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Abstract 

Wearable biomedical electronic devices (WBEDs) can be attached to human epidermal 

tissues and used to analyze diverse health-related chemical/biological signals. WBEDs 

can serve as a key node of a future internet of medical things for significantly improving 

personal health management. Wearable sensors and power devices, which are mainly 

constituted by flexible composite electrodes (FCEs), are generally regarded as two 

functional core components of WBEDs. Therefore, developing advanced FCEs capable of 

realizing high-performance physiological index monitoring, energy storage or even both 

of them has attracted considerable research attention. In recent years, owing to their 

multiple function and performance superiorities, carbon-based paper-like films have 

been preliminarily exploited as advanced substrates of FCEs. By rational structural 

optimization, compositional regulation and surface functionalization, they can be 

further fabricated into various types of advanced FCEs for diverse wearable energy and 

sensing applications. 

This Ph.D. project is devoted to the design, fabrication, characterization and application 

of novel carbon-based FCEs. Employing a series of facile, efficient and scalable 

fabrication techniques, we first explore the engineering of three types of carbon-based 

paper-like films. Afterwards, these carbon-based paper-like films are either directly 

developed into high-performance flexible solid-state supercapacitor (FSSSC) electrodes, 

or utilized as flexible substrates to further load redox-active transition metal oxides 

(TMOs) or chalcogenides (TMCs) and construct bifunctional FCEs for both 

supercapacitive energy storage and biomolecule sensing. 

The first case introduces a novel strategy for the fabrication of nitrogen-doped hybrid-

dimensional nanocarbons (N-RGO-CNT-CBNP) based paper electrodes (N-RGO-CNT-

CBNP-Ps) for FSSSCs. Three types of representative nanocarbons including reduced 

graphene oxide (RGO) nanosheets, carbon nanotubes and carbon black nanoparticles 

are used as building-block materials to synergistically construct N-RGO-CNT-CBNP via 

facile and low-cost solution processing. With melamine as a multifunctional additive, 

both a three-dimensional highly-porous structure and a high nitrogen-doping level can 

be achieved by N-RGO-CNT-CBNP. A facile multi-step filtration method is further 

adopted to fabricate sandwich-structured N-RGO-CNT-CBNP-Ps. Thanks to the 

significant structural and compositional merits of N-RGO-CNT-CBNP-Ps, an N-RGO-

CNT-CBNP-P based FSSSC could exhibit ultrahigh areal specific capacitance, excellent 

cycling stability and remarkable rate capability, while meeting operational 

reliability/durability requirements of practical WBED applications. 
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In the second exploration, for improving the electrochemical behaviors of TMCs, gold 

nanoparticles (AuNPs) decorated RGO papers (RGOPs) are developed as flexible 

substrates (AuNPs@RGOPs), which are further used for loading tin disulfide nanoflakes 

anchored RGO nanosheets (RGO@SnS2). The two-dimensional self-assembly of AuNPs 

on the surface of RGO papers endows the as-obtained AuNPs@RGOPs with enhanced 

electrical and mechanical performances. Besides, by forming stable gold-sulfur bonds, 

the electron transfer between AuNPs@RGOPs and RGO@SnS2 is greatly enhanced. 

Owing to these merits, the as-fabricated FCEs (AuNPs@RGOPs//RGO@SnS2) exhibit a 

remarkable bifunctional characteristic for both supercapacitive energy storage and 

glucose sensing. 

In the third study, a microwave-assisted solvothermal method combined with thermal 

annealing is employed to synthesize copper cobaltate nanowires (CCONWs) that are 

loaded on activated graphite papers (AGPs). Mixed-acid preactivation on commercial 

flexible graphite papers effectively enriches and homogenizes their surface active sites 

for the in-situ growth of CCONWs. The as-synthesized CCONWs are highly-porous and 

uniformly grown on the surface of AGPs, and their unique micro-/nanostructure is 

capable of realizing multidimensional electron transport and rapid electrolyte ion 

diffusion. The as-fabricated FCEs (CCONWs@AGPs) are employed as supercapacitor 

electrodes, which exhibit excellent specific capacitance, as well as good rate capability 

and long-term cycling stability. Besides, they can be further used as electrochemical 

dopamine sensors, which exhibit high sensitivity, remarkable linear response and good 

anti-interference performance. 
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Resumé 

Bærbare biomedicinske elektroniske enheder (WBEDs) kan bindes til humane 

epidermale væv og bruges til at analysere forskellige sundhedsrelaterede 

kemiske/biologiske signaler. WBEDs kan fungere som en nøgleknude for et fremtidigt 

internet af medicinske ting for væsentligt at forbedre personlig sundhedsledelse. 

Slidbare sensorer og strømindretninger, der hovedsagelig består af fleksible komposit 

elektroder (FCEs), betragtes generelt som to funktionelle kerne komponenter af 

WBEDs. Derfor, udvikling af avancerede FCEs der er i stand til at realisere højtydende 

fysiologisk indeksovervågning, energilagring eller endda dem begge har tiltrukket 

betydelig forskningsmæssig opmærksomhed. I de senere år, på grund af deres flere 

funktion og ydeevne overlegenheder, kulstof-baserede papir-lignende filmer blevet 

udnyttet som avancerede substrater af FCEs. Ved rationel struktur optimering, 

kompositions regulering og overflade funktionalisering, de kan yderligere fremstilles i 

forskellige typer avancerede FCEs til forskellige bærbare energi og sensing 

applikationer. 

Denne Ph.D. projektet er afsat til design, fabrikation, karakterisering og anvendelse af 

nye kulstof-baserede FCEs. Med en række enkle, effektive og skalerbare fabrikation 

teknikker, vi undersøger først og fremmest ingeniørarbejde af tre typer kulstof-baserede 

papir-lignende filmer. Bagefter, disse kulstof-baserede papir-lignende filmer er enten 

direkte udviklet til høj-ydeevne fleksible solid stat superkondensator (FSSSC) 

elektroder, eller udnyttes som fleksible elektrode substrater for yderligere at indlæse 

redox-aktive overgang metal oxider (TMOs) eller chalcogenider (TMCs) og konstruere 

bifunktionelle FCEs for både superkapacitiv energilagring og biomolekyl sensing. 

Det første tilfælde introducerer en ny strategi for fremstilling af kvælstof-doteret 

hybrid-dimensionelle nanocarboner (N-RGO-CNT-CBNP) baserede papir elektroder (N-

RGO-CNT-CBNP-Ps) til FSSSCs. Tre typer repræsentative nanokulstofs, herunder 

reducerede grafen oxid (RGO) nanoplader, kulstof nanorørene og kønrøg nanopartikler, 

bruges som byggesten til synergistisk at konstruere N-RGO-CNT-CBNP ved hjælp af 

enkel og billig løsning. Med melamin som et multifunktionelt additiv, både en 

tredimensionel højporøs struktur og et højt kvælstof-doping niveau kan opnås ved hjælp 

af N-RGO-CNT-CBNP. En let filtrerings metode med flere trin anvendes yderligere til 

fremstilling af sandwich-struktureret N-RGO-CNT-CBNP-Ps. Takket være N-RGO-

CNT-CBNP-Ps’ betydelige strukturelle og kompositoriske fortjenester, en N-RGO-CNT-

CBNP-P baseret FSSSC kunne udstille ultrahøj areal specifik kapacitans, fremragende 
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cykling stabilitet og bemærkelsesværdig hastighed kapacitet, samtidig med opfylder 

operationelle pålidelighed/holdbarhed krav i praktiske WBED applikationer. 

I den anden efterforskning, til forbedring af de elektrokemiske opførsel af TMCs, 

guld nanopartikler (AuNPs) dekoreret RGO papirer (RGOPs) udviklet som fleksible 

elektrode substrater (AuNPs@RGOPs), som yderligere bruges til indlæsning tin disulfid 

nanoflaker forankrede RGO nanosheets (RGO@SnS2). Den todimensionale 

selvmontering af AuNPs på overfladen af RGOPs giver de opnået AuNPs@RGOPs en 

forbedret elektriske og mekaniske præstationer. Desuden, ved at danne stabile guld-

svovl bindinger, er elektron overførslen mellem AuNPs@RGOPs og RGO@SnS2 er 

stærkt forbedret. På grund af disse fordele, de som fabrikerede FCEs 

(AuNPs@RGOPs//RGO@SnS2) udstille en bemærkelsesværdig bifunktionel karakteristik 

for både superkapacitiv energilagring og glukose måling. 

I den tredje studie, anvendes en mikrobølge-bistået solvotermisk metode kombineret 

med termisk glødning til syntetisering af kobber kobaltat nanotråde (CCONWs) som er 

indlæst på aktiverede grafit papirer (AGPs). Forblanding af blandet syre på 

kommercielle fleksible grafit papirer beriger og homogeniserer deres overfladeaktive 

steder effektivt til in situ vækst af CCONWs. De som syntetiserede CCONWs er højt 

porøse og ensartet dyrket på overfladen af  AGPs, og deres unikke mikro-/nanostruktur 

er i stand til at realisere multidimensionel elektron transport og hurtig elektrolyt ion 

diffusion. De som fabrikerede FCEs (CCONWs@AGPs) anvendes som superkapacitor 

elektroder, som udviser fremragende specifik kapacitans, såvel som god hastighed 

kapacitet og langsigtet cykling stabilitet. Desuden, de kan anvendes yderligere som 

elektrokemiske dopamin sensorer, der udviser høj følsomhed, bemærkelsesværdigt 

lineært respons og god anti-interferens ydeevne. 
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Thesis structure 

The thesis is structured in eight chapters. 

 Chapter 1 provides an introduction to the background and core concepts that form 

the foundation of the Ph.D. project. 

 Chapter 2 summarizes recent advances on related research themes and educes 

focuses and significances. 

 Chapter 3 provides specific descriptions to synthetic methods of building-block 

materials for carbon-based paper-like films, fabrication processes of carbon-based 

paper-like films and characterization techniques. 

 Chapter 4 describes the characteristics of different building-block materials and 

carbon-based paper-like films. 

 Chapter 5 introduces the work on developing N-RGO-CNT-CBNP-P based FSSSCs 

with emphasis on electrode and device performances. 

 Chapter 6 presents the study on engineering AuNPs@RGOPs//RGO@SnS2 and 

exploring their applications in supercapacitive energy storage and glucose sensing. 

 Chapter 7 describes the work on developing CCONWs@AGPs and investigating 

their performances for supercapacitive energy storage and dopamine detection. 

 Chapter 8 gives conclusions to the entire Ph.D. project. 
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Motivation 

WBEDs are a class of wearable sensing devices used to detect signals (e.g., biomarkers, 

blood pressure, pulse rate and body motion, as well as many surrounding indexes) that 

can reflect or affect human health. The signals measured by WBEDs can provide a wide 

range of clinical clues that are important for point-of-care, disease prevention, early 

diagnosis and rehabilitation therapy. With the rapid development of Internet of Medical 

Things, WBEDs have shown great promise in reducing public healthcare costs and 

improving the quality of human life. High-quality personalized medicine and health 

management are increasingly requiring WBEDs to be more flexible or/and stretchable. 

WBEDs with better flexibility or/and stretchability can be more conformably attached to 

human epidermal tissues under potentially intense and frequent strain deformation, 

thereby achieving higher overall sensing performances and providing sufficient 

comfortableness for users. 

Working as their key sensing/powering elements, FCEs largely determine the 

theoretical upper limits of specific performances of WBEDs. Therefore, the development 

of WBEDs crucially relies on advances in the area of high-performance FCEs. Forging 

ahead on this route, two major aspects are being widely focused: material constituent 

and device structure. Although other novel functional materials and structure designs 

have been adopted for FCEs, carbon-based composite materials/structures still possess 

many incomparable advantages, such as excellent versatility, superior chemical and 

electrochemical stability, high environmental friendliness and low cost. In this big 

family, carbon-based paper-like films, in particular, should be paid special attention, 

owing to their remarkable structural and functional suitability for WBED applications. 

To explore rational applications of carbon-based paper-like films in FCEs, three 

representative strategies are used in this Ph.D. project for developing carbon-based 

FCEs with different structural and compositional configurations. First, an effective 

approach to multidimensional assembly and heteroatom doping of nanocarbons is 

investigated for synthesizing a high-performance supercapacitive material (N-RGO-

CNT-CBNP). The N-RGO-CNT-CBNP is further formulated into a sandwich-type 

electrode structure to fabricate N-RGO-CNT-CBNPs, which exhibit superior overall 

performances as FSSSC electrodes. Second, AuNPs are utilized for surface modification 

of RGOPs to fabricate AuNPs@RGOPs, which are further used as flexible substrates for 

loading RGO@SnS2. Introducing the two-dimensionally assembled AuNP modification 

layer onto the surface of RGOPs could endow the as-obtained AuNPs@RGOPs with 

enhanced electrical and mechanical performances. Besides, benefitting from the stable 

Au-S bond network between AuNPs@RGOPs and RGO@SnS2, the electrochemical 

behaviors of RGO@SnS2 can be effectively improved and optimized for both 
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supercapactive energy storage and glucose determination. Third, cost-effective graphite 

papers are effectively pretreated and used as flexible substrates for the in-situ growth of 

CCONWs. Owing to their enhanced electron transport and electrolyte ion diffusion, the 

as-fabricated FCE (CCONWs@AGPs) can achieve superior performances for 

supercapacitive energy storage and dopamine sensing. 

The research on carbon-based FCEs is of great significance on both theoretical material 

analysis and practical product development. I hope that the related results obtained 

during my Ph.D. study would provide some references and inspirations for the future 

development of WBEDs. 

 

Motivation Figure. Research emphases for the three kinds of FCEs engineered in this Ph.D. 
thesis: (A) multidimensional self-assembly and heteroatom doping of nanocarbons, as well as 
electrode structure regulation; (B) rational electrode surface modification by AuNPs for improving 
and optimizing electrochemical behaviors of TMC-type active material loadings; (C) surface 
activation of low-cost graphite papers and in-situ growth of TMO-type active materials. 
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List of Abbreviations 

0D  zero-dimensional 

1D  one-dimensional 

2D  two-dimensional 

3D  three-dimensional 

AC  alternating current 

AFM  atomic force microscopy 

AgNW  silver nanowire 

AGP  activated graphite paper 
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CBNPs@GP  carbon black nanoparticles pillared flexible graphene paper 
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IL  ionic liquid 

IoMT  internet of medical things 

ITO  indium tin oxide 
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  terephthalate film 
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LED  light-emitting diode 

LOD  limit of detection 
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N-doped  nitrogen doped 
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NIL  nanoimprint lithography 
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N-RGO-CNT-CBNP nitrogen-doped hybrid-dimensional nanocarbons 
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PBS  phosphate-buffered saline 
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RGO@SnS2  tin disulfide nanoflakes anchored reduced graphene oxide nanosheets 

RGOP  reduced graphene oxide paper 

RH  relative humidity 

SAGO  sulfonic acid functionalized graphene oxide 
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SEM  scanning electron microscopy 
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TEM  transmission electron microscopy 
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R□ sheet resistance 

Rct charge-transfer resistance 
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Rs solution resistance 

s the adsorption cross section area of a nitrogen molecule 

sBET specific surface area calculated based the BET theory 

t the thickness of a regular 3D conductor 

V the real-time potential in CV tests 
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VM the molar volume of liquid nitrogen 

VOF the operating voltage of a FCE-based SC 

W the width of a regular 3D conductor 

-Zim the axis indicating the imaginary part of an electrochemical impedance in a Nyquist plot 

Zre the axis indicating the real part of an electrochemical impedance in a Nyquist plot 

Zw Warburg impedance 

Δt the duration of a discharge curve in GCD tests 

ε molar extinction coefficient 

εY the longitudinal strain on a tensile test sample 

θ glancing angle 

λ the wavelength of an incident X-ray 

νm monolayer adsorbed nitrogen 

Π unit quantity 

ρ resistivity 

σ the Warburg coefficient related with electrolyte diffusion behaviors   

σf the fracture strength of a tensile test sample 

σmax the ultimate tensile strength of a tensile test sample 

σY the uniaxial stress on a tensile test sample 

ω angular frequency 
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Chapter 1 

Research background and core concepts 

1.1 Wearable biomedical electronic devices 

Wearable biomedical electronic devices (WBEDs) are a class of sensing devices that can 

be attached to human epidermal tissues and used to detect diverse signals (e.g., blood 

pressure, blood glucose, pulse rate, body motion) related to activities of human body [1]. 

If we take a broader perspective, then they could further include sensing devices that 

can monitor changes of surrounding indexes (e.g., air pollutants, pathogens) crucial to 

human health [2]. Figure 1.1a shows typical health-related data that can be obtained 

from WBEDs. These physiological and surrounding indexes can provide a wide range of 

clinical clues that are important for point-of-care (POC), disease prevention, early 

diagnosis, and rehabilitation therapy [1]. With the rapid development of internet of 

medical things (IoMT) (Figure 1.2), WBEDs have shown great promise in reducing 

public healthcare costs and improving the quality of human life [3]. The thriving market 

of WBEDs was estimated as $3.3 billion worldwide in 2015, and it is projected to reach 

$7.8 billion by 2020 with an average annual growth rate of 17.7% [4]. 

Considered from the angle of structural functionalities, WBEDs consist of two core 

functional units: sensors and power devices. Sensors equipped in WBEDs are used for 

acquiring and recognizing various health-related signals. Figure 1b (left) shows some 

representative WBEDs and potential signal types monitored by sensors in these WBEDs 

[5–10]. The sensing performances of these sensors are highly dependent on their 

sensitive and specific recognition on intensity variation of monitored signals. Therefore, 

adopting functional materials with suitable physicochemical properties for fabricating 

sensors is an essential issue. In most instances, sensors are also integrated with some 

accessories, which are a series of auxiliary functional components capable of processing 

data and making specific responses, such as signal transducing/conditioning/indicating, 

actuated sampling/treating and data caching/communicating [11,12]. Power devices in 

WBEDs (Figure 1b, right) are responsible for providing required power to the whole 

WBEDs [13–18]. Common power devices used in WBEDs include batteries, 

supercapacitors (SCs) and photovoltaics (PVs) [19]. Depending on specific working 

regions and power-supplying requirements, these power devices are suitably adopted 

and effectively integrated with sensors as well as other accessories. Recently, biofuel 
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cells (BFCs) and nanogenerators (NGs) are also receiving increased attention since they 

are leading a new approach by which energy sources can be acquired from the human 

body itself [19,20]. 

 

Figure 1.1 (a) Typical health-related data that can be obtained from WBEDs. (b) Sensors 

and power devices in some representative WBEDs. The colored dots next to the WBEDs in 

the left part stand for probable sensing data types (pink: physical signal sensing, green: 

chemical/biological signal sensing, purple: surrounding index sensing) of their sensors [5-

10,13-18]. 

1.2 Sensors in WBEDs 

From Figure 1.1a, it can be seen that sensing objects of WBEDs can be largely classified 

into two signal types, i.e. physical sensing and chemical/biological sensing. Some pivotal 

physiological signals detected by sensors in WBEDs are shown in Figure 1.3. Physical 

sensing aims to detect variations of physical (e.g., mechanical, thermal, optical, 

electrical) signals around target organs or areas. For example, it can be directly used for 

monitoring body motion, body temperature and heart rate, as well as ultraviolet (UV) 

emission and humidity around human body [22–26]. Chemical/biological sensing is 

based on molecular recognition behaviors induced by chemical, electrochemical and 

biological reactions. It can be applied for probing signals of various chemical/biological 

molecules (e.g., glucose, hydrogen peroxide (H2O2), lactate, dopamine, ammonia (NH3), 
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hydrogen sulfide (H2S)) in body fluids, exocrine secretions or surroundings [24,27]. 

Besides sensors themselves, there could be some accessories to function with sensors 

synergistically for improving sensing performances or performing specific tasks [2]. For 

example, in most cases, sensors need to be integrated with transducing systems (e.g. 

field-effect transistors (FETs)), which can transform or modulate as-collected original 

signals into more easy-to-read forms [28]. Based on sensing mechanisms of different 

sensors, variations of monitored signals can induce specific property changes of 

corresponding sensing elements. Therefore, detected by corresponding sensors and 

further transformed by some accessories in WBEDs, variations of monitored signals can 

be finally converted into more intuitionistic and manageable forms such as some optical 

(e.g., color change, light emission) and electrical (e.g., voltage, current) signal outputs to 

accomplish the whole sensing processes. 

 

Figure 1.2 Schematic of a simple IoMT network. Matter flows with dotted-type dashes 

stand for: (1) some power devices such as biofuel cells and nanogenerators which need to 

acquire energy sources from a human body; (2) some accessories can execute simple medical 
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procedures, such as transcutaneous drug delivery; (3) chemical/biological sensing require 

sampling from body fluid or exocrine secretion [2]. 

 

Figure 1.3 Typical signals detected by sensors in WBEDs [21]. 

Although diverse types of sensors have been developed and widely applied in WBEDs 

for high-performance signal sensing, among them, electrochemical sensors have 

exhibited many incomparable advantages for WBED applications [29]. First, compared 

with other types of sensors, electrochemical sensors could achieve relatively high 

sensitivity, accuracy, detection speed and operational simplicity. Second, by adopting 

suitable sensing materials and rational structural design strategies, electrochemical 

sensors are capable of sensing most of chemical/biological signals (especially small 

biomolecules and gas molecules), thereby having a broader application scope. Third, 

electrochemical sensors could be more easily downsized, which is conducive to achieving 

compact and highly-integrated structural designs for WBEDs. Fourth, signal outputs of 

electrochemical sensors are generally in the form of electrical signals, which makes 

further data transducing processes quite simple. Based on these prominent superiorities, 

electrochemical sensors are expected to be more extensively used in next-generation 

WBEDs. 

The molecular recognition behavior of an electrochemical sensor to a specific analyte is 

generally based on the electrocatalytic redox reaction of the analyte occurred on the 

electrode-electrolyte interface [30]. The electrocatalytic redox reaction can be either 

enzyme-catalyzed or enzymeless, depending on whether enzymes are involved or not 

[31,32]. Figure 1.4a illustrates the basic sensing mechanism of electrochemical sensors 

for oxidation-type glucose sensing. Catalyzed by enzymes (e.g., glucose oxidase (GOx)) or 
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enzymeless sensing materials (e.g., gold nanoparticles (AuNPs), nanocarbons), glucose is 

oxidized into gluconolactone. With the presence of an oxidant (e.g., O2), an oxidation 

product (e.g., H2O2) is produced at the same time. By determining the electrical signal 

variation induced by electron transfer occurred on the electrode, the concentration of 

glucose can be effectively monitored. It should be noted that for many enzymatic redox 

reactions, some cofactors and mediators are also required to assist the corresponding 

enzymes. 

 

Figure 1.4 (a) Schematic showing the basic sensing mechanism of electrochemical sensors 

for oxidation-type glucose sensing. E and M respectively stand for enzymes and enzymeless 

sensing materials. R and O respectively stand for reductants and oxidants. The subscripts 

of “red” and “ox” respectively stand for reduced and oxidized states. (b) The input potential 

signal waveforms of CV (left), DPV (middle) and SWV (right). (c) Schematic showing the 

fabrication and assay procedure of a typical sensor utilizing DPV for glucose detection. [36]. 

Based on adopted electroanalytical techniques, common electrochemical sensors can be 

further divided into four main categories: potentiometric, amperometric, coulometry and 

conductometric sensors [33]. Each of categories could be further classified into different 
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modalities, depending on adopted programs relevant to inputted electrical signals and 

time. Cyclic voltammetry (CV) is one of the most common method for studying sensing 

behaviors and capabilities of electrochemical sensors. In CV measurements, the working 

electrode (WE) potential is linearly ramped versus time in a set potential range 

forwardly and reversely (Figure 1.4b, left). The potential ramps may be repeated as 

many cycles as needed, and the current through the WE is plotted versus the potential 

on the WE to obtain CV curves. The current-potential relationship (especially at redox 

peaks) can reflect the electrocatalytic redox reactions occured on the WE, which can be 

further used for qualitative and quantitive analyses [34]. Besides, differential pulse 

voltammetry (DPV) and square wave voltammetry (SWV) are another two popular 

techniques for electrochemical sensing in recent years. The main difference of CV, DPV 

and SWV is their input potential waveforms. Since the evolved input potential 

waveforms of DPV and SWV (Figure 1.4b, middle and right) could realize better 

discriminations between faradaic and capacitive currents, DPV and SWV based 

electrochemical sensing could exhibit lower detection limit (by 3~4 orders of magnitude), 

higher sensitivity and faster detection speed [35]. Figure 1.4c shows the fabrication and 

assay procedure of a typical sensor utilizing DPV for glucose detection. Electrochemical 

sensing materials are first effectively mobilized onto the WE area of a commercial 

screen-printed carbon electrode (SPCE). A glucose-containing test solution or a real 

blood sample is adsorbed into a small piece of test paper, which is then attached onto 

the SPCE surface to cover the entire test area. After that, a moderate amount of 

electrolyte is added, and the glucose sensor is allowed to incubate for a short while with 

DPV finally used to determine the glucose level. In addition to these amperometric 

sensors mainly targeted on body fluid analysis, some electrochemical impedance sensors 

have also been developed recently for humidity or bacteria sensing. 

For all above-mentioned electroanalytical methods, their working mechanisms have 

been more concretely descried in some reviews on electroanalytical techniques and 

electrochemical sensors, thus we will not go into details here. It can be seen that by 

combining delicate sensing element designs with suitable electroanalytical methods, 

superior sensing performances could be achieved by electrochemical sensors for diverse 

WBED applications. 

1.3 Power devices in WBEDs 

Utilizing various energy storage technologies, power devices could store energy at one 

time for use at a later time. Based on different energy storage media, energy storage can 
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be realized through some mechanical, thermal, chemical, electric and electrochemical 

approaches [37]. Among diverse energy storage technologies, electrochemical energy 

storage exhibits many unique superiorities for WBED applications, such as remarkable 

modularity, high scalability and quick response, as well as excellent capabilities of 

simultaneously satisfying multiple function requirements [2]. 

Until now, several kinds of power devices for WBED applications have been developed, 

such as batteries, SCs, PVs, BFCs and NGs [2]. Belonging to energy conversion devices, 

PVs, BFCs and NGs can harvest energy from light radiation, biofuel oxidation or 

thermoelectric/piezoelectric/triboelectric effects. The collected energy from PVs, BFCs 

and NGs can be directly used for powering components of WBEDs. However, current 

BFCs and NGs still suffer their very low output powers and inadequate operational 

reliability [2]. On the other hand, restricted by the intrinsic instability of energy sources 

(i.e, light radiation), PVs are also incapable of providing continuous and stable power 

outputs [2]. Therefore, mainstream power solutions for WBEDs still highly rely on the 

utilization of energy storage devices represented by batteries and SCs. 

Batteries, especially lithium-ion batteries (LIBs), are one of the most prominent 

representative that are being used in almost every portable digital products in our daily 

life. A basic LIB structure consists of an anode and a cathode that are located in an 

electrolyte (Figure 1.5a). During discharge, lithium ions deintercalate from the cathode, 

move across the electrolyte and toward the anode, and finally embed in the anode 

materials. The generated current in the external circuit is used for powering electric 

loads. During charge, the electrons from the external power sources move towards the 

cathode and recombine with deintercalated lithium ions from the anode at the cathode. 

A membrane is used for mechanically separating the two electrodes to avoid short 

circuit. LIBs have exhibited many unique merits for WBED applications, such as high 

specific energy, high operating voltage, high charge rate and low self-discharge effect [2]. 

Some other types of rechargeable batteries, such as sodium-ion, lithium-air and lithium-

sulfur batteries have also been greatly developed in recent years [2]. However, great 

research efforts are still required to further improve the operational stability, reliability 

and safety of batteries for next-generation WBEDs. 

Except for LIBs, SCs have also attracted tremendous attentions in recent years. Unlike 

conventional electrolytic capacitors generally employ two parallel metal plate electrodes 

and a dielectric interlayer, SCs consist of two electrodes and an electrolyte, which can 

store dozens to thousands times more energy per unit volume/mass than those of 

conventional electrolytic capacitors [39]. SCs store energy by two mechanisms: electrical 

double-layer capacitance (EDLC) and pseudocapacitance (PC) (Figure 1.5b) [2]. EDLC 
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arises from the formation of an electrical double layer upon the polarization effect of an 

electrode-electrolyte interface when affected by an applied external voltage. The 

accumulation of positive and negative carriers on electrodes with opposite charges leads 

to charge separation at the electrode-electrolyte interface rapidly and reversibly [40]. PC 

involves a fast and reversible transfer of Faradaic charges that is based on ion 

intercalation or/and redox processes of electrode materials. Unlike the charge separation 

process of EDLC confined in the electrode/electrolyte interface, the generation of PC can 

even occur in the bulk phase of PC materials. In spite of its lower cyclic stability, PC can 

achieve a much higher specific capacitance and specific energy than those of EDLC (10 

to 1000 times) [40]. Although the underlying working mechanisms of EDLC and PC are 

different, the overall behaviors of EDLC and PC are similar. Compared with common 

batteries, the higher power density, higher charge rate and longer cycle life of SCs make 

them very competitive for fulfilling evolved power requirements of next-generation 

WBEDs [2,39,40]. 

 

Figure 1.5 (a) Schematic showing the charge-discharge processes of a typical LIB [38]. (b) 

Schematic showing the formation processes of EDLC (left) and PC (right) [40]. 

1.4 Structural design and integration of WBEDs 

With regard to mainstream WBEDs currently dominating the global market, most of 

their sensors are still engineered and fabricated on conventional printed circuit boards 
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(PCBs), which are mainly constituted by inorganic semiconductor (e.g., silicon (Si), 

germanium (Ge), gallium arsenide (GaAs)) based electronic elements, printed metal 

(e.g., copper (Cu), aluminum (Al)) wirings and resin-based supporting substrates. These 

components are generally quite rigid, making as-fabricated sensors lack flexibility 

or/and stretchability and the corresponding full WBEDs lack conformability and 

portability [41]. On the other hand, commonly employed power devices, such as Li-ion 

batteries (LIBs), are also rigid and planar. Their electrode active materials may detach 

from metal current collectors during repeated deformation, resulting in irreversible 

performance degradation [42]. Due to this distinct structural mismatch between 

rigid/planar structural units and soft/curvilinear human body, conventional WBEDs 

often fail to exhibit their optimal overall performances and provide sufficient 

comfortableness for users under potentially intense and frequent strain deformation 

[43]. Thus, owing to urgent demands of next-generation WBEDs with better 

deformability and body compliance, worldwide academic and industrial circles are 

imminently eager to effectively integrate enhanced flexibility or/and stretchability into 

newly-developed wearable sensors and power devices. Specifically speaking, in addition 

to achieving those basic sensing/power-supplying performance indexes, sensors and 

power devices applied in next-generation WBEDs should also meet the following 

requirements: (1) they can function properly in a suitable elastic deformation range, and 

the broader the better; (2) even after several deformation processes, they can recover 

their mechanical and sensing/power-supplying performances without any obvious 

irreversible degradation [44]. 

Aiming to achieve better flexibility or/and stretchability, there are generally three main 

engineering strategies. First, adopting cutting-edge micro- and nanomanufacturing 

technologies to process conventional PCB materials in unconventional ways could 

provide some alternative solutions. This is based on the fact that with decreasing 

material thickness, material bending stiffness will also decrease. Therefore, compared 

with corresponding bulk rigid materials, machined materials with micro- or even 

nanoscale thickness could be more flexible [45]. A previous study has shown that the 

flexural rigidity of Si nanomembranes with 2 nm thickness can be theoretically 15 

orders of magnitude smaller than those of Si wafers with 200 mm thickness [45]. 

Unfortunately, heavy uses of these highly-precise techniques will bring theoretical 

fabrication costs of WBEDs greatly increase to an unbearable level. Besides, many 

materials used in sensors and power devices of WBEDs are not suitable for being 

processed by this way. Second, inspired by diverse natural structures and phenomena, 

many fascinating structural designs have been utilized to endow components of WBEDs 

(especially power devices) with greatly enhanced flexibility or/and stretchability, such as 
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buckling design, serpentine design, origami design, and textile design [42]. However, 

these designs are non-intrinsic, which means they cannot change flexibility and 

stretchability of every single structural unit. When adopting these designs, how to 

realize effective structural integration of different functional units without affecting 

sensing performances and user comfortableness is also worthy of consideration. Third, 

developing new classes of intrinsically flexible/stretchable materials and realizing their 

effective replacement for rigid materials used in sensors and power devices of 

conventional WBEDs have received extensive attention. Diverse zero-dimensional (0D), 

one-dimensional (1D) and  two-dimensional (2D) nanomaterials as well as some further 

assembled composite structures (Figure 1.6) have been employed for constructing 

functional units of several novel prototypes of WBEDs [46]. Many of them have achieved 

quite noticeable improvements on overall device performances and offer potential 

promise to further technological upgrades. However, these studies remain in infant 

stages of development and still have some intrinsic problems related to material 

synthesis and device fabrication need to be addressed. 

1.5 Flexible composite electrodes for WBEDs 

From the discussion in Section 1.2 and 1.3, it can be seen that electrochemical 

techniques are playing a dominant role in technical fields of both electrochemical 

sensing and supercapacitive energy storage for WBED applications. Therefore, 

developing advanced flexible composite electrodes (FCEs) capable of realizing high-

performance physiological index monitoring, supercapacitive energy storage or even 

them both is of great significance for the development of next-generation WBEDs. 

Typical structures of FCEs for electrochemical sensing can be roughly divided into two 

basic structural types. The first type utilizes the surface of flexible substrates to load 

electrochemical sensing materials. Plastic films, polymer elastomers, yarns, textiles and 

papers are often adopted as flexible substrates for this case, which are generally non-

electroconductive and redox-inert, and only used for providing adequate flexibility to the 

whole FCE structure. A significant advantage of using these substrate materials is that 

the as-fabricated FCEs are highly-compatible with daily-used wearables such as clothes 

and adornments. In recent years, some novel conductive nanomaterials, nanostructures 

and polymers, such as AuNPs, silver NWs (AgNWs), CNTs, nanoporous gold (NPG) and 

poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), are introduced 

for surface modification of these flexible substrates. This kind of surface modification 

could endow the original flexible substrates with increased electrical conductivity, and 
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provide improved working interfaces for enhancing performances of electrochemical 

sensing materials. Figure 1.7a shows an example of this type of FCE, which is 

fabricated on a flexible polyimide (PI) substrate via a PCB fabrication process combined 

with further chemical/electrochemical modification. The as-fabricated component 

includes a whole three-electrode set-up for electrochemical measurements, which means 

except for the FCE (i.e., WE), a reference electrode (RE) and a counter electrode (CE) 

are also directly fabricated on the same flexible substrate. Through a series of 

procedures including inkjet printing, electrodeposition and electropolymerization, GOx 

is finally immobilized onto the graphene layer together with AuNPs to construct the 

core sensing element for glucose-specific detection. 

 

Figure 1.6 Nanomaterials, their structural assembly, device design and system integration 

for WBEDs. a) Typical nanomaterials in different dimensions: magnetite nanoparticles 

(NPs, 0D, left-top), silver nanowires (NWs, 1D, right-top), graphene (2D, left-bottom), and 

Si nanomembranes (2D, right-bottom). b) Representative structural-assembly methods: 

Langmuir-Blodgett assembly of the NPs (left-top), molding of nanocomposites using a 

photo-curable polymer (right-top), additive transfer printing of Si nanomembranes (left-

bottom), and intaglio transfer printing of quantum dots (QDs, right-bottom). c) Typical 

device designs for flexible or/and stretchable components: ultrathin organic transistor array 

(left-top), buckling of graphene (right-top), serpentine-shaped interconnection composed of 

ultrathin metal film (left-bottom), and percolated structure of carbon nanotubes (CNTs, 

right-bottom). d) Device integration: sensors (pH, glucose, humidity, and tremor sensor; 

left-top), actuators (heater, right-top), memories (left-bottom), and displays (QD and 

polymer light-emitting diode (LED); top and bottom, respectively in the right-bottom frame) 

[46]. 
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Although all of above approaches are quite inspiring for the development of WBEDs 

with better deformability and body compliance, achieving good intrinsic material 

flexibility or/and stretchability, and retaining them by simple and rational structural 

designs is still a predominant research orientation. For this purpose, tremendous 

research efforts are being demanded from physicists, chemists and material scientists, 

in addition to researchers working in the areas of biomedical science and engineering. 

 

Figure 1.7 (a) Schematic showing a FCE fabricated on a flexible polyimide (PI) substrate 

for enzymatic glucose sensing [47]. (b) Schematic showing the preparation process of 

flexible freestanding PdNPs@RGOPs [48]. 

The second type of FCEs are based a freestanding design, which means no other 

substrates are needed to provide mechanical supporting for electrode materials, as well 

as flexibility to the whole FCEs. Figure 1.7b shows a glucose-sensing FCE fabricated 

based on flexible freestanding palladium-nanoparticles-modified reduced graphene 

oxide papers (PdNPs@RGOPs), which are prepared by vacuum-filtrating a mixture of 

reduced graphene oxide (RGO), palladium nanoparticles (PdNPs) and polyvinyl 
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pyrrolidone (PVP). The glucose-sensing mechanism of this type of FCEs is based on the 

superior electrocatalytic activity of PdNPs on glucose oxidation. It should be noted that 

the RE and the CE in this case should be arranged as separate components, since they 

cannot be prepared together with the WE (i.e., the as-prepared FCE). Carbon based 

flexible paper-like films, such as CNT papers and reduced graphene oxide papers 

(RGOPs), have often been applied as this type of FCEs, which possess good intrinsic 

electrical conductivity and physicochemical stability. 

 

Figure 1.8 (a) Schematics of laser-patterning flexible hydrated GO films to fabricate RGO-

GO-RGO structured devices with in-plane (upper-left) and out-of-plane (upper-right) 

geometries. The bottom row shows photos of patterned films [49]. (b) Schematic showing 

the structure and ion transport for a compact film, a porous film and a Janus film (left), and 

photos of an as-fabricated flexible freestanding film (middle) and an out-of-plane SC [50]. (c) 

Schematic showing the fabrication process of sandwich-structured NCO/CNT/NCO papers 

(left) and photo of a further fabricated out-of-plane SC (right) [51]. 

Typical structures of FCEs for supercapacitive energy storage are roughly similar with 

those for electrochemical sensing. A main difference is that aiming for achieving better 
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supercapacitive energy storage performances on FCEs, further elaborate electrode 

structure designs could be adopted. For example, processed by screen-printing or 

patterned-etching, some in-plane graphene oxide (GO) based micro-SCs with an 

interdigitated electrode structure have been fabricated (Figure 1.8a). Compared with 

common out-of-plane structural designs, SCs with these in-plane patterned structural 

configurations could be more easily integrated with sensors and other components. 

Besides, unlike those used for electrochemical sensing, flexible freestanding films used 

for supercapacitive energy storage do not have to be homogenous. On the contrary, 

gradient-distributed (Figure 1.8b) or well-defined multilayered (Figure 1.8c) structures 

could endow the as-fabricated FCEs with enhanced supercapacitive energy storage and 

mechanical performances. 

1.6 Performance evaluation of FCEs for WBEDs 

To reasonably compare various FCEs for WBEDs, a set of performance evaluation 

system has been gradually developed. In this section, some major performance 

parameters related with electrochemical sensing, supercapacitive energy storage, 

electroconductive and mechanical properties of FCEs are introduced. 

1.6.1 Electrochemical sensing performances 

Figure 1.9a and 1.9b respectively shows CV curves measured by a dopamine sensor, 

DPV curves obtained from a glucose sensor, and their calibration curves based on peak 

current values and the corresponding analyte concentrations. It can be seen that by 

utilizing appropriate electroanalytical techniques, after effective signal recognition and 

processing, the information about concentrations of monitored species can be converted 

into intuitive current or voltage values for further analysis. Broadly speaking, 

parameters for evaluating electrochemical sensing performances can answer the 

following questions: (1) how the sensor’s output changes in response to the input change; 

(2) how external or internal interferences can influence its response, and (3) how steady 

the operation of a sensor can be. Some of the most essential parameters of an 

electrochemical sensor are briefly described as follows and illustrated in Figure 1.9c. 

The measurement range of an electrochemical sensor describes the maximum and 

minimum values of the measurand that can be measured. All electrochemical sensors 

are designed to be capable of functioning over a specific measurement range. Signals 

obtained outside of the measurement range are considered to be inaccurate or even 

meaningless. Sensitivity is defined as the ratio of the increment in electrochemical 
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sensors’ signal output (Δy) to the increment in the measurand (Δx). Generally, in a 

certain measurement range, a relatively high value of sensitivity means higher accuracy 

and easier measurement control. Based on actual measured data, a calibration curve 

can be first set up, whose slope is then used for evaluating sensitivity. For an ideal 

electrochemical sensor, it should possess a high and constant value of sensitivity in its 

entire measurement range. With regard to a practical instance, for the fitted curve in 

Figure 1.9d, the sensitivity of measurements in section 1 (Δy1/Δx1) is higher than that in 

section 2 (Δy2/Δx2). Besides, it can be seen that the electrochemical sensor will 

eventually come to a saturation state, under which the sensor will give no respond to 

any further measurand variation. For an electrochemical sensor working in its 

measurement range, a calibration curve with a wider linear range and a higher linearity 

are favorable, since it can not only effectively reduce comprehensive systematic errors 

and improve accuracy, but also greatly simplify data processing. For practical sensing 

applications, the linear range of an electrochemical sensor would be better to cover the 

entire actual variation range of the measurand, since it should be very conducive to 

ensuring high measurement accuracy and normal service life for the electrochemical 

sensor. Selectivity is an electrochemical sensor’s capability to sense a targeted 

measurand with the presence of other interferents. If an electrochemical sensor shows 

almost no response to other interferents, it can be consider as a very selective one. When 

practically developing an electrochemical sensor, besides realizing effective signal 

responses to the measurand variation, potential interferents should also be suitably 

adopted and tested for describing the selectivity of the sensor. The limit of detection 

(LOD) of an electrochemical sensor is the minimum quantity of the analyte that can be 

distinguished from the absence of the analyte (i.e., the blank value) with a stated 

confidence level (generally 99%). LOD can be evaluated based on the mean and the 

standard deviation of the blank value, as well as some confidence factors. Aiming to 

achieve a low LOD value, possible interference factors should be first adequately taken 

into account. Otherwise, it will be difficult to accurately extract a clear blank signal, 

especially when the interference factors are quite relative to the measurand. A general 

recognition for LOD is that LOD is three times of the standard deviation of the blank 

value. In addition to LOD, limit of quantification (LOQ) is another important parameter, 

which is defined as the minimum quantity of the analyte that can be quantified to a 

reasonable level of accuracy and precision. LOQ is usually ten times of the standard 

deviation of the blank value. 

Aside from the above, there are still many performance parameters that are regularly 

used for describing characteristics of electrochemical sensors and their sensing 

processes, such as repeatability, response/recovery time, stability and reproducibility. 
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Their definitions and calculation methods have been introduced in some textbooks and 

review papers on electroanalytical chemistry, thus we will not go into their details. 

 

Figure 1.9 (a) Changes in CV signals with varying concentrations of dopamine (left) and 

linear correlation between dopamine concentration and intensity of the reduction current 

calculated from the CV signals (right). (b) DPV curves obtained from a glucose sensor in the 

presence of glucose with different concentrations (left) and the relationship between glucose 

concentrations and current signals (right). (c) Schematic showing some of the most 

essential parameters for evaluating sensing performances. (d) A calibration curve can be 

used for calculating the sensitivity in different variation intervals of the input signal. 
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1.6.2 Supercapacitive energy storage performances 

As described in Section 1.3, EDLC and PC are two possible mechanisms for SCs to store 

energy. Based on them, three kinds of SCs including EDLC, PC and EDLC-PC hybrid 

types have been developed. In spite of different working mechanisms and output 

characteristics of these SCs, parameters used for evaluating their performances are 

basically same, which mainly include operating voltage, specific capacitance, specific 

energy, specific power and equivalent series resistance. Generally, they can be acquired 

or calculated from fundamental signals (i.e., voltage, current, time) measured by three 

important electroanalytical techniques: CV, galvanostatic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS). In addition, by rationally tuning the 

settings used in electrochemical measurements, the obtained data sets can be further 

used for evaluating other characteristics of SCs such as cycling stability and rate 

capability. 

There are two common modes of experimental set-ups widely used for observing 

supercapacitive performances: three-electrode and two-electrode (Figure 1.10a). In the 

three-electrode mode, except for a WE (i.e., the measured electrode), a RE is responsible 

for precisely controlling electrode potentials, and a CE is used for forming a complete 

measuring circuit. Benefitting from their assistance, electrochemical behaviors 

measured in the three-electrode mode is relatively close to ideal operating statuses of 

the WE. Thus, the three-electrode mode is more suitable for accurately determining the 

theoretical performances of electrode materials or individual electrodes. On the other 

hand, the two-electrode mode is often used for observing operating characteristics of full 

SC device prototypes. A full SC device is at least composed of two electrodes and an 

electrolyte. Other components such as separators, external packing and terminals could 

also be contained. Therefore, electrochemical behaviors measured in the two-electrode 

mode is relatively close to actual operating statuses of power devices, since the overall 

design and fabrication quality of the full SC device can also be reflected. Due to the 

significant distinction on actual operating statuses and influence factors under the two 

modes, it is not suitable to directly compare results obtained from three-electrode tests 

with those obtained from two-electrode tests. 

The operating voltage of a FCE (VO, V) is a suitably adopted working potential window 

for the FCE to operate normally and properly. A relatively large VO value is favorable 

since it is conducive to delivering higher specific energy and power. A major factor 

affecting VO is the thermodynamic stability of the adopted electrolyte and electrode 

materials. Adopting VO with a too large value can result in the decomposition of the 

adopted electrolyte or electrode materials, thereby greatly impairing the overall 
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performances and service life of the FCE. CV operated with a three-electrode set-up is 

often used to determine the VO of a FCE (Figure 1.10b, left). Starting with a lower 

voltage applied on the FCE, by slowly enlarging the working potential window, the 

shape variation of CV curves can be effectively monitored. Before current spikes related 

with irreversible electrode reactions such as electrolyte decomposition appear at the 

boundary of the potential window, the maximum potential window within which the 

shape of CV curves keeps approximately stable can be adopted as VO. The same process 

can also be used for determining the operating voltage of a FCE-based SC device (VOF, V) 

in a two-electrode set-up (Figure 1.10b, right). 

The total capacitance of a FCE (CT, F) is a reflection of its stored charge (Q, C) under a 

given operating voltage VO: 

�� =
�

��
    (1-1) 

CT is only applicable for describing the charge storage capability of a specific FCE under 

a given condition. For comparing the supercapacitive energy storage capability of 

different kinds of FCEs more reasonably, specific capacitance is more frequently used. 

The specific capacitance (CS, F per unit quantity) of a FCE is defined as the charge 

storage capability of the FCE per unit quantity: 

�� =
�

���
    (1-2) 

where Π is the unit quantity (e.g., unit mass, length, surface area or volume), which can 

be suitably adopted depending on its convenience and reasonability in specific studies. 

Cs can be calculated from the results of either CV (Figure 1.10c) or GCD (Figure 1.10d) 

tests. By the CV method, 

�� =
∫ ����

�����
    (1-3) 

where ic (A) is the absolute value of the real-time current, V (V) is the real-time 

potential and v (V s-1) is the scan rate. By the GCD method, 

�� =
����

��� 
    (1-4) 

where ig (A) is the discharge current and Δt (s) is the duration of a discharge curve. The 

specific capacitance of a FCE-based full SC device (CSF, F per unit quantity) can be 

calculated based on the same process but in a two-electrode set-up. Even if a same 

electrode material is used, CSF should be lower than CS. Ideally, taking a symmetric SC 

consisting of two identical FCEs as an example, the mass specific capacitance of the SC 
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(CSF,m, F g-1) should be a quarter of the mass specific capacitance of the same individual 

FCE (CS,m, F g-1). Considering actual impacts from the electrolyte and other components, 

the measured CSF,m would be even lower. Therefore, before directly comparing the 

specific capacitances reported in literatures, their specific measurement conditions 

should be first examined to confirm the validity of the comparison. 

 

Figure 1.10 (a) Schematics showing the three-electrode (left) and the two-electrode (right) 

set-ups. CE, CE1 and CE2 respectively present the capacitances of corresponding electrodes. 

For the two-electrode set-up, the two electrodes can be either same (symmetric) or different 

(asymmetric), but the capacitance should be identical. (b) CV curves at different potential 

windows to determine the VO of individual electrodes (left, with a three-electrode set-up) 

and the VOF of a full SC device (right, with a two-electrode set-up). (c) (left) CV curves of an 

EDLC-PC hybrid-type material measured at different scan rates. The bright and shadow 

areas represent the capacitance contributions from PC and EDLC respectively. (right) A 

comparison of the capacitance contributions from PC (Credox) and EDLC (Cdl) calculated by 

integrating the corresponding areas from CV curves. (d) Schematic showing the GCD curve 

of a FCE (or a FCE-based SC device) with the shadow area representing its CS (or CSF). 

The cycling stability of a FCE can reflect its operational durability and reliability. The 

cycling stability of a FCE can be evaluated from the results of either CV or GCD tests. 

After determining a suitable potential window with a width of VO, by the CV method, a 

scan rate of 5~50 mV s-1 can be adopted to conduct 104~106 CV cycles. Similarly, by the 

GCD method, a current density of 0.5~20 A g-1 can be adopted for conducting 104~106 

GCD cycles. It is not suitable to use an extremely high (or low) scan rate or current 

density due to their excessive deviation from actual operating conditions. The overall 

variation of the specific capacitance after CV or GCD cycling can reflect the capability of 
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the measured FCE to retain its initial capacity during continuous services. Apparently, 

under a given condition, a higher capacitance retention indicates a better cyclic stability 

of the measured FCE. 

The rate capability of a FCE can reflect its operational performances at different output 

intensities. Generally, at higher output intensities, due to the increased energy loss on 

internal resistance and a more incomplete electrode process, the obtained specific 

capacitances are significantly lower than those obtained at lower output intensities. 

Therefore, benefitting from its rapid electrode process and high charge-discharge 

efficiency, a FCE with superior rate capability can deliver better overall operational 

performances for high power applications, thereby significantly extending its potential 

application scope. The rate capability of a FCE can also be tested by either CV or GCD 

tests. After determining a suitable potential window with a width of VO, CV or GCD 

curves can be recorded at different scan rates or current densities. Then the calculated 

specific capacitances at different scan rates or current densities can be used for 

evaluating the rate capability of the FCE. Just like the investigation on cyclic stability, 

under a given condition, a higher capacitance retention indicates a better rate capability 

of the measured FCE. 

Specific energy and specific power are primary figures of merit for an actual power 

device, since they are two of the most significant indexes relevant to end applications. 

As the name implies, the mass specific energy (ESF,m, W h kg-1) or power (PSF,m, W kg-1) 

of a FCE-based SC is its stored energy or suppliable power per kilogram. ESF,m and PSF,m 

can be calculated from the data obtained in a two-electrode set-up via: 

���,� =
����
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In addition, although there are some controversies on their practical significance, in 

many literatures, the mass specific energy (ES,m, W h kg-1) and power (PS,m, W kg-1) of an 

individual FCE measured in a three-electrode set-up are also given for reference. When 

reporting the cycling stability and rate capability of a FCE or a FCE-based SC device, 

giving an introduction on the electrolyte composition and device structure is favorable, 

since they both could deliver a significant impact. 

Actual FCEs or FCE-based SC devices have impedances, which can dissipate the stored 

energy, thereby reducing the overall charge-discharge efficiency. EIS studies the 

response of an electrochemical system to different alternating current (AC) frequencies 

with a small amplitude (normally 5 mV) at a fixed test potential (normal open circuit 
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potential), which is a major research tool for analyzing the impedances of FCEs or FCE-

based SC devices. Data from EIS can be modelled into a well-fitted equivalent circuit 

(EC), in which resistances, capacitances or inductances are suitably combined in 

parallel or series as needed to represent various physicochemical parameters or 

electrochemical processes of the measured system, thus reflecting its impedance 

characteristics. A Randles EC is a representative EC used to interpret the impedances 

of FCEs or FCE-based SC devices. As shown in Figure 1.11a, components in a Randles 

EC consists of a solution resistance Rs (Ω), an EDLC Cdl generating at the electrode-

electrolyte interface (F), a charge-transfer resistance Rct (Ω) and a Warburg impedance 

related with electrolyte diffusion Zw (Ω). Plotting a Nyquist plot (Figure 1.11b) is the 

most widely used way to visualize and determinate the above elements in the Randles 

EC. In a Nuquist plot, X and Y axes (i.e., Zre and -Zim axes) respectively indicate the real 

and the imaginary parts of an electrochemical impedance. The semicircle observed at 

high frequencies corresponds to the electron transfer limited process, and the linear part 

at lower frequencies stands for the electrolyte diffusion limited process. The intercept of 

the semicircle at high frequencies with X axis is equal to Rs, while the other intercept of 

the semicircle extrapolation at lower frequencies with X axis is equivalent to the sum of 

Rs and Rct. Cdl is calculated from the frequency at the maximum of the semicircle. Zw 

can be determined by extrapolating the 45° line to the X axis. 

 

Figure 1.11 (a) Schematic showing a Randles EC. (b) A Nyquist plot used for visualizing 

and determinating the corresponding elements in the Randles EC. (c) Schematic showing a 

simple series resistor-capacitor circuit for fitting the impedances of SCs. 

By further simplification, the impedances of FCE-based SC devices can be treated as 

quasi-ideal systems consisting of a capacitor in series arrangement with a resistor 

(Figure 1.11c). The resistance of this resistor is usually called the equivalent series 

resistance RES (Ω). Apparently, a relatively small RES value is conducive to achieving 

higher system efficiency and operational reliability for the corresponding FCE-based SC 

devices. The commonly used method to calculate RES is through the analysis on the 

voltage drop at the initial stage of discharge curves from GCD tests. Besides, RES can be 

also acquired from EIS tests by using the real part of the impedance at 1 kHz. A major 
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application of the obtained RES value is that it can be used to further calculate the 

maximum mass specific power PSF,max of FCE-based SC devices (W kg-1): 

���,��� =
���

�

�����
   (1-7) 

More detailed descriptions and discussions on the evaluation system for supercapacitive 

energy storage performances can be found in some reviews. 

1.6.3 Electroconductive, mechanical and other performances  

Except for the above-mentioned primary functional characteristics, some other basic 

properties (e.g., electrical conductivity, mechanical strength) of FCEs can also produce 

significant impacts on their final practical performances. These properties can be either 

directly measured by corresponding kinds of instruments, or indirectly analyzed by 

investigating electrochemical sensing or supercapacitive energy storage performances 

with rational experimental designs. 

For FCEs, a high surface electrical conductivity is favorable since it can guarantee good 

connections between the FCEs and other circuit components with low energy loss. Sheet 

resistance R□ (Ω) is a measure of the lateral resistance through a square (i.e., the 

resistance between opposite sides of a square) of material thin film. R□ is a common 

electrical property used for characterizing the surface electrical conductivity of 

conducting or semiconducting thin films that are nominally uniform in thickness. For a 

regular three-dimensional (3D) conductor (Figure 1.12a, left), its resistance R (Ω) can be 

written as: 

� = �
�

�
    (1-8) 

where ρ (Ω m) is the resistivity of the material, A (m2) is the nominal cross-section area 

and L (m) is the length. Since the cross-section area A can be split into the width W (m) 

and the thickness t (m) (Figure 1.12a, right), the resistance R (Ω) can be then written as: 

� = �
�
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For a square, L is equal to W. Therefore, R□ (Ω m) can be calculated by: 

  �□ =
�

�
    (1-10) 

The unit of this equation resolves to ohm (Ω). However, the common unit for R□ is ohm 

per square (Ω □-1), which is dimensionally equal to ohm (Ω). The reason of using ohm per 

square (Ω □-1) is that it can avoid R□ to be misinterpreted as R. A major superiority of 

measuring R□ over other resistance properties is that its independence of the measured 
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square size enables an easy comparison between different material thin films. Besides, 

by using a four-point probe method, R□ can be directly measured without conducting a 

tedious calibration process. Therefore, determining the R□ of electrode thin films is 

widely used to analyze electrode material constituents and inspect the fabrication 

quality of FCEs. 

In some cases, multimeters can be simply used for measuring the resistance of 

freestanding conductive films in the perpendicular direction to the film surface. The 

results are very useful for analyzing the film uniformity. However, achieving accurate 

and nondestructive measurement is highly dependent on rational and elaborate 

experimental designs, which could be quite challenging. 

The purpose of measuring mechanical properties of FCEs is for investigating their 

capability to maintain their basic functions under a given stress condition, and critical 

conditions to cause function failures due to rigid deformation or elastic fatigue. A tensile 

test is a fundamental material engineering test in which a macroscopic material sample 

is subjected to a controlled tension until its structural failure. Via a tensile test, a 

stress-strain curve of the sample can be plotted (Figure 1.12b), and an ultimate tensile 

strength can be directly measured. The sample will first undergo an elastic deformation 

stage after a tension is applied to stretch it. Since elastic deformation behaviors obey 

Hooke's Law, in the initial part of the stress-strain curve, the strain is in proportion to 

the stress. To introduce the stiffness of the sample, Young’s modulus EY (Pa), which is 

defined as the ratio of uniaxial stress to longitudinal strain in the linear elasticity 

region of a uniaxial deformation, is equal to the slope of this linear part: 

�� =
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��
    (1-11) 

where σY (Pa) is the uniaxial stress and εY (unitless) is the longitudinal strain. σY and εY 

can be calculated by the following equations: 

�� =
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where Fn (N) is the applied tensile force, A0 (m2) is the nominal cross-section area of the 

sample, L0 (m) is the initial length of the sample and Ln (m) is the final length of the 

sample. Further increasing Fn, the sample will undergo a plastic deformation stage and 

the relationship between the stress and the strain becomes nonlinear. The linear-

nonlinear turning point is defined as a yield point. In the plastic deformation stage, 

even if Fn is eliminated, the sample still cannot completely recover to its initial state. 
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The plastic deformation is homogeneous in the beginning until the sample comes to its 

ultimate tensile strength (σmax). Then, the plastic deformation becomes inhomogeneous. 

Necking and elongation occur rapidly with σY gradually decreasing until the sample 

fracture. The σY measured when the fracture occurs is defined as the fracture strength 

(σf). Tensile tests could have a variety of purposes, such as optimizing material 

constituents and structural configurations for FCEs used in specific application 

scenarios, and predicting how FCEs will perform in practice. 

The flexibility of FCEs can be indirectly investigated from their electrochemical sensing 

or/and supercapacitive energy storage performances. Under different bending states or 

after different numbers of bending cycles, CV curves of FCEs can be recorded for 

comparison. The variation of calculated specific capacitances can be used for evaluating 

their flexibility towards practical applications. In addition, investigating the variation of 

the electrical conductivity of FCEs after different numbers of bending cycles could 

provide additional insight for evaluating the flexibility of FCEs. 

Except for electrochemical characteristics, in some studies, the optical characteristics 

(e.g., electrochromism and electrochemiluminescence) of FCEs are also studied and 

utilized to construct sensors with multiple sensing modes. Ultraviolet-visible (UV-Vis) 

and fluorescence spectroscopy techniques are main approaches to analyze these optical 

characteristics. For simultaneously realize effective optical sensing on FCEs, how to 

accurately subtract background signals could be a main challenge. Since these are not 

very relevant to the project, we will not go into details here. 
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Figure 1.12 (a) Schematic showing the geometry for defining resistivity (left) and sheet 

resistance (right). In both cases, the current is parallel to the direction of L. (b) Schematics 

showing different sample statuses (left) and the corresponding stress-strain curve under a 

uniaxial tension. 
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Chapter 2 

Research progresses in the development of FCEs for 

WBEDs 

After introducing the research background of the Ph.D. study as well as some related 

basic concepts, research advances on representative types of FCEs for electrochemical 

sensing or/and supercapacitive energy storage are respectively described in this chapter. 

The focus and significance of the Ph.D. study are further drawn and highlighted. 

2.1 Advanced FCEs for electrochemical sensing 

Under the quick pace of modern life, people hope to conduct their routine biochemical 

analyses and obtain tentative diagnosis results simpler and faster. However, making 

appointments with clinics frequently, lining up for visiting doctors or waiting for the 

examination of analytical instruments could be very time-consuming and vexatious, 

which are expected to be reduced as much as possible. The rapid development of FCEs 

for electrochemical sensing could help us achieve such a goal through realizing 

continuous POC monitoring of major biomarkers in body fluid or exocrine secretion. 

Besides, FCEs for electrochemical sensing are also very useful for monitoring indoor air 

quality and realizing real-time, dynamic and customized environmental control. 

Combined with some other functional components such as real-time actuation units for 

treatment (e.g., drug release), this could also be a very feasible and convenient solution 

for diagnosis and therapy to many chronic or homeostasis-related diseases. Depending 

on specific purposes and designs of FCE-based electrochemical sensors, the working 

mechanisms of corresponding FCEs vary greatly. Therefore, in this section, I classify 

and describe different FCE-based electrochemical sensors by the locations of their 

analytes. 

2.1.1 Advanced FCEs for body fluid analysis 

Body fluid analysis is one of the most common and critical techniques in clinical 

medicine. Monitoring variations of representative biochemical indexes of body fluid can 

be directly used for rapid and precise clinical diagnosis. 
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Blood glucose monitoring has been established as one of the most valuable tool in the 

management of diabetes. He et al. presented a novel type of flexible electrodes based on 

platinum (Pt)-gold (Au) alloy nanoparticles (PtAuNPs) decorated RGO-CNT-ionic liquid 

(IL) composite loaded graphene papers (GPs), and explored their application in 

electrochemical enzymeless glucose sensing of human blood samples [148]. GPs were 

prepared by roll-printing GO aqueous dispersion onto a piece of commercial printing 

paper, followed by hydroiodic acid reduction. GO and CNT mixture dispersion was 

hydrothermally reduced to prepare a 3D ‘skin-skeleton’ structural aerogel, which was 

further ground with IL to prepare a gel ink. The gel ink was dropped and roll-printed 

onto GPs, and then PtAuNPs were further ultrasonic-electrodeposited onto the gel ink 

loaded GPs to obtain the final flexible nanohybrid electrodes (PtAuNPs@RGO-CNT-

IL@GPs) (Figure 2.1a). From Figure 2.1b and 2.1c, highly dense PtAuNPs were observed 

to be uniformly grown into the 3D structure. Due to the synergistic contribution of 

different ingredients, the electrodes could exhibit excellent sensing performances to 

blood glucose (LOD: 8 μM) as well as superior mechanical properties (Figure 2.1d). 

Therefore, these electrodes are very promising to be applied in next-generation wearable 

blood glucose testing devices. 

 

Figure 2.1 PtAuNPs@RGO-CNT-IL@GPs as flexible electrodes for electrochemical 

enzymeless glucose sensing of human blood samples. (a) The fabrication process of 

PtAuNPs@RGO-CNT-IL@GPs. (b,c) Images of PtAuNPs@RGO-CNT-IL@GPs produced by 

scanning electron microscopy (SEM). Inset of (b): A photograph of the PtAuNPs@RGO-

CNT-IL@GP. (d) Amperometric responses of the PtAuNPs@RGO-CNT-IL@GP to increasing 

concentrations of glucose in stirring phosphate-buffered saline (PBS, pH 7.4) at an applied 

potential of +0.2 V. Inset of (d): The corresponding calibration curves [149]. 
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Dopamine (DA) is extensively distributed in the mammalian central nerve system and 

plays a significant role in metabolism and nervous activity. Ng et al. presented the 

fabrication of a flexible RGO-based microelectrode array (MEA) using a modified 

nanoimprint lithography (NIL) technique for DA sensing. GO synthesized by a modified 

Hummers method was first spin-coated onto an indium tin oxide (ITO) conductive layer 

deposited flexible polyethylene terephthalate (PET) film (ITO-PET). Then, 

electrochemical reduction was conducted, followed by a NIL process to obtain the final 

RGO based MEA. The as-prepared MEA exhibited very high sensitivity in sensing DA, 

as well as the capability of simultaneously sensing tyrosine and H2O2. The achieved 

sensitivity was almost unaffected under a continuous flow condition when the RGO 

based MEA was incorporated into a microfluidic device. Furthermore, the sensor showed 

good wearability due to its remarkable mechanical stability. Zan et al. reported the 

fabrication of a novel nanohybrid electrode by structurally integrating 2D assembled 

dendritic platinum nanoparticles (PtNPs) on flexible GPs, which showed superior 

performance in detecting DA released from living cells (LOD: 5 nM) [152]. 

Lactate is an important biomarker for diagnosing drug intoxication. Labroo et al. 

developed a flexible graphene-based enzymatic biosensor for lactate detection [150]. The 

biosensor was fabricated by transferring chemical vapor deposition (CVD) synthesized 

graphene onto a flexible PET substrate, followed by immobilizing a bioreceptor on 

graphene nanosheets (Figure 2.2a and 2.2b). The lactate sensor exhibited a wide linear 

detection range from 0.08 to 20 μmol L-1 with a fast steady state measuring time of 2 s 

(Figure 2.2c), and was still able to detect low concentrations of lactate sensitively and 

rapidly under different mechanical conditions. 

 

Figure 2.2 A flexible graphene-based enzymatic biosensor for lactate detection. (a) 

Schematic of lactase oxidase functionalized graphene attached on a flexible PET substrate. 

(b) A photograph of the flexible biosensor. (c) A current-time curve of the lactate sensor to 1 

μM, 2 μM, and 5 μM of lactate [150]. 

H2O2 is a resultant or intermediate of numerous biochemical reactions. Chi et al. 

explored AuNPs as a catalyst for preparing core-shell structured nanoparticles 



 

29 

 

(Au@PBNPs) with an AuNP core and a Prussian blue (PB) shell. The Au@PBNPs were 

used to functionalize GPs to construct flexible, freestanding and conductive electrodes 

for electrochemical H2O2 sensing. [153]. The sensor functioned based on its high 

electrocatalytic performance towards H2O2 reduction. The synergistic interaction 

between Au@PBNPs and GPs could play a key role in enhancing H2O2 sensing 

performances. With a similar approach, nanohybrid paper electrodes consisting of RGO 

nanosheets and PB NPs were fabricated, which also exhibited superior capabilities 

towards H2O2 and enzymatic glucose detection [154]. 

Monitoring the anomalous variation of pH of body fluid is an important means to 

diagnose many metabolic diseases. Mailly-Giacchetti et al. fabricated a graphene-based 

solution-gated FET on a flexible poly(ethylene 2,6-naphthalenedicarboxylate) substrate 

for pH sensing [155]. The FET pH sensor was capable of exhibiting a high sensitivity of 

22 mV pH-1. Moreover, both the use of the flexible substrate and the presence of 

moderate amounts of organic residues on graphene would not significantly influence 

electrical signal responses of the sensor to pH variation, which would simplify the large-

scale fabrication of the graphene-based pH sensors. 

2.1.2 Advanced FCEs for exocrine secretion analysis 

Body fluid sampling (e.g., blood sampling) is an invasive procedure. Continual body fluid 

sampling is quite aggressive for specific patients. Therefore, non-invasive and less-

invasive sensing is becoming more and more popular. These techniques are generally 

conducted by detecting analytes in exocrine secretions, such as sweat, saliva and tear. 

Lee et al. reported a new class of graphene-based diabetes monitoring/therapy devices 

[5]. In conjunction with a sweat-control layer, the flexible skin-mounted graphene-

hybrid sensing array was capable of realizing sweat-based glucose sensing (Figure 2.3). 

By rational transforming, precisely measured sweat glucose concentrations could be 

used for estimating the corresponding blood glucose levels. Ancillary functions including 

relative humidity (RH), pH, tremor and temperature sensing could give assistance to 

correct measured values of sweat glucose concentration and regulate transcutaneous 

drug delivery. In addition, connections of the graphene-hybrid wearable sensor to a 

portable wireless power supply and a data transmission unit would enable POC of 

diabetes. 

Kinnamon et al. developed a portable biosensor for detecting a typical stress biomarker, 

cortisol, in human sweat [156]. Liquid exfoliation processed molybdenum disulfide 

(MoS2) nanosheets were loaded onto flexible nanoporous polyamide substrates and 

surface-functionalized with cortisol antibodies to fabricate affinity biosensors, which 
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were specific to the physiological relevant range of cortisol in perspired human sweat. 

MoS2 nanosheets could offer large surface area and abundant binding sites for antibody 

loading. Their semi-conducting nature and appropriate direct band gap could also help 

achieve better sensitivity. Cortisol sensing was performed by measuring impedance 

changes associated with cortisol binding along the MoS2 nanosheets. High sensitivity (1 

ng mL-1) and specificity could be achieved by this method. 

 

Figure 2.3 Schematic drawings and corresponding images of the graphene-based diabetes 

monitoring/therapy devices. (a) Schematic drawings of the diabetes patch, which is 

composed of the sweat-control (i,ii), sensing (iii–vii) and therapy (viii–x) components. (b) 

Schematic of the graphene-hybrid electrochemical unit, which consists of redox-active and 

soft functional materials (xi), Au doped graphene (xii) and a serpentine gold mesh (xiii), 

from top to bottom. (c) Optical camera image of the electrochemical sensor array (left), 

therapeutic array (right) and magnified view of the drug-loaded microneedles (inset). (i) 

sweat-uptake layer; (ii) water-proof silicone film; (iii) humidity sensor; (iv) glucose sensor; 

(v) pH sensor; (vi) counter electrode; (vii) tremor sensor; (viii) microneedles with drugs; (ix) 

heater; (x) temperature sensor. (d) Optical camera images of the diabetes patch laminated 

on human skin under mechanical deformations. (e) Optical image of the integrated 

wearable diabetes monitoring and therapy system connected to a portable electrochemical 

analyzer. The electrochemical analyser wirelessly communicates with external devices via 
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Bluetooth. (f) One-day monitoring of glucose concentrations in the sweat and blood of a 

human. 

Liao et al. proposed a flexible organic electrochemical transistor based sensor for uric 

acid (UA) detection [157]. The platinum gate electrodes were modified with a polyaniline 

(PANI) and Nafion-graphene bilayer film that could effectively block the interference 

from charged biomolecules. Graphene was used for improving electrocatalytic activity 

and conductivity of the gate electrode. Uricase (UOx) was immobilized onto the surface 

of PANI, and the functional groups of GO could readily react with amine groups of UOx 

and reactive moieties of the conductive PANI layer, resulting in optimized enzyme 

immobilization. The UA sensor demonstrated good selectivity and a LOD of 10 nM, and 

the proposed strategy was also successfully applied for cholesterol and glucose detection. 

2.1.3 Advanced FCEs for surrounding environmental analysis of human body 

Advanced FCEs with environmental analysis functions are of great significance in the 

development of personalized health management and indoor environment regulation 

systems. A series of flexible gas sensors have been developed for real-time monitoring 

respiratory gas or atmospheric pollutant levels. 

Yun et al. demonstrated a bendable and washable electronic textile nitrogen dioxide 

(NO2) gas sensor composed of commercially available yarn and RGO [159]. The gas 

sensor possessed several remarkable features including superior chemical stability, high 

mechanical durability and ultrahigh sensitivity (0.1 ppm) at room temperature, which 

might due to the robust RGO wrapping on the yarn surface and the large accessible 

surface area of the RGO-functionalized yarn. 

Jiang et al. prepared a freestanding sulfonic acid functionalized GO (SAGO) based 

electrolyte film, which was used as an alcohol fuel cell sensor for the detection of alcohol 

vapor, whose value could be further used for estimating blood alcohol content [158]. Due 

to the high proton conductivity of SAGO, the sensor could detect ethanol vapor with an 

excellent sensitivity of 25 ppm as well as good selectivity. These results exhibited the 

promising application potential of SAGO films in a wearable breathalyzer. 

Sayed et al. fabricated a high-performance carbon monoxide (CO) gas sensor based on 

laser-reduced RGO deposited on flexible PET substrates [160]. The CO sensor was 

comprised by four interconnected RGO strips in a Wheatstone bridge verification circuit. 

Physically adsorbed CO molecules on RGO could induce resistivity decrease of RGO, 

wherein CO molecules acted as electron donors. The sensor could exhibit an average 

response and recovery times of 70 and 40 s at room temperature to 100 ppm of CO. 
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Ulilizing an inkjet-printing technique, Seekaew et al. fabricated a novel flexible NH3 gas 

sensor made by graphene and PEDOT:PSS composite (GRPP) films with high 

uniformity over a large area (Figure 2.4) [161]. The gas sensor exhibited high response 

and selectivity to NH3 in a low concentration range of 25-1000 ppm at room temperature. 

The excellent signal response is attributed to increased specific surface area by 

graphene and enhanced interactions between the sensing film and NH3 molecules via π 

electron networking. 

 

Figure 2.4 Schematic of the fabrication process of the flexible NH3 gas sensor based on 

GRPP films [161]. 

Cho et al. described a poly(styrenesulfonate) (PSS) doped PANI and graphene 

nanocomposite (PSPA@G) and its application in H2S detection [162]. PSPA@G exhibited 

good compatibility with PET substrates, thus making it suitable for constructing flexible 

electrodes. Due to the strong π-π stacking interaction between PANI and graphene, 

charge transport in the fabricated electrode was greatly improved, therefore an 

ultrahigh sensitivity for H2S detection was achieved (LOD: 1 ppm). 

Toluene is known as a neurotoxic volatile organic compound (VOC) that could cause sick 

building syndrome [163]. Choi et al. developed a highly sensitive, transparent and 

flexible toluene sensor by depositing sensing material cobalt-metalloporphyrin 

functionalized graphene on PET substrates [164]. The sensor was successfully applied 

for detection of 10 ppm toluene at room temperature, and further exhibited optical 

transparency, mechanical flexibility and high responsiveness by combining excellent 
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mechanical and electrical properties of graphene and catalytic activity of Co-

metalloporphyrin. 

In addition, effective pathogen detection is necessary for the repression of microbial 

foodborne diseases, microbial infection and other infectious diseases. Basu et al. 

fabricated a low-cost graphene-based Escherichia coli (E. coli) sensor [165]. Graphene 

was deposited on Cu foil by CVD, and subsequently transferred onto a flexible acetate 

substrate to fabricate the E. coli sensor (Figure 2.5a and 2.5b). Impedance analysis was 

conducted to characterize impedance variation as a function of E. coli concentration on 

graphene surface. The residual methyl groups of graphene acted as active binding sites 

for E. coli. With increasing the concentration of E. coli, the resistance of graphene 

decreased due to the increased hole doping induced by negatively charged E. coli (Figure 

2.5c). The sensor could detect E. coli down to a clinically relevant concentration of ca. 

106 cfu mL-1 (defined as colony-forming unit per milliliter). Mannoor et al. described a 

silk bioresorption approach to interfacing passive and wireless graphene nanosensors 

onto tooth enamel [166]. By the self-assembly of antimicrobial peptides onto graphene, 

even single-cell level of bacteria detection can be achieved remotely and bio-selectively. 

This highly sensitive and selective sensor may play a vital role in the defense against 

pathogenic threats at the point of contamination. 

 

Figure 2.5 The graphene-based E. coli sensor. (a) Schematic of the fabrication process. (b) 

A photograph of the sensor. (c) Impedance versus frequency plots with different 

concentrations of E. coli. 
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2.1.4 Accessories of Advanced FCEs for electrochemical sensing 

With the rapid expansion of WBED function menus, more and more original data and 

software could be collected into WBEDs, which means high-performance local memories 

are strongly required. Son et al. reported large-scale wet chemical synthesis of MoS2 

nanosheets and their wafer-scale integration for producing a flexible resistive random 

access memory array [167]. The excellent uniformity of the MoS2 array allowed large-

area integration of pressure sensors and QD LEDs to construct a flexible data storage 

and display system. 

An amplifier can gather weak electric or bioelectric signals and increase their 

amplitudes for further processing, recording or displaying. It could be integrated with a 

sensor electrode or just function as a relatively independent component. Zhu et al. 

reported the fabrication of a flexible phosphorene nanosheets based FET [169]. Based on 

its ambipolar functionality and high mobility, inverting and noninverting analog 

amplifiers with a voltage gain of ∼8.7 could be achieved, more than two times higher 

than those of previously reported flexible thin film amplifiers. 

As introduced earlier, transducers are essential components in chemo-/biosensors since 

they can convert hard-to-handle chemical/biological signals into other simplified 

measurable signals [171]. Kwon et al. proposed a controlled synthetic method for the 

large-scale fabrication of graphene micropatterns, which were used as high-performance 

transducers in FET-type flexible fluidic human immunodeficiency virus (HIV) 

immunoassays (Figure 2.6) [172]. Benefitting from superior synergistic effects between 

signal recognition elements and the high-performance graphene micropattern 

transducers, the as-fabricated immunosensor could achieve a LOD of 1 pM to HIV-2 Ab 

(a specific biomarker), which indicated its excellent sensitivity. 

Withers et al. fabricated a series of high-performance LEDs for wearable flexible 

displays using graphene as transparent conductive layers, hexagonal boron nitride as 

tunnel barriers and different TMCs as quantum well materials [173]. Combining 

different 2D materials in these LEDs could achieve fine-tuning of emission spectra and 

also an enhanced electroluminescence with a quantum yield of 5%. Therefore, these 

LEDs are very suitable for signal indicating in flexible and transparent electronics. 

Electrochromic materials can vary their optical properties reversibly and persistently 

under an external voltage, which are very promising to be widely used in advanced 

WBEDs for energy-saving indication of various signal changes [174]. By a facile 

electrodeposition process, Li et al. constructed a 3D quasi-vertical nanosheet 

architecture from self-assembling 2D WO3·2H2O nanosheets on flexible ITO-PET 
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substrates [175]. Enhanced electrochromic performances were achieved, including a 

high coloration efficiency of 52.6 cm2 C-1 and fast switching times of 17 and 3.8 s during 

coloration and bleaching. These could be caused by the well-defined layered structure of 

2D WO3·2H2O nanosheets and the large active surface area of the obtained 3D self-

assembly structure, which can shorten the diffusion pathway among electrode materials 

and give rise to high optical modulation capability and good cyclic stability. 

 

Figure 2.6 (a) A photograph of the flexible FET-type graphene micropattern HIV 

immunosensor integrated into a microfluidic device. (b) Schematic illustration of the HIV 

immunosensor integrated with poly(dimethylsiloxane) (PDMS) microchannels. S: source, D: 

drain. (c) Current responses of the HIV immunosensor to different HIV-2 Ab concentrations 

at a current of 10 mV. (d) Variation in the resistance change of the HIV immunosensor for 

different bending raduis during bending and relaxing. The insets display optical images of 

the HIV immunosensor. 

Actuators can provide controllable mechanical responses when triggered by specific 

signal stimuli. Therefore, they can be applied in WBEDs for smart quantitative 

sampling and controlled transcutaneous drug delivery as well as other simple 

biomimetic motions [176,177]. He et al. presented a novel strategy to fabricate moisture 

gradient responsive thin films based on a RGO and polydopamine composite [178]. 

Driven by water absorption induced moisture gradient, the uniform functional films 

could serve as highly efficient actuators. 
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2.2 Advanced FCEs for supercapacitive energy storage 

With the increasing popularity of WBEDs, performance bottlenecks derived from their 

power devices are tending to limit their further development. Future trends such as 

multitask execution and big data analysis present higher requests to wearable power 

devices on their comprehensive performances. Thanks to their rapid development, high-

performance FCE-based SCs are becoming a promising option to meet these demands. 

On one hand, it is expected that these FCE-based SCs can exhibit superior core features 

for common power devices, such as high specific energy/power, good cyclic stability and 

superior rate performance. On the other hand, they should also possess good flexibility 

to maintain stable comprehensive performances under bending states or after repeated 

bending cycles. Besides, different functional units aim to achieve tighter integration in 

WBEDs. High conformability of wearable power devices to both human body and other 

functional units is highly expected, since it may bring significant impacts on sensing 

performances (e.g., sensitivity) as well as user comfortableness. Based on the working 

mechanisms of SCs introduced in Section 1.3, in this section, some representative FCE-

based SCs are respectively described. 

2.2.1 EDLC-based FCEs 

Graphene is a commercially emerging EDLC material owing to its excellent electrical 

conductivity, high specific surface area, relatively low cost and superior electrochemical 

stability [217]. Vacuum filtration is a simple and fast method to prepare flexible and 

freestanding graphene-based composite SC electrode [218]. Wang et al. synthesized 

carbon black nanoparticles (CBNPs) pillared flexible GPs (CBNPs@GPs) as EDLC type 

SC electrodes [219]. Through the introduction of CBNPs as spacers, the self-restacking 

of graphene sheets during the filtration process was greatly mitigated (Figure 2.7a). The 

as-fabricated flexible CBNPs@GP electrodes (Figure 2.7b) possessed ultralarge specific 

surface area and abundant voids for electrolyte accessing (Figure 2.7c), thereby 

exhibiting their unprecedented potential for EDLC based energy storage. Due to greatly 

enhanced ionic and electronic transport, high specific capacitances could be achieved in 

both aqueous and organic electrolytes with only slight degradation after 2,000 cycles. 

Developing stretchable SCs that can retain good performances under large strain 

deformation is paramount [220]. Zang et al. reported a simple and low-cost method to 

fabricate extremely stretchable and high-performance SC electrodes based on newly 

crumpled GPs [221]. GPs pre-bonded on a compliant substrate were crumpled into self-

organized pattern to reduce their inner mechanical instabilities. When the substrate 
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was stretched, the unfolded patterns can still maintain high reliability under multiple 

cycles of large deformation. The crumpled GP based SC electrodes exhibited a unique 

combination of high stretchability (e.g., ∼300% linear strain, ∼800% areal strain), high 

supercapacitive performance (e.g., 196 F g-1 at 1 A g-1) and high reliability (e.g., no 

obvious performance change after over 1,000 stretch-relax cycles under an uniaxial 

strain of up to 200%). A further fabricated FSSSC was capable of tolerating large 

deformation without obvious supercapacitive performance degradation, demonstrating 

its potential in practical applications. 

 

Figure 2.7 (a) Schematic demonstrating the concept of manipulating the geometry of GPs. 

Upper: The original GP without CBNPs. The individual graphene sheets would self-restack 

owing to van der Waals attractions, leading to deteriorated transport behaviors of ions in 

the electrolyte through the stacked graphene sheets. Lower: GP pillared by CBNPs with 

larger interlayer spacing, leaving more open and smooth diffusion paths for ions in the 

electrolyte, achieving greater electron storage and transport during charge processes, in 

particular, at high rates. (b) A photograph showing the highly flexible and mechanically 

robust nature of the as-prepared CBNPs@GP. (c) A cross-sectional helium ion microscope 

image of the CBNPs@GP with 20% CBNPs. 

Huang et al. developed a fiber-like graphene assembly based stretchable electrode 

through wet-spininng. The fiber-like graphene assemblies were continuously prepared 

from GO nanosheets by a novel hydrogel-assisted wet-spinning method [222]. With 

assistance of a rolling process, meters of the graphene assemblies with improved 
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conductivity, tensile strength, and exceptional elasticity were successfully obtained 

(Figure 2.8a). Furthermore, a wearable SC was fabricated by using these fiber-like 

graphene assemblies based stretchable electrodes and a phosphoric acid (H3PO4) and 

polyvinyl alcohol (PVA) based gel electrolyte [223]. This wearable SC exhibited a quite 

high specific capacitance of 208.7 F g-1 (78.3 mF cm-2 or 3.12 mF cm-1) at 0.1 A g-1 and a 

high cyclic stability (99% capacitance retention after 5,000 cycles at 0.5 A g-1). 

Additionally, the SC were flexible and could maintain their electrochemical 

performances when weaved into a glove, making it possible to be used in wearable 

energy storage devices (Figure 2.8b). 

 

Figure 2.8 A fiber-like graphene assembly based wearable SC. (a) A stretchable fiber-like 

graphene assembly. (b) The graphene assembly-based SC showed excellent rate 

performance. Left inset: The SC was weaved into a glove. Right inset: A cross-sectional 

SEM image of the SC showed the graphene assembly was uniformly and tightly covered by 

the adopted gel electrolyte. 

2.2.2 PC-based FCEs 

Unlike the charge separation process of EDLC confined in the electrode-electrolyte 

interface, PC generates by redox and ion intercalation reactions between electrode 

materials and electrolyte ions, which can even occur in the bulk phase of PC materials. 

Therefore, PC may achieve a much higher capacitance and energy density than EDLC 

[224]. TMOs and transition metal hydroxides have been widely employed as PC 

materials due to their large theoretical capacity and good chemical/electrochemical 

stability, as well as facile production and high cost-efficiency [225]. Gao et al. 

synthesized monolayer β-Co(OH)2 with only five-atom thickness by a simple oriented-

attachment strategy [226]. The monolayer β-type cobalt hydroxide (β-Co(OH)2) based 

electrode showed a high specific capacitance of 2,028 F g-1 at 5 A g-1. Using Au coated 

PET films as electrode substrates, an all-solid-state flexible asymmetric SC fabricated 

with the as-prepared β-Co(OH)2 as cathode material and nitrogen (N) doped (N-doped) 
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graphene as anode material exhibited a high energy density (98.9 Wh kg-1 at 17,981 W 

kg-1) and good cyclic performances (93.2% retention after 10,000 cycles at 20 mV s-1). 

By electrodepositing low-cost 2D γ-type ferric oxyhydroxide (γ-FeOOH) nanosheets onto 

carbon cloths as an anode and employing N-doped activated carbon as a cathode, Shen 

et al. reported an IL gel based flexible asymmetric SC [227]. It was concluded that its 

pseudocapacitance mainly originated from a diffusion-controlled cation insertion process. 

By taking advantage of the prominent pseudocapacitance of γ-FeOOH and excellent 

chemical/electrochemical stability of IL, the flexible SC could achieve high volumetric 

energy density as well as good operational stability even at relatively high temperatures. 

2.2.3 EDLC-PC hybrid-type FCEs 

Although some novel PC materials can achieve much higher capacitances than those of 

EDLC materials, its cyclic stability and durability still cannot reach the same level of 

mainstream EDLC materials, and require further improvements for potential large-

scale applications. Thus, more research efforts have been focused on developing hybrid-

type SC electrodes combining the superiorities of both EDLC and PC materials [228]. 

Xie et al. demonstrated the preparation of β-type nickel hydroxide (β-Ni(OH)2) and 

graphene nanohybrid (β-Ni(OH)2@G) based thin-film electrodes, which were further 

applied for the fabrication of a FSSSC [229]. An atomic force microscopy (AFM) image 

showed the thickness of a β-Ni(OH)2@G flake was ∼10 nm (Figure 2.9a). The folding on 

the flake indicated its flexible and ultrathin nature, which was advantageous for 

building thin-film SCs (Figure 2.9b). The broad characteristic of the CV peaks of the 

FSSSC indicated that the capacitive reactions were based on a surface-confined charge-

transfer process, suggesting that a pseudocapacitance-dominant nature of β-Ni(OH)2@G 

(Figure 2.9c). Due to the unique layer-by-layer stacking structure, β-Ni(OH)2@G could 

optimally integrate merits from the both components. Therefore, the as-fabricated 

FSSSC could exhibit high capacitance, superior rate capability and long-term cyclic 

stability (Figure 2.9d to 2.9f). The highest specific capacitance of 660.8 F cm-3 at 0.1 A 

cm-2 was achieved (Figure 2.9e) by the β-Ni(OH)2@G based FSSSC with negligible 

degradation after 2000 charge-discharge cycles and even an increment of coulombic 

efficiency (98.2%) (Figure 2.9f). 

Zhu et al. reported the electrophoretic deposition preparation of layered titanium 

carbide (Ti3C2) [101]. Polypyrrole was intercalated into the layered Ti3C2 by further 

electrochemical polymerization. Flexible freestanding Ti3C2 (mainly providing EDLC) 

and polypyrrole (mainly providing PC) composite films were then obtained after being 
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peeled off from substrates. Ti3C2 could effectively prevent dense polypyrrole stacking, 

benefiting the electrolyte infiltration in the composite films. Furthermore, strong bonds 

formed between the polypyrrole backbones and surfaces of Ti3C2, not only ensured good 

conductivity and provided precise pathways for charge carrier transport, but also 

improve the structural stability of polypyrrole backbones. Benefitting from their 

superior electrochemical performances and intrinsic flexibility, the freestanding 

composite films were further used for fabricating an ultrathin FSSSC, which could 

exhibit high capacitance, ultra-stable cycling performance and excellent flex resistance. 

 

Figure 2.9 The β-Ni(OH)2@G based thin-film electrode applied in a FSSSC. (a) An AFM 

image of an individual flake of the exfoliated β-Ni(OH)2@G. (b) A photo of the as-fabricated 

FSSSC with an electrode area of 1 cm2, showing its ultrathin structural configuration and 

excellent flexibility. (c) CV curves of the FSSSC measured at different scan rates. (d) The 

first 10 cycles of galvanostatic charge/discharge curves at 0.1 A m-2. (e) GCD curves at 

different current densities. (f) A long-term stability investigation of the FSSSC. 

2.3 Multifunctional FCEs 

Multifunctional composite electrodes are not a new concept. Diverse multifunctional 

composite electrodes have been reported over the last few years. However, studies on 
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developing composite electrodes based on flexible or/and stretchable platforms for 

multiple electrochemical purposes are still rare. Developing multifunctional FCEs 

capable of both high-performance energy storage and physiological index monitoring can 

bring many advantages. On one hand, comparing with fabricating WBEDs with 

material components possessing different material compositions and microstructural 

configurations, utilizing multifunctional FCEs could endow final WBEDs with high 

structural integrity, thereby achieving optimal sensing and macroscopic mechanical 

performance. On the other hand, engineering FCEs with high versatility is very 

conducive to greatly reducing the overall production cost of WBEDs. Therefore, many 

researchers are making their great efforts on the design and fabrication of novel high-

performance multifunctional FCEs. 

Xu et al. reported the synthesis of copper cobalt sulfide (CuCo2S4) nanosheets on flexible 

carbon fiber textile (CFT) by a facile one-step and scalable hydrothermal procedure 

(Figure 2.10). The as-prepared CuCo2S4 nanostructures on CFT could provide rich 

reaction sites and short ion diffusion paths. The flexible freestanding CuCo2S4@CFT 

electrodes were employed for both supercapacitive energy storage and glucose sensing. 

When serving as FCEs of a flexible symmetric supercapacitor, the CuCo2S4@CFT 

electrode achieved a high specific energy of 64.6 W h kg-1 at 499.7 W kg-1 and a 

maximum specific power of 2081.5 W kg-1 at 45.1 W h kg-1. When functioning as an 

enzymeless glucose sensor, the CuCo2S4@CFT electrode exhibited remarkable 

electrocatalytic activity towards glucose oxidation with a high sensitivity of 3852.7 mA 

M-1 cm-2 and an extraordinary linear range up to 3.67 mM. These results demonstrated 

that the CuCo2S4@CFT electrode had great potential for use as high-performance 

multifunctional FCEs in WBEDs. 

 

Figure 2.10 Schematic of the fabrication process of flexible freestanding CuCo2S4@CFT 

electrodes for SCs and glucose sensors. 
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2.4 Concluding remarks and outlook 

Research progresses on FCEs for WBEDs have been briefly reviewed in the above 

sections. For the future development of high-performance multifunctional FCEs, the 

following key points could have to be paid more attention. On one hand, reported FCEs 

based on the first type of FCE design mentioned in Section 1.5 are still suffering either 

high costs from substrate materials (e.g., polymers, plastics) and fabrication processes 

(e.g., PCB engineering), or infirm mechanical/chemical/electrochemical interconnections 

between flexible substrates (e.g., carbon cloth, textiles) and corresponding electrode 

materials. On the other hand, for further improving the specific energy/power of FCEs, 

the second type of FCE design (i.e., the freestanding design) is favorable, since each 

parts of freestanding FCEs can all provide energy storage capability. However, the 

flexibility of current freestanding FCEs are still far inferior to those of the above-

mentioned flexible substrates and needs to be improved by effective compositional and 

structural regulation. 

To cope with them, by further optimizing structural designs and fabrication processes, 

and applying advanced electrode materials, developing multifunctional FCEs based on 

carbon-based paper-like films could be a very reasonable scenario. First, carbon 

materials are very cheap, easily obtainable, ecofriendly and nontoxic. Carbon-based 

paper-like films can also be fabricated facilely and cost-effectively. The superior intrinsic 

mechanical and electrical properties of 1D and 2D carbon materials make them very 

suitable for constructing FCEs. Second, by avoiding the use of traditional metal wires, 

nets or foils as current collectors, the potential use of adhesives and conductive agents 

can be greatly reduced, which can save resources, reduce costs and simplify production 

processes. Third, compared with other material families, diverse morphologies, rich 

surface functionalities and superior processability of carbon materials are very 

conducive to synthesizing novel composite electrode structures with excellent 

mechanical, electrical and electrochemical characteristics. 

Therefore, the design, fabrication and characterization of novel carbon-based FCEs, and 

their applications for supercapacitive energy storage or/and electrochemical sensing are 

explored in this Ph.D. project, which are introduced in the following chapters. 
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Chapter 3 

Synthetic methods, fabrication processes and 

characterization techniques for FCEs 

This chapter gives a sketchy introduction on synthetic methods, fabrication processes 

and characterization techniques for FCEs used in this Ph.D. study. 

3.1 Introduction on basic synthetic methods and fabrication technologies 

3.1.1 Hydrothermal synthesis 

Hydrothermal synthesis is an evolved wet chemical synthesis route in which liquid 

phase crystallization occurs under relatively high temperature and pressure. In 

laboratory research, a typical hydrothermal synthesis process is generally conducted in 

an autoclave, which is a hermetically sealed vessel made of chemically inert materials 

that can resist high temperature and pressure for a prolonged period (several hours to 

days). The most significant advantage of hydrothermal synthesis over other wet 

chemical synthesis methods is that materials can be prepared with high purity, better 

dispersity, and optimized crystalline microstructures. Many crystalline phases difficult 

to create under ambient conditions could be easily prepared by this technique. 

Combined with its facile solution processability, this technique has great potential for 

large-scale production. 

3.1.2 Microwave-assisted hydro-/solvothermal synthesis 

Solvothermal synthesis is very similar to hydrothermal synthesis. Their only difference 

is that the precursor solution used for solvothermal synthesis is usually non-aqueous. 

Microwave-assisted hydro-/solvothermal synthesis is a technique by which materials are 

hydro-/solvothermally synthesized under microwave heating. In this Ph.D. study, all 

microwave-assisted hydro-/solvothermal syntheses was conducted on an Initiator EXP 

EU microwave synthesizer (Biotage) with a maximum microwave power of 400 W. 
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3.1.3 Vacuum filtration for film fabrication 

Vacuum filtration has now evolved as a mainstream approach for fabricating material 

films. As shown in Figure 1.7b, materials used for film construction are first dispersed 

in a suitable solvent. Then, the mixture is vacuum filtrated, with a film left on the filter 

membrane. After naturally drying, the material film could be peeled off. It should be 

noted that obtained material films are not always flexible and freestanding. Factors 

including the material constituent, ratio and concentration in the mixture, the adopted 

solvent, the pore size and constituent of the filter membrane, and the applied pressure 

will determine whether a freestanding film can be fabricated, as well as its continuity, 

uniformity, flexibility. Polyvinylidene fluoride membrane disc filters (Pall) with an 

average pore size of 0.2 μm and a diameter of 47 mm were used in all vacuum filtration 

processes. 

3.1.4 High-temperature thermal annealing 

High-temperature thermal annealing is a heat treatment for materials. By physical and 

chemical reactions occurred under high temperatures, the constituent, morphology and 

physicochemical properties of treated materials could be adjusted. Different gases (e.g., 

air, oxygen (O2) and argon (Ar)) can be adopted during high-temperature thermal 

annealing as atmospheres for needed reactions. The equipment used for high-

temperature thermal annealing is a CHY-T1550S tube furnace (Chengyi). 

3.1.5 Ultrasonication and centrifugation 

Ultrasonication and centrifugation are important physical processing techniques widely 

used for material dispersion, separation and purification. In this Ph.D. study, 

Ultrasonication was performed on a USC1200TH high-power ultrasonicator (VWR) with 

an ultrasonic output frequency of 45 kHz and power of 180 W. Centrifugation was 

carried out on a 5810 R centrifuge (Eppendorf). Freeze-drying was performed on a 

MAXI-dry lyo freeze dryer (Heto). 

3.2 Material preparation and film fabrication 

3.2.1 Processing and pretreatment on nanocarbons 

Unless otherwise noted, all chemicals were of analytical grade and used as received 

without further purification. Milli-Q water (H2O, resistivity: 18.2 MΩ cm at 25 °C) and 

high-purity O2/Ar was used throughout when needed. These processed and pretreated 
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nanocarbons were used for the study on N-RGO-CNT-CBNP-P and AuNPs decorated 

RGOPs (AuNPs@RGOPs), which are mainly related with Chapter 4, 5 and 6. 

Before used for synthesizing N-RGO-CNT-CBNP, both CNTs (multi-walled, outer 

diameter: < 8 nm, inner diameter: 2~5 nm, length: 10~30 μm, Cheap Tubes) and CBNPs 

(VXC-72, highly conductive, particle diameter: ~20 nm, Cabot) were activated by 

oxidation with a mixture (v:v=1:3) of nitric acid (HNO3, 65 wt. %, Sigma-Aldrich) and 

sulfuric acid (H2SO4, VWR Chemical, 97 wt. %). In a typical process for preparing 

activated CNTs, CNTs (1 g) were first added into the mixed acid (320 mL). The 

suspension was refluxed under continuous stirring at 70 °C for 3 h. Then, the obtained 

mixture was diluted, filtered and washed with water repeatedly until the used water 

having a pH of 6~7. Finally, the clean and activated CNTs was freeze-dried for 24 h for 

subsequent use. In a typical process for preparing activated CBNPs, CBNPs (1 g) were 

first added into the mixed acid (60 mL). The suspension was then sonicated at 70 °C for 

12 h. After that, by following the same washing and drying procedures for activated 

CNTs, activated CBNPs were collected for further use. 

The GO aqueous suspension used for synthesizing N-RGO-CNT-CBNP was prepared by 

ultrasonication assisted liquid-phase exfoliation of graphite oxide (powder, type: 

SE2430, The Sixth Element). Briefly, graphite oxide (1.5 g) and ammonia (25 wt. %, 5 

mL, Sigma-Aldrich) was added into water (200 mL) and ultrasonicated for 4 h. The 

obtained aqueous suspension was first centrifuged at 500 rpm for 30 min to remove the 

bottom sediment containing unexfoliated graphite oxide, and then at 12,000 rpm for 30 

min to remove the supernatant containing unwanted tiny GO fragments. This low-

speed/high-speed centrifugation cycle was repeated for several times until the 

supernatant reaching a pH of 6~7. The left sediment was re-dispersed in water (50 mL). 

The GO concentration was calculated by freeze-drying a certain volume of the aqueous 

suspension and measuring the weight of left GO. The GO concentration was finally 

adjusted to 4 mg mL-1. 

3.2.2 N-RGO-CNT-CBNP 

In a typical experiment, activated CNTs (10 mg), activated CBNPs (10 mg), melamine 

(210 mg, Sigma-Aldrich) and ethylene glycol (5 mL, Bie & Berntsen A/S) were added 

into GO aqueous suspension (10 mL, 4 mg mL-1). The suspension was ultrasonicated 

and stirred for 1 h to obtain a homogeneous mixture. Then, the mixture was transferred 

into a microwave reaction vessel with a 50% volume filling rate, and treated by a 

stepwise microwave-assisted solvothermal process (1st: 95 °C, 1 h; 2nd: 160 °C, 3 h). 

After that, the obtained product was washed, freeze-dried and annealed at 800 °C for 1 
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h under argon protection to obtain N-RGO-CNT-CBNP. For comparison, other 

nanocarbon composites including a ternary RGO-CNT-CBNP composite (w:w:w=4:1:1), a 

binary RGO-CNT composite (w:w=2:1) and a binary RGO-CBNP composite (w:w=2:1) as 

well as pure RGO were also synthesized by referring to the above procedure. 

3.2.3 N-RGO-CNT-CBNP-Ps 

Pure N-RGO-CNT-CBNP films obtained by filtration were very fragile under strain and 

incapable of being directly used as flexible electrodes. Therefore, N-RGO-CNT-CBNP-Ps 

with a unique sandwich structure were proposed in our study, which comprising one 

interlayer of N-RGO-CNT-CBNP as the high-performance supercapacitive material, and 

two capping layers (bottom and top layers) of a RGO and CNT composite (w:w=2:1) to 

provide enhanced mechanical strength, flexibility, contact conductivity and electrolyte 

wettability (Figure 3.1a). The whole process for fabricating sandwich-structured N-

RGO-CNT-CBNP-Ps (Figure 3.1b) was performed under room temperature and in air. 

To fabricate an N-RGO-CNT-CBNP-P, graphene oxide aqueous suspension (0.83 mL, 4 

mg mL-1), activated CNTs (1.67 mg), water (1.67 mL) and ethanol (2.5 mL) were first 

mixed and filtrated under 0.1 atm to obtain the bottom layer. Then, N-RGO-CNT-CBNP 

(20 mg) dispersed in a water-ethanol mixture (10 mL, v:v=3:1) was added onto the dried 

bottom layer and filtrated under 0.4 atm to produce the interlayer. After that, graphene 

oxide aqueous suspension (0.83 mL, 4 mg mL-1), activated CNTs (1.67 mg), water (1.67 

mL) and ethanol (2.5 mL) were mixed and added onto the dried interlayer and filtrated 

under 0.7 atm to obtain the top layer. During the processes to produce the bottom 

layer/interlayer, when no macroscopic liquid was left on the surface of the bottom 

layer/interlayer, negative pressure was continued for another 12 h. However, during the 

process to produce the top layer, when no macroscopic liquid was left on the surface of 

the top layer, negative pressure was stopped immediately and the N-RGO-CNT-CBNP-P 

was left to dry naturally for 24 h. Finally, the N-RGO-CNT-CBNP-P was split off from 

the membrane disc filter and annealed at 190 °C for 15 min in air. For evaluating the 

structural design of paper electrodes and calculating mass specific capacitance, a paper 

electrode composed of only two capping layers of the RGO and CNT composite (denoted 

as GC-Blank-P), a paper electrode composed of only two capping layers of pure RGO 

(denoted as G-Blank-P), and a paper electrode comprising one interlayer of N-RGO-

CNT-CBNP and two capping layers of pure RGO (denoted as G-N-RGO-CNT-CBNP-P) 

were fabricated by referring to the above procedure. For comparing N-RGO-CNT-CBNP 

with other nanocarbon composites, sandwich-structured paper electrodes using RGO-

CNT-CBNP, RGO-CNT, RGO-CBNP or pure RGO (denoted as RGO-CNT-CBNP-P, 

RGO-CNT-P, RGO-CBNP-P and RGO-P, respectively) as the interlayer material were 
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also prepared via replacing N-RGO-CNT-CBNP in the N-RGO-CNT-CBNP-P structure 

by the same amount of other materials, respectively. 

 

Figure 3.1 Schematic illustration of (a) the N-RGO-CNT-CBNP-P structure and (b) the 

processes for fabricating N-RGO-CNT-CBNP-Ps. Not drawn to scale. 

3.2.4 AuNPs 

AuNPs were used for the study on AuNPs@RGOPs, which are further used for loading 

tin disulfide (SnS2) nanoflakes anchored RGO nanosheets (RGO@SnS2). The as-

fabricated FCEs (AuNPs@RGOPs//RGO@SnS2) are mainly referred to Chapter 4 and 6. 

The cysteamine-capped positively-charged AuNPs were synthesized as follows. First, 

cysteamine hydrochloride (Sigma-Aldrich, 213 mM, 400 μL) and chloroauric acid 

(HAuCl4, Sigma-Aldrich, 1.42 mM, 40 mL) were mixed. The mixture was stirred for 20 

min at room temperature in the dark. A freshly prepared sodium borohydride (NaBH4, 

Sigma-Aldrich, 10 mM, 10 mL) aqueous solution was then quickly added into the above 

mixture under vigorous stirring. The mixture was further stirred for 60 min in the dark. 

The resulting wine-red solution was filtered and stored at 4 °C for later use. 

3.2.5 AuNPs@RGOPs 

A GO paper was first fabricated by vacuum filtrating the GO aqueous suspension (4 mg 

mL-1, 5 mL). After the top surface of the GO paper became dry, the vacuum was stopped 

immediately. Then, the AuNP aqueous solution (10 mL) described in Section 3.2.2 and 

ethanol (VWR Chemical, 96%, v/v, 10 mL) were added onto the top surface of the GO 

paper and left for drying at ambient condition. After naturally drying, a uniformly-

dispersed AuNP coating layer was obtained on the top surface of the GO paper. 

A small glass beaker (20 mL) was first placed into an autoclave (50 mL). Then, L-

ascorbic acid (L-AA, Sigma-Aldrich, 4 mg mL-1, 20 mL) aqueous solution was added in 

and around the beaker. Together with the filter membrane, the AuNPs loaded GO paper 
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was transferred on the top of the beaker. The beaker could support the AuNPs loaded 

GO paper horizontally and steadily, keeping it above the liquid level throughout the 

following reaction process. The autoclave was sealed and heated at 110 °C for 48 h. 

Finally, the AuNPs loaded GO paper was naturally dried and peeled off from the filter 

membrane for later use. 

3.2.6 AGPs 

A piece of commercial graphite paper (50 μm thick, Beijing Electrical Carbon Factory) 

was first cut into several small scrips (40 mm × 10 mm). Then they were put into 

ethanol for sonication about 30 s, followed by totally rinsing with H2O. This was for 

removing any possible organic impurities or residues. These graphite paper scrips were 

put into a mixed acid (v:v=1:1) containing H3PO4 (Sigma-Aldrich, 85 wt. %, 30 mL) and 

HNO3 (65 wt. %) for 8 h at 90 °C. The solution was continuously stirred, and a 

polytetrafluoroethylene (PTFE) net was used to separate the graphite paper scrips with 

the stir bar. After cooling down to room temperature, the graphite paper scrips were 

taken out and dried at 70 °C in air for 24 h. Finally, the graphite paper scrips were 

annealed at 300 °C in air for 15 min to obtain AGPs. 

3.3 Characterization techniques 

3.3.1 Atomic force microscopy 

AFM is a type of scanning probe microscopy with sub-nanometer display resolution, by 

which the surface structural information of a specimen is collected by ‘feeling’ or 

‘touching’ the surface with an AFM tip mounted on a flexible cantilever. Specifically, a 

laser beam is first irradiated on the top surface of the cantilever. Tiny but accurate 

movements of the AFM tip are controlled by piezoelectric elements, and operated in 

either contact mode or tapping mode to achieve programmed scanning on the specimen 

surface. The structural features of the specimen surface are then converted into bending 

degrees of the cantilever, and finally reflected by displacements of the laser beam. In 

this Ph.D. study, AFM was performed on a 5500 AFM system (Agilent Technologies) 

operated under a tapping mode with mica as specimen substrates 

3.3.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a technique in which a beam of electrons is 

transmitted through a specimen to form an image. Specifically, a high-energy electron 

beam emitted by an electron gun first passes through a condensing mirror along its 
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optical axis in a vacuum channel. The electron beam is concentrated by the condensing 

mirror into a sharp, bright and uniform spot, which is irradiated on the sample in the 

sample chamber. Since the amount of electrons transmitting through dense areas in the 

sample is small and the amount of electrons transmitting through sparse areas in the 

sample is large, the structural information of the sample can be carried by the electron 

beam. After convergence, focusing and primary amplification by objective lenses, the 

electron beam passes through intermediate lenses and projection lenses successively to 

perform comprehensive magnifying imaging. Finally, the magnified electronic images 

are projected onto a fluorescent screen in a viewing chamber, which converts the 

electronic images into visible images for users to observe. In this Ph.D. study, TEM was 

carried out on a Tecnai G2 T20 (FEI) operated at an accelerating voltage of 200 kV. 300 

mesh (lacey carbon support film, no formvar, approximate grid hole size: 63 μm) or 400 

mesh (carbon support film, no formvar) Cu grids (Ted Pella) were used as TEM 

specimen substrates.  

3.3.3 Scanning electron microscopy 

SEM utilizes a focused high-energy electron beam to irradiate the surface of a solid 

specimen and generate a variety of signals. Derived from the electron-sample 

interactions, these signals carry a lot of structural information of the sample, such as 

external morphology and chemical composition. After being collected and converted, 

these signals are finally sent to a monitor screen for imaging and analysis. Compared 

with TEM, SEM has distinctive features and advantages. Briefly speaking, TEM can 

exhibit higher spatial resolution and provide more internal structural information of the 

specimen. Although the spatial resolution of SEM is relatively low, SEM possesses 

greater field depth, which makes SEM photos can provide more intuitional and 

abundant surface structural information. The sample preparation process of SEM is also 

relatively simple. Besides, utilizing energy-dispersive X-ray (EDX) spectroscopy, the 

elemental composition and distribution in selected areas of the specimen can be quickly 

obtained by measuring the energy and intensity distribution of X-ray signals. In this 

Ph.D. study, SEM were recorded by a Quanta FEG 200 ESEM (FEI) at an accelerating 

voltage of 20 kV. An 80 mm2 X-Max silicon drift detector (Oxford Instruments) with an 

energy resolution of 124 eV for manganese (Mn)-Kα at 100,000 counts per second was 

attached to the SEM system and used for EDX analysis. 

3.3.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopy, 

which can measure the elemental composition, empirical formula, chemical state and 
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electronic state of a material sample. XPS spectra are obtained by irradiating a material 

with an X-ray beam while synchronously measuring the kinetic energy and number of 

electrons that escape from the top 0 to 10 nm. Generally, for measuring XPS, high 

vacuum (~10−8 mbar) or ultrahigh vacuum (10−9 mbar) conditions are required, and the 

measured samples should be in solid or nonvolatile liquid states. XPS can be used to 

directly analyze the surface chemistry of a sample in its as-received state or after ion 

beam etching to expose the bulk chemistry. In this Ph.D. study, XPS analysis was 

performed on a K-Alpha X-ray photoelectron spectrometer (Thermo Scientific) with Al 

Kα (1486.6 eV) as an excitation X-ray source. 

3.3.5 X-ray powder diffraction 

X-ray powder diffraction (XRD) is a technique for material structure analysis based on 

the X-ray diffraction effect of crystalline materials. Each crystalline material has its 

specific crystal structure, which can be indicated by parameters such as lattice type and 

interplanar crystal spacing. When using X-ray with sufficient energy to irradiate a 

crystalline material, the crystal plane reflection of the crystalline material follows 

Bragg's law: 

2� sin � = ��    (3-1) 

where λ (m) is the wavelength of the incident X-ray, n is the order of reflection which 

generally is a positive integer, d (m) is the interplanar crystal spacing, and θ (°) is the 

glancing angle. By measuring the position of diffraction angles (i.e., peak position, 

which is equal to 2θ), qualitative analysis can be realized. On the other hand, by 

comparing the diffraction intensity (i.e., integrated peak intensity) at different 

diffraction angles, quantitative analysis can be realized. In this Ph.D. study, XRD data 

were obtained on a D8 Advance X-ray diffractometer (Bruker) and processed by Jade 5 

(Materials Data, Inc.). 

3.3.6 Raman spectroscopy 

Raman spectroscopy is a technique based on Raman scattering. When an incident laser 

light is irradiated onto the surface of a material sample, the scattered light contains 

both elastic scattering (i.e., Rayleigh scattering) that has the same frequency with the 

incident light, and inelastic scattering (i.e., Raman scattering) with higher and lower 

frequencies than that of the incident light. The generation of Raman scattering is due to 

the fact that the incident light can interact with molecular vibrations and elementary 

excitations (e.g., optical phonons) in the material. Therefore, a lot of molecular structure 

information can be reflected by Raman scattering. By combining Rayleigh scattering 
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and Raman scattering, the obtained spectrum is generally called a Raman spectrum, 

which is an important tool for molecular structure (particularly molecular skeleton and 

spatial structure) analysis. In this Ph.D. study, Raman spectra were recorded with an 

InVia confocal Raman microscope (Renishaw) equipped with a beam of 633 nm 

excitation laser. 

3.3.7 Fourier transform infrared absorption spectroscopy 

Fourier transform infrared (FTIR) absorption spectroscopy is a technique that can be 

used for observing the infrared absorption spectrum of a solid, liquid or gas sample. In a 

FTIR absorption spectrum test, a beam of infrared light with different incident 

wavelengths is first irradiated onto a material sample. The infrared light can be 

absorbed to different degrees at specific wavelengths, resulting in vibration and rotation 

of the material molecules. Then the net change of the molecular dipole moment can 

induce a molecular electronic transition from the ground state to an excited state. Since 

the transmission intensity of the infrared light is weakened at the corresponding 

wavelengths, an infrared absorption spectrum can be obtained by plotting the measured 

absorption intensity as a function of the corresponding wavelength (or wavenumber). 

Each kind of molecule has its own unique infrared absorption spectrum determined by 

its composition and structure. Therefore, infrared absorption spectra are a very useful 

tool for conducting molecular structure (particularly functional groups) analysis and 

identification. In this Ph.D. study, FTIR absorption spectroscopy were recorded on an 

Alpha-P FTIR spectrometer (Bruker) in the range of 4,000~400 cm-1 with a resolution of 

2 cm-1. 

3.3.8 Ultraviolet-visible absorption spectroscopy 

UV-Vis absorption spectroscopy is a kind of molecular absorption spectroscopy. UV-Vis 

absorption spectra are produced by valence electron transition when material molecules 

absorb electromagnetic waves with specific wavelengths in UV-Vis region (200~800 nm). 

Various materials possess different compositions and structures. Therefore, their 

characteristic energy levels as well as corresponding energy level differences also vary. 

Since each material can only absorb electromagnetic waves that correspond to its inner 

energy level differences, different materials are selective for absorbing electromagnetic 

waves at different wavelengths. These selective absorptions satisfy Beer-Lambert Law: 

�� = ���� = lg
��

��
   (3-2) 
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where Ab (arbitrary unit (a.u.)) is the measured absorbance, ε (L mol-1 cm-1) is the molar 

extinction coefficient, c (mol L-1) is the molar concentration, Lb (cm) is the thickness of 

the liquid layer, It (a.u.) is the transmitted light intensity, and I0 (a.u.) is the incident 

light intensity. A UV-Vis absorption curve can be further drawn with Ab (or ε) as 

ordinate and the corresponding wavelength (nm) as the abscissa. Based on its UV-Vis 

spectrum, the composition, content and structure of a material can be analyzed. In this 

Ph.D. study, UV-Vis spectra were recorded on an 8453 spectrophotometer (Agilent 

Technologies) using a quartz cuvette (Lb=1 cm). 

3.3.9 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a kind of thermal analysis technique that is used 

for determining the relationship between the mass of a test sample and a programmed 

temperature. The instrument used for TGA is a thermal analyzer, which mainly consists 

of a balance, a furnace, a programmed temperature control system and a recorder. From 

the obtained TGA curve, the thermal stability and composition of the test sample can be 

investigated. In this Ph.D. study, TGA was performed on a STA 409 PC Luxx 

simultaneous thermal analyzer (Netzsch-Gerätebau GmbH) in dry air at a heating rate 

of 5 °C min-1. 

3.3.10 Nitrogen adsorption-desorption isotherm analysis 

Physical adsorption is a type of adsorption that occurs for most particles in contact with 

a solid or liquid surface. In a nitrogen adsorption-desorption test, based on the physical 

adsorption of nitrogen on the surface of a solid material sample, a nitrogen adsorption-

desorption isotherm can be obtained, which introduces the relationship between the 

amount of nitrogen adsorption/desorption and the relative pressure. Brunauer-Emmett-

Teller (BET) theory is often employed for processing the data obtained in a nitrogen 

adsorption-desorption test. As an extension of Langmuir theory that is applicable for 

monolayer molecular adsorption, BET theory can be applicable for multilayer molecular 

adsorption based on the following hypotheses: (1) gas molecules physically adsorb on a 

solid in layers infinitely; (2) gas molecules only interact with adjacent layers; and (3) 

Langmuir theory can be applied to each layer. Using the resulting BET equation to 

process the data obtained in the relative pressure range of 0.05~0.35, the monolayer 

adsorbed nitrogen (νm, g g-1) can be calculated. The specific surface area (sBET, m2 g-1) can 

be finally calculated by: 

���� =
�����

���
    (3-3) 
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where NA is Avogadro constant (6.02×1023 mol-1), s (m2) is the adsorption cross section 

area of a nitrogen molecule, a (g) is the sample mass, and VM (L mol-1) is the molar 

volume of liquid nitrogen. If the pores in the sample mainly belong to mesopores, the 

pore size distribution, total pore volume and average pore diameter can be calculated by 

Barrett-Joyner-Halenda (BJH) method, which is based on Kelvin model of pore filling. 

In this Ph.D. study, nitrogen adsorption-desorption isotherm analysis was carried out 

on an ASAP 2020 surface area and porosity analyzer (Micromeritics) at -196 °C, whose 

samples were degassed in vacuum at 200 °C for 3 h prior to use. Specific surface area 

was measured by a BET multipoint method. 

3.3.11 Dynamic light scattering 

Dynamic light scattering (DLS), also known as photon correlation spectroscopy or quasi-

elastic light scattering, is a technique used for determining the size distribution of 

particles in suspension or polymers in solution by measuring the fluctuation of scattered 

light intensity over time. Brownian motion is the random motion of particles suspended 

in a fluid due to the collision between the particles and other fast-moving molecules in 

the fluid. The velocity of the Brownian motion depends on the particle size and the fluid 

viscosity. If the fluid viscosity keeps constant, the smaller the particles, the faster the 

Brownian motion. When an incident light is irradiated onto particles suspended in a 

fluid, the Brownian motion of the particles can result in the fluctuation of scattered 

light intensity, and the fluctuation amplitude is correlated with the particle size. The 

detected scattered light signal is statistically significant since it is the superposition 

result of multiple scattered photons. Therefore, based on the fluctuation amplitude and 

the autocorrelation functions of scattered light intensity, a particle size distribution can 

be obtained. DLS exhibits many superiorities for particle size measurements, such as 

high accuracy, rapidity and repeatability.  

Besides, DLS is also used for measuring the zeta potential (also known as electrokinetic 

potential) of colloidal dispersions. For a specific colloidal dispersion, its zeta potential is 

the potential difference between the dispersion medium and the stationary layer of fluid 

attached to the dispersed particle, which can be used for introducing the charged state 

on the particle surface and the stability of the colloidal dispersion. The principle of 

measuring zeta potential by DLS can be described as follows. First, the measurement of 

zeta potential can be converted to the measurement of charged particle mobility. Then 

the charged particle mobility can be calculated with the frequency variation of scattered 

light and the velocity of particle motion. In this Ph.D. study, all DLS measurements 

were conducted on a Zetasizer Nano ZS90 nanoparticle size analyzer (Malvern). 
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3.3.12 Measurements on conductivity of FCEs 

The fundamental principle of measuring electroconductive characteristics of FCEs has 

been described in Section 1.6.3. In this Ph.D. study, In this Ph.D. study, the sheet 

resistances of different paper electrodes were measured at 25 °C by a four-point probe 

system (Jandel) consisting of a Multi Height AFPP2 probe combined with a RM3000+ 

test unit. The cross-plane resistances of different paper electrodes was measured at 

25 °C by a U1231A multimeter (Agilent). 

3.3.13 Measurements on mechanical characteristics of FCEs 

The fundamental principle of measuring mechanical characteristics of FCEs has been 

described in Section 1.6.3. In this Ph.D. study, mechanical characteristics of FCEs were 

measured by a Microtest 200N tensile tester (Deben). Different paper electrodes were 

carefully cut into 5 mm × 30 mm test strips, and the tests were conducted at a strain 

rate of 0.1 mm min-1.  

3.3.14 Electroanalytical techniques 

Main electroanalytical methods used for this Ph.D. study including CV, DPV, GCD and 

EIS has been introduced in Section 1.2, 1.3 and 1.6. In this Ph.D. study, all the 

electrochemical measurements were carried out at room temperature. CV and GCD 

tests were performed on a CHI 760C electrochemical workstation (CH Instruments). 

EIS was obtained on an AUTOLAB PGSTAT12 potentiostat/galvanostat electrochemical 

system (Metrohm). Details on WE preparation, measurement system establishment and 

parameter setting for different studies will be introduced in following chapters. 
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Chapter 4 

Characteristics of building-block materials and carbon-

based paper-like films 

This chapter introduces first the basic features of building-block materials for carbon-

based paper-like films, and then the characteristics of the three kinds of carbon-based 

paper-like films developed in this Ph.D. study. 

4.1 Characteristics of building-block materials 

4.1.1 Nanocarbons 

Adopting appropriate processing and pretreatments on the three pristine nanocarbons 

to obtain an oxidized hybrid-dimensional nanocarbon mixture (O-RGO-CNT-CBNP) 

plays a key role in constructing the highly-porous and interconnected 3D network of N-

RGO-CNT-CBNP. Surface functional groups of pristine CNTs and CBNPs such as 

carboxyl, hydroxyl and carbonyl groups could be significantly enriched after acid 

activation.22,23 On the other hand, moderate addition of ammonia during the liquid-

phase exfoliation of graphite oxide could help significantly improve exfoliation efficiency 

and achieve a more stable and dispersive graphene oxide aqueous suspension.24 All of 

above are very conducive to the microwave-assisted solvothermal self-assembly of O-

RGO-CNT-CBNP and finally obtaining high-quality N-RGO-CNT-CBNP. 

After processing and pretreatments, the obtained graphene oxide aqueous suspension 

had a dark yellow color, while aqueous suspensions of both activated CNTs and 

activated CBNPs appeared black (Figure 4.1a). Strong characteristic absorption peaks 

around 220-230 nm are observed in ultraviolet-visible (UV-Vis) spectra of all the three 

oxidized nanocarbons, which correspond to the π-π* transition of C=C.25 Besides, for 

different oxidized nanocarbons, there are also relatively weak shoulder peaks existing 

around 260-320 nm attributed to n-π transition of C=O in carboxyl and carbonyl 

groups.26 Fourier transform infrared spectroscopy (FTIR) was used for further analyzing 

surface functional groups (Figure 4.1b). For all types of oxidized nanocarbons, strong 

characteristic absorption bands around ~3420 cm-1 and small shoulder peaks at ~1730 

cm-1 are observed. The former is attributed to O–H stretching in carboxyl and hydroxyl 
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groups, and the latter represents C=O stretching in carboxyl and carbonyl groups.27 

Besides, multiple peaks appearing in the range of 1300-850 cm-1 can be assigned to C–O 

stretching in various oxygen-containing groups, such as carboxyl, phenolic/alcoholic 

hydroxyl, ether and epoxy groups.27 Furthermore, peaks distributing in the range of 

1640-1560 cm-1 can be ascribed to C=C stretching in the carbon skeletons of different 

oxidized nanocarbons.27 From these spectral results, it can be concluded that rich 

oxygen-containing groups (especially carboxyl and carbonyl groups) were introduced 

onto the surface of O-RGO-CNT-CBNP after the aforementioned 

processing/pretreatment procedures. In the meantime, the carbon skeletons in different 

oxidized nanocarbons could largely maintain their structural integrity. 

 

Figure 4.1 (a) UV-Vis spectra of the aqueous suspensions of GO, activated CNTs and 

activated CBNPs. Insets: associated photos of the aqueous suspensions of GO, activated 

CNTs and activated CBNPs. (b) FTIR spectra of the aqueous suspensions of GO, activated 

CNTs and activated CBNPs. 

The morphology and size of different oxidized nanocarbons are characterized and shown 

in Figure 4.2. From the transmission electron microscopy (TEM) images (Figure 4.2a, 

left), it can be seen that single layered graphene oxide nanosheets with a lateral size of 

1-3 μm were successfully prepared. Rough edges and abundant surface wrinkles of 

graphene oxide nanosheets could be beneficial for further synthesis by exposing more 

oxygen-containing active functional groups.10 A well-defined tubular structure of 

activated CNTs is observed (Figure 4.2a, middle). The average outer diameter of 

activated CNTs slightly increased to ~10 nm, compared with that of CNTs used as 

starting material (~8 nm). This could be because acid activation partially changed the 

outer layers of CNT sidewalls, accompanied with introducing oxygen-containing 

functional groups. The similar phenomenon also occurred on activated CBNPs, which 

were uniform spherical particles with an average diameter of ~23 nm (Figure 4.2a, 
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right), slightly larger than that of pristine CBNPs (~20 nm). The atomic force 

microscopy (AFM) image further supported that the obtained graphene oxide were 

mainly single-layered nanosheets with a thickness of around 0.85 nm (Figure 4.2b, left). 

For pristine and activated CNTs, there were no significant morphology difference 

observed (Figure 4.2b, middle and right). Their diameters were measured to be ~8 nm 

and ~11 nm as expected, respectively, which further validates the above-mentioned acid 

activation induced size variation. The minimal dispersible structural unit of carbon 

black is generally a multi-core aciniform aggregate composed of dozens of randomly-

arranged CBNPs fused together.28 Besides, small CBNP aggregates tend to clump and 

agglomerate into larger aggregates during sample-drying processes. Thus, it was unable 

to observe the size of every individual CBNP by AFM. However, DLS can be employed to 

directly investigate the actual size distribution of CBNP aggregates in the adopted 

solvent (Figure 4.2c). It can be seen that the average size of CBNP aggregates increased 

from ~140 nm to ~190 nm after acid activation. It could be attributed to the successful 

introduction of abundant surface hydrophilic groups, which increased both the actual 

and the hydrodynamic size of CBNP aggregates.29 Moreover, no giant CBNP aggregates 

(diameter > 800 nm) were observed after acid activation. All above results confirm that 

the structures and physical characteristics of as-prepared nanocarbons were adequately 

tailored for the synthesis of N-RGO-CNT-CBNP. 

 

Figure 4.2 (a) TEM images of GO (left), activated CNTs (middle) and activated CBNPs 

(right). (B) AFM images of GO, pristine CNTs (middle) and activated CNTs (right). (C) The 

size distribution of pristine and activated CBNPs measured by DLS. The adopted solvent in 

DLS samples is a mixture of ethylene glycol and water (v:v=1:2). 
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4.1.2 N-RGO-CNT-CBNP 

A variety of nanocarbons are found to be excellent microwave absorbents.30 Owing to 

their ultra-active interactions with microwave radiation, fast, violent and heterogeneous 

heating can be realized, enabling the acceleration of reaction processes, as well as the 

formation of innovative nanocarbon based composites/structures with unusual 

morphologies.30,31 The specific strategy for synthesizing N-RGO-CNT-CBNP is 

illustrated in Figure 4.2 and the structure characterization of N-RGO-CNT-CBNP will 

be described in detail below. Considering the discrepant water solubility/dispersity of 

starting materials and the superior microwave absorption ability of polyols, a binary 

mixture of water and ethylene glycol was employed as the solvent, by which a 

homogeneous dispersion was obtained for the following microwave processing (Figure 

4.3a). In the first stage (Figure 4.3b), melamine began to hydrolyze into different 

hydrolyzates (Figure 4.4a) under the acidic environment caused by the abundant 

carboxyl groups of O-RGO-CNT-CBNP.32 Small molecular clusters composed of 

melamine and its hydrolyzates (especially its tertiary hydrolyzate, cyanuric acid) 

rapidly formed via strong hydrogen bonding (Figure 4.4b and 4.4c).33,34 Meanwhile, 

many melamine/melamine hydrolyzate molecules could be closely adsorbed or 

chemically bonded onto the surface of O-RGO-CNT-CBNP.35,36 In the second stage 

(Figure 4.3c), melamine and its primary hydrolyzates further hydrolyzed with 

increasing temperature. A supramolecular prismatic structure was constructed by the 

rapid self-assembly of small molecular clusters produced in the first stage. Owing to its 

self-protecting effect, these microprisms could keep stable and growing, and function 

with CNTs and CBNPs together as highly effective spacers to prevent RGO nanosheets 

from restacking, thereby producing the melamine/melamine hydrolyzates loaded RGO-

CNT-CBNP composite (M-RGO-CNT-CBNP) with a 3D highly-porous and 

interconnected network structure. During microwave processing, with melamine as 

primary nitrogen source, initiatory N-doping of nanocarbons was also realized by 

making use of the nanoscale localized instantaneous super-heating effects.31 It was 

reported that partially oxidized areas on nanocarbons with sufficient nitrogen source 

molecules adsorbed/conjugated could absorb microwave intensively.37 Under microwave 

irradiation, these areas were superheated with generated heat rapidly dissipated to 

hydrophilic oxygen-containing groups by π electron migration. After that, with 

deoxygenation occurring, many nitrogen atoms generated by the decomposing of 

nitrogen source molecules could be doped into the lattices of nanocarbons efficiently.37 

Following the solvothermal self-assembly process, a post-annealing treatment was 

adopted to simultaneously realize higher-level thermal reduction and N-doping of 

nanocarbons. This process also occurred in two stages. First, adsorbed melamine and its 



 

59 

 

derivatives began to condense to graphitic carbon nitride (g-C3N4) when the annealing 

temperature rised to 500-650 °C (Figure 4.3d).38 Remaining oxygen-containing groups 

were then removed rapidly from the surface of nanocarbons, creating abundant active 

sites for N-doping. In the second stage, with the annealing temperature further 

increasing to 650-800 °C (Figure 4.3e), nitrogen free radicals as well as some other 

nitrogen-containing species formed by decomposition of g-C3N4 could attack these active 

sites to form N-RGO-CNT-CBNP.38 

 

Figure 4.3 Schematic illustration of the N-RGO-CNT-CBNP synthesis. (a) The starting 

mixture containing oxidized nanocarbons and melamine. (b and c) Two stages of the 

microwave-assisted solvothermal self-assembly process. (d and e) Two stages of the post-

annealing process. Not drawn to scale. 

 

Figure 4.4 (a) Schematic of molecular structures of melamine and its primary (ammeline), 

secondary (ammelide) and tertiary (cyanuric acid) hydrolyzates. Cyanuric acid molecules 

generally exist in two different structures (tautomers) that can readily interconvert, since 

the hydrogen atoms of their –OH groups tend to shift positions to form –NH groups. (b) 

Schematic of the strong hydrogen bonding between individual melamine and cyanuric acid 

molecules. (c) Schematic of molecular clusters composed of melamine and cyanuric acid 

molecules. 
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Figure 4.5 (A) XRD patterns of O-RGO-CNT-CBNP, melamine, RGO-CNT-CBNP and N-

RGO-CNT-CBNP. (B) Raman spectra of O-RGO-CNT-CBNP, melamine, M-RGO-CNT-

CBNP, RGO-CNT-CBNP and N-RGO-CNT-CBNP. (C) TGA curves of graphite, O-RGO-

CNT-CBNP, RGO-CNT-CBNP and N-RGO-CNT-CBNP. 

XRD was used for identifying atomic-level structural changes of N-RGO-CNT-CBNP 

before and after synthesis (Figure 4.5a). From curve (1), it is shown that all main 

diffraction peaks of three oxidized nanocarbons can be observed clearly, which means 

they were adequately activated and homogenously mixed for further self-assembly. A 

series of sharp peaks are detected in curve (2) from 10° to 40°, which are in good 

agreement with those of previously reported crystalline melamine (JCPDS: 39-1950).39 

From curves (3) and (4), it can be seen that after solvothermal processing and annealing 

treatment, a strong diffraction peak appears around 24.9°, which can be attributed to 

enhanced characteristic diffraction of graphitic (002) planes in reduced nanocarbons. 

The strong diffraction peak at 11.4° corresponding to the (001) plane of graphene oxide 

totally disappeared in curve (3) and (4), indicating the high reduction degree of reduced 

nanocarbons. The characteristic diffraction peaks of melamine does not exist in curve 

(4), suggesting its complete decomposition. The high similarity of curve (3) and (4) 

indicates N-RGO-CNT-CBNP could still retain a relatively stable carbon skeleton like 

RGO-CNT-CBNP. Besides, compared with those of RGO-CNT-CBNP, the (002) and 

(100) peaks of N-RGO-CNT-CBNP are relatively stronger and broader. This could be 

due to the changes in lattice orientations derived from both the introduced defects and 

the highly-porous structure of N-RGO-CNT-CBNP.  

Raman spectroscopy was employed for further microstructural analysis. As shown in 

Figure 4.5b, the Raman spectra of different nanocarbon composites exhibited two 

prominent peaks around 1345 and 1580 cm-1, which corresponds to D band and G band 

of graphitic structures, respectively. The G band corresponds to the in-plane bond-

stretching of sp2-bonded graphitic structures, while the D band is associated with 

structural disorder induced scattering derived from lattice imperfections and symmetry 

deficiencies of sp2-bonded graphitic structures.40 From curve (1) and (4), it can be seen 
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that after reduction, the peak intensity ratio of D band to G band (ID/IG) increased from 

0.85 for O-RGO-CNT-CBNP to 1.19 for RGO-CNT-CBNP, which may be because the 

removal of oxygen-containing groups induced smaller and more dispersed sp2 domains, 

thereby leading to more defects in the sp2-bonded graphitic structures. While 

introducing melamine (curve (3)), it can be seen that several characteristic peaks 

stemming from melamine exist in the range of 550-1050 cm-1, indicating there was still 

a high content of melamine and its hydrolyzates in M-RGO-CNT-CBNP for structure 

adjustment and high-temperature N-doping. Besides, compared with curve (1), the D 

band intensity of M-RGO-CNT-CBNP significantly increases with the ID/IG value rising 

up to 1.71. This could be because the adsorbed/conjugated nitrogen-containing species in 

M-RGO-CNT-CBNP created more lattice defects and distortion in graphitic structures of 

nanocarbons. After thermal reduction of M-RGO-CNT-CBNP, the ID/IG value decreased 

to 1.32 (curve (5)). Meanwhile, the characteristic peaks of melamine and melamine 

hydralyzates in curve (3) disappeared in curve (5). These phenomena suggest the 

complete transformation of all adsorbed/conjugated nitrogen-containing species. 

Furthermore, compared with curve (4), the relatively higher ID/IG value as well as the 

presence of a small shoulder peak around 1620 cm-1 (D’) in N-RGO-CNT-CBNP indicate 

the high-level N-doping has introduced abundant symmetry-breaking structural defects. 

However, it should be noted that the G band of N-RGO-CNT-CBNP still possesses high 

similarity with that of RGO-CNT-CBNP, which indicates a relatively stable graphitic 

structure has been largely retained.  

TGA was used for investigating the relationship between micro-/nanoscopic structure 

and thermal stability of N-RGO-CNT-CBNP. As shown in Figure 4.5c, pristine graphite 

powder exhibited no obvious weight loss up to 650 °C. Further increasing the 

temperature resulted in the rapid pyrolysis of its graphitic skeleton. O-RGO-CNT-CBNP 

started to continuously loss weight from the very beginning due to the gradual 

deprivation of trapped moistures. A rapid weight loss occurred from 180 to 300 °C, 

which could be attributed to the decomposition of various oxygen-containing groups. The 

graphitic skeleton of O-RGO-CNT-CBNP started to decompose from only about 520 °C, 

which may due to its greatly reduced van der Waals interactions and significant self-

catalytic effect. Compared with the 56% weight loss of O-RGO-CNT-CBNP at 520 °C, 

RGO-CNT-CBNP and N-RGO-CNT-CBNP achieved much lower weight losses of 16% 

and 21%, respectively, indicating their high reduction degree. Their graphitic skeleton 

started to be pyrolysed from more than 550 °C, which may because the tandem 

microwave-thermal reduction process helped optimize the microstructure of graphitic 

skeletons and enhanced their thermal stability. Interestingly, it was found that N-RGO-

CNT-CBNP were even more thermally stable than RGO-CNT-CBNP under 650-750 °C, 
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which could be ascribed to the introduced nitrogen-containing heterocyclic rings can 

further restore and reinforce its graphitic skeleton, thereby achieving a better thermal 

stability. 

 

Figure 4.6 (a) XPS survey spectra of O-RGO-CNT-CBNP, RGO-CNT-CBNP and N-RGO-

CNT-CBNP. (b) A high-resolution XPS N1s spectrum of N-RGO-CNT-CBNP. 

XPS was used for further analyzing elemental compositions and nitrogen bonding states 

of N-RGO-CNT-CBNP. In Figure 4.6a, the XPS survey spectra showed that compared 

with that of O-RGO-CNT-CBNP, the oxygen contents in RGO-CNT-CBNP and N-RGO-

CNT-CBNP decreased significantly after reduction, demonstrating the proposed 

synthetic approach could help O-RGO-CNT-CBNP achieve a high reduction degree. 

Besides, compared with that of RGO-CNT-CBNP, the intensity of O1s in N-RGO-CNT-

CBNP was decreased by extra 16%, which indicates the introduction of melamine could 

further promote the reduction of oxygen-containing groups, realizing highly-efficient N-

doping simultaneously. A high N-doping level of 13.8 at.% could be achieved by N-RGO-

CNT-CBNP, demonstrating that melamine could function as a highly effective N-doping 

source. In Figure 4.6b, the N1s spectrum of N-RGO-CNT-CBNP can be fitted into four 

peaks with binding energies of 398.2 (pyridinic nitrogen), 400.4 (pyrrolic nitrogen), 

401.7 (graphitic nitrogen) and 403.8 eV (pyridinic-oxide nitrogen), respectively. Previous 

studies have demonstrated that for N-doped carbon materials, pyridinic nitrogen and 

pyrrolic nitrogen are predominant electrochemical redox active sites for efficiently 

providing pseudocapacitance.41 It is shown that the proportion of pyridinic nitrogen and 

pyrrolic nitrogen in the total doped nitrogen content of N-RGO-CNT-CBNP was higher 

than 85%. This result indicated that by using melamine as an efficient nitrogen source 

and employing our unique reaction approach, both a high nitrogen doping level and 

favorable nitrogen doping types could be achieved simultaneously by N-RGO-CNT-

CBNP. 

TEM and SEM were employed for investigating micro-/nanoscopic morphologies of N-

RGO-CNT-CBNP. In Figure 4.7, RGO nanosheets, CNTs and CBNPs can be respectively 
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observed in both RGO-CNT-CBNP and N-RGO-CNT-CBNP. However, it can be clearly 

seen that there were many isolated CNT or CBNP conglomerations and uncombined 

RGO nanosheets existing in RGO-CNT-CBNP, indicating its poor material homogeneity 

(Figure 4.7e-4.7h). By contrast, a more uniform material distribution was achieved by 

N-RGO-CNT-CBNP at even nanoscale (Figure 4.7a-4.7d). This could be because during 

the solvothermal self-assembly, by the efficient adsorption/conjugation of melamine and 

its hydrolyzates, relatively hydrophobic and chemically-inert basal planes of 

nanocarbons (especially RGO) could be significantly ‘activated’. Functioning as linker 

molecules (Figure 4.3b), melamine and its hydrolyzates greatly prompted 

homogenization and recombination of different nanocarbons. The as-achieved better 

homogeneity of N-RGO-CNT-CBNP was very beneficial to taking full advantages of all 

nanocarbons working in different dimensions. On the other hand, by the synergetic 

effect of CNT/CBNP spacing and melamine-mediated microstructure directing, more 

wrinkles were produced onto RGO nanosheets, which could effectively prevent RGO 

restacking and introduce plentiful nano-/mesopores (Figure 4.7a and 4.7c). Besides, it 

can be seen that many microprisms composed of melamine and its hydrolyzates existed 

in M-RGO-CNT-CBNP (Figure 4.8). These microprisms themselves could also serve as 

highly effective spacers capable of providing robust spatial supports at microscale. 

Although the microprisms decomposed after thermal annealing, the high temperature 

graphitization of g-C3N4 could produce a reinforcing effect on the structural junctions of 

hybrid-dimensional nanocarbons. Therefore, the highly-porous 3D hierarchical structure 

was furthest retained in N-RGO-CNT-CBNP, and abundant macropores were also 

created which could further enhance electrolyte transport (Figure 4.7c). In addition, an 

EDX analysis was conducted to observe the elemental composition of N-RGO-CNT-

CBNP (Figure 4.9). The obtained results were largely consistent with those from XPS 

analysis, which could also demonstrate the high compositional homogeneity of N-RGO-

CNT-CBNP considering the dissimilar observed emphases of the two techniques. 

Nitrogen adsorption-desorption isotherms were used for further analyzing the specific 

surface area and porosity of N-RGO-CNT-CBNP. In Figure 4.10a, all isotherms exhibit 

type-IV features with evident type-H3 hysteresis loops in the medium and high relative 

pressure range (>0.4) and steep uptakes in the low relative pressure range (<0.01), 

revealing the coexistence of micropores, mesopores and macropores in corresponding 

nanocarbon composites. Compared with that of O-RGO-CNT-CBNP, the specific surface 

area of RGO-CNT-CBNP increased by ~60%, which could be because the reduction and 

drying processes were capable of releasing some suppressed micropores and small 

mesopores in O-RGO-CNT-CBNP. On the other hand, the specific surface area of M-

RGO-CNT-CBNP was almost three times that of O-RGO-CNT-CBNP, and a greatly 
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enhanced overall porosity was achieved by M-RGO-CNT-CBNP (Figure 4.10b). These 

could be because the introduction of melamine helped achieve a more homogenous 

distribution of different nanocarbons, and the integrated spacing effect derived from 

both CNTs/CBNPs and melamine based microprisms could effectively hinder RGO 

restacking and construct a highly-porous 3D hierarchical structure. Although having 

undergone further thermal reduction, a high specific surface area of 810 m2 g-1, a large 

total pore volume of 3.32 cm3 g-1 and a large average pore diameter of 16.4 nm could be 

still achieved by N-RGO-CNT-CBNP, indicating the highly-porous 3D hierarchical 

structure of M-RGO-CNT-CBNP was largely retained. Compared with that of M-RGO-

CNT-CBNP, the slight loss (~12%) of the specific surface area of N-RGO-CNT-CBNP 

was mainly attributed to the amount decrease of pores with a size of 8~50 nm. This 

could be due to the complete thermal decomposition of melamine based microprisms, 

which might induce the partly collapse of their attached nanostructures constructed by 

CNTs and CBNPs. 

 

Figure 4.7 (a,b) TEM images of N-RGO-CNT-CBNP. (c,d) SEM images of N-RGO-CNT-

CBNP. (e,f) TEM images of RGO-CNT-CBNP. (g,h) SEM images of RGO-CNT-CBNP. 

 

Figure 4.8 Low (a) and high (b) magnification SEM images of M-RGO-CNT-CBNP. 
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Figure 4.9 The EDX spectrum of N-RGO-CNT-CBNP obtained from observing the sample 

area shown in Figure 4.7d. 

 

Figure 4.10 (a) Nitrogen adsorption-desorption isotherms of O-RGO-CNT-CBNP, RGO-

CNT-CBNP, M-RGO-CNT-CBNP and N-RGO-CNT-CBNP. The inset table shows the 

calculated sBET and Vt. STP: the standard condition for temperature and pressure. (b) Pore 

size distributions of O-RGO-CNT-CBNP, RGO-CNT-CBNP, M-RGO-CNT-CBNP and N-

RGO-CNT-CBNP. The inserted table shows the measured average diameter of pores (Da). 

4.1.3 AuNPs 

The size and morphology of the as-synthesized AuNPs is first observed by TEM. The 

AuNPs are quite uniform and nearly spherical with an average diameter of ~13 nm 

(Figure 4.11a and 4.11b). The AuNPs exhibit a strong characteristic plasmon absorption 

peak at ~523 nm (Figure 4.11c), which is in accordance with previously-reported ~13 nm 

AuNPs. An AFM image of the AuNPs also indicates that the average diameter of the 

AuNPs are around 13 nm with high size uniformity (Figure 4.11d). Since cysteamine is 

used to modify the AuNPs, thiol groups in cysteamine molecules can form Au-S bonds on 
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the surface of the AuNPs with Au atoms. Thus, the AuNPs are positively charged due to 

the basification of the exposed amino groups. The zeta potential of the AuNPs is further 

measured, which is +35.5 mV (Figure 4.11e). This high apparent zeta potential can 

endow the AuNPs with high stability and dispersity in aqueous solution. 

 

Figure 4.11 (a,b) Low and high magnification TEM images of the AuNPs. (c) UV-Vis 

spectrum of the AuNPs. (d) An AFM image of the AuNPs. (e) The zeta potential of the 

AuNPs. 

4.2 N-RGO-CNT-CBNP-Ps 

The morphology and microstructure of sandwich-structured N-RGO-CNT-CBNP-Ps was 

investigated. Figure 4.12a shows a typical circular N-RGO-CNT-CBNP-P with a 

diameter of ~4 cm, exhibiting its free-standing and flexible feature. From Figure 4.13, it 

can be seen that the N-RGO-CNT-CBNP-P could be folded/unfolded for several times 

without apparent damage, further demonstrating its excellent flexibility. Figure 4.12b 

show the cross-sectional image of a ~10 μm thick N-RGO-CNT-CBNP-P, whose 

interlayer and capping layers are ~8 and ~1 nm thick, respectively. Compared with the 

interlayer, the capping layers were more compact with RGO nanosheets and CNTs 

uniformly stacking on each other. The introduction of CNTs were capable of providing 
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enhanced mechanical protection to the interlayer and further improving surface 

electrical conductivity. Their spacing effect could also help facilitate electrolyte 

transport. From Figure 4.12c, it can be seen that in spite of undergoing a negative-

pressure filtration process, the microstructure of N-RGO-CNT-CBNP could be largely 

retained. The abundant hierarchical pores and highly interconnected 3D conductive 

network in the interlayer is very conducive to improving the EDLC-type energy storage 

capacity of N-RGO-CNT-CBNP-Ps. 

 

Figure 4.12 (a) A digital photograph of a piece of as-prepared N-RGO-CNT-CBNP-P. Inset: 

a curved N-RGO-CNT-CBNP-P demonstrating its flexibility. (b) A cross-sectional SEM 

image of an N-RGO-CNT-CBNP-P. (c) A cross-sectional SEM image of the interlayer of an 

N-RGO-CNT-CBNP-P. (d) CV curves of different paper electrodes at a scan rate of 5 mV s-1. 

(e) CV curves the N-RGO-CNT-CBNP-P at different scan rates ranging from 5 to 500 mV s-

1. (f) GCD curves of different paper electrodes at a current density of 1 mA cm-2. (g) GCD 

curves of the N-RGO-CNT-CBNP-P at different current densities ranging from 1 to 100 mA 

cm-2. (h) Comparison of areal specific capacitances of different paper electrodes at different 

current densities. (i) Nyquist plots of an N-RGO-CNT-CBNP-P, a RGO-CNT-CBNP-P and a 

RGO-P. Insets: (lower) A magnified portion of the high frequency region and (upper) the 

equivalent circuit model to fit the Nyquist plots. 

 

Figure 4.13 Photos of an N-RGO-CNT-CBNP-P showing its flexibility: (A) initial state; (B) 

folded once; (C) folded twice; (D) folded thrice; (E) unfolded completely. 
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Figure 4.14 Stress-strain curves of different paper electrodes. 

The macroscopic electrical and mechanical properties of different papers were then 

comprehensively evaluated. The electrical conductivity of different papers are shown in 

Table 4.1. Compared with that of a G-N-RGO-CNT-CBNP-P, an N-RGO-CNT-CBNP-P 

could achieve a higher surface electrical conductivity, since the introduced CNTs in the 

capping layer could serve as highly conductive ‘bridges’ among RGO nanosheets. The 

cross-plane electrical conductivity of different papers were also measured. Attributed to 

the synergistic effect of the electron transport ‘highways’ constructed by highly 

conductive spacers and the improved intrinsic electrical conductivity owing to effective 

N-doping, N-RGO-CNT-CBNP-Ps could achieve the highest cross-plane electrical 

conductivity. Figure 4.14 shows the stress-strain curves of different papers. Listed in 

Table 4.2, the calculated Young’s modulus of different papers varied from 5~10 GPa 

with a RGO-P achieving the highest value owing to its higher RGO content. It could be 

seen that in spite of its relatively low RGO content, an N-RGO-CNT-CBNP-P could 

withstand a highest stress of 200 MPa with 2.56% tensile strain among the measured 

samples, with its stiffness largely retained. On one hand, it is owing to the superior 

mechanically reinforcing effect of the introduced CNTs and CBNPs, which could bridge 

RGO nanosheets and effectively resist the functional failure induced by structural 

deformation. On the other hand, it benefited from the microwave super-heating effect, 

by which RGO nanosheets, CNTs and CBNPs could be effectively ‘welded’ together with 

the aid of the adsorbed melamine-containing supramolecules (Figure 4.3c). Therefore, 

the 3D hierarchical nanocarbon network of the N-RGO-CNT-CBNP-P could be further 

reinforced, and its higher structural integrity were capable of effectively resisting 

tensile deformation. Figure 4.15a shows the impacts of tensile and bending strain on the 

electrical conductivity of an N-RGO-CNT-CBNP-P. With the tensile strain increasing, 
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surface electrical conductivity of the N-RGO-CNT-CBNP-P tended to decrease due to the 

weakened interconnection among RGO nanosheets. However, surface electrical 

conductivity decrease of the N-RGO-CNT-CBNP-P was still less than 5% even when 

tensile strain was as high as 1.5%, owing to the bridge effect of CNTs and CBNPs. 

Meanwhile, cross-plane electrical conductivity of the N-RGO-CNT-CBNP-P slightly 

increased, which could be ascribed to the improved compactness in the cross-plane 

direction. A bending fatigue test was also conducted for an N-RGO-CNT-CBNP-P. The 

N-RGO-CNT-CBNP-P showed no obvious appearance change even after 10,000 repeated 

bending-unbending cycles, with the loss of both the surface and the cross-plane 

electrical conductivity less than 3% (Figure 4.15b). These results demonstrated superior 

macroscopic electrical and mechanical characteristics of the N-RGO-CNT-CBNP-P. 

Table 4.1 A comparison on the electrical conductivity of different nanocarbon based papers 

in this study. 

Sample Rs (Ω sq-1) σs (S cm-1) Rc (Ω) δ (μm) σc (×10-6 S cm-1) 

N-RGO-CNT-CBNP-P 4.7±0.1 1934 74±11 10.8±1.4 1.16 

G-N-RGO-CNT-CBNP-P 17.4±0.5 639 156±0.5 10.4±1.2 0.53 

RGO-CNT-CBNP-P - - 97±0.5 7.4±1.0 0.61 

RGO-CNT-P - - 176±0.5 6.4±0.7 0.29 

RGO-CBNP-P - - 305±0.5 6.9±0.8 0.18 

RGO-P - - 522±0.5 5.9±0.5 0.09 

GC-Blank-P - - 18±2 2.3±0.2 1.02 

Note: 1. Rs: sheet resistance, σs: surface electrical conductivity, Rc: cross-plane resistance, δ: the thickness of a paper 

(observed by SEM), σc: cross-plane electrical conductivity. All the measured values in the table are the mean values of ten 

times’ measurements with randomly choosing measured positions. 

2. σs is calculated by the following equation: 

�� =  
1

10��  × ��  × ��

 

where δs (μm) is the thickness of a single capping layer. Observed by SEM, the δs values of an N-RGO-CNT-CBNP-P and a 

G-N-RGO-CNT-CBNP-P are 1.1±0.1 and 0.9±0.1 μm, respectively. 

3. σc is calculated by the following equation: 

�� =  
1
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where ρc (Ω cm) is the cross-plane resistivity of a paper, and S (cm2) is the area of a paper. In our study, the diameters (D, 

cm) of all paper electrodes are 4 cm, thus S is equal to 12.56 cm2 according to the formula for circle area: 

� = π(
�

2
)� 

Table 4.2 A comparison on the mechanical performance of different papers in this study. 
Sample Young's modulus (GPa) Tensile strength (MPa) Failure strain (%) 

N-RGO-CNT-CBNP-P 7.9 200±19 2.56±0.22 

G-N-RGO-CNT-CBNP-P 7.3 150±15 2.10±0.15 

RGO-CNT-CBNP-P 7.1 71±9 0.98±0.07 

RGO-P 8.6 76±5 0.88±0.07 

Note: All the measured values in the table are the mean values of five parallel measurements. 
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Figure 4.15 Stress-strain curves of different paper electrodes. (A) Curves showing change 

percentages of surface electrical conductivity (Δσs) and cross-plane electrical conductivity 

(Δσc) of an N-RGO-CNT-CBNP-P under increased tensile strain. (B) Curves showing change 

percentages of surface electrical conductivity (Δσs) and cross-plane electrical conductivity 

(Δσc) of an N-RGO-CNT-CBNP-P under repeated bending-unbending cycles with a constant 

curvature radius of ~4 mm. 

4.3 AuNPs@RGOPs 

 

Figure 4.16 (a) A TEM image of GO nanosheets used for fabricating AuNPs@RGOPs. (b) 

The zeta potential of the GO aqueous dispersion. (c) A photo showing an AuNPs@RGOP in 

flat (upper) and bent (lower) states respectively. 

 

Figure 4.17 Cross-sectional SEM elemental mapping images of a tilted AuNPs@RGOP. 

As described above, freestanding GO papers are first fabricated via vacuum filtrating a 

GO aqueous dispersion. Observed by TEM (Figure 4.16a), the lateral size of GO 
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nanosheets is around 1~5 μm, and most of the GO nanosheet are in one or two layers, 

which indicates the GO aqueous dispersion is suitable for fabricating GO papers. Since 

the surface charged state of GO nanosheets could greatly affect the self-assmbly process 

of the AuNPs on the surface of GO papers, the zeta potential of the GO aqueous 

dispersion is first measured (Figure 4.16b). It can be seen that the measured zeta 

potential is around -22.5 mV. On one hand, since the GO nanosheets are highly 

negatively charged, the GO aqueous dispersion is very stable due to strong electrostatic 

repulsion, thereby making the vacuum filtration process quite controllable and the as-

fabricated GO papers very uniform. On the other hand, after adding the AuNPs aqueous 

solution onto the surface of GO papers, due to the strong electrostatic attraction 

between positively charged AuNPs and negatively charged GO nanosheets, the AuNPs 

can be rapidly assembled to form a uniform coating layer. The AuNPs loaded GO paper 

was then hydrothermally reduced by L-AA/H2O vapor to obtain the final AuNPs@RGOP. 

The as-fabricated AuNPs@RGOPs have better flexibility and mechanical strength than 

that of chemically (such as hydrazine) or thermally reduced RGOPs. Therefore, they are 

promising to serve as flexible electrode materials (Figure 4.16c). SEM is used to observe 

the cross-section image of an AuNPs@RGOP (Figure 4.17). The average thickness of 

AuNPs@RGOP is ~5 μm. By elemental mapping, it can be seen that the AuNPs are 

uniformly distributed on the surface of the RGOP. Owing to the improved surface 

electrical conductivity, the AuNPs@RGOPs are very promising to serve as high-

performance flexible conductive substrates of FCEs. 

4.4 AGPs 

Commercial graphite papers should be effectively activated before being used as flexible 

substrates of FCEs. A HNO3-H3PO4 based activation method is developed in this study. 

SEM is first used to observe the morphology of an AGP. From a cross-section image 

(Figure 4.18a), it can be seen that the thickness of the AGP is ~50 μm. After HNO3-

H3PO4 activation, the surface morphology of the AGP shows no obvious difference with 

that of the raw graphite paper (Figure 4.18b and 4.18c). Table 4.3 shows the surface 

elemental composition of a raw graphite paper, a HNO3 activated graphite paper and 

the HNO3-H3PO4 activated graphite paper (i.e., the AGP) measured by XPS. Compared 

with the raw graphite paper, the surface oxygen content of the two acid-treated graphite 

papers greatly increase, which indicates that by both of the activation methods, graphite 

papers can been effectively activated. Besides, the XPS survey spectrum of the AGP 

shows that by HNO3-H3PO4 activation, some phosphorus atoms can also be successfully 

doped into the carbon lattice on the AGP surface (Figure 4.18d). Interestingly, when we 
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use Ar+ to etch off a 5-nm-thick layer from the surface of the AGP, the measured 

phosphorus content is very low, which indicates that the HNO3-H3PO4 activation 

process does not affect the inner nature of the treated graphite paper. The HNO3-H3PO4 

activation process could endow the basal planes of graphite papers with high 

hydrophilicity, increase and homogenize their surface active sites, and in the meanwhile, 

retain those superiorities derived from raw graphite papers, such as good electrical 

conductivity and mechanical flexibility. Therefore, the AGPs are very suitable to be used 

as flexible substrates for further fabricating FCEs by in-situ growing active materials. 

 

Figure 4.18 (a) A cross-sectional SEM image of an AGP. (b,c) SEM images showing the 

surface of raw and HNO3-H3PO4 activated graphite papers. (d) XPS survey spectra of raw, 

HNO3 activated and HNO3-H3PO4 activated graphite papers. 

Table 4.3 The elemental composition of raw, HNO3 activated and HNO3-H3PO4 activated 

graphite papers measured by XPS. 

Element 

Raw 

graphite 

paper (at. %) 

HNO3 activated 

graphite paper 

(at. %) 

HNO3-H3PO4 

activated graphite 

paper (at. %) 

HNO3-H3PO4 activated 

graphite paper with being 

etched off ~5 nm (at. %) 

C 99.2 74.3 74.1 98.7 

O 0.8 25.7 24.6 1.2 

P - - 1.3 0.1 
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Chapter 5 

N-RGO-CNT-CBNP-P based flexible supercapacitive 

energy storage 

This chapter describes the overall performances of N-RGO-CNT-CBNP-Ps as FCEs for 

supercapacitive energy storage. 

5.1 Introduction 

When practically developing RGO based paper-like FSSSC electrodes, achieving an 

optimal bulk density is a very crucial issue.9 On one hand, maintaining a relatively low 

RGO bulk density in these electrodes is beneficial to taking full advantage of the large 

surface area of RGO and achieving a high mass specific capacitance. However, these 

could be at the expense of a low areal specific capacitance and a low macroscopic 

mechanical strength, which are quite unfavorable in FSSSC design. On the other hand, 

increasing RGO bulk density by close-packing can effectively improve their areal 

specific capacitance. Nevertheless, over-close-packing RGO will cause severe RGO 

restacking and huge loss of its effective surface area, thereby hindering ion diffusion 

and inevitably resulting in capacitance attenuation and power performance 

degradation. 

An effective countermeasure is to introduce 0D or 1D nanomaterials as spacers to 

prevent RGO from restacking and optimize electrode micro-/nanostructures.10 

Meanwhile, these spacers are also expected to be capable of contributing additional 

capacitances. In previously reports, biomacromolecule and ion liquid based spacers were 

used to provide moderate physical separation and structural confinement effects but 

only very little capacitive contribution.11,12 Some conductive polymer 

nanoparticles/nanotubes or metal oxide nanorods were employed as both spacers and 

pseudocapacitive constituents.13-15 However, macroscopic mechanical strength and cyclic 

stability of these electrode materials were proved to deteriorate rapidly and markedly. 

Many attempts were also made on utilizing CNTs or CBNPs, since they could effectively 

adjust the interplanar spacing between RGO, bridge the defects on RGO nanosheets for 

electron transfer, construct a highly conductive network and enhance electrolyte 

wettability, thereby helping improve the comprehensive performance of RGO based 
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paper electrodes.16-19 In addition to exploring from the perspective of materials, some 

advanced processing technologies such as microfluidic spinning is also being utilized for 

engineering hybrid-dimensional nanocomposites with novel microstructure or 

macroscopic morphology to address this issue.20 

Despite the above extensive studies, to date, jointly using 0D CBNPs and 1D CNTs as 

spacers to develop 2D RGO nanosheets based FSSSC composite paper electrodes has not 

been explored yet. To develop a hybrid-dimensional nanocarbon composite with a 

highly-porous 3D hierarchical structure could help further achieve better pore-size 

distribution, electrolyte wettability, charge transport and physicochemical/mechanical 

stability. Although relatively low mass specific capacitance is still a drawback, this issue 

could be substantially overcome by using heteroatom-doped nanocarbons.21 Rationally 

doping heteroatoms (represented by nitrogen) into nanocarbon lattices is capable of 

effectively improving specific capacitance by introducing pseudocapacitive 

characteristics, further enhancing electrical conductivity and electrolyte wettability, 

without sacrificing most of essential EDLC characteristics such as high power density 

and cyclic stability.21 Herein, the N-RGO-CNT-CBNP-Ps fabricated in Chapter 4 are 

used as FCEs for supercapacitive energy storage. 0D CBNPs, 1D CNTs and 2D RGO 

nanosheets are used together as building blocks to construct its highly-porous 3D 

hierarchical structure. During the self-assembly process, melamine, a low-cost organic 

chemical with high nitrogen content (66% by mass), is used as an excellent 

multifunctional additive for both structural optimization and high-level nitrogen doping 

(N-doping). A facile multi-step filtration process (Figure 3.1b) is further exploited to 

fabricate sandwich-structured N-RGO-CNT-CBNP-Ps. Finally, by using polyvinyl 

alcohol-sulfuric acid (PVA-H2SO4) as a gel electrolyte, an N-RGO-CNT-CBNP-P based 

symmetric FSSSC is assembled with its overall performance tested and evaluated 

systematically. 

The as-prepared N-RGO-CNT-CBNP-Ps demonstrated some critical advantages: (1) 

with CNTs and CBNPs as both spacers and conductive linkers between RGO 

nanosheets, N-RGO-CNT-CBNP exhibited greatly improved porosity and electrical 

conductivity; (2) in virtue of the unique interactions between melamine/melamine 

hydrolyzates and hybrid-dimensional nanocarbons, a highly-porous 3D hierarchical 

structure was constructed for N-RGO-CNT-CBNP; (3) with melamine as a highly 

effective N-doping source, a high N-doping level of 13.8 at. % could be achieved by N-

RGO-CNT-CBNP; (4) owing to the reinforcement effects caused by the structural design 

and compositional optimization, the N-RGO-CNT-CBNP-Ps possessed enhanced 

electrochemical and mechanical performance. Thanks to these significant merits, an N-
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RGO-CNT-CBNP-P based FSSSC could exhibit ultrahigh areal specific capacitance, 

excellent cyclic stability, remarkable rate capability, superior energy density and 

ultrahigh power density. Meanwhile, it could even maintain good supercapacitive 

performance under repeated bending deformation, indicating its great potential for 

practically powering diverse wearable electronics.  

5.2 Experimental section 

5.2.1 Electrochemical evaluation 

All the electrochemical measurements were carried out at room temperature with 

argon as protective gas. A three-electrode set-up was used for the electrochemical 

evaluation of different paper electrodes. A saturated calomel electrode (SCE), a 

coiled Pt wire and different paper electrodes were used as the RE, the CE and the 

WEs respectively. Previous studies have shown that an acidic condition is more 

favorable for redox reactions of doped nitrogen atoms, thus 1 M H2SO4 was used 

as the electrolyte. All WEs were immersed in 1 M H2SO4 for 12 h prior to use. 

As the major electroactive material in N-RGO-CNT-CBNP-Ps, the supercapacitive 

performance of N-RGO-CNT-CBNP could be greatly affected by several key reaction 

parameters, particularly the weight ratio of different reactants as well as the adopted 

temperature and duration for thermal annealing. By tuning these parameters, different 

RGO-CNT-CBNP and N-RGO-CNT-CBNP samples were preliminarily prepared with 

their supercapacitive performances briefly assessed. A conventional three-electrode set-

up was used for this evaluation, which consisted of a glassy carbon electrode (geometric 

electrode area: 0.07 cm2) loading with 10 μg of different materials as the WE, a coiled Pt 

wire as the CE, a SCE as the RE, and 1 M H2SO4 as the electrolyte. RGO-CNT-CBNP 

and N-RGO-CNT-CBNP samples synthesized under different reaction conditions were 

simply evaluated by comparing their mass specific capacitance values obtained from 

GCD tests. The weight ratio of three nanocarbons (RGO:CNT:CBNP) was firstly 

optimized by comparing the mass specific capacitance values of different RGO-CNT-

CBNP samples. Eleven samples with different RGO:CNT:CBNP weight ratios (1:1:1, 

1:2:1, 1:1:2, 2:1:1, 1:4:1, 1:1:4, 4:1:1, 8:1:1, 2:1:□, 2:□:1, 1:□:□; □ means no addition) were 

synthesized with all other parameters kept same. Among them, the 4:1:1 sample could 

achieve the highest capacitance (246 F g-1 at 1 A g-1). After that, the impact of adjusting 

the added amount of melamine on the overall nitrogen content and the mass specific 

capacitance of N-RGO-CNT-CBNP was further investigated, by which a weight ratio of 

melamine to three nanocarbons was optimized to 3.5:1. Besides, we also investigated the 
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impact of adopting different temperatures and duration for thermal annealing. The 

three tested samples (800 °C and 1 h, i.e., N-RGO-CNT-CBNP; 800 °C and 3 h, denoted 

as N-RGO-CNT-CBNP-800-3; 900 °C and 1 h, denoted as N-RGO-CNT-CBNP-900-1) 

could achieve similar overall N-doping levels, but the supercapacitive performance of N-

RGO-CNT-CBNP was slightly higher than those of N-RGO-CNT-CBNP-800-3 and N-

RGO-CNT-CBNP-900-1. This phenomenon, which was in accordance with the result 

observed by Chen’s group, could be because the slightly lower percentage of pyridinic 

and pyridinic oxide nitrogen in N-RGO-CNT-CBNP resulted in a higher electrical 

conductivity, thus helping achieve a better supercapacitive performance.20 Besides, by 

referring to the thermal annealing condition used by Xia’s group,38 a complete 

decomposition of g-C3N4 can be realized after a thermal annealing process of 800 °C and 

1 h. Considering also its relatively low energy consumption and short processing period, 

800 °C and 1 h was finally adopted in our study. Based on the above optimization 

process, the optimal reaction condition we finally adopted could endow the as-

synthesized N-RGO-CNT-CBNP with the highest specific capacitance among all the 

tested samples, which was then further used for fabricating N-RGO-CNT-CBNP-Ps. 

The N-RGO-CNT-CBNP-P (or G-N-RGO-CNT-CBNP-P, GC-Blank-P) based WEs were 

prepared with a unified structure (Figure 5.1). A piece of N-RGO-CNT-CBNP-P (or G-N-

RGO-CNT-CBNP-P, GC-Blank-P) was cut into several strips (8 mm in length, 5 mm in 

width). Then, one strip was stuck onto one end of a polyvinyl chloride (PVC) strip (50 

mm in length, 5 mm in width, 0.5 mm in thickness) with double-sided adhesive tapes. 

After that, in order to ensure a highly conductive connection, a piece of Cu foil 

conductive adhesive tape (44 mm in length, 4 mm in width) was adhered to the PVC 

strip with its one end attached onto the N-RGO-CNT-CBNP-P surface. Finally, the WE 

was carefully encapsulated by waterproof insulating polyimide adhesive sealing tapes 

with a small area of the N-RGO-CNT-CBNP-P (5 mm in length, 5 mm in width) left for 

exposure to the electrolyte and a small area of copper foil (3 mm in length, 4 mm in 

width) left as an electrode terminal. Prior to all electrochemical measurements, WEs 

were immersed in electrolyte under vacuum for 12 h. It should be noted that in practical 

use, our N-RGO-CNT-CBNP-Ps are capable of directly serving as flexible freestanding 

electrodes. The above-mentioned fabrication process for N-RGO-CNT-CBNP-P (or G-N-

RGO-CNT-CBNP-P, GC-Blank-P) based WEs aims at laying out a fixed apparent area of 

the supercapacitive material for electrolyte approaching and further restraining 

electrolyte creepage during measurements, both of which are very conducive to 

minimizing systematic experimental errors. 
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Figure 5.1 Schematic of the N-RGO-CNT-CBNP-P based WE for electrochemical 

experiments. Not drawn to scale. 

5.2.2 Device performance evaluation 

To evaluate the potential practicability of N-RGO-CNT-CBNP-Ps, using two N-

RGO-CNT-CBNP-Ps and the PVA-H2SO4 gel electrolyte, a symmetric N-RGO-

CNT-CBNP-P based FSSSC was further fabricated. Prior to fabrication, two N-

RGO-CNT-CBNP-Ps were suitably tailored into a desired shape. Then moderate 

amounts of the PVA-H2SO4 gel electrolyte was uniformly smeared onto one side of 

the N-RGO-CNT-CBNP-Ps, which could be repeated for several times to ensure 

the smeared side was thoroughly wetted for 12 h. After that, the two N-RGO-

CNT-CBNP-Ps were naturally dried for 6 h to vaporize excess water. Finally, 

with their electrolyte-smeared sides face-to-face, the two N-RGO-CNT-CBNP-Ps 

were pressed together for 1 h under 5 kPa to finally obtain an N-RGO-CNT-

CBNP-P based FSSSC, whose overall performance was further analyzed by CV, 

GCD and actual power-supply tests using a two-electrode set-up. 

The PVA-H2SO4 gel electrolyte introduced in this part were used for the study on N-

RGO-CNT-CBNP-P, which are mainly related with Chapter 5. The PVA-H2SO4 gel 

electrolyte was prepared as follows: H2SO4 (1 g) was added to water (10 mL), and then 

PVA (1 g, molecular weight: 89,000-98,000, Sigma-Aldrich) was added and stirred for 12 

h. After that, the mixture was heated to 85 °C under stirring until it became clear. Then 

the gel electrolyte was cooled down to room temperature for subsequent use. 

5.2.3 Electrochemical calculation 

With regard to the electrochemical evaluation process for the optimization of N-RGO-

CNT-CBNP preparation conditions, based on GCD data obtained from the three-

electrode tests, mass specific capacitances of different active materials (Cm, F g-1) were 

calculated by the following equation: 
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where m (g) is the weight of a tested material, I (A) is the applied discharge current, ΔV 

(V) is the voltage drop during discharge, and Δt (s) is the discharge time. 

Based on GCD data obtained from the three-electrode tests, areal specific capacitances 

of different paper electrodes (Ca, mF cm-2) were calculated by the following equation: 
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1000 × �(��)
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where s (cm2) is the apparent active area of a tested paper electrode. 

Mass specific capacitances (CN3C, F g-1) of N-RGO-CNT-CBNP were calculated by the 

following equation: 

���� =
����� − ����

����
=
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where mN3C is the weight (g) of N-RGO-CNT-CBNP in the N-RGO-CNT-CBNP-P based 

working electrode, CN3CP (or CGCP, F) is the measured capacitance of the N-RGO-CNT-

CBNP-P (or GC-Blank-P) based working electrode, and ΔtN3CP (or ΔtGCP, s) is the 

corresponding discharge time for the N-RGO-CNT-CBNP-P (or GC-Blank-P) based 

working electrode. Referring to this, mass specific capacitances of other materials could 

also be calculated through replacing ΔtN3CP by the corresponding discharge time of other 

electrodes. 

Based on GCD data obtained from the two-electrode tests, areal specific capacitances 

(Ca,F, mF cm-2) of the N-RGO-CNT-CBNP-P based FSSSC were calculated by the 

following equation: 

��,� =
1000 × ��(���)

��(���)
 

where sF (cm2) is the working area of the N-RGO-CNT-CBNP-P based FSSSC, IF (A) is 

the applied discharge current, ΔVF (V) is the voltage drop during discharge, and ΔtF (s) 

is the discharge time. 

Areal specific energy (Ea,F, mW h cm-2) and areal specific power (Pa,F, mW cm-2) of the N-

RGO-CNT-CBNP-P based FSSSC were calculated by the following equation: 

��,� =
1

2 × 3600
��,�(���)� 



 

79 

 

��,� =
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× 3600 

Mass specific energy (Em,F, W h kg-1) and mass specific power (Pm,F, W kg-1) of the N-

RGO-CNT-CBNP-P based FSSSC were calculated by the following equation: 

��,� =
1000

2 × 3600

��,� × ��

��
(���)� 

��,� =
��,�

���
× 3600 

where mF (mg) is the mass of the N-RGO-CNT-CBNP-P based FSSSC.  

5.3 Results and discussion 

5.3.1 FCE performance evaluation 

 

Figure 5.2 (a) CV curves of different paper electrodes at a scan rate of 5 mV s-1. (b) CV 

curves the N-RGO-CNT-CBNP-P at different scan rates ranging from 5 to 500 mV s-1. (c) 

GCD curves of different paper electrodes at a current density of 1 mA cm-2. (d) GCD curves 

of the N-RGO-CNT-CBNP-P at different current densities ranging from 1 to 100 mA cm-2. 

(e) Comparison of areal specific capacitances of different paper electrodes at different 

current densities. (f) Nyquist plots of an N-RGO-CNT-CBNP-P, a RGO-CNT-CBNP-P and a 

RGO-P. Insets: (lower) A magnified portion of the high frequency region and (upper) the 

equivalent circuit model to fit the Nyquist plots. 

As discussed above, both the highly-porous 3D hierarchical structure and the optimized 

N-doping of N-RGO-CNT-CBNP as well as the unique sandwich-structured 
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configuration endowed N-RGO-CNT-CBNP-Ps with great potential for supercapacitive 

energy storage. Figure 5.2a shows the CV curves of different paper electrodes at a scan 

rate of 5 mV s-1. It is observed that the CV curve of a GC-Blank-P is approximately 

rectangular with no apparent redox peaks, showing a typical characteristic of ideal 

EDLC. After introducing different interlayer materials (pure RGO, RGO-CBNP, RGO-

CNT and RGO-CNT-CBNP) into GC-Blank-Ps, a pair of broad but weak redox peaks 

emerge around 0.5-0.6 V due to the redox reactions of their residual surface oxygen-

containing groups.42 Current densities of corresponding paper electrodes (the RGO-P, 

RGO-CBNP-P, RGO-CNT-P and RGO-CNT-CBNP-P) also increased and the RGO-CNT-

CBNP-P could achieve a relatively high current response. Since the amounts of 

interlayer materials in all the sandwich-structured paper electrodes were the same, it 

could be demonstrated that introducing CNTs and CBNPs jointly and adopting an 

optimal weight ratio of three nanocarbons (RGO:CNT:CBNP=4:1:1) were conducive to 

restraining RGO restacking and retaining their large specific surface area, thereby 

helping the RGO-CNT-CBNP-P achieve a higher EDLC. 

 

Figure 5.3 The impact of regulating the weight ratio of melamine to nanocarbon on the 

overall nitrogen content and the mass specific capacitance of N-RGO-CNT-CBNP. 

Electrolyte: 1 M H2SO4; Current density: 1 A g-1. 

Before focusing on the electrochemical performances of N-RGO-CNT-CBNP-Ps, the 

effect of adopting different key reaction parameters on the N-doping level and the 

supercapacitive performance of N-RGO-CNT-CBNP has been preliminarily investigated. 

The impact of adjusting the added amount of melamine on the overall nitrogen content 

and the mass specific capacitance of N-RGO-CNT-CBNP was first investigated (Figure 

5.3). While the weight ratio of melamine to three nanocarbons was in the range of 

(0.5~3.5):1, both the overall nitrogen content and the mass specific capacitance of N-

RGO-CNT-CBNP increased with gradually improving the added amount of melamine, 
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which validated that a relatively high N-doping level was conducive to helping N-RGO-

CNT-CBNP achieve a better supercapacitive performance. However, while the weight 

ratio exceeded 3.5:1, there was no further obvious increase of the overall nitrogen 

content of N-RGO-CNT-CBNP. Besides, the mass specific capacitance of N-RGO-CNT-

CBNP even slightly decreased, which might be because the excessive addition of 

melamine into the reaction mixture will impair the structural continuity and stability of 

N-RGO-CNT-CBNP, thus resulting in structural degradation and restrained electron 

transfer in N-RGO-CNT-CBNP during electrochemical measurements.20 Furthermore, 

differing from many classical points of view concluding that N-doping induced 

supercapacitive performance improvements could be mainly attributed to pyridinic and 

pyrrolic type N-doping, through the process of optimizing thermal annealing parameters 

(Table 5.1), we found that when the overall N-doping come to a high level, a relatively 

low ratio of pyridinic and pyridinic-oxide nitrogen could instead help nanocarbons 

achieve better supercapacitive performance, since higher electrical conductivity could be 

achieved.20 

Table 5.1 A comparison on the overall N-doping content and the mass specific capacitance of N-

RGO-CNT-CBNP synthesized under different temperatures and durations. 

Samples 
Overall 

N (%) 

Pyridinic 

N (%) 

Pyrrolic 

N (%) 

Graphitic 

N (%) 

Pyridinic 

oxide N (%) 

Mass specific 

capacitance 

(F g-1) 

N-RGO-CNT-

CBNP 
13.8 41.5 46.3 4.2 8.0 554 

N-RGO-CNT-

CBNP-800-3 
13.6 43.3 45.8 4.2 6.7 541 

N-RGO-CNT-

CBNP-900-1 
13.9 46.4 45.2 4.3 4.1 548 

When using the optimizedly synthesized N-RGO-CNT-CBNP as an interlayer material, 

it can be seen that two pairs of apparent redox peaks can be found in the CV curve of an 

N-RGO-CNT-CBNP-P, which could be attributed to the active redox behaviors of 

pyridinic and pyrrolic nitrogen, respectively.43 It can be clearly observed that the N-

RGO-CNT-CBNP-P could achieve the highest current response among all the paper 

electrodes. On one hand, compared with RGO-CNT-CBNPs, the further optimized 

micro-/nanostructure, increased specific surface area and improved electrolyte 

wettability of N-RGO-CNT-CBNPs could benefit the N-RGO-CNT-CBNP-P possessing a 

higher EDLC. On the other hand, a high pseudocapacitance could be simultaneously 

achieved owing to the active redox behaviors of optimizedly-doped nitrogen atoms in N-

RGO-CNT-CBNPs. Their effective combination endowed the N-RGO-CNT-CBNP-P with 
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greatly enhanced capability for supercapacitive energy storage. Figure 5.2b shows the 

CV curves of the N-RGO-CNT-CBNP-P measured over a wide range of scan rates from 5 

to 500 mV s-1. It can be seen that the shape of the CV curve at a scan rate of 500 mV s-1 

could still retain a quasi-rectangular shape with stable Faradaic peaks, suggesting that 

good rate performance could be achieved by the N-RGO-CNT-CBNP-P owing to its fast 

charge transport and ion response. 

Areal specific capacitance is a key parameter for evaluating the application potential of 

a paper electrode for flexible energy storage. Figure 5.2c shows the GCD curves of 

different paper electrodes at a current density of 1 mA cm-2. From their discharge times, 

areal specific capacitances of the GC-Blank-P, RGO-P, RGO-CBNP-P, RGO-CNT-P, 

RGO-CNT-CBNP-P and N-RGO-CNT-CBNP-P were calculated to be 90, 286, 316, 369, 

445 and 935 mF cm-2, respectively. These values agreed well with the above comparison 

results by CV curves. Significantly, benefiting from its optimized constituents and 

superior structure configuration, the N-RGO-CNT-CBNP-P could achieve a much higher 

areal specific capacitance (Table 5.2) than those of other paper electrodes as well as 

many reported nanocarbon based flexible electrodes,44-47 and even comparable to those 

of many metal oxide or conductive polymer based flexible electrodes.48-50 For calculating 

the mass specific capacitances of N-RGO-CNT-CBNP, we assumed that the capacitance 

of a GC-Blank-P was equal to the capacitance of the two capping layers of an N-RGO-

CNT-CBNP-P, and the capacitance of an N-RGO-CNT-CBNP-P was approximatively 

equal to the sum of capacitances of its interlayer and capping layers (Figure 5.4). By 

deducting the capacitance contribution from capping layers, the mass specific 

capacitance of N-RGO-CNT-CBNP at 1 mA cm-2 (~0.4 A g-1) was further calculated to be 

531 F g-1, which as far as we know is a record-high specific capacitance value for 

heteroatom-doped graphene based nanocarbon composites (Table 5.3). Figure 5.2d 

shows the GCD curves of the N-RGO-CNT-CBNP-P at different current densities. 

Nearly triangular GCD curves over a wide range of current densities from 1 to even 100 

mA cm-2 could be obtained, implying fast Faradaic reactions and remarkable rate 

capability of the N-RGO-CNT-CBNP-P, Moreover, almost no potential drop can be 

observed, suggesting that the RGO-CNT-CBNP-P possessed a quite low internal 

resistance. Figure 5.2e shows the areal specific capacitances of different paper 

electrodes at different current densities. The areal specific capacitances could decrease 

gradually with increasing current density, which was mainly related to the influence of 

higher ion-diffusion resistances. It is found that the areal specific capacitances of 

various undoped nanocarbon based paper electrodes could retain 69%-76% with current 

density increasing from 1 to 100 mA cm-2. Under the same condition, the areal specific 

capacitance of the N-RGO-CNT-CBNP-P could retain 62%, indicating that even if N-
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RGO-CNT-CBNP possessed a quite high N-doping level, the superior rate performance 

of undoped nanocarbons could be largely inherited by N-RGO-CNT-CBNP. Figure 5.5 

shows a comparison of cyclic stability of the N-RGO-CNT-CBNP-P, RGO-CNT-CBNP-P 

and RGO-P based on the results from GCD tests at a current density of 50 mA cm-2 (~21 

A g-1) for 40,000 cycles. The specific capacitance retention of 91.6%, 94.4% and 96.3% 

could be achieved by the N-RGO-CNT-CBNP-P, RGO-CNT-CBNP-P and RGO-P, 

respectively. This result indicates that the superior cyclic stability derived from EDLC 

characteristics of undoped nanocarbons was also greatly retained by the N-RGO-CNT-

CBNP-P. 

The influence of introducing CNTs into the capping layers on electrochemical behaviors 

of the N-RGO-CNT-CBNP-P was also investigated. From Figure 5.6a, it can be seen 

that at a relatively low scan rate (5 mV s-1), the mass specific capacitance of N-RGO-

CNT-CBNP showed only slight difference with or without the existence of CNTs in the 

capping layers. However, with increasing current density, the N-RGO-CNT-CBNP-P 

was capable of achieving better rate performance than the G-N-RGO-CNT-CBNP-P 

(Figure 5.6b). This could be because introducing CNTs into the capping layers could 

increase their porosity for electrolyte transport, which made N-RGO-CNT-CBNP in the 

interlayer more electrolyte-accessible, especially at higher current densities. 

 

Figure 5.4 Schematic showing the calculation principle for the mass specific capacitance of 

N-RGO-CNT-CBNP. 

 

Figure 5.5 A comparison on cyclic stability of an N-RGO-CNT-CBNP-P, a RGO-CNT-

CBNP-P and a RGO-P at a current density of 50 mA cm-2. 
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Figure 5.6 (a) CV curves of an N-RGO-CNT-CBNP-P, a G-N-RGO-CNT-CBNP-P, a GC-

Blank-P and a G-Blank-P at a scan rate of 5 mV s-1. (b) Areal specific capacitances of an N-

RGO-CNT-CBNP-P and a G-N-RGO-CNT-CBNP-P at different current densities. 

Table 5.2 A comparison on the areal specific capacitance of different flexible electrodes in 

this study and some recent reports. References with a star superscript were listed in the 

reference list of the supporting information. 

Material 

Scan rate/ 

current 

density 

Areal specific 

capacitance 

(mF cm-2) 

Ref. 

3D graphene hydrogel film 1 A g-1 372# 44 

    

Graphene-CNT hybrid film 1 mA cm-2 33 45 

    

Patterned graphene-CNT loaded on poly(ethylene 

terephthalate) film 
1 mA cm-2 2.54# 46 

    

N-doped carbon coated on carbon cloth 5 mV s-1 704.5 47 

    

MnO2 grown on carbon nanofiber paper 3 mA cm-2 525 48 

    

Graphene/activated carbon/polypyrrole film 0.5 mA cm-2 906 49 

    

3D graphene oxide/polypyrrole loaded on Titanium foil 0.2 mA cm-2 387.6 50 

    

GC-Blank-P 1 mA cm-2 90 
This 

work 

    

RGO-P 1 mA cm-2 286 
This 

work 
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RGO-CBNP-P 1 mA cm-2 316 
This 

work 

    

RGO-CNT-P 1 mA cm-2 369 
This 

work 

    

RGO-CNT-CBNP-P 1 mA cm-2 445 
This 

work 

    

N-RGO-CNT-CBNP-P 1 mA cm-2 935 
This 

work 

Note: # Values of full supercapacitor devices. 

 

Figure 5.7 (a) CV curves of an N-RGO-CNT-CBNP-P, a G-N-RGO-CNT-CBNP-P, a GC-

Blank-P and a G-Blank-P at a scan rate of 5 mV s-1. (b) Areal specific capacitances of an N-

RGO-CNT-CBNP-P and a G-N-RGO-CNT-CBNP-P at different current densities. 

By loading different amounts of N-RGO-CNT-CBNP, the impact of regulating the 

thickness of an N-RGO-CNT-CBNP-P on the areal specific capacitance of the N-RGO-

CNT-CBNP-P and the mass specific capacitance of N-RGO-CNT-CBNP was further 

studied (Figure 5.7). On one hand, the areal specific capacitance scales linearly with 

increasing the electrode thickness in the range of 3-12 μm. However, with further 

increasing the electrode thickness, the areal specific capacitance of the N-RGO-CNT-

CBNP-P gradually comes to its saturated state due to its limited electrolyte infiltration. 

On the other hand, a higher mass specific capacitance can be achieved by N-RGO-CNT-

CBNP when the electrode thickness is in the range of 3-12 μm, which could be because 

adopting a low loading amount of N-RGO-CNT-CBNP could help N-RGO-CNT-CBNP 

effectively maintain its large surface area. If further increasing the electrode thickness, 

an obvious decline of the mass specific capacitance could be obtained due to the close-

packing effect restricting fast ion diffusion. It can be seen that a theoretical optimal 

electrode thickness in this study was around 13 nm and our adopted electrode thickness 
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(~12 nm) for further fabricating FSSSCs is quite close to the theoretical optimal value. 

The macroscopic bulk density of N-RGO-CNT-CBNP in a ~12 nm thick N-RGO-CNT-

CBNP-P was also calculated to be ~1.6 g cm-3. It should be noted when utilizing our 

flexible electrodes for specific applications, more factors such as electrode area and 

shape should be also considered and evaluated. 

 

Figure 5.8 (a) Schematic showing the structure of an N-RGO-CNT-CBNP-P based 

symmetric FSSSC. Inset: the FSSSC mounted on a finger showing its flexibility. (b) CV 

curves of the FSSSC measured at different scan rates ranging from 20 to 500 mV s-1. (c) CV 

curves of the FSSSC at different bending angles at a scan rate of 50 mV s-1. (d) Comparison 

of areal specific capacitances of the FSSSC at different current densities. Inset: GCD curves 

of the FSSSC at different current densities ranging from 1 to 100 mA cm-2. (e) Cyclic 

stability of the FSSSC at a current density of 50 mA cm-2. Inset: the GCD curves of the last 

ten cycles. (f) EIS curves of the FSSSC before and after 30,000 charge-discharge cycles at a 

current density of 50 mA cm-2. Inset: the equivalent circuit. (g) Areal Ragone plots of the 

FSSSC and some other reported supercapacitor devices. (h) GCD curves of power devices 

based on a single FSSSC, three parallel-connected FSSSCs and three series-connected 

FSSSC at a current density of 5 mA cm-2. (i) 1: Schematic showing a structural side view of 

the power device based on three series-connected FSSSCs for the actual power supply tests. 

2, 3 and 4: Photos showing the power device was capable of powering a red, blue or yellow 

LED. 5: A photo showing the power device used for powering a small digital voltmeter. 

Inset of 5: An enlarged photo showing the measured open circuit voltage of the FSSSC. 
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Table 5.3 A comparison on the supercapacitive performances of various heteroatom-doped 

graphene based nanocarbon composites reported by this study as well as some papers in the 

period of 2016-2018. References with a star superscript were listed in the reference list of 

the supporting information. 

Material 

Scan rate/ 

current 

density 

Mass specific 

capacitance (F g-1) 
Cyclic performance Ref. 

S,N-doped RGO 0.5 A g-1 264.3 
95% retention, 5,000 cycles, 5 

A g-1 
9* 

     

S-doped RGO 0.04 A g-1 392 
91% retention, 2,000 cycles, 

2.4 A g-1 
10* 

     

N-doped graphene 3D 

aerogel 
1 A g-1 345.8 

92% retention, 2,000 cycles, 1 

A g-1 
11* 

     

N-doped graphene aerogel 1 A g-1 290 
90% retention, 2,000 cycles, 1 

A g-1 
12* 

     

S,N-doped graphene 

aerogel 
1 A g-1 203.2 

90% retention, 3,000 cycles, 2 

A g-1 
13* 

     

N-doped RGO 1 A g-1 390 
97% retention, 20,000 cycles, 

10 A g-1 
14* 

     

3D N-doped graphene 1 A g-1 408 
91% retention, 5,000 cycles, 1 

A g-1 
15* 

     

N-doped activated 

carbon/graphene 
1 A g-1 512 

113.5% retention, 6,000 

cycles, 1 A g-1 
16* 

     

N-doped RGO/CNT 1 A g-1 142 
76% retention, 1,000 cycles, 1 

A g-1 
17* 

     

N-doped graphene/carbon 

nanohorn 
1 A g-1 363 

94% retention, 5,000 cycles, 

100 mV s-1 
18* 

     

Graphene hydrogel/N,O-

doped carbon dots 
1 A g-1 335 

83% retention, 10,000 cycles, 

5 A g-1 
19* 

     

N-doped carbon 

nanosphere encapsulated 

graphene 

1 A g-1 242 
95% retention, 10,000 cycles, 

5 A g-1 
20* 
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N-doped RGO 1 A g-1 230 
88% retention, 10,000 cycles, 

5 A g-1 
21* 

     

N-RGO-CNT-CBNP 
1 mA cm-2 

(~0.4 A g-1) 
531 

91.6% retention, 40,000 

cycles, 50 mA cm-2 (~21 A g-1) 

This 

work 

EIS was conducted to study the internal resistance, charge transport and ion diffusion 

of different paper electrodes. Figure 5.2f compares the Nyquist plots of the N-RGO-CNT-

CBNP-P, RGO-CNT-CBNP-P and RGO-P with the upper inset showing the equivalent 

circuit. The intercepts of the abscissa axis represent intrinsic ohmic resistance (Rs). The 

Rs values of the N-RGO-CNT-CBNP-P, RGO-CNT-CBNP-P and RGO-P are 0.37, 0.45 

and 1.25 Ω, respectively. The lower intrinsic ohmic resistance of the N-RGO-CNT-

CBNP-P could be because the optimizedly-doped nitrogen atoms were capable of further 

facilitating electron transfer. The diameters of quasi-semicircles represent charge 

transfer resistance (Rct) originating from the electrode-electrolyte interface. The Rct 

values of the N-RGO-CNT-CBNP-P, RGO-CNT-CBNP-P and RGO-P are 0.15, 0.24 and 

0.57 Ω, respectively. The smaller Rct value achieved by the N-RGO-CNT-CBNP-P 

indicates its fast ion response derived from the improved electrolyte wettability and 

enhanced ion diffusion of N-RGO-CNT-CBNP. Besides, slopes at the low frequency 

region represent the Warburg impedances (Zw), which reflect electrolyte transport 

efficiency. It can be seen that the slope of the N-RGO-CNT-CBNP-P curve is clearly 

larger than those of the RGO-CNT-CBNP-P and RGO-P curves, and much closer to +∞. 

This superior capability for electrolyte transport could be ascribed to the highly-porous 

3D hierarchical microstructure of N-RGO-CNT-CBNP. 

5.3.2 Device performance evaluation 

In order to evaluate actual device behaviors of the as-fabricated flexible N-RGO-CNT-

CBNP-P, a two-electrode test was carried out to investigate the supercapacitive 

performance of an N-RGO-CNT-CBNP-P based symmetric FSSSC. The FSSSC was 

simply constituted by two N-RGO-CNT-CBNP-P based flexible electrodes and a PVA-

H2SO4 gel electrolyte (Figure 5.8a) with no need of any other current collector, substrate 

and separator. The FSSSC could be mounted onto a finger without any observable 

mechanical breakage. Figure 5.8b shows the CV curves of the FSSSC measured at 

different scan rates. The CV curves display a rectangular shape with no apparent 

Faradaic peaks, differing from the CV curve shape of N-RGO-CNT-CBNP-Ps obtained in 

the three-electrode test. This is because the N-RGO-CNT-CBNP-P based electrodes in 

the FSSSC could be charged and discharged at a pseudo-constant rate over the entire 

voltammetric cycles.51 Even at a high scan rate of 500 mV s-1, the CV curve can still 
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keep a quasi-rectangle shape, exhibiting its good rate performance. To validate its 

feasibility as a flexible power source, CV curves of the FSSSC under flat and bent states 

was measured. The CV curves show almost the same capacitive behaviors with no 

apparent variation at different bending angles (Figure 5.8c), demonstrating that 

superior flexibility of the FSSSC could ensure its structural integrity and operational 

reliability even under bent states. GCD curves were recorded at different current 

densities from 1 to 100 mA cm-2. As shown in Figure 5.8d, all GCD curves show a 

symmetric triangular shape with high linearity, indicating nearly ideal capacitive 

characteristics of the FSSSC. The FSSSC could deliver high areal specific capacitance 

values of 499, 442, 396, 360, 312, 276 and 245 mF cm-2 at discharge current densities of 

1, 2, 5, 10, 20, 50 and 100 mA cm-2, respectively. The capacitance decrease was due to 

the increased insufficiency of active materials used in the redox reaction when a high 

scan rate was adopted. Compared with the areal specific capacitance at 1 mA cm-2, 

49.1% of capacitance retention could be achieved at 100 mA cm-2, revealing good rate 

performance of the FSSSC. Cyclic performance of the FSSSC was investigated by a GCD 

test at a current density of 50 mA cm-2. As shown in Figure 5.8e, the FSSSC exhibited 

excellent cyclic stability with a high capacitance retention of 86.5% after 30,000 charge-

discharge cycles. No significant changes of electrochemical behaviors could be observed 

after the long-term running. In the meanwhile, the calculated Coulombic efficiency of 

the FSSSC was always kept in the range of 98.7%-100%, further demonstrating its 

superior electrochemical stability. SEM was used for observing the morphology of a 

cycled electrode (Figure 5.9). It can be seen that even if undergoing the high mechanical 

pressure during fabrication and the long-term cycling at a high current density, 

compared with the initial state of the N-RGO-CNT-CBNP-P shown in Figure 4.12b and 

4.12c, no apparent morphology change could be observed, and the highly-porous 

structure was largely retained. Figure 5.8f shows the resistance of the cycled FSSSC 

only slightly increased with an Rct of 2.16 Ω and an Rs of 1.51 Ω, compared with the 

uncycled FSSSC which possessed an Rct of 1.75 Ω and an Rs of 1.27 Ω. Ragone plots are 

often used for performance comparison of various energy-storing devices. Figure 5.10 

shows gravimetric Ragone plots of the FSSSC and some other reported supercapacitor 

devices. A mass specific energy of 10.9 W h kg-1 at 78.5 W kg-1 and a mass specific power 

of 7856 W kg-1 at 5.3 W h kg-1 were achieved by the FSSSC. It can be seen that although 

a common polymer electrolyte and a simple symmetric structural configuration were 

used for fabricating the N-RGO-CNT-CBNP-P based FSSSC, the final power device still 

exhibited quite competitive power capabilities, superior to those of not only most of 

nanocarbon or heteroatom doped nanocarbon based supercapacitors,44,52,53 but also even 

some metal oxide or conductive polymer based supercapacitors.47,50 Areal specific 
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energy/power could be more reasonable factors than gravimetric ones when evaluating 

the potential practicability of a FSSSC for wearable applications. Figure 5.8g shows 

areal Ragone plots of the FSSSC and some other reported supercapacitor devices. An 

areal specific energy of 0.07 mW h cm-2 at 0.5 mW cm-2 and an areal specific power of 50 

mW cm-2 at 0.034 mW h cm-2 were obtained, which were among the highest values for 

nanocarbon based FSSSCs recorded to date.47,50,54-66 By a simple GCD test, we further 

tested the operational characteristics of multiple FSSSCs working simultaneously. The 

capacitance of each FSSSC unit used here was measured respectively with an initial 

capacitance deviation smaller than 1%. As shown in Figure 5.8h, the potential window 

for a power device based on three series-connected FSSSCs was extended from 1 to 3 V. 

It can be seen that at the same current density, the charge-discharge time were 

essentially unchanged. Besides, with a potential window of 0~1 V, the discharge time for 

a power device based on three parallel-connected FSSSCs at the same current density 

could be nearly tripled. These results indicated the great potential of the FSSSC for 

being applied in complicated circuits with its capacitive performance well retained. 

Lastly, we used the power device based on three series-connected FSSSCs to power 

some small commercial electronics (Figure 5.8i). The power device was capable of 

powering a red, blue or yellow LED whose working potentials ranging from 1.8 to 2.4 V, 

as well as a small digital voltmeter, demonstrating superior practical potential of the 

FSSSC for flexible energy storage. 

 

Figure 5.9 (a) A cross-sectional SEM photo of an N-RGO-CNT-CBNP-P after 30,000 cycles 

at a current density of 50 mA cm-2 and (b) a high-resolution cross-sectional SEM photo 

showing the interlayer of the N-RGO-CNT-CBNP-P. 

5.4 Summary 

In summary, we have developed the facile synthesis of N-RGO-CNT-CBNP and used it 

to prepare N-RGO-CNT-CBNP-Ps with favorite structures for fabricating high-
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performance FSSSCs. Owing to the unique synthetic approach and the multiple 

beneficial effects of melamine, N-RGO-CNT-CBNP with a highly-porous 3D hierarchical 

structure and a high doping level (13.8 at.%) was successfully synthesized from 

combining three types of nanocarbons. Sandwich-structured N-RGO-CNT-CBNP-Ps 

were further fabricated with enhanced flexibility, conductivity and mechanical strength. 

Electrochemical analyses revealed that the as-synthesized N-RGO-CNT-CBNP 

possessed a high mass specific capacitance of 531 F g-1 at ~0.4 A g-1, and the N-RGO-

CNT-CBNP-P could achieve an ultrahigh areal specific capacitance of 935 mF cm-2 at 1 

mA cm-2, with remarkable rate capability and cyclic stability. These superior 

supercapacitive performance could be attributed to the optimized composition and 

unique structural configuration of N-RGO-CNT-CBNP-Ps. An N-RGO-CNT-CBNP-P 

based symmetric FSSSC could exhibit an areal specific energy of 0.07 mW h cm-2 at a 

power density of 0.5 mW cm-2, remarkable cyclic stability (86.5% of capacitance 

retention after 30,000 charge-discharge cycles) and satisfying operational reliability, 

which are superior to those of most of reported FSSSCs. These fascinating results 

demonstrated great potential of N-RGO-CNT-CBNP-P based FSSSCs in achieving high-

performance flexible energy storage for their use in advanced wearable electronics. 

 

Figure 5.10 Gravimetric Ragone plots of the N-RGO-CNT-CBNP-P based FSSSC and some 

other reported supercapacitor devices. References with a star superscript were listed in the 

reference list of the supporting information. 
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Chapter 6 

AuNPs@RGOPs//RGO@SnS2 for supercapacitive 

energy storage and glucose detection 

This chapter describes the fabrication of AuNPs@RGOPs//RGO@SnS2 by assembling 

AuNPs@RGOPs with RGO@SnS2, and exploring their application for supercapacitive 

energy storage and glucose detection. 

6.1 Introduction 

FCEs with functional nanocrystals anchored on carbon substrates are under intense 

research for a broad spectrum of applications in sensing, energy conversion and storage, 

and catalysis. Among carbon materials, graphene, consisting of a single-layer of sp2-

hybridized carbon atoms, has emerged as a new class of supporting scaffolds for 

nanocrystals because of a unique collection of structural and electronic properties such 

as large surface areas, chemical inertness, and superior electrical conductivity. As an 

emerging 2D material family, AB2-type TMCs are promising for multiple energy and 

sensing applications due to their superior optical, electrical and electrochemical 

properties. In this study, we present a facile approach for preparing FCEs with 

AuNPs@RGOPs as substrates and RGO@SnS2 as a high-performance supercapacitive 

material. The 2D self-assemblies of AuNPs on the surface of RGOPs can enhance 

electrode conductivity and facilitate electron transfer between RGOPs and RGO@SnS2, 

as well as serve as a FCE strength-reinforcing component by forming stable Au-S bonds. 

The AuNPs@RGOPs//RGO@SnS2 show comprehensive advantages derived from flexible 

RGOP substrates, highly-conductive AuNP self-assembled layers and performance-

optimized RGO@SnS2. Our results show the promise that this approach could evolve to 

be a universal strategy for practical fabrication of multifunctional flexible portable 

paper electrodes for energy storage and sensing devices. 
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6.2 Experimental section 

6.2.1 RGO@SnS2 

First, hydrochloric acid (HCl, Sigma-Aldrich, 37 wt. %, 0.5 mL) was added into a GO 

aqueous suspension (10 mg, 25 mL). After 10 min stirring, tin(IV) chloride pentahydrate 

(SnCl4·5H2O, Sigma-Aldrich, 186 mg) and thioacetamide (TAA, Sigma-Aldrich, 160 mg) 

were added. After further 30 min stirring, the mixture was transferred into a sealed 

autoclave (100 mL). The temperature of hydrothermal synthesis was set at 180 °C and 

kept for 12 h. The product was washed with H2O for three times and freeze-dried for 24 

h. 

6.2.2 AuNPs@RGOPs//RGO@SnS2 

The as-fabricated AuNPs@RGOPs were cut into several strips (40 mm × 10 mm), then 

the strips were put into an RGO@SnS2 aqueous dispersion (5 mg mL-1, 15 mL). The 

mixture was stirred at room temperature for 30 min, during which RGO@SnS2 could 

assemble with AuNPs. After that, the AuNPs@RGOPs//RGO@SnS2 strips were washed 

with H2O for five times and freeze-dried for 24 h.  

6.2.3 Electrochemical evaluation 

The electrochemical performance of AuNPs@RGOP//RGO@SnS2 was examined using a 

three-electrode set-up with a coiled Pt wire, a SCE and an electrode strip with a 

working area of 10 mm × 10 mm as the CE, RE and WE, respectively. The WEs were 

immersed in corresponding electrolytes for 12 h prior to use. 1 M Na2SO4 was used as 

the electrolyte for supercapacitive energy storage, and 1 M KOH was used as the 

electrolyte for glucose detection. 

6.3 Results and discussion 

6.3.1 RGO@SnS2 

Observed by TEM, it can be seen that SnS2 nanoflakes were uniformly distributed on 

RGO nanosheets without obvious aggregations (Figure 6.1a). A high-resolution image 

(Figure 6.1b) shows that SnS2 exhibits a characteristic of hexagonal platelet structure 

with a discal size of 40~50 nm and thickness of ~10 nm. 
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6.3.2 Supercapacitive energy storage 

Figure 6.2a shows the CV curves of an AuNPs@RGOP//RGO@SnS2, an AuNPs@RGOP 

and a RGOP at 2 mV s−1. The CV curves of both the RGOP and the AuNPs@RGOP are 

in rectangular shape, indicating ideal capacitive behavior due to EDLC of RGO. The 

larger area under voltammogram of AuNPs@RGOP//RGO@SnS2 as compared to rGOP-

AuNPs and rGOP indicates the capacitive improvement due to the presence of 

SnS2@rGO pseudocapacitive material. The areal capacitance of various electrodes can be 

measured from GCD tests, as shown in Figure 6.2b. The areal capacitance of 

AuNPs@RGOP//RGO@SnS2 at 0.5 A g-1 is about 346 mF cm-2 (211 F·g-1), which is much 

higher than that of the AuNPs@RGOP or the RGOP. Areal capacitances at other applied 

current densities are shown in Figure 6.2c. It is noticed that the specific capacitance of 

AuNPs@RGOP//RGO@SnS2 retains a good retention rate of 66.4% at high current 

density 5 A g-1 compared to that at 0.5 A g-1. 

 

Figure 6.1 Low (a) and high (b) TEM images of RGO@SnS2. 

 

Figure 6.2 (a) CV curves of rGOP-AuNPs/SnS2@rGO, rGOP-AuNPs and rGOP at 2 mV·s−1. 

(b) GCD curves of rGOP-AuNPs/SnS2@rGO, rGOP-AuNPs and rGOP at 0.5 A·g-1. (b)  The 

areal capacitance of rGOP-AuNPs/SnS2@rGO, rGOP-AuNPs and rGOP at different applied 

current densities. Electrolyte: 1 M Na2SO4. 
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6.3.3 Glucose detection 

 

Figure 6.3 (a) CV curves of rGOP-AuNPs/SnS2@rGO at 50 mV s−1 in 0.1 M KOH containing 

0, 0.2, 0.4, 0.6 and 0.8 μM glucose. (b) DPV curves of rGOP-AuNPs/SnS2@rGO in 0.1 M 

KOH containing 0, 0.1, 1.0, 5.0, 10.0, 50.0, 100.0, 150.0, 180.0, 210.0, 240.0, 270.0 and 300.0 

μM glucose. 

As shown in Figure 6.3a, after the addition of glucose in the concentration range of 0 

~0.8 mM, a current enhancement and a slight shift to more positive potentials is 

observed compared to the absence of glucose. Contrary to this behavior, the reduction 

peak only decreases slightly upon subsequent additions of glucose and do not present 

any potential shift. These phenomena suggest an excellent electrocatalytic activity and 

a non-reversible glucose oxidation reaction on the surface of this electrode. 

A DPV test were also conducted owing to its high sensitivity and its capability to 

estimate the LOD of the sensor. Figure 6.3b exhibits the DPV responses for different 

glucose concentration. A LOD was found to be 0.17 μM based on S/N=3. A further anti-

interference test was also carried out by DPV with 100 μM glucose with the coexistence 

of L-AA (200 μM), DA (200 μM) and UA (200 μM). No significant difference was found. 

These results indicate that the AuNPs@RGOP//RGO@SnS2 can be used for glucose 

detection. 

6.4 Summary 

In summary, AuNPs@RGOP//RGO@SnS2 was developed based on the solution self-

assembly between the AuNPs@RGOP and RGO@SnS2. The AuNPs@RGOP was 

fabricated first via a facile vacuum filtration method combined with an L-AA reduction 

process. RGO@SnS2 was synthesized based on a conventional hydrothermal approach. 

Utilizing a fast solution self-assembly process based on electrostatic attraction and Au-S 

bonds, the distribution and loading amount of RGO@SnS2 was facilely optimized. The 
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as-fabricated AuNPs@RGOP//RGO@SnS2 exhibited a superior bifunctional feature 

towards supercapacitive energy storage and glucose detection. Besides, the FCE also 

possessed good mechanical flexibility without obvious performance degradation under 

bending or folding. The obtained results indicated that the AuNPs@RGOP//RGO@SnS2 

possess great potential to function as multifunctional FCEs in practical WBEDs 
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Chapter 7 

CCONWs@AGPs for supercapacitive energy storage 

and dopamine detection 

This chapter introduces the fabrication of CCONWs@AGPs and their applications on 

supercapacitive energy storage and dopamine detection. 

7.1 Introduction 

As a newly-emerging family of high-performance redox-active materials, mixed 

transition-metal oxides have received increasing attention due to their various 

compositional, structural and functional superiorities compared with conventional 

unitary transition-metal oxides. In this study, a microwave assisted solvothermal 

method combined with a thermal annealing process is employed to in-situ synthesize 

tussock-like CuCo2O4 nanowire arrays on commercial graphite papers. Mixed-acid 

preactivation on GPs effectively enriches and homogenizes their surface active sites for 

CuCo2O4 nanowire growth. The as-synthesized CuCo2O4 nanowire arrays are highly-

porous and uniformly grown on the surface of graphite papers, and their unique micro-

/nanostructure is capable of realizing multidimensional electron transport and rapid 

electrolyte ions diffusion. Functioning as SC electrodes, the flexible CuCo2O4 electrode 

exhibits an excellent specific capacitance (1324 F g-1 at 1 A g-1), as well as good rate 

performance (677 F g-1 at 50 A g-1) and long-term cycling stability (84% of capacitance 

retention after 5000 cycles at 10 A g-1). Besides, the flexible CuCo2O4 electrode can be 

further used as an electrochemical dopamine sensor, which exhibits good sensitivity and 

remarkable linear response ranging from 0.05 to 700 μM with a low LOD (4.5 nM). The 

flexible CuCo2O4 electrode shows great potential for practical wearable biomedical 

purposes. 

7.2 Experimental section 

7.2.1 CCONWs@AGPs 

In the present work two loading formulations were used, one was a mixture 1:2 of 

Copper/Cobalt and the second formulation was only the cobalt salt. In parallel, a blank 
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was also prepared. The detailed procedure is given below. CuCl2·2H2O (1.07 mmol, 

182.80 mg) and CoCl2·6H2O (2.02 mmol, 480.40 mg) were dissolved in 30 mL water and 

ethylene glycol (1:1 ratio), this mixture was stirred for 1 hour at room temperature with 

the aim of homogenizing. Then Urea (30.05 mmol, 1.8047 g) and PVP (608.10 mg) were 

added to the salts, making sure that all the PVP was dissolved. In a 20.0 mL vial, a 

graphite scrip was placed together with 15.0 mL of the solution, this was done in 

duplicate. The vial was located in an automatic microwave synthesizer (Serial No. 

12521, Biotage, Sweden) for 12 hours at 120 °C. The precursor-loaded graphite scrip was 

rinsed first with water then with ethanol three times. To remove the excess of water the 

precursor-loaded graphite scrip was placed into an oven at 60 °C overnight. In the final 

step, the loaded scrip was thermally annealed at 300 °C for 2 hours, with a heating rate 

of 2.3 °C min-1.  

7.2.2 Electrochemical evaluation 

The electrochemical performance of CCONWs@AGPs was examined using a three-

electrode set-up with a coiled Pt wire, a SCE and an electrode strip with a working area 

of 10 mm × 10 mm as the CE, RE and WE, respectively. The WEs were immersed in 

corresponding electrolytes for 12 h prior to use. 2 M KOH was used as the electrolyte for 

supercapacitive energy storage, and 0.1 M PBS was used as the electrolyte for dopamine 

detection. 

7.3 Results and discussion 

7.3.1 CCONWs 

 

Figure 7.1 SEM photos of activated graphite papers loaded with tussock-like CuCo2O4 

precursor. (a) Cross-sectional view. (b) Top view. 

Figure 7.1 shows SEM photos of an activated graphite papers loaded with metal oxides 

precursor. It can be seen that the precursor was tussocks, which are in-situ grown on 

the paper surface. The tussock-like structure could bring the following superorities, 
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such as improved specific surface area, a highly-porous electrode-electrolyte interface, 

abundant pathways for enhanced charge transfer, as well as no further need of binders 

and conducting additives. After thermal annealing, the metal oxide could well reserve 

the microstructure of the precursor, and the tussock-like structure could still firmly 

bond with the paper surface (Figure 7.2). SEM mapping confirmed the elemetal 

distribution of metal, oxygen and carbon elements (Figure 7.3). We further use XPS to 

analyze the composition of the precursor and the final metal oxides (Figure 7.4a and 

7.4b). The atomic ratio of different elements in the final metal oxides is in accordance 

with the theoretical value. On the other hand, the atomic ratio of different elements in 

the precursor is similar to that of a basic carbonate. XRD result further validate our 

speculation (Figure 7.4c). Therefore, the reaction mechanism toward the final metal 

oxides can be summarized as follows. First, urea decomposed to release carbonate and 

hydroxide ions; Second, metal oxides react with these ions to produce basic carbonate. 

Third, the basic carbonate decomposed to produce the metal oxides, while releasing 

carbon dioxide and water molecules, which can create abundant nanopores. A nitrogen 

adsorption-desorption test show that our metal oxides a high BET surface area and high 

pore volume (Figure 7.5). From a pore size distribution plot, it could be seen that the 

metal oxide is full of nanopores, with an average pore diameter about 11 nm. TEM 

images are taken for the metal oxide, and it can be seen many nanopores are created on 

the surface of nanorods (Figure 7.6). From SAED and XRD data, we can confirm the 

final product is copper cobalt oxides with one copper two cobalt and four oxygen. 

 

Figure 7.2 SEM photos of activated graphite papers loaded with CuCo2O4. (a) Cross-

sectional view. (b) Top view. 
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Figure 7.3 SEM mapping to the cross-section of a CCONWs@AGP. 

 

Figure 7.4 (a,b) XPS survey spectra of the CuCo2O4 precursor and the CuCo2O4. (c) XRD 
pattern of CuCo2O4 precursor. 

 

Figure 7.5 N2 adsorption-desorption isotherm and (b) pore size distribution of CuCo2O4. 

 

Figure 7.6 (a,b) TEM images, (c) a SAED pattern and (d) a XRD pattern of CuCo2O4. 

7.3.2 Supercapacitive energy storage 

Figure 7.7 shows CV curves of the WE, pairs of redox wave are apparent from the 

curves, indicating pseudocapacitance behavior of the material with redox waves 

attributing for Co2+/Co3+ and Cu+/Cu2+ redox couples. The shape of the CV curves are 

comparable to those of previously reported similar metal oxides. From the CV curves at 

various scan rates, it can be noticed that the peak current increases with increasing the 

scan rate. Difference in the cathodic and anodic peak potential expands gradually, 

indicating diffusion controlled reaction kinetics. By galvanostatic charge discharge tests, 
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we measured the specific capacitances of the as-obtained electrodes at different current 

densities. A high areal specific capacitance can be obtained. Meanwhile, 62% 

capacitance retention can be obtained when increasing the current density about 1000 

fold, indicating its excellent rate performance. 

 

Figure 7.7 (a) Cyclic voltammetry curves of the working electrodes fabricated by CuCo2O4 

functionalized graphite papers. (b) Calculated areal specific capacitance at different current 

densities. 

 

Figure 7.8 (a) CV curves of a CCONWs@AGP at 50 mV s-1 in 0.1 M PBS containing from 

0.2 to 0.8 μM dopamine. (b) DPV curves of a CCONWs@AGP in 0.1 M PBS containing from 

0.05 to 700 μM dopamine. 

7.3.2 Dopamine detection 

The DA sensing performance of CCONWs@AGPs was studied using CV by increasing 

the DA concentration from 0.2 to 40 μM in 0.1 M PBS (pH 7.2) (Figure 7.8). The 

oxidation peak current increases with the increase of the DA concentration. The linear 

relationship suggests that the electrocatalytic oxidation of DA on CCONWs@AGPs 

follows the first order kinetics with respect to DA concentration. When using DPV, the 

detection range can be further enlarged to 0.5~700 μM. A LOD was found to be 4.5 nM 

based on S/N=3. 
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The selectivity of the CCONWs@AGPs for DA sensing was examined by adding three 

different interfering species including L-AA, UA and glucose in the evenly stirred PBS 

containing DA and the change in the current response was observed. There were no 

obvious interference could be found due to the existence of interferents, which indicated 

that CCONWs@AGPs possess high selectivity under the test condition. 

7.4 Summary 

In conclusion, tussock-like CuCo2O4 was successfully in-situ grown on AGPs. The as-

prepared CuCo2O4 possessed a highly-porous microstructure and excellent 

hydrophilicity for electrolyte accessing. The CuCo2O4 functionalized graphite paper 

electrode could achieve high areal specific capacitance and excellent dopamine sensing 

capability, as well as exhibited good flexibility towards wearable applications. Therefore, 

the CCONWs@AGPs have exhibited their great potential to be utilized for some WBED 

applications 
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Chapter 8 

Overall conclusions and future perspectives 

FCEs play a key role in the future development of next-generation WBEDs. Besides, 

developing multifunctional FCEs capable of both energy storage and physiological index 

monitoring can bring many significant superiorities. In this Ph.D. study, three kinds of 

carbon-based paper-like films including N-RGO-CNT-CBNP-Ps, AuNPs@RGOPs and 

CCONWs@AGPs are first engineered. Then these carbon-based paper-like films are 

either directly used as high-performance FSSSC electrodes, or employed as advanced 

flexible substrates to load different electrode active materials and realize superior 

bifunctional features. Based on a series of structural and compositional optimization, 

the carbon-based FCEs developed in this Ph.D. study possess excellent comprehensive 

performances towards energy storage or/and biosensing. Moreover, compared with other 

types of FCEs, the carbon-based FCEs developed in this Ph.D. study exhibit prominent 

practical advantages, such as low cost and facile fabrication. 

Before using these carbon-based FCEs as components of commercial WBEDs, several 

issues still need to be improved or addressed. First, the structural and compositional 

uniformity of carbon-based paper-like films should be further optimized. Second, aiming 

to retaining the performance of FCEs in the final devices to the maximum content, more 

delicate overall device designs should be explored. Third, the bio-safety of related 

nanomaterials should be adequately tested. Despite them, the inspiring results achieved 

in this Ph.D. study have laid a solid foundation for the future development of WBEDs. 
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storage and glucose detection”. 

2. X. Cao, M. G. H. Coronado, J. Ø. Duus and Q. Chi, “Facile in-situ synthesis of tussock-like copper 
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4. X. Cao, Y. Tang, J. Ø. Duus and Q. Chi, “Flexible, lightweight and paper-like supercapacitors 
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