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HIGH PERFORMANCE ULTRA-THIN MICROSUPERCAPACITOR 

BASED ON CARBON NANOTUBE SHEETS 

Behnoush Dousti, PhD 

The University of Texas at Dallas, 2021 

ABSTRACT 

Supervising Professors:  Gil S. Lee, Chair 

Stuart Cogan, Co-Chair 

Driven by increasing demand for computing, communications, and transportations; portable 

electronic devices are becoming more advanced and miniaturized, therefore require power supply 

and energy storage units with high power and energy densities that can be integrated with the same 

scale size. Batteries fall short in long-term cycling, due to their slow rate of redox reaction 

happening in bulk. Another state-of-the-art unit which has drawn much attention in the research 

communities are electrochemical microsupercapacitors (MSCs) as microscale power sources. 

Their long cycle life, excellent power density and lately improved energy density compared to 

traditional supercapacitors make them excellent candidates to replace or to complement micro-

batteries. Such devices can provide enhanced properties required for a variety of microelectronics 

such as MEMS, bio-implantable devices, RFID tags and renewable energy harvesters.  

New class of thin film microsupercapacitors with in-plane design has emerged for on-chip 

integration applications where bulky sandwich configuration and 3D MSCs indicate many 

shortcomings. Future advancement of 2D MSCs is dependent on development of integratable and 

scalable fabrication processes as well as improvement in their energy density.  



vii 

In this research, we leverage unique structure of carbon nanotube sheet as our electrode active 

material which offers high packing density, long-term chemical, mechanical stability, and high 

specific surface area. High degree of alignment of CNT sheet provides faster charge transport 

which results in higher rate capabilities. To fabricate these devices, we developed a process without 

compromising the structural alignments, electrical and mechanical properties of the CNT sheets. 

MSC devices with interdigitated electrode configuration (IDE) and various resolutions of 140, 60 

and 40 µm were fabricated on rigid and flexible substrates using single step, rapid and reproducible 

method of plasma etching. Selective etching was done with assist of a shadow mask; without using 

any photoresist or binder materials. Specific capacitance, energy and power density of the devices 

were improved and characterized through various approaches; surface treatment (exposure to 

plasma), nitrogen doping (8X higher), configuration of CNT sheet (cross-stack versus un-

directional; 2.5X higher), deposition of manganese oxide nanoparticles (3X higher), utilizing 

higher resolution electrodes (10X higher), and increasing thickness of electrodes. All-solid-state 

MSC devices were also demonstrated on flexible substrates in this dissertation. Flexible MSCs 

exhibited excellent mechanical stability under various bending states (from 0º to 180º angle) and 

repeated bending cycles (10,000 cycles) at bending angle of 180º with less than 20% change in 

areal capacitance. This research demonstrates potential of highly aligned CNT (HACNT) sheet for 

high-performing, lightweight thin film MSCs. Further improvement of performance is attainable 

via designing high resolution electrodes, in-situ doping, employing ionic electrolytes and 

controlled incorporation (thickness, morphology, and phase) of pseudo capacitive materials. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and Research Objective 

Recent progress in MEMS devices, portable electronics, artificial electronic skins, and wearable 

technology demands for lighter and more efficient miniaturized energy storage devices such as 

micro batteries and microsupercapacitors with higher energy delivery. Thin film 

microsupercapacitors are considered as a bridge between electrolytic supercapacitors and thin film 

batteries and have shown their potential as an energy storage unit where moderate energy demand 

is needed.  

Performance of these devices, particularly their energy density can be improved through an 

efficient design and right selection of electrode material. Device architecture has proven to greatly 

impact charge storage capacity of the devices and is chosen based on the final application. Planar 

configurations, in particular interdigitated electrode (IDE) configuration, offer advantages such as 

short ions diffusion path and compatibility with microfabrication techniques and integration on 

chips. From electrode active material aspect, nanostructured materials with high specific surface 

are more preferred as they provide higher charge storage capacity. In addition to meticulous 

selection of active materials and electrodes design, to achieve high performance MSCs with 2D 

form factor significant attentions need to be given to development of fabrication methods that are 

compatible with thin film microfabrication processes and facilitates integration of such devices on 

a chips. There are numerous research on using various active materials such as carbon 

nanostructures [1], transition metal oxide nanoparticles/nanowires [2], 2D transition metal 
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dichalcogenides (TMDs) [3] to fabricate 3D MSCs with IDE design architecture using different 

methods such as stamping [4], spray coating [5], direct laser scribing [6] and lithography-based 

techniques [7]. While these developments are impressive, there has been little effort on developing 

ultra-thin film planar MSCs (flexible and non-flexible) with high performance suitable for 

incorporation into microelectronic integrated circuits and miniature electronic devices. HACNT 

sheet as a unique CNT structure has shown a great potential as electroactive material for energy 

storage electrodes. Our central hypothesis was that carbon nanotube sheets can provide long-term 

stability with higher performance (power and energy density) compared to other thin film 

microsupercapacitors due to their horizontal alignment, naturally ultra-thin form factor, resilient 

structure, and chemical stability. Nevertheless, microfabrication challenges due to the delicate 

structure of HACNT sheet has impeded their full potential as energy storage micro devices with 

in-plane architecture.  

The main objective of this work was to establish a scalable fabrication process to develop an ultra-

thin high-performance micro-supercapacitor employing horizontally aligned carbon nanotube 

(HACNT) sheets. To achieve to our goal, we defined aims and associated tasks which were 

addressed during this research as follows:  

Aim 1: To establish a fabrication process for patterned carbon nanotube supercapacitors suitable 

for incorporation into microelectronic integrated circuits and miniature electronic devices. 

We developed a scalable fabrication process using plasma etching to micro pattern CNT sheets 

with high resolutions and in-plane architecture without using any binder or organic material on 

different substrates. Dry etching with plasma sustains the alignment, electrical and mechanical 
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properties of the CNT sheets and avoids any contaminations or damage caused by usage of 

photoresists or caustic liquids (acids and bases) in lithography-based methods. 

Task 1.1: Supercapacitors with interdigitated electrode configurations were designed with gap 

sizes of 40, 60 and 140 μm and electrode widths from 100 to 300 μm and were optimized with 

respect to carbon nanotube sheet thicknesses.  Aqueous liquid and gel electrolytes of Na2SO4 and 

PVA gel were used respectively to provide the ionic transfer medium. 

Task 1.3.  Performance of MSCs developed in tasks 1.1 were investigated as a function of the 

thickness of carbon nanotube sheet over a range of 5 to 50 sheet layers (approximately 10 nm to 1 

μm). Electrochemical characterization measurements such as cyclic voltammetry, 

charge/discharge characteristics, electrochemical impedance spectroscopy, long-term stability 

(over 10,000 cycles), and self-discharge test were used to evaluate the devices.  

Task 1.4. For selected devices fabricated in previous tasks, the effect of CNT sheet orientation on 

charge capacity was investigated using both parallel (uni-directional) and cross-stack 

configurations in multi-sheet structures. 

Aim 2: To enhance energy and power densities of the microsupercapacitors using two approaches; 

doping nitrogen into the CNT sheets structure and coatings nanotube with pseudocapacitive 

transition metal oxide (MnO2). 

We studied the impact of nitrogen doping of carbon nanotube and the use of pseudo-capacitive 

transition metal oxide coatings on the nanotube on enhancement of energy and power density of 

the microsupercapacitors.  

Task 2.1. MnO2 nanoparticles were electrodeposited on CNT devices and the devices were 

characterized. 
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Task 2.2. Doping with nitrogen was conducted with an ex-situ process using ammonia gas (NH3) 

as a reactive constituent in NH3/He plasma and effect of doping time and temperature on specific 

capacitance was evaluated. 

Aim 3: To develop microsupercapacitors packaging strategies based on low temperature polymer 

encapsulation processes. 

 Task 3.1: A room temperature encapsulation process using UV curable epoxy were used for 

aqueous gels with temperature limitation.  

1.2 Scope of the Dissertation 

Chapter 2 provides background information of this research focusing on the charge storage 

mechanism, categories of supercapacitors and their components and fabrication processes. Chapter 

3 discusses the detail of fabrication of microsupercapacitor devices and their electrochemical 

characterization. Studies such as incorporation of manganese oxide nanoparticles and impact of 

electrode thickness are included in this chapter. Chapter 4 explains fabrication of 

microsupercapacitors on a flexible polyethylene terephthalate (PET) substrate and how electrode 

interspacing affects the performance of these devices. Additional works such as impact of direction 

of HACNT sheets, doping with nitrogen and encapsulation study are covered in Chapter 5. Chapter 

6 summarizes the results and provides suggestions for future works.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Background 

Recent progress in MEMS devices, portable electronics, artificial electronic skins, and wearable 

technology demands for lighter and more efficient miniaturized energy storage devices with higher 

energy delivery. Batteries are known as the main energy supplier for these devices and back-up 

units for giant power stations and have been progressing at a steady pace to become more efficient. 

However, they are limited by the dynamics and characteristics of the chemical reactions they create 

and indicate short-comings such as; having trouble delivering bursts of power, short life time and 

stability [8]. Some batteries need sophisticated recharging circuits; otherwise they can undergo 

temperature runways which leads to explosion [8]. Although data centers world-wide still rely on 

batteries to protect critical data on their servers and storage controllers, long cycle lives and safety 

are still highly desired characteristics. Several new energy storage technologies now available 

appear to be promising options to traditional energy storage devices. One of these state-of-the-art 

storage units are electrochemical supercapacitors (ESs) that deliver much higher power density (1-

10 kWkg-1), longer cycle life (500,000-1,000,000 cycles), wider range of operation temperature (-

40 to 70 °C) and higher safety compared to batteries [9]. Table 2.1 shows a comparison between 

performance of electrolytic capacitors and batteries. 
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Table 2.1 . Comparison of typical capacitors and batteries [10] 

 

2.2 Supercapacitors Properties and Applications 

A Supercapacitor or ultracapacitor is an electrochemical capacitor which is capable of delivering 

higher charges than traditional electrolytic capacitors. They store electrical charges via a capacitive 

adsorption-desorption of ions these supercapacitors known as electrochemical double layer 

capacitors (EDLCs) or through a reversible Faradaic reaction between an electrode and an 

electrolyte such as pseudo capacitors. Figure 2.1 Shows a schematic of charge storage mechanism 

in both electrochemical supercapacitors. 
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Figure 2.1. Schematic of interface electrode\electrolyte for an electrochemical double layer 

supercapacitor and a pseudocapacitor. 

 

Supercapacitors exhibit an excellent potential for portable applications such as power electronics, 

electric vehicles, microelectronics and wearable technologies owing to their high capacitance 

value ranging from 1-2,700 F, lower equivalent series resistance (ESR) than the resistance of 

conventional capacitor and long life cycle  [8,9]. Owing to their outstanding properties their market 

has expanded in areas where high power density and fast transient responses are required.  

The major drawback of application of electrochemical supercapacitors which impedes their usage 

as an independent energy storage unit is their limited energy density compared to commercial 

batteries. Hence, for applications with high energy demand they can be used as complementary 

units for energy harvesting systems and storage unit such as micro batteries. As seen in Figure 2.2 
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electrochemical supercapacitors can be considered as a bridge between batteries with highest 

energy level and capacitors with high power densities. 

 

Figure 2.2. Ragone plot showing operational characteristics of energy storage and conversion 

devices [11]. 

 

The innovation in wearable technology and MEMs devices with lower power consumption along 

with the current trend for miniaturization of power sources have directed current research towards 

micro-scale energy storage systems. Microsupercapacitors (MSC) are known as miniaturized 

supercapacitors conceived to be integrated to power embedded microsystems with moderate 

energy demand where space is limited, and weight must be kept to a minimum.  
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Figure 2.3. Area normalized Ragone plots of on-chip MSCs and estimated performance 

requirements of MSCs with an area of 1 cm2 [12]. 

 

On-chip MSCs depends on their performance characteristics can be used for varieties of 

applications such as sensors, short and long-range communications, solar cells, and thermo-

electrics. Figure 2.3 shows range of power and energy required for these applications normalized 

per area. Despite their high power density, MSCs deliver lower energy density compared to micro-

batteries. This issue can be addressed through efficient design of the device and appropriate 

selection of materials for electrodes.  

2.3 Charge Storage Mechanism  

Supercapacitors are composed of two electrodes which are separated by an intervening dielectric 

layer. The structure of electrodes usually consists of an electroactive material (mostly from the 

carbon family) and a current collector for current flow. ECs are categorized in three groups: double 
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layer, pseudocapacitors and hybrid capacitors. Unlike batteries, in supercapacitors charge stores at 

the interface of electrode/electrolyte and therefore they can be charged and discharged almost 

indefinitely. A double layer supercapacitor stores charges via adsorption/desorption of ions at the 

interface of electrode and electrolyte which is known as double layer (thickness ~ 1 nm). However, 

in pseudo-capacitors the charge storage mechanism is based on a faradaic chemical reaction at the 

surface. Hybrid capacitor is basically a combination of a double layer electrode and pseudo-

capacitor which is capable to deliver higher energy compared to EDL supercapacitors.  

During the charging process, ions are attracted to the electrode with opposite charges and as a 

result two capacitors are formed. In the case of symmetric design; i.e the electrodes are similar 

materials with the same thickness, the capacitance would be the same, and therefore for the device 

it is half of an electrode capacitance.  

The region near the electrode\electrolyte interfaces is described by several proposed physical 

models, beginning with the Helmholtz double-layer model; illustrated in Figure 2.4. This model 

proposes a simple capacitor-like system, with ions from the electrolyte adsorbed onto charged 

electrode surfaces with opposite charge [9]. The Helmholtz layer is divided into two layers; inner 

Helmholtz layer (IHL) and outer Helmholtz layer (OHL). However, this simplified model does not 

account for thermal fluctuations of the adsorbed ions, which was considered in the model by Gouy 

later. The Gouy model proposed a more diffuse layer of charges, including both anions and cations. 

The thickness of this diffuse layer is dependent on the concentration of the electrolyte, temperature, 

the charge number carried by the ions as well as the dielectric constant of the electrolyte solution 

[9]. In this model, a gradient of charge is still present, with a larger concentration of negative ions 

in vicinity of the oppositely charged surface, but the double-layer is not as compact as in the 
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Helmholtz model. Chapman derived a mathematical model based on the Gouy model and 

combined the Boltzmann energy distribution and the Poisson equation for charge distribution. 

Unfortunately, Gouy-Chapman model could not accurately predict the experimental results.  

 

Figure 2.4. Physical model representing the electrode-electrolyte interface in a supercapacitor. 

Potential drop across the double layer is obtained from the potential difference at the electrode 

surface (𝜑0) and the inner potential at the end point of the diffuse layer in electrolyte solution 

(𝜑).  

 A modified version of this model was introduced by Stern. The Stern layer is described as a 

compact layer of immobile ions which are strongly adsorbed to the surface of the electrode [13]. 

The layer beyond the Stern layer is the so-called diffuse layer where ions are mobile under the 

coupled influence of electrostatic of electrostatic forces and diffusion. The Stern model 

combined the Helmholtz model of adsorbed charges and the Gouy-Chapman model of a diffuse 

layer and proposed relating the double-layer capacitance, CDL to the combination of these 
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capacitive contributions, CStern and Cdiff. as below expression which combines the two 

contribution in series [14]: 

1

𝐶𝐷𝐿
=

1

𝐶𝑑𝑖𝑓𝑓.
+

1

𝐶𝑆𝑡𝑒𝑟𝑛
                                                                                                     (1) 

In addition to this equivalent circuit modification, Stern also recognized the ions as having a finite 

size, rather than being point charges as in the Gouy-Chapman model. This size, which can be 

defined by the solvation shell size, gives a minimum electrode-charge distance, which more 

accurately represents reality. Later, Grahame performed experimental works on determining the 

double-layer capacitance for a mercury electrode and distinguished an inner Helmholtz layer and 

an outer Helmholtz layer as well as a diffuse ion region [15]. Due to the relatively large size of 

most anions relative to cations in electrolyte, cations are more likely to be surrounded by a 

solvation layer preventing them from approaching the electrode as closely as un-solvated anions. 

Adsorbed ions have a much smaller distance from the electrode (and are thus said to form the 

“inner Helmholtz layer”) than solvated ions (which form the “outer Helmholtz layer”). Thus, the 

double-layer capacitance tends to be higher for anions at a positively charged electrode compared 

to solvated cations at a negatively charged electrode, and this difference highly depends on the 

specific cation, anion, and solvent used in the electrolyte. The specifics of the diffuse layer will 

also be dependent on the electrode geometry, as highly porous electrodes, which are common in 

supercapacitor applications, can lead to more complex double-layer formation from confinement 

effects.  

Further refinements on the Grahame model have been developed more recently, particularly in 

relation to these effects of confinement on double-layer formation in porous structure [16]. Since 
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porous electrodes are frequently used in supercapacitors to increase the electrode-electrolyte 

interfacial area, understanding of double-layer formation in these pores is essential to maximize 

the device performance. Recent experimental and theoretical work show that when pore size is 

reduced to below the radius of a solvated ion (~ 1 nm), ions can adsorb onto electrode surfaces 

directly, without a solvation layer, leading to increased overall capacitance. However, ionic 

transport in these pores will necessarily be limited, and the resistance to movement of ions can 

lead to rate limitations. Thus, the increased capacitance yielded by ion confinement in pores may 

lead to trade-offs with power performance. 

The performance of the supercapacitance is usually reported as value normalized by the weight 

(Fg-1), surface area (Fcm-2) or the volume (Fcm-3) of the device. To report the performance metrics 

of MScs, one needs to take into account the fact that if there is only small amount of active material 

involved in the electrode (less than one fifth of the whole device mass), gravimetric metric seems 

misleading and a more accurate and reliable metrics such as volumetric and areal are required [17]. 

Nevertheless, this unit might not be reliable where the thickness difference is very large. Since 

volumetric characteristics will not translate from very thin to thick electrodes film, particularly for 

nano scale electrodes.  

For integration application where performance per foot print area of the thin film device matters 

areal capacitance (Fcm-2) is a more reliable unit [17]. In this report areal specific capacitance has 

been reported in areal metric. Specific capacitance of the devices is calculated from cyclic 

voltammogram using equation below: 

𝐶𝑠𝑝 =  
∫  𝐼 .𝑑𝑉

𝑣2
𝑣1

2∗𝑆∗ ∆𝑉∗𝑆𝑅
                                                                                                                        (2) 
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Where, S is the projected surface area of the electrodes (cm2), SR is the scan rate in Vs-1, ΔV is 

the potential window and v1 and v2 are the two-vertex potential of the CV scan. The enclosed area 

in the voltammogram (CV curve) was integrated over the potential window of 1 V. 

2.4 Architecture 

The basic structure of a MSC consists of two positive and negative electrodes separated by an 

electrically insulator electrolyte. Initial work on thin film supercapacitors was inspired by 

sandwich structure of thin film micro-batteries in which two electrodes covered by RuO2 were 

separated by a glassy solid-state electrolyte [18]. Figure 2.5 shows the common architecture for 

MSCs, sandwich configuration and IDE design. Sandwich structure has the advantage of ease of 

fabrication over in-plane configuration, however, for on-chip application where performance per 

foot print area of the device becomes significant, sandwich (or stack) configuration is not desired 

and a more sophisticated design like the planar architecture seems to fulfill the requirements.  

 

Figure 2.5. Sandwich structure versus planar configuration; interdigitated electrode structure. 

 

In planar design mostly with interdigitated patterns there is a physical separation between the 

electrodes submerged in liquid or solid electrolytes which is known as gap size or device 

resolution. It has been shown that reducing the gap size enhances the performance of the device 
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due to a smaller ion diffusion path that results in higher power density. To increase the energy of 

planar MSCs one alternative is to stack more electroactive material in the same footprint area. 

Three dimensional architecture for microsupercapacitors provides major gain in energy density 

and power density compared to 2D devices (thin film MSCs) minimizing ion diffusion distance in 

both directions, however, it indicates shortcomings where integration on a chip is demanded [2]. 

Hence, an efficient planar design of thin film microsupercapacitors with novel nanostructured 

materials that ensure high accessibilities for ion transports could be a breakthrough for printed 

circuit board applications.  

2.5 Electrode Materials 

Carbon nanomaterials are regarded to have a significant role for energy conversion and storage 

and in particular for performance enhancement of supercapacitors as energy storage devices [19]. 

Table 2.2 presents typical values of areal capacitance for supercapacitors based on carbonaceous 

materials and their estimated specific surface area. 

Table 2.2. Typical value of electrochemical double layer capacitance of carbonaceous materials 

[10] 

 

In carbon family activated carbon (AC) [20] , onion-like carbons (OLC) [21,22] , carbon nanotube 

(CNT) [23–33], graphene [34–42], reduced oxide graphene (rGO) [35,43,44] and graphene 
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quantum dots [45–47] are the most attractive ones for advanced MSCs due to their great chemical 

stability, excellent long-term performance, large surface area and high conductivity. Activated 

carbons are very attractive as electrodes material for supercapacitors because of their surface area 

of the order of 2000 m2g-1 and controlled distribution of pores during the activation process [48]. 

As seen in Table 2.3 there is a relationship between electrochemical capacitance of ACs, surface 

area, pore size and density. Pores size needs to be within the range of ions diameter to have an 

effective contribution in improvement of electrode capacitance. Thus, controlling the size and 

distribution of pores becomes very critical to achieve high performance when selecting AC as 

supercapacitor active material. 

 

Table 2.3. Comparison of specific capacitance , surface area and pore sizes of activated carbons 

[48] 
 

 

AC has been widely used to fabricate the electrodes of microsupercapacitors with different 

architectures. David Pech [20] et al demonstrated successful integration of an electrochemical 

micro-capacitor on silicon substrate with high specific capacitance of 2.1 mFcm-2 at scan rate of 1 

mVs-1 with interdigitated structure using inkjet-printed activated carbon with thickness of 2 μm.  
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OLCs are quasi-spherical nanoparticles consisting of concentric graphitic shells that offer a 

moderate specific area (~ 500 m2g-1) compared to activated carbons but it is fully accessible to ion 

adsorption. In [49] Pech et al. fabricated a micro-sized supercapacitor that was able to perform at 

a very high scan rate (100 Vs-1) using onion-like carbons. OLCs with the thickness of 7 μm were 

deposited on interdigital gold current collector via electrophoretic deposition technique without 

the use of organic binders. Their MSCs showed a high power density of 1 kWcm-3 much higher 

than the power obtained by activated carbon.  

Another carbon nanostructure that has attracted much attention are single wall (SWCNT) and 

multiwall (MWCNT) carbon nanotubes. Structure of carbon nanotubes provide a medium with 

minimum scattering for electron transport in which electrons can move with negligible electrical 

resistivity. Extensive research have been recently dedicated to improving energy density of carbon 

nanotubes via incorporation of transition  metal oxides or pseudocapacitive polymers  and 

employing new configurations [50–59]. Various techniques such as inkjet printing [5,60], spraying 

[61], drop-casting [62] and electrophoretic deposition [63] have been developed to fabricate 

supercapacitors using MWCNTs and SWCNTs with high power and energy density. There are 

certain issues related to these processes such as damage to mechanical properties and alignments 

of CNTs because of dispersion with high power ultrasound probes, random orientations of CNTs 

after spin coating or inkjet printing, degradation in electrical properties of CNT caused by solvent. 

Carbon nanotube sheet is another unique carbon nanostructure which can be directly spun from 

vertically aligned carbon nanotube known as forest and stacked on variety of substrates. Spin-

capable CNT is a special kind of vertically aligned (VACNT) array having a higher surface density 

and excellent alignment of CNTs than a randomly dispersed CNT on a substrate [64]. The CNTs 
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are aligned almost perpendicular to the substrate. Thus, the difference between super-aligned and 

ordinary arrays is the degree of alignment; this is the reason the array is called “super-aligned” 

[65]. Note that better alignment is the result of high nucleation density and narrow size distribution 

of catalysts. Along with excellent conductivity, flexibility and chemical stability, its aligned 

horizontal structure facilitates electron transport and its mesoporous structure shortens ion 

diffusion length that makes it a great candidate for energy storage application [66]. Their 

application in various areas such as underwater sound generation [67] cathode electrode for Li-air 

battery [68] and [69], transparent electrode for OLED display [70] charge collector for organic 

solar cells [71], field emissions [72], artificial muscle [73], electro-active material for 

supercapacitors electrode have been studied recently [68,74]. However, their great potential for on 

–chip integration has not been exploited yet. It is very challenging to develop a controllable method 

to pattern a desired structure with homogeneous properties, high degree of alignments and the 

micron feature sizes due to the fragile structure of carbon nanotube sheet. To best of our 

knowledge, this work is the first work on micron size pattering carbon nanotube sheets. Here, we 

propose a reproducible method to pattern carbon nanotube sheets with submicron spacing without 

using any organics or binders or lithography steps. CNT sheet is etched via a plasma of oxygen 

through a shadow mask. Using this approach, the contamination of photoresist or organic binder 

which are hard to completely remove from CNTs is avoided. This work is focused on fabrication 

of a microsupercapacitor based on CNT sheet with interdigitated design for on-chip application. 

Initial results showed high specific capacitance of 1mFcm-2 for pure CNT based devices with 140 

µm resolution.  
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2.6 Electrolyte 

As mentioned earlier a supercapacitor is an electrochemical cell with two symmetric or asymmetric 

electrodes (negative & positive) and a liquid or solid electrolyte. The electrolyte is ionically 

conductive and separates the electrodes from short-circuit. The working voltage window of a 

supercapacitor is mostly defined by the electrolyte composition. For instance, for aqueous 

electrolyte potential window is 1-1.2 V while for aprotic electrolyte it extends to 3-3.5 V. The 

energy density is proportional to the square of voltage and specific capacitance of the electrodes 

by below expression 3: 

𝐸 =  
1

2
 𝐶𝑉2                                                                                                                            (3) 

Therefore, higher energy density is achievable for organic electrolyte. Another performance 

parameter of a ECs is its power density which translates into how fast the device can be charged 

and discharged. Power density can be calculated by expression 4: 

𝑃 =  
1

4𝑅𝑠
 𝑉2                                                                                                                            (4) 

Where, 𝑅𝑠 is the internal resistance of the cell. Reducing the internal resistance would result in 

enhancement of power density. 

2.7 Microsupercapacitors for Integration on a Chip  

Traditional supercapacitors are not suitable for many applications such as flexible and wearable 

technologies due to their bulky structure. Therefore, there is a great interest in development of 

miniaturized supercapacitors for on-chip applications where the footprint area of the device 

matters the most. There is no unified nomenclature in the community yet to explain the term 

microsupercapacitors yet; however, by the same analogy as micro-battery we can describe such 
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devices as micro scale or miniaturized supercapacitor devices that can be integrated in electronic 

circuitries to power microelectronics. 

In-plane designs with IDE configuration have been realized to be the promising design for MSCs 

and are compatible with a variety of approaches. The choice of active materials is not as 

challenging as fabrication process steps that require it to be compatible with semiconductor 

microfabrication technology (CMOS compatibility) and enables co-integration with other 

microelectronics. The fabrication methods define the resolution of the patterns known as electrode 

interspacing or gap and since the device capacitance is inversely proportional to the gap, it can 

enhance the electrochemical performance of the MSC devices. These fabrication processes are 

categorized in several groups depending on the active material and preparation approaches. In one 

category, a desired pattern of electrodes can be transferred to the final substrate or this pattern can 

be directly created onto the final substrate. If active materials are in powder form, an ink 

preparation step is required to deposit the active materials onto the desired substrate. The ink 

mixture usually consists of an active material, organic binder and a solvent and requires having 

specific viscosity to be able to be used. Methods such as direct scribing [75], inkjet printing [76] 

stamping [4], and electrophoretic deposition [77] have been used for fabrication of MSC devices. 

In spite of simplicity these techniques are bounded by some limitations such as low reproducibility 

rate, ink viscosity consistency, low resolution, in-compatibility with microfabrication techniques 

[17]. Second group, on the other hand, can be used to create the pattern of electrodes on the final 

substrate. Techniques such as direct laser writing and scribing have been used to realize graphene 

based MSCs from polymerous sheets such as polyimide (PI). Another method in this group is 

plasma etching that can be used to fabricate micro-patterns of a carbon based on the final substrate 
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with high reproducibility with or without the assist of shadow mask [78]. The shadow mask 

resolution defines the electrode interspacing using this technique. Photolithography based 

techniques are being vastly used for fabrication of high resolution MSCs, however, contamination 

is unavoidable due to inevitable steps such as wet etching and photoresist spinning.  

Although there is not an exact definition, microsupercapacitors can be categorized based on the 

thickness of their electrode, as thin film MSCs if their electrode thickness is less than 1 µm and 

three dimensional if thickness is more than 1 µm. There are numerous reports on using thin film 

electrodes for MSC devices. Fabrication methods include chemical vapor deposition (CVD), 

electrodeposition, sputtering, laser writing, ink-jet printing, spray coating and several other 

methods. Direct writing techniques are compatible with most active materials and are done using 

a jet stream of laser, plasma or recently a focused beam of ions. Wei Gao and et al, were among 

the pioneers who employed a CO2 laser beam to fabricate a carbon based MSC by reduction and 

patterning of graphite oxide film [79]. Their device with thickness of more than 500 µm showed a 

relatively good specific capacitance of 0.51 mFcm-2. Lang and his colleagues showed a successful 

fabrication of a carbon-based MSC (1 µm thick) using a plasma jet system with scanning speed of 

500 µms-1. Their devices with resolution of 300 µm delivered a stack capacitance of 2 Fcm-3 at a 

scan rate of 10 mVs-1. Despite large-scale capability and rapid manufacturing, low resolution of 

pattern and high cost of electrical energy limits use of this technique. One of the most recent works, 

Eunji et al. reports fabrication of an MSC with high resolution of 500 nm using a focused-ion beam 

process [80]. They spray coated a layer of MXene/CNT ink with thickness of 30 nm on a Si/SiO2 

substrate and by controlling the applied current of FIB process minimized the damage to the pattern 



 

22 

of electrode. FIB can be used to achieve sub-micrometer resolution using a mask-free process; 

however, this fabrication process is very costly with low production rate.  

Deposition of an ink of active material with IDE pattern onto the final substrate can be done with 

the assist of a shadow mask or via a mask-less process. The resolution of the pattern highly depends 

on the flow and viscosity of ink material. The flow of ink can be controlled using an applied electric 

field between the nozzle and the substrate to achieve a higher resolution compared to conventional 

jet-printing process [81]. This method is known as electrohydrodynamic (EHD) jet printing and 

enables fabrication of high resolution MSC devices via controlling the applied volt. Kwon et al. 

Demonstrated the potential of this technique by fabrication of ultra-high number density of on-

chip MSCs on a silicon wafer. To date, this work is one of the most pioneered research to introduce 

ultra-resolution on-chip MSC devices using an ink printing process on a substrate [82].  

Electrochemical deposition has been widely used to deposit an active material from a solution on 

a previously patterned substrate. In one study, Minshen and colleagues using a low-cost method, 

electrochemically deposited polypyrrol (PPy) nanowires with thickness of 200 nm onto a 

predesigned fluorine doped tin oxide coated glass (FTO) with IDE pattern. They could demonstrate 

a high energy density of 15.25 mWhcm-3 at power density of 0.89 Wcm-3 [83].    

Aside from the gap, another alternate to increase the energy density of an MSC is to stack more 

materials on the same footprint through design of 3D MSC devices. Many approaches have been 

used to fabricate 3D MSCs with high performance. So far, lithographic techniques based on the Si 

microfabrication technology are among the most promising ones to deliver high resolution 3D 

MSCs. P. Huang and et al. presented one of the most CMOS compatible fabrication techniques to 

fabricate an on-chip MSC device [84]. Their device took advantage of micrometer thick electrodes 
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of carbon derived carbon (CDC); a porous carbon film which was directly obtained from controlled 

chlorination of an IDE patterned TiC film. A superior specific capacitance of 200 mFcm-2 (~ 410 

Fcm-3) was reported for this device in aqueous liquid electrolyte. In another work, Anais Ferris 

and colleagues demonstrated a 3D MSC with IDE electrode based RuO2 using photolithography 

steps [85]. Their devices showed a high specific capacitance of 812 mFcm-2 with thickness of more 

than 40 µm. It is important to keep in mind that most 3D MSC devices provide much lower power 

densities compared to 2D ones. Although thicker electrodes contribute to higher energy density 

and specific capacitance, one needs to consider that high thickness design may negatively impact 

the integration of such MSCs into high resolution IDE patterns.  
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This chapter summarizes the fabrication process of non-encapsulated microsupercapacitors with 

different electrode thickness and compares devices based on pristine CNT and MnO2 oxide 

nanoparticle incorporated devices. This step will be followed by evaluating the performance of the 

microdevices at room temperature using cyclic voltammetry, galvanostatic charge/discharge and 

electrochemical impedance spectroscopy in a two-electrode system in aqueous solution of 0.1M 

Na2SO4 with pH of 5.6 and conductivity of 18.8-19.1 mScm-1. Supplementary documents of this 

Chapter are provided in appendix A.   

3.1 Introduction 

 As the benefits of miniaturization continue being the principal driver of the semiconductor 

industry, new approaches are being investigated to fabricate smaller-scale batteries and 

supercapacitors to power microchips and microelectronics. These approaches typically employ 

thin film technologies to fabricate thin film batteries (micro-batteries) to meet the requirements of 

on-chip integration [17,86]. While micro-batteries have been commercialized and has an 

expanding market, the technology still suffers from issues of poor cycle life, abrupt failure, low 

power density and safety concerns [87], such as risk of explosions from shorts [88],  and these 

issues create a need to investigate other options for micro-scale energy storage devices. One option 

that is being actively investigated is microsupercapacitors (MSCs), and they have already been 

used to power microelectromechanical systems (MEMS), wireless sensors, bio-compatible 

microelectrode arrays [89], miniaturized implantable medical devices [90,91], and active 

radiofrequency identification (RFID) tags [17]. However, MSC technology has not yet matured to 

its full potential as a viable micro-scale power source (one that delivers high energy density), and 
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various research efforts are underway that focus on improving energy storage [27]. This makes 

MSCs an excellent candidate to replace micro-batteries.   

In the research focus on energy storage, recent findings indicate that the thin film MSCs’ energy 

density can be improved enough to approach that of thin film batteries while retaining their specific 

power density. Recent reports have demonstrated planar thin film MSCs that have achieved energy 

densities comparable to some micro-batteries and these MSCs employ various active materials 

such as pseudocapacitive active materials on graphene [92], 2D titanium carbide “MXene” inks 

such as Ti3C2 [93], reduced graphene oxide (rGO) with Ti3C2Tx [94], Ti3CNTx or Ti3C2Tx,[4] 

conducting polymer of polypyrrole (PPy) NWs [83], and Graphene/PANI composite [95]. These 

reports suggest two key strategies to improve energy density of MSCs [17]; using an advantageous 

electrode design and selecting a novel material.   

Planar electrode design provides several advantages for improving MSC performance. Compared 

to sandwich configuration, planar electrode design, such as interdigitated electrodes (IDE), is more 

suitable for integration applications, since it provides advantage by efficiently utilizing the limited 

space available on PCB boards for on-chip applications [17,96]. It also allows for designing lighter 

and more efficient MSCs by minimizing the internal resistance that results from shorter ion 

diffusion paths. This makes MSCs with planar electrode design preferable to traditional sandwich 

configurations such as coin cells or pouch assemblies.  

As mentioned earlier, the second part of the key strategy to improving MSC performance is 

material selection. There are numerous reports on the variety of carbon nanostructures (e.g. 

activated carbon [97], graphene [98], graphdiyne [99], reduced graphene oxide (rGO) [100] CNTs 

(SWCNT, MWCNT) [25,27,101,102], transition metal oxides incorporated in CNTs [103,104], 
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composite matrices of carbon materials [105,106] and a polymer [107,108] that are used as active 

electrode materials and this is indicative of the interest and potential of carbon nanostructures for 

energy storage and conversion systems. CNTs in particular are of interest for energy storage 

devices because of their high surface area, low mass density, excellent electrical and mechanical 

properties and chemical stability [109,110]. Recent studies show that energy and power density of 

a CNT-based supercapacitor are affected by the nanotube alignment and packing density [27,111]. 

Vertically aligned CNTs (VACNTs) have superior performance compared to those made from 

randomly entangled network of CNTs as scattered pathways slow down the electrons transport and 

therefore the charge storage capability [112]. It has been demonstrated that a network of randomly 

dispersed nanotubes requires electrons to cross a lot of boundaries causing high internal resistance 

[113] resulting in a lower electrochemical performance of the device. The energy density of the 

MSCs can be further improved by tuning the density of the VACNTs, meaning how closely they 

are packed on the substrate [111]. This can be achieved by controlling the thickness of metal 

catalyst layer and annealing process. VACNTs can be grown directly on the final substrate via 

chemical vapor deposition (CVD) on a patterned IDE current collector or be transferred to the 

desired substrate. Despite the straightforward fabrication process and the significant progress made 

so far, modest areal capacitance and volumetric performance remain a challenge for VACNT based 

MSC devices [25,27,114]. MSCs utilizing highly aligned horizontal sheets of CNTs (HACNT 

sheet) have been shown to achieve higher electrochemical performance when compared with 

VACNT arrays [112,114–116]. This is due to the interconnected network of CNT bundles that 

have long range alignment allowing for higher conductivity and greater packing density which 

facilitates charge transport and can be used to help realize high energy density MSCs. Recent 
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research efforts to improve electrochemical performance of MSCs have utilized HACNT sheets as 

energy storage electrodes and as supercapacitor devices in both sandwich configuration and 

coaxial fiber [112,114–116]. Nevertheless, there are no known reports on planar configuration 

MSCs based on HACNT sheet to the authors’ best knowledge. 

Thin film CNT-based MSCs can be made using thin-film fabrication techniques such as stamping 

[4] inkjet printing [85], extrusion [117], and lithography [96]. These techniques have shown 

potential for rapid fabrication of planar MSCs at low cost, with some being scalable. However, 

ink-based techniques usually have several processing steps, such as multiple etchings, vigorous 

stirring and centrifuging, the use of hard-to-remove flammable or toxic solvents, filtration, 

annealing, and/or dry vacuuming, all of which are known to negatively affect nanotubes 

mechanical integrity and chemical properties [25,118]. It is also necessary to achieve a 

homogeneous and sediment free CNT ink with desired concentrations (viscosity) to sustain 

reproducibility and to avoid short circuits, both of which are very challenging to achieve [4]. The 

present work minimizes damage to CNTs by using a single oxygen plasma process and avoids any 

contamination by using a shadow mask rather than a mask made from patterned photoresist. 

Selective micro-patterning using a hard mask reduces the high cost of fabricating the devices and 

the oxygen plasma etching process allows for the fabrication of high aspect ratio eletrodes 

(multiple layers of HACNT sheet with different thicknesses on the final substrate) eliminating any 

transfer procedure.  

As mentioned earlier, employing pseudocapacitive materials significantly enhances the 

capacitance performance of the double layer MSCs due to pseudocapacitive contribution. The most 

common transition metal oxides widely for this purpose include RuO2, MnO2, Co3O4, NiO,V2O5 
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and IrO2 [119] recently. Amongst, MnO2 has significant advantages such as its natural abundance, 

low price, and eco-friendly properties along with high theoretical specific capacitance of 1370 Fg-

1, which makes a viable choice to incorporate onto the HCNT sheets [120].  

In this paper, we report the fabrication of a planar MSC based on etched HACNT sheets utilizing 

a single process step through the fast and reproducible method of plasma etching. We examine the 

performance of devices that have multi-layered sheets of 5, 10, 30 and 50 CNT layers. 

Additionally, we study the effect of manganese oxide nanoparticles (~ 70 nm) incorporation onto 

the porous conductive network of HACNT sheets and show that it improves the specific 

capacitance and energy density of the devices by a factor of three. Lastly, we obtained a high 

volumetric energy density of 10.52 mWhcm-3 and of 33.7 mWhcm-3 for HACNT MSCs and 

electrodeposited HACNT MSCs (ECNT-MSCs), respectively. Present work discusses the 

potential of HACNT MSCs as a viable ultrathin high energy density microscale power source. 

3.2 Results and Discussion 

Synthesis of spinnable CNT arrays was performed in a horizontal CVD furnace at 780 °C under 

atmospheric pressure. CNT forests with an average height of 380 µm were grown on a silicon 

wafer substrate. (see Methods). There is a direct correlation between the areal density of the 

catalyst nanoparticles and spinnability of the forest, as it determines the density and diameter of 

the synthesized nanotubes and only a certain range of nanotube diameters are spin capable. The 

catalyst nanoparticle size itself can be controlled by e-beam evaporation deposition rate and the 

annealing time. The detail of tuning the catalyst layer for spinnable growth of CNT forest can be 

found elsewhere [121]. After tuning the iron catalyst and growing the spinnable CNT forest, a 

horizontal array was directly drawn from the VACNTs and was stacked on a glass slide as the 
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substrate. Figure A.1 in Appendix A shows a SEM image of one layer of HACNT sheet

drawn from a VACNT forest. Later, prepared samples were exposed to an oxygen plasma 

and were patterned via a shadow mask on the final substrate, eliminating the need for 

subsequent transfer methods. More details regarding the etching times and gas pressure can be 

found elsewhere [122]. A schematic diagram of the process flow from growing VACNT array to 

fabrication of the device and cross-section of the electrodes is shown in Figure 3.1.  

Figure 3.1. Schematic diagram of the fabrication process of HACNT-based devices: a spinnable 

array of CNT is grown; multiple layers of the HACNT sheets are then drawn and stacked on a 

glass substrate; MSCs with an IDE structure were fabricated as positive and negative electrodes 

using plasma etching with a shadow mask. The electrodes were designed in a planar 

configuration to reduce ion diffusion length as shown in the cross-section image. 
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HACNT-based MSCs were then fabricated with two IDE electrodes each with six fingers (Figure 

3.2a). The inter-finger spacing was 140 μm, with a finger width of 300 μm, and a total electrode 

area of 0.21 cm2. Optical and scanning electron microscope (SEM) images of a device on a silicon 

wafer are shown in Figure 3.2a. Complete removal of the CNT sheet between the fingers and 

unidirectional alignment of CNT sheet structure can be clearly seen from the SEM and optical 

images (Figure A.2).  

Figure 3.2. (a) Photograph of an MSC on a glass slide and SEM image of interdigitated finger 

electrodes, scale bar 300 µm. The image shows 140 μm finger spacing and electrode width of 

300 μm. Higher magnification images show the aligned mesoporous structure of carbon 

nanotube, (b) SEM image of spinning a HACNT sheet from a VACNT array, (c) & (d) 2D & 3D 

AFM images of a multi-sheet of 10 layers of HACNT sheet stacked on a silicon substrate. 

Figure 3.2b shows how one sheet of HACNT is spun from a VACNT array. Spinning process 

results in the formation of larger bundles by combining the smaller individual nanotubes. Atomic 
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force microscopy (AFM) images of a horizontal array of ten layers of HACNT sheets are shown 

in Figure 3.2 c and d. These images show that the microstructure is an intertwined network of CNT 

bundles which creates connection between individual sheets (Figure A.3). The diameter of the 

bundles depends on the number of combined individual tubes and ranges from 20 to 100 nm 

(Figure A.4). AFM measurements showed that the average thickness of 5, 10, 30 and 50 layers of 

CNT multi-sheets are 32 (±7), 73 (±20), 192 (±28) and 300 (±47) nm, (mean ± std. dev., n=3) 

respectively (Figure A.5). Figure A.6 shows a Raman spectrum of a single sheet of CNT spun from 

the forest. The low ratio of (ID/IG) the D-band intensity (at Raman shift of 1350 cm-1) to G-band 

intensity (1550 cm-1) is indicative of small quantities of amorphous carbon and the high purity of 

the as-synthesized CNTs. 

To probe the impact of number of the layers (electrode thickness) on the electrical conductivity of 

the HACNT sheets and the electrochemical performance of the MSCs, different multi-sheets of 5, 

10, 30 and 50 layers were stacked into devices. In addition, manganese oxide was incorporated 

into the CNT sheet to improve the energy density of the devices. Plasma etching parameters such 

as time, power, gas flow and total pressure were adjusted according to the thickness of the multi-

sheets to prevent short circuit. All electrochemical measurements were made on a minimum of 

three devices for each thickness, and data are reported as mean and standard deviation. 

3.3 Electrochemical Characterization 

Cyclic voltammograms of MSC devices with different thickness at a scan rate of 300 mVs-1 are 

shown in Figure 3.3a. As seen, CV curves exhibited a nearly rectangular shape which is maintained 

at higher scan rates as demonstrated in Figure A.7. This is the characteristic of an ideal 
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electrochemical double layer supercapacitor and suggests good rate capability and electrochemical 

reversibility within the 1 V potential window employed. 

Figure 3.3. Electrochemical characterization of HACNT-based MSCs, a) Cyclic voltammograms 

at a scan rate of 300 mVs-1 for different MSC devices, b) Areal specific capacitance as a function 

of thickness at scan rates of 5 mVs-1 to 5 Vs-1, c) Nyquist plot of the MSC devices. Inset: 

enlarged curves in high frequency region, d) Real part of the impedance (equivalent series 

resistance (ESR)) as a function of thickness, e) Capacitance and f) C” as a function of frequency. 
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As shown in Figure 3.3b, the areal capacitance of the MSC devices is proportional to the thickness 

of the electrodes. The porous nature of HACNT sheets promotes maximum utilization of the 

limited volume of MSCs. MSC devices showed an average areal specific capacitance of 0.092 

mFcm-2, 0.78 mFcm-2, 1.39 mFcm-2 and 2.27 mFcm-2 for 5, 10, 30 and 50 layers, respectively at a 

scan rate of 5 mVs-1. As expected, the device with 50 layers of HACNT sheet, denoted MSC-50L, 

can store higher charges per unit area compared to the devices with thinner electrodes. Figure 3.3b 

shows a high specific capacitance of 2.27 mFcm-2 at a scan rate of 5 mVs-1 obtained for MSCs-

50L (with the thickness of 300 nm) which is comparable to double layer planar MSCs with micron 

thick planar electrodes such as 3D printed CNT MSC with 27.6 µm thickness (4.69 mFcm-2) [25], 

3D CNT/graphene carpet-based MSC with thickness of ~ 20 µm (2.16 mFcm-2) [123]. VACNT 

MSC with the thickness of 55 µm (0.198 mFcm-2) [27] and tradition sandwich structure; CNT-

Nanocup supercapacitor with thickness 8 µm (1 mFcm-2) [124]. The areal capacitance 

enhancement with the thickness of the electrodes from 30 layers to 50 suggests that higher 

capacitance is still achievable. At slow scan rates there is adequate time for ions to migrate through 

the porous electrode structure. As a result, higher specific capacitances are obtained at slower scan 

rates. The change in specific capacitance with scan rate is shown in Figure A.8 for MSCs at scan 

rates of 5 mVs-1 to 5 Vs-1. The decline in the specific capacitance with increasing scan rate or 

higher current densities at charge-discharge measurements is due to concentration overpotential 

arising from concentration gradients near the CNT sheet/electrolyte interface. In addition, the 

limited conductivity of the liquid electrolyte (17±3 mScm-1) becomes the dominant factor in ohmic 

IR drop at higher current densities, as observed in charge/discharge curves (Figure A.9). The 

galvanostatic charge/discharge curves for an MSC-50L in Figure A.9a and b exhibit symmetrical 
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triangular shape with small IR drops of about 100 mV at a current densities of 750 µAcm-2 and 

200 mV at a high current density of 1 mAcm-2. 

Specific capacitance is often normalized by the projected effective area of the electrodes, the 

volume of the device or the mass of active ingredients, in which, the volumetric and areal values 

are believed to be more practically useful, compared to gravimetric ones, especially, when the 

mass of the active material is negligible in comparison to the entire structure [17]. Lack of standard 

performance metrics to characterize supercapacitors makes the comparison amongst devices 

difficult. It should be noted that the thickness of the electrode plays a significant role in delivering 

higher capacitance for the device, therefore, it is misleading to use areal unit for reporting the 

performance (specific capacitance, power and energy density) of thick (3D) MSC devices without 

reporting the values in volumetric unit. Here, we report the performance in both areal and 

volumetric units to avoid any confusion.  

The AC response of the MSCs was examined using electrochemical impedance spectroscopy (EIS) 

using a sinusoidal signal of 10 mV (RMS) over a frequency range of 10 mHz to 100 kHz. Nyquist 

plots of the devices does not show a semicircle in the high frequency region and nearly straight 

lines in the low frequency region representative of the capacitive behavior of the devices (Figure 

3.3c). The absence of the semicircle in the Nyquist plots is indicative of fast charge transfer at 

electrodes/electrolyte interface, consistent with the values obtained for equivalent series resistance 

(ESR) at real Z axis.  

The intercept with the real axis in high frequency region of Nyquist plot defines the equivalent 

series resistance (ESR), attributed to electrolyte resistance, the intrinsic resistance of active 

material and the contact resistance at the electrode/electrolyte interface [125]. ESR values of the 
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MSCs with 5, 10, 30 and 50 layers were determined to be 336 (±46), 261 (± 99), 110 (±16) and 84 

(±14) Ωcm2, respectively (Figure 3.3d). The MSC-50L showed the lowest resistance, although the 

device with more than 30 layers did not show major improvement in conductivity. 

The evolution of specific capacitance with respect to frequency is plotted in Figure 3.3e using the 

Equation (1): 

𝐶 =  
−1

𝜔𝑆𝑍"(𝑓)
                                                                                                                   (1)

where S is the combined surface area; the positive and negative planar electrodes, Z"(f) is the 

imaginary part of the impedance. Thinner devices (MSC-5L) show more capacitive behavior; 

capacitive range extends to higher frequencies. 

To evaluate the performance of the device at high frequency the real and imaginary part of the 

specific capacitance (in mFcm-2) were extracted from the impedance plot as: 

𝐶′ =  
−𝑧"(𝜔)

𝜔 |𝑍(𝜔)|2    (2)       

𝐶" =  
𝑧′(𝜔)

𝜔 |𝑍(𝜔)|2       (3) 

Where 𝑧′ and  𝑧" are the real and imaginary part of impedance respectively; 𝜔 is the angular

frequency. The real value of capacitance 𝐶′ corresponds to the capacitance of the MSC that mainly

depends on the electrode structure and electrode/electrolyte interface. The imaginary part on the 

other hand 𝐶" corresponds to the dielectric loss of the electrolyte occurring during movement of

the electrolyte. The relaxation time (𝜏0), the minimum time required to fully discharge the device 

with an efficiency of greater than 50% of its maximum value, can be calculated from the frequency 

(𝑓0) maxima in a plot of  𝐶" versus frequency. Smaller relaxation times indicate good accessibility

of micro-pores for the transport. Unlike the specific capacitance, 𝑓0 varies inversely with the 
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electrode thickness (Figure 3.3f). The average relaxation times for MSCs were calculated to be 

0.12 s, 0.27 s, 0.3 s and 0.4 s for MSC-5L, MSC-10L, MSC-30L and MSC-50L, respectively. It is 

noted that with increasing the electrode thickness, the peak capacitance (𝐶") increases and at the 

same time the peak positions are shifted to lower frequencies. The lower rate capability of MSCs 

is correlated with their electrode thickness; thicker electrodes demonstrate higher pore resistance 

compared to thinner devices. Although the values for relaxation time are desirably shorter than 

some recent reports on CNT-based MSCs [91,118], they are relatively large compared to the best 

reduced graphene based MSCs [126,127]. Even though these graphene-based devices present 

excellent frequency response, they have much lower specific capacitance and energy density 

owing to the low mass density of their ultrathin electrodes. More detailed studies would take into 

account the relaxation time dependence on several parameters such as pores geometry of (length 

and diameter), density of the active material, electrode thickness, and the electrolyte [27]. 

Important elements describing the performance of microsupercapacitors include areal specific 

capacitance, energy and power densities, relaxation time and equivalent series resistance and the 

relationship between these can be readily visualized with spider plots. Figure 3.4 we show the five 

significant metrics of our devices with different thickness using spider plots. As seen, the 

performance of the MSC devices in many aspects such as energy density and areal capacitance is 

greatly dependent on the thickness of the electrode. 



38 

Figure 3.4. Index of performance, spider plot comparing relaxation time, specific capacitance, 

energy, and power density, and ESR of the MSC devices with different multi-sheets. 

From MSC-5L to MSC-50L we observe an expansion toward higher energy density and specific 

capacitance and lower ESR. The MSC-50L device has more available surface area for charge 

storage (higher specific capacitance) results in an average specific energy of 0.31 µWhcm-2 and 

power density of 0.58 mWcm-2, comparable or higher than most of the recent reports on CNT and 

graphene-based thin film MSCs [92,128–130]. Comparison between devices shows that the 

thickness of the electrodes only modestly compromises the frequency responses.  

A high volumetric capacitance of 75.7 Fcm-3 was obtained for our MSCs-50L at a scan rate of 5 

mVs-1 (Figure 3.5a), higher than most recent research on double layer supercapacitors; CNT-based 
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flexible MSC with 5.5 F cm-3 (thickness:5 µm) [130], onion-like carbon planar MSC with 1.3 Fcm-

3 (thickness:7 µm) [49], laser scribed graphene (LSG) MSCs with 3.1 Fcm-3 (thickness:1 µm) 

[101], multilayered graphene-based MSC with 36 Fcm-3 (thickness:15 nm) [95] and MXene MSCs 

with 30 Fcm-3 (thickness:100 nm) [131]. 

In addition to the metrics shown in Figure 3.4, the cycling performance provides information 

regarding the chemical stability of the micro-device over its intended cycle life. Here, we cycled 

an MSC-50L device for 7,000 cycles (Figure 3.5b). As seen from the plot of capacitance retention 

(%) versus cycle number, the MSC demonstrates stable charge-discharge characteristics with less 

than 10% capacitance fade over the 7,000 cycles. The inset demonstrates a very gradual change 

for the first 2,000 cycles with less than 5% capacitance fade. The capacitance rate capability and 

cyclability suggest that the HACNT based MSCs with this structure should be viable candidates 

for thin film MSCs.   

Figure 3.5. a) Volumetric specific capacitance changes versus scan rate, b) Cycle life of an MSC-

50L obtained from CV curves at a scan rate of 100 mVs-1; the inset shows that the device 

demonstrates a more stable behavior for the first 2,000 cycles.  
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To increase the energy density of the HACNT-based MSCs, manganese oxide nanoparticles were 

incorporated onto the MSCs via electrodeposition (see Methods); electrodeposited devices are 

denoted as ECNT-MSC. Figure A.10 and A.11 show SEM and AFM images of ECNT-MSC 

devices with different oxide deposition time, respectively. Longer deposition times blocked access 

of the electrolyte to the bottom layers. Therefore, electrodeposition of manganese oxide was 

performed for 10 s. Chemical characterization of the MnO2 on CNT sheets using Raman, XPS, 

SEM and AFM are presented in Figure 3.6 (a-f). 
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Figure 3.6. a) Raman spectra before and after MnO2 electrodeposition, b) The ratio of D-band to 

G-band before and after electrodeposition of MnO2 onto CNT sheets (mean ± std. dev., n=5), c)

XPS survey of pristine CNT-based device and MnO2 coated device, d) XPS spectra of C 1s

showing an asymmetric peak indicative of multiple carbon bonds, e) and f) Mn 3s and Mn 2p3

spectra showing two doublets with 3.71 eV and 11.15 eV separation, respectively, indicative of

an Mn(+4) oxidation state.

Figure 3.6a shows a Raman spectra of a HACNT sheet-based MSC device before and after 

electrodeposition of MnO2 nanoparticles showing three peaks at Raman shifts of 500, 571 and 664 

cm-1 corresponding to Mn-O lattice vibrations [132]. The electrodeposition process increased the

D-band to G-band intensity ratio from 0.5±0.05 (mean ± std. dev., n=5) for CNT based device
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(MSCs) to 1±0.3 for the electrodeposited devices (ECNT-MSCs) suggesting an increase in 

structural defects in the  CNT sheet (Figure 3.6b).  

The presence of multiple peaks associated with different manganese binding energies from XPS 

analysis in Figure 3.6c confirms the formation of manganese oxide. A doublet was observed at 

82.7 eV and 86.67 eV (3.71 eV separation), attributed to Mn 3s caused by the parallel and 

antiparallel spin coupling of electrons between 3s and 3d orbitals. A spin-orbit splitting doublet 

for Mn 2p3/2 and Mn 2p1/2 was also observed at binding energies of 641.1 and 652.5 eV (11.15 

eV separation); both indicative of MnO2 structure [103]. 

Surface morphology and internal structure of the MSCs were characterized by atomic force 

microscopy (AFM) and scanning electron microscope (SEM). More details on the topography of 

the devices structure at different electrodeposition times are available in the Figures S1.10 and 

S1.11. As seen in the SEM image of an MSC-50L (Figure 3.7), the microstructure following 

manganese oxide electrodeposition was variable between electrodes. In addition, shorter 

deposition time were observed to avoid blocking the pore structure and allowed manganese oxide 

NPs to be deposited on inner structure. 



43 

Figure 3.7. a) SEM images of an MSC with electrodeposited MnO2 nanoparticles, b) and c) AFM 

images of a device with 50 layers of CNT sheet. 

Devices based on pristine HACNT (MSCs) and HACNT decorated with MnO2 (ECNT-MSCs) 

were electrochemically characterized in a two-electrode system (see Methods) in an aqueous 

electrolyte of 0.1M Na2SO4. The combined effects of the conductive HACNT sheet and the high 

capacity of the MnO2 provide greater performance for the devices due to pseudocapacitive 

contribution of the MnO2 nanoparticles to the overall capacitance. Figures 3.8a shows an increase 

in the specific capacitance of MSCs-50L from 76 Fcm-3 to a high value of 242 Fcm-3 (average 

value of ~ 170 Fcm-3) after incorporation of MnO2 nanoparticles at a scan rate of 5 mVs-1, 

comparable to most state-of-the-art 3D MSCs in Table 3.1. 
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Figure 3.8. (a) Specific capacitance versus number of layers before and after electrodeposition of 

MnO2, (b) Cycling performance up to 7,000 cycles for an ECNT-MSC-50L, minimal capacitance 

fade after 7,000 cycles, (c) ESR variation before and after the electrodeposition of MnO2 )mean 

± std. dev., n=5), (d) Nyquist plot of a 50L-device before and after of the oxide incorporation, 

Inset: shows an enlarged section of the high frequency region (100 kHz). 

 

The stability of the ECNT-MSCs devices was confirmed by cycling 7,000 times with less than 

10% capacitance fade (Figure 3.8b). Incorporation of metal oxides with multiple redox states onto 

a conductive substrate is frequently observed to increase the resistance at the electrode/electrolyte 

interface in the high frequency region (100 kHz) for thick layers of metal oxides [104,133,134]. 

Figure 3.8c and d illustrate the effect of oxide NPs incorporation on the ESR values for MSC 

devices with increasing the numbers of HACNT sheets.  
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For all the MSCs, it was observed that after MnO2 NPs electrodeposition, the ESR was reduced 

significantly compared to the pure HACNT sheet. This behavior could be attributed to the MnO2 

nanoparticles reducing the interlayer resistance of HACNT sheets through enhancing the packing 

density, as reported in previous work [101,135]. Further electrodeposition resulted in a thicker 

oxide layer reducing the available surface area for the electrolyte and hence increased the ESR 

values (Figure A.12).   

Frequency response of the MSC-50L devices and charge/discharge curves before and after the 

electrodeposition are shown in Figure 3.9.  

 

Figure 3.9. a) C’’ plot versus frequency showing the calculated relaxation time for an MSC-50L 

before and after the electrodeposition of manganese oxide, b) Charge/discharge curve for the 

same device at current density of 200 μAcm-2. 

 

Although ECNT-MSCs show a more sluggish frequency response (𝜏0~1.33 s) (Figure 3.9a) 

compared to the MSCs (𝜏0~0.27 s), the relaxation time is not greatly affected as the oxide NPs are 

less than hundred nanometers in dimension. The devices with oxide-coated HACNT sheets clearly 

show longer charge and discharge times compared to the HACNT-based devices (Figure 3.9b) 

which translates into higher energy density. There is also no significant difference in ohmic drop 
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of the devices at a current density of 200 µAcm-2 after oxide deposition. The device resistance 

from the IR ohmic drop was 80 Ω, consistent with the ESR values obtained from the Nyquist plot. 

Finally, a comparison between various micro energy storage devices is shown in the Ragone plot 

of Figure 3.10. Our HCNT-based MSCs exhibit high energy density of 10.52 mWhcm-3 

(normalized to thickness of the electrodes) in Na2SO4 aqueous electrolyte higher than recently 

reported 3D MSC devices based on CNT and graphene, 3D printed CNT:27.6 µm (energy density: 

0.12 mWhcm-3) [25], VACNT/graphene:50 µm (<1 mWhcm-3) [114], plasma jet sprayed CNT:1 

µm (0.18 mWhcm-3) [118], asymmetric GO and PANI:80 µm (4.83 mWhcm-3) [117], 

(PPy)/Graphene nanosheet: 3.4 µm (2.5 mWhcm-3) [136], OLC: 7 µm (1 mWhcm-3) [49] and is 

close to the Li thin-film battery (10 mWhcm-3). Furthermore, a high power density of 19.33 Wcm-

3 was obtained comparable to the electrolytic capacitor with power range of 10-100 Wcm-3.  
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Figure 3.10. Comparison between the volumetric energy and power density of a thin-film lithium 

battery, an electrolytic capacitor, plasma sprayed CNT, Graphene/PPy, Graphene oxide/PANI 

and our MSCs-50L. Plasma sprayed CNT MSC was reproduced with permission from the 

reference  [118] .Data of GO/PANi [117] and G/PPy [136] MSCs were reproduced with 

permission from their references. 
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Our ECNT-MSC devices with 50 layers of HACNT exhibited a peak energy density of 33.7 

mWhcm-3 and maximum power density of 31 Wcm-3. The performance characteristics presented 

here for the ECNT-MSC-50L are superior to most state-of-the-art 3D MSCs presented in Table 

3.1.  

Table 3.1.  Comparison between the performance of various MSCs with different thickness.  

Material -/configuration CA Pv Ev Thickness 

HACNT sheet -/ IDE (This work) MSC: 

75 Fcm-3 

ECNT-MSC: 

242 Fcm-3 

MSC: 

19.3 Wcm-3 

ECNT-MSC: 

31 Wcm-3 

MSC: 

10.52 mWhcm-3 

ECNT-MSC: 

33.7 mWhcm-3 

300-400 nm

bG. Q. dot/ MnO2[92] -/IDE 2.98 mFcm-2 15.01 µWcm-2 0.414 µWhcm-2 - 

G/MnO2/Ag NWs[137] - / IDE 4.4 Fcm-3 89 Wcm-3 0.45 mWhcm-3 60 nm 

MXene[131] -/ IDE 30 Fcm-3 - - 100 nm 

PPy NWs onto predesigned 

fluorine doped TiO2 coated glass 

(FTO)[83] -/ IDE 

4.58 mFcm-2 

a163 Fcm-3 

0.89 Wcm-3 15.25 mWhcm-3 280 nm 

crGO/Ti3C2Tx [94]-/IDE 2.4 mFcm-2  
a80 Fcm-3 

0.2 Wcm-3 8.6 mWhcm-3 300 nm 

MG -/IDE[95] 

*MG/PANI -/ IDE

62.7 µFcm−2 

36.8 Fcm−3 
*3.8 mFcm-2,
*155 Fcm-3

*22 Wcm-3 0.04 µWhcm-2 
*21 mWhcm-3

15 nm 
*245 nm

G. Q. dot[128] -/ IDE 534 µFcm-2 
a17.1 Fcm-3 

7.51 µWcm-2 
a0.24 Wcm-3 

0.074 µWhcm-2 
a2.37 mWhcm-3 

312 nm 

MXene (Ti3C2Tx)[138] -/ IDE 3.5-43 mFcm-2 

562 Fcm-3 

 11.4 µWcm-2 
a0.21 Wcm-3 

0.32 µWhcm-2 
a6 mWhcm-3 

50-530 nm

MXene (Ti3C2Tx)[4] -/ IDE 61 mFcm-2 
a871.4 Fcm-3 

0.33 mWcm-2 
a4.71 Wcm-3 

0.63 µWhcm-2 
a9 mWhcm-3 

>700 nm

Sprayed-MWCNT[118] -/IDE 2.02 Fcm-3  0.008 Wcm-3 0.18 mWhcm-3 1 µm 

GO-SWCNT & MWCNT[101] -

/IDE 

3.1 Fcm-3 1 Wcm-3 0.84 mWhcm-3 1-2 µm

TiC[96] -/IDE 200 mFcm-2 

410 Fcm-3 

~30 mWcm-2 
a214 Wcm-3 

 < 2 µWhcm-2 
a14.28 mWhcm-3 

1.4 µm 

G./ PP[136] -/IDE 38 mFcm-2 

110 Fcm-3 

0.397 Wcm-3  2.5 mWhcm-3 3.4 µm 

G. foam & CNT&

[104]MnO2[135]-/ IDE

0.32 mFcm-2 

0.68 Fcm-3 

N/A N/A 4 µm 

MXene[139] -/ IDE 23 mFcm-2 
a57.5 Fcm-3 

225 mWcm-3 2.8 mWhcm-3 4 µm 

file:///C:/Users/Behnoush/Desktop/paper-1st%20revision/perfromance%20comparison-June%202020.xlsx%23RANGE!_ftn3
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G/PANI[140] -/ IDE 196 mFcm-2 

377 Fcm-3 

 ~10 Wcm-3 21.1 mWhcm-3  5 µm 

VACNT on highly porous carbon 

 nanocups[124]-/ Sandwich 

~ 1 mF cm-2 

~ a2 F cm-3 

- - ~5 µm 

MWCNT[130] -/ IDE 2.75 mFcm-2 
a5.5 Fcm-3 

0.19 Wcm-3 0.4 mWhcm-3 >5 µm 

dOLC[49] -/IDE 0.9 mFcm-2 

1 Fcm-3 

1 kWcm-3 ~1 mWhcm-3 7 µm 

MnO2 & Ti3C2[141] -/IDE 295 mFcm-2 
a184.4 Fcm-3 

2.7 mWcm-2 162 µWhcm-2 10-16 µm 

G-CNTs[123] -/ IDE 2.16 mFcm-2 
a1.1 Fcm-3 

115 Wcm-3 0.16 mWhcm-3 ~20 µm 

GO[79] -/IDE 0.51 mFcm-2 

3.1 Fcm-3 

1.7 Wcm-3 0.43 mWhcm-3 ~22 µm 

eLIG[129] -/IDE 4 mFcm-2 
a1.6 Fcm-3 

9 mWcm-2 
a3.6  Wcm-3 

0.31-2 µWhcm-2 

 a0.124-0.8 

mWhcm-3 

25 µm 

3D CNT[25] -/ IDE 4.69 mFcm-2 
a1.7 F cm-3 

3.72 Wcm-3 0.12 mWhcm-3 27.6 µm 

RuO2 on porous Au[85] -/ IDE 812 mFcm-2 
a203 Fcm-3 

 20 mWcm-2 329 mJcm-2 >40 µm 

VACNT/graphene[114] -/ IDE 0.43 mFcm-2 
a86 mFcm-3 

100 mWcm-2 
a20 Wcm-3 

1.0-4.8 µWhcm-2 
a0.2 – 0.96 

mWcm-3 

50 µm 

VACNT[27] -/IDE 0.198 mFcm-2 
a35.6 Fcm-3 

 -  - 55 µm 

GO /PANI[117] -/ IDE 19.2 Fcm-3 25.3 Wcm-3 4.83 mWhcm-3 80 µm 

VA-Nb nanowire[142] -/ Sandwich 100 mFcm-2 
a6.45 F cm-3 

480 Wcm-3 1.7 mWhcm-3 155 µm 

 Na-MnOx[143] -/ IDE 109.5 mFcm-2 
a3.4 Fcm-3 

1.2 mWcm-3 87.62 µWhcm-2 
a2.72 mWhcm-3 

322 µm 

Ti3C2Tx 

MXene nanosheets, MnO2 NWs,  

Ag NWs, and fullerene[141] -/IDE 

216.2 mFcm-2 
a4.3 Fcm-3 

58.3 mWcm-3 19.2 µWhcm-2 
a0.38 mWhcm-3 

500 µm 

CNT sheet coaxial fiber, NW/CNT 

& MnO2/CP/CNT[144] -/coaxial 

device 

213.5 mFcm-2 2 mWcm-2 96.07 μWhcm-2 - 

a) Converted values with respect to the device thickness; b) Graphene quantum dot; c) Reduced graphene oxide; d) 

Onion like carbon; e) Laser-induced graphene  

 

3.4 Conclusion 

In summary, we have demonstrated the fabrication of a high energy density thin film planar MSCs 

based on HACNT sheets using a single step fabrication technique. The fabricated MSCs are 

binder-free, current collector free and exhibit high energy density and excellent chemical stability 
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over long cycling. Fabrication of devices with current dimension and geometry was enabled by 

the fast and reproducible approach of plasma etching. The as fabricated MSC-50L delivered a high 

volumetric capacitance of 76 Fcm-3 and 242 Fcm-3 for pristine HACNT sheet and MnO2 NPs/ 

HACNT sheet, respectively. ECNT-MSCs exhibited a peak power density of 31 Wcm-3 and 

notable energy density of 33.7 mWhcm-3. It should be noted that the performance of the devices 

can be further improved by surface modification of HACNT sheets, using thicker electrodes, high-

resolution configurations (IDEs with smaller gap size), selection of electrolyte and tuning the 

MnO2 electrodeposition technique. This study suggests that HACNT sheet is a promising electrode 

for fabrication of thin film planar MSCs with high energy densities with applications in portable 

electronics. 

3.5 Methods 

Growth of spinnable carbon nanotube and fabrication of the devices. Vertically aligned carbon 

nanotubes (VACNTs) forest was grown in a horizontal quartz furnace using chemical vapor 

deposition (CVD) in atmospheric pressure. A silicon wafer with a thin layer of inherent silicon 

oxide of (10 nm) was used as a substrate. To avoid diffusion of iron into the oxide a thin layer of 

alumina layer was deposited on the wafer using ALD as a buffer layer between the oxide and iron 

catalyst. Later, 3 nm iron was deposited using an e-beam evaporator on the alumina layer. Tuning 

the diameter and density of iron nanoparticle which are formed in annealing step greatly affect the 

spinnability of the forest. Sheet resistance of the wafers after iron deposition was measured to 

monitor this behavior. The average height and diameter of the nanotubes for growth time of 5 min 

were 380 µm and 15 nm, respectively. Acetylene (flow of 70 sccm) & Helium (2 slm) were used 

as carbon precursor and carrier gas, respectively. The temperature was ramped to 780°C and then 
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silicon wafers were pushed into the hot zone of the furnace and annealing process started by 

purging hydrogen gas (with 70 sccm flow) for 30 s. After the growth was finished, samples were 

rapidly cooled down to room temperature using a magnet-on-a-rod sample retrieval system. Later, 

a horizontal array of HACNT sheets (density of 1-1.1 µg cm-2) was spun from the as the grown 

spinnable VACNT and were stacked with different thicknesses on micro-glass substrates. To 

verify the uniformity of the laid CNT layers, a low spinning speed of 5 rpm was set with a 

microcontroller, designed in the lab. Later, to enhance HACNT sheets adhesion to the substrate 

and maintaining their alignment a drop of ethanol was used. Finally, with the assist of a fabricated 

shadow mask HACNT sheets were patterned exposing to plasma of oxygen.  

Electrodeposition of manganese oxide. MnO2 electrodeposition was performed for 10 s in an 

aqueous solution of 0.2M Na2SO4 and 0.02M MnSO4.H2O at a constant potential of 1.2 V in a 

three-electrode configuration with HACNT sheet as the working electrode and Pt wire and 

Ag/AgCl as counter and reference electrodes respectively. The pH of the electrodeposition solution 

was 6.02 and its conductivity was 35 mScm-1. 

Fabrication of the device. Selective etching the HACNT sheets was done by oxygen plasma in a 

CCP system (at gas pressure of 100-150 mtorr, power of 100 W, oxygen flow of 15 sccm at 

different times from 165 s to 300 s) assisting a shadow mask to avoid photoresist contamination. 

Electrochemical characterization. All electrochemical measurements were carried out by an 

electrochemical station of BioLogic SP-150 in an aqueous solution of 0.1M (Na2SO4) at room 

temperature with conductivity variation of 17 (±3) mScm-1. Cyclic voltammograms were collected 

in a two-electrode configuration. 
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Materials characterization. Morphology and microstructure of the devices were studied using 

SEM & AFM. X-ray photoelectron spectroscopy (XPS) analyses was performed using a PHI 

VersaProbe II system equipped with Al Kα radiation with a chamber pressure of 10-8 torr.  A micro 

Raman System (DXR, Thermo Fisher Scientific) with an excitation wavelength of 571 nm was 

used to collect Raman spectra from the samples at room temperature. Atomic force microscopy 

(AFM) images were obtained using a VEECO Dimension 5000 SPM system. Morphology and 

microstructure of the devices were studied using a Zeiss Supra 40 scanning electron microscope 

(SEM).
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This chapter demonstrates flexible microsupercapacitors with different electrode interspacing and 

investigates the device’s flexibility properties at different bending states and under repetitive 

bending cycles (10,000 cycles). Supplementary documents of this chapter are provided in appendix 

B.   

4.1 Introduction 

The trend of flexible technologies such as wearable electronics, curved displays, and implantable 

biosensors towards ultra-thin form factors will require thin and flexible power sources to match 

that trend [135]. Ultra-thin fMSCs seem to be a promising technology to meet this trend, and are 

currently being investigated as potential micro-scale energy storage devices that allow integration 

into portable and wearable electronics, where the stability of the device under repeated 

deformation is very crucial [145]. In particular, investigations into the role of flexibility on fMSC 

properties are needed, especially on how it affects performance, mechanical robustness, device 

weight, integration compatibility, miniaturization, low-cost fabrication and stability under 

repeated deformation [146]. 

The main components of an fMSC consist of a substrate, an electrolyte, and an active material for 

the electrode, all of which must be flexible. Generally, when picking a flexible substrate, a material 

with low Young’s modulus, inherent elasticity, and the ability to return to its original resting 

properties is preferred [147]. Thus, common selections for flexible substrates are thin polymeric 

materials such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN), paper, 

polyimide (PI), polydimethylsiloxane (PDMS), or  polyethersulfone (PES) [146]. PET has gained 

special attention for flexible electronics due to its good thermal stability, low cost, electrochemical 

inertness and good spinnability [148].  
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A common aqueous-based electrolyte used for fMSC is poly (vinyl alcohol) (PVA) gel which is a 

promising candidate because of its low-cost, non-toxicity, high water solubility and high ion 

conductivity [149]. The alcohol groups act as physical crosslinking sites when PVA is dissolved 

in water and form a very stable 3D network between neighbor polymers via hydrogen bonds, which 

helps to make the gel electrolyte flexible. For thin fMSCs it becomes especially important to reduce 

the thickness of the electrolyte to allow for more flexibility. The typical way of depositing gel 

electrolyte is drop casting which is a quick and easy method with less control over the thickness 

and surface profile of the electrolyte. Spin coating, which is a standard process in flexible 

electronics to deposit a large-size and uniform film of organic semiconductor polymer solution 

[149], is also capable of achieving a functional uniform thin film of the electrolyte. However, there 

seems to be little work on spin-coated electrolytes [150,151], and, to the best of the authors’ 

knowledge, there is  no study that directly compares the impact of drop cast electrolyte to spin-

coated electrolyte with respect to electrochemical performance. 

When choosing an active electrode material for fMSC, the most essential feature is that it needs to 

be flexible and tolerate repetitive bending cycles without mechanical failure. Active electrode 

materials for fMSCs are usually selected from the carbon nanostructures such as activated carbon 

[152,153], graphene [154,155], CNTs [75,113,154], carbon fiber [156,157] and quantum dots 

[158] due to their hierarchical porous structure [75]. Among this group, CNTs have been very 

popular due to their excellent chemical stability [142], electrical properties [113], high specific 

surface area [159], and superior mechanical resilience making them an attractive candidate for 

flexible energy storage devices [115]. CNTs have been utilized in various arrays such as scattered 

networks [154,160], VACNTs [161], and HACNT sheets [78] for MSCs. HACNT sheets, in 
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particular, provide a unique advantage for 2D MSCs with its relatively high energy density 

compared to the two other array configurations due to its alignment and interconnected network 

of CNT bundles [78]. Thus, due to its flexibility, naturally ultrathin form factor, relatively high 

energy density, and ease of processing, HACNT sheets were chosen as the active material. 

An important aspect to consider when working with CNTs is the impact of the fabrication process 

on their electrochemical performance which consequently affects the performance of the final 

device [162]. Several fabrication approaches such as inkjet printing [154], spray coating [5], laser 

writing [101], micro plasma jet etching [75] have been developed to deliver planar CNT-based 

fMSCs. These technologies mostly rely on using a CNT ink; a random network of CNT mixed 

with additive materials [118]. Preparation of ink requires vigorous dispersion of CNTs which 

compromises their mechanical properties and alignment [27,112]. Low resolution, inconsistent ink 

viscosity, surface tension-driven defects, and unreliable chemical properties from one batch to the 

next are among the limiting factors of CNT inks [113,163]. Moreover, additional efforts are 

required to integrate a wet-process electrode with other components [164].  

Lithography-based microfabrication techniques have shown to be reliable, scalable and able to 

provide high resolution devices for electrodes based on VACNT, scattered CNT sheets, and 

HACNT sheets [146]. However, the organic photoresist tends to create a dielectric sleeve that 

coats individual nanotubes, affecting the aggregate CNT network’s conductive properties. 

Additionally, such lithographic processes usually include a wet-etch step as well as an immersion 

step, typically in caustic liquids such as base or acid, which easily damages the CNT arrays [165]. 

However, dry etching in low-pressure plasmas appears to be gentler and has shown to maintain 

the structural integrity and minimize chemical contamination. Oxygen plasma in particular was 
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found to effectively pattern carbon-based materials with the use of a physical hard mask, avoiding 

any use of contaminating photoresists to create patterns [78,122]. Plasma etching was also found 

to be a relatively rapid etch method with high reproducibility that allows one to fabricate an fMSC 

directly on the final target substrate eliminating a transfer step, all of which makes the dry etch 

process seem quite suitable for fabricating carbon-based fMSCs. 

The last aspect of fMSC fabrication to consider is electrode design, and the significant role it plays 

on performance since it affects the capacitive area. For thin fMSCs intended to be used as a power 

source, only the interdigitated electrode (IDE) configuration allows for a 2D form factor. The IDE 

design allows short ion diffusion pathway, which can be dimensionally tuned to help improve the 

MSC performance by adjusting the width and interspacing (the areal density) of the electrodes 

[162].   

In this work, we fabricated fMSCs with IDE electrode design using layers HACNT sheets on a 

PET substrate. Micropatterning of these sheets was done using a single step oxygen plasma etching 

process with the assist of a shadow mask to create the interdigitated electrodes. Several devices 

were made by applying PVA electrolyte gel by either the drop casting or spin coating methods. 

The impact of drop cast vs. spin coated electrolyte on the device’s performance is studied. An 

array of four fMFCs is tested as an energy storage device in an energy harvesting circuit. The 

collective results indicate that HACNT sheet-based fMFCs are promising candidates as power 

sources for integration within thin flexible electronics.   
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4.2 Experimental 

4.2.1 Materials and Methods 

A VACNT forest was grown in a chemical vapor deposition (CVD) furnace on a silicon wafer, as 

reported in our previous work [78]. From the spinnable VACNT, a horizontal array of CNTs was 

spun directly and stacked onto the flexible PET substrate. Multi-sheet of ten layers of HACNT 

with a thickness of less than 100 nm (~70 nm) was used to prepare the devices. A thin layer of 

Au/Cr (200/20 nm) was deposited on the device’s pad areas to ensure the connection between the 

electrodes and the measurement probes. Next, HACNTs were selectively etched using oxygen 

plasma with the assist of a shadow mask to fabricate planar fMSC devices. The IDE designs 

included variation in electrode interspacing widths (140 µm, 60 µm, and 40 µm). Process 

parameters such as time of etching, power and gas flow were selected according to our previous 

study [78]. Strong Van der Waals forces and high conductivity of HACNT sheets enabled us to 

use them as both electrode active material and current collector without use of any binder or 

adhesive glue and this contributed to the light weight of the fabricated devices.  

A thin layer of an aqueous gel electrolyte (PVA/H2SO4) was used as electrolyte. To make the 

electrolyte, 1gr PVA (MW~89-90 k) was mixed with 10 ml of DI water and 1 ml of sulfuric acid 

and was vigorously stirred at temperature of 70°C for about an hour until a transparent solution 

with medium viscosity was obtained. After cooling down to room temperature, electrolyte was 

transferred to the vacuum oven and was degassed overnight to remove the gas bubbles. Impact of 

electrolyte thickness uniformity on the device performance was studied using two methods; drop 

casting and spin coating. For drop cast samples, a specific volume (10 µL) of electrolyte was 

applied to the active area and for other devices, the gel was spin coated at different rotation speeds 
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of 500, 1000, 2000 and 3000 RPM, with 200 RPMmin-1 acceleration for a total spin-coating time 

of 60 s onto the electrode sites.   

4.2.2 Characterization 

Spinnable CNTs were characterized using microRaman, SEM and XPS electron spectroscopy 

(Supplementary Figure B.1). Thickness of electrodes and electrolyte were measured using Oxford 

Asylum Research Jupiter AFM and Woollam M2000D ellipsometer, respectively. 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and charge/discharge 

(GCD) were performed using a commercial potentiostat/galvanostat (BioLogic SP-150) in a two-

electrode configuration. A setup was designed for bending cycling measurements equipped with a 

microcontroller to set the cycle number and bending angle. Micropatterning of the IDEs were 

performed in an RIE system using oxygen gas with the assist of fabricated shadow mask.    

4.3 Results and Discussion 

Electrochemical performance of fMSC devices was studied upon applying the electrolyte. The 

results for an fMSC with resolution of 140 µm are presented in Figure 4.1. As shown in Figure 

4.1a shows cyclic voltammograms of the device maintain a rectangular shape at a high scan rate 

500 mVs-1 at 1 V potential window. Areal specific capacitance of the devices is calculated from 

the CV curves (equation 1) and is shown with respect to scan rates in Figure 4.1b.  

𝐶𝑠𝑝 =  
∫ 𝐼(𝑉)𝑑𝑣

𝑣1
𝑣0

𝑣.∆𝑉.𝐴
     ,                                                                                                                (1) 

where 𝐶𝑠𝑝 is the specific capacitance of the device (in mFcm-2), I is the current (in mA); 𝑣 is the

scan rate (in Vs-1); A is the total projected area of the electrodes without considering the gap 

between the electrodes and ∆V the potential window which is 1 V. 
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A specific capacitance of 0.22 mFcm-2 at a scan rate 5 mVs-1 was obtained for this fMSC which is 

higher than counterpart devices with less than 1 µm thickness; direct laser writing multilayered 

graphene-based MSCs (0.1 mFcm-2) [95] and MSC based graphene quantum dot [128].  Bode plot 

of the fMSC shows a frequency of 12.5 Hz at phase angle of 45 (Figure 4.1c). To study self-

discharge behavior of the device, the device was charged with a constant current of 100 µAcm-2 

up to 1 V and held at this potential for an hour (Figure B.2). The recorded data of open circuit 

potential (OCP) versus time shows how the device voltage decays from 1 V to 0.2 V  exponentially 

after 9 hours comparable to graphene-based MSCs (Figure 4.1d) [92,166].  

Figure 4.1. a) CV curve of an MSC device at a scan rate of 500 mVs-1, b) Specific capacitance 

with respect to scan rate (mean ±std. dev., n=7), c) Bode plot of the device showing phase angle 

versus frequency, d) Open circuit potential change with time showing self-discharge behavior of 

the MSC device. Inset shows an enlarged section of the initial stage of the discharging process. 
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Flexibility studies of the fMSCs were conducted by evaluating the electrochemical performance 

of the devices at different bending angles; from 0° to 180° at 30° steps. Figure B.3 displays a digital 

photograph of the setup used for flexibility measurements. fMSC devices photograph at six various 

bending angles is shown in Figure 4.2a. Minor changes in cyclic voltammogram curves from flat 

to 180º indicate a very stable electrochemical performance for the devices (Figure 4.2b). Areal 

capacitances are plotted versus bending angles in Figure 4.2c. A slight increase in specific 

capacitance from 0.17 mFcm-2 to 0.21 mFcm-2 was observed for the devices as bending angle 

increases from 0 to 30º angle compatible with their voltammogram curves and was followed by a 

stable behavior (0.2 mFcm-2) for higher angles (Figure 4.2c). At the initial of bending, deformation 

causes electrolyte to infiltrate the porous structure of HACNT sheets and therefore a slight increase 

in charge capacity is observed. This effect; however, remained unchanged at higher bending 

radius. To investigate long-term stability, the fMSCs underwent 10,000 cycles of charge/discharge 

under a bending angle of 180º. As shown in Figure 4.2d, devices demonstrated a robust cycle 

stability under repeated bending cycles.  
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Figure 4.2. a)  Flexibility measurement; Photograph of an fMSC at different bending states, b) 

CV curves at different bending angle of α  ~ 0º, 30º, 60º, 90º, 150º and 180º angles, c) Change in 

specific capacitance with bending angle (α) and d) Cycle numbers up to 10,000 cycles. 

Our fMSCs maintained a stable electrochemical behavior under repetitive cycles with less than 

13% change from initial capacitance of 0.15 mFcm-2 to 0.17 mFcm-2 after 10,000 cycles. As 

measurements were carried out upon applying the electrolyte, the slight increase in capacitance at 

the beginning of cycling is expected as the HACNT sheets become fully infiltrated with electrolyte. 

Thereafter, the capacitance remained stable over the cycle range investigated.   

To fully exploit the advantage of device flexibility and performance, consideration needs to be 

given to the electrolyte deposition step as it plays a significant role in the thickness and 

performance of the device. The impact of electrolyte dispersion on electrochemical performance 

of the fMSCs was studied with two sets of fMSC devices; one set with electrolyte dropped cast 
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onto the electrodes and another set with electrolyte spin coated at different rotation speeds. The 

drop cast method is an easily employed method that is being used routinely to apply a controlled 

volume of electrolyte on the active area of a device followed by drying out period under controlled 

conditions of pressure and temperature. Using this method, thickness of the droplet is dependent 

on various variables such as the volume and concentration of the electrolyte, evaporation rate, 

capillary force associated with drying and solvent wettability with the substrate making it hard to 

have a uniform thickness and sustains the reproducibility [167]. Another drawback of drop casting 

is that even under ideal conditions, due to the curved cross-section, there is a difference in 

evaporation rates across the thickness profile causing a concentration fluctuation which itself can 

lead to variation in film thickness after drying and local accumulation of charges [167,168]. In 

spin coating, however, centrifugal forces lead to uniform spreading of the electrolyte across the 

substrate and therefore a thin and uniform film of electrolyte forms. The thickness can be tuned by 

volume of the droplet, concentration of the electrolyte, the rotational velocity (RPM), spinning 

time and rate of solvent evaporation. At the early stage of spin coating, flow of electrolyte 

dominates, and solvent evaporation controls the thickness at later stage [169]. Due to higher 

thinning rate (µms-1) the evaporation rate is more uniform compared to the drop cast method. 

Further control of evaporation rate is possible via rotational speed, as evaporation rate has a square 

root dependency with rotational speed [168]. 

𝑒 = 𝐶𝑒 . √𝜔      ,                                                                                                               (2) 

where e is the evaporation rate, 𝜔 the rotation speed and 𝐶𝑒 a scaling constant that includes the 

effects of fluid density, viscosity, rotation speed and parameters that control the vapor boundary 

layers.   
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To investigate how the method of coating the PVA gel electrolyte affects the performance of 

fMSCs, eight devices of each type were prepared for each method. The dependence of the 

electrolyte layer thickness as a function of spinning speed is shown in Figure B.4. Figure 4.3a 

compares the specific capacitance of the devices with drop cast electrolyte and electrolyte spin 

coated at 3000 RPM. As seen in Figure 4.3a, a higher specific capacitance (almost double) was 

observed for drop cast devices compared to the spin coated ones. Statistical analysis of data showed 

that the results are significantly different with a P-value of 0.027. Since the evaporation of solvent 

for drop-cast devices begins at the top surface, a convex cross-section promotes an uneven 

concentration profile. There are reports that indicate the top of a curved cross-section experiences 

depletion of solvent, which can act as a barrier for further evaporation [168]. Increases in 

concentration of free charge carriers (cations and anions) and ionic mobility are two principal 

factors for drop cast films that can result in much better capacitive behavior compared to spin-

coated films [170]. To get insight into the long-term stability of these two methods, cyclic 

voltammograms of the devices were investigated after one year (Figure B.5). The results showed 

neither methods showed any deterioration in the devices performance. Devices with drop cast 

electrolyte showed a notable increase in capacitance over the one-year period, the reason for this 

increase remains to be investigated. The effect of spinning speed on areal capacitance of fMSC 

devices at each scan rate is presented in Figure 4.3b and these data are compared with drop cast 

devices. Four different spinning speeds of 500, 1000, 2000 and 3000 RPM were tested. As seen in 

Figure 4.3b, the difference in data of areal capacitance at various spinning speed for any scan rates 

was insignificant with P-value of higher than 0.05 (shown by ns i.e. non-significant) but this 
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difference is statistically significant (P-value <0.03) between the drop casted devices and spin 

coated ones at every scan rate shown by an asterisk annotation in the plot.  

Figure 4.3. a) Specific capacitance versus scan rates from 5 mVs-1 to 5 Vs-1 for drop cast and 

spin coated samples at 3000 RPM (mean ±std. dev., n=7) , b) Comparison between specific 

capacitance versus scan rates (from 5 mVs-1 to 5Vs-1) for spin coated samples at different 

spinning speed (500, 1000, 2000 and 3000 RPM) and drop cast samples (mean ±std. dev., n=8). 

These data indicate that there is a significantly higher specific capacitance in drop casted devices 

compared to spin coated devices. However, this increase comes at the expense of flexibility, and 

form factor. Spin-coating is an effective way of applying the electrolyte and it should be generally 

more applicable to large scale application particularly where supercapacitor will be integrated at 

the wafer level.  

The specific capacitance of a planar fMSC is inversely proportional to its electrode interspacing 

(𝐶𝑠𝑝~
𝑊𝑒

𝑊𝑔
, We is the width of electrodes and Wg is the gap), so by reducing the gap (reducing the 

ion diffusion pathway) and increasing the electrodes width (increasing the available surface area) 

it is possible to enhance the electrochemical performance of the fMSCs [164]. Figure 4.4 
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demonstrates the effect of electrode interspacing (140, 60 and 40 µm) on areal capacitance of 

fMSC devices. As seen, an average specific capacitance of 7 mFcm-2 was obtained for an fMSC 

with 40 µm electrode interspacing at a scan rate of 5 mVs-1 which is superior or comparable to 

most state-of-the-art reported 3D fMSCs ; 3D nitrogen doped porous carbon aerogel with 25.6 

mFcm-2 (thickness: 20-40 µm) [152], micro-plasma-jet patterned CNT based fMSC with areal 

capacitance of 2.02 Fcm-3 (thickness: 1 µm) [75], laser-patterned BCN fMSC with specific 

capacitance 72 mFcm-2 (thickness ~ 20-30 µm) [171], and asymmetric MnO2/Ti3C2 based fMSC 

with high specific capacitance of 295 mFcm-2 (thickness ~ 10 µm) [93]. The Ragone plot (Figure 

4.4b) illustrates the volumetric energy density of fMSCs is greatly enhanced with the resolutions 

over scan rates of 5 mVs-1 to 1Vs-1. Reducing the electrode interspacing from 140 µm to 60 µm 

resulted in improvement of energy density from 3.4 mWhcm-3 (at a power density of 63.8 mWcm-

3) to 15 mWhcm-3 (at a power density of 271.5 mWcm-3). A high peak energy and power density

of 90 mWhcm-3 and of 1.6 Wcm-3 was obtained for fMSC with 40 µm gap at a scan rate 5 mVs-1, 

respectively. Our device outperforms recently reported high-performance MSCs with 2D [172] 

and 3D electrodes; Ni2[CuPc(NH)8] nanosheets/graphene with 1.1 µWhcm-2 (thickness of 6 µm) 

[173], BCN based MSC with 10 mWhcm-3 (~ 30 µm thickness) [171], MoS2 MSC with 15.6 

mWhcm-3 (1-5 µm thickness) [174], polypyrrole/graphene nanosheet MSCs with 2.5 mWhcm-3 

(thickness of 80 nm) [136]. The assessment of the electrode stability of these devices should be 

extended to a broader range of geometries and that is part of future work. 
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Figure 4.4.  a) Specific capacitance of the fMSCs versus scan rates from 5 mVs-1 to 1 Vs-1; 

comparison between three different resolutions of 140, 60, and 40 µm (mean ±std. dev., n=3), b) 

Energy density versus power density at different resolution of 140, 60, and 40 µm over scan rates 

of 5 mVs-1 to 1 Vs-1. 

 

To achieve higher working voltage and capacitance for practical applications, series and parallel 

configurations of supercapacitor devices are used. Two fMSC devices with 140 µm interspacing 

were connected in parallel and series configurations. CV curves and GCD for both configurations 

are compared with an individual device in Figure 4.5 a and b, respectively. As expected, the output 

current of two fMSCs connected in parallel increased by a factor of two compared with an 
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individual fMSC. An increased operating voltage window of 2 V was obtained in the series 

configurations. The reduced current in series connection compared to an individual fMSC can be 

attributed to higher series resistance as shown in Nyquist plot of Figure B.6.  

Figure 4.5. a) CV curves of two parallel (green) at a scan rate of 500 mVs-1 and series (blue) 

configurations in comparison to an individual MSC, b) Charge/discharge curves for parallel and 

series configuration at a current density of 100 µAcm-2, c) An array of four MSCs in a self-

powered system light a red LED. 

The energy storage capability of our fMSCs is demonstrated in a circuit that includes a 

piezoelectric disk resonator as an energy harvester and an array of MSCs as a flexible energy 

storage module. The fMSCs store the energy to power an LED. We integrated an energy harvesting 

system and energy storing devices into one system and this self-powered system provides energy 
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for a red LED illustrating their promising applications in future wearable technologies (Figure 

4.5c).  

4.4 Conclusion 

In summary, we have successfully fabricated ultra-thin fMSC devices based on HACNT sheet 

arrays with planar IDE configuration at different resolutions using a single-step fabrication 

process. Our devices showed robust mechanical flexibility, and excellent cycle stability under 

10,000 cycles of bending at a 180º angle. An average specific capacitance of 7 mFcm-2 was 

obtained for fMSCs with 40 µm electrode spacings at a scan rate 5 mVs-1. A high peak energy 

density of 90 mWhcm-3 and a high power density of 1.6 Wcm-3 was obtained for fMSC with 40 

µm gap at a scan rate 5 mVs-1, comparable to 3D MSC devices. We demonstrated that the 

electrochemical performance of fMSCs is greatly affected by electrolyte distribution onto the 

electrode sites as well as electrode interspacing but it is independent of electrolyte spinning speed 

(thickness). Drop cast devices exhibited higher specific capacitance compared to spin coated 

devices at any scan rate. The spin coating technique is a viable way to apply the electrolyte on 

MSC devices and is more suitable to large scale applications, particularly where integration of 

devices at the wafer level is considered. The results of this work can be used as a guide for future 

studies to develop manufacturing processes and designs of high-performing ultra-thin flexible 

solid-state MSCs. 
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CHAPTER 5 

ADDITIONAL RESEARCH 

This chapter summarizes details of fabrication procedures and presents extra experiments 

including unpublished data. 

5.1 Fabrication and Characterization  

5.1.1 Growth of VACNT Forest 

VACNT forests were synthesized in a horizontal quartz chemical vapor deposition (CVD) system 

under atmospheric pressure at temperature of 780°C. In this process, acetylene (C2H2) was used 

as the carbon precursor and helium (He) as the carrier gas. Thin layers of Al2O3 (3 nm) were 

deposited on silicon wafers with 300 nm of native oxide, using atomic layer deposition (ALD) 

followed by e-beam depositions of iron with thicknesses of about 3 nm as catalyst layers. Next, 

wafers were placed in a quartz chamber at room temperature, then the chamber was purged with 5 

slm of N2 for 5 min and 2 slm of He for the rest of the process (Figure 5.1).  

Figure 5.1. Schematic process of growing spinnable VANT forest in a CVD furnace with C2H2 

as carbon precursor. 
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After purging the inert gases, the CVD chamber was heated up to 780°C with the rate of 50° per 

minute. Next the sample was quickly pushed from the cold zone with temperature of 25°C to the 

hot zone (780°C) using a magnetic arm attached to the furnace. The arm was retracted back to the 

cold zone as soon as the sample was loaded in the growth chamber, and 70 sccm of H2 gas was 

then introduced to initiate the annealing process in which iron oxide film reduces to iron 

nanoparticles. After desired annealing time, 20 sccm of C2H2 gas was being purged into the 

chamber. Upon decomposition of hydrocarbons, carbon nanotubes started to grow from the iron 

nano particles with a growth rate of 1.7 μms-1 for 5 minutes and spin-capable array of VACNT 

forest were synthesized with height of 350-470 μm and 12-14 nm diameter. The sample was cooled 

down to room temperature under the He atmosphere. Later, a horizontal array of HACNT sheet 

were spun directly from the forest and were stacked on the target substrates using an in-house 

made spinning system at a speed of 100 rpm. High magnifications SEM images of the spinning 

process in Figure 5.2 shows how a bundle of individual CNTs detaches from the forest and duo to 

the existence of lateral interconnection between the nanotubes, the next adjacent bundles are then 

being pulled out. During this process, full detachment of the bundles from the forest doesn’t 

happen and this ensures the spinning process not to be interrupted.   
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Figure 5.2. SEM image of vertically array of CNT and horizontally aligned sheet which is 

directly drawn from the forest. 

5.1.2 Spinning Process 

To prepare electrodes and control density of HACNT sheet, a spinning setup was designed and 

developed. To control the uniformity of stacked sheets, a microcontroller was used to adjust the 

desired speeds and directions (Figure 5.3). Substrate were thoroughly cleaned by acetone, IPA and 
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DI water, for 5 min for each in an ultrasonic bath and were treated with ozone plasma to remove 

organic material and improve interfacial adhesion between the substrate and CNT sheet.  

Table 5.1 

Figure 5.3. Digital and schematic of spooling setup, to stack HACNT sheets on the substrates. 

Next, multiple sheets of CNT were continuously drawn from VACNT forest and stacked on 

previously prepared substrates to build multi-sheet HACNT to be used as both electroactive 

material and current collector. In the next step, to fabricate MSC devices, shadow masks with 

desired interdigitated structures were designed and fabricated from silicon wafers using 

photolithography fabrication and deep silicon etching process by ICP1 etching technique. To 

selectively etch multi-sheet HACNTs, micro-patterning was carried out using an oxygen plasma 

with oxygen percentage of 15-30 in an RIEE tool. Power was adjusted according to substrates as 

200 W for rigid and 100 W for flexible substrates. Plasma process parameters including gas flow, 

power, time, and total gas pressure were studied and chosen according to the thickness of the 

HACNT layer (5-50L) and the type of substrates. Table 5.1 and presents etching time for HACNT 

1 Inductive Coupled Plasma 
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sheet with respect to sheet orientation, gap size and thickness of electrodes. Variation seen in etch 

rate throughout devices with similar thicknesses was caused by change in tool etch rate and density 

of grown VACNT forest. Table 5.1 reports the etching time recorded for devices with uni-

directional sheet arrangement. Table 5.2 shows dependency of etching time on sheet assembly; for 

cross-stack and uni-directional. 

Table 5.2. Pattering time (s) for various gaps sizes and number of HACNT sheets on two 

substrates of glass slide and flexible PET. 

Cross-stack assembly of sheet suppressed the etch rates and therefore longer etching time was 

required to fully etch the electrode interspacing compared to uni-directionally stacked sheets as 

presented in Table 5.2. 

Table 5.3. Etching time dependency on sheet stacking assembly. 

Number of HACNT sheet Uni-directional Cross-stack 

30 180-200 (s) 280-300 (s)

In the end, microsupercapacitors were fabricated on two substrates with various electrode widths 

and interspacing. Table 5.3 shows different combination of electrodes width and their interspacing 

used in this research.  

140 µm 60 µm 40 µm 

    Substrate 

Layer # 
Glass PET Glass PET Glass PET 

5 90-100 (s) NA NA NA NA NA 

10 160-170 (s) 170-180 (s) 185-190 (s) 165-185 (s) 400-450 (s) 450 (s) 

30 200 (s) 200 (s) NA NA NA NA 

50 250-320 (s) NA NA NA NA NA 
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Table 5.4. MSCs electrode interspacing and width. 

Resolution (µm) Electrode width (µm) 

140 300 

60 150 

40 100 

5.1.3 Characterization 

Electrochemical measurements including cyclic voltammetry (within 1 V potential window at scan 

rates from 5 mVs-1 to 5 Vs-1), charge/discharge (at various current densities; 50-500 µAcm-2), 

electrochemical impedance spectroscopy (using a sinusoidal signal of 10 mV (RMS) over a 

frequency range of 10 mHz to 100 kHz) and self-discharge were performed using an 

electrochemical workstation (SP-150, BioLogic) with two-electrode configuration.  

5.2 Results 

5.2.1 Fiber Direction Effect 

To study the impact of direction of CNT bundles on electrochemical performance, two sets of 

devices were prepared with two HACNT orientations: uni-directional and cross-stack. As shown 

in the Figure 5.4 devices with cross-stack (90º degree angle) HACNT sheets exhibited higher 

specific capacitances about 150 percent increase at each scan rates compared to devices with uni-

directional sheet configuration, compatible with a similar work previously reported [115].  
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Figure 5.4. a) Specific capacitance versus scan rate for MSC devices for uni-directional and 

cross-stack, b) Equivalent series resistance (real part of impedance plot) (Ω.cm2) for each sheet 

configuration. 

Cross-stack assembly provides more open geometries or active sites per unit area due to the less 

interlayer nanotube overlapping in the microstructure, therefore more area is available to 

electrolyte leading to better capacitive properties. To statistically analyze the effect of direction of 

CNT bundles on specific capacitance of MSC devices. Unpaired T test was performed between 

cross-stack and uni-directional devices. To ensure that data was normal, a Shapiro-Wilk test was 

performed confirming the normality with W value more than 0.9701. Finally, unpaired T test 

analysis describes the difference of specific capacitance between cross-stack and uni-directional 

devices across multiple scan rates, with significant difference amongst, the effect of nanotube 

directions on electrochemical performance of MSCs is significantly noticeable with P-value of less 

than 0.0001. 
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ESR values of 100 Ωcm2 and 330 Ωcm2 were obtained for MSCs with cross-stack configuration 

and uni-directional ones, respectively. The high electrical conductivity or Lower ESR values of 

cross-stack devices can be attributed to high concentration, alignment and high degree of CNTs 

contact [175]. A sheet assembly with high packing structure and good alignment can limit contact 

resistance and facilitate the charge carriers transfer among individual nanotubes and bundles of 

CNT assemblies. Therefore, cross-stack assembly seems to provide higher efficacy for our MSC 

devices than uni-directional arrangement.   

5.2.2 Doping with Nitrogen   

To improve electrochemical activity of MSC devices, they were exposed to a NH3 plasma 

(substrate temperature: 140ºC, Pressure: 900 mTorr, NH3 flow: 4.5 sccm, He flow: 500 sccm, 

Power 100 W) in a PECVD system at multiple temperatures and doping times. Figure 5.5a 

compares the areal capacitance of MSC devices with 10 layers (MSC-10L) before and after doping 

at 250ºC for 10 min with respect to various scan rates (at 50mVs-1, 100 mVs-1, 300mVs-1 and 500 

mVs-1). 
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Figure 5.5. Comparison between MSC devices before and after doping for 10 min at 250 ºC 

between a) MSC-10L for both pristine and n-doped b) MSC-5L for pristine and MSC-10L for 

doped devices. 

 

N-Doped MSCs showed more than 66.6 percent increase in specific capacitance at scan rate 5 

mVs-1, (57 percent at 100mVs-1, more than 40 percent at higher scan rates), which was lower than 

our expectation. Careful observation of devices; however, showed that n-doped MSCs looked less 

darker (less thick) than their initial status. NH3 plasma not only promoted the creation of 

electroactive nitrogen groups on the surface layers, but also led to etching the top layers of 

HACNTs. Thus, lower increase in areal capacitance was obtained. To compensate for the etched 

layers, we compared n-doped MSC-10L with MSC-5L based on pristine CNT in Figure 4.5b.  

Thus, considering the etched top layers, specific capacitance of n-doped MSCs shows a higher 

improvement (more than 8 times higher) than the pristine devices.  

To study the effects of time and temperature of doping efficacy, MSC devices were doped for 10 

and 15 min at two temperatures of 115ºC and 250ºC. Figure 4.6a shows how increasing the time 

of process increases the specific capacitance.  
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 Figure 5.6. Impact of doping process a) time and b) temperature on the specific capacitance at 

multiple scan rate. 

 

Higher doping temperature promotes doping process which was confirmed by obtained data 

(Figure 5.6b). It is noted that the temperature of doping shows a more prominent impact on 

electrochemical performance of the MSC devices, specially at lower scan rates than the doping 

period time. 

5.2.3 Impact of Carrier Gas of CNT Growth on Electrochemical Performance 

VACNT forests (spinnable arrays) were grown in the furnace under two carrier gases: helium and 

nitrogen. There was no observable difference among performance of the devices with CNTs grown 

in He or N2 carrier gas (Figure 5.7).  
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 Figure 5.7. Impact of carrier gas of CNT growth on electrotechnical performance of the MSCs. 

5.2.4 Encapsulation of MSC Devices 

To implement encapsulation of MSC devices, we selected a room-temperature UV curable epoxy 

polymer to avoid electrolyte dissociation happening at high temperatures. A thin layer of the epoxy 

was used to cover the active area of the devices. We cured the epoxy for two time periods, 30 s 

and 1 min, by exposing the entire devices under Hg lamp UV light.    

Figure 5.8 compares the CV curves of two MSC devices before and after encapsulation for 30 

second and 1 min of epoxy curing time. Devices showed negligible changes after the encapsulation 

process, showing the compatibility of epoxy polymer with PVA gel electrolyte. 
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Figure 5.8 Cyclic voltammogram of two MSC devices at a scan rate 100 mVs-1 a) after 30 s of 

UV curing, b) after 1 min of UV curing process.  
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CHAPTER 6 

SUMMARY AND FUTURE DIRECTION 

6.1 Summary 

In this dissertation, we have developed a fabrication method using an oxygen plasma with assist 

of a designed shadow mask to micro pattern multi layers of HACNT sheets with high resolution 

and IDE configuration. Fabrication of MSCs using plasma has multiples advantages; it sustains 

structural alignments of the sheets and it is single step, rapid and reproducible and does not require 

use of any organic materials or adhesive binders. We evaluated the devices and improved their 

electrochemical performance through a series of approaches such as doping with nitrogen, coating 

with metal oxide, cross-stack sheet assembly, using thicker electrodes and reducing the electrodes 

interspacing.  

First, we characterized the devices fabricated on glass substrates with an aqueous liquid electrolyte 

and investigated their electrochemical performance with respect to electrode thicknesses using 

cyclic voltammetry, charge/discharge and EIS measurements. From cyclic voltammogram curves, 

the specific capacitance of the MSCs at scan rates of 5 mVs-1 to 5 Vs-1 were calculated. Frequency 

response of devices was studied from Bode plot and Nyquist plot, obtained from EIS 

measurements. It was observed that using multiple layers of HACNT sheets resulted in higher 

capacitive properties in MSCs.  

Second, we focused on pseudocapacitive properties of transition metal oxides such as MnO2 to 

improve the capacitance and energy density of MSCs. We evaluated MSCs with different electrode 
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thicknesses coated with nanoparticles. Highest energy density and specific capacitance were 

obtained for devices with 50 layers of HACNT sheets coated with a thin layer of oxide NPs.  

Third, we studied correlation of electrode interspacing with performance of MSC devices at three 

different resolutions. In planar design, capacitance of microsupercapacitors is inversely 

proportional to the device’s resolution. In our evaluations, areal capacitance was greatly enhanced 

through design of electrodes with smaller gap size; about one order of magnitude by reducing gap 

size to one-third, whereas, increasing thicknesses of active material only improved performance 

of devices up to 3 times. 

We also demonstrated the potential of HACNT sheet for flexible thin film MSCs using PET as the 

substrate and PVA as solid gel electrolyte. Our devices exhibited excellent flexibility under various 

bending angles and great stability under repeated cycling. Impact of electrolyte distribution method 

(drop cast and spin coating) on devices performance was studied.  

We stacked HACNTs sheets on the desired substrates with two configurations; parallel and cross-

stack to study the effect of nanotube sheet orientations on the final performance. It was observed 

that devices with cross-stack assembly of sheets demonstrated higher charge capacity and lower 

equivalent series resistance. 

We employed a doping process with nitrogen to improve the specific capacitance of the devices 

by means of an ex-situ method using plasma of ammonia. Doping was conducted at two 

temperatures for two time periods. Higher temperature promoted doping and thus the device’s 

performance enhanced more at higher temperatures. It was concluded that even though longer 

doping time helped with doping efficacy, it also resulted in etching the surface layers of HACNT 

hence, making the improvement effect less significant. 
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6.2 Future Works 

Based on this research, there are several works that can be done in the future to improve the 

performance and to address current challenges on the development of high energy density thin film 

MSCs. Higher performance is achievable through modifying the design, sheets assembly, and 

surface chemistry. As mentioned earlier, the specific capacitance of MSCs is highly dependent on 

the gap size, therefore it becomes crucial to go beyond the current device’s resolution (40 µm) to 

boost areal capacitance and energy density, and to improve frequency response and rate capability 

of MSCs. Resolution of devices fabricated using the current approach is constrained by resolution 

of the fabricated shadow mask. Another alternative to overcome the limitations associated with 

the fabrication of shadow masks is to use photolithography to fabricate the devices. 

Photolithography is compatible with CMOS processing and it enables on-chip integration of 

devices with sub-micron resolutions. 

Using a layer of current collector can greatly reduce the contact resistance between an active 

material and a substrate and improves their AC line-filtering performance. Power density of an 

MSC device is inversely proportional to contact resistances, so reducing the ESR results in MSCs 

with higher power densities. 

Investigation of other transition metal oxides, optimizing the oxide thickness, deeper 

understanding of the effects of phase and morphology of oxides on capacitive properties of MSCs 

can be pursued to achieve higher performance.  

Effect of doping/co-doping, doping elements (Boron, Nitrogen or Phosphorus) and doping 

concentration on the quantum capacitance induced by doping can be also an interesting topic to 

study. To exploit the full potential of doping process, we need to dope at a level that every very 
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single sheet is doped. The ex-situ doping method used in this research only affects the top layers 

while the bottom layers remain unchanged.  

On-chip integration of these thin film MSCs can be also demonstrated to power wearable 

electronics or implanted bio-sensors. 
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APPENDIX A 

SUPPLEMENT INFORMATION OF CHAPTER 3 

Appendix A includes the supporting information of Chapter 3. 

 
 

 

 

 

Figure A.1. a) CNT forest and one single sheet is spun from it, b and c close-up from the red and 

green rectangular regions in higher magnification showing how individual tubes connect to each 

other and make the sheet. 

a b 

c 
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Figure A.2. Optical image of the fabricated device with dimension of 140 µm interspacing, 300 

µm electrode width, and effective area of 0.21 cm2. 

 

Figure A.3. Schematic of the network of nanotube in the sheet structure, dash line shows the 

electrons transport path in the structure. 

The interconnected network of CNT bundles in the sheet structure reduces the internal resistance 

and enables CNT sheet to be used without a metal current collector.  
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Figure A.4. AFM images (2D and 3D) of CNT sheets with different layers.  
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Figure A.5. Thickness of multi-sheets of CNT measured by AFM. 

 

Figure A.6. Raman spectra of CNT sheet; ID to IG ratio of 0.5.  
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Figure A.7. CV curves at different scan rates of 0.005 V/s, 0.3 V/s, 1 V/s and 5 V/s (a) for 5L (b) 

10L (c) 30L and (d) 50L. 

 

Figure A.8. Specific capacitance with respect to scan rate (from 5 mV/s to 5 V/s) for different 

devices. 
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Figure A.9. (a) Charge-discharge curve of an MSC-50L at current densities of 50, 200 and 750 

μAcm-2 showing slight ohmic drop, (b) Charge-discharge curve at current density of 750 μAcm-2 

shows an ohmic drop less than 0.1 V. 
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Figure A.10. SEM images from a sample with 50 layers of CNT sheets at different 

electrodeposition time of 5, 30 and 180 s. 
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Figure A.11. AFM image of the devices with different thickness after electrodeposition of 

manganese oxide. 
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Figure A.12. ESR change with deposition time for an MSC-50L device. 

 

2. Calculations 

A lack of standard performance metrics to characterize supercapacitors makes the comparison 

amongst devices difficult. There is no unified approach regarding quantities to measure or the 

units. The measured capacitance (energy or power) is often normalized by the projected effective 

area of the electrodes or the volume of the device or the mass of an active ingredient, nonetheless 

the volumetric and areal values are believed to be more practically useful compared to gravimetric 

ones, particularly when the mass of active material is negligible in comparison to the entire 

structure. Here, we calculated the area and volume normalized specific capacitance from the CV 

curves at each scan rate (Refer to the MATLAB code below). 

The specific capacitance values were calculated from the CV data according to the following 

expression by integrating the area under the CV curves at different scan rates [176,177]. 

𝐶𝑠𝑝 =  
∫ 𝐼(𝑉)𝑑𝑣

𝑣1
𝑣0

𝑣.∆𝑉.𝐴
                                (1) 
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Where 𝐶𝑠𝑝 is the specific capacitance of the device (in mF/cm2), I is the current (in mA); 𝑣 is the 

scan rate (in V/s); A is the total projected area of the electrodes and ∆𝑉 as the potential window 

(𝑉1 − 𝑉0), here 1 V for the aqueous electrolyte; 𝑉1 & 𝑉0  are the integration potential limits of the 

cyclic voltammogram.  

Energy and powder density of the devices were calculated as follows: 

𝑃 =
𝐸

∆𝑡
                              (6) 

𝐸 =
𝐶𝑠𝑝∆𝑣2

2
                        (7) 

Where ∆𝑡 is the discharge time and ∆𝑣 is the potential window imposed by the type of electrolyte. 

2.1. MATLAB Code 

Specific capacitance of the devices was obtained from the CV curves at each scan rates by 

integrating the area enclosed by the curve using below code: 

f=size(a); 

c=min(a(:,2))+1; 

c=c(1,1); 

a(:,2)=a(:,2)+abs(c); 

 

I=find(a(:,1)==max(a(:,1))); 

I2=find(a(:,1)==min(a(:,1))); 

 

I2=(I2(1,1)); 

 

subplot(3,2,1); 

plot (a(1:I2,1),a(1:I2,2),'r') 

subplot(3,2,2); 

plot (a(I2:I,1),a(I2:I,2),'g') 

subplot(3,2,3) 

 

plot (a(I:end,1),a(I:end,2),'r') 

hold on 

plot (a(I2:I,1),a(I2:I,2),'g') 
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%plot (a(I:end,1),a(I:end,2),'r') 

q=trapz(a(I2:I,1),a(I2:I,2)); 

d=flipud(a(I:end,1)); 

e=flipud(a(I:end,2)); 

subplot(3,2,4); 

plot(d,e); 

%r=trapz(fliplr(a(I:end,1)),a(I:end,2)); 

r=trapz(d,e) 

A_area=abs(q)-abs(r) 
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APPENDIX B 

SUPPLEMENT INFORMATION OF CHAPTER 4 

Appendix B provides the supplement information of Chapter 4 on flexible MSCs. 

 

 

 
 

 

 

Figure B.1. a) SEM high magnification of a HACNT sheet, b) XPS spectra of CNT sheet, c) 

Raman spectrum of CNT sheet. 

 

 

a b 
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Figure B.2. Process of charging the device and monitoring OPC versus time. 

 

 

Figure B.3. Digital image of the bending setup. 



 

98 

 

Figure B.4. Thickness of as-deposited electrolyte versus scan rates.  
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Figure B.5. Cyclic voltammogram of devices over a period of one-year at a scan rate a) of 300 

mVs-1 for drop-cast device, b) and of 500 mVs-1 for spin-coated device 
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 Figure B.6. Nyquist plot of fMSC devices with 140 µm resolution in parallel and series 

configuration 
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