utilized by Sony in 1990s, 

and then drew great attention because of their superior properties.[4] During past few 

decades, though applied widely in portable electronic devices, such as watches, cell 

phones and laptops, there are still some limitations for lithium-ion batteries.[5] One of 

them is the lifetime, the performance of lithium-ion batteries degrades considerably 

after several hundred cycles. Another drawback is that their power uptake and delivery 

speed is too slow to fulfil some high power systems. Many approaches have been 

carried out to enhance such kinetic properties, including new redox couples and 

nanostructural engineering, but the improvement is rather limited.[6] Therefore, 

another type of energy storage device, supercapacitors, with fast rate of charge-

discharge and exceptional lifetime (> 100,000 cycles) is actively explored.  

Supercapacitors, also known as ultracapacitors and electrochemical capacitors (ECs), 

were first reported in 1957 but did not draw much attention until their applications on 

hybrid electric vehicles in 1990s.[7] Since then, supercapacitors have also been applied 

to power the emergency doors of Airbus A380, which further demonstrates the reliable 

properties and rapid power supply of such devices. These applications of ECs benefit 

from the relatively high power density, i.e. high energy output per unit time.[8] It is 

reported that ECs only need a few seconds to charge.[7] In addition, another main 

advantage of ECs is the lifetime, compared with batteries. ECs are normally able to 

serve more than 100,000 cycles, which is typically 200 times greater than lithium-ion 
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batteries.[9] Hence, the EC with its excellent properties is a promising device for future 

energy storage. However, their relatively lower energy density remains to be solved 

during further development.[10] 

To improve the performance, in some cases, ECs are coupled with some other high 

energy density devices such as batteries or fuel cells to produce a “hybrid” energy 

storage system.[11] In addition, a more essential pathway to achieve higher energy 

density is to tailor some novel materials for ECs, including electrolyte and electrode 

materials. Here, in this thesis, first it provides a brief introduction of structures and 

materials as well as the working mechanism of ECs. Then some challenges in EC 

research are also discussed. Finally, three pieces of induvial research work during 

whole PhD project are presented in different chapters. 

1.2 Fundamentals of supercapacitors 

1.2.1 Categories of supercapacitors 

Electrochemical double layer capacitor 

Currently, ECs can be divided into two types according to their different mechanisms. 

One of them is electrical double-layer capacitor (EDLC), the traditional type of ECs, 

storing their electrical energy by forming internal interfaces between electrode and 

electrolyte. There is no redox reaction in this type of ECs and the energy is stored by 

means of electrostatic forces.[12] Due to polarization that occurs at the interface 

between electrode and electrolyte, it behaves as a capacitor.[1] The capacitance of 

EDLC can be defined with the equation: 

 
𝐶 =

𝐴𝜀𝑟𝜀0
𝑑

 

 

(1.1) 

where εr is the relative dielectric constant of electrolyte, ε0 is the dielectric constant of 

vacuum, d is the distance between electrodes and A is the surface area of the electrode 

material. Based on this equation, the electrode material in EDLC type supercapacitors 

require high surface area together with suitable pore size and volume to the electrolyte; 

therefore, some microporous/mesoporous carbon-based materials have been used such 

as activated carbon,[13] carbon nanotube (CNT)[14] and graphene.[15] 
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Pseudocapacitor 

The other type of ECs is known as pseudocapacitors which include high-speed 

reversible redox reaction on their surface.[6] Because of the different working 

mechanism to EDLC, the requirement of electrode materials in pseudocapacitors is 

different. Firstly, the electrode material should not only have porosity to allow them 

fast access to electrolyte but also have the crystallinity to optimize the electrolyte 

diffusion. Besides, the size of redox active area on electrodes is a key factor 

influencing the performances of pseudocapacitors. Additionally, same as EDLC, their 

electrodes should also have a high surface area.[16] Based on these requirements, 

transition metal oxides[17] and conductive polymers[18] are selected as the electrode 

materials for pseudocapacitors. 

1.2.2 Performance relevant parameters 

Given an electrochemical double layer device, it can be regarded as two capacitors 

working in series. For this system, if the capacitance of one electrode is C1 and the 

other is C2, the overall capacitance (C) of this whole device can be defined as: 

 1

𝐶
=

1

𝐶1
+

1

𝐶2
 

 

(1.2) 

The overall capacitance is influenced by the electrode material used. For a two-

electrode system, if its electrode materials are not same, it is called asymmetric 

supercapacitor. Conversely, if the two electrode materials are same, it is called 

symmetric supercapacitor.[6] From this equation it can be known that: (a) in the 

symmetric system which C1 = C2, the overall capacitance is half of one electrode 

material; (b) in the asymmetric system which C1 ≠ C2, the overall capacitance is more 

depending on the lower capacitance electrode.[7] 

The definition of energy density (E) and power density (P) for EDLC during the 

charging-discharging process are provided: 

 
𝐸 =

1

2
𝐶𝑉2 

 

(1.3) 

 
𝑃 =

1

4𝑅
𝑉2 

(1.4) 
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where V is the voltage between the two EDLC electrodes and R is the inner resistance. 

Both V and C are influenced by the electrode and electrolyte. For the same electrode, 

the capacitance is usually higher in aqueous electrolyte (acid or alkaline) than in 

organic electrolytes due to ionic diameter.[7] But the operation voltage in aqueous 

electrolyte is lower than it in organic electrolyte, due to that the higher voltage will 

cause the water decomposition in aqueous environment.[1] From the Equation (1.3) we 

know that if the voltage increase threefold, it will give nearly an order of magnitude 

increase in energy density. Therefore, organic electrolyte is more widely used since it 

can reach up to 3.5 V in symmetric EDLC. 

The power density is proportional to the square of voltage; thus, increasing the voltage 

could also be an effective way to display higher power.[19] Besides, Equation (1.4) 

indicates that the power density can be increased by decreasing the inner resistance of 

the system as well.[20] The resistance in electrochemical double layer capacitor is much 

lower than it is in batteries because of the different working mechanism.[21] 

Compared with batteries, supercapacitors have better power density but lower energy 

density, therefore to improve the energy density of ECs is crucial for their 

application.[19] The design of electrolyte-electrode system especially using high 

capacitance material is able to achieve this objective. In order to describe the electrode 

material better, the specific capacitance is defined as: 

 
𝐶𝑠 =

𝐶

𝑚
 

 

(1.5) 

Where Cs is the specific capacitance with the unit Faraday per gram (F g-1), C is the 

capacitance of the electrode and m is the mass of electrode material. 

In addition, here also list some other parameters related to the durability performance 

of EC devices:[21,22] 

• Cycle life: Stability of available discharge capacity with the number of charge-

discharge cycles (percentage of capacitance retention after certain of cycles)  

• Rate performance: Stability of the capacitance at numbers of different 

charge/discharge current density (capacitance at increased current densities) 
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1.2.3 Fabrication of supercapacitors 

The general architecture of the supercapacitor includes the electrodes, electrolyte, 

current collectors and the separator.[23] All of these main components have great 

influence on the performance of devices. Operation voltage as well as inner resistance 

mainly depends on the electrolyte, meanwhile, the choice and design of the electrode 

material influence capacity, charge-discharge properties.[24] Current collectors are 

used for conducting the electrical current from electrode and not impregnated with 

electrolyte. The schematic structure is illustrated in Figure 1.1: 

 

Figure 1.1 Schematic configuration of general electrical double layer capacitor. 

 

The device is usually placed on a stainless steel plate according to the structure 

described above.[23] In the whole fabrication process, the preparation of the electrode 

plays such a significant part. At the beginning, mixing active material, conductive 

additives and binders together to obtain a homogeneous slurry, and then spreading this 

slurry onto the etched current collector. The typically used collector is aluminium foil 

because of its excellent stability and current capability as well as low cost. Next, after 

drying the electrode, roll-pressing the coating material to achieve a regular layer. To 

obtain the cell in Figure 1.1, first stabilizing two prepared electrodes on substrate plate 

with a separator inserted between them and followed by filling the electrolyte. The 

formed supercapacitor can be directly used for electrochemical testing. 

1.3 Electrolyte 

The electrolyte plays a crucial role in supercapacitor devices. Different kinds of 

electrolyte affect the performance of ECs by providing different operation voltage and 
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resistance to the system.[6] High voltage applied can boost both high energy density 

and power density. However, in actual devices, the stability of electrolyte at a given 

potential must be taken into consideration. The properties needed for ECs electrolyte 

include good ionic conductivity, high electrochemical stability and electronic 

insulation.[25] Based on these points, there are mainly two kinds of electrolyte used in 

ECs which are aqueous electrolyte and organic electrolyte. 

1.3.1 Aqueous electrolyte 

The electrode often performs a higher capacitance in aqueous electrolyte than in an 

organic electrolyte, which is because the aqueous electrolyte has higher ionic 

concentration together with smaller ionic size compared with the organic electrolyte.[7] 

Furthermore, the resistance of aqueous electrolyte is usually lower, which is better for 

displaying a higher power density. Commonly used aqueous electrolyte include H2SO4, 

KOH and Na2SO4. For electrochemical testing, aqueous electrolyte is easy to prepare 

while organic electrolyte needs to be processed in glovebox under non-air conditions. 

Although aqueous electrolyte has such advantages, in order to avoid water 

decomposition, their operation voltage can only reach 1.3 V which is much lower than 

the organic electrolytes.[1] Based on the Equation (1.3), it is known the voltage has a 

significant influence on energy density and power density, because these two 

parameters are proportional to the square of voltage. Therefore, so far, the application 

of aqueous electrolyte in commercial ECs is limited. 

1.3.2 Organic electrolyte 

Organic electrolyte is widely used in commercial ECs to assemble into whole cells 

due to higher operation voltage compared with aqueous electrolytes. Typical solvents 

for organic electrolyte are propylene carbonate (PC) and acetonitrile (AN). They can 

both dissolve numbers of salts, however, acetonitrile is toxic and not as 

environmentally stable as propylene carbonate. As for the organic salt in the 

electrolyte, tetraethylammonium tetrafluoroborate (TEABF4) is commonly used. 

It is reported that the organic electrolyte can provide up to 3.5 V which is nearly 

threefold of aqueous electrolyte.[6] Thus, according to the Equations (1.3 and 1.4), the 

energy density and power density should be 10 times larger than it in aqueous 

electrolytes. However, the capacitance cannot reach such magnitude in organic 
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electrolyte due to some drawbacks such as high resistance (reducing power density), 

low dielectric constant (leading to the low capacitance), low conductivity (causing 

power deterioration), stringent purification process even toxicity and high cost.[12] 

1.4 Electrode 

Various types of ECs work with different mechanisms. Electrical double-layer 

capacitors store energy by charge adsorption at the interface between electrode and 

electrolyte.[26] Their electrostatic properties lead to a high power density, durability 

and good reversibility. While another kind of ECs works more like batteries; they not 

only store energy on the surface but also inside the electrode material. The mechanism 

can be summarized as the redox reactions due to reversible and fast Faradic charge 

transfer between the electrode and electrolyte.[26] 

Despite different working mechanism, the key component of both kinds ECs is their 

electrodes attributed to their significant influences on the capacitance. Many efforts 

have been developed to tailor new electrode materials for improving the working 

performance. The potential electrode materials mainly include carbon-based 

materials,[27–29] transition metal oxides,[30] metal hydroxides[31,32] and conducting 

polymer (Figure 1.2).[33] 

 

Figure 1.2 Categories and potential electrode materials of supercapacitors. 
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1.4.1 Carbon based material 

Activated carbons 

It is reported that activated carbon (AC) materials have already been used in 

commercial EDLCs, such as carbon YP-50F produced by Kuraray Chemical 

Company.[3] The use of AC material is due to its moderate cost, high electrical 

conductivity, stability and high specific area (can easily over 1000 m2 g-1). Besides, 

ACs can be obtained easily from wood, coal and other carbonaceous material by 

physical or chemical activation.[34,35] 

Physical activation usually is carried out at a high temperature between 700 ℃ and 

1200 ℃ while chemical activation can occur at lower temperature (400 ℃ -700 ℃).[12] 

As a result of different activation method and precursors used, the properties of 

production is quite different and thus exhibit various performance. The specific 

surface area of material is one of the significant factors influence the performance of 

electrodes. For example, Jin and co-workers reported a kind of AC material with 1685 

m2 g-1, which shows a specific capacitance of 250 F g-1.[36] In addition, some other AC 

materials together with their surface area are shown in Table 1.1. 

Table 1.1 Performance of carbon-based material in supercapacitors. 

Electrode 

material 

Electrolyte Specific surface 

area (m2 g-1) 

Capacitance 

(F/g-1) 

Ref. 

Rubber wood 

sawdust-based AC                

H2SO4 920 8-139 [37] 

AC fibres Organic 682-771 41 [38] 

ACs Organic 1200-2315 60-125 [39] 

ACs H2SO4 505-1270 65-322 [40] 

Activated 

bituminous coal 

H2SO4  

800-3030 

160-310 [41] 

KOH 124-286 

Organic 120-180 

Straw-based AC Organic 2316 251 [42] 

Coal and pitch-

derived AC                          

H2SO4 1900-3150 198-312 [43] 
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Polyfurfuryl 

alcohol-derived AC 

Organic 1070-2600 65-150 [44] 

Waste coffee 

ground-based AC 

Organic 940-1021 100-134 [45] 

Activated carbon 

aerogel                               

KOH 401-1418 71-146 [46] 

Activated 

templated carbon                      

H2SO4 1685 250 [36] 

Activated CNTs                                              KOH 511 50 [47] 

Activated 

graphene-like 

nanosheets          

KOH  

1874 

276 [35] 

Organic 196 

Activated carbon 

nanoplates                     

H2SO4 2557 264 [48] 

 

Although so far there is no clear linear relationship established for specific surface 

area and the capacitance, efforts still are made to develop high specific surface area 

material. However, also shown in Table 1.1, a type of ACs with high surface area up 

to 2315 m2 g-1 display a small specific capacitance at 125 F g-1 which is much less 

than its theoretical capacitance.[39] It indicates that specific surface area is not the only 

factor influencing the specific capacitance. Then it is found the pore volume as well 

as its size distribution affect supercapacitor performance, suggesting not all the pore 

are effective in charge storage.[49] 

Further research by Largeot and co-works demonstrated that if the pore size of 

electrode material matches with the ion size of electrolytes in EDLC the capacity 

performance could sharply increase.[49] Therefore, many works nowadays focus on 

using suitable electrolytes to enhance electrodes capacitance. 

In summary, AC materials have already been used as the electrodes in commercial 

supercapacitors, but there are still numbers of drawbacks remained to be improved. In 

order to achieve broad application, the key challenge is how to increase the energy 

density of the devices. A possible pathway is to develop AC materials which can 
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control their pore structure and size accessible to electrolytes ions but without 

sacrificing high power density, surface area and cycle life. 

 

Graphene-based material 

Graphene, a two dimensional carbon material, is applied in plenty of areas after 

discovered due to its unique properties such as wide potential window, high thermal 

and chemical stability and good conductivity.[50] Here, for the consideration of being 

used as the electrode material in ECs, the key reason is single graphene sheet has such 

a high theoretical specific area (2630 m2 g-1) which is even larger than most of ACs.[51] 

In addition, the energy storage in EDLCs is inversely proportional to double-layer 

thickness. Therefore, single layer graphene is regarded as a high performance 

electrode material for energy storage devices. 

The pioneering work of graphene used as the Ecs electrode was done by Ruoff and his 

group.[23] They designed a novel carbon material called chemically modified graphene 

(CMG) which is one-atom thickness and demonstrated in EC devices. It displayed a 

specific capacitance of 135 F g-1 and 99 F g-1 in aqueous and organic electrolytes, 

respectively. Their fabrication method of graphene material is mechanical exfoliation 

which is much more cost-effective than chemical vapour deposition (CVD) 

technique.[52] Recently, some other low cost method is applied to form two-

dimensional carbon, such as reduced graphene-oxide (rGO).[55] 

The rGO is normally prepared by reduction of GO in thermal, chemical or 

electrochemical techniques. A later research reported their performance in EDLCs, the 

specific capacitance can reach 218 F g-1 in aqueous electrolytes which is higher than 

CMG.[31] Nevertheless, the specific surface area of the tested rGO is about 800 m2 g-1 

which is much lower than the theoretical value 2630 m2 g-1. The theoretical calculation 

indicates the surface with 2630 m2 g-1 can achieve a capacitance up to 550 F g-1 in 

EDLC,[53] thus to increase the effective surface area is strongly necessary. Here, Table 

1.2 summarizes some recent results as well as their experiment details of GO-based 

material used in supercapacitors. 
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Table 1.2 Performance of graphene-based carbon materials in supercapacitors. 

Electrode 

material 

Reducing 

method 

Electrolyte Capacitance 

(F g-1) 

Surface 

area 

(m2 g-1) 

Ref. 

CMG Hydrazine 

reduction 

KOH 135 2630 [23] 

organic 99 

MEGO Microwave 

exfoliation 

KOH 191 463 [54] 

a-MEGO Microwave 

exfoliation, KOH 

activated 

organic 158 1650 [55] 

a-MEGO Microwave 

exfoliation, KOH 

activated 

organic 165 3100 [14] 

asMEGO Microwave 

exfoliation, KOH 

activated 

organic 173 3290 [56] 

aGO14 KOH activated organic 120 2400 [57] 

ERGO Electrophoretic 

deposition 

KOH 161 - [58] 

HGF H2O2 hydrothermal 

sodium ascorbate 

organic 298 1560 [59] 

KOH 310 

HGH H2O2processed, 

sodium ascorbate 

H2SO4 283 1330 [60] 

organic 272 

SGH Hydrothermal H2SO4 160 - [61] 

GA-MC Hydrothermal, 

SiO2 template 

H2SO4 238 295 [62] 

CCG Hydrazine and 

ammonia heat 

H2SO4 203 962 [63] 

GAC KOH activated KOH 122 798 [64] 

TEGO Vacuum exfoliated 

at 200oC 5h 

KOH 264 368 [65] 

organic 122 
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HZ-rGO Hydrazine at 75oC  H2SO4 265 - [66] 

MGB CVD H2SO4 206 508 [52] 

aPG-10 Sponge-template, 

KOH activated 

H2SO4 401 2582 [67] 

KOH 188 

organic 207 

aGA-0.5 Urea hydrothermal, 

H3PO4 activated 

KOH 204 1145 [68] 

3D-rGO Filtration,  

freeze-casting 

H2SO4 284 - [69] 

 

As shown in Table 1.2, numbers of graphene-based supercapacitor electrodes with 

different preparation processes can display superior performance. Besides, the 

stability of two dimensional graphene electrode is moderate among all the candidates 

and the power density of it is limited by the porous structure. It leads to some 

restriction on the transport and diffusion of electrolyte ions. Fabricating three 

dimensional graphene structures perhaps can solve this problem but the process is 

always complicated. In summary, although such good properties like high surface area 

and electrical conductivity graphene-based electrodes own, their application still 

remains to be further explored. 

 

Metal organic framework (MOF) derived carbon 

In EDLC devices, the electrode materials used are usually carbons, in particular those 

porous carbons with high surface area. MOFs are able to be used as the precursor and 

template to obtain the different carbons with microporous or mesoporous 

nanostructures. The structure of carbon obtained is unique which depends on the 

MOFs used. Table 1.3 list some of these carbons as the electrodes in EDLC devices 

with their performance. 
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Table 1.3 Performance of MOF derived carbons in supercapacitors. 

 

Sample 

Surface 

area  

(m2 g-1) 

 

Electrolyte 

Scan 

rate 

(mV s-1) 

Current 

density 

 (A g-1) 

Capacitance 

(F g-1) 

Ref. 

NPC650 1521 H2SO4 - 0.05  222 [70] 

C-MOF-2 1378 H2SO4 - 1  170 [71] 

C800 2169 H2SO4 5 - 188 [72] 

Z900 1075 H2SO4 5  - 214 [73] 

AS-ZC800 2978 H2SO4 10 - 211 [74] 

NC@GC 1276 H2SO4 - 2  270 [75] 

CIRMOF 

3-950 

533 H2SO4 5  - 239 [76] 

MAC-A 2222 KOH - 0.25  271 [77] 

C-S700 817 KOH 2  - 182 [78] 

WMC 2587 KOH - 0.05  344 [79] 

HPC 2857 KOH - 0.1  214 [80] 

N-PC 484 KOH - 1  219 [81] 

Carbon950 783 KOH - 0.1  228 [82] 

 

The pioneering work of MOF derived carbon on ECs is reported by Xu and co-works 

in 2008. The precursor they used in their process is MOF-5 and obtain carbons with 

high specific surface area as well as superior electrochemical performance.[70] Their 

product is called nanoporous carbon with the surface area as high as 1521 m2 g-1. For 

applying as the electrode, the specific capacitance obtained from charge-discharge test 

is 222 F g-1 in H2SO4 electrolyte at the current density of 0.05 A g-1. The same group, 

followed by research on the relationship between the performance and MOF-5 

carbonization temperature, found that the higher temperature is able to obtain more 

mesoporous structure and better electrical conductivity. Another milestone work also 

using MOF-5 as the precursor demonstrates that the higher performance can achieve 

by matching the size of pores and to ions in electrolyte.[77] 

Apart from MOF-5, ZIF-8 (Zn(MeIM)2; where MeIM is 2-meethylimidazole) is 

another commonly used MOF structure as the template for obtaining carbon. Xu and 
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co-workers use ZIF-8 to act as carbon precursor. After a heat treatment at 800 °C, the 

carbon material obtained showed an extra high surface area which is 2978 m2 g-1. In 

charge-discharge test, it displayed a specific capacitance of 211 F g-1 in H2SO4 

electrolyte at the scan rate of 10 mV s-1.[74] 

Furthermore, nitrogen-doped carbons can dramatically increase the EC performance 

(this will be introduced in chapter 1.4.4). A recently remarkable work accomplished 

by Yamauchi’s group obtain a hybrid nanoporous nitrogen doped carbon named 

NC@GC.[75] This material is derived from the core-shell ZIF-8@ZIF-67 structure and 

exhibits an extremely high capacitance of 270 F g-1 at the current density of 2 A g-1. 

The specific surface area of NC@GC of 1276 m2 g-1 is not as high as some other 

material mentioned above; however, it performs superiorly due to its hierarchically 

microporous-mesoporous structure and nitrogen doping. 

Based on the material mentioned above and others listed in Table 1.3, it indicates that 

MOF is an ideal template and carbon precursors to obtain EC electrode material. For 

further investigation, combining MOFs with other functional materials or dopants as 

heteroatom precursors is considered to be an effective way to produce higher 

capacitance EC electrodes. 

Other carbon based materials 

Prior to graphene, CNTs and other kinds of carbon-based materials attracted great 

attention for application of EC electrodes due to their high ion conductivity. According 

to the definition and aforementioned Equations (1.3 and 1.4), it is known that power 

density is inversely proportional to the resistance of electrode material. Herein, CNTs 

with not only high electrical properties but also appropriate pore structure, good 

thermal and mechanical stability are considered for use on Ecs. For example, a CNT-

based supercapacitor electrode is reported by Niu and co-workers, it can reach a 

specific capacitance of 102 F g-1 and a power density of 8 kW kg-1 in acidic 

electrolyte.[83] 

However, the specific surface area of the electrode mentioned above is only 430 m2 g-

1, which is relatively low and limit its energy density performance. Actually, the 

specific surface area of CNT material is usually under 500 m2 g-1, which is much lower 

than Acs.[23] Therefore, efforts have made on improving the specific surface area of 

CNTs to increase the energy density of EC devices. One potential method is to use 
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chemical activation by KOH, but the balance controlling between conductivity and 

porosity is difficult to achieve. In general, limitation on specific surface area is the key 

challenge of CNTs applied on EC electrodes although it has superior properties. 

Furthermore, in order to use CNT, both high cost and hard purification process 

problem remained to be solved as well. 

Some other carbon structures are also investigated as the electrode material of Ecs 

including templated carbons, carbon fabrics, carbon fibres and carbide-derived 

carbons. For instance, carbon aerogels (CAGs) with mesopores works well and they 

are porous and ultralight even can use without binding substances.[84] Nevertheless, 

CAGs suffer from high internal resistance and complex preparation routes. 

1.4.2 Transition metal oxides 

The specific capacitance range of EDLCs is usually limited in 10-50 µF cm-2. However, 

another type of Ecs named pseudocapacitors are able to achieve 10-100 times greater 

specific capacitance than EDLC.[7] It is because pseudocapacitors not only store 

charges by forming double layer electrode-electrolyte interface, but also include 

Faradaic reactions which is reversible and fast redox reactions on their surface. They 

are more like the devices between batteries and capacitors. Recently, two main types 

of material are used as electrode, which are conducting polymers and transition metal 

oxides. 

Compared with conducting polymers, transition metal oxides are more 

electrochemically stable. In order to apply as the electrodes in Ecs, the metal oxides 

require the metal with two or more oxidation states and to oxide with electronical 

conductivity. Moreover, the metal oxides should also ensure the protons are able to 

intercalate into the lattice for reduction reaction (interconversion between OH- and 

O2-).[26] 

Here, by taking ruthenium oxide (RuOx) as an example, it is considered to be a superior 

candidate due to its high capacitance, wide potential window, good proton 

conductivity and thermal stability. It is reported amorphous ruthenium oxide material 

can display up to 720 F g-1 in the acidic electrolyte and 710 F g-1 in the basic electrolyte, 

respectively. However, the major concern of RuOx material is high cost and lack of 

abundance, thus alternative material is further investigated such as MnO2, NiO, WC 

and Fe3O4. Their results are shown in Table 1.4. For the future research on transition 
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metal oxide electrode material, it should still manage to reduce the cost by substituting 

noble metal and designing hybrid Ecs with other electrode materials. 

Table 1.4 Performance of transition metal oxide material in supercapacitors. 

Electrode 

material 

Electrolyte Working 

voltage (V) 

Specific 

capacitance (F g-1) 

Ref. 

RuO2/H2O H2SO4 1.0 650 [85] 

RuO2/carbon PVA hydrogel 0.8 1000 [86] 

MnO2 K2SO4 0.8 261 [87] 

Ni(OH)2 KOH 0.8 578 [88] 

Cobalt-nickel 

oxides/CNTs 

KOH 1.0 569 [89] 

Nickel-based 

metal/AC 

BMIM-PF6 3.0 357 [90] 

WC/carbon H2SO4 0.9 477 [91] 

TiN KOH 0.2 238 [92] 

V2O5 KCl 0.7 262 [93] 

 

 

1.4.3 Conducting polymers 

Conducting polymers (CPs) have many advantages for use as Ecs electrodes, the key 

reason is fast and reversible redox reaction which benefits from their π–conjugated 

polymer chains. Other advantages include high voltage window, high storage capacity 

and porosity even low cost. Additionally, during redox reaction, entire CP backbone 

takes part in this ion transferred-released process other than only on its surface. 

Currently the common CPs in Ecs are polypyrrole and polyaniline (PANI). Kim and 

co-workers reported a PANI containing material with specific capacitance 588 F g-1 

in KOH electrolyte.[94] Furthermore, Prasad and co-workers obtain a specific 

capacitance of 715 F g-1 in Na2SO4 electrolyte which is achieved by combining the 

MnO2 with pure PANI.[95] Some other EC performance of CP materials is listed in 

Table 1.5. 
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Table 1.5 Performance of conducting polymers in supercapacitors. 

Electrode material Electrolyte Working 

voltage (V) 

Specific 

capacitance (F g-1) 

Ref. 

Poly(3-methylthiophene) 

/ MnO2 

Na2SO4 1.0 381 [96] 

Polypyrrole /AC Pyrrole 

&β-NSA 

0.9 345 [97] 

PANI/MnO2 Na2SO4 1.2 715 [95] 

PANI/AC KOH 0.9 588 [94] 

 

However, although the performance CPs is considerable, the CPs are not stable during 

the reaction. Some potential strategies to overcome this drawback include fabricating 

composite electrode materials and hybridizing with other electrochemical 

supercapacitors. 

1.4.4 Dopant enhanced performance 

Designing new materials and modifying current materials are two common methods 

to increase the performance in application. Taking the conventional material activated 

carbons as an example, people found they cannot meet the demands of becoming a 

high energy and power density electrode. Hence, there are some modifications such 

like doping made on ACs and nitrogen is regarded as an ideal dopant due to its high 

electronic conductivity, easy functionalization and improvement in hydrophilic ability. 

Recently nitrogen-doped carbons are demonstrated to provide enhancement on 

material capacitance without reducing the long cycle life. For example, nitrogen-

doped activated carbons prepared by Li and co-workers display a high specific 

capacity of 185 F g-1 with 4 wt% nitrogen content and the specific surface area of 2900 

m2 g-1.[28] Besides, Lin and co-works reported a nitrogen-doped ordered mesoporous 

few layer carbon with such a high specific capacitance of 855 F g-1 in H2SO4 

electrolyte.[29] 

These data indicate nitrogen dopant can obviously improve the performance of 

electrode material, but the mechanism is not quite clear. In general, the most 

convincing assumption are: (a) the nitrogen-doped carbons contribute to 
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pseudocapacitance (Faradaic redox reaction of N-doped functional group); (b) 

nitrogen-doped carbons increase the conductivity of electrodes and (c) the electrode 

wettability is increased by nitrogen-doped carbons and therefore enhanced the 

effective surface area.[27] 

There are two major difficulties for the recognition of further mechanism, which are 

studying the effect of different dominant N-functionalities and hard to control 

complicated doping process separately. To sum up, the dopant plays a significant role 

in increasing the performance of ECs, nevertheless there are still challenges in 

understanding its mechanism. 

 

1.5 Application and challenges 

In this part, some application for the ECs are summarized. Moreover, the advantages 

and disadvantages of ECs are compared with the performance of batteries. The Ragone 

plot is a schematic way to compare different electrochemical systems. 

1.5.1 Advantages and application 

It can be seen in Figure 1.3 the power density of Ecs (1-10kW kg-1) is much higher 

than batteries (50-200 W kg-1). Besides, the rate of charging and discharging in Ecs is 

also faster than in batteries. This is owing to the Ecs adsorb electrons on the surface 

of their electrode without redox reaction, however in batteries, energy is converted by 

redox reaction influenced by ion conductivity. Therefore, Ecs can charge rapidly in 

seconds of time while several hours is needed to charge the batteries. 
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Figure 1.3 Ragone plot showing the performance of different energy storage systems. 

 

Durability is a rather significant parameter for a device. The long life expectancy 

means less maintenance thus lower cost. In batteries, due to some redox reaction is 

irreversible, the cycle times of them can only reach the range between 500-2000. In 

contrast, cycle times in the ECs without redox reaction are over one hundred thousand 

cycles. In addition, most batteries suffer from self-discharge and corrosion after being 

left for a long period of time, but ECs can maintain their storage ability for several 

years. The ECs charge-discharge efficiency is higher than it of batteries. Moreover, 

the ECs can work at the temperature range from -40 to 70 ℃. 

ECs are competitive for many applications attributed to their unique properties. For 

example, ECs are used as a component in hybrid electric vehicles with batteries. 

Although the batteries can meet the energy load requirement, their power density is 

relatively lower than ECs. By combining with the batteries, high power density ECs 

are used on the vehicles mainly for recovering the braking energy, providing powerful 

acceleration and extend the lifetime of the device system. Furthermore, ECs are 

reported have potential in many other areas as well such like cell phones, digital 

communication devices, cameras and even storage of converted solar cell energy. 
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1.5.2 Disadvantages and challenges 

Despite ECs having a great numbers of advantages, there are still some challenges 

remaining in order to perform better in devices. The most serious difficulty for ECs is 

the low energy density which is only 1-10 Wh kg-1 while batteries can reach up to 200 

Wh kg-1. Herein, although high power density, ECs cannot load enough energy for 

application. Thus far, the solution is to combine with batteries and work as a whole 

system. Additionally, there are also efforts on developing new electrode material to 

increase energy density. 

Another drawback for commercialization is the high cost of ECs. Currently, the price 

of electrode materials as well as their manufacturing is too expensive to use in devices 

especially comparing with batteries. As we know, only high surface area carbon 

electrode materials worth £30-60 per kilogram. Moreover, to construct the whole 

device, there is also an extra payment for the separator, substrates and electrolytes. 

Therefore, reducing the cost of ECs becomes a necessary challenge for their future 

application. 
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Chapter 2. Characterisation Techniques 

Spectroscopic and electrochemical techniques are commonly used to characterize the 

properties of material and the performance of devices, respectively. Before fabricating 

into devices, the electrode material is firstly analysed with structural characterization. 

Next, the electrochemical measurement is used to investigate the supercapacitor 

performance of electrode. Therefore, in this chapter, an overview on the 

characterization techniques are introduced in two divided parts. 

2.1 Structural characterization 

In chapter 1, it demonstrates that the surface area and pore size of the material affect 

the electrode performance. They are measured based on different theory in nitrogen 

sorption-desorption isotherm, such as the Brunauer–Emmett–Teller (BET) theory for 

surface area and Barrett-Joyner-Halenda (BJH) method for pore size distribution. The 

morphology and microstructure can be characterized by scanning electron microscope 

(SEM) and transmission electron microscope (TEM). 

Patterns from X-ray diffraction (XRD) measurement can provide the crystal structure 

information. The mechanism for XRD is to calculate the spacing between the 

diffraction planes (d) according to Bragg’s law: 

 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

 

(2.1) 

Where θ is the incident angle, n is any integer and λ is the wavelength of the beam. 

Thus. the d-spacing can be calculated and the crystal structure information is obtained. 

Raman spectroscopy is used to investigate the construction of the electrode material. 

The mechanism of this technique is based on the inelastic scattering of photons, known 

as Raman scattering, to determine vibrational modes of molecules. In this thesis, the 

Raman spectroscopy can be used to identify the hybridisation information of carbon 

structures. To take the results in Figure 3.9 as an example, the G band at ~1583 cm-1 

reflects the in-plane sp2 bonded graphitic carbon, whereas the D band at ~1350 cm-1 

reveals the defects and disorder from the out-of-plane sp3 hybridised carbons. 

Therefore, the ID/IG ratio represents the density of defects and disorder in the graphene-

based structures. 
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Apart from the construction of material, different bonding inside also displays various 

properties. The bonding information together with the amount percentage of each 

elements can be observed from X-ray photoelectron spectra (XPS). 

 

Figure 3.9 An example of Raman spectra comparison, showing the D band at ~1350 

cm-1, G band at ~1583 cm-1 and 2D band at ~2700 cm-1 of different materials. 

 

2.2 Electrochemical measurements 

Cyclic voltammetry (CV) is a commonly used method for energy storage devices 

including ECs and batteries. CV measurement is used to measure our electrode 

materials with a whole device fabricated according to it introduced in chapter 1. The 

CV measurement of a single electrode material can be processed in a three-electrode 

system, which contains a working electrode, a reference electrode and a counter 

electrode. 

During each CV measurement, the scan rate (dV/dt) is kept as a constant and the 

obtained CV curves displays as current (I) versus voltage (V). The CV measurement 

can supply the redox potentials by showing peaks on the CV curves, indicating the 

reversibility of electrode materials. For EDLCs, it normally exhibits a rectangular 

curve without any peaks due to no redox reaction in the whole process. 

In addition, the gravimetric charge-discharge (GCD) test can be done with the same 

three-electrode system but in a different mode. During each GCD test, the current 

density is set to be a constant and the curves obtained shown as voltage (V) versus 
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time (t), herein the slope of curves stands for scan rate value. Furthermore, it is known 

that the specific capacitance (C) per unit of mass (m) is equal to the charge (Q) over 

the voltage (V), where Q can be calculated by current (I) multiply time (t). This 

relationship can be described with the equation as: 

 
𝐶 =

𝑄

𝑚𝑉
=

𝐼𝑡

𝑚𝑉
=

𝐼

𝑚𝑉/𝑡
 

 

(2.2) 

Thus, according to this equation, it is able to calculate specific capacitance by 

galvanostatic charge-discharge test. In addition, based on Equations (1.3 and 1.4), the 

energy density as well as the powder density can be obtained by means of GCD test. 

The stability of the electrode materials is measured by running cyclic GCD test 

(usually ~10,000 cycles for carbons) at a constant current density, which is shown as 

the capacitance retention. 

The ion transport capability is another significant parameter for supercapacitor devices, 

which is measured by electrochemical impedance spectroscopy (EIS) test. For EIS 

results, a typical Nyquist plot is obtained with the impedance in imaginary part (Z-im) 

versus the real part (Z-re) at different current frequency. The series resistance can be 

observed from the plot and then used to calculate the power density. This obtained 

powder density is further combined with the energy density to exhibit the Ragone plot 

of this system, which is commonly used for comparing with other energy storage 

devices. All these electrochemical techniques mentioned in this part are shown in 

Table 2.2. 

Table 2.2 ECs characterization techniques and their information. 

Characterization technique Information 

CV Reversibility, stability 

GCD Capacitance, energy density 

EIS Series resistance, conductivity 

Ragone plot Energy/power density comparison 

Long-time sustained cycles Lifetime, stability 

 



49 

 

Chapter 3. Effect of Different GO Precursors on Energy 

Storage Performance 

3.1 Introduction 

Carbon networks with excellent interconnectivity, electrical conductivity and 

accessible porosity are showing potential for many emerging green technologies.[1,2] 

Templated carbon frameworks with controllable hierarchical structure over the micro- 

and meso- porous range promise to play a transformative role for charge storage in 

batteries and supercapacitors. However, the traditional methods for preparing such 

structures, commonly by CVD and silica templating, are costly and difficult to scale, 

prompting extensive research into alternative viable synthesis routes.[3–7] Surface 

functionalized graphene (the well-known graphene-oxide, GO) and other pre-designed 

molecular precursor architectures, such as coordinated polymers and MOFs, can be 

used to produce a wide range of 3D carbon networks.[8,9] Nevertheless, the 

development processes from the polymeric and MOF structures involve multi-task 

control over thermolysis at elevated temperatures and/or inherent metal etching.[10–12] 

In contrast, the formation of 3D graphenic networks from hydrophilic GO sheets is 

relatively straightforward and scalable via a hydrothermal route at comparatively low 

temperatures.[13,14] 

Most hydrothermally reduced GO (htrGO) structures are developed from a GO 

precursor, which is usually derived by direct oxidation of graphite in a top-down 

approach using Hummers’ or a related method.[15-23] The oxidation process leads to 

the extensive introduction of hydrophilic functional groups onto the graphene sheets, 

in the form of epoxides, hydroxyls and carboxyls. These groups can form hydrogen-

bonds with water molecules, which intercalate between the graphene sheets 

weakening interlayer van der Waals attractions and facilitating aqueous 

dispersion.[14,15] The resulting dispersions, which contain predominantly single or few 

layered GO nanosheets, can be used to develop 3D networks under hydrothermal 

conditions, where the reduced GO as the main building blocks.[8] During the 

hydrothermal treatment, the reduced GO sheets tend to physically cross-link each 

other, due to the gradually restored π–π interactions.[13] Surface oxygen-containing 

functional groups are mainly reduced by dissociation in the form of CO2.
[17] This 

process produces carbon vacancies on the graphene basal plane, which can generate 
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defective sites and nanopores. In addition, the entrapment of CO2 bubbles creates void 

spaces within the networked structure. Together, the resultant 3D htrGO frameworks 

with hierarchical pores and substantial surface area are promising for efficient charge 

storage and transport. 

Thus far, several porous htrGO frameworks have been developed and their 

performance investigated as supercapacitor electrodes.[13,18–23] Nevertheless, despite 

being processed under similar hydrothermal conditions, such structures show 

distinctly different charge storage capacities, ranging from 110 to 240 F g-1 at 1 A g-1 

in an aqueous electrolyte. For example, the pioneering work by Shi et al. exhibited a 

specific capacitance of 160 F g-1 (where the GO was prepared by a modified Hummers’ 

method).[13] Subsequently, Yang et al. reported a capacitance of 235 F g-1 with the 

same GO synthesis route.[19] In another case, the htrGO structures prepared from GO 

by the traditional Hummers’ method yielded a specific capacitance of 116 F g-1.[20] Xu 

and co-workers reported a comparably high capacitance of >300 F g-1, through etching 

of htrGO with H2O2.
[18] Such discrepancies have not been clearly addressed before and 

indicate poor understanding of precursor-directed structural development. Thus, it is 

of great significance to clarify the achievable structure-performance relationships in 

order to further improve energy storage capacities. 

In this chapter, this discrepancy is investigated by performing a systematic study of 

the htrGO frameworks engineered to have different level of initial oxidation. The 

initial oxidation is demonstrated to have a profound effect on the energy storage 

behaviour of the resultant materials, by means of determining their surface and 

interface properties. These key features include development of open framework 

structures with pore sizes across different length scales, accessibility and 

conduction/transportation for ionic charges, and density of oxygen-containing 

functional groups on the surface. The understanding gained can lead to a significantly 

improved capacitance. For instance, the structure produced from optimized GO 

achieves a specific capacitance of 330 F g-1 at 1 A g-1 in an aqueous electrolyte, which 

is one of the highest among all dopant-free graphene-based materials reported to date. 

More importantly, the exceptional performance is also validated under a diverse range 

of working conditions with different electrolytes, including acidic (H2SO4), basic 

(KOH), organic (tetraethylammonium tetrafluoroborate, TEABF4) and gel (polyvinyl 

alcohol (PVA)/H2SO4), at the device level. The as-fabricated flexible supercapacitor 
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with the gel electrolyte exhibits an excellent specific capacitance (285 F g-1 at 1 A g-

1), rate capability (~79% at 20 A g-1) and cyclic stability (~93% retention after 20,000 

cycles). Furthermore, a device with the organic electrolyte can readily deliver a 

considerably high volumetric energy density of 51 Wh L-1. This significantly 

outperforms commercial carbon-based supercapacitors and is comparable to the state-

of-the-art batteries.[24] The detailed experimental methods, results and discussion are 

given below.  

3.2 Experimental methods 

3.2.1 Formation of 3D htrGO frameworks with controllable functionalization 

GO precursors were synthesized by a modified/improved Hummers’ method.[16] To 

prepare UHFGO, graphite powders (1 g) were added to 9:1 mixture of concentrated 

H2SO4 and H3PO4 (22.5 ml: 2.5 ml) under vigorous stirring at 0 °C. Next, KMnO4 (6 

g) was slowly added to the mixture under persistent stirring at a temperature below 

5 °C. The mixture was further cooled to 0 °C and stirring was maintained overnight. 

The mixture was then slowly heated to 50 °C in an oil bath and left for a day resulting 

in a brown paste. Deionized (DI) water (120 ml) was added slowly to the paste and 

stirred for 1 h. Subsequently, H2O2 (35%, 9 ml) was added to the solution drop by drop 

to reduce the unreacted excess KMnO4, during this process the colour of the solution 

changed to bright yellow. The solution was stirred for another 1 h and left to settle. 

Then the product was washed using diluted HCl (3.5%, 750 ml) to remove remaining 

salts, followed by washing with DI water until neutral. Finally, the UHFGO powder 

was obtained by freeze-drying. LFGO, MFGO and HFGO were synthesized by similar 

procedures but with 2, 3 and 4 g KMnO4, respectively. Note that no H3PO4 was added 

for the MFGO synthesis. 

The reduction of GO was carried out by a hydrothermal treatment. Firstly, a 

homogeneous GO dispersion (2 mg ml-1) was prepared by ultrasonication of the GO 

powder in DI water, followed by centrifugation (2000 rpm for 10 min). Subsequently, 

25 ml of the GO aqueous dispersion was sealed in a 50 ml Teflon-lined autoclave and 

maintained at 180 °C for 12 h. After being freeze-dried, the obtained htrGO 

frameworks were named as LFG, MFG, HFG and UHFG in corresponding to GO 

precursors. 
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3.2.2 Structural characterization and analysis 

The morphologies were investigated with SEM (Jeol 6700), TEM (Jeol 2100) and 

AFM (Keysight 5600LS). TGA was carried out on Setsys (Setaram Instrument) at a 

heating rate of 3 °C per min under a N2 atmosphere. XPS measurements were 

investigated with an Al-Kα source (Thermo Scientific). Raman spectra were recorded 

with a 514.5 nm laser beam (Renishaw). The N2 adsorption-desorption isotherms were 

measured at 77 K (Quantachrome Autosorb-iQC). The specific surface area was 

calculated from isotherms based on the BET method. The pore size distribution was 

obtained from desorption data according to a combination of quenched solid density 

functional theory (QSDFT) for micro- and meso- pores <50 nm and BJH method for 

macropores >50 nm. The water contact angles were measured via the sessile-drop 

method at ambient temperature using an optical contact angle meter (FTA 1000, water 

droplet is 5 µL). 

3.2.3 Fabrication of supercapacitors 

The working electrode was prepared by fully mixing 90 wt.% active material and 10 

wt.% PTFE (60 wt.% dispersion in water) into a paste using an agate mortar and pestle, 

followed by compressing the mixture onto the current collector (nickel foam) at 25 

MPa for 1 min and then drying at 120 °C for 6 h. The symmetric supercapacitor was 

fabricated by assembly of two working electrodes and a cellulose-based membrane 

separator into a sandwich-like structure in CR2032 stainless-steel coin-cell cases along 

with the electrolyte (6.0 M KOH) at ambient conditions. For acidic (1.0 M H2SO4 and 

PVA/H2SO4) and organic (1.0 M TEABF4 in acetonitrile) electrolytes, carbon paper 

and aluminium foils were used as the current collectors, respectively. In the case of 

supercapacitors with the organic electrolyte,  10 wt.% conductive carbon black was 

added during electrode preparation to minimize the polarization problem. The areal 

mass loading of the active material on each working electrode was 1 mg cm-2 unless 

specifically mentioned. 

For the ASSC, PVA/H2SO4 gel was used as the electrolyte. The device was fabricated 

as follows: First, PVA (2 g) was added to DI water (15 ml) and heated to 80 °C under 

vigorous stirring until the solution became clear. Concentrated H2SO4 (2 g) in DI water 

(5 ml) was then added dropwise to the PVA solution and further stirred for 30 min. 

The formed PVA/H2SO4 solution was cast onto the working electrode and then dried 
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at room temperature for 12 h. Finally, two symmetric electrodes were assembled 

without an additional separator and tightly sealed with Kapton tape to construct the 

device. 

3.2.4 Electrochemical characterization and analysis 

All electrochemical measurements were carried out on an Autolab (Metrohm 

PGSTAT302N) electrochemical workstation at room temperature (25 °C). The EIS 

tests were performed at open circuit potential with a sinusoidal signal at a frequency 

range from 100 kHz to 10 mHz at an amplitude of 10 mV. The cyclic stability was 

evaluated after continuous cycles at a constant charge-discharge current density of 10 

A g−1. 

For the three-electrode configuration, the as-prepared working electrode was directly 

measured with Ag/AgCl and platinum foil as the reference and counter electrode, 

respectively, in 1.0 M KOH aqueous electrolyte. The galvanostatic specific 

capacitance was derived from GCD curves according to: Cwt = (I × ∆t)/(m × ∆V), where 

Cwt is the galvanostatic specific capacitance (F g−1); I is the discharge current (A); m 

is the mass loading of active material (g); Δt is the discharge time (s) and ΔV is the 

operating voltage (V) after IR-drop correction (subtracted by the Vdrop). The 

quantitative capacitance differentiation was carried out in CV curves using: i(V) = k1v 

+ k2v
1/2, where i(V) is the current density at a fixed potential; k1 is the capacitive effect 

factor; k2 is the diffusion process factor and v is scan rate (mV s-1). Thus, k1v and k2v
1/2 

in the equation represent the capacitive and diffusion-controlled contribution, 

respectively. 

For symmetric supercapacitors and ASSC, the galvanostatic and volumetric specific 

capacitance of the activate material were calculated from GCD curves using: Cwt = 2(I 

× ∆t)/(m × ∆V) and Cvol = Cwt × ρ, respectively, where Cvol is volumetric specific 

capacitance (F cm-3) and ρ is the compaction density of active material on the working 

electrode (g cm-3). The galvanostatic and volumetric energy density of two electrodes 

in device were derived by: Ewt = (Cwt × ΔV2)/8 and Evol = Ewt × ρ, respectively, where 

Ewt is galvanostatic energy density (Wh kg-1) and Evol is volumetric energy density 

(Wh L-1). The corresponding galvanostatic and volumetric power density were 

obtained from: Pwt = Ewt/Δt and Pvol = Pwt × ρ, respectively, where Pwt is galvanostatic 

power density (W kg-1) and Pvol is volumetric power density (W L-1). The stack 
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volumetric energy density and stack volumetric power density of the entire device 

were calculated by: Evol-stack = Evol ×  and Pvol-stack = Pvol × , respectively, where Evol-

stack is stack volumetric energy density (Wh L-1), Pvol-stack is stack volumetric energy 

density (W L-1) and  is the volume fraction of active materials in the entire device 

stack, which includes two active material pieces (each ~90 µm for 10 mg cm-2 areal 

mass loading), two current collectors (aluminium foils, each ~20 µm) and one 

separator (Celgard membrane, ~30 µm). 

3.3 Results and discussion 

3.3.1 Preparation and structural characterizations 

A series of GO precursors with different concentrations of oxygenated functionalities 

were first synthesized from natural graphite powder via the Hummers’ method and 

further modification (see Experimental section in 3.2). By controlling the oxidation, 

the as-prepared GO precursors exhibit tuneable oxygen contents of 27.1, 29.5, 31.1 

and 33.9 at% (Figure 3.1), respectively named as low-level oxygen-functionalized GO 

(LFGO), medium-level oxygen-functionalized GO (MFGO), high-level oxygen-

functionalized GO (HFGO) and ultrahigh-level oxygen-functionalized GO (UHFGO). 

These GO samples were then dispersed in water by ultrasonication, as evidenced by 

the strong Tyndall scattering effect for an incident laser beam (Figure 3.2a). Notably, 

a higher concentration of functionalities on the GO sheets results in better dispersion, 

owing to the increased number of functional group-water interactions. This is further 

confirmed with the enhancement in transparency of the GO dispersions, from LFGO 

to UHFGO, in accordance with the decreased π–conjugated sp2 carbon domains. 

Moreover, the relatively small conjugation area with an increased level of oxidation 

of GO leads to weaker π–π interactions, and thus readily produces entirely delaminated 

single sheets (atomic force microscopy (AFM) images in Figure 3.3).[25] Such 

delamination has a profound influence on the structural development of the desirable 

3D htrGO frameworks (as discussed later). Each aqueous dispersion of GO was then 

individually sealed in a Teflon-lined autoclave and subjected to hydrothermal 

treatment. During this process, the GO sheets are reduced and simultaneously self-

assemble into an interconnected 3D architecture (denoted as LFG, MFG, HFG and 

UHFG in accordance with the corresponding GO precursor). It is worth noting that the 

derived products exhibit very different layered assemblies and networked structures 
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(Figure 3.4a-d and 3.5). Extensive cross-linking of spongy graphene layers is found in 

HFG and UHFG; whereas, LFG contains densely clumped layers. TEM images also 

reveal the delaminated but interconnected layers in UHFG (Figure 3.6). The spongy 

or wrinkled nature of the graphene sheets correlates with the increasing density of 

surface functionalities, which induces morphological effects on the pristine carbon 

lattice. 

 

Figure 3.1 XPS survey spectra of GO precursors with corresponding carbon/oxygen 

atomic ratio. (a) LFGO, MFGO, HFGO and UHFGO. (b) GO synthesized at higher 

KMnO4 concentrations - with graphite to KMnO4 weight ratio of 1 × 6 (6-KMnO4), 

1× 8 (8-KMnO4), and 1× 10 (10-KMnO4). In the present system, the level of 

functionalization of various GO precursors is mainly controlled by the addition of 

different amounts of KMnO4 during synthesis. For example, the KMnO4 added for 

LFGO, MFGO HFGO and UHFGO was 2, 3, 4 and 6 times (weight ratio) to graphite, 

respectively. This results in different degrees of initial oxidation, as reflected by the 

C/O ratio (Figure 3.1a). Furthermore, two other samples with 8 and 10 times of 

KMnO4 were also synthesized (Figure 3.1b). Both samples show similar C/O ratios to 

that of UHFGO (6-KMnO4), which indicates that the level of oxidation in UHFGO 

reaches a maximum with this synthesis method. 
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Figure 3.2 Schematic diagram illustrating the production of 3D htrGO frameworks 

with controllable functionalization. (a) Photographs of aqueous dispersions (2 mg ml-

1) of each GO precursor (top), showing the Tyndall effect. The corresponding 

structural illustration indicates the degree of delamination increasing with the 

functionalization (bottom). (b) Graphical summary for the formed 3D htrGO 

frameworks of their relative structure and performance versus the increasing level of 

initial functionalization. 
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Figure 3.3 AFM images of LFGO (a) and UHFGO (b) at low magnification. AFM 

images of LFGO (c) and UHFGO (d) at high magnification, and their corresponding 

height profiles. An average thickness of ~0.7 nm in UHFGO indicates the fully 

delaminated single sheets. Scale bars, 200 nm. 
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Figure 3.4 Morphology of 3D htrGO frameworks. (a-d) SEM images of LFG (a), 

MFG (b), HFG (c) and UHFG (d). Scale bars, 5 µm. 
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Figure 3.5 SEM images of LFG (a), MFG (b), HFG (c) and UHFG (d) at low 

magnification. 
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Figure 3.6 TEM images of LFG (a), MFG (b), HFG (c) and UHFG (d). 

 

XPS survey spectra show an oxygen content of 11.2, 13.4, 14.7 and 16.0 at% for LFG, 

MFG, HFG and UHFG, respectively (Figure 3.7 and Table 3.1). Detailed analysis of 

C 1s spectra indicates that these residual oxygen-containing functional groups exist 

mainly as epoxides (C–O) and carboxyls (C═O) (Figure 3.8 and Table 3.2). In addition, 

the relatively larger residual oxygen content is also supported by the weight loss 

behaviour observed in thermogravimetric analysis (TGA) (Figure 3.7). The two-step 

mass loss in the region of <150 °C and 200–300 °C reveals the nature of oxygen in the 

form of bound water within wrinkled graphene networks and actual surface bonded 

C–O/C═O, respectively.[26] It is worth noting that the sp3-bonded carbon species and 

dissociated carbons in the lattice induce significant disorder on the basal plane.[27,28] 
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This disorder is demonstrated by an increase in the intensity ratio of the D to G band 

in the Raman spectra (Figure 3.8b and 3.9). The excess defects and residual 

functionalities can enhance the hydrophilicity of the carbon frameworks. For example, 

the UHFG displays a much lower static water contact angle than other less 

functionalized samples (Figure 3.8c). The nitrogen adsorption/desorption isotherms of 

the samples exhibit a typical H3 loop, indicating the coexistence of micro-, meso- and 

macro- pores (Figure. 3.8d).[29] Further analysis shows that the specific surface areas 

are 68, 102, 456 and 512 m2 g-1, respectively for LFG, MFG, HFG and UHFG. The 

total pore volume and pore size distribution in the samples are also increased from 

LFG to UHFG (Figure 3.8e). 

 

Figure 3.7 XPS survey spectra (a) and TGA (b) comparison of LFG, MFG, HFG and 

UHFG, respectively. 

 

Table 3.1 Carbon and oxygen atomic content measured by XPS. 

Material Carbon (at%) Oxygen (at%) C/O ratio 

LFGO 72.9 ± 0.1 27.1 ± 0.1 2.7 ± 0 

MFGO 70.5 ± 0.2 29.5 ± 0.2 2.4 ± 0 

HFGO 68.9 ± 0.3 31.1 ± 0.3 2.2 ± 0 

UHFGO 66.1 ± 0.2 33.9 ± 0.2 1.9 ± 0.1 

LFG 88.8 ± 0.2 11.2 ± 0.2 7.9 ± 0.2 

MFG 86.6 ± 0.2 13.4 ± 0.2 6.5 ± 0.1 

HFG 85.3 ± 0.1 14.7 ± 0.1 5.8 ± 0 

UHFG 84.0 ± 0.2 16.0 ± 0.2 5.3 ± 0.1 
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Figure 3.8 Structural characterization of LFG, MFG, HFG and UHFG. (a) XPS C 1s 

spectra. The fitting components with peak at ~284.6 eV represent the sp2 carbons, the 

component at ~286.0 eV is due to residual C–O bonds and possible the sp3 bonding 

carbons, and the peak at ~287.9 eV is related to the remaining C═O bonds. (b) Raman 

spectra. The ID/IG ratio represents the density of defects and disorder in the carbon 

structures. An increased ratio is seen in the order of LFG (0.85), MFG (0.91), HFG 

(0.98) and UHFG (1.04). (c) Water contact angle measurements showing a progressive 

hydrophilicity of LFG < MFG < HFG < UHFG. (d, e) N2 adsorption-desorption 

isotherms (d) at 77 K and their corresponding pore size distribution (e). 
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Table 3.2 The content of different oxygen-containing functional groups in each 

sample measured by XPS C1s spectra. 

Material C═C (%) C–O (%) C═O (%) 

LFG 74.1 18.7 7.2 

MFG 69.7 22.1 8.2 

HFG 64.9 25.8 9.3 

UHFG 60.0 29.3 10.7 

 

 

Figure 3.9 Raman spectra comparison of pristine graphite, LFG and UHFG. The 

comparably intense 2D band at ~2700 cm-1 indicates relatively more stacked layers in 

LFG with respect to the UHFG. 

 

3.3.2 Electrochemical characterizations 

The capacitive performance of the materials was first evaluated in a three-electrode 

configuration with 1.0 M KOH aqueous electrolyte. Each sample exhibits a quasi-

rectangular CV curve and an almost isosceles triangular-shaped GCD curve, 

respectively (Figure 3.10a, b). Both characteristics indicate a nearly ideal capacitive 

behaviour. Since the specific capacitance is proportional to the geometric area of the 

CV curves at a given scan rate, the specific capacitance increases in the order of LFG, 

MFG, HFG and UHFG (Figure 3.10a). Accordingly, the GCD curves exhibit 

comparably longer discharge time (Figure 3.10b). The gravimetric capacitances of the 

electrodes derived at different current densities are summarized in Figure 3.10c. 
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UHFG delivers a remarkable specific capacitance of 330 F g-1 at 1 A g-1; whereas, the 

others show 278 (HFG), 214 (MFG) and 181 F g-1 (LFG). Such a specific capacitance 

(330 F g-1) is one of the highest ever reported for dopant-free graphene-based 

structures (Figure 3.11 and Table 3.3). At a relatively high current density of 50 A g-

1, the UHFG can still retain ~78% of its initial value (256 F g-1). In contrast, the 

capacitance retention is only 66‒55% for HFG to LFG. Such a distinction of rate 

capabilities is ascribed to the different charge-storage mechanisms and ion transport 

properties of the electrode materials, as specified below with the assistance of 

capacitance differentiation and EIS, respectively. 

 

Figure 3.10 Electrochemical characterization of LFG, MFG, HFG and UHFG in 1.0 

M KOH with a three-electrode configuration. (a) CV curves at the scan rate of 20 mV 

s-1. (b) GCD curves at the current density of 1 A g-1. (c) Comparison of specific 

capacitances versus current densities. (d) Capacitance contribution differentiation at 

the scan rate of 5 mV s-1. (e) Nyquist plots. The inset shows the magnified high-

frequency region. (f) Bode plots of impedance phase angle versus frequency. 
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Figure 3.11 Comparison of specific gravimetric capacitance versus current density for 

the reported graphene-based supercapacitor electrodes, measured under aqueous 

electrolytes. 

 

Table 3.3 Comparison of capacitive performances for various graphene-based 

supercapacitor electrodes in aqueous electrolytes. [22-45] 

Electrode material Electrolyte 

Specific 

capacitance 

(F g-1) 

Rate capability 

(current density) 

Self-assembled 

graphene hydrogel 
KOH 160 N/A 

Chemically modified graphene KOH 135 N/A 

3D porous rGO film H2SO4 284 76% (50 A g-1) 

Crumpled graphene ball KOH 150 N/A 

Graphene aerogel mesoporous 

carbon 
H2SO4 226 37% (100 mV s-1) 

Solvated graphene film H2SO4 215 82% (100 A g-1) 

Graphene hydrogel reduced by 

hydrazine hydrate 
KOH 222 74% (100 A g-1) 

Microwave exfoliated GO KOH 191 N/A 

Holey graphene framework KOH 310 76% (100 A g-1) 

Vertically oriented graphene KOH 175 89% (100 A g-1) 

Reduced holey GO hydrogel H2SO4 283 75% (100 A g-1) 

Laser-scribed graphene H2SO4 222 73% (50 A g-1) 
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MgO templated  

porous graphene 
KOH 196 61% (50 A g-1) 

Pure graphene KOH 117 80% (2 A g-1) 

Thermally expanded GO KOH 264 65% (800 mV s-1) 

Graphene nanosheet KOH 116 59% (5 A g-1) 

Non-stacked rGO KOH 237 72% (30 A g-1) 

Electrolyte-mediated graphene H2SO4 203 75% (50 A g-1) 

3D-printed graphene 

composite aerogel 
KOH 85 90% (10 A g-1) 

Electrochemically  

rGO hydrogel 
KOH 161 78% (20 A g-1) 

Activated graphene aerogel KOH 204 69% (30 A g-1) 

High density porous graphene KOH 238 69% (15 A g-1) 

UHFG KOH 330 78% (50 A g-1) 

 

The current responses in the CV curves can be separated into capacitive and diffusion-

controlled contributions, associated to the surface (i.e. electrical double-layer (EDL) 

capacitance and near-surface redox reactions) and intercalation (i.e. fast ion 

insertion/extrusion in bulk materials) processes, respectively (Figure 3.12).[30] 

Samples reveal a dominant capacitive charge-storage mechanism, with ~91%, 87%, 

80% and 82% capacitive contribution to the total capacitance in the UHFG, HFG, 

MFG and LFG, respectively (Figure 3.10d). Therefore, UHFG can exhibit the best rate 

capability, owing to the fact that the surface capacitive behaviour is comparably more 

stable at a higher scan rate/current density than the diffusion-controlled processes.[30] 

Nyquist plots for all samples show a nearly vertical slope in the low-frequency region, 

suggesting an ideal capacitive behaviour (Figure 3.10e). However, clear differences 

among the curves are observed in the magnified high-frequency region (Figure 3.10e, 

inset). A smaller diameter of the semicircle and a shorter 45° Warburg region indicate 

a lower charge transfer resistance and more efficient electrolyte accessibility within 

the structures (Figure 3.13).[31] Therefore, UHFG exhibits the best ionic mobility and 

electrolyte transport capability. The characteristic performance of UHFG is also 

evidenced in the Bode plots with rapid frequency response (Figure 3.10f). At the phase 

angle of ‒45°, where the capacitive and resistive impedances are equal,[31] UHFG 

reflects a characteristic frequency (f0) of 0.71 Hz, which corresponds to a relaxation 
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time constant τ0 (= 1/f0) of 1.4 s, much smaller than those of HFG (2.0 s), MFG (2.2 s) 

and LFG (3.0 s) as well as the commercial activated carbons (~10 s).[32] 

 

 

 

Figure 3.12 (a-d) CV curves of LFG (a), MFG (b), HFG (c) and UHFG (d) at the scan 

rate of 5 mV s-1 for capacitance contribution differentiation. The total current is 

divided into capacitive and diffusion-controlled contributions, where the shaded 

region shows capacitive contribution. 
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Figure 3.13 EIS spectra fitting of UHFG with the corresponding equivalent circuit. 

The experimental result is well fitted with the indicated circuit. Rs is the combined 

internal resistance, including the interfacial contact resistance of the material with 

current collector, the ohmic resistance of electrolyte and the intrinsic resistance of the 

current collector, which can be obtained from the high frequency region of the Nyquist 

plot by intersection on the real axis. Rct is the interfacial charge transfer resistance, 

corresponding to the diameter of the semicircle, which represents the resistance of 

electrochemical reactions at the electrode surface. Furthermore, the semicircle can also 

reflect a constant phase element (CPE) due to the double-layer behaviour. At the 

middle frequency region, the sloping transmission line corresponds to the Warburg 

element W0, describing the transfer and diffusion of the electrons and electrolyte ions 

in the pores of the electrode materials. The nearly vertical line at the low frequency 

region is related to redox reactions, which lead to another CPE due to pseudocapacitive 

behaviour. 

 

 

The UHFG reveals an outstanding energy storage capacity amongst peer htrGO 

samples and other reported graphene-based structures (Table 3.3).[13,18-23] This 

advancement and the related performance of the studied samples correlate well with 

the degree of initial oxidation of the GO precursors (Figure 3.2b). Here, it should be 

pointed out that merely a high level of oxidation for GO is insufficient to ensure the 

capacitance promotion, due to the concomitant induced damage of the aromatic lattice. 

For instance, the htrGO prepared from an overly oxidized GO precursor shows a 

decreased capacitance, which is further evidenced by the more resistive ionic transport 

behaviour and unfavourable structural characteristics (Figure 3.14). Therefore, the 

precise control over the degree of oxidation of GO is a prerequisite for the improved 
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capacitive performance with referring to the characteristic structural development 

(Figure 3.15). It is worth mentioning that the samples (LFG, MFG and HFG) with the 

specific capacitance (160 to 280 F g-1) and the initial level of precursor oxidation (C/O 

ratio from 2.7 to 2.2) closely resemble the structures reported in previous 

studies.[13,18,19,21,23] An increased oxygen content of about 7 at% from LFGO (C/O ratio 

of 2.7) to UHFGO (C/O ratio of 1.9) leads to prominent structural benefits in the 

produced htrGO frameworks. Enhanced porosity of UHFG across the micro- and 

meso- pore region facilitates the efficient charge storage and transfer (Figure 3.16). 

More precisely, the high total pore volume and the hierarchical porous structure 

guarantee abundant spaces for the electrolyte ion distribution and charge separation 

within the networks. Ions in the electrolyte can penetrate/diffuse into the small pores, 

thus high micropore volume can effectively contribute to charge storage and enhance 

the total capacity. On the other hand, the hierarchical pores in the micro- and meso- 

porous region provide unobstructed channels for rapid ion transport.[6,19] 
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Figure 3.14 Comparison of the UHFGO with overly oxygen-functionalized GO 

(OFGO). (a) XPS survey spectra with corresponding carbon/oxygen atomic ratio. (b) 

N2 adsorption-desorption isotherms at 77 K. (c, d) SEM images of OFG at low (c) and 

high (d) magnification. (e, f) Electrochemical characterization in 1 M KOH electrolyte. 

(e) Specific capacitances versus current densities. (f) Nyquist plots. The sample 

obtained after hydrothermal reduction of OFGO is named as OFG. OFGO was 

synthesized using a similar method as UHFGO but with the graphite flakes precursor 

of larger sizes and additional H2SO4 (twice of the amount for UHFGO). As a result, 

OFGO shows higher degree of oxidation, with an oxygen content of 36.2 at% (C/O 

ratio of 1.8) (Figure 3.14a). The sample, OFG produced after hydrothermal reduction 
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exhibits a lower porosity (494 m2 g-1), specific capacitance (265 F g-1 at 1 A g-1), rate 

capability (~46% at 50 A g-1) and worse ionic transport behaviour than UHFG (Figure 

3.14b-f). It is due to the excess introduction of surface functionalities largely ruins the 

pristine lattice plane, which consequently leads to deteriorated properties. Thus, the 

precise control over synthesis is needed in order to obtain the appropriate GO for 

enhancing capacitive energy storage performance. 

 

 

Figure 3.15 Structural development of the produced 3D graphene frameworks. (a-d) 

The relationship between the initial oxygenated degree of GO precursors and different 

structural characteristics - include specific surface area (a), total pore volume (b), 

density of defective carbons (c), and water contact angle (d). The dashed line is the 

guideline to a correlation of the investigated characteristics. 
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Figure 3.16 (a, b) Cumulative pore volume (a) and surface area (b) comparison of 

LFG, MFG, HFG and UHFG across micro- (< 2 nm) and meso- (2–50 nm) pore 

regions. (c) The correlation of specific capacitance with the cumulative pore volume 

of micro- and meso-pores. The dashed line is the guideline to a correlation of 

investigated characteristics. (d) The calculation of the capacitance enhancement from 

micro- and meso- pores. To obtain the Figure 3.16d, the system is simplified into a 

model based on two assumptions, one is that all the enhancement of capacitance is 

from porous features, the other is that the both micro- and meso- pores have their own 

fixed specific capacitance (Cmicro and Cmeso), respectively. It is worth noting that only 

electric double-layer (EDL) capacitance should be considered in this calculation, due 

to the EDL capacitance is largely determined by the porous structures, while 

pseudocapacitance is more affected by the redox reactions from surface functionalities 

(refer to the Figure 3.17 for the differentiation of EDL capacitance and 

pseudocapacitance in detail). The equation is given by: C = SmicroCmicro + SmesoCmeso, 

where C is the specific capacitance, Smicro and Smeso are the surface area contributions 

from pores smaller than 2 nm and pores larger than 2 nm, respectively. After dividing 

Smeso on both sides of the equation, it becomes: C /Smeso = CmicroSmicro / Smeso + Cmeso. 

Therefore, by plotting the experimental data (C /Smeso vs. Smicro / Smeso) and fitting with 

a straight line, the slope and the intercept on y-axis represent the value of Cmicro and 

Cmeso, respectively. It should be mentioned that the both LFG and MFG were not 

consider here due to their too low Smicro value, which will lead to relatively large error 

during fitting process. Through this treatment, the obtained Cmicro and Cmeso equal to 
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0.45 and 0.256, respectively, in this system (Figure 3.16d). These parameters indicate 

about 45 and 25.6 µF cm-2 can be contributed per micro- and meso- pore area, which 

suggests the performance is significantly enhanced by introduction of the micro- and 

meso- pores. 

 

 

Furthermore, the abundant residual oxygen-containing groups of UHFG favourably 

introduce additional pseudocapacitance by means of redox reactions, including >C–

OH ↔ C=O + H+ + e–, –COOH ↔ –COO + H+ + e– and >C=O + e– ↔ >C–O–.[26] The 

calculation according to the Trasatti method indicates ~40% overall capacitance is 

contributed by pseudocapacitance (Figure 3.17).[33] This is also well supported by the 

EDL capacitance obtained from the same sample after high-temperature heat treatment. 

About 40% drop of the overall capacitance is measured due to the removal of the 

oxygenated functional groups (Figure 3.17). Moreover, the presence of such surface 

functionalities results in the improved hydrophilicity of UHFG. The wettability of the 

active electrode material in the electrolyte is another crucial factor to enhance the 

supercapacitor performance, where a more effective contact at the solid-liquid 

interface leads to efficient capillary action of the pores and thus produces further ion 

accessible surface area. Therefore, the specific capacitance can be significantly 

enhanced by incorporating oxygenated surface functionalities within the graphene 

structures. 

It is worth noting that, referring to the structures with similar specific surface areas 

that show ~150 F g-1,[34-37] the EDL capacitance of UHFG is still at least 30% higher. 

This can be attributed to the effect of sheet morphology. For example, the structures 

with relatively flat and fragmented graphene sheets developed by thermal-shock or 

chemical reduction usually show weak interconnectivity, which are less efficient for 

charge transfer.[34,35,37] In contrast, the highly interconnected crumpled sheets in the 

UHFG can entrap water within the networks and those wrinkles also act as fluid 

channels for electrolytes, both of which are comparably favourable for charge 

migration and accessibility. In addition, unlike flat sheets that pack tightly during the 

electrode preparation and thus significantly sacrifice the accessible surface area, the 

wrinkled sheets can preserve majority of surface area after processing of the 

electrode.[38,39] Another important factor is the number of layers, which is essentially 

determined by the concentration of GO dispersions during preparation. In this study, 
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2 mg ml-1 was proven to be the optimized concentration to achieve a good balance 

between network forming and layer assembly (Figure 3.18).  Together, the preceding 

structural features in synergy contribute to the overall energy storage performance of 

the system, which enable the representative 3D graphene frameworks to show a 

positive correlation with the initial level of oxidation in the GO precursors (Figure 

3.19). 

 

Figure 3.17 The capacitance differentiation into EDL capacitance and 

pseudocapacitance by Trasatti method (a-c) and characterization after heat treatment 

(d-f), respectively. (a) Plot of the reciprocal of specific capacitance vs. square root of 

scan rate. (b) Plot of the specific capacitance vs. the reciprocal of square root of scan 

rate. (c) Differentiation summary of capacitance contribution from Trasatti method. (d, 

e) CV (at 20 mV s-1, d) and GCD (at 1 A g-1, e) curves of UHFG and UHFG-800, 

respectively. (f) Differentiation summary of capacitance contribution from 

characterization after heat treatment. In order to differentiate the contribution of 

specific capacitance from EDL capacitance and pseudocapacitance, the Trasatti 

method was carried out based on a major prerequisite, which is assuming semi-infinite 

diffusion of ions. The specific capacitance was calculated from CV curves at different 

scan rates (5-500 mV s-1 was used in this case) according to:  

C = S / (2 × ΔV × v × m) 

where C is the specific capacitance (F g-1), S is the area enclosed by CV curve (V·A), 

ΔV is the operating voltage (V), v is the scan rate (V s-1) and m is the mass loading of 

the active material (g). For the two figures used for fitting, first the reciprocal of 

specific capacitance (C-1) vs. square root of scan rate (v1/2) was plotted (Figure 3.17a). 
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A linear relationship between them can be expected due to the assumed semi-infinite 

diffusion of ions, the correlation is described as: 

C-1 = k1 × v1/2 + Ct
-1 

where C is the experimental specific capacitance, Ct is the fitted total capacitance (the 

sum of EDL and pseudocapacitance) and k1 is a constant. It is worth noting that some 

data points collected from larger scan rates, deviate from the fitting line due to intrinsic 

resistance and the deviation from semi-infinite ion diffusion. Therefore, for more 

accuracy, those points were not applied for linear fitting. 

Similarly, the second figure of specific capacitance (C) vs. the reciprocal of square 

root of scan rate (v-1/2) was also plotted and then fitting to the linear relationship 

according to: 

C = k2× v-1/2 + CEDL 

where CEDL is the fitted EDL capacitance and k2 is a constant. A linear fitting of the 

points from lower scan rates (due to the points from large scan rates deviates from the 

assumption of semi-infinite ion diffusion, as mentioned above) was carried out to 

calculate the CEDL value (Figure 3.17b). By subtracting this CEDL from the Ct derived 

before, the contribution from pseudocapacitance was obtained. The corresponding 

result was summarized in Figure 3.17c. Furthermore, to provide the additional support 

from an experimental view, the UHFG was annealed at 800 ºC under argon for 1 hour 

to remove the oxygen functional groups (according to the TGA results shown in Figure 

3.7). As a result, the specific capacitance of the sample after heat treatment (UHFG-

800) is predominantly from the ELD capacitance, where the extra part in UHFG was 

contributed from oxygenated functionalities, by means of pseudocapacitance (Figure 

3.17d, e). The result also indicates about 40% of the overall capacitance is from the 

pseudo-capacitive behaviour (Figure 3.17f), which is consistent with the calculation 

by Trasatti method. 
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Figure 3.18 (a, b) SEM images comparison of UHFG-2mg ml-1 (a) and UHFG-4 mg 

ml-1 (b). (c, d) CV (c) and GCD (d) curves (in 1 M KOH electrolyte) comparison of 

UHFG electrodes with different concentration of GO dispersion during preparation. 

Increasing the concentration of GO dispersion during preparation is essentially to 

increase the number of layers in a certain volume. For example, the UHFG prepared 

with 4 mg ml-1 GO dispersion showed a much denser layer assembly than normal 

UHFG with 2 mg ml-1 (Figure 3.18a, b), which consequently resulted in the relatively 

low specific capacitance of 253 F g-1 at 1 A g-1 for UHFG-4 mg ml-1 (vs. 330 F g-1 at 

1 A g-1 for UHFG-2mg ml-1) (Figure 3.18c, d). 
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Figure 3.19 The correlation of specific capacitance with the initial oxygenated degree 

of the GO precursors. 

 

3.3.3 Supercapacitor performance 

The UHFG, with its outstanding electrochemical properties, was further explored at 

the device level by the fabrication of symmetric supercapacitors under both acidic (1.0 

M H2SO4) and basic (6.0 M KOH) working conditions. A similar capacitive behaviour 

of the UHFG is observed in both aqueous electrolytes (Figure 3.20 and 3.21). It is also 

worth mentioning that the supercapacitors constructed with all four samples revealed 

the similar characteristic trend as those measured in the three-electrode configuration 

(Figure 3.10 and 3.21). Since energy stored in the device is proportional to the square 

of the operating voltage, considering the limitation of aqueous electrolytes (usually 

<1.0 V to prevent water electrolysis, with a theoretical limit of 1.23 V), the 

supercapacitors were also constructed with a commercial organic electrolyte (1.0 M 

TEABF4 in acetonitrile) to extend the voltage window. In both cases, the CV curves 

show a rectangular-like shape (Figure 3.20a, b), suggesting a nearly ideal capacitive 

behaviour of the UHFG, which is further confirmed by the quasi-triangular nature of 

the GCD curves (Figure 3.20c, d). Figure 3.20e presents the specific capacitances of 

the sample at different current densities, in each device. At 1 A g-1, the UHFG exhibits 

a specific capacitance of 286 and 182 F g-1 for aqueous and organic working conditions, 

respectively. With an increasing current density to 20 A g-1, the electrode retains ~85% 

(244 F g-1) in H2SO4, whereas it is ~75% (136 F g-1) in TEABF4. Such a difference is 
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also reflected by a minor voltage drop and comparatively less fusiform-like shape of 

the GCD and CV curves, respectively, in H2SO4 (Figure 3.20a-d). This is because the 

unfavourable influence of the lower conductivity, higher viscosity and larger solvated 

ion size of TEABF4.
[5,7,40] More specifically, the bare/solvated sizes of both TEA+ 

(0.67/1.30 nm) and BF4
– (0.45/1.16 nm) ions are relatively large than the H+ (0.12/0.28 

nm) ions in aqueous electrolytes (Figure 3.22). This result is consistent with the 

previously reported studies, which indicate that a comparably larger size of the pores 

is desired for adapting to the organic electrolytes.[41,42] 

 

Figure 3.20 Symmetric supercapacitor performance of UHFG in various electrolytes. 

(a, b) CV curves at different scan rates in 1.0 M H2SO4 (a) and 1.0 M TEABF4 (b), 
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respectively. (c, d) GCD curves at different current densities in 1.0 M H2SO4 (c) and 

1.0 M TEABF4 (d), respectively. (e) Specific capacitances versus current densities. (f) 

Cyclic stabilities for GCD cycles at the current density of 10 A g-1. 

 

 

Figure 3.21 Comparison of supercapacitor performance (two-electrode) in 6.0 M 

KOH electrolyte. (a) CV curves at the scan rate of 10 mV s-1. (b) GCD curves at the 

current density of 1 A g-1. 

 

 

Figure 3.22 Schematic illustration of the relationship between ion size and pore width 

in aqueous and organic electrolytes. 

 

The gravimetric energy density of UHFG delivered in the aqueous electrolytes is about 

6.5 Wh kg-1, comparable to or higher than other reported values.[1,8,28] Due to the 

extended operating voltage in the organic electrolyte, the sample yields a superior 
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energy density of 46 Wh kg-1, which is over seven times higher than it is in the aqueous 

condition (Figure 3.23). Furthermore, both devices show considerably high cyclic 

stability, with a capacitance retention of ~98% and ~87% after 20,000 cycles at 10 A 

g-1 in H2SO4 and TEABF4 electrolyte, respectively (Figure 3.20f). The more 

capacitance degradation in the TEABF4 electrolyte can be ascribed to the comparably 

low mobility of organic ions, which results in irreversible charge accumulation during 

the long term cyclic tests.[40] 

 

Figure 3.23 Gravimetric Ragone plots of UHFG-based supercapacitors. 

 

3.3.4 Comparison of energy storage features 

With the development of portable power supplies, high volumetric energy storage 

capacity becomes a determinant factor.  To this end, the volume of the entire device 

including two active electrodes, two current collectors and separator should be 

considered (Figure 3.24).[43] Therefore, a larger amount of active materials is required 

to increase its volume fraction in the device and thereby maximize the stack energy 

density (see details in Methods). However, this is not straightforward since the 

increase of material loading usually comes at the compromise of the capacitive 

performance.[24] It is worth noting that the UHFG as a working electrode with an areal 

mass loading of up to 10 mg cm-2 (comparable to commercial carbon-based 

supercapacitors)[24] exhibited almost the same charge/discharge behaviour as the one 

with lower loading (1 mg cm-2) (Figure 3.25 and 3.26). The electrode shows a high 
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gravimetric and volumetric specific capacitance of 170 F g-1 and 189 F cm-3, 

respectively at 1 A g-1 (Figure 3.27). This leads to an excellent volumetric energy 

density of 51 Wh L-1, outperforming many reported carbon-based electrodes (Figure 

3.28 and Table 3.4). Consequently, the entire device delivered a stack volumetric 

energy density of 36.5 Wh L-1 within a 2.7 V operating voltage. The high power 

density is the most significant characteristic of the supercapacitors; therefore, the 

energy density delivered under relatively high power density conditions is a key 

parameter to evaluate the true performance of practical supercapacitors. Remarkably, 

the device still maintains the energy density of 24.7 Wh L-1 at a high stack volumetric 

power density of >10,000 W L-1. Further comparison of energy storage features with 

the state-of-the-art technologies is illustrated in the Ragone plots (Figure 3.27b). 

Clearly, the UHFG-based device significantly outperforms commercial 

supercapacitors and is superior to those of previous studies (Table 3.4).[7,18,32,44–48] 

Such performance is even comparable to the lead-acid batteries in terms of energy 

density,[18] demonstrating great potential for a broad range of practical applications. 

 

 

 

Figure 3.24 Schematic illustration of the fabricated supercapacitor with the thickness 

of each component after compacting together. The current collector is aluminium foil, 

the separator is cellulose membrane and the areal mass loading of active material 

(UHFG) is 10 mg cm-2. 
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Figure 3.25 (a, b) Top-view and (c, d) cross-sectional SEM images of the prepared 

UHFG electrode with an areal mass loading of 10 mg cm-2 at low (a, c) and high (b, 

d) magnification, respectively. It shows that the porous structure is well preserved after 

calendaring. 
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Figure 3.26 GCD curves of UHFG-based supercapacitors in 1.0 M TEABF4 with 

increased areal mass loading (from 1 to 10 mg cm-2 per electrode). 

 

 

Figure 3.27 Volumetric energy storage features of the UHFG-based supercapacitor 

with increased areal mass loading. (a) Comparison of gravimetric and volumetric 

capacitances versus current densities, respectively. (b) Volumetric Ragone plots of the 

UHFG-based supercapacitor (with 10 mg cm-2 mass loading per electrode) in 

comparison with reported values and the state-of-the-art energy storage devices 

(including commercial supercapacitors, lead-acid batteries and lithium thin-film 

battery).[24] Note that all energy density and power density values here are calculated 

based on the entire device, containing two working electrodes, two current collectors 

and separator. 
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Figure 3.28 Ragone plot of the single UHFG electrode with the areal mass loading of 

10 mg cm-2 in fabricated device with organic electrolyte (TEABF4). 

 

 

Table 3.4 Comparison of volumetric performances for various carbon-based 

supercapacitors. [23-41] 

Electrode material 
Electrolyte 

(Voltage) 

Evol  

(Wh L-1) 

Evol-stack 

(Wh L-1) 

High-power-

density Evol-stack 

(Wh L-1) 

Curved graphene 
EMIMBF4  

(4.0 V) 
25.7 18.5 N/A 

Graphene monolith 
BMIMBF4  

(4.0 V) 
82.9 64.7 17.5 

Laser-scribed 

graphene 

EMIMBF4  

(3.5 V) 
5.6 1.06 1 

Holey graphene 

framework 

EMIMBF4/AN 

(3.5 V) 
79 63.2 11 

Polypyrrole-

nanoporous gold 

PVA/HClO4 

(0.85 V) 
11 4 3 

Activated  

mesophase pitch 

MPPyTFSI 

(4.1 V) 
50 19 7.5 

Single-walled  

CNT array 

TEABF4/PC 

(4.0 V) 
47 24.7 NA 

rGO/Single-walled-

CNT fibre 

PVA/H3PO4 

(1.0 V) 
10.4 6.3 N/A 

Activated microwave 

exfoliated GO 

BMIMBF4/AN 

(3.5 V) 
25.4 17.1 N/A 
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Compressed  

a-MEGO 

BMIMBF4/AN 

(3.5 V) 
48 N/A N/A 

Aerosol–carbon 
TEABF4/PC 

(2.7 V) 
N/A 22.5 18 

Commercial 

activated carbon 

TEABF4/AN 

(2.7 V) 
12-21 13.5 6 

UHFG 
TEABF4/AN 

(2.7 V) 
50.7 36.5 24.7 

(Note for Table 3.4: The high-power-density Evol-stack values in the table were collected 

from the Ragone plots in the literature when the power density of their corresponding 

device just over 10 kW L-1, which represent the highest energy density can be 

delivered in such circumstance. As power density is the most crucial characteristic for 

supercapacitors without which they become mediocre batteries. Therefore, the energy 

density at a relatively high power density condition is a significant parameter to 

evaluate the performance of the entire supercapacitor device for practical applications.) 

 

3.3.5 Fabrication of all-solid-state supercapacitor (ASSC) 

With the rising demand of wearable and flexible electronics, an ASSC was fabricated 

by utilizing UHFG electrodes. The construction of this device is illustrated in Figure 

3.29a. Two UHFG coated flexible carbon cloth substrates were assembled 

symmetrically with the PVA/H2SO4 gel in between, which acts as both the electrolyte 

and separator. Such a device shows a negligible change of its overall capacitive 

behaviour when subjected to arbitrary twisting or bending (Figure 3.29b). The device 

also exhibits excellent electrochemical performance, even comparable to the aqueous 

system. For example, the specific capacitance of 285 and 226 F g-1 at 1 and 20 A g-1, 

respectively, closely match the values of 286 and 244 F g-1 observed in 1.0 M H2SO4 

aqueous electrolyte (Figure 3.29c). Such prominent specific capacitance and rate 

capability (~79% at 20 A g-1) are at the top-level among reported ASSC devices (Table 

3.5), and is attributed to an effective infiltration of the gel electrolyte into the UHFG 

frameworks.[49,50] To widen the operating voltages, tandem devices were fabricated by 

directly connecting several ASSC units in series. The voltage window is extended to 

1.6 and 2.4 V with two and three units, respectively (Figure 3.29d). More importantly, 

a nearly unchanged charge/discharge profile for the tandem device compared with the 

single one, suggests the well-maintained capacitive performance of each individual 
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unit (Figure 3.29e). A light-emitting diode (LED) powered by the tandem device 

further reveals its potential for practical applications (Figure 3.29f, inset). Moreover, 

the device demonstrates an outstanding durability with a capacitance decay of only 

~7% after 20,000 GCD cycles at 10 A g-1 (Figure 3.29f and 3.30). 

 

 

Figure 3.29 Flexible ASSC based on UHFG electrodes in PVA/H2SO4 gel electrolyte. 

(a) Schematic illustration of the device configuration. (b) CV curves of the device 

under different deformation conditions at the scan rate of 20 mV s-1. (c) Comparison 

of specific capacitances versus current densities. (d) CV curves of single and two/three 

in-series devices at the scan rate of 50 mV s-1. (e) GCD curves of single and three in-

series devices at the current density of 1 A g-1. (f) Cyclic stability of the device for 

20,000 GCD cycles at a current density of 10 A g-1. The inset shows an LED powered 

by the tandem device. 
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Figure 3.30 (a) Nyquist plots and (b, c) SEM images comparison of the electrode 

material before (b) and after (c) the cycling test of ASSC. A very similar ion transport 

behaviour and no obvious morphological difference can be observed before and after 

the cycling test, both indicating superior electrochemical stability of UHFG. 
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Table 3.5 Comparison of capacitive performances for various carbon-based all-solid-

state flexible supercapacitors with an electrical double-layer mechanism.[36-50] 

Electrode 

material 
Electrolyte 

Specific 

capacitance 

(F g-1) 

Rate 

capability 

(Current 

density) 

Capacitance  

retention  

(Cyclic number) 

Single-walled 

CNT 
PVA/H3PO4 116 N/A N/A 

Layer-

structured 

graphene paper 

PVA/H2SO4 142 
25%  

(100 mV s-1) 

87%  

(1,000 cycles) 

Hierarchical 

porous 

graphene 

PVA/KOH 176 
68%  

(10 A g-1) 

90%  

(5,000 cycles) 

Graphene 

hydrogel film 
PVA/H2SO4 186 

70%  

(20 A g-1) 

92%  

(10,000 cycles) 

Holey 

graphene paper 
PVA/H2SO4 201 

70%  

(20 A g-1) 

90%  

(20,000 cycles) 

Functionalized 

rGO 

Nafion/ 

H2SO4 
119 

90%  

(30 A g-1) 

88%  

(1,000 cycles) 

Single-walled 

CNT 
PVA/H3PO4 110 

33%  

(30 A g-1) 
N/A 

Laser-scribed 

graphene 
PVA/H3PO4 204 

50%  

(1000 A g-1) 

97%  

(10,000 cycles) 

Graphene-

cellulose paper 
PVA/H2SO4 120 

63%  

(100 mV s-1) 

99%  

(5,000 cycles) 

UHFG PVA/H2SO4 285 
79%  

(20 A g-1) 

93%  

(20,000 cycles) 
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3.4 Summary 

In summary, a series of GO-based materials were developed to investigate the 

significance of the initial oxidation level for their capacitive energy storage. It is found 

that several structural features of the final product (htrGO frameworks), such as extent 

of the sheet delamination, formation of networking interconnectivity, residual surface 

oxygen functional groups, wettability and the accessible porosity for ionic charges, 

can be directly managed by control over the degree of the initial oxidation of the GO 

precursor. Based on this in-depth understanding of the system, the optimized UHFG 

structure exhibits one of the highest gravimetric specific capacitance values reported 

to date for peer materials in the aqueous electrolyte. Such impressive capacity is well 

maintained in various commonly used electrolytes in the practicable supercapacitor 

devices. For instance, the all-solid-state supercapacitor in a gel electrolyte 

demonstrates top-level performance amongst practical carbon-based flexible devices, 

in particular the specific capacitance, rate capability and cyclic stability. More 

remarkably, the fabricated supercapacitor in an organic electrolyte delivers an 

exceptional stack volumetric energy density under a high power density condition, 

which represents a promising candidate to bridge the gap between traditional 

capacitors and batteries. This chapter could lead to further advancements in the design 

principles used to engineer chemically derived graphene, and broaden the 

opportunities for a wide range of energy related applications. 
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Chapter 4. Three-dimensional Hierarchical Porous GO 

Spheres to Enhance Specific Capacitance 

4.1 Introduction 

Supercapacitors, or electrochemical capacitors, offer great potential for large-scale 

energy storage due to their unique advantages of rapid charge-discharge rate, long 

cycle life and ultrahigh power density (10 kW kg−1).[1] They are ideal for fast energy 

storage and delivery, e.g., for smart power grids and hybrid electric vehicles.[2] 

However, their energy density (3–5 Wh kg−1) is relatively low, compared with the 

traditional batteries (25–35 Wh kg−1). In order to boost their performance, efforts have 

been devoted to increase the specific capacitance of the electrode material, both in 

terms of the power and the energy densities. In general, the specific capacitance 

(gravimetric and volumetric) of an electrode material is influenced directly by its 

surface functionality, specific surface area, pore volume and pore size distribution for 

charge transport and storage.[3] In addition, the intrinsic density of the electrode and 

the electrical conductivity play a critical role in achieving a high volumetric 

capacitance and rate capability.[4] Therefore, significant research has been focused on 

materials design via synthesis techniques of top-down and bottom-up approaches.[5,6] 

A wide spectrum of solids have been investigated including metal-oxide/hydroxide 

complexes, supported metallic adducts of oxides, nitrides, phosphides and sulphides, 

and inorganic porous structures of polymers, MOFs, biomass and the family of carbon 

nanostructures.[7–13] 

Porous structures with heteroatom dopants and implanted metal-complexes are highly 

desirable, due to their superior capability for tuning ion accessible porosity, surface 

chemistry and chemical stability.[14] The best examples are carbon based-

nanostructures, which are also highly abundant and can be readily synthesized and 

scaled up.[15] Specifically, the desirable porosity, density and surface functionality can 

be tailored by the selection of appropriate carbon precursors and synthesis techniques. 

For instance, porous carbons with ultrahigh specific surface area, generated by 

chemical activation of biomass or petroleum pitch, show largely enhanced energy 

storage.[8,16] Similarly, the bottom-up design of porous frameworks (coordinated 

polymers, MOFs, biomass, etc.) derived carbons yields multifunctional features, 
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leading to ultrahigh specific capacitance, where a major contributing factor is the 

pseudocapacitance of the surface functional groups.[17] 

In recent years, GO-based carbons have emerged as promising electrode materials for 

electrochemical energy storage and conversion devices owing to their highly tuneable 

surface chemistry.[18–20] The top-down synthesis of GO precursor from graphite is a 

viable method for further development of functional porous structures.[21] In this 

context, processing of GO is the key and can yield outstanding multifunctional 

structural features.[20] For example, layered materials with tuneable interlayer spacing 

can be designed by the introduction of pillaring moieties and/or the reduction of 

surface lamellar oxygen groups under controlled chemical or thermal treatment.[22–26] 

Such techniques yield a densely packed structure with relatively low porosity. Further 

advancement in their  structural characteristics has been achieved by solution-

processing of GO, including hydro-/ solvo- thermal curing, filtration, chemical 

reduction and activation.[27–30] Direct solid-state exfoliation by microwave and thermal 

shock has also been applied.[31–35] Typical gravimetric capacitance (~250 F g−1) of 

such structures is still less than the theoretical value of 550 F g−1 due to the strong 

overlapping/aggregation of graphene layers via π–π aromatic interactions, leading to 

reduced accessibility of the interlayer spacing.[36–39] Considerable efforts have been 

devoted to minimize the aggregation. For instance, sacrificial templates were utilized 

as a backbone to prepare hierarchical structures.[40,41] In addition, different types of 

molecular nanostructures were inserted between graphene sheets as spacers to 

facilitate charges transport and storage.[42-44] 

Apart from surface area, pore volume and pore-size distribution across micro- (<2 nm), 

meso- (2–50 nm) and macro- (>50 nm) pore regimes (a hierarchical pore structure) 

play a crucial role in facilitating ion storage, transport and distribution.[45] A highly 

porous structure can provide sufficient pore volume with micro- and meso- pores for 

charge adsorption and ion transport.[46] Evidently, aggregation of layers limits the true 

charge capacity.[47,48] Here, we report a method of producing a 3D assembly of GO 

sheets by flash-freezing the droplets of GO dispersion directly in liquid nitrogen (at 

77 K). The idea is to retain the separation and random orientations of the GO sheets 

in a diluted liquid phase. Thus, the subsequent freeze-drying leads to GO spheres 

(GOS) of 2–3 mm diameter. Such GOS samples synthesised at various concentrations 

of GO in the solution shows distinctly different structural characteristics to that of 
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precursor, GO. Therefore, the supercapacitors designed from the GOS sample exhibit 

a highly enhanced charge storage capacity of 30–50% compared to the GO powder 

sample, when processed under similar thermal reduction conditions. Specifically, the 

thermal-shock of GOS (at ~400 °C in less than 5 minutes) derived hierarchical porous 

graphene networks (HPGs) shows an excellent specific capacitance of 306 F g−1 (at 1 

A g−1 in 1.0 M KOH electrolyte) and a long-term cyclic stability with a capacitance 

retention of >93% after 10,000 cycles. The reported gravimetric specific capacitance 

of over 300 F g−1 at 1 A g−1 in our HPG is clearly higher to many other GO-based 

structures in the literature. Moreover, the HPG-based solid-state flexible 

supercapacitor exhibits an impressive areal specific capacitance of 220 mF cm−2 at 1 

mA cm−2 and cyclic capacity retention of 90% after 5000 cycles. 

4.2 Experimental methods 

4.2.1 Chemicals 

All chemicals were used as purchased without further purification. Graphite powder < 

20 micron (Sigma-Aldrich), potassium permanganate, ≥ 99.0% (Sigma-Aldrich), 

sulphuric acid, 95–97%, puriss (Sigma-Aldrich), phosphoric acid, ≥ 85 wt.%, ), 

hydrochloric acid, 35%, technical 38% (VWR), hydrogen peroxide solution, 34.5–

36.5% (Sigma-Aldrich), potassium hydroxide, ≥ 86%, puriss, pellets (Sigma-Aldrich), 

poly(vinyl alcohol) 98–99% hydrolysed (Sigma-Aldrich), poly(vinylidene fluoride) 

powder (Sigma-Aldrich), 1-Methyl-2-pyrrolidinone, 99% (Sigma-Aldrich) and nickel 

foam for battery (MTI Corporation). 

4.2.2 Sample preparation 

Synthesis of GO 

GO was prepared by an improved Hummers’ method. Briefly, graphite powder (1 g) 

was added to 9:1 mixture of concentrated H2SO4 and H3PO4 (22.5 ml: 2.5 ml) under 

vigorous stirring at 0 °C. KMnO4 (6 g) was then slowly added to the mixture under 

persistent stirring at a temperature below 5 °C. The mixture was then left to cool down 

to 0 °C and kept stirring overnight. Then the mixture was slowly heated to 50 °C in 

oil bath and left for another day. After that the solution turned to a brown paste. 

Deionized (DI) water (120 ml) was added to dilute the paste and left stirring for an 

hour. Subsequently, 35.5% H2O2 (9 ml) was added to the solution drop by drop to 
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reduce the any unreacted excess KMnO4 during this the colour of the solution changed 

to bright yellow. It was stirred for another 30 minutes and left for settling. Then the 

GO was washed by dilute HCl (3.5%) acid (750 ml) to remove remaining salts 

followed by washing with DI water to neutral. The GO powder sample was obtained 

by freeze-drying. 

Preparation of GOS 

As-prepared GO powder (100 mg) was dissolved in DI water (50 ml) under 

ultrasonication to form homogeneous solution. Then the solution was dropped into 

liquid nitrogen by a 2 mm diameter pipette followed by freeze-drying to obtain the 

GOS. In controlled experiment, a batch of samples named GOS-4 and GOS-10 were 

synthesised, where the numbers shown are GO solution precursor concentration (4 and 

10 mg ml−1). 

Here it is worth noting that the speed of freezing against the volume of GO solution 

must be taken into consideration. As the specific heat capacity of water is high, it is 

very difficult to achieve a “congruent freezing” or “flash-freeze”, for the high volumes 

of water dispersion using the liquid nitrogen or any other coolants. In this case, the ice 

only grows gradually from outside interface to inside, during which the layers tend to 

concentrate at the boundary of ice crystals and align vertically.  In order to obtain a 

homogeneous 3D assembly, the GO dispersion should be congruently frozen. Thus, 

the volume of the dispersion must be minimized. For this case, we chose to use a 2 

mm diameter pipette to drop the dispersion into the liquid nitrogen, where the frozen 

GOS size is actually depended on the droplet size (around 2–3 mm diameter). The 

subsequent freeze-drying is only to remove the ice via sublimation, the size of formed 

GOS remains to be in the 2-3 mm diameter range. 

Preparation of simple thermal reduced GO (srGO) and GOS (srGOS) 

GO powder and obtained GOS samples were directly subjected to a slow heating rate 

of 2 °C per minute from room temperature to 400 °C and kept for 1 hour then cooled 

down. As obtained samples were named as simple thermal reduced GO (srGO) and 

GOS (srGOS). For comparation, the sample reduced at different temperature of 200 °C 

was also synthesised and named as srGOS@200. 
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Preparation of HPG 

The GOS sample was placed in a glass tube and inserted in to the pre-heated tube 

furnace at 400 °C for no more than 5 minutes. The thermal shock occurred in less than 

2 minutes after the sample vial put in the furnace. During this process, the bright 

yellow spheres turned to black colour. Then the vial was kept in the furnace for another 

2 minutes to ensure the complete reduction process. The obtained sample was named 

as HPG. All samples (srGO, srGOS and HPG) were directly utilized for 

electrochemical capacitors test and other characterizations. 

4.2.3 Structural characterization 

The morphology and microstructure of prepared samples were performed with SEM 

(Jeol 6700) and TEM (Jeol 2100). TGA and differential scanning calorimetric (DSC) 

analyses were carried out on Setsys from Setaram Instrument at a heating rate of 3 °C 

per min under N2 atmosphere. XRD patterns were collected by Stoe Stadi-P, Mo-K-α 

(wavelength of 0.71073 Å) and Cu-K-α (wavelength of 1.54056 Å). Fourier transform 

infrared spectroscopy (FTIR) data was obtained in transmittance mode by Nicolet 

6700 FTIR with background correction. XPS measurements were investigated by Al-

K-α, Thermo Scientific. The N2 adsorption-desorption isotherms were measured by 

Quantachrome Autosorb-iQC at 77 K. The specific surface area was calculated from 

isotherms based on the BET method. The pore size distribution (PSD) was obtained 

from desorption data according to a combination of QSDFT for micro-and meso-pores 

< 40 nm and BJH method for meso- and macro-pores > 40 nm. 

4.2.4 Electrochemical characterization 

CV, charge-discharge, EIS and cyclic stability tests were measured by Autolab 

(Metrohm PGSTAT302N) electrochemical workstation. For the three-electrode 

configuration, 1.0 M KOH aqueous solution was used as the electrolyte. Ag/AgCl and 

platinum foil used as a reference electrode and a counter electrode, respectively. The 

working electrode was prepared by directly compressing 1 mg activate materials (with 

0.01 mg accuracy) onto 1 cm x 1 cm area of pre-cleaned 1 cm x 3 cm nickel foams at 

50 MPa for 1 minute. The CV test potential range of all samples was maintained 

between −0.8 V to 0 V and scanned at different rates between 5 and 200 mV s−1. The 

galvanostatic charge-discharge tests were carried out in the potential window between 

−0.8 and 0 V with different current densities from 1 A g−1 to 10 A g−1. The EIS tests 
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were performed at open circuit potential with a sinusoidal signal in a frequency range 

from 100 kHz to 10 mHz at an amplitude of 10 mV. The cyclic stability test was 

conducted for continuous 10,000 cycles at a constant charge-discharge current density 

of 5 A g−1. The galvanostatic specific capacitance of the srGO, srGOS and HPG 

samples were calculated from charge-discharge curves according to following 

equation: C = (I × ∆t)/(m × ∆V), where C is the galvanostatic specific capacitance (F 

g−1), I is the discharge current (A), m is the mass of the electrode material (g), Δt is 

the discharge time (s), ΔV is the operating discharge potential window (V) after IR-

drop correction (subtracted by the Vdrop). 

For the all-solid-state supercapacitor device, PVA/KOH gel was used as the electrolyte. 

The device was prepared as follow: first, PVA (2 g) was added to DI water (15 ml) 

and heated to 75 °C under vigorous stirring until the solution became clear. KOH (2 

g) in DI water (5 ml) was then added dropwise into PVA solution and further stirred 

for 30 min. The working electrode was prepared by coating active sample on the nickel 

foam current collector. Typically, the mixture of active material and PVDF with a 

weight ratio of 90:10 was ground with NMP to form a homogenous slurry. As prepared 

slurry was uniformly coated on to the 1 cm × 1 cm area among 1 cm × 3 cm nickel 

foam. After drying at 100 °C for 12 hours, the foam was compressed at 50 MPa to 

form the working electrode with an active material loading of ~2.5 mg. Next, the 

formed PVA/KOH solution was cast onto the electrodes and dried at room temperature 

for 12 hours. Finally, two symmetrical electrodes were assembled together and sealed 

with Kapton tape to fabricate the device. The solid state device with acidic electrolyte 

was fabricated by simply replace the gel electrolyte and current collector with 

PVA/H3PO4 gel and carbon paper, respectively. The gravimetric and areal specific 

capacitance of device were calculated by Cmass = (I × ∆t)/(m × ∆V) and Carea = (I × 

∆t)/(S × ∆V) respectively, where Cmass is the gravimetric specific capacitance (F g−1), 

Carea is the areal specific capacitance (F cm−2), I is the discharge current (A), m is the 

total mass of two electrodes, S is the geometric working area of the device (cm2), Δt 

is the discharge time (s), ΔV is the discharge potential window (V) after IR-drop 

correction. Therefore, the gravimetric energy density (Wh kg-1) and power density (W 

kg-1) of the device were calculated by Edevice = (Cmass × ∆V2)/2 and Pdevice = Edevice/Δt. 
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4.3 Results and discussion 

4.3.1 Preparation and structural characteristics of GOS 

Figure 4.1a shows schematically the typical synthesis procedures for 3D assembled 

GO sheets via flash-freezing. Firstly, precursor GO was synthesized from a synthetic 

graphite powder (<20 micron) by an improved Hummers’ method (see Experimental 

section in 4.2). Then, the GO sheets were fully dispersed in water at different 

concentrations (2, 4 and 10 mg ml−1) by ultrasonication. Naturally, these delaminated 

GO sheets distribute very differently in the solution compared to their 2D packed form 

in bulk solid-state.[49,50] The abundant oxygen-containing surface functional groups, 

such as epoxides, hydroxyls and carboxyls (Figure 4.2), make the GO highly 

hydrophilic, thus easily produce a homogeneous GO dispersion. Subsequently, the GO 

solution was dropped into liquid nitrogen (77 K) with a 2 mm diameter pipette. The 

randomly oriented GO sheets were rapidly entrapped in the ice skeleton of the frozen 

droplets. The ice crystals formed during the freezing process act as spacers among GO 

sheets, thus preventing them from aggregation. The size of the sphere and the free-

volume among the GO sheets can be tuned by the size of droplets and the concentration 

of GO in the solution, respectively. Spheres obtained at a suitable concentration can 

yield fully isolated GO sheets, assembled in highly random orientations. Worth noting 

is that due to the high specific heat capacity of water, in order to obtain a homogeneous 

3D assembly, one needs to control the volume of liquid or droplet-size and the speed 

of dropping (see Experimental section in 4.2). Finally, the GOS were obtained after 

careful freeze-drying to remove ice crystals via sublimation without disturbing the 

formed 3D assembly of GO. 
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Figure 4.1 Preparation and structural characteristics of GOS. (a) Schematic 

illustration of the preparation procedure for GOS. From left to right: Obtaining GO 

solution under ultrasonication; Photograph: formed 2 mg ml−1 GO aqueous solution; 

Droplet of GO solution into liquid nitrogen (77 K) by pipette; Photograph: formed 

GOS after dropped into liquid nitrogen; Freeze-drying of GOS. (b) XRD (Mo-Kα 

radiation) patterns of GO and GOS. (c) TGA and DSC (inset) curves of GO and GOS. 

(d) XPS C 1s spectra of GO and GOS. 

 

 

 

Figure 4.2 XPS C 1s spectra of GO. 
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XRD patterns (Figure 4.1b) of samples show the (0 0 1) characteristic peak at 2θ = 

~4.8°, with a corresponding c-axis d-spacing of ~0.85 nm (derived by Bragg’s 

equation for the Mo Kα radiation), which is more than double to the interlayer spacing 

of 0.344 nm in graphite (Figure 4.3). The obviously weaker and broader nature of such 

characteristic (0 0 1) peak in GOS suggests a 3D assembly of GO sheets in a 

turbostratic orientation.[51] TGA (Figure 4.1c) exhibits severe mass loss at around 

200 °C due to the decomposition of the actual structure, containing different oxygen 

functional groups (–C–O–C, –C–OH and –COOH) in the form of CO/CO2. Here, it is 

worth noting that the decomposition of the structures is associated with exothermic 

reaction (see the inset DSC curves), due to the disproportionation reactions of carbon 

atoms.[52] Comparatively more mass loss (between 100–150 °C) and less thermal 

stability (~25 °C) in the GOS further indicates that more structure bound water 

molecules in their 3D layers and a reduced degree of stacking, which is indicated by a 

more pronounced endothermic peak of GOS at ~90 °C on DSC curves. This can be 

also evidenced by the comparatively increased oxygen content in XPS spectra (Figure 

4.1d and Table 4.1). TGA curves also show that the explosive decomposition of GO 

sample compared with GOS, when performed the tests under similar conditions and 

for the same given amount (10 mg) of sample packed in 70 μl volume of alumina 

sample crucible (Figure 4.4). The void spaces in the 3D graphene layers of GOS can 

work as channels to readily escape decomposed volatile surface functional groups. On 

the contrary, due to the diffusion/kinetics limitation pertaining to the 2D stacked layers 

in the GO sample, the structure has to undergo huge pressure and thus exfoliation 

occurs. These structural characteristics are also well supported by morphology and gas 

uptake measurement (Figure 4.5 and 4.6), in which GOS sample shows an enhanced 

specific surface area compared with stacked layers in GO. 
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Figure 4.3 XRD (Cu-Kα radiation) patterns of graphite, GO and HPG. The ordered 

structure completely loss in HPG sample. 

 

Table 4.1 Carbon and oxygen content of different samples measured by XPS. 

Material C content (at%) O content (at%) C/O ratio 

GO 65.03 34.97 1.9 

GOS 64.90 35.10 1.8 

srGOS@125 72.02 27.98 2.6 

srGOS@200 80.83 19.17 4.2 

srGOS 84.18 15.82 5.3 

srGO 82.89 17.11 4.8 

HPG 86.68 13.32 6.5 
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Figure 4.4 (a) DSC curves of GO and GOS. (b) TGA and (c) DSC curves of GO_5 

mg and GO_10 mg, where the mass, in 5 and 10 mg, is amount of samples used for 

the measurement. In principle, the weight of sample should not influence the results. 

But actually, as the samples are packed in 70 μl volume of alumina sample crucible, 

the tiny volume of the sample holder should be taken into consideration. For 5 mg 

sample, it is relatively easy to load into the crucible; however, when putting 10 mg 

sample, it is necessary to squeeze and pack to ensure all sample is loaded. Therefore, 

obviously the free space is decreased while pack-density increased for 10 mg sample 

compared with 5 mg sample. As it is well known, the decomposition of oxygen-

containing functional groups (at around 200°C) would generate CO or CO2 gas, the 5 

mg sample with enough free space inside can release them easily. On the contrary, in 

the packed 10 mg sample, there is limited void volume for gases to release. Thus, too 

much pressure is generated which then cause sample to explode, leading to different 

mass loss behaviour, Figure 4.4b (dramatic mass loss at 200°C). Note that there is not 

any difference in the thermal behaviour until at the point of thermal decomposition. 

Furthermore, as seen in Figure 4.1c and Figure 4.4a, the mass loss measured in TGA 

includes both evaporation of water and decomposition of the GOS structure processes, 

which are relatively individual and occurs at fairly different temperature region, at 

~90 °C and ~190 °C, respectively. The decomposition of the GOS structures is 

exothermic due to the disproportionation of carbon atoms, during which some of the 

sp3 carbons with surface oxygen-containing functional groups on the graphene-oxide 

decompose in the form of CO/CO2 gas while others reduced to sp2 carbons. The 
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evaporation of water molecules entrapped in the structure is associated to desorption 

related process, which at atmospheric conditions is endothermic (see DSC curves in 

Figure 4.4a). These mechanisms appear at least 100°C apart. 

 

 

 

 

Figure 4.5 SEM images of (a) GO and (b) GOS, which show stacked platelets of GO 

layers and delaminated randomly oriented GO sheets, respectively. 

 

 

 

Figure 4.6 N2 adsorption-desorption isotherm of GO and GOS at 77 K, yielding a 

specific surface area of 201 m2 g-1 in GOS vs. 88 m2 g-1 in GO. 
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4.3.2 Supercapacitor performance of srGO and srGOS 

Next, these GO and GOS samples were reduced by simple thermal treatment (with a 

slow heating rate of 2 °C per minute, to prevent the exfoliation, and are respectively 

named as srGO and srGOS) and examined the supercapacitor properties 

(Experimental section in 4.2). Details of XPS results for various srGOS samples are 

provided in Figure 4.7 and Table 4.1. CV curves at a scan rate of 10 mV s−1 display a 

combined EDLC and pseudo-capacitor behaviour (Figure 4.8a and 4.9). This is also 

evidenced by the quasi-triangular shape of the galvanostatic charge/discharge curves 

(Figure 4.8b). In a constant potential window (∆V), a longer time of discharge (∆t) at 

constant applied current (I) yields a higher charge storage capacity in the sample 

(according to C = I × ∆t/∆V). Accordingly, srGOS electrode exhibits a superior 

specific capacitance of 265 F g−1 at 1.0 A g−1, compared with 206 F g−1 in the srGO 

electrode, under identical current density. The specific capacitance of each sample at 

different current densities is shown in Figure 4.8c and Table 4.2. As can be seen, 

srGOS electrode exhibits about 30% higher capacitance compared to srGO electrode 

and also shows a good rate capability of 195 F g−1 at 10.0 A g−1. Such enhancement in 

the capacitance can be directly attributed to the efficient ion transport in the sample. 

This behaviour is further demonstrated in detail by EIS (Figure 4.8d). Nyquist plot 

with a more vertical slope at the low frequency region suggests further ideal capacitive 

behaviour for srGOS. At the high frequency region (inset of Figure 4.8d), 

comparatively smaller diameter of semi-circle and shorter 45° Warburg region 

indicate a better diffusion of electrolyte and lower resistance of charge transport in the 

srGOS sample. 
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Figure 4.7 XPS survey spectra of simple thermal reduced GOS at different 

temperature. The difference of C/O ratio reveals different degree of reduction. As can 

be observed, the GOS reveals an oxygen content of 35.7% before reduction, 

corresponding to a C/O ratio of 1.8. It increases to 2.6 and 4.2 after being slowly heated 

to 125 °C and 200 °C in air respectively, which evidences the part removal of oxygen. 

With a series of controlled experiment (also refer to our TGA results), we found that 

400 °C is a reasonable temperature to remove most of oxygen in GOS samples, and as 

obtained srGOS displayed a C/O ratio of 5.3. 
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Figure 4.8 Supercapacitor performance of srGO and srGOS in 1.0 M KOH aqueous 

electrolyte. (a) CV curves at the scan rate of 10 mV s−1. (b) Galvanostatic 

charge/discharge curves at 1 A g−1. (c) Comparison of specific capacitance at different 

current densities derived from the discharge curves. (d) Nyquist plot. Inset: magnified 

view of the high-frequency region. (e) Cyclic stability for 4000 cycles at a current 

density of 5 A g−1. 
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Figure 4.9 (a) CV curves of srGOS at different scan rates. (b) Galvanostatic charge-

discharge curves of srGOS at different current densities. Note that at the charge-

discharge curves in Figure 4.8b and 4.9b, the discharge capacity is about 10% higher 

than the charge capacitance. This is simply due to the self-diffusion of the electrolyte 

into the structures. This phenomenon is often seen in several reported carbons and 

graphene-oxide based structures in aqueous electrolyte, no matter acidic or basic 

conditions. The reason can be described as the electrolyte adsorption in the structure, 

which one can think of to the capillary action of solvent molecules. Generally, those 

high specific surface area carbons or graphene-oxide based materials with the 

abundant surface functional groups makes them hydrophilic to enhance the wetting 

with electrolyte. Due to this reason, the pre-treated electrodes (for example, soaked in 

electrolyte for enough time) have to be discharged first, before the actual charge-

discharge measurements. The charge process involves additional component of “self-

electrolyte diffusion”, so that it takes somewhat less time to reach the charge 

equilibrium compared to the discharge-process at the same applied driving potential. 

Discharge process involves excess work to do against self-diffusion of electrolyte/ions, 

thus exhibit longer discharge times. 
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Table 4.2 Specific capacitance (F g−1) of rGO samples at different current densities. 

Material 1 A g−1 2 A g−1 3 A g−1 4 A g−1 5 A g−1 8 A g−1 10 A g−1 

srGO 206 180 172 167 161 151 147 

srGOS 265 229 219 213 207 199 195 

HPG 306 255 239 229 219 208 205 

HPG-4 287 220 200 187 180 168 - 

HPG-10 276 213 195 183 173 165 - 

 

The other important characteristic of supercapacitors is a long-term cyclic stability, i.e. 

the ability to retain the capacitance for the thousands of charge-discharge cycles. As 

shown in Figure 4.8e, the srGOS exhibits a large drop in capacitance to 31% within 

the first 4000 cycles, which is slightly better than the 38% drop in srGO, but is 

relatively poor compared with other carbon-based structures.[4,30,46] Such capacitance 

stability degradation can be directly ascribed to pseudo-capacitance introduced by 

excess surface oxygen-containing functional groups, and charge losses caused by 

internal and charge transport resistances.[49] Unlike double-layer capacitance which 

only involves the charge rearrangement, the pseudo-capacitance is related to redox 

reactions, such as: >C–OH ↔ C═O + H+ + e–, –COOH ↔ –COO + H+ + e– and >C═O 

+ e– ↔ >C–O–.[10,46] However, some of those chemical reactions are irreversible and 

thermodynamically unstable during the long-term cycling and hence diminish the 

performance.[53] To further confirm this, the partly reduced srGOS sample 

(srGOS@200) with more oxygen content (>19 at%) at lower reduction temperature of 

200 °C was synthesized and measured (Figure 4.10). Clearly, the enhanced surface 

oxygen group contribution can be seen with appearance of prominent redox peaks in 

CV thus leading to additional capacitance, reaching 290 F g−1 at 1.0 A g−1. Note that 

this value is about 25 F g−1 higher to the srGOS (with an oxygen content of ~15.8 at%). 

However, as attributed, the specific capacitance of srGOS@200 sample shows a rapid 

deterioration in cyclic test, reduced by 45.0% within 4000 cycles. Moreover, the 

Nyquist plot also indicates a poor ion transport capability in the srGOS@200 sample 
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with a higher oxygen content. Note that the higher the reduction leads to more stable 

cyclic performance, but it comes at the expense of the capacitance (Figure 4.10). 

 

 

Figure 4.10 Supercapacitor performance of srGOS and srGOS@200 in 1.0 M KOH 

aqueous electrolyte. (a) CV curves at the scan rate of 10 mV s−1. (b) Nyquist plot. Inset: 

magnified view of the high-frequency region. (c) Cyclic stability for 4000 cycles at 

the current density of 5 A g−1. CV curves of srGOS@200 exhibit larger area than 

srGOS but the obvious redox peaks can be seen which is due to Faradaic reaction. The 

higher oxygen content (19.2 at%) of srGOS@200 results in reduced ion/charge 

transport capability compared with srGOS (with an oxygen content of 15.8 at%). 

Accordingly, the srGOS@200 also shows a lower cyclic stability (55% capacitance 

retention in first 4000 cycles) during the long time charge-discharge, where the srGOS 

can maintain 69% of its initial performance in same condition. 

 

 

4.3.3 Preparation of HPG from GOS 

Therefore, a further efficient reduction route is needed for simultaneously enhancing 

the overall energy storage capability: specific capacitance, cyclic stability and charge 

transport/distribution. Thermal-shock is ideal reduction strategy as GO decomposition 

is associated with large exothermic heat release, which in combination largely 
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enhances the sudden volatility of the surface oxygen groups to create a substantial 

level of internal pressure, further prop-up the GO sheets.[34] Therefore, the thermal-

shock of GOS, conducted at 400 °C (in a pre-heated furnace) for less than 5 minutes, 

eventually produced a HPG network with a further enhanced degree of reduction 

(Figure 4.8, 4.11 and 4.12). For instance, FTIR and XPS spectra show comparatively 

more reduction in HPG over srGOS (Figure 4.11a, b). The C/O ratio is increased to 

~6.5 in HPG compared to ~5.2 in srGOS, with respective oxygen content of ~13.0 at% 

and ~16.0 at%. Specifically, the porosity characteristics (specific surface area, pore 

volume and pore size distribution[54]) reveal a highly hierarchical porous nature in 

HPG (Figure 4.11c), yielding a specific surface area and a total pore volume of 695 

m2 g−1 and 5.2 cm3 g−1, respectively, compared to 278 m2 g−1 and 0.5 cm3 g−1 in the 

srGOS. Moreover, the HPG sample also exhibits a wide pore-size distribution and 

pore development at both the micro- and narrow meso-pore region with corresponding 

pore volumes of 0.11 and 3.44 cm3 g−1 respectively, comparatively higher than the 

srGOS (0.07 and 0.23 cm3 g−1) (Figure 4.11d). A considerable macropore volume of 

~2.0 cm3 g−1 is also seen in HPG sample. Worth noting that the porosity in our HPG 

derived from GOS is higher than those previously reported thermal-shock reduced GO 

structures.[48]  
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Figure 4.11 Structural characteristics of thermally reduced GOS samples. (a) FTIR 

spectra with respect to the precursor, GOS. (b) XPS C 1s spectra. (c) N2 adsorption-

desorption isotherm at 77 K. (d) Pore size distribution curves. 
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Figure 4.12 XPS survey spectra of HPG and srGOS with C/O ratio. Although the 

reduction temperature (400 °C) of HPG samples is same as srGOS; however, the 

reduction degree shown is much higher than the simple thermal reduced samples, 

indicating a different deoxygenation process. As can been seen, when subjected to a 

rapid heating of 400 °C, the thermal-shock reduced HPG exhibits a high C/O ratio of 

6.5, where the srGOS only shows 5.3. Moreover, the simple thermal (slow heating) 

treatment is relatively time-consuming, which needs at least four hours to finish whole 

process while thermal-shock reduction only takes less than 5 minutes. 

 

 

Surface morphology by SEM and TEM further illustrates the differences between 

srGOS and HPG samples (Figure 4.13 and 4.14). A clear change in layered 

morphologies can be seen from precursor srGO to srGOS and HPG samples. The 

heavily stacked GO platelets are delaminated in to single/few layers in srGOS (Figure 

4.13a, b). Moreover, the srGOS shows folded layers with extensive wrinkles, maybe 

which can prevent them from strong aggregation.[50] A further exfoliation induced 

graphenic networks can be seen in the HPG. TEM images of HPG also reveal a highly 

interconnected structure, which is in good agreement with SEM results (Figure 4.13c–

f). 



114 

 

 

Figure 4.13 Morphology of thermally reduced GOS samples. (a–d) SEM and (e,f) 

TEM images of srGO (a), srGOS (b) and HPG (c–f) at different magnifications. 
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Figure 4.14 (a) Photograph of GOS before (left) and after (right) thermal-shock 

reduction at 400 °C (HPG). (b) Photograph of 31 mg formed HPG. (c–f) SEM images 

of HPG at different magnifications. 

 

4.3.4 Supercapacitor performance of HPG 

Such combination of unique structural characteristics of HPG with highly exposed 

surface area and pore accessibility can synergistically yield enhanced double-layer 

supercapacitor performance (Figure 4.15-17). Thus, the HPG electrode exhibits a 

superior specific capacitance of 306 F g−1 at 1.0 A g−1 (Figure 4.15a, b). To the best 

of our knowledge, the gravimetric specific capacitance of over 300 F g−1 at 1.0 A g−1 

is one of the best values among many GO-based structures, reported so far (Table 4.3). 

Most of the literatures show capacitance of around 150–250 F g−1 at equivalent or even 
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lower current densities. Here it is worth noting that srGO powder or srGOS shows a 

maximum capacitance of about 200 or 260 F g−1. Furthermore, the HPG sample 

exhibits a significantly improved cyclic stability, which retains 93% of its initial value 

after 10,000 cycles (Figure 4.15c). The better charge transport properties in HPG 

sample is clearly evidenced in EIS (Figure 4.15d). Briefly, in addition to the higher 

slope in the low-frequency region, the ultra-small semi-circle in high-frequency region 

suggesting a greatly enhanced ionic and charge transport behaviour. The increased ion 

migration is also evidenced by Bode plot (Figure 4.16). At the phase angle of −45°, 

where the capacitive and resistive impedances are equal, HPG yields a characteristic 

frequency (f0) of 0.37 Hz, which corresponds to a relaxation time constant (τ0 = 1/f0) 

of 2.7 s. Note that this value is comparatively lower to 8.3 s in srGOS and the 

traditional activated carbons (~10 s).[55] All these characteristics indicate a faster 

frequency response and enhanced ion transport in the HPG sample. 

 

 

Figure 4.15 Supercapacitor performance of HPG, HPG-4 and HPG-10. (a) CV curves 

of HPG at different scan rates. (b) Galvanostatic charge/discharge curves of HPG at 

different current densities. (c) Cyclic stability of HPG for 10,000 cycles at the current 

density of 5 A g−1. Inset: comparative galvanostatic charge-discharge curves initial 

and after 10,000 cycles. (d) Nyquist curves of HPG, HPG-4 and HPG-10. Inset: 

magnified view of the high-frequency region. (e) Comparison of specific capacitance 

of HPG, HPG-4 and HPG-10 at different current densities. (f,g) SEM images of HPG 

(f) and HPG-10 (g) at a same magnification. 
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Figure 4.16 EIS comparison plots of HPG and srGOS. (a) Nyquist plot. Inset: 

magnified view of the high-frequency region. (b) Bode plots of phase angle versus 

frequency. 

 

 

 

 

Figure 4.17 Equivalent circuit used for EIS spectra fitting. The experiment result can 

be well fitted with the provided circuit. Rs is the combined internal resistance, 

including the interfacial contact resistance of the material with current collector, the 

ohmic resistance of electrolyte and the intrinsic resistance of current collector, which 

can be obtained from the high frequency region of Nyquist plot by intersection on real 

axis. Rct is interfacial charge transfer resistance, corresponding to the diameter of the 

semicircle, which represents the resistance of electrochemical reactions at the 

electrode surface. Furthermore, the semicircle can also reflect a constant phase 

element (CPE) due to the double-layer behaviour. At the middle frequency region, the 

sloping transmission line corresponds to the Warburg element W0, describing the 

transfer and diffusion of the electrons and electrolyte ions in the pores of the electrode 

materials. The nearly vertical line at low frequency region is related to redox reactions, 

which lead to another CPE due to pseudocapacitive behaviour. 
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Table 4.3 Performance of other selected graphene based materials for supercapacitor 

in aqueous electrolyte. 

Electrode  

sample 

Mass 

loading 

(mg) 

Electrolyte Discharge 

current  

(A g−1) 

Specific 

capacitance 

(F g−1) 

Chemically modified 

graphene 

7.5 KOH 0.01 135 

Microwave exfoliated 

graphite oxide 

NA KOH 0.15 191 

electrochemically 

reduced graphene-oxide 

hydrogels 

1.92 KOH 1 161 

Holey graphene-oxide 

hydrogel 

1 H2SO4 1 283 

3D porous reduced 

graphene-oxide films 

1 H2SO4 1 241 

Self-assembled 

graphene hydrogel 

NA H2SO4 1 160 

Graphene aerogels 

mesoporous carbons 

4 H2SO4 2 238 

Chemically 

converted graphene 

1 H2SO4 0.1 203 

Graphene activated 

carbon 

12 KOH 0.1 122 

Thermally expanded 

graphite oxide 

NA KOH 0.1 264 

Activated graphene 

aerogel 

2 KOH 0.2 204 

Hierarchical porous 

graphene networks 

(HPG) 

1 KOH 1 306 
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We also note that the concentration of GO in the dispersion to obtain GOS samples, 2 

mg ml−1 (GOS) to 10 mg ml−1 (GOS-10), leads to interesting structure-performance 

relationship (Figure 4.15d, e). From the XRD patterns and SEM micrographs it is 

understood that layers become denser and tend to stack together with increasing 

concentration of GO, i.e., when going from sample GOS to GOS-10 (Figure 4.15f-g, 

4.18 and 4.19). More specifically, when the precursor concentration is increased, there 

is an isotropic to nematic orientation transition for GO sheets in the solution.[50]. 

Similarly, HPG-10 sample derived from GOS-10 yields a less porosity (Figure 4.20). 

Accordingly, a definite precursor concentration-dependent capacitance is observed 

(Figure 4.15e and Table 4.2). Both the CV and charge/discharge curves suggest a 

reduced capacitance in HPG-10 compared to the HPG derived from GOS (Figure 4.21). 

 

 

 

Figure 4.18 Comparison of XRD patterns of GO and GOS-10, showing that higher 

concentration in dispersion leads to a similar layered arrangement in GOS-10 to that 

of GO powder. 
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Figure 4.19 SEM (a, b) and TEM (c, d) images of HPG-10 at different magnifications. 

 

 

Figure 4.20 (a) N2 adsorption-desorption isotherm at 77 K of HPG and HPG-10 and 

(b) their derived pore size distribution curves according to QSDFT and BJH method. 

The HPG-10 exhibits a specific surface area and a total pore volume of 492 m2 g−1 and 

3.9 cm3 g−1. 
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Figure 4.21 Electrochemical test of HPG series sample in 1.0 M KOH aqueous 

electrolyte. (a) CV curves of HPG, HPG-4 and HPG-10 at 10 mV s−1. (b) Galvanostatic 

charge/discharge curves of HPG, HPG-4 and HPG-10 at 1 A g−1. 

 

 

 

 

Figure 4.22 Overview of processing methods and the best structure-supercapacitance 

characteristics of the srGO and HPG samples. 
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Overall, the results demonstrate a critical structure-performance relationship in energy 

storage (Figure 4.22). The unprocessed GO flakes exhibit a 2D aligned graphenic 

structure due to strong van der Waals attraction. Whereas, our flash-freezing approach 

of GO dispersions leads to a 3D layer assembly with the characteristic wrinkles, 

further preventing them from aggregation. Moreover, the increased specific surface 

area of HPG results in an enhanced ion accessibility and distribution into the structure. 

The hierarchical porous architecture facilitates the rapid flow of electrolyte and hence 

also favourable to charge transport and storage.[56] The large pore volume of meso- 

and macro- pores contribute for charge storage and also act as channels for fast 

diffusion and transfer of ions.[7] Therefore, HPG exhibits a considerable performance 

improvements over other GO-based structures. 

4.3.5 Fabrication of HPG-based all-solid-state flexible supercapacitor device 

Finally, we have fabricated a HPG-based all-solid-state supercapacitor with 

PVA/KOH gel electrolyte since the development of wearable electronics and flexible 

power supply devices become increasingly attractive.[57] The device fabrication 

process is described in Figure 4.23a. Here, the solidified PVA/KOH gel not only 

function as the electrolyte but also act as the separator. Two identical electrodes with 

1 × 1 cm working area were then pressed to form a sandwich structure with a gel layer. 

The device is highly flexible even subjected to arbitrarily bending (Figure 4.23b). It 

exhibits an areal specific capacitance of 220 mF cm−2 at 1 mA cm−2 (equivalent to a 

gravimetric specific capacitance of 176 F g−1 based on a single HPG electrode), which 

is higher than, or comparable to, other reported flexible devices.[49,57,58] It also exhibits 

an areal specific capacitance of 149 mF cm−2 at a high current density of 50 mA cm−2 

(Figure 4.24), maintaining 68% of its initial value measured at 1 mA cm−2. Such a rate 

capability in the solid state gel is comparable to an aqueous electrolyte (67%), and can 

be attributed to the existence of relatively large pores in the HPG samples for effective 

infiltration of the PVA/KOH gel into electrodes. Furthermore, flexibility-capacitance 

relation of the device is carried out with CV measurements, which shows a negligible 

effect on the capacitive behaviour under different bending angles (Figure 4.23c). The 

cyclic stability tests exhibit very little capacitance decay, only ~10% drop is seen after 

5000 cycles under various bending conditions, demonstrating the high durability and 

mechanical robustness of the supercapacitor (Figure 4.23d). Similar stability is also 

achieved in an acidic condition, with PVA/H3PO4 gel electrolyte (Figure 4.25). The 
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specific energy density and power density of the flexible device are summarized in a 

Ragone plot with respect to the commercial supercapacitors. (Figure 4.26). 

Furthermore, a tandem device was fabricated by connecting three supercapacitor units 

in series. Compared to a single supercapacitor, which only operates within 0.8 V, the 

tandem device extended the potential window to 2.4 V with nearly unchanged 

charge/discharge time, indicating that the performance of each individual unit is well 

maintained (Figure 4.23e). The practical application of the device is demonstrated by 

lighting-up a LED (with a minimum threshold potential of 1.8 V) (Figure 4.24). 

 

 

Figure 4.23 Fabrication and electrochemical performance of HPG-based all-solid-

state flexible supercapacitor device. (a) Schematic illustration of the fabrication 

procedure of electrode and device. (b) Photograph of assembled flexible device under 

bending. (c) CV curves of solid state device under different bending angles, measured 

all at the scan rate of 10 mV s−1. (d) Cyclic stability test of the device under different 

bending conditions. (e) Galvanostatic charge/discharge curves of single and three in-

series HPG-based supercapacitors at 1 A g−1. Inset: a LED powdered by tandem device. 



124 

 

 

Figure 4.24 (a) Areal specific capacitance of complete HPG-based flexible device at 

different current densities. (b) Photograph of a LED powered by the three 

supercapacitor units in series. 

 

 

 

Figure 4.25 Electrochemical performance of HPG-based solid state flexible 

supercapacitor device with acidic gel electrolyte (PVA/H3PO4). (a) CV curves of 

device under different bending conditions, measured all at the scan rate of 10 mV s−1. 

(b) Cyclic stability test of the device for 5000 cycles under a current density of 5 A g-

1. 
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Figure 4.26 Ragone plot of specific gravimetric power density and energy density for 

the HPG-based solid state device in comparison with commercial supercapacitors. 

 

 

4.4 Summary 

We have demonstrated an effective synthesis strategy of producing 3D GO structures 

for the development of fully accessible hierarchical porous networks and thereby to 

enhance their performance in supercapacitors. The GOS samples prepared via the 

flash-freezing and freeze-dry approach of GO dispersion can effectively avoid 

extensive restacking and aggregation of GO sheets. Such structure shows 30–50% 

enhancement in their charge storage capacity compared with unprocessed GO powder 

samples. For example, the HPG sample, obtained from GOS under simple thermal-

shock, yielded an extraordinary specific capacitance of >300 F g−1 at 1 A g−1. This 

value is comparatively higher than the reported graphene-based structures, of a typical 

value of about 150–250 F g−1. The coexistence of hierarchical pores across the micro- 

to meso- and macro-porous regimes acts as charge storage reservoirs and fast ion 

transport channels. Therefore, HPG exhibits an excellent cyclic stability with a 

retention capacity of over 93% even after extended period of 10,000 cycles. Finally, a 

symmetric all-solid-state flexible supercapacitor constructed with the HPG sample 

shows an areal capacitance of 220 mF cm−2 at 1.0 mA cm−2. Our proposed approach 

can effectively contribute to the further developments of GO-based structures and 

energy storage technologies. 
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Chapter 5. Two-dimensional Interlayer Spacing Tunable 

Graphene Films for Compact Energy Storage 

5.1 Introduction 

For the electrochemical energy storage (EES) systems of portable electronics and 

electric vehicles, the volumetric performance is often a more pertinent figure-of-merit 

than traditionally-used gravimetric performance to assess real-world feasibility.[1,2] 

Supercapacitors are very promising EES devices for mobile power supply since they 

can deliver high power density, long cycling life and safe operation.[3,4] However, their 

practical applications are limited by the relatively poor energy density, usually 5‒8 

Wh L-1 in commercialized systems, far less from that of batteries (for example, lead-

acid batteries have typically 50‒90 Wh L-1).[5-7] The volumetric energy density (Evol) 

of a supercapacitor electrode is related to its volumetric capacitance (Cvol) and 

operating voltage window (U), described as:[4,6] 

 𝐸𝑣𝑜𝑙 = 𝐶𝑣𝑜𝑙 × 𝑈2 2⁄  (5.1) 

   

Accordingly, Evol can be increased significantly by broadening U, which is 

substantially depended on the choice of electrolyte.[7,8] For this reason, organic 

electrolytes and ionic liquids that permit a wide voltage window (≥3‒4 V) are 

preferred for fabricating high-performance EES devices.[8] On the electrode side, the 

highest Cvol requires both gravimetric capacitance (Cwt) and bulk density (ρ) to be 

simultaneously maximized, due to:[6,9] 

 𝐶𝑣𝑜𝑙 = 𝐶𝑤𝑡 × 𝜌 (5.2) 

   

However, there is typically a trade-off relationship between Cwt and ρ. On the one 

hand, increasing ρ generally reduces porosity and specific surface area (SSA), which 

are both associated with ion adsorption, and without which Cwt drops drastically.[2,7,10] 

On the other hand, a highly porous material with large SSA is favourable for Cwt but 

often has a low ρ with abundant void spaces, which when flooded by the electrolyte, 

substantially increases the weight of the entire device without contributing to the 

capacitance.[1,4,11] A representative example is the commercially-used activated 

carbons. Although these materials demonstrate considerable Cwt (≥200 F g-1), their 
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relatively low ρ (generally ≤0.5 g cm−3) leads to a far from satisfactory Cvol below 100 

F cm-3.[3,5] It is clear that enhancing Cvol requires materials with structures that balance 

the density and porosity, rather than merely being highly porous.[2,9] Recently, several 

strategies for pore engineering have been carried out on graphene-based electrodes in 

order to boost Cvol.
[2,6,7,9,10] For instance, a holey graphene framework was developed 

through H2O2 etching, which facilitated the transport and accessibility of ions in a 

highly compact form.[7] In another study, a series of graphene monoliths were formed 

by capillary densification and ZnCl2-assisted annealing, achieving an optimal Cvol of 

150 F cm-3.[2] Elsewhere, volatile/nonvolatile liquids were used as intercalants to 

prepare the graphene hydrogel films with a high Cvol of over 200 F cm-3.[6] 

Nevertheless, despite some progress, it is still unclear whether the pores in these 

systems are storing charge in the most efficient manner, which has become a main 

obstacle to building better electrodes. 

The capacitance contribution per SSA (Cssa) is a valuable metric for evaluating the 

efficiency of pore-utilization for charge storage in an electrode material.[12,13] For 

example, activated carbons typically exhibit Cssa of 5‒15 µF cm-2, lower than the 

aforementioned graphene-based electrodes with 20‒32 µF cm-2.[5,14,15] Interestingly, a 

recent study measured a breaking of local Coulombic ordering when ions are subjected 

to monolayer confinement.[16] In such a case, one can expect that pores are able to be 

utilized more efficiently if they can accommodate only a single layer of ions. Hence, 

minimizing the surplus spaces whilst adapting the pore sizes to that of the electrolyte 

ions is a promising strategy to maximize Cssa and thus optimize Cvol. However, this 

strategy requires an electrode material whose pore structure can be precisely controlled. 

Furthermore, scaling up to a practical EES device level, the volume fraction (ƒe) of the 

electrode materials in the whole cell configuration (including both electrodes, current 

collectors and separator) should also be considered.[1,2,6] A freestanding electrode 

without binder or conductive additives is more appropriate for maximizing ƒe and 

thereby the Evol of the entire device stack (Evol-stack), since:[2] 

 𝐸𝑣𝑜𝑙−𝑠𝑡𝑎𝑐𝑘 = 𝐸𝑣𝑜𝑙 × 𝑓𝑒 4⁄  (5.3) 

   

Together, the considerations from both intrinsic features (Equations (5.1) and (5.2)) 

and device perspectives (Equations (5.1) and (5.3)) provide guidelines for achieving 

outstanding compact energy storage; in which, it remains a critical challenge to design 
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an electrode material that is simultaneously freestanding, dense yet porous, and 

applicable to high-voltage electrolytes while having its pores utilized efficiently for 

storing charges. 

In this chapter, we report the novel design of graphene laminate films that have tunable 

interlayer spacing to enable efficient capacitive energy storage. In these freestanding 

films, the size of the slit-pores that constructed in between the adjacent layers are 

found to depend on the ratio of two precursors. By precisely adapting the pore size to 

the electrolyte ions, the trade-off between density and porosity is optimized, which 

allows the film to reach a remarkably high Cssa of 47 µF cm-2. The thereby assembled 

symmetric supercapacitor can deliver a record-high Evol-stack of 88.1 W L-1 in an ionic 

liquid electrolyte, superior to peer state-of-the-art carbon-based supercapacitors and 

even approaching that of lead-acid batteries.[6,7] Moreover, we fabricate an all-solid-

state flexible smart device with an ionogel electrolyte, achieving multiple optional 

output (controllable increase of voltage window or capacitance) and thus 

demonstrating its great promise as the power supply for portable electronics. 

5.2 Experimental methods 

5.2.1 Preparation of EGM-rGO films 

Two precursors GO and EG were synthesized by an improved Hummers’ method and 

thermal-shock exfoliation, respectively. EGM-GO films were prepared by vacuum 

filtration of the aqueous dispersion of two precursors in a certain ratio. Taking the 

preparation of EGM-GO (50% EG) as an example, GO (12 mg) and EG (12 mg) 

powders were dispersed in deionized (DI) water (120 ml) with the aid of sonication. 

After centrifugation (2,000 rpm for 10 mins) to leave out the sediment, the 

homogenous dispersion was then filtrated through an anodic aluminium oxide 

membrane (0.2 µm pore size), followed by air drying and peeling off from the filter. 

The thickness of films, that is the areal mass loading, was adjusted by controlling the 

dosage of dispersion (concentration remained the same). The reduction of EGM-GO 

films was carried out by exposing them to HI vapour (a container maintained at 90 °C 

containing 2 ml of HI acid solution) for 30 mins, during which the colour of films 

changed from matt brown/black to metallic grey. The resultant EGM-rGO films were 

repeatedly washed with DI water and ethanol 5 times to remove any residual HI and 

then dried at room temperature. As a control, rGO and EG films were prepared with a 
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similar procedure but from pure GO and EG dispersions, respectively. The areal mass 

loading of all EGM-rGO films was ~1 mg cm-2 unless specifically mentioned. 

5.2.2 Structural characterization and analysis 

The morphologies of EGM-rGO films were observed with a SEM (FEI Nova 

NanoSEM 430). The thickness of the films was measured from the cross-sectional 

SEM images of three independent samples, and the average value to calculate 

corresponding bulk density. XRD patterns were recorded on a Rigaku diffractometer 

with Cu Kα radiation (λ = 1.54184 Å). Small angle X-ray scattering (SAXS) was 

performed using Ganesha 300XL under a vacuum condition. XPS was investigated 

with an Al-Kα source (Thermo Fisher Scientific). X-ray nano-computed tomography 

(nano-CT) was conducted with a Zeiss Xradia Ultra 810 instrument and reconstructed 

by Avizo software. FTIR measurements were carried out in a transmittance mode with 

background correction (Alpha FTIR Routine Spectrometer). Ar adsorption-desorption 

isotherms were collected by Quantachrome Autosorb-iQC at 87 K. Prior to analysis, 

samples were outgassed at 180 ºC for at least 12 hours to ensure minimal intrapore 

adsorbate. The specific surface area was calculated according to the QSDFT, where 

the ion-accessible surface area was obtained after subtracting the contribution from 

the pores having a size smaller than the electrolyte ions. The pore size distribution was 

analysed based on a combination of QSDFT (for micropores and mesopores) and BJH 

(for macropores) method. 

5.2.3 Fabrication of supercapacitors 

Supercapacitors were assembled in a symmetric two-electrode configuration to 

evaluate the electrochemical performance. The working electrodes were prepared by 

punching the freestanding EGM-rGO film into discs (Φ = 16 mm) and pressing them 

onto a carbon-coated aluminium foil current collector under 6 MPa. Prior to the device 

assembly, as-prepared working electrodes were immersed into pure EMIMBF4 ionic 

liquid under vacuum overnight to be fully wetted. Fabrication of the supercapacitors 

was carried out in an argon-filled glove box. Two working electrodes with a Celgard 

separator (Φ = 19 mm) in between were assembled into a sandwich-like structure in a 

CR2032 coin-cell case with neat EMIMBF4 electrolyte. 

The ASSC was fabricated with a polyethylene terephthalate (PET) flexible package, 

EGM-rGO (50% EG) film working electrodes and EMIMBF4/PVDF-HFP ionogel 
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electrolyte. First, PVDF-HFP (0.2 g) was fully dissolved in acetone (20 ml) by 

magnetically stirring at 50 °C to yield a clear solution. Then, EMIMBF4 (1.8 g, an 

optimal mass ratio of EMIMBF4 to PVDF-HFP is ~9) in acetone (5 ml) was added 

dropwise to the above solution of PVDF-HFP and further stirred for 30 mins. The 

resultant ionogel electrolyte of EMIMBF4/PVDF-HFP was cast onto the electrode 

films and left at room temperature for solidification. Finally, two as-prepared 

electrodes were assembled together to form a working unit, followed by encapsulation 

with two PET films through a hot-pressing process, where flexible aluminium foils 

were introduced out for connection. For fabrication of the smart ASSC stack, a similar 

procedure was used with alternately assembling PET films and working units. 

5.2.4 Electrochemical characterization and calculations 

All electrochemical measurements were carried out on a Bio-logic VMP3 workstation 

at room temperature (25 °C). The maximum voltage window of the supercapacitor 

was evaluated using a three-electrode configuration. The EIS tests were conducted at 

open circuit potential under a sinusoidal signal over a frequency range from 100 kHz 

to 10 mHz with an amplitude of 10 mV. The cycling stability was recorded during 

continuous GCD cycles at a current density of 10 A g-1. Quantitative capacitance 

differentiation was performed on CV curves, using: 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1/2                                                (5.4) 

where i(V) is the current density response at a fixed potential; k1 is the capacitive effect 

factor; k2 is the diffusion process effect factor and v is the scan rate. Therefore, k1v and 

k2v
1/2 in Equation (5.4) represent the capacitive and diffusion-controlled contribution, 

respectively. 

The gravimetric capacitance of single working electrode (Cwt) was derived from GCD 

curves, by following formula: 

𝐶𝑤𝑡 = 2(𝐼 × 𝛥𝑡)/(𝑚 × 𝑈)                                            (5.5) 

where I is the discharging current; Δt is the discharging time; m is the mass loading of 

the electrode and U is the voltage window after excluding IR-drop. The corresponding 

volumetric specific capacitance (Cvol) was calculated according to Equation (5.2). The 

volumetric energy density of a single working electrode (Evol) in the device was 
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derived using Equation (5.1). The corresponding volumetric power density (Pvol) was 

obtained from: 

𝑃𝑣𝑜𝑙 = 𝐸𝑣𝑜𝑙/𝛥𝑡                                                     (5.6) 

The volumetric energy density of the entire device stack (Evol-stack) was calculated from 

Equation (5.3). The corresponding stack volumetric power density was obtained by 

using the formula: 

𝑃𝑣𝑜𝑙−𝑠𝑡𝑎𝑐𝑘 = 𝐸𝑣𝑜𝑙−𝑠𝑡𝑎𝑐𝑘/𝛥𝑡                                           (5.7) 

The volume fraction of electrode materials (ƒe) in the entire device configuration was 

calculated based on following component thickness: ~20 µm for each carbon-coated 

aluminium foil current collector, ~25 µm for the Celgard membrane separator and 

~165 µm for each EGM-rGO (50% EG) film with 15 mg cm-2 areal mass landing. 

5.3 Results and discussion 

5.3.1 Preparation and structural characterization 

A series of freestanding films were prepared through the vacuum filtration of a 

graphene-oxide (GO) aqueous dispersion containing a controlled amount of exfoliated 

graphene (EG) (Figure 5.1a). The vacuum-assisted bottom-up assembly and 

electrostatic attraction between the sheets facilitated the GO and EG to stack in a 

laminated fashion, yielding EG-mediated GO (EGM-GO) films with considerable 

mechanical flexibility (Figure 5.1b, 5.2 and 5.3). XRD patterns of the resultant films 

revealed information on their layer stacking (Figure 5.1c). An intense peak at 12.1˚ 

was detected for the pure GO film, corresponding to a d-spacing of 0.73 nm. With an 

increasing EG content, this diffraction peak becomes broader and less intense, 

gradually shifting to lower angle of 9.8˚ (d-spacing of 0.91 nm). Such an increase in 

d-spacing indicates that the pristine restacking of GO laminates was disrupted by the 

co-precipitated EG sheets. The corresponding d-spacing of EGM-GO films are 

summarized in Figure 5.1d, showing that the interlayer distance is incrementally 

tunable from 0.73 to 0.91 nm by varying the relative EG content from 0 to 75 wt% 

(Figure 5.4). 
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Figure 5.1 Preparation of the EGM-GO films with tunable interlayer spacing. (a) 

Schematic diagram illustrating the production of EGM-GO films from an aqueous 

dispersion with a tunable precursor ratio of GO to EG. (b) Photographs of a 

freestanding EGM-GO film after peeled off from the filter membrane. (c, d) XRD 

patterns (c) and the corresponding d-spacing (d) of as-prepared EGM-GO films, 

showing the interlayer distance is controllable with the relative weight content of EG. 

Error bars denote the standard deviations from three independent samples. 
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Figure 5.2 XPS characterization of the EGM-GO (50% EG) film. (a) Survey spectra 

of the GO and EG precursors with corresponding carbon/oxygen atomic ratio. (b) 

Mapping of a 5 mm × 5 mm area. (c) Survey spectra in a depth profile mode with the 

different etching time. (d) C 1s spectra. The proposed mechanism of tuning the 

interlayer spacing of films by precursor ratio is based on an uniform distribution of 

two precursors, GO and EG, where these two layered components interleave 

turbostratically assembling into a laminated architecture. To confirm the uniformity 

of this composite structure and rule out a high degree segregated clustering of the 

nanosheets, XPS measurements were carried out in both mapping and depth profile 

modes. As shown in Figure 5.2a, the spectra of two individual precursors are clearly 

different due to their oxygen content – GO has ~35.2 at% oxygen (corresponding to 

an atomic C/O ratio of 1.8) and it is ~13.7 at% for EG (C/O ratio of 6.3). Such a 

difference enables us to identify an inhomogeneous region within the film, for instance, 

a C/O ratio close to 6.3 could reveal EG component is densely aggregated in that field. 

Here, we use the EGM-GO (50% EG) film as an example. Figure 5.2b shows the 

mapping for a 5 mm × 5 mm area (spot size, 50 µm in diameter), indicating a relatively 

homogeneous distribution of GO and EG in this composite film, since the C/O ratio 

only varies within 3.1±0.5. Furthermore, considering XPS is a surface technique that 

usually probes a depth of ~5-10 nm, we performed a XPS depth profile, where the 

sample is measured following ion beam etching the surface to expose its inner part. 

The measured survey spectra at different depths all showed a similar C/O ratio (Figure 
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5.2c), indicating good uniformity from top to bottom. Therefore, combined with 

mapping (in the x-y plane) and depth profile (along z axis) modes, it has demonstrated 

that GO and EG components are distributed uniformly in the formed EGM-GO film 

without significant inhomogeneous aggregation. Besides XPS, the volume rendering 

from the nano-CT dataset of EGM-GO (50% EG) cross-sectional slice also 

demonstrates the relative uniformity of this structure (Figure 5.3). 

 

 

 

 

Figure 5.3 (a, b) 3D volume rendering of the EGM-GO (50% EG) film from the nano-

CT dataset. 
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Figure 5.4 (a, b) SAXS patterns (a) and the corresponding pore width (b) of the 

laminate films. (c, d) A comparison of the scattering patterns for GO (c) and EGM-

GO (50% EG) (d) films. SAXS was performed as a complementary approach to obtain 

the longer-range structural information of the laminate films, where the signal at small 

wave vectors originates from the contrast between the carbon atoms and the pore voids. 

As shown in Figure 5.4a, the peak position gradually shifted from 0.86 to 0.69 Å-1 

with an increase of EG content from 0 to 75%. This corresponds to the pore width 

(=2π/q) varied from 0.73 to 0.90 nm by changing the relative EG proportion (Figure 

5.4b), which is in good accordance with the XRD results (0.73 to 0.91 ± 0.01 nm) in 

Figure 5.1c, d. The information of interfaces can be obtained by fitting the SAXS 

profiles using Porod’s law, which describes the correlation between the scattering 

intensity (I(q)) and wave vectors (q) by the function of I(q) ∝ q-α, where -α is the Porod 

slope that related to the fractal surface with a dimensionality (d) between 2~3, 

following the equation: α = 6 ‒ d. Therefore, α is used as an indicator to evaluate the 

surface structural morphology. For example, the value of 4 for α indicates the flat and 

smooth 2D interfaces, whereas a non-integer value (between 3~4) for α indicates the 

fractally rough surface. In our case, the α values are non-integer for all samples and 

decrease with the increasing relative content of EG (Figure 5.4a), suggesting the 
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transition to a rougher and more fractal surface morphology. This interfacial transition, 

as well as the less intense SAXS signal, with an increase of EG fraction demonstrates 

that as-prepared laminate films are somewhat in a turbostratic structure without long-

range ordering. In addition, this can be also evidenced by the significant difference 

between the scattering patterns of GO and EGM-GO (50% EG), where the former not 

only shows a relatively larger q value than the latter, but also with a much higher 

intensity (Figure 5.4c, d). 

 

 

The as-synthesized films were then subjected to hydroiodic (HI) vapour reduction to 

enhance their conductivity for use as electrodes. It is worth mentioning that the 

utilization of HI for reduction is vital, since it can produce a more compact layered 

architecture based on the nucleophilic substitution reaction mechanism.[17] In 

comparison, other reducing methods that deoxygenate predominately via CO2 

formation, such as hydrazine treatment or high-temperature annealing, failed to yield 

a uniform structure. This failure is due to the random entrapment of CO2 gas bubbles 

during the reduction process leads to superfluous void spaces inside the film (Figure 

5.5). The HI-reduced films exhibited a uniform laminar cross-section as observed from 

Figure 5.6a, b. However, the rGO sheets were flat and densely packed together (Figure 

5.6a), while the reduced EGM-GO (EGM-rGO) layers were comparatively wrinkled 

with more interlayer gaps (Figure 5.6b). This difference is because the removal of 

oxygenated functionalities induced restacking of bare rGO sheets through π‒π 

interactions.[17] In contrast, the presence of EG can potentially work as a scaffold to 

mitigate rGO sheets aggregation, leaving behind slit-pores within the EGM-rGO films. 

Argon adsorption-desorption measurements further confirmed that the porosity of 

EGM-rGO films can be controlled by varying the relative EG content. For instance, 

the steep uptake at relative pressures (P P0
-1) of less than 0.01 in the isotherms 

indicates more micropores were created with the proportion of EG increased from 0 

to 75 wt% (Figure 5.6c). A pure EG film was also prepared for comparison but only 

showed moderate porosity, inferior to that of EGM-rGO (50% EG). This change stems 

from the insufficient delamination and dispersion of pure EG in water (without GO 

acting as a surfactant), attributed to the intrinsic hydrophobicity of graphene (Figure 

5.7). All films exhibited a micropore-dominated pore size distribution (Figure 5.6d 

and 5.8), demonstrating the effective diminishment of surplus meso- and macro-pores 

compared with the precursor (Figure 5.9). More importantly, for the different films, 
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different sizes of sub-nanopores were detected across the microporous region (Figure 

5.6d, inset). For example, prominent pores were ~0.9 nm in width for EGM-rGO (75% 

EG) but ~0.8 nm for EGM-rGO (50% EG). By changing the fraction of EG, the SSA 

of the resultant films could be increased from 35 to 612 m2 g-1; whereas the 

corresponding bulk density decreased from 1.51 to 0.70 g cm-3 (Figure 5.10), in good 

accordance with the increasing order of SSA, revealing a typical trade-off relationship 

as illustrated in Figure 5.6e. These results suggested that our approach has enabled 

freestanding dense films to be produced with controllable porosity, which can be 

directly used as electrodes. 

 

 

 

 

 

Figure 5.5 Cross-sectional SEM image of the high-temperature annealing reduced GO 

film (800 ºC for 1h). The film after thermal reduction left void spaces inside, not as 

uniform as the HI reduced GO film shown in Figure 5.6a. 
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Figure 5.6 Structural characterization of EGM-rGO films. (a, b) Cross-sectional SEM 

images of rGO film (a) and EGM-rGO (50% EG) film (b). Scale bars, 2 µm. (c, d) Ar 

adsorption-desorption isotherms (c) and their corresponding pore size distribution (d). 

The inset shows a magnified microporous region. (e) The specific surface area and 

bulk density of films demonstrating a trade-off relationship. Error bars denote the 

standard deviations of density calculation from three independent samples. 

  



143 

 

 

Figure 5.7 Photographs showing the aqueous dispersions of different precursors. On 

its own, pure EG is relatively difficult to be sufficiently delaminated and dispersed in 

water due to its hydrophobicity and poor electrostatic repulsion. The freshly prepared 

EG dispersion settled after 10 days; however, the mixed GO-EG dispersion still 

remained stable due to the GO is acting as a 2D-surfactant to facilitate the 

delamination and dispersion of EG. 

 

 

Figure 5.8 (a) A comparison of the isotherms for EGM-rGO (25% EG) measured by 

different probe gases. (b) A comparison of the different fitting methods for pore size 

analysis based on the EGM-rGO (50% EG) Ar adsorption isotherm. The gas 

adsorption-desorption measurements were investigated using Ar and N2, respectively. 

Unlike the N2 measurement that performed at 77 K, the Ar adsorption-desorption was 

carried out at 87 K to avoid the inaccuracy caused by the Ar triple point (83.8 K). As 

the comparison presented in Figure 5.8a, the isotherms measured with different probe 

gas molecules show very similar behaviour, especially in the low pressure region. 

Therefore, with also considering the potential influence from the quadrupole moment 

of N2, the Ar results were used in this work. For the pore size distribution, the 

isotherms were analysed using the QSDFT and non-local density functional theory 

(NLDFT), respectively. Though the two methods yield similar results but the QSDFT 

was chosen in this work because it showed a better overall fit to the data (Figure 5.8b). 
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Figure 5.9 A comparison of the pore size distribution for EG film and EG powder, 

based on their Ar adsorption results at 87 K using the QSDFT method, demonstrating 

that surplus meso- and macro-pores in the powder structure were effectively 

diminished in the film. 

 

 

Figure 5.10 (a-c) Cross-sectional SEM images of EGM-rGO (25% EG) film (a), 

EGM-rGO (75% EG) film (b) and EG film (c). 

 

5.3.2 Electrochemical characterization of EGM-rGO films 

To investigate the electrochemical properties, we fabricated a series of symmetric 

supercapacitors with neat 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) 

ionic liquid as the electrolyte (Figure 5.11). It is worth mentioning that, although 

diluting ionic liquids with organic solvents (such as acetonitrile) can lower their 

viscosity,[8] the as-obtained solvated ions with larger size (˃1.30 nm) would be 

unsuitable for the EGM-rGO electrode with abundant sub-nanopores (˂1 nm) tailored 

for bare ions (for example, EMIM+ with a diameter of 0.76 nm) (Figure 5.12 and 5.13). 
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The CV and GCD curves exhibited quasi-rectangular and isosceles triangular shapes, 

respectively, both indicating nearly ideal capacitive behaviour (Figure 5.14a, b). 

Figure 5.14c summarizes the Cwt derived from GCD curves, where EGM-rGO (75% 

EG) shows the highest among all films (231 F g-1 at 1 A g-1). It is evident that Cwt 

increases concomitantly with the porosity, that is, with the decreasing density. 

However, the case is very different for Cvol, when both Cwt and density are 

simultaneously taken into consideration (Equation (5.2)). As illustrated in Figure 

5.14d, EGM-rGO (50% EG) yielded the highest Cvol of 203 F cm-3 at 1 A g-1. 

Furthermore, the EG film also yielded a higher Cvol than EGM-rGO (75% EG) at 1 A 

g-1, but with the current density reaching 100 A g-1, it retained only 64% of the initial 

performance while the latter was comparatively stable with more capacitance retention 

(75%) (Figure 5.14d). 

 

 

 

Figure 5.11 Electrochemical characterization of the supercapacitor with EGM-rGO 

(50% EG) electrode and EIIMBF4 electrolyte in a three-electrode configuration. (a) 

CV curves at 1 mV s-1 showing the response of the whole cell and individual electrodes. 
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(b) CV curves of individual electrodes at different scan rates. (c, d) CV curves (2 mV 

s-1) at different voltage windows (c) and their corresponding coulombic efficiency 

during long-term cycling (d). The maximum operating voltage window of the 

supercapacitor was evaluated using a three-electrode configuration in EMIMBF4 

electrolyte. The EGM-rGO (50% EG) film was punched into two identical discs (Φ = 

16 mm) and directly used as working and counter electrode (also denoted as positive 

and negative electrode), respectively. The Ag/AgCl was used as the reference 

electrode with one piece of Celgard separator on each side to prevent the short circuit 

of electrodes. CV tests were performed with the signals recorded against the reference 

electrode, which allows the potential of each individual electrode to be controlled by 

the reference electrode. This set-up also enables the observation of each electrode’s 

potential window in a running cell. Both the positive and negative showed a 

rectangular-like CV shape when the full cell is operating under a 4.0 V voltage window 

(Figure 5.11a), indicating a typical electrical double-layer behaviour with no parasitic 

redox reactions. With increasing scan rates, CV curves still remained the quasi-

rectangular shape (Figure 5.11b), which further confirms the stability of the electrodes 

at this voltage window. However, when the voltage window was widened to 4.25 V, 

it can be seen there is a sudden increase of the current and thus leads to a small hump 

on the CV curve (Figure 5.11c). This is an indication of the electrolyte decomposition 

or side reactions possibly due to the residual functionalities on the electrode material. 

Such decomposition/side reactions can be further confirmed by the definite humps in 

a wider voltage window of 4.5 V. In addition, the coulombic efficiency calculated 

from CV cycles (at 2 mV s-1) also suggests that operating above 4.0 V is not cyclically 

stable (Figure 5.11d). Therefore, 4.0 V was used as the maximum voltage window for 

our device. 
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Figure 5.12 Schematic diagram of the ion adsorption within pores, illustrating the 

relationship between ion size and pore width. The most efficient charge storage 

behaviour is achieved when pore size matching the diameter of ions, where in each 

unit of the pore voids more ions can be adsorbed, leading to the maximized volumetric 

performance. In the case of graphene-based films, micropores created within the 

interconnected layers are usually slit-shaped pores; therefore, the precise control over 

layer-assembly for tailoring sub-nanopores is significant. 

 

 

 

Figure 5.13 CV curves of EGM-rGO (50% EG) film in neat EMIMBF4 and 

EMIMBF4/AN electrolyte at a scan rate of 50 mV s-1. 
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Figure 5.14 Electrochemical characterization of EGM-rGO films-based 

supercapacitors in EMIMBF4. (a) CV curves at a scan rate of 50 mV s-1. (b) GCD 

curves at a current density of 1 A g-1. (c, d) Gravimetric (c) and volumetric (d) 

capacitances versus current densities. (e) A comparison of the Nyquist plots. (f) 

Differentiation of capacitance contribution from CV curves at a scan rate of 10 mV s-

1. 

 

To provide further understanding of rate capabilities, we performed EIS and 

capacitance differentiation analyses. Nyquist plots present the responses over a 

frequency range from 100 kHz to 10 mHz (Figure 5.14e). In the low-frequency region, 

the quasi-vertical curves reveal a nearly ideal capacitive behaviour. In the high-

frequency region, a shorter 45˚ transition line and smaller diameter semicircle indicate 

a lower charge transfer resistance and more efficient electrolyte diffusion within the 

electrodes.[18] The ion transport became less efficient with a reduction in porosity of 

the films. This directly leads to decreased rate capabilities (Figure 5.14d), as the 

electrical double-layer only forms along the accessible surface of the pores that ions 

can penetrate into.[3,19] A representative example is the rGO film (ρ = 1.51 g cm-3), 

which showed a rather poor rate capability (13% retention at 100 A g-1) due to its 

overly confined interplanar channels between densely packed layers that are 

unfavourable for ion diffusion. In addition to ion transport, since the rate capability is 

also closely associated with the charge storage mechanism, capacitance differentiation 
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was carried out. The current responses in the CV curves were separated into capacitive 

and diffusion-controlled contributions (Figure 5.15). The capacitive process has faster 

kinetics at the electrode-electrolyte interface and also relatively higher stability at 

larger scan rates/current densities compared with the diffusion-controlled process.[20] 

Thus, a larger proportion of the capacitive process usually enables a better rate 

capability. Both EGM-rGO (50% EG) and EGM-rGO (75% EG) exhibited a 

considerable capacitive contribution of over 90% (91% and 93%, respectively) (Figure 

5.14f), in agreement with their better rate capabilities (70% and 75% retention at 100 

A g-1, respectively) among all the films. The results suggest that although the dominant 

pore size (~0.8 nm) of EGM-rGO (50% EG) film is very close to the size of the 

electrolyte ions (diameter = 0.76 nm for EMIM+), the ion transport was not hindered, 

still remaining at high diffusion rates. Such a case is consistent with previous studies, 

which ascribed this performance to capillary-like forces and surface potential 

contributions under nanoconfinement.[21] 

 

 

Figure 5.15 (a-e) Differentiation of capacitance contribution from the CV curves of 

EGM-rGO films at a scan rate of 10 mV s-1. The total current responses were divided 

into capacitive (shaded region) and diffusion-controlled (blank region) contributions. 

The quantitative capacitance differentiation was carried out on CV curves by Dunn’s 

method, which enables to quantify the capacitance contribution from surface 

capacitive effects and diffusion-controlled processes. At a fixed voltage, the current 

density i(V) on a CV curve can be expressed as a combination of two terms using: i(V) 

= k1v + k2v
1/2, where k1 is the capacitive effect factor; k2 is the diffusion process factor 
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and v is the scan rate (mV s-1). Thus, k1v and k2v
1/2 in the equation represent the 

capacitive and diffusion-controlled contribution, respectively. Dividing both sides of 

the equation by v1/2 yields: i(V)/v1/2 = k1v
1/2 + k2. Therefore, by firstly collecting the 

i(V) from CV read at a series of scan rates and then plotting i(V)/v1/2 vs. v1/2, we expect 

to obtain a linear relationship where the gradient equals k1 and the intercept on y-axis 

equals k2. Next, plugging the obtained k1 into original equation allows us to separate 

the capacitance contribution from surface capacitive process at the specific voltage of 

V and a selected scan rate of v. Finally, repeating the aforementioned steps for other 

voltages within the voltage window leads to the capacitive contribution illustrated in 

Figure 5.15. The capacitance ratio of capacitive to diffusion-controlled processes 

equals the ratio of the area of the shaded region to the area of the blank region. For 

these calculations, the more points and scan rates selected, the more accurate analysis 

obtained. In our calculation, we input 800 points selected potentiometric-uniformly 

from each CV curves (0 to 4 V) at the scan rate of 1, 2, 5, 10, 15, 20 mv s-1 for each 

electrodes. 

 

5.3.3 Optimizing the device performance towards compact EES 

The optimal electrode for compact EES requires its Cvol to be maximized in a wide U 

electrolyte (Equation (5.1)), where the trade-off relationship between porosity and 

density needs to be balanced (Equation (5.2)). Figure 5.16a illustrates this trade-off, 

showing that Cwt can be enhanced with the increased porosity of the films, but 

alongside a reduction in the bulk density. Initially upon the increasing porosity, the 

Cwt increases significantly from 73 to 216 F g-1 alongside a density reduction of 38% 

from 1.51 to 0.94 g cm-3. However, further increasing the porosity merely yields a 

modest enhancement of Cwt but results in a severe loss of bulk density. For example, 

a Cwt increment of only 7% from 216 to 231 F g-1 is achieved at the expense of a 

density drop by 26% from 0.94 to 0.70 g cm-3. Consequently, the Cvol is not 

monotonically enhanced with the increasing porosity, and reaches a maximum value 

(203 F cm-3) at a bulk density of 0.94 g cm-3. This optimal Cvol implies the most 

efficient charge storage behaviour, which is achieved by EGM-rGO (50% EG) having 

a Cssa of 47 µF cm-2. To our knowledge, such Cssa represents the highest efficiency of 

pore-utilization in charge storage ever reported for carbon materials, including 

graphene-based structures, activated carbons, carbon nanotubes, templated carbons 

and carbide derived carbons (Figure 5.16b).[2,7,22-33] The achievement of this 

remarkable efficiency is ascribed to the abundance of pores in the structure that are 

optimized with respect to the size of electrolyte ions. Such exceptionally efficient 
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pore-utilization thus experimentally validates the viewpoint in a recent study, where 

suggested that when only single ion layers are confined in slit-pores, the alternation of 

ion arrangements to a non-Coulombic from can contribute considerably to charge 

storage (Figure 5.17 and 5.18).[16] This optimized charge storage also enabled both 

Cvol and Cwt of our EGM-rGO (50% EG) film to simultaneously reach a superior level 

among all carbon-based electrodes tested under comparable conditions (Figure 

5.16c).[2,6,22-44] 

 

Figure 5.16 Optimizing the device performance towards compact EES. (a) Based on 

the variation in gravimetric capacitance and bulk density of samples, the volumetric 

capacitance reaches a maximum at EGM-rGO (50% EG) film. (b) Capacitance 

contribution per surface area of EGM-rGO (50% EG) film in comparison with other 

carbon materials, showing their efficiency of pore-utilization in charge storage.[2,7,22-

33] Values are collected either from references as such or calculated based on the 

reported capacitance and specific surface area, where the ion-accessible surface area 

is preferred if applicable. (c) Gravimetric and volumetric capacitance comparison of 

EGM-rGO (50% EG) film with reported electrode materials.[2,6,22-44] (d) Specific 

capacitance retention with the enhancement of electrode volume fraction (in the whole 

device) by increasing areal mass loading of the film, which is optimized at 15 mg cm-

2. Further increasing mass loading leads to limited enhancement of volume fraction 

but rapid degradation of specific capacitance. I Ragone plots of EGM-rGO (50% EG) 

film-based supercapacitor (15 mg cm-2 per electrode) in comparison with reported 

values and state-of-the-art energy storage devices (commercial supercapacitors, lead-

acid batteries and lithium thin-film battery).[2,5-10,22-27,40-48] Note that all presented 

energy density and power density values are calculated based on the entire device 

configuration, rather than the electrode only. (f) Cycling stability of the device at a 

current density of 10 A g-1. 
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Figure 5.17 Ex situ FTIR characterization of the negative electrode in symmetric 

supercapacitors with EMIMBF4 electrolyte. The data were collected with air as the 

background reference unless specifically mentioned. (a) FTIR spectra of the EGM-

rGO (50% EG) electrode at different conditions. (b) A comparison of the FTIR spectra 

for EGM-rGO (50% EG) and EG powder electrode at 3.0 V. An ex situ FTIR 

experiment was performed for the EGM-rGO (50% EG) electrode charged to different 

voltages. For this, the supercapacitor was charged in the EMIMBF4 ionic liquid and 

its negative electrode was measured after being carefully washed with acetonitrile. As 

shown in Figure 5.17a, there is no significant difference between the electrode at 0 V 

(i.e. soaked in the electrolyte but without charging) compared with its pristine state. 

However, the data demonstrate that with the increasing potential, more ions are stored 

in the electrode (see 1.5 V vs. 3.0 V). This can be more clearly seen when the FTIR 

measurements were conducted using the pristine EGM-rGO (50% EG) electrode as 

background to better isolate the contributions of the ions to the spectra. The spectra 

show little change at 0 V but several visible characteristic bands at 3.0 V, from either 

EMIM+ (C=N at 788 cm-1; NH at 1187 cm-1; CH3 at 1406 & 1464 cm-1 and CH at 3000 

cm-1) or BF4
– (BF4 at 1036 cm-1). However, it can be observed that, upon charging to 

the negative potentials, not only cations (EMIM+) but also anions (BF4
–) were 

adsorbed into the pores of the electrode. This is because each ion is actually 

surrounded by successive shells of opposite charge, a situation that is commonly 

known as Coulombic ordering. Such an intermolecular force between nearest 

neighbours is very strong. The spectra of the EGM-rGO (50% EG) electrode was then 

compared with EG powder electrode at the same voltage of 3.0 V (Figure 5.17b). It is 

noteworthy that when a similar amount of EMIM+ was stored in both electrodes, a 

much lower amount of BF4
– is detected for EGM-rGO (50% EG) than EG powder. 

This result reveals that there is partial breaking of the Coulombic ordering within the 

EGM-rGO (50% EG) electrode. Previous theoretical and experimental studies 

demonstrate that the Coulombic ordering only breaks when ions are under monolayer 

confinement; therefore, in our case, it indicates that for a significant proportion of the 

EGM-rGO (50% EG) electrode, only a single layer of ions is adsorbed into its slit-

pores. This conclusion is rationalized by the pore size of EGM-rGO (50% EG), which 
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has abundant micropores of ~0.8 nm; in contrast, the EG powder is rich in large meso- 

and macro-pores (Figure 5.9). The further Ar adsorption measurement for the fully 

charged EGM-rGO (50% EG) electrode also verifies that its pores are occupied by the 

ionic liquid molecules (Figure 5.18).) 

 

 

Figure 5.18 Ar adsorption-desorption isotherms of the EGM-rGO (50% EG) electrode 

at its pristine and fully charged (4.0 V) states. 

 

 

In order to maximize the Evol-stack at a device level, it is essential to ascertain an optimal 

ƒe of the determined electrode material in the entire supercapacitor configuration 

(Equation (5.3)). Considering that other components (current collectors and separator) 

of supercapacitors generally remain unchanged, the ƒe can be adjusted by controlling 

the thickness of the electrodes, or in other words, the areal mass loading of the material. 

However, increasing the mass loading is usually accompanied with more sluggish ion 

diffusion across the thicker electrode, which consequently results in the degradation 

of both capacitive performance and cycling stability.[7] Hence, the electrode needs to 

have superior ion transport capability to minimize the influence of incremental mass 

loading. In this respect, EGM-rGO (50% EG) film exhibited a slight drop in specific 

capacitance by only 7% as the mass loading increased from 1 to 15 mg cm-2 (exceeding 

the 10 mg cm-2 for commercial carbon-based supercapacitors).[1] Meanwhile, the ƒe 

improved more than triple from 0.25 to 0.84 (Figure 5.16d). Such a high ƒe could be 

attributed to the freestanding nature of the film, which enabled it to be directly used 
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as the electrode without non-active additives (such as binder or conductive agents). 

Further increasing mass loading over 15 mg cm-2 was unfavourable for overall 

performance (Figure 5.16d). Therefore, building on the optimized Cvol, U and ƒe, the 

as-fabricated device delivered a Evol-stack of 88.1 Wh L-1, which is the highest to date 

among state-of-the-art carbon-based symmetric supercapacitors and more than ten-

fold over commercial supercapacitors (5‒8 Wh L-1) (Figure 5.16e).[2,5-10,22-27,40-48] In 

addition, this Evol-stack even approaches typical lead-acid batteries (50‒90 Wh L-1) 

though with two orders of magnitude higher power density,[6,7] highlighting its great 

potential for practical EES applications. Moreover, our EGM-rGO based 

supercapacitor showed excellent cycling stability, with an initial capacitance retention 

of 98.6% after 20,000 GCD cycles whilst maintaining a coulombic efficiency of ~100% 

during cycling (Figure 5.16f). 

5.3.4 Fabrication of ASSC 

A wide operating voltage window is the prerequisite for high energy and power 

densities; however, the widely used aqueous hydrogel polymer electrolytes (≤1 V) in 

most of the previous studies fall far short of the high-voltage requirement.[8,49] For this 

reason, we fabricated an EGM-rGO based flexible ASSC using an ionogel electrolyte, 

EMIMBF4/polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP). Figure 5.19a 

schematically illustrates the construction of ASSC, where the solidified ionogel 

electrolyte was sandwiched in between two symmetric film electrodes and then 

encapsulated. The as-assembled device (6 cm × 6 cm in dimension) was highly robust 

and flexible (Figure 5.19b). CV curves showed a quasi-rectangular shape and 

negligible change under various bending angles from 0 to 180˚ (Figure 5.19c), 

indicating an ideal capacitive behaviour and excellent mechanical stability. A single 

ASSC was capable of powering dozens of LEDs with the threshold voltage of ~2 V 

(Figure 5.19d, inset). This device also exhibited an outstanding cycling stability, with 

97.8% of the initial capacitance retained after 5,000 cycles at a current density of 10 

A g-1 (Figure 5.19d). Moreover, we developed a smart ASSC stack (Figure 5.19e), 

which can optionally fulfil different output requirements in one device depending on 

external connection geometry. For example, by connecting in series or in parallel 

(Figure 5.19f), the smart device achieved a further expanded voltage window (to 6 V 

from the 3 V for a single ASSC) or boosted capacitance (to 346 mF cm-2 from the 174 

mF cm-2 for a single ASSC), respectively (Figure 5.19g). Together, our ASSC 
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demonstrated several remarkable properties when compared with many previously 

reported solid-state devices. These merits include a wide operating voltage window, 

multiple optional output (connection-dependent), superb mechanical flexibility, high 

durability and safe operation (avoids the leakage of electrolytes, due to nonvolatility 

of the ionic liquid), representing a promising candidate to satisfy the urgent demand 

of miniaturized electronics. 
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Figure 5.19 Fabrication of ASSC with high-voltage ionogel electrolyte. (a) Schematic 

illustration of the device configuration, with photographs of the solid-state ionogel 

electrolyte (left) and as-assembled flexible ASSC (right). (b, c) Photographs of the 

ASSC under various bending angles (b) and their corresponding CV curves at a scan 

rate of 50 mV s-1 (c). (d) Cycling stability of ASSC at a current density of 10 A g-1. 

The inset shows dozens of LEDs powered by ASSC. (e) Schematic diagram 

illustrating the design of smart ASSC stack, with the photograph of an as-fabricated 

smart device. (f, g) Circuit diagrams of the connection-dependent output by smart 

ASSC stack (f) and their corresponding GCD curves at a current density of 1 mA cm-

2 (g). 
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5.4 Summary 

In summary, the work in this chapter has demonstrated an approach to maximize the 

volumetric performance of supercapacitors at a device level by optimizing several 

important factors (operating voltage, volumetric capacitance and electrode volume 

fraction). The crucial step is that tailoring the pores of the electrode material for a wide 

voltage window electrolyte. This is achieved by developing freestanding graphene 

laminate films with tunable interlayer spacing, which consequently enables the size of 

slit-pores to be precisely adjusted. When pore sizes match the diameter of electrolyte 

ions, the film reaches the most efficient pore-utilization, and thereby exhibits a well-

balanced porosity versus density, leading to an optimized volumetric capacitance. This 

exceptional efficiency of pore-utilization therefore experimentally validates the 

viewpoint that the breaking of ions into non-Coulombic ordering arrangement by 

monolayer ion confinement in slit-pores can contribute considerably to charge 

storage.[16] With an optimal areal mass loading ascertained subsequently, the 

symmetric supercapacitor can deliver a stack volumetric energy density of 88.1 Wh L-

1, the highest ever reported for pure carbon-based devices. The achievement of such 

compact energy storage represents a significant step towards the practical applications 

of supercapacitors. Furthermore, based on this film, the fabricated flexible solid-state 

smart device with an ionogel electrolyte realizes controllable output and excellent 

durability, suggesting great opportunities for portable power supply in miniaturized 

electronics and electric vehicles. 
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Chapter 6. Conclusions and Outlook 

6.1 Conclusions 

The PhD project aimed at design and development of the graphene-based porous 

structures as the supercapacitor electrode for efficient electrochemical energy storage. 

Three pieces of the original work are included in this thesis: 

In the first work, a series of GO-based materials were systemically developed to 

investigate the significance of the initial oxidation level for their capacitive energy 

storage. It is found that several structural features of the final product (htrGO 

frameworks), such as extent of the sheet delamination, formation of networking 

interconnectivity, residual surface oxygen functional groups, wettability and the 

accessible porosity for ionic charges, can be directly managed by control over the 

degree of the initial oxidation of the GO precursor. Based on this in-depth 

understanding of the system, the optimized UHFG structure exhibits one of the highest 

gravimetric specific capacitance values reported to date for peer materials in the 

aqueous electrolyte. Such impressive capacity is well maintained in various commonly 

used electrolytes in the practicable supercapacitor devices. For instance, the all-solid-

state supercapacitor in a gel electrolyte demonstrates top-level performance amongst 

practical carbon-based flexible devices, in particular the specific capacitance, rate 

capability and cyclic stability. More remarkably, the fabricated supercapacitor in an 

organic electrolyte delivers an exceptional stack volumetric energy density under a 

high power density condition, which represents a promising candidate to bridge the 

gap between traditional capacitors and batteries. This study could lead to further 

advancements in the design principles used to engineer chemically derived graphene, 

and broaden the opportunities for a wide range of energy related applications. 

The second work has demonstrated an effective synthesis strategy of producing 3D 

GO structures for the development of fully accessible hierarchical porous networks 

and thereby to enhance their performance in supercapacitors. The GOS samples 

prepared via the flash-freezing and freeze-dry approach of GO dispersion can 

effectively avoid extensive restacking and aggregation of GO sheets. Such structure 

shows 30–50% enhancement in their charge storage capacity compared with 

unprocessed GO powder samples. For example, the HPG sample, obtained from GOS 

under simple thermal-shock, yielded an extraordinary specific capacitance of >300 F 
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g−1 at 1 A g−1. This value is comparatively higher than the reported graphene-based 

structures, of a typical value of about 150–250 F g−1. The coexistence of hierarchical 

pores across the micro- to meso- and macro-porous regimes acts as charge storage 

reservoirs and fast ion transport channels. Therefore, HPG exhibits an excellent cyclic 

stability with a retention capacity of over 93% even after extended period of 10,000 

cycles. Finally, a symmetric all-solid-state flexible supercapacitor constructed with the 

HPG sample shows an areal capacitance of 220 mF cm−2 at 1.0 mA cm−2. The 

proposed approach can effectively contribute to the further developments of GO-based 

structures and energy storage technologies. 

The third work has demonstrated an approach to maximize the volumetric 

performance of supercapacitors at a device level by optimizing several important 

factors (operating voltage, volumetric capacitance and electrode volume fraction). The 

crucial step is that tailoring the pores of the electrode material for a wide voltage 

window electrolyte. This is achieved by developing freestanding graphene laminate 

films with tunable interlayer spacing, which consequently enables the size of slit-pores 

to be precisely adjusted. When pore sizes match the diameter of electrolyte ions, the 

film reaches the most efficient pore-utilization, and thereby exhibits a well-balanced 

porosity versus density, leading to an optimized volumetric capacitance. This 

exceptional efficiency of pore-utilization therefore experimentally validates the 

viewpoint that the breaking of ions into non-Coulombic ordering arrangement by 

monolayer ion confinement in slit-pores can contribute considerably to charge 

storage.[16] With an optimal areal mass loading ascertained subsequently, the 

symmetric supercapacitor can deliver a stack volumetric energy density of 88.1 Wh L-

1, the highest ever reported for pure carbon-based devices. The achievement of such 

compact energy storage represents a significant step towards the practical applications 

of supercapacitors. Furthermore, based on this film, the fabricated flexible solid-state 

smart device with an ionogel electrolyte realizes controllable output and excellent 

durability, suggesting great opportunities for portable power supply in miniaturized 

electronics and electric vehicles. 

Overall, in this PhD project, a step-by-step research is carried out by firstly 

investigating the effect of graphene-oxide precursors, then enhancing the specific 

capacitance of a single electrode and finally increasing the overall performance (in 
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terms of the energy density and power density) at the entire device level. The findings 

can boost a step-change of graphene materials for capacitive energy storage. 

6.2 Outlook 

Based on the results from this thesis, there are still several challenges that remain to 

be addressed in order to achieve the practical application of graphene-based 

supercapacitors. These challenges include but not limit to: (1) mass production of 

high-quality graphene, (2) precise control of doping and microstructures, (3) density 

tuning of graphene electrodes and (4) viability of manufacturing technologies. 

More specifically, although it has demonstrated graphene-based supercapacitors with 

performance characteristics far exceeding those of commercially available ones, the 

lack of feasible techniques for the mass production of high-quality graphene limits 

their potential. Estimates for the cost of production of graphene vary depending on the 

quality of the material from tens to thousands of pounds per kilogram,[1] but it is still 

not competitive with state‑of‑the-art materials. For example, the very low cost of 

activated carbon currently used in supercapacitors (£15 per kilogram) presents a 

difficult barrier to the entry of other materials.[2] Most techniques that have shown 

potential for largescale production depend on the exfoliation of expanded graphite or 

the reduction of GO. The former often results in multilayered graphene platelets with 

limited surface area, which is a critical parameter for supercapacitors, and the latter 

form of graphene has relatively low electronic conductivity caused by residual oxygen 

and structural defects. In addition, reduction of GO is still challenging as it involves 

complicated procedures and purification methods, and often employs toxic and 

corrosive chemicals leading to environmental concerns. The conductivity of reduced 

GO needs to be enhanced further with more efficient reduction methods.  

The processing of electrodes is another important parameter that defines the viability 

of new technologies. Current supercapacitor technologies use roll coating for 

manufacturing electrodes.[3] This process is inexpensive, efficient and fast, producing 

up to several metres of electrodes per minute. Most devices made out of graphene use 

techniques that are limited to research laboratories and difficult to scale up. Future 

studies on graphene should focus on competitive processing techniques and not just 

laboratory-feasible preparation methods. Overall, it should be noted that some further 

efforts are indeed required for building better graphene-based supercapacitors. 
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