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Abstract 
Energy storage technologies are receiving a great deal of attention today due to 

their potentials to expedite current efforts to make a low carbon energy future possible. 

Electrochemical energy storage systems – supercapacitors and batteries – have 

demonstrated their ability to bring multiple benefits as a viable and complementary 

technology for making renewable energy resources more available to people. Lithium-

ion batteries, as a mature electrochemical energy storage technology, currently dominate 

the portable electronics market, and are continuously trying to expand into new markets 

with the global trend towards electric vehicles and smart grids. However, their high cost 

associated with performance improvement prevents them from penetrating into these 

new applications. Therefore, advances in new materials that could be made available in 

large quantities at low cost, while satisfying various industry requirements and being 

safe and durable, are extremely important in order to overcome the above limitations. 

Improving the performance metrics of electrochemical energy storage devices through 

rational design of carbon materials has been the major focus of the research presented in 

this dissertation. A variety of carbon materials including activated carbon, carbon 

nanotubes, graphene, and carbon aerogel have been investigated. However, as no 

material is perfect, each having its own advantages and disadvantages, it is unlikely that 

a single material could provide a complete solution to the problems of the existing 
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electrochemical energy storage systems. This dissertation proposes design strategies that 

lead to significant improvements in the performance of electrochemical energy storage 

devices by appropriate choice of carbon materials and further development of novel 

electrodes. Chapter 2 describes an approach of designing a two-dimensional carbon thin 

film electrode with a double-layered structure composed of polyetheretherketone-

derived microporous carbon and graphene. Such layered combination of the two 

carbons shows synergistic properties by complementing each other, creating a highly 

porous conductive carbon films for supercapacitors. Chapters 3 through 6 highlight a 

novel method for developing a special type of highly conductive and porous three-

dimensional materials. These polymer-cross-linked carbon aerogels, namely carbon x-

aerogels, are designed to solve problems with conventional carbon aerogels. They are 

not only porous and conductive, but also mechanically robust with high compressibility 

with fast recovery. This multi functionality makes them promising for developing high-

energy-density supercapacitors (Chapter 3) and next-generation rechargeable batteries 

that will eventually power the beyond current lithium-ion technology, such as lithium-

oxygen (Chapter 4) and lithium-sulfur batteries (Chapter 5). Chapter 6 describes another 

potential application of carbon x-aerogels beyond its utilizations in electrochemical 

energy storage devices, which is its application as novel electrode materials for 

capacitive deionization that can make the current water treatment technology more cost-

effective. In conclusion, the most important achievement in this dissertation is the 
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successful development of carbon x-aerogels, which currently is laying the groundwork 

for future research on materials design and which ultimately will provide practical 

solutions to challenges in energy storage technology and beyond.  
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1. Introduction 
1.1 Energy Storage Overview  

Successful transition into clean and sustainable energy solutions has become one 

of the most critical challenges today due to rising concerns about depleting fossil fuels 

along with growing environmental pollution. As a result, there has been an increasing 

interest to harvest and convert renewable energy, such as solar and wind, into electricity 

to meet our future energy needs (Figure 1.1).  

 

Figure 1.1: U.S. energy consumption by energy sources in 2013 and 2040. Source: 
Energy Information Administration (EIA), AEO 2015. 

However, because of the intermittent nature of renewable energy sources, being able to 

store the harvested and converted renewable energy in an efficient and economical way 

is crucial to make renewable energy a viable alternative to fossil fuels.1, 2 Energy storage 

technologies facilitate energy to be absorbed and stored for a period of time before it can 
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be released to supply power and thus, can bridge the temporal and spatial gaps between 

energy supply and demand.3  

Electrochemical energy storage (EES) systems have received a great deal of 

attention as the most promising solutions to power a variety of applications, ranging 

from portable electronics to transportation and grid storage.3-5 In particular, advances in 

lithium-ion batteries have been the driving force behind the development of portable 

electronics. Today’s mobile phone industry would not have existed without lithium-ion 

batteries, which have established themselves as the ultimate lower-power, efficient, and 

portable energy sources. However, with continuing research and development, lithium-

ion batteries are approaching their theoretical limit imposed by their electrode 

materials.6-9 Hence, this limit has prevented lithium-ion batteries from penetrating 

deeper into various market segments, such as electric transportation and grid-scale 

energy storage industries that require a much larger amount of energy to be stored more 

quickly while maintaining high energy and power densities. Therefore, an alternative 

energy storage technology that can not only meet such requirements but also be 

commercially affordable is urgently needed. This role is given to high-energy 

supercapacitors and “beyond lithium-ion” batteries such as lithium-oxygen batteries 

and lithium-sulfur batteries.8, 9 
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Figure 1.2: Schematic diagram comparing the fundamental mechanisms of 
electrochemical energy storage in supercapacitors and batteries. Reproduced with 

permission from Ref [10]. 

1.2 Supercapacitors 

Supercapacitors are power devices that can be fully charged or discharged in 

seconds, ensuring fast power uptake or delivery.11-15 In general, supercapacitors store 

energy through the formation of electric double layers (EDLs) created by charge 

separation at the electrode-electrolyte interface (Figure 1.2).10, 15 Given such an 

electrostatic mechanism, the supercapacitors can achieve a much higher power density 

(10 kW kg–1), which can be up to 10 times higher than that of lithium-ion batteries. This 

makes them best suited for supplying short bursts of power in to various systems, such 

as back-up supplies to protect against power disruption, regenerative storage, and load 
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leveling. Moreover, supercapacitors can operate for very long periods of time, often 

millions of cycles without losing their energy storage capacity. They are also 

environmentally friendly and can work in a wide range of temperatures. Hence, 

supercapacitors have played an important role in complementing or replacing batteries 

in a variety of high-power applications. For example, Toyota Prius, a hybrid electric 

vehicle, uses supercapacitors to store energy created during deceleration or braking and 

to quickly redistribute it when needed for rapid acceleration. However, their energy 

density (~5 Wh kg–1) is significantly lower than that of lithium-ion batteries (100–150 Wh 

kg–1). Recent research has focused on the development of advanced supercapacitors with 

high energy density, while maintaining high power density and cycling stability, in 

order for supercapacitors to be practical in industry.11, 13 

1.2.1 Factors affecting the performance of supercapacitors 

In supercapacitors, charge separation occurs through polarization at the 

electrode-electrolyte interface, which generates the double layer capacitance C:  

C = εA/d                       (1.1) 

where ε is the effective dielectric constant, A is the electrode surface area, and d is the 

effective thickness of the double layer (charge separation distance). As expressed in 

Equation 1.1, the capacitance is proportional to the electrode surface area and inversely 

proportional to the charge transfer distance. The key to achieving high capacitance in 

supercapacitors is to use high surface area electrodes, which makes carbon an ideal 
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choice of material since carbon can provide high surface area, possess good electrical 

conductivity, and be easily synthesized at low cost.12 Further discussion of carbon will 

be given in Chapter 1.4. Considerable efforts have been made to develop high surface 

area carbons by creating porous structures through various methods (e.g. thermal, 

chemical, etc.). However, two problems arise: (i) an increase in electrical resistivity, due 

to surface scattering that happens when surface area increases; (ii) no increase in 

capacitance even with an increase in surface area, due to the inaccessibility of pores 

(small pores cannot allow electrolyte ions to diffuse inside, resulting in inaccessible 

surface area that is not available for charge storage).16 To overcome these limitations, 

alternative ways to improve the performance of supercapacitors have been suggested. 

For example, constructing a well-defined porous structure with accessible pores not only 

enables electrolyte ions access to all the surface area but also facilitates ion transport and 

diffusion. Engineering surface chemistry would also be an effective approach to improve 

the capacitance, which can be achieved by introducing fast and reversible redox 

reactions at the surface of materials.11 This process is defined as pseudocapacitance. 

1.3 Beyond Lithium-Ion Batteries 

Advances in battery technology have been playing a major role behind the 

development of portable electronics. Lithium-ion batteries currently dominate the 

market as the go-to power source choice for consumer electronic devices. However, with 

the application of battery technology becoming much more extensive, the energy 
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density of lithium-ion batteries is limited and far from meeting the requirements for 

practical large-scale energy storage applications, such as electric transportation and grid 

storage.17, 18 Consequently, it is important to develop advanced high-energy batteries 

with novel chemistries beyond lithium-ion batteries that can not only meet such 

requirements but also at the same time be commercially affordable (Figure 1.3). 

 

Figure 1.3: Development of electric vehicles with beyond lithium-ion batteries. 
Source: Electric Vehicle News 2013. 

1.3.1 Lithium-Oxygen Battery 

Lithium-oxygen batteries are considered highly promising technologies for 

electric vehicles and power grids because of their remarkable theoretical energy output. 

The most prominent feature of these batteries is the combination of a Li anode that has a 
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high energy density with an open-structured O2 cathode that will allow O2 to be drawn 

as the cathode active material from air (Figure 1.4).  

 

Figure 1.4: Schematic illustration of Li-O2 batteries with a Li metal anode and an 
open-structured O2 cathode. 

Such a unique coupling between Li and O2 based on the reaction 2Li + O2 ↔ Li2O2 can 

deliver a remarkable theoretical energy density of 3500 Wh kg–1.19-24 This value is over 10 

times higher than that of lithium–ion batteries and could be even comparable to that of 

gasoline. However, Li-O2 batteries have been facing significant challenges, including 

high-energy losses, quick degradation, and expensive components that make them 

incompatible with conventional sealed batteries. In addition, they are not yet fully 

demonstrated to be rechargeable due to their highly unstable internal reactions. The 
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oxygen-rich environment in combination with a wide potential window and the 

presence of Li cause uncontrolled and irreversible reactions. These problems are 

primarily associated with lithium peroxide (Li2O2). During discharge, Li2O2 is formed as 

the reaction product on the cathode by the oxygen reduction reaction (ORR). During 

charge, it is decomposed by the oxygen evolution reaction (OER). However, due to the 

insulating and insoluble nature of Li2O2, Li2O2’s irreversible accumulation not only easily 

deactivates the electrode by forming a passivation layer but also retards the kinetics of 

the ORR and OER, thereby inducing high polarization and poor reversibility.25-27 

Moreover, the superoxide radical (O2–) generated during battery operation is a highly 

reactive base, which readily decomposes most electrolytes including the carbonated-

based electrolytes commonly used in Li-ion batteries.28-30 The instability of these 

electrolytes in Li- O2 batteries has significantly limited the battery life to only a few 

charge–discharge cycles with low rate capability. In 2006, Bruce and coworkers 

demonstrated for the first time that Li-O2 batteries can operate stably for up to 50 

cycles.31 Since then, research in Li-O2 batteries has increased rapidly with the goal of 

realizing this novel battery chemistry and replacing existing lithium-ion batteries, whose 

energy density is limited by the conventional Li-intercalation electrodes. 

1.3.1.1 Oxygen Cathode 

Many challenges need to be addressed to make Li-O2 batteries real competitors to 

conventional Li-ion batteries. Dendrite formation during repeated Li dissolution-
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deposition cycles is a well-known problem.32 Exploring a stable electrolyte is another 

major challenge facing the Li-O2 battery technology. However, developing an O2 cathode 

that can be stable and reversibly cycled can provide the greatest opportunity for 

achieving practical Li-O2 batteries. The O2 cathode is a key component of the Li-O2 

battery. The primary electrochemical reactions (i.e. ORR and OER) occur at its surface, 

and its performance is strongly related to how much of Li2O2 can be accommodated 

during discharge and how fast Li2O2 can be decomposed during recharge. Hence, 

improving energy storage and preventing Li2O2 from deactivating the cathode require 

designing porous, catalyzed, and three-dimensional oxygen electrodes with improved 

kinetics, energy efficiency, and cyclability.33-36 

1.3.2 Lithium-Sulfur Battery 

Lithium-sulfur (Li-S) batteries are one of the most promising next-generation 

batteries due to their high energy density of 2600 Wh kg–1, which is more than six times 

higher than that of lithium–ion batteries.37-40 This high energy density results from multi-

electron redox reactions between elemental sulfur and lithium, forming lithium sulfide 

(Li2S) via intermediate lithium polysulfides (Li2Sn with n = 4–8). In addition, the natural 

abundance, low cost, and environmental friendliness of sulfur further increase the 

potential of Li-S batteries as future replacements that can accelerate the beyond lithium-

ion technology.39  
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Figure 1.5: (A) Electrochemistry of sulfur showing an ideal charge-discharge profile. 
Inset: polysulfide shuttle. Reprinted with permission from Ref [41]. (B) Specific 
energies of various rechargeable battery systems. (C) Schematic of a typical Li-S 

battery. Reprinted with permission from Ref [42]. 

In principle, Li-S batteries are composed of a sulfur cathode and a lithium anode, 

and the sulfur existing as ring-like octatomic molecules (S8) is reduced to Li2S upon 

discharge and oxidized to sulfur reversibly upon charge (Figure 1.5A). Despite the 
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advantages mentioned above, there are still many challenges to bring the Li-S 

technology to commercialization, including (i) the low electrical conductivity of S/Li2S, 

(ii) the dissolution of polysulfides resulting in the shuttling phenomenon during 

charge/discharge, (iii) the high volumetric expansion and shrinkage (80%) leading to 

short battery life.43-45 In particular, the highly soluble polysulfides, which are formed 

during charging, easily dissolve into the electrolyte and diffuse to the anode to form 

non-reusable Li2S2/Li2S. This phenomenon causes a continuous loss of active material, 

eventually leading to low sulfur utilization, low coulombic efficiency, and rapid capacity 

fading.  

Various carbon materials, including mesoporous carbon, hollow porous carbon 

spheres, carbon nanotubes, carbon nanofibers, and graphene, have been investigated as 

host materials for sulfur cathodes to solve the dissolution and shuttling problem of 

polysulfides. In 2009, Nazar and coworkers achieved a major breakthrough by 

introducing a highly ordered, nanostructured, and mesoporous carbon host to 

encapsulate sulfur.46 The mesoporous carbon precisely constrained sulfur nanofillers 

within its conductive channels, rendering Li-S batteries with high capacity and stable 

cycling. Since then, a growing number of efforts and achievements have been made to 

promote the understanding of Li-S batteries and develop more suitable carbon 

materials.47-55 However, most carbon materials have nonpolar character and therefore are 

less efficient in trapping polar polysulfides and in suppressing polysulfide shuttling. 
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The low affinity of carbon for polysulfides also prevents the efficient interfacial charge 

transfer and slows the reaction kinetics. To overcome the inherent weakness of carbon 

and enhance the polar interactions of the carbon host with sulfur species, several 

methods have been recently developed from surface functionalization of carbon 

materials to hybridization with inorganic compounds (metal oxides, sulfides, and 

carbides) and polymers.56-64 These functionalized or hybrid hosts not only show a strong 

affinity for polysulfides, but also catalytically promote the conversion of polysulfides to 

Li2S2/Li2S, indicating a promising way to overcome current existing limitations and bring 

the Li-S battery technology to commercialization. 

1.4 Carbon Materials for Energy Storage 

Carbon is one of the most abundant and environmentally friendly elements in 

nature, and has the ability to provide a large variety of physical properties with a 

number of different allotropes, among which diamond and graphite are the most well-

known. The former is the hardest material on earth (microhardness >100 GPa) with high 

transparency and electrical insulation, while the latter is one of the softest 

(microhardness ~1 GPa) with black color and high electrical conductivity. Due to its 

wide variety of properties, carbon is one of the most interesting topics in many fields of 

research. In particular, carbon materials have shown a great deal of promise for energy 

storage technologies thanks to their desirable physical and chemical properties. These 

properties include low cost, variety of form (e.g. powders, fibers, tubers, sheets, 
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aerogels, monoliths, etc.), ease of synthesis, chemical inertness, and controllable 

porosity.65 Carbon nanotubes and graphene have gained tremendous attention, and their 

high theoretical surface area, mechanical flexibility, and superior electrical conductivity 

have made them promising candidates for electrode materials in supercapacitors, 

batteries, and fuel cells. However, in many cases, CNTs tend to form agglomerates or 

bundles, and graphene sheets tend to restack, resulting in a significant decrease in 

surface area. Moreover, it is difficult to synthesize CNTs and graphene in large 

quantities at low cost because of their complex and expensive manufacturing process. 

Table 1.1: Different carbon structures used in electrochemical energy storage systems, 
including onion-like carbon, carbon nanotube, graphene, activated carbon, carbide 

derived carbon, templated carbon, and carbon aerogel. Reproduced with permission 
from Ref [14]. 

 

1.4.1 Microporous Carbon 

Porous carbons have set themselves as another attractive candidate for 

electrochemical energy storage systems thanks to their desired properties, including 

high specific surface area, high pore volume, thermal and chemical stability, and high 

electrical conductivity. As the performance of porous carbons in these applications is 
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most often dependent on their structural parameters, precise control over pore size and 

pore geometry is greatly desired.11-13 Current technologies allow for production of 

porous carbons with high surface area, high electrical conductivity, as well as a range of 

shapes, sizes, and pore size distributions. The most commonly employed method is to 

use a template to impart structure to a porous carbon. This method can not only control 

pore size but also produce high surface area. However, the template approach requires 

an expensive template material that needs to be removed using harsh chemical 

treatments such as HCl or HF, thus making the scale-up difficult.  

Instead, porous carbons can be also prepared by carbonization (heat treatment) 

and subsequent selective oxidation (activation) of organic compounds, including natural 

(e.g. coconut shells, wood, pitch, or coal) and synthetic (e.g. polymers) materials. 

Depending on the carbon precursors as well as the activation methods, porous carbons 

with various physicochemical properties and a wide range of pore sizes and volumes 

can be produced. Carbons derived from natural products can contain a large amount of 

impurities that possibly cause short-circuiting and undesired side reactions when used 

in electrochemical energy storage devices.66 Recently, several synthetic polymers have 

been used as carbonaceous precursors to achieve high surface area porous carbons. 

Typically, chemical or physical activation was employed to produce high surface area 

with a wide range of pore sizes and volumes. Note that pores can be classified into three 

categories: micropores (<2 nm in size), mesopores (2–50 nm) and macropores (>50 nm). 
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In chemical activation, KOH or another oxidizer is employed with carbon source (e.g. 

6KOH + 2C ↔ 2K + 3H2 + 2K2CO3).67 In physical activation, a similar oxidation occurs 

with a gaseous oxidizer such as CO2 or steam. This activation ultimately produces CO 

and CO2 (e.g. CO2 + C ↔ 2CO). In both cases, pores can be generated in the place of the 

extracted carbon. Different activation agents produce carbons with different ratio of 

number of pores: pore size and pore volume. Recently, CO2 treatment of poly(etherether 

ketone) or PEEK has been demonstrated as a simple and robust approach for the 

production of microporous carbons with high surface area (>3000 m2 g–1).68, 69 This 

method does not require the removal of any template, the use of any dangerous 

chemicals, and the production of any hazardous wastes, therefore can be used for large-

scale production. Furthermore, recent studies have shown that micropores can be 

electrochemically accessible by the electrolyte ions, therefore playing an important role 

in the performance of supercapacitors. 

1.4.2 Carbon Aerogel 

Carbon aerogels, a special class of open-cell foams, have been extensively 

investigated for a number of years as they have a tunable three-dimensional (3D) 

hierarchical morphology and an electrically conductive framework, resulting in low 

density, continuous porosity, and excellent conductivity (>1 S m–1).70-73 Carbon aerogels 

was first developed by Pekala and coworkers, and the potential of carbon aerogels as 

electrode materials were immediately demonstrated.70 These materials are typically 
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prepared by a simple sol-gel method, in which organic precursors such as resorcinol and 

formaldehyde are polymerized in aqueous solution to form highly cross-lined organic 

gels, followed by drying and pyrolysis.70, 74 Special drying techniques (i.e. supercritical 

drying, freeze-drying, etc.) are commonly used to remove the solvent, while preserving 

the porous solid structure. The pyrolysis transforms the organic aerogels into a porous 

carbon network consisting of mixtures of amorphous and graphitic carbons.  

 

Figure 1.6:  Schematic reaction pathway for the preparation of carbon aerogels 
from resorcinol and formaldehyde. 

In addition to their unique properties mentioned above, carbon aerogels have 

another advantage in that they can be easily made in large quantities in the form of 
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monoliths at the macroscopic scale, and thus have the possibility of being used without 

binding materials. These properties make carbon aerogels attractive as electrode 

materials for electrochemical energy storage systems. Carbon aerogels have mesopores 

(7–10 nm in size) since their porosity is created by the interconnection of colloidal-like 

carbon nanoparticles. In electrochemical energy storage systems, such mesopores 

provide low-resistance pathways for electrolyte ions, but are not very effective in 

delivering high energy density due to the limited surface area (500–800 m2 g–1).71, 75 

Furthermore, carbon aerogels are usually brittle and fragile because of their thin 

skeletons and highly porous morphology, thus preventing their practical use. 

Considerable efforts have been made to design advanced carbon aerogels with high 

surface area and high mechanical strength by functionalizing their framework (e.g. 

modification of surface properties, post-activation process, incorporation of catalyst 

nanoparticles). However, despite a large increase in surface area by activation, carbon 

aerogels are unable to provide high energy density especially at high discharge rates, 

which is primarily due to the limited accessibility of micropores produced upon 

activation and the high internal resistance caused by high porosity. Additionally, carbon 

aerogels still have poor mechanical stability, which would therefore make them 

impractical for long-term applications. 
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1.4.3 Design Criteria of Carbon Materials for Electrochemical Energy 
Storage 

Over the past decades, significant advances have been made in the fundamental 

understanding and development of electrode materials for energy storage devices. 

However, further breakthroughs in materials are still required to pass on to the next 

generation of energy storage devices. Electrode materials need to be designed to realize 

high energy capacity and fast charging time, while increasing lifetime and safety at the 

same time. Regardless of whether supercapacitors or batteries are considered, ions and 

electrons have to be shuttled back and forth between two electrodes upon charge and 

discharge. This requires efficient transport pathways for ions and electrons and an 

effective interface between electrode and electrolyte. In addition, electrodes materials 

must be kept stable during repeated charge-discharge cycles to provide high durability 

in conjunction with long cycle life. Under these principles, advanced carbon materials 

should be designed according to the following design requirements:  

i) High surface area with well-defined porous structure and morphology; 

This is either helpful or necessary to accumulate as much electroactive 

ions as possible and thus achieve high energy density;  

ii) High electrical conductivity to provide a continuous conductive 

pathway to improve electron transfer and ultimately achieve high 

power density;  
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iii) Chemical stability and mechanical robustness in operating conditions 

to avoid undesired side reactions and tolerate structural changes; 

iv) Low cost and scalability for practical purposes 

1.4.3.1 Carbon/Conducting Polymer Composite 

Recent research has demonstrated the benefits of pseudocapacitve reactions in 

supercapacitors and electrocatalytic reactions in Li-O2 and Li-S batteries. This is 

achieved by the introduction of other electroactive materials, such as metal oxides, 

hydroxides, and conducting polymers into carbon materials.40, 76-79 Conducting polymers 

have distinguished themselves as promising candidates thanks to their unique physical 

and chemical properties, such as high redox activity, wide range of conductivity, ease of 

processability, flexibility, and low cost.80 Their outstanding electrical properties are a 

result of their intrinsic chemical structure. They are conjugated and have a backbone of 

adjoining sp2-hybridized orbitals; therefore, delocalized π electrons are formed along 

their backbone.81 Moreover, they are structurally and chemically customizable to adapt 

to different applications. Among the most studied conducting polymers are polyaniline 

(PANI), polypyrrole (PPy), polythiophene, poly (3,4-ethylenedioxythiophene), and poly 

(p-phenylene vinylene) (Figure 1.7).  
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Figure 1.7: Examples of conducting polymers for applications in electrochemical 
energy storage. 

1.5 Thesis Objective and Research Scope  

The ultimate objective of this dissertation is to develop more robust, cost-

effective, next-generation supercapacitors and beyond lithium-ion batteries by designing 

advanced carbon-based storage materials that increase energy and power densities. To 

achieve this goal, this dissertation addresses the limitations of current carbon materials 

for energy storage devices and develops a new class of high-performance 

multidimensional carbon materials with desired properties based on the above design 

principles. In this dissertation, the following aspects will be emphasized:  

i) Exploring the existing bottlenecks in carbon materials for 

electrochemical energy storage;  
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ii) Designing and implementing novel synthetic methods to develop a 

new class of carbon materials with the aim of overcoming their 

limitations;  

iii) Fabricating and integrating these advanced carbon materials into 

different electrochemical energy storage devices;  

iv) Assessing their electrochemical performance, and providing guidance 

for further research on materials design and device fabrication. 
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2. Graphene Oxide as a Dual-Function Conductive 
Binder for PEEK-Derived Microporous Carbons in High 
Performance Supercapacitors  

This chapter has been published in 2D Mater., 2015, 2, 024006, with the title of 

“Graphene oxide as a dual-function conductive binder for PEEK-derived microporous 

carbons in high performance supercapacitors.” 

2.1 Introduction 

Rapidly depleting fossil fuels, coupled with increasing demand for energy and 

growing environmental concerns, have aroused considerable interest in developing new 

advanced energy storage devices. Supercapacitors, also known as electrochemical 

capacitors, have recently been proposed as an important class of energy storage devices 

because of their high power density, low internal resistance, long cycle life, fast charge–

discharge rates, and environmental friendliness.11-13 However, their energy density is 

significantly lower when compared to that of batteries, thus limiting their use in 

practical applications.65 To this end, recent research has focused on developing materials 

with large accessible surface area and high electrical conductivity to achieve high 

capacitance, while maintaining high power density and cycling stability.  

Microporous carbons (MPCs) are gaining more attention due to their high 

surface area, various pore structures, controllable pore sizes, environmental 

compatibility and low cost.82, 83 Their porous structure not only serves as a reservoir for 

electrolyte ions but also provides an efficient ion transport pathway.12, 82 Despite these 
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advantages, their poor electrical conductivity resulting from their amorphous nature 

limits the charge–discharge rate, leading to poor rate capability for high power 

applications.14, 84 Moreover, these carbons are in powder form, which require additional 

components to provide mechanical integrity.85, 86 Carbon black (CB) and polyvinylidene 

fluoride (PVDF) are conventionally used as a conductive agent and a binder, 

respectively, but two major drawbacks of using these additives have been identified: (i) 

the electrical and mechanical connection between individual components is 

nonpermanent, causing significant performance loss and increased resistance, and (ii) 

PVDF with hydrophobic nature hinders charge transport in aqueous media, thereby 

reducing the capacitance.87, 88   

An effective strategy to overcome these limitations and further enhance the 

electrochemical performance is to fabricate MPC-based carbon/carbon (C/C) composites 

with improved electrical conductivity and mechanical strength. Graphene, a two-

dimensional (2D) carbon, has been proposed as a promising electrode material for 

supercapacitors due to its extraordinary mechanical strength and electrical 

conductivity.89-93 Previous studies have demonstrated that C/C composites, such as 

carbon nanotube (CNT)/graphene,86, 94 activated carbon (AC)/graphene,95, 96 and 

mesoporous carbon/graphene,97, 98 are promising approaches for high performance 

supercapacitors. In this context, a synergistic combination of MPC and graphene is 
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highly desirable, and a well-designed structure in such a combination is a key issue to 

take full advantage of MPC and graphene.   

Here, instead of simply mixing MPC and graphene to form a composite film, we 

fabricate layered MPC/rGO films by a two-step filtration, followed by chemical 

reduction. Graphene oxide (GO) with hydrophilic character acts as a binder by 

providing anchoring sites for MPC particles during filtration. After reduction, reduced 

graphene oxide (rGO) serves not only as a conductive filler to increase the electrical 

conductivity, but also as a support structure for increased mechanical stability. 

Compared to the mixed composite films, layered MPC/rGO films promise to overcome 

the poor electrical conductivity and low mechanical strength of conventional MPC films. 

Taking advantage of the synergistic effect of MPC and rGO, layered MPC/rGO films 

exhibit significantly improved electrochemical performance compared to mixed 

MPC/rGO, conventional MPC, and pure rGO films; the high-surface-area MPC 

facilitates ion transport and adsorption, while the highly conductive rGO network 

retains structural integrity, resulting in excellent cycling stability and high rate 

performance. 

2.2 Experimental Section 

2.2.1 Preparation of MPC from PEEK 

MPCs were prepared from PEEK (Victrex Inc., PA, USA) by CO2 thermal 

activation.69 First, 4.0 g of PEEK were placed in an alumina boat in a quartz tube furnace. 
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The PEEK was heated to 900 °C from room temperature at a rate of 10 °C min–1 under Ar 

flowing at 700 mL min–1, and the temperature was maintained at 900 °C for 2 h for 

carbonization. The carbon matrix was then activated under CO2 flowing at 100 mL min–1 

for a predetermined period of time (2–36 h). After activation, the gas was switched back 

to Ar, and the carbon samples were allowed to cool down to room temperature, and 

subsequently were ground using a Retsch PM 100 Planetary Ball Mill at 300 rpm for 2 h. 

The as-prepared MPCs were suspended in deionized (DI) water to 6.8 mg mL–1 by 

sonication for 3 h. GO was synthesized by a modified Hummer’s method.99 The GO 

suspension was then prepared by direct sonication in DI water for 1 h. The concentration 

of GO suspension was controlled at 2.5 mg mL–1.  

2.2.2 Preparation of layered MPC/rGO, mixed MPC/rGO, 
MPC/CB/PVDF, and pure rGO films 

Layered MPC/rGO films were prepared by vacuum filtration of MPC and GO 

suspensions through a polytetrafluoroethylene (PTFE) membrane (1.2 μm, Sartorius). 

Specifically, the MPC suspension was filtrated through the PTFE membrane to yield a 

thin MPC layer. Then the GO suspension was filtered on the top of the MPC layer (see 

Figure A.1 in Appendix A). The film was then dried in air at room temperature and 

peeled off from the PTFE membrane, yielding a free-standing MPC/GO film. The 

MPC/GO film was then chemically reduced by 2 mL of hydriodic acid (HI) at 90 °C for 2 

h,100 followed by rinsing with DI water and drying under vacuum to obtain a layered 

MPC/rGO film. The GO content varied as 10, 20, and 40 wt%, and the resulting films 



 

 

26

were denoted as layered MPC/rGO–10, layered MPC/rGO–20, and layered MPC/rGO–

40. For control experiments, mixed MPC/rGO, conventional MPC, and pure rGO films 

were also prepared. For mixed MPC/rGO films, the MPCs were suspended in DI water 

(1 g MPC per 0.2 L of DI water) by sonication for 3 h. A predetermined amount of GO 

(2.5 mg mL–1) was then added to the mixture. The mixed suspension was filtered on a 

PTFE membrane (1.2 μm), followed by reduction with HI to yield a mixed MPC/rGO 

film. For a conventional MPC film (MPC/CB/PVDF), the selected MPC (MPC–28) was 

mixed with conductive carbon black (CB) and polyvinylidenefluoride (PVDF) to form 

slurry consisting of 81 wt% MPC, 16 wt% CB, and 3 wt% PVDF. The mixture was then 

pressed onto a nickel foam current collector. A pure rGO film was prepared by a similar 

procedure as for the MPC/rGO film; the pure GO suspension was filtered through a 1.2 

μm PTFE membrane, followed by reduction with HI.  

2.2.3 Characterization 

The morphology and fractal structure of the samples were characterized using a 

transmission electron microscope (TEM, FEI Tecnai G2 Twin) operated at 240 kV and 

scanning electron microscope (SEM, FEI XL30) operated at 7 kV. Nitrogen (N2) 

adsorption–desorption isotherms at 77.4 K were measured with a Tristar 3000 

(Micrometritics) for estimation of the Brunauer-Emmett-Teller (BET) specific surface 

area and pore size distribution (PSD). The BET specific surface area was determined by 

means of the standard BET equation applied in the relative pressure (P/P0) ranging from 
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0.05 to 0.3. The PSD was obtained from N2 adsorption isotherm data based on the 

Barrett-Joyner-Halenda (BJH) model. Electrical conductivity was measured by four-

probe measurements using a Keithley 2400 Source Meter. The water contact angle was 

measured using a Krüss goniometer.  

2.2.4 Electrochemical Measurement 

Electrochemical measurements were performed using a three-electrode 

supercapacitor cell (Figure 2.1), where the as-prepared film served as the working 

electrode; a platinum foil was used as the counter electrode; a saturated calomel 

electrode (SCE) served as the reference electrode; a 1 M KOH aqueous solution was used 

as the electrolyte.  

 

Figure 2.1: Schematic illustration of a three-electrode system. 

Cyclic voltammetry (CV), galvanostatic charge–discharge cycling, and electrochemical 

impedance spectroscopy (EIS) tests were performed using a SP-300 Biologic Potentiostat. 
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The CVs were measured at scan rates ranging from 5 to 200 mV s–1 in the potential 

window from –0.8 to 0.0 V. Galvanostatic charge–discharge cycling was conducted 

between the potential limits of –0.8 to 0.0 V versus SCE at current densities between 1 

and 15 A g–1 based on the total mass of active materials. The specific capacitance, C (F g–

1), was calculated according to: 

=  ( / )         (2.1) 

where I is the current (A), dV/dt is the slope of the galvanostatic discharge curve (V s–1), 

and m is the mass of active materials (g). The EIS tests were carried out in the frequency 

range of 200 kHz to 0.01 Hz.      

2.3 Results and Discussion  

MPCs, with well-developed pore structure and high surface area, were prepared 

in a manner similar to that which was reported previously.69 Briefly, the method 

involves thermal carbonization of a PEEK precursor followed by CO2 activation. Figure 

2.2A,B show TEM images before and after activation, demonstrating that CO2 provides 

an effective oxidation environment to produce highly porous carbons by the following 

reaction: CO2 + C → 2CO.68 As seen in Figure 2.2B, MPCs exhibit a highly disordered 

microstructure and a substantial number of pores of diameter < 2 nm.  
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Figure 2.2: TEM images (A) before and (B) after CO2 thermal activation. 
Morphological changes during activation are evident. 

N2 adsorption–desorption isotherms are shown in Figure 2.3A to further investigate 

changes in porosity of MPCs with activation time. All as-prepared MPCs give a type I 

isotherm (with quick saturation at low pressure), which is typical of microporous 

materials. Figure 2.3B shows that the pore size distributions (PSDs) of the selected 

samples have a narrow size distribution centered around 1.8 nm, verifying the presence 

of micropores. It is apparent that the pore volume significantly increases with increasing 

activation time. Furthermore, Figure 2.3C displays the variation of BET specific surface 

area of MPCs with the increase of activation time. Longer activation time produces a 

higher surface area and larger pores; however, a decrease in surface area is observed at 

36 h of activation. Such a long activation period severely destroys the pore structure 

previously formed, thereby reducing surface area and adsorption capacity.69 The BET 

specific surface area and total pore volume reach their maxima (3123 m2 g–1 and 1.74 cm3 
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g–1) within 28 h of activation, and then began to decrease. With increased activation time, 

we observe a tradeoff between surface area and conductivity; we find that the 

conductivity decreases as the activation time increases (see Figure A.2 in Appendix A).  

 

Figure 2.3: (A) N2 adsorption–desorption isotherms and (B) PSDs of MPCs prepared at 
10, 20 and 28 hours of activation (denoted as MPC–10, MPC–20, and MPC–28, 

respectively). (C) Changes in BET specific surface area of MPCs with increasing 
activation time. 

This is likely due to the increased number of pores. Each pore acts as a resistance to the 

current flow, thereby hindering electrical contact and increasing internal resistance; as 
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more pores are created with increasing activation time, the resistance builds up, causing 

a reduction in conductivity. Hence, it is necessary to find the optimal tradeoff point 

between surface area and conductivity. We determine 28 h as the optimal activation time 

by our preliminary experiments (see Appendix A).    

We choose the MPC activated for 28 h (denoted as MPC–28) as the base material 

for the fabrication of layered MPC/rGO films. To examine the effect of GO on the 

electrochemical performance, layered MPC/rGO films with different GO contents (10, 20, 

and 40 wt%, denoted as layered MPC/rGO–10, layered MPC/rGO–20, and layered 

MPC/rGO–40, respectively) were prepared by a two-step filtration process. A thin layer 

of MPC was first formed by vacuum filtration of MPC suspension in deionized water, 

and a GO layer was then deposited on top of the MPC layer by pouring GO suspension 

and continuing the filtration. Then, GO was reduced to rGO by HI. The resulting layered 

MPC/rGO films are free-standing and flexible, and have a thickness of 14–28 μm 

(depending on the GO content in the film) (Figure 2.4). Continuous films could not be 

produced when the GO content was less than 10 wt% of the total film weight. Figure 

2.5A shows a top-down SEM image of a layered MPC/rGO film; MPCs are glued to an 

underlying continuous rGO layer. Most MPC particles, a portion of which is covered 

with rGO, are exposed to the surface when viewed in cross-section (Figure 2.5B). Such 

exposed particles are expected to be easily accessed by electrolyte, leading to fast ion 
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adsorption. Control experiments were performed using mixed MPC/rGO, conventional 

MPC (with CB and PVDF) and pure rGO films.  

 

Figure 2.4: Schematic illustration of layered MPC/rGO and mixed MPC rGO films. 
Photographs of a layered MPC/rGO film demonstrating its free-standing and 

flexibility. 

Mixed MPC/rGO films were prepared by vacuum filtration of a mixed suspension of 

MPC and GO, which were followed by reduction. Composite films can be prepared in 

this manner, but they are not uniform and continuous, and lack flexibility (Figure 2.4). 

Due to the large MPC particle size (10–20 μm), the rGO sheets were not able to hold the 

particles in stable position, thereby weakening the mechanical stability of the films. That 

is, the resulting mixed films were subject to premature breaks and fractures.  
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Figure 2.5: (A) Top-view and (B) cross-sectional SEM images of layered 
MPC/rGO, (C) cross-sectional SEM image of mixed MPC/rGO, top-view SEM images 
of (D) MPC/CB/PVDF and (E) pure rGO films, and (F) cross-sectional SEM image of 

pure rGO films. The inset in (F) shows a close-up view. 

In addition, the mixed MPC/rGO films have a relatively large thickness of 60–75 μm 

with equivalent total mass and GO content (Figure 2.5C). The increase in thickness is 
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primarily due to the random distribution of MPCs in the rGO layers. A conventional 

MPC film (MPC/CB/PVDF) was fabricated by mixing conductive CB and PVDF binder, 

and a pure rGO film was prepared by vacuum filtration of pure GO suspension and 

subsequent reduction. In Figure 2.5D, the MPC/CB/PVDF film has a more open pore 

structure compared to the composite film, but individual MPC particles are distantly 

connected with the PVDF binder, causing the film to have some cracks. In contrast, the 

pure rGO film (Figure 2.5E,F) has a compact layered structure, which prevents access of 

electrolyte, thus limiting its electrochemical performance.101, 102   

The electrochemical performance of the as-prepared films was tested in 1 M 

KOH aqueous electrolyte using a three-electrode system with a SCE and a platinum foil 

as the reference and counter electrode, respectively. All the films were pressed onto 

nickel foam for electrical connection. The cyclic voltammetry (CV) profiles of the films 

are shown in Figure 2.6. The CV curves are quasi-rectangular, indicative of double-layer 

capacitive behavior. All MPC/rGO films deliver a higher current density at the same 

potential compared to both MPC/CB/PVDF and rGO films. One possible interpretation 

is that rGO creates conductive paths to improve the electrochemical utilization of MPC.  
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Figure 2.6: (A, B) CV profiles of layered MPC/rGO, mixed MPC/rGO, MPC/CB/PVDF, 
and rGO electrodes at a scan rate of 20 mV s–1. 

The galvanostatic charge–discharge tests at a current density of 2.0 A g–1 are given in 

Figure 2.7A. The triangular shaped charge–discharge cycles indicate good charge 

propagation within the films.103 Capacitance values were calculated using the 

galvanostatic discharge curves based on the total mass of active materials (including 

both MPC and rGO) (Table 2.1, Figure 2.7B,C). Both layered and mixed MPC/rGO films 

exhibit enhanced capacitance relative to MPC/CB/PVDF and rGO films. This 

improvement results from the synergistic effect of the two components; MPC provides a 

high surface area and accessible porosity for ion adsorption, while rGO forms a 

conductive network for better electrical conductivity and mechanical stability. In 

addition, we note that layered MPC/rGO films provide a slightly higher capacitance 

than mixed MPC/rGO films (Figure 2.7C). We attribute this increase in performance, in 

part, to differences in their structure and morphology (Figure 2.4).  



 

 

36

 

Figure 2.7: (A) Galvanostatic charge–discharge curves at a current density of 2 A g–1. 
(B, C) Comparison of capacitances of layered MPC/rGO, mixed MPC/rGO, 

MPC/CB/PVDF, and rGO electrodes at 1–15 A g–1. (D) Capacitance retention test of a 
layered MPC/rGO–20 electrode at 5 A g–1. The insets in (D) are the first four cycles 

(red) and the last four cycles (blue), respectively. 

In the mixed films, MPCs are randomly incorporated into rGO sheets, leading to a 

significant increase in film thickness, poor alignment, and thus longer diffusion 

pathways for ions (Figure 2.4). In the layered structure, by contrast, the rGO sheets are 

strongly connected with each other and create a conductive support structure, resulting 

in close interaction with MPC microstructures. A maximum value of 237 F g–1 was 



 

 

37

obtained for the layered MPC/rGO–20 film at a current density of 1 A g–1, which is 

~124% higher than the MPC/CB/PVDF film (106 F g–1). This capacitance decreased to 161 

F g–1 as the current density increased to 15 A g–1, indicating improved rate performance 

(~69%) compared to that of MPC/CB/PVDF (~60%). However, the further addition of GO 

(40 wt%, layered MPC/rGO–40) resulted in a decrease in capacitance (173 F g–1 at 1 A g–

1).  

Table 2.1: Conductivity and specific capacitance of layered MPC/rGO, 
MPC/CB/PVDF, and rGO films. 

Sample Conductivity 
[S m–1] 

Capacitance at 1 A g–1 
[F g–1] 

Capacitance at 15 A g–1 
[F g–1] 

Layered MPC/rGO–10 119 192 124 
Layered MPC/rGO–20 176 237 161 
Layered MPC/rGO–40 301 173 122 
MPC/CB/PVDF 43 106 65 
rGO 496 91 66 
 

This is likely due to the fact that densely stacked rGO layers are not capable of providing 

sufficient electrode–electrolyte interface, leading to relatively limited surface area and 

high internal resistance. Thus, we conclude that 20 wt% of GO as the close-to optimal 

amount for the layered MPC/rGO films. Furthermore, the cycling stability of the layered 

MPC/rGO–20 film was evaluated using the galvanostatic charge–discharge test 

conducted at 5 A g–1 (Figure 2.7D). The film shows ~5% of capacitance loss after 2000 

cycles, and ~7% after 6000 cycles, presenting its outstanding electrochemical stability.  
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To further understand the performance of the layered MPC/rGO films, 

electrochemical impedance spectroscopy (EIS) measurements were conducted. Figure 

2.8 shows the Nyquist plots in the frequency range from 200kHz to 0.01 Hz.  

 

Figure 2.8: EIS results of layered MPC/rGO, MPC/CB/PVDF, and rGO electrodes. The 
inset shows the magnified high frequency region. 

The results illustrate a semicircle in the high frequency range and a straight line in the 

low frequency range. The intercept on the real axis gives the equivalent series resistance 

(ESR), which includes the bulk resistance of the electrolyte, the intrinsic resistance of 

active materials, and the contact resistance at the electrode–current collector interface.104 

The ESR values are nearly invariant, only weakly dependent on the intrinsic resistance 

of the films. The diameter of the semicircle represents the charge transfer resistance at 

the electrode–electrolyte interface. It is worth noting that the layered MPC/rGO films 
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have a lower charge transfer resistance than the rGO film. Furthermore, the charge 

transfer resistance of the layered films increases from 0.98 to 2.78 Ω as the GO content 

rises from 10 to 40 wt%. This trend seems to be in contradiction to the increased 

electrical conductivity. Results show that for an increase in GO content from 10 to 40 

wt%, the electrical conductivity (measured by a four-point probe) increases from 119 to 

301 S m–1. These contradictory results can be explained by two effects counteracting each 

other: adding more rGO improves the electrical conductivity of the film, but also forms a 

thicker back layer of rGO, which reduces ion transport and diffusion into the film from 

the rGO side, thereby increasing the observed overall charge transfer resistance. Hence, 

it is necessary to achieve an optimal balance between electrical conductivity and ion 

accessibility for high performance MPC/rGO films. A nearly vertical trend in the low 

frequency region is clearly observed in the layered film, indicating its ideal capacitive 

behavior.105    

Surface wettability is another important factor affecting the electrochemical 

performance. The wettability test was performed by measuring the contact angle of 

water on the film surface (for the layered films, the water contact angle of the MPC side 

surface was measured). The contact angle of water on the MPC/CB/PVDF film (~33.8°) is 

lower than that on the rGO film (~79.2°), indicating MPCs have a more hydrophilic 

character, which results in higher surface polarity and better wettability. This 

observation demonstrates that in the layered films, more hydrophilic MPCs are exposed 
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to the surface compared to the mixed films, and help improve the hydrophilicity and 

wettability of the surface, thereby facilitating water diffusion through the films. Such a 

hydrophilic character makes the layered film more useful as an electrode in aqueous 

media resulting in a higher electroactive surface area, lower charge transfer resistance, 

and superior capacitance behavior. 

2.4 Conclusion  

We have demonstrated the fabrication of layered MPC/rGO films by a two-step 

filtration, followed by chemical reduction. Such a layered combination of MPC and rGO 

exhibit synergistic properties, yielding highly porous, conductive carbon films. The 

porous structure of MPC is beneficial in providing a large accessible surface for ion 

transport, while the highly conductive rGO network interconnects the individual MPC 

particles, forming a robust framework and thus enabling more effective use of the 

surface area of MPC. The strong coupling between MPC and rGO makes the composite 

films binder– and additive–free electrodes, leading to a significantly higher specific 

capacitance (237 F g-1) and better rate performance (~69% capacity retention at 15 A g-1) 

compared to conventional MPC/CB/PVDF films (106 F g-1 and ~60 %, respectively). 

Moreover, the MPC/rGO–20 film exhibits outstanding cycling stability (a capacitance 

loss of ~7% after 6000 charge–discharge cycles). 

By combining MPC and rGO, we believe this work helps to overcome existing 

hurdles to the widespread use of MPC in energy applications. That being said, although 
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the capacitance and the rate capability of the layered MPC/rGO films are improved 

compared to conventional MPC/CB/PVDF films, there is still much room for 

improvement. This issue can likely be addressed by using different electrolytes, such as 

organic and ionic liquids, and solid-state electrolytes
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3. Strong, Machinable Carbon Aerogels for High 
Performance Supercapacitors 

This chapter has been published in Adv. Funct. Mater., 2016, 26, 4976-4983, with 

the tile of “Strong, machinable carbon aerogels for high performance supercapacitors.”  

3.1 Introduction 

With the growing demand for portable and wearable electronics, great efforts 

have been made to develop energy storage systems that can be miniaturized while 

maintaining high performance. To this end, there is a need for highly conductive three-

dimensional (3D) porous structures that deliver more power and energy in limited 

space.106-111 Many studies have attempted to achieve this by making 3D assemblies from 

one-dimensional (1D) carbon nanotubes (CNTs) and two-dimensional (2D) graphene, 

referred to as CNT sponges and graphene aerogels.112-117 However, their high production 

cost remains a challenge for practical applications.112, 118 It is difficult to build strong 

connections between 1D CNTs or 2D graphene within 3D structures due to the weak 

van der Waals forces between the components.117, 119 Furthermore, despite their high 

compressibility, their extremely low packing density makes it difficult to achieve high 

volumetric energy density that is of increasing importance for the miniaturization of 

electronic devices with high performance.120-122 

Carbon aerogels are another class of 3D porous materials, which are easier to 

make in large quantities at low cost and are better connected in three dimensions in their 
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pearl-necklace-like structures. Their unique characteristics such as 3D monolithic 

architecture, high surface area, good electrical conductivity, and continuous open 

porosity make them appealing for many applications.71, 72 In particular, for 

supercapacitors, their 3D interconnected networks with open pores act as reservoirs of 

electrolyte and provide low-resistance pathways for ion transport. Despite these 

advantages, however, carbon aerogels have an inherent weakness: brittleness resulting 

from their skeleton morphology, which limits their use in applications where mechanical 

strength and durability are required. Recently, attempts have been made to overcome 

this limitation by designing composite aerogels, in which multiple components create a 

synergy that yields a desired combination of properties.123-126 For example, graphene, 

carbon nanotubes, and cellulose fibers have been introduced into the initial polymer 

matrix (e.g. resorcinol–formaldehyde) during the sol–gel process, forming a 3D 

composite structure that provides mechanical as well as electrochemical advantages. 

Another challenge in carbon aerogels is to optimally combine high surface area and high 

electrical conductivity.65, 127 Carbon aerogels with high surface area and low packing 

density in general suffer from low conductivity, which causes a reduction in charge 

transfer and consequently power density. On the contrary, high conductivity requires 

better-connected structures through graphitization, which normally yield low surface 

area and porosity. An effective way to address this challenge is to activate high-density 

carbon aerogels in order to produce high surface area without degrading the 
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conductivity.128–130 Carbon aerogels developed to date, however, are still far from having 

all the desired properties without sacrificing one for the other. It is therefore an ongoing 

challenge to design carbon aerogels that provide high surface area, while being 

electrically conductive and mechanically robust to withstand external forces.  

Here, we propose a novel approach to solve these problems by making 3D 

carbon x-aerogels. X-aerogels represent a special class of polymer-cross-linked aerogels, 

which are produced by incorporating a conformal polymer coating on the aerogel 

framework through cross-linking.131–133 Recent research has demonstrated that x-aerogels 

promise to overcome brittleness and improve the mechanical properties by as much as 

an order of magnitude over their non-cross-linked counterparts.134, 135 Such polymer-

cross-linking forms interparticle bridges, resulting in adhesive forces between particles 

without significant loss in porosity. In previous studies, however, this cross-linking 

process has been mainly used to engineer mechanical properties; very few x-aerogels 

have been studied in terms of their adaptation to electrochemical applications.132, 136–138 

Polymers used as cross-linkers such as polyurea132, 135, 139 and polystyrene137 are 

electrochemically inactive and thus are not suitable for energy storage applications. In 

this work, we choose polyaniline (PANI) as a cross-linker on the basis of its facile 

synthesis, environmental stability, high redox reversibility (i.e. simple doping–dedoping 

chemistry), and low cost,140 and develop PANI-cross-linked carbon x-aerogels that 
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combine interconnected open porosity, excellent electrical conductivity, and significant 

mechanical strength. 

We first fabricate graphene–carbon aerogels (GCAs) by sol–gel method, which 

are then activated to produce high surface area, yielding activated GCAs (AGCAs). 

Combining resorcinol–formaldehyde polymer and graphene generates a strong, 

lightweight, and conductive composite structure with mesoporous carbon layers coated 

on highly conductive graphene backbone. The 3D highly porous scaffold of AGCAs 

facilitates ion transport and offers a large interfacial area for enhanced cross-linking of 

PANI. The key step in this approach is to deposit PANI on AGCAs by electrochemical 

polymerization. PANI plays a critical role as an electroactive cross-linker, which not 

only reinforces the aerogel structure, rendering it compressible up to ~50%, but also 

contributes to pseudocapacitance, leading to an increase in overall capacitance. Notably, 

PANI-coated AGCAs (PANI@AGCAs) can be further manufactured into thin slices by 

cutting; we call this property “machinable”. Such thin-cut PANI@AGCAs undergo no 

structural deformation and collapse, while retaining their desired properties. The 

competitive advantage of PANI@AGCAs as electrodes in supercapacitors is that they 

provide effective porosity in their high-density 3D structure, thus enabling high specific 

and volumetric capacitances (420 F g–1 and 54.7 F cm–3).  
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3.2 Experimental Section 

3.2.1 Preparation of GCA and AGCA 

Graphene-incorporated carbon aerogels (GCAs) were prepared by sol–gel 

polymerization of resorcinol (R) (Sigma Aldrich, 99.0%) and formaldehyde (F) (Acros, 37 

wt% solution in water) with sodium carbonate (Acros, 99.5%) as a catalyst (C) in an 

aqueous suspension of graphene oxide (GO, 4.0 mg mL–1). The molar ratio of R:F and 

R:C were 1:2 and 200:1, respectively. GO was synthesized by a modified Hummer’s 

method,99 and its suspension was prepared by sonication in deionized water for 1 h. The 

weight ratio of GO to R was varied as 1, 2.5, and 5, and the corresponding GCAs were 

denoted as GCA-1, GCA-2.5, and GCA-5. The sol was cured in a sealed glass vial at 70 

ºC for 12-24 h for gelation. The GO–RF hydrogel was taken out from the vial, washed 

with deionized water to remove impurities, and cut into a disk shape (~2.5 mm in 

thickness), followed by freeze-drying to obtain the GO–RF aerogel. The dried gel was 

subsequently carbonized in a quartz tube furnace at 1100 ºC for 3 h under N2 flowing at 

300 mL min–1. For comparison, such carbonization was repeated at 900 ºC. For AGCAs, 

GCAs were activated at 900 ºC under CO2 flowing at 100 mL min–1 for 6 h. After 

activation, the gas switched back to N2, and the tube was allowed to cool down to room 

temperature. For control purposes, carbon aerogels (CAs) and graphene aerogels (GAs) 

were prepared according to the literature.   



 

 

47

3.2.2 Preparation of PANI@AGCA 

Polyaniline (PANI) was in situ electropolymerized on AGCA at a potential of 

0.75 V vs. saturated calomel electrode (SCE) for 5, 10, and 20 min, in a water–ethanol (1:1 

v/v) solution containing 1 M H2SO4 and 0.1 M aniline monomer. After 

electropolymerization, the remaining aniline monomer in PANI@AGCA was washed 

out and dried at 40 ºC. The weight of PANI deposited onto AGCA was estimated from 

the difference in total weight before and after electropolymerization. 

3.2.3 Characterization 

The morphology and structure were characterized by scanning electron 

microscopy (SEM, FEI XL30). Nitrogen adsorption–desorption isotherms at 77.4 K were 

measured using a surface area analyzer (Micrometritics, Tristar 3000) to determine the 

specific surface area and pore size distribution. The specific surface area was calculated 

by the Brunauer-Emmett-Teller (BET) equation applied in the relative pressure (P/P0) 

ranging from 0.05 to 0.3. The pore size distribution was obtained from the adsorption 

branch of the isotherms using the Barrett-Joyner-Halenda (BJH) model. Electrical 

conductivity measurements were performed using a four-point probe (Keithley 2400 

Source meter). Compression tests were conducted using a dynamic mechanical analyzer 

(TA Instruments RSA III). The compressive stress-strain curves were measured at a 

strain rate of 0.01 mm s–1.   
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3.2.4 Electrochemical Measurement 

Electrochemical measurements were performed using a SP-300 Biologic 

Potentiostat with a three-electrode cell in 1 M H2SO4 aqueous electrolyte. The bulk 

aerogel (~10.5 mm in diameter and ~2.5 mm in thickness) that was put on a platinum 

wire (0.127 mm in diameter) served as the working electrode. A platinum mesh and SCE 

were used as the counter and reference electrodes, respectively. Cyclic voltammetry 

(CV) was measured at different scan rates (1–50 mV s–1) in the potential window from -

0.2 to 0.8 V vs. SCE. The specific capacitance (CS in F g–1) and volumetric capacitance (CV 

in F cm–3) were calculated according to: 

= ___      (3.1) 

where I is the current (A), ΔV is the applied potential window (V), ν is the voltage scan 

rate (V s–1), and m is the mass of the bulk aerogel (g), and  =      (3.2) 

where ρ is the bulk density of the aerogel (g cm–3).  

3.3 Results and Discussion 

Our approach is illustrated in Figure 3.1. We first prepared a sol containing 

resorcinol, formaldehyde, and graphene oxide as a precursor for preparation of aerogels.  
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Figure 3.1: Schematic illustration of the preparation of PANI@AGCA. 

The sol was gelled to form a hydrogel, which was then freeze-dried and carbonized to 

form a GCA. As shown in Figure B.1, the GCA retains its monolithic structure without 

disintegrating into pieces or powders after freeze-drying and carbonization, in contrast 

to carbon aerogel without graphene that is more brittle and that cracks easier during 

freeze-drying. The GCA was then activated to produce a high-surface-area AGCA, 

which was directly used as a 3D electroactive substrate for PANI@AGCA. PANI was 

deposited onto AGCA by electrochemical polymerization of aniline. For comparison, 

CAs and GAs were prepared according to the literature. Further details of fabrication 

can be found in the Methods section. 

All aerogels, GCA, AGCA, and PANI@AGCA, are first characterized according 

to their morphological properties by SEM. As compared with CA having microspheres 

obtained from resorcinol–formaldehyde, the GCA has a 3D interconnected 

microstructure consisting of thin curved sheets with open macropores (Figure 3.2A); no 

spherical particles are found, consistent with previous observations.141 Such thin sheets 
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are composed of carbonized resorcinol–formaldehyde and graphene. It is demonstrated 

that in the presence of GO, polymerization of resorcinol and formaldehyde 

preferentially occurs on the GO surface, and as-formed resorcinol–formaldehyde 

polymers are adsorbed onto GO by hydrogen bonding and π-π interactions.141 Such 

interplay between resorcinol–formaldehyde and GO induce their self-assembly into a 

highly interconnected architecture, which is thereby stabilized and preserved even after 

carbonization and further activation. Figure 3.2B shows a SEM image of AGCA, 

indicating no significant morphological changes upon activation. In addition, we prove 

that PANI growth occurs uniformly over the whole surface of AGCA.  

 

Figure 3.2: SEM images of (A) GCA, (B) AGCA, and (C) PANI@AGCA. High-
magnification SEM images of (D, E) AGCA and (F) PANI@AGCA. 

In comparison with AGCA having a smooth surface (Figure 3.2E), PANI with a fiber-like 

morphology is observed on the surface of PANI@AGCA, which appears white in Figure 

3.2F. For further verification of the uniformity of PANI coating over the whole aerogel 
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monolith, SEM images of the interior of PANI@AGCA (after being cut in half) were 

taken, showing no difference from those of the exterior (Figure B.2). We therefore 

conclude that PANI nanofibers can be uniformly coated on the inner and outer surfaces 

by electropolymerization.  

To further understand the effect of graphene on physical and electrical 

properties, we prepared a series of GCAs with varying the amount of GO (1, 2.5, and 5 

wt% relative to resorcinol, denoted as GCA-1, GCA-2.5, and GCA-5, respectively; the 

corresponding activated aerogels are referred to as AGCA-1, AGCA-2.5, and AGCA-5). 

Density and conductivity measurements (Table 3.1) show that with increasing GO 

content, the aerogel undergoes less volume shrinkage upon freeze-drying, hence 

becoming less dense (up to 105 mg cm–3).  

Table 3.1: Bulk density and conductivity of CA, GCA, AGCA, and GA. 

Sample Bulk density 
[mg cm–3] 

Bulk conductivity 
[S m–1] 

CA - 110 
GCA-1 217 186 
GCA-2.5 201 264 
GCA-5 105 330 
AGCA-5 41.6 305 
GA 18.4 190 

 

For an increase in GO content from 1 to 5 wt%, the bulk conductivity increases from 186 

to 330 S m–1, which is considerably higher than that of CA (110 S m–1). These results 

confirm that graphene and its cross-linking with resorcinol-formaldehyde form an 
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interconnected conductive network for improved mechanical stability and conductivity. 

Moreover, the conductivity does not change significantly after activation. The AGCA-5 

has a conductivity of 305 S m–1, which is still better than that of CA and GA (190 S m–1). 

Nitrogen adsorption-desorption isotherms were measured to further characterize 

the textural properties of aerogels. In Figure 3.3A, all aerogels show type IV isotherms 

with hysteresis loops, corresponding to an interconnected mesoporous system with a 

broad pore size distribution. BET analysis (Table 3.2) reveals that the specific surface 

area decreases with increasing GO content. This decrease probably results from the 

aggregation of graphene; GO sheets are not fully covered by resorcinol-formaldehyde at 

higher GO content, and such bare GO sheets easily aggregate and form agglomerates.141  

 

Figure 3.3: (A) N2 adsorption–desorption isotherms and (B) PSDs of GCA and AGCA. 
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Table 3.1: Specific surface area and pore volume of CA, GCA, AGCA, and GA. 

Sample Specific surface area 
[m2 g–1] 

Pore volume 
[cm3 g–1] 

CA 738 0.83 
GCA-1 730 1.27 
GCA-2.5 694 1.11 
GCA-5 602 1.03 
AGCA-1 2811 2.74 
AGCA-2.5 2508 2.49 
AGCA-5 2213 2.21 
GA 245 2.50 

 

In addition, as expected, higher adsorption capacity and surface area are observed upon 

activation. The AGCA-5 has a larger pore volume of 2.21 cm3 g–1 and a higher surface 

area of 2213 m2 g–1 in comparison with that of GCA-5 (1.03 cm3 g–1, 602 m2 g–1). This 

confirms that activation not only widens existing pores but also generates new pores, 

thereby increasing the pore volume and surface area. 

For energy storage applications, high mechanical performance, coupled with 

high surface area and electrical conductivity, is highly desired.114, 141, 142 As expected, we 

observed improvements in stiffness and strength by introducing graphene as a support 

structure. But such improvements are not sufficient as indicated by low compressibility 

(< 20%) before cracking. PANI was therefore suggested to provide additional 

reinforcement to form a x-aerogel structure, thus achieving the desired level of 

mechanical performance and enabling PANI@AGCA to be further engineered to suit 

practical applications. Given the much improved toughness of PANI@AGCA over 
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AGCA, it is important to understand the relationship between PANI loading and 

mechanical performance.  

 

Figure 3.4: (A) Compressive stress–strain curves of AGCA and PANI@AGCAs at ε = 
20%. (B) Cyclic stress–strain curves of PANI@AGCA. (C, D) Compressive stress–strain 

curves of PANI@AGCAs at ε = 20, 40, and 50%. (E) Optical images of PANI@AGCA 
with 74.6 wt% PANI after compression at ε = 20 and 40%. 
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We thus controlled the amount of PANI loading with increasing polymerization 

times of 5, 10, and 20 min, and performed uniaxial compression testes to quantify the 

mechanical properties. The weight fraction of PANI in the PANI@AGCA increases with 

longer polymerization time. The PANI@AGCAs with increasing weight percentage of 

PANI have been denoted as 28.8 wt% PANI, 57.0 wt% PANI, and 74.6 wt% PANI 

corresponding to polymerization times of 5, 10, and 20 min, respectively, for further 

reference. Figure 3.4A presents the stress–strain curves of PANI@AGCAs with 

increasing PANI content at 20% strain. The AGCA (without PANI coating) undergoes a 

transition from elastic to plastic behavior at 14.8% strain, where yielding occurs by 

elastic buckling and local structural collapse. For PANI@AGCAs, however, no yielding 

is observed up to 20% strain, meaning that they are reversibly compressed with a linear 

elastic response to applied stress; note that other polymeric foams show elastic behavior 

up to ~10%.143 More importantly, the Young’s modulus (E) of PANI@AGCAs increases 

with higher PANI loading; the 74.6wt% PANI has a Young’s modulus of 1.62 MPa, a 

factor of ~7 greater than that of AGCA (E = 0.24 MPa) (Table 3.3).  

Table 3.2: Mechanical properties of AGCA, PANI@AGCA, and GA. 

Sample PANI 
loading 
[wt%] 

Bulk 
density 

[mg cm–3] 

Young’s 
modulus 

[MPa] 

Yield strain 
[%] 

Residual 
deformation 

[%] 
AGCA-5 - 41.6 0.24 14.8 5.8 
PANI@AGCA 28.8 58.4 0.62 22.2 3.9 
 57.0 96.7 1.19 25.3 3.4 
 74.6 176.9 1.62 28.5 3.2 
GA - 18.4 0.055 20.2 7.1 
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This originates from the formation of interparticle necks by cross-linking of PANI and 

AGCA, which forms a doubly reinforced structure. Under cyclic compression, the stress-

strain curve shrinks with increasing the number of cycles, but no dramatic decrease in 

mechanical properties was observed (Figure 3.4B). During the first cycle, the stress 

increases in a linear fashion from 0 to 20% of strain, indicating ideal elastic behavior. On 

the other hand, during the subsequent cycles, the stress initially increases in a non-linear 

fashion up to a certain point, and then continues to increase in a linear fashion till the 

strain reaches 20%. With the increase of cycles, we observed that the Young’s modulus 

and the range of elastic behavior gradually decrease. After 10 cycles, the Young’s 

modulus decreases by 16% from 1.62 MPa to 1.36 MPa and the elastic region is reduced 

to ~12%. In addition, the 74.6 wt% PANI retains over 85% of maximum stress and only 

experiences a ~2% reduction in thickness, which corresponds to plastic deformation. 

Such improved mechanical properties are further investigated at higher strains (ε 

= 40, 50%) in Figure 3.4C,D. Under increasing compression, the PANI@AGCAs show 

elastic behavior up to ε = 22–28%, where a yield point was observed, followed by plastic 

deformation with a change in the slope of the curve. As the PANI loading increases, 

yielding occurs at higher stress and strain levels; the 74.6 wt% PANI exhibits a yield 

stress (465 kPa) and strain (28.5%), which are improved by a factor of 13 and 2, 

respectively, compared to AGCA (35.6 kPa, 14.8%). In addition, we found that the PANI 

coating increases the deformation resistance to applied load, thereby compressing the 
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74.6 wt% PANI until 50% strain without failure. More importantly, a degree of 

permanent residual deformation is decreased for an increase in PANI content. As seen in 

the unloading curves, the 74.6 wt% PANI recovers to ~92% even after 40% strain, which 

is a noticeable improvement in comparison with only 87% recovery of AGCA at ε = 20%.  

Cyclic voltammetry (CV) was performed in 1 M H2SO4 with a three-electrode cell 

to evaluate the electrochemical performance of GCA, AGCA, and PANI@AGCA as 

electrodes for supercapacitors (Details of measurements are given in the Methods 

section). Figure 3.5,3.6B displays the specific capacitance calculated from CV curves.  

 

Figure 3.5: (A, B) Calculated specific capacitances (F g–1) of GCA, AGCA, CA, and GA 
at different scan rates (1–50 mV s–1). 

Only a slight increase in capacitance is observed after introducing graphene into CA 

(Figure 3.5A); but note that CA requires additional components (e.g. polymeric binder) 

to be used as an electrode due to its brittle nature, while GCA itself forms a free-

standing monolith, thus serving as a binder-free electrode.  
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Figure 3.6: (A) CV profiles of AGCA-5 and PANI@AGCAs with different PANI 
loading (Scan rate: 10 mV s–1). (B, C) Calculated specific and volumetric capacitances 

of AGCA-5 and PANI@AGCAs at 1–50 mV s–1. (D) Changes in specific and volumetric 
capacitances of PANI@AGCA with increasing PANI loading (Scan rate: 1 mV s–1). 

Furthermore, higher graphene content in GCA leads to improved rate performance, 

which is likely due to enhanced electrical conductivity and better structural integrity. 

That is, graphene functions as a conductive reinforcement by building 3D conductive 

networks while preventing destruction of monolithic structure. These advantages are 

retained even after activation, and further enhanced in combination with high surface 

area. Remarkably, such synergistic benefits lead to a substantial increase in capacitance 
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by a factor of 2, compared to GCA. We further observed that the specific capacitance of 

AGCA is more than double that of CA as well as GA (Figure 3.5B). In addition, such 

unique advantages of AGCA – higher surface area and porosity – are more pronounced 

when it is used as a substrate for PANI deposition. For a given amount of PANI 

deposited, a thinner layer of PANI is formed onto AGCA as demonstrated by a lower 

amount of PANI deposited per unit surface area in Figure B.3. Note that a thinner 

coating of PANI is electrochemically preferred, resulting in more efficient utilization of 

active materials. 

Given the importance of high surface area for PANI deposition, we further 

compared the electrochemical properties of AGCAs (with different graphene contents) 

to determine the optimal sample that maximizes the benefits of PANI coating (Figure 

3.5B). A maximum value of 299 F g–1 was obtained for AGCA-1 at 1 mV s–1, but this 

value dramatically decreases to 110 F g–1 when the scan rate increases to 50 mV s–1, 

indicating poor rate capability (~37%). Whereas both AGCA-2.5 and AGCA-5 provide 

better rate performance (~49%); despite their slightly lower maximum capacitance (at 1 

mV s–1), they deliver much higher capacitance at higher scan rates. Comparing AGCA-

2.5 and AGCA-5, there is no significant difference in electrochemical performance; 

however, as demonstrated above, the AGCA-5 shows high mechanical properties 

superior to AGCA-2.5. We therefore chose AGCA-5 for PANI deposition, and studied 

the effect of PANI coating on the electrochemical behavior of PANI@AGCAs. 
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Figure 3.6A shows the CV curves of AGCA-5 and PANI@AGCAs with different 

PANI contents. In contrast to AGCA-5 showing typical double-layer capacitive behavior 

with a rectangular CV curve, the PANI@AGCAs exhibit pseudocapacitive behavior with 

two pairs of redox peaks. The first redox couple (1, 1’) corresponds to the redox 

transition of PANI between its semiconducting (leucoemeraldine) and conducting 

(emeraldine) states, while the second redox couple (2, 2’) involves the Faradaic 

conversion of emeraldine–pernigraniline. Such pseudocapacitive contributions of PANI 

increase the specific capacitance by ~65% (Figure 3.6B). We remark that the capacitance 

value initially increases and reaches the maximum when 57.0 wt% PANI is deposited, 

and further increase of PANI content to 74.6 wt% lowers the capacitance by ~13% as 

compared to the 57.0 wt% PANI (Figure 3.6B,D). This observation suggests that an 

excess amount of PANI possibly blocks pores of AGCA, resulting in a decrease in 

electroactive surface area exposed to electrolyte, and further prevents ion penetration 

into the inner region. With increasing polymerization time to 20 min, PANI likely starts 

to grow through and partially fill pores, leading to loss of porous structure. Taking 

advantage of highly porous, conductive, and mechanically strong PANI@AGCA, we 

achieved a high specific capacitance of 420 F g–1 at 1 mV s–1 for 57.0 wt% PANI, which is 

more than 3 times that of CA (137 F g–1). 

All capacitance values presented above are based on the total mass of the 

aerogel. Due to the surface coating of PANI, there is a substantial increase in total 
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weight (from 40 to 325%), whereas little or no volume change is observed upon 

polymerization. Hence, PANI@AGCAs are expected to have a high volumetric 

capacitance, which is of particular importance and interest when designing applications 

where space is a premium. In Figure 3.6C,D we see a similar trend in volumetric 

capacitance with increasing PANI content, which consists of an initial rapid increase to a 

value of 54.7 F cm–3 being reached at 57.0 wt% PANI, followed by a mild decrease (~5%) 

at 74.6 wt% PANI. Note that such a maximum value (54.7 F cm–3) is nearly 5 times that of 

AGCA (11.3 F cm–3), and more importantly is more than 20 times higher than that of GA 

(2.52 F cm–3). We compare the performance of AGCA and PANI@AGCA with other 

carbon-based aerogels in the literature (Table 3.4). The PANI@AGCA shows a more than 

3 times higher volumetric capacitance compared to the best-reported results in the 

literature.115, 142, 144-147 

Another unique advantage is that PANI@AGCA in a bulk form (disk-shaped; 2.5 mm 

thickness and 10 mm diameter) can be machined and cut into thin slices (0.5–0.8 mm 

thickness) with a razor blade (Figure 3.7). Such machinable properties result from the 

collective interactions of PANI and AGCA, forming a highly cross-linked matrix. As cut-

slices (denoted as thin-cut PANI@AGCA) as monolithic entities preserve the properties 

of the original bulk aerogel, thereby becoming available for integration into devices with 

various sizes and shapes.  
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Table 3.3: Comparison of performance of AGCA and PANI@AGCA with carbon-based aerogels reported in the literature. 
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Figure 3.7: Digital photographs of (A) PANI@AGCA and (B) AGCA. 

In a three-electrode cell, bulk and thin-cut PANI@AGCAs perform similarly with no 

difference in capacitance at a low scan rate (1 mV s–1); but as the scan rate increases, the 

difference becomes larger, implying an improvement in rate capability (61.9%) for thin-

cut PANI@AGCA (Figure 3.8A).  

A comparison of the CV curves recorded at 50 mV s–1 reveals that thin-cut PANI@AGCA 

has more distinct redox peaks, which indicate that more efficient redox reactions likely 

occur along with high charge transfer and ion diffusion in a thin body (Figure 3.8B,C).  
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Figure 3.8: (A) Comparison of volumetric capacitances (F cm–3) of bulk and thin-cut 
PANI@AGCA. (B, C) CV of bulk and thin-cut PANI@AGCA at 10 and 50 mV s–1 . 

3.4 Conclusion 

We have demonstrated the fabrication of multifunctional polyaniline-coated 

carbon x-aerogels (PANI@AGCAs) with favorable properties using a multi-step process, 

consisting of the introduction of graphene into the sol–gel network followed by physical 

activation and electropolymerization of PANI. PANI@AGCAs produced by cross-

linking of PANI and AGCA result in substantial improvements in compressive strength, 

modulus of elasticity, failure strain, and hardness without sacrificing other properties 
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such as high open porosity and high electrical conductivity. In addition, we have 

discovered a remarkable feature, which is that monolithic PANI@AGCAs are capable of 

being manufactured by cutting or machining into thin slices without cracking. Taking 

advantage of the combination of desired properties, PANI@AGCAs serve as electrodes 

for supercapacitors, exhibiting high specific and volumetric capacitances. The superior 

volumetric capacitance results from the densely packed electroactive structure in three 

dimensions, and is thus more than 3 times higher than the best reported bulk carbon-

based electrodes in the literature. The novel approach presented here goes beyond the 

limitations of traditional approaches, and accelerates the development of high 

performance energy storage systems. We expect that PANI@AGCAs, as 3D 

multifunctional materials, will open opportunities for many other applications, such as 

oil–water separation, catalyst supports, and sensors.
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4. Synergy of Polypyrrole and Carbon X-Aerogel in 
Lithium-Oxygen Batteries 

This chapter has been published in Nanoscale, 2018, 10, 3753-3758, with the tile of 

“Synergy of polypyrrole and carbon x-aerogel in lithium–oxygen batteries.” 

A crucial step in the development of lithium–oxygen (Li–O2) batteries is to 

design an oxygen cathode with high catalytic activity and stable porous structure. 

Achieving such design requires an integrated strategy in which porosity, conductivity, 

catalytic activity, and mechanical durability are all considered in a battery system. Here, 

we develop polypyrrole-coated carbon x-aerogels with macroscopic 3D architecture, and 

demonstrate their potential as oxygen cathodes for Li–O2 batteries. This material, a novel 

and mechanically strong composite aerogel with polymer-cross-linked structure, not 

only provides effective pores that allow to store the discharge products and open 

channels for better oxygen diffusion, but also forms a robust 3D catalytic network that 

promotes both oxygen reduction and evolution reactions with improved mechanical and 

electrochemical stability. This report highlights the synergy between the 3D porous, 

conductive carbon aerogel framework and the polypyrrole catalytic layer, which 

maintains stable catalytic activity without deactivation and provides a more effective 

gas-liquid-solid interface for rapid oxygen absorption and diffusion, thereby leading to 

significant improvements in the capacity, rate capability and cycle life of the cathode.  
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4.1 Introduction 

The rapid growth of electric vehicles and portable electronics has stimulated 

intensive research on next-generation batteries with high energy density. As “beyond 

lithium–ion” technology, lithium-oxygen (Li-O2) batteries have recently drawn attention 

due to their high theoretical energy density (~3500 Wh kg–1), which is much higher than 

that of lithium–ion batteries and even comparable to that of gasoline.22, 40, 148-151 However, 

the current state of Li-O2 batteries faces significant challenges such as limited reversible 

capacity, short cycle life, poor rate capability, and high overpotential (low energy 

efficiency).25, 26 These problems are primarily associated with lithium peroxide (Li2O2). 

During discharge, Li2O2 is formed as the reaction product on the cathode by the oxygen 

reduction reaction (ORR). During charge, it is decomposed by the oxygen evolution 

reaction (OER): 2Li+ + O2 ↔ Li2O2.25-27 However, due to the insulating and insoluble 

nature of Li2O2, Li2O2’s irreversible accumulation easily deactivates the electrode by 

forming a passivation layer, and retards the kinetics of the ORR and OER, thereby 

inducing high polarization and poor reversibility.25, 26, 152, 153  

Efforts have been made to develop materials that can provide stable catalytic 

activity without deactivation to overcome this challenge and ultimately achieve high 

power density, high energy efficiency, and good cycling stability.33-36 In addition, there is 

a further need for three-dimensional (3D) porous structures with more effective reaction 

interface and storage space for Li2O2 in order to satisfy the growing demand for high 
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energy density, especially on a volumetric basis.36, 153-156 Carbon aerogels are a unique 

class of 3D porous materials that can be optimally designed in three dimensions in their 

pearl-necklace-like hierarchical structures. In our previous study, we developed 

advanced multifunctional carbon aerogels, which are polymer-cross-linked carbon 

aerogels, namely carbon x-aerogels, produced by incorporating a conformal polymer 

coating on the aerogel framework through cross-linking.157 It was demonstrated that 

such carbon x-aerogels are not only porous and conductive, but also mechanically strong 

with high compressibility and fast recovery. This multifunctionality boosts the 

electrochemical performance for supercapacitors, in particular high volumetric 

capacitance, which results from the densely packed electroactive structure in three 

dimensions. Additionally, the carbon x-aerogels can be made in large quantities at low 

cost, unlike the carbon nanotube sponges and graphene aerogels.158-159     

Inspired by our previous success in supercapacitors, we here extend the potential 

of our carbon x-aerogels as oxygen cathodes for Li–O2 batteries. The new x-aerogel 

system presented in this work is built upon the previous design but has a significant 

modification, required to meet the new performance demands of Li–O2 batteries. Recent 

research has demonstrated that polypyrrole (PPy) promises to enhance the reaction 

kinetics as a feasible metal-free electrocatalyst due to its high nitrogen content and ease 

of synthesis.160-162 PPy also holds distinct characteristics such as high chemical and 

electrochemical stability, stable three-dimensional structure, good adhesion, and high 



 

 

69

polarity, which can further boost its use in Li-O2 batteries.163-164 However, the relatively 

low conductivity of PPy results in high ohmic losses and hence poor reversibility and 

stability during repeated charge–discharge cycles. As a result, despite the demonstration 

of the effectiveness of PPy, its cycling stability has been reported to be only 30 cycles at 

most.160-161 

In this work, we fabricate PPy-cross-linked carbon x-aerogels that combine 

interconnected open porosity, good electrical conductivity, and significant mechanical 

strength, and demonstrate their advantages and capabilities as oxygen cathodes in Li-O2 

batteries. In such x-aerogels, the carbon aerogel functions as a 3D highly porous and 

conductive scaffold, which facilitates mass and charge transport. The PPy layer plays a 

critical role as an electrocatalytic cross-linker, which not only further strengthens the 

aerogel structure, but also catalyzes the reaction. The synergy between PPy and carbon 

aerogel creates a competitive advantage for Li-O2 batteries; therefore, the batteries can 

demonstrate a high volumetric capacity of 460 mAh cm–3, and an operation duration of 

900 h with no noticeable change in the round-trip overpotential. 

4.2 Experimental Section 

4.2.1 Preparation of PPy-cross-linked carbon x-aerogel (PPy@AGCA) 

Activated graphene-incorporated carbon aerogels (AGCAs) were prepared in the 

same manner as described in Chapter 3. Polypyrrole (PPy) was in situ 

electropolymerized on AGCA at a potential of 0.8 V vs. saturated calomel electrode 
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(SCE) for 5, 10, and 20 min, in water–ethanol (1:1 v/v) solution containing 0.2 M NaClO4 

and 0.15 M pyrrole monomer. After electropolymerization, the remaining pyrrole 

monomer in PPy@AGCA was washed out and dried at 40 ºC. The amount of PPy 

deposited onto AGCA was estimated from the difference in total weight before and after 

electropolymerization.  

4.2.2 Characterization 

Characterization is the same as described in Chapter 3. 

4.2.3 Electrochemical Measurement 

The Li-O2 cells were assembled in a glove box under Ar atmosphere using a 

Swagelok design with a 1.0-cm2 hole placed on the cathode side to enable O2 to flow in. 

Before assembly, the disk-shaped aerogel (~10.5 mm in diameter and ~2.5 mm in 

thickness) was cut into thin slices (~0.7 mm thickness) with a razor blade, and placed in 

a vacuum oven at 80 °C for 10 h to remove moisture. The as-cut aerogel and Li foil were 

used as the cathode and anode, respectively, and they were separated by a Whatman 

glass fiber. The test cells were saturated with 1 M LiTFSI in TEGDME, then transferred 

into a glass chamber, and filled with 1.0-atm O2. Galvanostatic discharge–charge tests 

were conducted at room temperature using a MacPile Battery Analyzer in the voltage 

range of 2.0–4.5 V. The current density and specific capacity (CS) were calculated based 

on the total mass of the aerogel. The volumetric capacity (CV) was determined according 

to CV = ρCS where ρ is the bulk density of the aerogel (mg cm–3). Cyclic voltammetry (CV) 
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was measured on an electrochemical workstation (SP-300 Biologic Potentiostat) at a current 

density of 0.1 mV s–1. 

4.3 Results and Discussion 

All aerogels in this study were prepared in a manner similar to that described in 

the previous study.157 First, the AGCA was obtained by sol–gel polymerization of 

resorcinol, formaldehyde, and graphene oxide (GO), combined with freeze-drying and 

carbonization, followed by CO2 activation. The AGCA was then used as a 3D carbon 

substrate for PPy@AGCA. PPy was deposited onto AGCA by electrochemical 

polymerization of pyrrole. In this design, as demonstrated before, the highly 

interconnected 3D architecture was formed and stabilized by the networking of 

resorcinol–formaldehyde and GO (Figure 4.1A). Moreover, PPy was uniformly coated 

over the whole surface of AGCA by electropolymerization (Figure 4.1B,C). As seen in 

Figure 4.1B,D, the PPy layer grows in a unique cross-linked, hierarchical structure 

comprising of PPy nanospheres that are bridged together. This cross-linked PPy layer 

forms a mechanically robust network with open porosity, capable of performing 

catalytic functions without degradation.    
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Figure 4.1: SEM images of (A) AGCA, (B) the outer surface of PPy@AGCA, and (C) the 
inner surface. (D) High-magnification SEM image of PPy@AGCA. 

To further investigate the effect of PPy on the physical and electrical properties, 

we prepared a series of PPy@AGCAs varying the amount of PPy by increasing 

polymerization times of 5, 10, and 20 min. The weight fraction of PPy in the PPy@AGCA 

increases with longer polymerization time: 8.2 wt% PPy, 22.2 wt% PPy, and 39.1 wt% 

PPy corresponding to polymerization times of 5, 10, and 20 min, respectively. We found 

that the incorporation of PPy into the aerogel structure leads to a decrease in the 

Brunauer–Emmett–Teller (BET) specific surface area and the total pore volume (Table 
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4.1). This decrease is primarily due to the loss of micropores as indicated by a reduction 

in micropore volume.  

Table 4.1: Specific surface area, total pore volume, and micropore volume of AGCA 
and PPy@AGCA. 

Sample Specific 
surface area 

[m2 g–1] 

Total pore 
volume 
[cm3 g–1] 

Micropore 
volume 
[cm3 g–1] 

Mesoporosity 
[%] 

AGCA 2244 2.34 0.82 65.0 
PPy@AGCA (8 wt% PPy) 892 1.64 0.51 68.9 
PPy@AGCA (22 wt% PPy) 801 1.40 0.43 69.2 
PPy@AGCA (39 wt% PPy) 743 1.25 0.29 76.8 
* Mesoporosity was calculated by dividing the mesopore volume by the total pore volume. 
Mesopore volume was estimated by subtracting the micropore volume from the total 
volume. 

 

Nitrogen adsorption–desorption isotherms were measured to characterize the 

structural properties of the aerogels. PPy@AGCA shows a type IV isotherm with a 

hysteresis loop, which indicates a characteristic of mesoporous materials. This isotherm 

further confirms that, despite the significant decrease in surface area and micropore 

volume, a coating layer of PPy (39 wt%) still preserves more than 60% of mesopore 

volume, thus allowing the aerogel framework with high mesoporosity (~77%). Such 

retained porosity is expected to provide active sites, promoting the electrocatalytic 

activity. Moreover, we observed a lower electrical conductivity after PPy coating, and a 

further decrease upon increasing PPy content. These results come from a relatively 

lower conductivity of PPy compared to that of carbon. Despite having an overall lower 

conductivity, PPy@AGCAs might better serve as oxygen electrodes with high catalytic 



 

 

74

ability of PPy. This then would lead to increased performance capabilities compared to 

AGCA. We will later discuss such improvements with their electrochemical results. 

Li–O2 cells consisting of AGCA and PPy@AGCA cathodes, lithium metal anodes, 

and an electrolyte of 1 M LiTFSI in TEGDME were constructed as described in the 

Experimental Section. Galvanostatic discharge–charge tests were performed in the 

potential range from 2.0 to 4.5 V. Figure 4.2A shows the first galvanostatic cycles of the 

Li–O2 cells with AGCA and PPy@AGCA (39.1 wt% PPy) at a current density of 200 mA 

g–1. For both AGCA and PPy@AGCA, we observed a constant-voltage plateau during 

discharge and recharge, which implies that the battery reaction (Li+ + O2 ↔ Li2O2) 

proceeds at a steady rate over the operation period.165, 166 It is clearly found that the 

PPy@AGCA exhibits a higher discharge voltage (by 250 mV) and a lower charge voltage 

(by 279 mV) compared to that of AGCA, demonstrating that PPy contributes to improve 

the reaction kinetics as a bifunctional catalyst for ORR and OER. Such bifunctionality 

leads to a remarkable decrease in overpotential (from 1.91 to 1.38 V) and consequently to 

enhanced round-trip efficiency. In addition, a thin cross-linked layer of PPy with a 

hydrophilic nature not only provides a more effective reaction interface, facilitating 

oxygen diffusion, but also protects carbon from reacting with electrolyte to form 

discharge by-products. We thus achieved a high specific discharge capacity of 5250 mAh 

g–1 at 200 mA g–1 for PPy@AGCA, which is 1.5 times higher than that of AGCA (≈3500 

mAh g–1). Note that 97% of this discharge capacity is recovered on recharge to 4.5 V, 
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indicating nearly complete decomposition of the reaction product (i.e. Li2O2). Such high 

reversibility results from the increased catalytic efficiency of PPy within the 3D porous 

conductive carbon aerogel framework.  

 

Figure 4.2: (A) Discharge–charge profiles of the first cycle of AGCA and PPy@AGCA 
at 200 mA g–1. (B) Cyclic voltammetry profiles of AGCA and PPy@AGCA at 0.1 mV s–1. 

(C) XRD patterns of PPy@AGCA at the pristine, fully discharged (2.0 V), and fully 
recharged (4.5 V) states. (D, E) SEM images of the discharged and recharged 

PPy@AGCA. 
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We further confirm the high reversibility of the reaction using X-ray diffraction 

(XRD) spectroscopy of the fully discharged and recharged cathode (Figure 4.2C). For the 

discharged state, distinct diffraction peaks were observed at 33°, 35°, 41° and 58°, which 

indicate the presence of Li2O2 with the (2 0 0), (2 0 1), (2 0 2) and (2 2 0) reflections; these 

peaks disappeared after recharging. Additionally, SEM imaging of PPy@AGCA reveals 

that Li2O2 appeared to grow as discrete particles, and that with increasing depth-of-

discharge, the particles piled up and eventually covered the entire surface (Figure 

4.2D,E,4.3A). Moreover, in the cyclic voltammetry (CV) profiles (Figure 4.2B), it is clearly 

seen that in the presence of PPy, the reaction kinetics is greatly enhanced as evidenced 

by a significant increase in both oxidation and reduction current peaks. The adsorption 

of oxygen on the catalytic surface is the primary step of the ORR. The adsorbed O2 

undergoes electron transfer in the presence of lithium ions, producing Li2O2. PPy is 

favorable not only for the adsorption of O2, but also for the charge transfer, consequently 

promoting the ORR.160, 167 Furthermore, we note that PPy lowers the OER onset potential, 

while increasing the ORR onset potential. 
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Figure 4.3: SEM images of (A) PPy@AGCA and (B) AGCA at different depths of 
discharge. 

Given the greatly increased capacity of PPy@AGCA over AGCA, it is important 

to better understand the correlation between PPy coating and electrochemical 

performance. With increasing PPy content, we observed a trade-off between capacity 

and reversibility. Higher PPy loading with improved uniformity of coverage promotes 

the formation and decomposition of Li2O2, leading to improvements in overpotential as 

well as cycling reversibility. On the other hand, such higher amount of PPy results in a 

slight decrease in capacity (≈ 7%), caused by a partial loss of surface area and pore 
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volume needed to provide more reaction sites and sufficient space to accommodate 

Li2O2. Considering this trade-off, we therefore chose PPy@AGCA with 39.1 wt% PPy as 

the preferred cathode since performance stability is an important requirement for the 

practical use of this cathode in Li–O2 batteries.  

We further demonstrate the advantages of PPy@AGCA by investigating the rate 

dependence of the capacity and the discharge potential of AGCA and PPy@AGCA 

(Figure 4.4A,B).  

 

Figure 4.4: (A, B) Discharge profiles of Li–O2 batteries assembled with (A) AGCA and 
(B) PPy@AGCA at different current densities. 

The PPy@AGCA shows better capacity retention compared to AGCA, which is mainly 

attributed to the enhanced oxygen diffusion kinetics driven by a hydrophilic layer of 

PPy.168 Moreover, a highly cross-linked matrix of PPy and AGCA can act as a host for 

lithium ion (Li+) insertion/extraction and can thereby facilitate Li+ transfer at the 

electrode/electrolyte interface during discharge and charge. Consequently, the strong 
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coupling of PPy and AGCA through cross-linking provides a kinetically stable structure 

that gives better performance at higher current densities with less loss of capacity.  

Limited life cycle is a major challenge for Li–O2 batteries to be adopted in practice. We 

tested the cycling performance of the Li–O2 cell with PPy@AGCA. As seen in Figure 28, 

the PPy@AGCA shows a marked improvement in lifetime and cyclability. PPy@AGCA 

performs over 90 cycles with no capacity loss, whereas the AGCA is stable for only 29 

cycles and fails to reach the predetermined capacity level (1500 mAh g–1) at the 30th 

cycle. Note that a lifetime of 90 cycles with a cut-off capacity of 1500 mAh g–1 is in 

accordance with a working time of 900 h. Furthermore, for PPy@AGCA there is no 

dramatic change in both the discharge and charge potentials, as displayed in the 

corresponding discharge–charge profiles (Figure 4.4B). This proves that the battery with 

PPy@AGCA operates stably with highly reversible formation and decomposition of 

Li2O2. 

Most importantly, PPy@AGCA can deliver a high volumetric capacity in 

practical devices. Volumetric capacity is an essential parameter for limited-space 

applications (e.g. portable and wearable electronics), as well as for further scale-ups (e.g. 

electric vehicles). Most studies have focused on the gravimetric performance of their 

cathodes with ultrahigh capacity on a “per weight” basis, but there remains a question 

on their ability to provide high volumetric performance.154, 167-175  
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Figure 4.5: (A, B) Cycling profiles of Li–O2 batteries with (A) AGCA and (B) 
PPy@AGCA at 300 mA g–1 with a limited capacity of 1500 mAh g–1. (C) Discharge 

capacities and discharge terminal voltages of AGCA and PPy@AGCA against cycle 
number. 

Only few studies have reported the capacity on a volumetric basis.168, 170, 172, 174, 175 Despite 

the lower gravimetric capacity of PPy@AGCA (5250 mAh g–1) compared to the best-

reported values for carbon-based cathodes (10240–21507 mAh g–1),168, 170, 173 the high 

volume density of PPy@AGCA (87.7 mg cm–3) guarantees a superior volumetric capacity 

(460 mAh cm–3). This value is 1.3 to 5 times higher than that of other carbon-based 

cathodes (90.3–341 mAh cm–3).168, 170, 172, 174, 175 Such high volumetric performance is 
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enabled by the synergistic interaction of the effective porosity and the densely packed 

electroactive 3D structure. Figure 4.6A,B compares the gravimetric and volumetric 

performance of PPy@AGCA with other carbon-based cathodes in the literature.154, 167-175 

More importantly, PPy@AGCA can be produced in large scale at low cost, unlike the 3D 

carbon materials based on carbon nanotubes and graphene. In reality, PPy@AGCA, the 

3D carbon x-aerogel, offer a value-efficient solution for Li–O2 batteries. 

 

Figure 4.6: (A, B) Comparison of the (A) gravimetric and (B) volumetric performance 
of PPy@AGCA with those of other carbon-based oxygen electrodes in the literature. 
(C) Schematic illustration of the 3D cross-linked structure of PPy@AGCA with its 

advantages as an oxygen electrode. 
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Recently, it has been suggested that heteroatom (e.g. nitrogen) doping is another 

effective approach to allow carbon to provide faster reaction kinetics and higher oxygen 

adsorption.172, 176-178 In this work, we further highlight the uniqueness of PPy@AGCA by 

making a comparison with nitrogen-doped AGCA (N-AGCA) prepared by using 

cyanamide as a nitrogen source. It is found that N-AGCA delivers a 13% higher capacity 

than PPy@AGCA at a low current density of 200 mA g–1 due to its higher surface area 

(1877 m2 g–1) (Figure C.2C in Appendix C); however, N-AGCA shows a shorter life cycle 

with capacity fading and cell failure after 50 cycles (Figure C.2B). The longer lifetime of 

PPy@AGCA can be explained by the formation of a more stable protective layer, which 

minimizes the contact area of the carbon–Li2O2 interface, ultimately preventing the 

carbon from being degraded, while enabling more complete decomposition of Li2O2.181 

As an added benefit, the highly cross-linked architecture of PPy@AGCA with high 

structural integrity can effectively accommodate the volume change during cycling, 

leading to high reversibility and stability. This mechanical advantage of PPy@AGCA is 

more pronounced when considering its practical value in battery applications where 

mechanical strength and durability are highly desired (see Appendix C for further 

discussion).  

We therefore emphasize the structural and material advantages of PPy@AGCA, 

which are responsible for its electrocatalytic activity and stability in Li–O2 batteries, as 

illustrated in Figure 4.6C. The effective open porosity of AGCA in three dimensions 
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enables the active species (Li+, O2) to readily move into contact with the catalytic active 

sites of PPy. The cross-linking of PPy and AGCA provides high structural integrity and 

mechanical stability, thus achieving high cycling as well as rate performance. The PPy 

on AGCA functions not only as a protective layer against electrode degradation, but also 

as an electrochemical catalyst to promote the lithium–oxygen reactions. More 

importantly, the synergy of PPy and AGCA yields to a densely packed 3D electroactive 

structure and results in high volumetric capacity, which is 1.3 to 5 times higher than that 

of other carbon-based cathodes. Table 4.2 summarizes the performance of PPy@AGCA 

with those of other carbon-based cathodes reported in the literature.154, 167-175 

4.4 Conclusion 

This work demonstrates that PPy@AGCAs have great potential as oxygen 

electrodes for Li–O2 batteries when the two materials work together. PPy@AGCAs 

uniquely combine the advantages of interconnected open porosity, good electrical 

conductivity, and high mechanical strength. Exploiting these advantages in Li–

O2 batteries, their performance is further improved. The capacity, rate capability, and 

cycle life significantly increase thanks to the synergy between the 3D porous conductive 

carbon aerogel framework and the PPy catalytic layer, which not only maintains stable 

catalytic activity without deactivation but also provides a more effective gas-liquid-solid 

interface for rapid oxygen absorption and diffusion. The superior volumetric capacity is 

the most important and practical advantage, resulting from the densely packed 
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electroactive structure in three dimensions. The carbon x-aerogels, as macroscopic 3D 

multifunctional materials, hold great promise for practical implementation of high 

performance Li–O2 batteries, and for numerous other applications, such as water 

purification, oil–water separation, catalyst supports, and sensors.
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Table 4.2: Comparison of performance of AGCA and PPy@AGCA with carbon-based oxygen electrodes reported in the literature. 
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5. Applicability of Carbon X-Aerogels in Lithium-Sulfur 
Batteries 
5.1 Introduction 

In Li-S batteries, designing three-dimensional (3D) porous conductive 

frameworks that can accommodate a large amount of sulfur and effectively entrap 

polysulfides is of great importance to ensure high sulfur utilization, high energy density, 

and long cycle life.18, 180-182 In addition, 3D structure is more favorable than its 2D 

counterpart to provide high areal sulfur loading as well as strong mechanical support, 

which are necessary to enable the practical use of Li-S batteries. Carbon materials have 

demonstrated their ability to confine polysulfides within their pores or layers. However, 

this confinement effect cannot be maintained over long-term cycling since hydrophilic 

polysulfides can readily diffuse out from hydrophobic carbon surfaces. Another way to 

minimize dissolution of polysulfides and suppressing their shuttling effect is to increase 

the rate of conversion between polysulfides and Li2S. This can be achieved by 

introducing catalytic materials, such as metal oxides, sulfides, carbides, and polymers.183 

Conducting polymers are promising metal-free catalysts, as their functional groups 

containing highly electronegative elements (N, O, S) serve as effective anchor sites for 

polysulfides, resulting in high binding efficiency and fast reaction kinetics. 60, 62-64 In this 

regard, carbon x-aerogels having both 3D porous conductive carbon framework and 

cross-linked polymer layer are expected to provide significant advantages as host 

materials for Li-S batteries. Polypyrrole (PPy) has been selected as a catalytic additive 
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due to its high absorption ability to sulfur and polysulfides. In the work discussed in 

this chapter, we have therefore studied the application of carbon x-aerogels to the Li-S 

battery field. 

5.2. Experimental Section 

5.2.1 Preparation of S@AGCA and PPy@S@AGCA 

Activated graphene–carbon aerogels (AGCAs) were prepared in the same 

manner as described in Chapter 3. Sulfur-deposited AGCA (S@AGCA) was then 

prepared by a melt-diffusion method. Typically, sulfur (1.5 g) was dissolved in carbon 

disulfide (15 mL) by stirring for 1 h to make a sulfur/carbon disulfide (S/CS2) solution. 

The AGCA was immersed in the S/CS2 solution, sealed in a glass vessel, and heated at 

155 °C for 1 h. Sulfur loading was controlled by repeating this infiltration/drying 

process. PPy was then deposited on S@AGCA by one-step electropolymerization, as 

stated in Chapter 4. After electropolymerization, the residual monomer was washed out 

and dried at 40 °C. The amount of PPy in PPy@S@AGCA was estimated from the 

difference in total weight before and after electropolymerization. 

5.2.2 Battery Preparation and Electrochemical Measurement 

Coin cells were assembled in a glove box under Ar atmosphere using 

PPy@S@AGCA as the cathode, Li foil as the anode, and Celgard 3501 as the separator. 

Before assembly, PPy@S@AGCA was dried in a vacuum oven at 60 ºC for 10 h. The 

electrolyte was prepared as 1 M lithium bis-trifluoromethanesulfonylimide (LiTFSI) in 
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1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 by volume) with 2 wt% 

LiNO3. Galvanostatic discharge–charge tests were conducted in the voltage range of 1.7–

2.8 V at different C rates (1 C = 1675 mA g–1) using a MacPile Battery Analyzer.  

5.3. Results and Discussion 

The x-aerogel system has been developed based on the previous design, but 

involves some modifications to meet the performance demands of Li-S batteries. As 

discussed earlier, in Li-S batteries, carbon materials serve as host structures for sulfur, so 

an additional step is needed to incorporate sulfur into carbon x-aerogels. This step was 

performed, prior to electropolymerization, by immersing the AGCA in a S/CS2 solution, 

followed by heat treatment in a sealed vessel (155 °C, 1 h). Sulfur loading was controlled 

by repeating this infiltration/drying process. The sulfur loading in S@AGCA was 

adjusted to ~73 wt%. Moreover, PPy was chosen as a cross-linking polymer due to its 

facile synthesis, high chemical and electrochemical stability, stable three-dimensional 

structure, good adhesion, and high polarity. To investigate their electrochemical 

properties, PPy@S@AGCA was cycled from 1.7 to 2.8 V versus Li/Li+. In Figure 5.1A, the 

galvanostatic discharge–charge profiles of PPy@S@AGCA at different current densities 

(after an initial activation cycle at 0.2 C, 1C = 1675 mAh g−1) exhibit two discharge 

voltage plateaus at ~2.3 and 2.1 V. Such plateaus indicate the two-step reduction of 

sulfur to polysulfides, then to Li2S; the first plateau at ~2.3 V corresponds to the 

reduction of S8 to higher-order lithium polysulfides (Li2Sn, n = 4–8) and the second one at 



 

 

89 

2.1 V is attributed to the further reduction to insoluble Li2S. There is a slight increase in 

polarization with an increase in rate, showing favorable kinetics due to the porous 

conductive structure of PPy@S@AGCA. Figure 5.1B compares the discharge–charge 

profiles of S@AGCA and PPy@S@AGCA at 0.2C. It is clearly seen that PPy@S@AGCA 

shows higher discharge voltage plateaus and lower charge voltage plateaus than those 

of S@AGCA. This result suggests that PPy can contribute to improve the reaction 

kinetics by lowering the polarization. We therefore obtained a high discharge capacity of 

1190 mAh g–1 for PPy@S@AGCA, which is about 21.8% higher than that of AGCA (≈ 977 

mAh g–1). In order to compare the rate performance of S@AGCA and PPy@S@AGCA, the 

cells were cycled with increasing the current density from 0.2 to 2 C (Figure 5.1C). It is 

noted that PPy@S@AGCA shows much better reversibility compared to S@AGCA. When 

the rate was reduced back to 0.2 C from 2 C, the PPy@S@AGCA recovered 91% of its 

initial capacity, while the capacity of the S@AGCA recovered only by 76%. Such 

improvement in PPy@S@AGCA results from the external coating layer of PPy, which can 

entrap the dissolved polysulfides and can thus decrease the loss of active sulfur. The 

cycling performance was also measured at 2C (Figure 5.1D).  
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Figure 5.1: (A) Charge–discharge curves of PPy@S@AGCA at various rates (0.2–2 C). 
(B-D) Comparison of performances of S@AGCA and PPy@AGCA in terms of (B) 

charge–discharge profile, (C) rate performance, and (D) cycling stability. 

The S@AGCA exhibits a continuous decrease in capacity upon cycling, and thereby 

delivers only 65 % of the initial capacity at the 100th cycle, while PPy@S@AGCA shows 

better cycling performance with a capacity retention of 87% and a fade rate as low as 

0.13% per cycle. This result shows that although polysulfides can be trapped in the pores 

of AGCA to some extent, their dissolution and diffusion are not avoidable. We found 

that lithium polysulfides are effectively trapped inside the cross-linked PPy coating 

layer, which suppresses the shuttling process. Furthermore, a uniform coating of PPy 
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helps to increase the conversion rate of polysulfides to Li2S and vice versa. Both the 

increased capacity and the improved cycling performance can be explained by the 

synergy between the 3D porous conductive carbon aerogel framework and the 

conducting polymer layer. More importantly, such synergy contributes to high sulfur 

areal loading (up to ~16 mg cm–2), therefore providing a practical level of performance 

that allows Li-S battery technology to compete with Li-ion batteries. As presented in 

Figure 5.2A, high gravimetric capacity, high sulfur content (up to 90 wt%), and high rate 

capability have been accomplished in recent years; however, most of these advantages 

have been achieved at the expense of relatively low areal sulfur loadings (<4.0 mg cm–2), 

thus limiting the practical application of Li-S batteries.184–190 Note that a sulfur loading of 

> 7.0 mg cm–2 should be targeted to assess the feasibility of Li-S batteries.181 Figure 5.2B 

shows a comparison of the areal capacity of PPy@S@AGCA with that of recently 

reported Li–S cathodes. PPy@S@AGCA with a high sulfur loading of 16 mg cm–2 exhibits 

a high areal capacity of 19 mAh cm–2. This value is 1.5–10 times higher than that of 

recently reported high-areal-capacity Li-S cathodes (3.2–14 mAh cm–2). We further 

compare the areal capacity of PPy@S@AGCA with that of commercial Li-ion batteries 

(with LiCoO2 cathode). PPy@S@AGCA shows a 5-6 times higher areal capacity than that 

of LiCoO2 (3–4 mAh cm–2). Such a high areal capacity of PPy@S@AGCA is attributed to 

its unique porous structure, which not only provides sufficient space for high sulfur 

loading but also serves as an electrolyte reservoir to ensure high sulfur utilization.  
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Figure 5.2: Comparison of the (A) gravimetric and (B) areal capacity of PPy@S@AGCA 
with those of recently reported Li-S cathodes and LiCoO2 cathode in the literature. 
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6. Applicability of Carbon X-Aerogels in Water 
Purification Technology 

The carbon x-aerogels’ success in electrochemical energy storage systems has 

motivated us to find other applications that benefit more from and that better exploit the 

unique features of carbon x-aerogels. This chapter describes another potential 

application of carbon x-aerogel beyond its application in electrochemical energy storage 

devices, as a novel electrode material for capacitive deionization, which is a cost-

effective water treatment technology.  

6.1 Introduction 

Water scarcity is a major global crisis as the population continues to increase and 

fresh water resources are being depleted with global warming and pollution. 

Sustainable technologies that can produce clean water from brackish water and seawater 

are urgently needed for the future of our society. Desalination has been proposed as a 

potential approach to provide clean water and ultimately solve the water shortage 

problem.191-193 Conventional desalination technologies such as reverse osmosis (RO) and 

thermal distillation are widely used, but the high cost and energy consumption are big 

problems.194, 195 Capacitive deionization (CDI) has recently attracted much attention as an 

alternative desalination technology due to its high-energy efficiency, low operating and 

maintenance costs, and suitability for small-scale portable applications.196, 197 A key 

component of the CDI technology is a pair of porous electrodes between which a voltage 
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is applied to remove salt ions from water and electrostatically hold them in electric 

double layers (EDLs) at the porous electrode surface.198 Once the pores are saturated 

with salt ions, a reverse voltage or a short circuit is applied to regenerate the electrodes. 

The electrodes are commonly carbon based and, in principle, require, high surface area, 

high electrical conductivity, and high mechanical and chemical stability. 196, 198 To meet 

these requirements, various carbon materials such as activated carbon, activated carbon 

fibers, carbon aerogel, carbon nanotubes, and graphene have been studied for CDI. In 

addition, it has been demonstrated by recent studies that introducing conducting 

polymers into carbon facilitates ion capture and release onto and from the electrode 

surface, enabling faster deionization and regeneration and therefore leading to higher 

ion removal capacity compared to pure carbon.199, 200  

In addition to the electrode material, cell architectures and system designs are 

important factors affecting CDI energy efficiency. Conventional CDI systems are 

designed as the feed water flows between the two charging electrodes (Figure 6.1A), 

which are called “flow-between” CDI cells. The conventional systems, however, have a 

significant drawback: long desalination cycles caused by the limited diffusion rate of 

ions into the porous electrode surface.198, 201 This ultimately leads to limited salt reduction 

and low desalination efficiency. Moreover, in the flow-between CDI system, the 

separator layer is required to allow water to flow between the electrodes as a flow 

channel as well as to prevent electrical shorts as an insulator.198  Such separator increases 
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not only the required package volume but also the cell electrical resistance, thus 

decreasing the overall desalination performance. An alternative cell design to address 

these limitations is a “flow-through” CDI system.198 Instead of having the feed stream 

between the electrodes, the alternative architecture has the feed water flowing directly 

through the electrodes and parallel to the applied electric field (Figure 6.1B).  

 

Figure 6.1: CDI architectures using (A) flow-between electrodes and (B) flow-
through electrodes. Reprinted with permission from Ref [198]. 

The flow-through design has several significant advantages over the traditional flow-

between design, including faster desalination and higher salt removal capacity.198, 201 In 

flow-through mode, a thinner separator can be used since the separator no longer acts as 

a flow channel, hence reducing the overall electrical resistance of the system and 
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lowering energy requirements. Thus, the flow-through CDI system serves as a robust, 

efficient, and cost-effective approach for producing potable water from brackish water 

and seawater.  

In previous studies, conventional carbon aerogels have been studied as among 

the most commonly used electrode materials in the flow-between system, whereas they 

are considered less suitable for the flow-through system as their small pores (<50 nm) 

generate a hydraulic resistance to flow, resulting in limited ion transport and diffusion 

and therefore low ion adsorption capacity.196, 202 In addition, their pearl-necklace-like 

structure composed of carbon particles of diameters of the order of a hundred microns 

are mechanically unstable, easily leading to significant electrode degradation after 

repeated desalination cycles. There has been little work on developing and optimizing 

carbon aerogel-based electrodes to satisfy a unique set of requirements for the flow-

through system. Recently, hierarchical multiscale porous electrodes with both 

macropores and micro/mesopores have been suggested to facilitate flow through the 

electrodes and to achieve high ion adsorption and capacitance.201, 203 It is believed that 

macropores improve the desalination performance by serving as reservoirs for ions and 

shortening the diffusion pathways for ion transport from the exterior to the interior 

surface.198 Furthermore, micro/mesopores can further increase the surface area and thus 

enhance the electrosorption capacity. In this sense, carbon x-aerogels having 3D 

interconnected microstructure containing both open macropores and interconnected 
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mesopores show promise as electrodes for flow-through CDI systems. Furthermore, 

their high mechanical strength and durability are expected to enable stable desalination 

performance over long periods of time. 

6.2 Experimental Section 

6.2.1 Synthesis of PPy@AGCA as Flow-Through Electrode 

PPy@AGCA was prepared in the same procedure as described in Chapter 3. 

6.2.2 Fabrication of Flow-Through CDI Cell 

A new flow-through CDI cell was designed to investigate the desalination 

performance of PPy@AGCA in flow-through mode. The cell bodies including two end 

plates (inlet and outlet) and two inner plates were manufactured by 3D printing (Figure 

6.2A). CAD models of each part were created using Autodesk Fusion 360, and were then 

imported to Simplify 3D slicing software to generate gcode files with the printable 

format by the D-Bot printer. Cell bodies were manufactured in polyethylene 

terephthalate glycol (PETG), selected to print robust, inexpensive, and chemically inert 

systems. Each inner plate has a flow channel with a circular cross section and 12 mm 

diameter, and its thickness is 4.5 mm. Each piece of monolithic PPy@AGCA with 1.2 cm 

diameter and 0.4 cm thickness was inserted into the hole of the inner plate. Silicone 

rubber gaskets with 0.5 mm thickness (ca. 0.4 mm when compressed) were used to 

prevent leakage of pumped fluid. Two 25 μm thick porous polypropylene separators 
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electrically insulate the two PPy@AGCAs. Each Pt mesh current collector was inserted 

between the silicon rubber gasket and inner plate.  

 

Figure 6.2: Schematic of a 3D-printed flow-through CDI cell. (A) Expanded 
view of all the cell components. (B) Assembled CDI cell. 

Cell components were aligned and held together by means of mechanical compression 

with four 25 mm steel screws, as shown in Figure 6.2B. This configuration helps to 

achieve minimum assembly time and minimum requirement of tools during the system 

set up.  
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6.2.3 CDI Performance 

Experiments were performed in a batch mode, where 50 mL NaCl solution was 

used as a feed. Figure 6.3 displays a schematic diagram of batch mode operation, 

containing a CDI unit cell, a peristaltic pump, a conductivity meter, and a power source 

meter. The feed water was circled back through the cell by the pump. The CDI cell was 

tested under various operation conditions with water of salinity of 100 to 6000 ppm and 

under an applied voltage of 1.0 to 1.4 V. While the feed solution was pumped into the 

CDI cell, a constant voltage was applied cross the cell using a Keithley 2400 source meter 

(Keithley, Cleveland, OH). The conductivity of the outlet stream was monitored and 

recorded using a dip-in conductivity meter. The measured conductivity was converted 

to the concentration of salt present in the solution via a conductivity-concentration 

calibration curve. The change in current across the cell was monitored for power 

consumption analysis. After the deionization was completed, regeneration was 

performed by applying a reverse voltage. This step released salt ions previously held 

onto the electrode surface and removed them from the cell. The regeneration was 

continued until the initial conductivity of the feed solution conductivity was recovered. 
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Figure 6.3: Schematic illustration of batch mode operation, including a CDI unit cell, a 
peristaltic pump, a conductivity meter, and a power source meter. 

6.3 Results and Discussion 

Three operating parameters were tested in this study: applied voltage, flow rate, 

and initial NaCl concentration. To see how different parameters affect the deionization 

performance, only one parameter was varied at a time, while the others were kept 

constant. We first investigated the effect of applied voltage on the desalination 

performance. Figure 6.4A presents changes in conductivity during the deionization 

process under applied voltages ranging from 1.0 to 1.4 V. The conductivity drops fast at 
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the initial stage of the deionization process, and then slows down until reaching a 

plateau. Similarly, when applying a reverse (negative) voltage, the conductivity 

increases very fast and returns to the initial value. This signifies that all the ions can be 

released upon reversing the bias.  

 

Figure 6.4: Electrosorption performance of the PPy@AGCA-based CDI cell at an initial 
NaCl concentration of 500 ppm, corresponding to a conductivity of 1000 S μ cm–1 (A, 

B) by varying the cell voltage from 1.0 to 1.4 V, and (C, D) by varying the flow rate (20 
and 40 mL min–1). 

Moreover, we found that a larger amount of ions can be removed at a higher cell voltage 

(Figure 6.4B). The electrosorption capacity increases from 12.9 to 31.6 mg g–1 with 

increasing applied voltage from 1.0 to 1.4 V. It is further noted that when operating at a 



 

 

102 

higher voltage, the cell requires more time to reach equilibrium. Figure 6.4C,D show the 

effect of flow rate on ion electrosorption. There is no noticeable change in electrosorption 

capacity even after increasing the flow rate from 20 to 40 mL min–1. However, we found 

that an increase in flow rate results in faster ion adsorption, thus improving the removal 

efficiency. This can be attributed to improvements in mass transfer caused by turbulence 

at higher flow rates. Note that high flow rate needs to be considered, particularly for 

industrial scale operations, since fewer desalination modules would be required to 

produce the same quantity and quality of desalinated water at high flow rate than at low 

flow rates.  

In addition, to evaluate ion removal performance in different salt concentrations, 

solutions of 100, 500, 1000, 2000, and 6000 ppm NaCl were examined at a constant flow 

rate of 20 mL min–1 and an applied voltage of 1.2 V. As shown in Figure 6.5, the 

electrosorption capacity linearly increases with increasing the NaCl concentration; but 

after the feed concentration reaches 2000 ppm, the electrosorption capacity levels off 

reaching 46.2 mg g–1. This indicates that the electrodes reached saturation; thus, their full 

electrosorption capacity has been reached. It is clear that the removal efficiency 

gradually decreases with increase in the feed concentration.  
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Figure 6.5: (A) Electrosorption performance the PPy@AGCA-based CDI cell by 
varying an initial NaCl concentration from 100 to 6000 ppm (Applied voltage: 1.2 V; 

flow rate: 20 mL min–1). (B) Electrosorption capacity in various concentration of NaCl 
solution. 

In the bath mode experiments shown above, the conductivity meter was used to 

monitor and record the conductivity of the feed under the stirring condition. This 

measurement is useful in studying the total adsorption capacity of the CDI cell; but it 

gives no direct indication of the purity of the outlet stream from the cell before merging 

with the feed.  
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Figure 6.6: (A) Schematic diagram illustrating the measurement of dynamic 
conductivity. Changes in (B) static conductivity and (C) dynamic conductivity during 

the electrosorption and desorption cycle. 

The ability to measure the conductivity of the solution flowing out of the cell, offers a 

useful tool to quantitatively measure the amount of ions removed by the cell. We have 

developed a new measurement technique as shown in Figure 6.6A, which provides the 

ionic conductivity of a continuously flowing solution rather than a static solution. We 

refer this conductivity as “dynamic conductivity”. Figure 6.6C presents changes in 

dynamic conductivity during adsorption and desorption, showing that water of salinity 
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of only 7.5 ppm was obtained within 30 min. This demonstrates that PPy@AGCA-based 

CDI system can be effectively used to produce pure water.  

Recent studies have proposed a new deionization system based on “dual-ion 

electrochemistry”, which utilizes a redox reaction to individually capture chloride ions 

and sodium ions concurrently.204, 205 That is, chloride ions are extracted into the negative 

electrode, while sodium ions are electrochemically captured and intercalated at the 

positive electrode. Inspired by this concept, we have modified the carbon x-aerogel 

synthesis to enable a dual-ion electrochemical deionization system. PPy can be 

reversibly switched from a neutral to an oxidized state by electrochemical oxidation and 

reduction. Such a transition is accompanied by a flux of ions in and out of PPy. Ion 

exchange properties are determined by the nature of the electrolyte used for 

electrochemical synthesis. When polypyrrole is prepared as an oxidized film by anodic 

deposition in solutions of small electrolytes (e.g. NaCl, KNO3, LiClO4), anions (A–) enter 

PPy to compensate for the positive charges developed along the oxidized polymer 

backbone, thus producing PPyn+(A–)n. As seen in Equation (6.1), anion exchange behavior 

in PPy is switched between its insulator (reduced) and its electrically conducting 

(oxidized) form. On the other hand, electrochemical synthesis in the presence of large 

anions (e.g. anionic surfactants and polyelectrolytes) induces cation rather than anion 

exchanging properties in PPy as shown in Equation (6.2) using sodium polystyrene 

sulfonate (PSS) as an example of an anionic polyelectrolyte. By combining Equation (6.1) 
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and the reverse of Equation (6.2) as the anodic and cathodic reactions, respectively, the 

overall reaction for dual-ion electrochemistry can be expressed as Equation (6.3).  

PPy (reduced) + nCl– ↔ PPyn+(Cl–)n (oxidized) + ne–                     (6.1)  

PPy/PSSn–(Na+)n (reduced) ↔ PPyn+(PSSn–) (oxidized) + nNa+ + ne–           (6.2)  

PPy + PPyn+(PSSn–) + nNa+ + nCl– ↔ PPyn+(Cl–)n + PPy/PSSn–(Na+)n                      (6.3)  

To take advantage of this dual-ion electrochemistry, PPy@AGCAs doped with 

two different anions (Cl– and PSS–) have been synthesized as the anode and cathode, 

respectively; we denote them as PPy:Cl@AGCA and PPy:PSS@AGCA. We first evaluated 

the electrochemical behaviors of the two PPy@AGCAs in 1M NaCl. Figure 6.7A displays 

the cyclic voltammetry (CV) curves of PPy:Cl@AGCA and PPy:PSS@AGCA tested in a 

three-electrode system. The two PPy@AGCAs exhibit different electrochemical 

behaviors, suggesting that each undergoes a different ion exchange reaction. Two 

oxidation peaks observed at +0.25 V and +0.75 V in PPy:Cl@AGCA corresponds to anion 

insertion, while a strong reduction peak at –0.75 V in PPy:PSS@AGCA is associated with 

cation insertion. The CV curve of PPy:Cl@AGCA–PPy:PSS@AGCA in a two-electrode 

configuration further confirms a dual-ion electrochemical deionization with oxidation 

peaks at +0.25 V and +0.75 V and reduction peaks at –1.33 V and –0.92 V (Figure 6.7B).  
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Figure 6.7: (A) CV curves of PPy:Cl@AGCA and PPy:PSS@AGCA in a three electrode 
system. (B) CV curve of the two-electrode PPy:Cl@AGCA–PPy:PSS@AGCA system. (C) 
Schematic diagrams of symmetric and asymmetric CDI cells. (D) Schematic diagrams 

showing different ion exchange properties of PPy:Cl@AGCA and PPy:PSS@AGCA. (E) 
Electrosorption performance of the two CDI cells at an initial NaCl concentration of 

1000 ppm. 

To maximize the electrosorption performance of PPy@AGCAs, an asymmetric CDI cell 

was assembled with PPy:Cl@AGCA and PPy:PSS@AGCA as the anode and cathode, 
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respectively (Figure 6.7C), and its deionization performance was compared with that of 

a original symmetric CDI cell consisting of PPy:Cl@AGCA as both the anode and 

cathode. As seen in Figure 6.7D,E, the asymmetric CDI cell with dual-ion 

electrochemistry outperforms the symmetric CDI cell, demonstrating a superior 

electrosorption capacity of 40.2 and 65.7 mg g–1 for an initial NaCl concentration of 500 

and 1000 ppm at an applied voltage of +1.2 V. We compare the performance of the 

symmetric and asymmetric PPy@AGCA cells with other CDI systems in the literature. 

Figure 6.8 shows the maximum salt removal capacity versus year of publication for 

different types of CDI systems.206-208 Progress has been made during the past 20 years in 

developing static and capacitive systems with carbon electrodes by increasing the 

adsorption capacity from 7 to 15 mg g–1. The flow or composite electrode-based CDI 

systems have been developed with a more than 20 mg g–1 of salt adsorption capacity. 

The hybrid CDI system combining one capacitive and one Faradaic electrode has 

recently demonstrated a high adsorption capacity of 31.2 mg g–1. We remark that the 

symmetric PPy@AGCA system (36.3 mg g–1) not only shows an adsorption capacity 

more than 2 times higher than that of conventional carbon-based CDI systems, but also 

provides better capacitive performance compared to the hybrid system. Furthermore, in 

comparison with recently published dual-ion electrochemical capacitive system (i.e. 

BiOCl-Na0.44MnO2, 6 8.5 mg g–1), we found that the asymmetric PPy@AGCA cell exhibits 

a comparable adsorption capacity of 65.7 mg g–1. It is worth noting that the PPy@AGCA-
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based capacitive systems are more beneficial for practical applications as PPy@AGCA 

can be easily made in large quantities at low cost as a 3D structure without any additives 

(e.g. polymeric binder).  

 

Figure 6.8: Historical evolution of maximum salt adsorption capacity for capacitive, 
flow, composite, hybrid, dual-ions electrochemistry deionization, as well as 

symmetric and asymmetric x-aerogel CDI systems. Reproduced with permission from 
Ref [204]. 

6.4 Conclusion and Future Outlook  

This work proposes a synergistic approach that utilizes PPy@AGCAs as novel 

flow-through electrodes in CDI systems, where the feed flows directly through 

electrodes. We have developed a customized flow-through CDI cell by 3D printing and 
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have optimized the integration PPy@AGCAs into a flow-through operation. 

PPy@AGCAs combine the inherent benefits of their 3D monolithic structure with high 

open porosity and good electrical conductivity, which enables both low fluidic 

resistance and high adsorption capacity. More importantly, we have introduced a new 

promising approach to further improve the desalination performance by incorporating 

the concept of dual-ion electrochemistry into PPy@AGCAs. Through different ion 

exchange properties of PPy, sodium ions are electrochemically captured into the 

cathode, while chloride ions are extracted into the anode. This novel dual-ion 

deionization of PPy@AGCAs delivers a stable and reversible salt removal capacity of 

65.7 mg g–1 when operated at a voltage of +1.2 V, which is more than twice the removal 

capacity in a hybrid CDI system (31.2 mg g–1).208  

In future research, we will investigate the benefits achievable by combining 

carbon x-aerogels and dual-ion electrochemical deionization in applications for heavy 

metal ion removal. The presence of heavy metal ions in underground water resources 

poses a major environmental health risk to local residents. Industrial wastewater often 

contains heavy metal ions (e.g. Cr, Pd, Hg, As). If the wastewater is not properly treated 

prior to discharge, these highly toxic metal ions may leak into the ground water. 

Therefore, an effective water treatment technology that provides a high ion-exchange 

capacity at low cost is needed to selectively and efficiently remove heavy metal ions 

from drinking water. In this respect, we will develop an efficient and economical flow-
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through dual-ion CDI system with carbon x-aerogels for more effective removal of 

heavy metals. This will provide a proof-of-concept for practical and economical system 

design and operation in water purification that enables high heavy metal ions removal 

with good energy efficiency.  
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7. Conclusions 
The development of new materials for energy storage holds the key to success in 

next generation high-power and high-energy devices, which are important to achieve a 

sustainable energy future. With the promise of a new generation of applications such as 

electric vehicles and smart grids, advanced electrode materials that provide high energy 

and power performance, while being environmentally benign and economically 

affordable, are highly demanded. Carbon materials have attracted tremendous attention 

as electrode materials for energy storage devices, because of their abundance, variety of 

forms, and desired physical and chemical properties. A variety of carbon materials 

including activated carbon, carbon nanotubes, graphene, and carbon aerogel have been 

investigated. However, as no material is perfect, each having its own advantages and 

disadvantages, it is unlikely that a single material could provide a complete solution to 

problems of the existing energy storage systems.  

Microporous carbons (MPCs) are promising electrode materials for 

supercapacitors because of their high surface area and accessible pores. However, their 

low electrical conductivity and mechanical instability result in limited power density 

and poor cycle life. This work proposes a unique two-layered film made of 

polyetheretherketone (PEEK)–derived MPCs and reduced graphene oxide (rGO) as an 

electrode for supercapacitors. Electrochemical characterizations of films show that such 

layered structure is more effective in increasing the accessibility of ions to the 
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hydrophilic MPCs and establishing conductive paths through the rGO network than a 

simple mixed composite film. The two-layered structure increases the capacitance by 

~124% (237 F g–1) with excellent cycling stability (~93% after 6000 cycles). More 

importantly, we demonstrate that such performance improvements result from an 

optimal balance between electrical conductivity and ion accessibility, which maximizes 

the synergistic effects of MPC and rGO. The MPCs, which are exposed to the surface, 

provide a highly accessible surface area for ion adsorption. The rGO serves a dual 

function as a conductive filler to increase the electrical conductivity and as a binder to 

interconnect individual MPC particles into a robust and flexible film. These 

advancements represent significant progress towards realizing the promise of MPCs as 

electrode materials for supercapacitors. However, to employ these carbons in practical 

applications, it is imperative to assemble individual carbon particles into macroscopic 

structures while preserving their intrinsic advantages. Additional substances, as 

discussed earlier, are required to construct macroscopic assemblies of MPCs, but such 

additives themselves are unable to achieve macroscopic structures with sufficient 

mechanical stability. In this context, carbon aerogels are attractive materials since they 

are available as macroscopic structures without using additives. Moreover, they have a 

tunable 3D hierarchical morphology with continuous porosity and excellent 

conductivity. These unique properties make them suitable as electrode materials for 

supercapacitors. On the other hand, carbon aerogels are inherently brittle and therefore 
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not expected to be used in practical applications where mechanical stability is required. 

We propose a novel approach to fabricate polymer-coated 3D carbon x-aerogels, a 

special type of aerogels with mechanically strong and highly cross-linked structure that 

allows the originally brittle aerogels to be machinable. This approach is accomplished by 

introducing a small amount of graphene into the sol–gel process of resorcinol and 

formaldehyde, followed by chemical activation and subsequent cross-linking with 

conducting polymer (i.e. polyaniline, polypyrrole) via electropolymerization. Carbon x-

aerogels are not only porous and conductive, but also mechanically robust with high 

compressibility and fast recovery. The strong combination of these properties makes 

them promising for high performance supercapacitors and next-generation rechargeable 

batteries that will eventually power the beyond current lithium-ion technology, such as 

Li-O2 and Li-S batteries. Such multi-functionality leads to a significant increase in 

performance, in particular high volumetric capacity, which results from the more 

densely packed electroactive structure in three dimensions. More importantly, 

monoliths of carbon x-aerogels are machinable into thin slices without losing their 

properties, thus enabling effective integration into devices with different sizes and 

shapes. In Li-O2 batteries, carbon x-aerogels not only provides effective pores that allow 

to store the discharge products and open channels for better oxygen diffusion, but also 

forms a robust 3D catalytic network that promotes both oxygen reduction and evolution 

reactions with improved mechanical and electrochemical stability. Such synergy 
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between the 3D carbon aerogel framework and the polymer catalytic layer has been 

further demonstrated in Li-S batteries; we have therefore improved the reaction kinetics 

by lowering the polarization and have suppressed the shuttling process by effectively 

trapping lithium polysulfides. The success of carbon x-aerogels in electrochemical 

energy storage systems has motivated us to find other applications that better exploit the 

unique features of carbon x-aerogels. One area in which carbon x-aerogels demonstrate 

their potential is water purification. We propose an approach that employs carbon x-

aerogels as novel flow-through electrodes for capacitive deionization, which is a cost-

effective water purification technology. Carbon x-aerogels in the flow-through design 

combine the inherent benefits of their 3D monolithic structure with high open porosity 

and good electrical conductivity, enabling both low fluidic resistance and high 

adsorption capacity.  

In conclusion, carbon x-aerogels, as macroscopic 3D multifunctional materials, 

go beyond the limitation of traditional carbon aerogels, and accelerate the development 

and practical implementation of high performance energy storage systems and beyond. 

We further expect that carbon x-aerogels will open opportunities for many other 

numerous applications, such as oil–water separation, catalyst supports, and sensors. 
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Appendix A 
 

 

Figure A.1: Schematic illustration of preparation of layered MPC/rGO films.  

 

Preliminary Experiments. 

In Preliminary Experiments, MPCs obtained at different activation times (6, 10, 

20, 28, and 36 h) were compared in terms of surface area, electrical conductivity and 

capacitance. As activation time is increased, more pores are created, resulting in an 

increase in surface area; however, such pores also hinder electrical contact, thereby 

increasing internal resistance. There is thus a tradeoff between surface area and 

conductivity. Figure A.2B presents the capacitance of MPCs as a function of activation 

time; the MPC activated for 28 h shows the highest capacitance, which results from a 

balance between surface area and conductivity.  
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Figure A.2: (A) Changes in BET surface area and electrical conductivity of MPCs with 
increasing activation time. (B) Specific capacitance of MPCs as a function of activation 

time. 

 

 

Figure A.3: (A) CV profiles of layered MPC/rGO–20 (20 wt% GO) at different scan 
rates (5–200 mV s–1). (B) Galvanostatic charge–discharge curves of layered MPC/rGO–

20 at different current densities (1–15 A g–1). All tests were conducted in 1 M KOH 
aqueous solution in the potential window -0.8–0.0 V (vs. SCE). 
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Appendix B 
 

 

Figure B.1: Optical images of (A) graphene–carbon aerogel (GCA) and (B) carbon 
aerogel (CA). 

 



 

 

119 

 

Figure B.2: SEM images of the (A, B) outer and (C, D) inner surfaces of PANI@AGCA. 
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Figure B.3: PANI deposited per surface area (mg m–2) of GCA and AGCA for a given 
amount of PANI loading (wt%). 
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Appendix C 
 

 

Figure C.1: (A) Discharge–charge profiles of AGCA and PPy@AGCA with different 
PPy loadings (8, 22, 39, and 52 wt%) at a current density of 200 mA g–1. (B) Calculated 

capacities (mAh g–1) of PPy@AGCA with different PPy loadings against cycle number. 

 

Note that further increase of PPy content to 52 wt% significantly lowers the 

capacity and the reversibility. This observation can be explained by the clogging of pores 

by an excessive amount of PPy, resulting in a decrease in electroactive surface area and 

further preventing oxygen diffusion into the inner region. Furthermore, such an 

undesired excessive PPy could increase ohmic resistance, thus leading to poor capacity 

retention upon cycling. 
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Figure C.2: (A) Calculated capacities (mAh g–1) of PPy@AGCA and N-AGCA at 
different current densities (200, 500, 1000, and 2000 mA g–1). (B) Cycle number of 

PPy@AGCA and N-AGCA without capacity fading. (C) N2 adsorption–desorption 
isotherms of N-AGCA. (D) XPS survey and high-resolution N 1s (inset) spectra. 

 

The XPS analysis reveals the presence of C, N, and O elements in N-AGCA with 

a nitrogen content of 4.7 at%. The peaks observed in the high-resolution N 1s spectrum 

at 398.1 and 400.3 eV can be assigned to pyridinic and pyrrolic nitrogen, respectively. 
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Mechanical Properties 

We performed compression tests, in which measurements of both hardness and 

elasticity were made. Figure C.3A shows the stress–strain curves of AGCA, PPy@AGCA, 

and N-AGCA at 20% strain. We observed for AGCA, a transition from elastic to plastic 

behavior at 14.8% strain, where yielding occurs due to local buckling and collapse. For 

PPy@AGCA, however, no yielding is marked, which signifies that PPy strongly 

contributes to the material elasticity, thus making the aerogel matrix to be reversibly 

compressed in response to applied stress. More importantly, in comparison to N-AGCA, 

remarkable improvements in stiffness and strength are obtained for PPy@AGCA, in 

which the Young’s modulus reaches 1.02 MPa, three folds greater than that of 

N@AGCA. Therefore, the cross-linked, hierarchical matrix of PPy@AGCA was proved to 

maximize the strength, stiffness and stability.  

Such enhanced mechanical properties are further examined at higher strains (ε = 

30%, 40%) in Figure C.3B. It is confirmed that PPy coating increases the deformation 

resistance to the applied force, thus allowing PPy@AGCA to be compressed up to 40% 

and recovered by ≈75%. In addition, the mechanical stability of PPy@AGCA was further 

investigated by cyclic compression at 20% and 30% strains (Figure C.3C,D). We found 

no noticeable degradation in stress and strength during the second and following cycles 

of compression. This stable behavior seems to be related to strong multipoint cross-

linkage within the aerogel framework. As presented in Figure C.3D,E, PPy@AGCA 
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recovers its deformation with negligible mechanical failure, while retaining over 81% of 

maximum stress and recovering to ≈98% of original height even after the fifth cycle of 

compression at 30% strain. In contrast, we observed severe structural failure for N-

AGCA, which began to break into multiple pieces at the first cycle, and thereafter 

completely collapsed after the fifth cycle (Figure C.4). This, once again, illustrates the 

significance of coupling between PPy and AGCA, which provides the desired level of 

mechanical performance and eventually results in stable cycling performance.  
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Figure C.3: Compressive stress–strain curves of (A) PPy@AGCA, AGCA, and N-
AGCA at a strain (ε) of 20 %, and (B) PPy@AGCA at different strains (ε = 20, 30, and 

40%). (C, D) Cyclic stress–strain curves of PPy@AGCA at (C) ε = 20% and (D) 40%. (E) 
Optical images of PPy@AGCA after compression. 
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Figure C.4: (A) Compressive stress–strain curves of N-AGCA at ε = 20% and 30%. (B) 
Cyclic stress–strain cures of N-AGCA at ε = 20%. (C) Optical images of N-AGCA after 

compression. 
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