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ABSTRACT OF THE DISSERTATION  

LITHIUM-ION HYBRID CAPACITOR DEVICES: TOWARDS HIGH- 

PERFORMANCE ELECTROCHEMICAL CAPACITIVE ENERGY STORAGE  

by  

Ebenezer Dotun Adelowo 

Florida International University, 2019 

Miami, Florida  

 Professor Chunlei Wang, Major Professor  

 Hybridization of lithium-ion batteries (LIBs) and electrochemical capacitors (ECs) at 

electrode level can potentially provide high-performance capacitive energy storage having 

a good combination of high energy density, high power density, and moderate cycling 

longevity. Lithium-ion hybrid capacitor (LIHC) system consisting of battery-type and 

capacitor-type electrodes represents an attractive hybridization approach aimed at bridging 

the performance gap between the two energy storage systems. The application of such an 

energy storage system may extend the functionalities of many electronic devices.  

 The battery-type electrode in LIHCs restrains their power densities due to sluggish 

lithium-ion storage kinetics. On the other hand, the limited specific capacity of the 

capacitor-type electrode is a restraining factor for high energy density in the hybrid system. 

In this regard, the push for high-performance LIHCs highlights the importance of the 

application of new electrode materials combination capable of providing high capacity and 
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rapid lithium storage kinetics. Reduced graphene oxide-carbon nanotubes (rGO-CNT) 

prepared by electrostatic spray deposition exhibits high specific capacity, high rate 

capability, and fast ion transport kinetics, thus making it an attractive candidate for LIHC. 

A LIHC system comprising rGO-CNT material as both anode and cathode was assembled 

and studied using an organic liquid electrolyte. Both electrochemical and direct lithium 

contact prelithiation approaches were explored to achieve high electrochemical 

performance in the system. The LIHCs show high electrochemical performance output 

intermediate between the energy density and power density characteristics of LIBs and ECs.  

 A novel on-chip LIHC with 3D interdigital carbon microelectrode platform derived 

by carbon microelectromechanical systems (C-MEMS) technique to address the need for 

high-performance compact and integrable ECs for microelectronic devices. The 3D carbon 

structures played the dual role of the current collector and capacitor electrode, while 

LiFePO4 was employed as the battery-type electrode. The on-chip LIHC generated a 

maximum footprint area normalized energy density of about 5.03 μWcm-2, which was 

about five times more than symmetric ECs of the same footprint area.  

 This study opens a new path for realizing high-performance LIHC by exploiting the fast 

and high capacity surface storage properties of rGO-CNT electrode fabricated by electrostatic 

spray deposition as well as the extension of LIHC concept to C-MEMS based on-chip ECs. The 

application of the rGO-based electrode as both anode and cathode suggest new possibilities for 

the development of high-performance LIHC. Additionally, the C-MEMS approach employed 

represents a facile and CMOS processing-compatible method for the development of on-chip 

LIHC. The study also broadens the prospects of the application of a high aspect ratio 3D 

platform based on C-MEMS technology beyond symmetric on-chip ECs. 
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CHAPTER 1 

Introduction 

1.1  Overview 

 The continuous development of mobile electronics, electrified transportation 

systems, and renewable energy sources has created an ever-growing demand for energy 

storage devices capable of providing high-performance characteristics. The key 

performance features of an ideal energy storage device are high energy-power density 

output and excellent cyclability. Among the energy storage devices, batteries are attractive 

because they are essentially based on a simple concept and exhibit the ability to moderately 

meet the requirements of many electronic devices. They typically consist of two electrodes 

with different chemical potential internally connected together with an ionic conductor 

(electrolyte) in-between them [1]. For primary batteries, when the two electrodes are 

externally connected, electrons flow spontaneously from the more negative potential to the 

more positive electrode to reach a charge balance. Secondary or rechargeable batteries 

work on the same principle as primary batteries but the charge storage process is reversible. 

However, there is a concern about the ability of battery technology to adequately meet the 

growing demands of various electronic devices currently in existence and emerging ones. 

Rechargeable lithium-ion batteries (LIBs) have been key enabler for energy storage 

technology applied in many electronic devices providing high volumetric (ca. 650 Whl-1) 

and gravimetric energy densities (ca. 250 Whkg-1) [2]. Considering the energy storage 

process in LIBs, lithium-ions are inserted in the bulk of electrode materials through 



2 

 

faradaic redox reactions providing the high energy density characteristics. However, the 

storage process is diffusion-controlled and slow which limits their power density output 

[3].  Moreover, the redox reactions in LIBs present challenges related to low reversibility, 

instabilities of the electrode materials, and unpredictable side reactions at electrode-

electrolyte interface, limiting their cyclability. Solutions to these challenges require efforts 

on new electrode structures and optimizing their compatibility with electrolytes [4]. 

Extensive research efforts have significantly improved the performance level of LIBs over 

the years, but redox reaction storage principle still restricts their power density output and 

cyclability. 

 Electrochemical capacitors (ECs) or supercapacitors are capable of providing high 

power density (i.e., rapid power uptake and delivery) over multiples of thousands of cycles 

[5,6]. ECs are similar to batteries in construction with a two-electrode setup and a suitable 

electrolyte between them. But unlike batteries, ECs store charges physically by an electric 

double layer mechanism at the interface between the electrolyte and high surface area 

electrodes (e.g activated carbon(AC)) [7]. A potential build-up takes place at each 

electrode-electrolyte interfacial region during charge operation leading to the attraction and 

adsorption of electrolyte ion of opposite charges to the electrode [8]. The reverse occurs 

during discharge with a rapid release of the adsorbed ions. This process is non-diffusion 

controlled, which explains why ECs are able to provide rapid power uptake and delivery 

as well as high cycling longevity. Electrolytes employed in ECs may be aqueous, organic, 

or ionic liquids [9]. However, the main drawback of ECs is their low energy density which 

hinders their widespread application in electronic devices [10]. Another mechanism of ECs 

known as ‘pseudocapacitance’ is based on surface limited redox reactions using electrodes 
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such as transition metal oxides or conducting polymers. Pseudocapacitance mechanism can 

boost the energy density of ECs but not to the level achievable in batteries involving bulk 

storage mechanism. Moreover, ECs based on pseudocapacitive electrodes usually exhibit 

poor electrical conductivity, structural instability and overall, the ECs usually give lower 

power density output than those based on electric double-layer mechanism [6].  

 ECs have been improved by the concept of hybridization where one of the 

electrodes in the electrochemical energy storage device is based on surface storage 

mechanism, while the other electrode is dominated by bulk storage process. The emergence 

of lithium-ion hybrid capacitors (LIHCs) is considered a promising hybridization approach 

capable of effectively overcome the poor energy density limitation of ECs (5-10 Whkg-1) 

[11,12]. A LIHC system is primarily the internal combination of LIB and EC at electrode 

level. For instance, LIHCs may consist of graphite as the batter-type electrode and AC as 

the capacitor-type electrode. During charge/discharge operation of the system, 

intercalate/deintercalation of lithium-ions takes place in the graphite while anion 

adsorption/desorption process occurs in the AC giving higher working voltage and higher 

energy density compared to ECs [13]. LIHCs typically involves the consumption of both 

electrolyte cations and anions to give faster kinetics than the “rocking-chair” type reaction 

in LIBs [14]. Based on its working principle, LIHCs are of great interest to serve as a single 

standalone energy storage units with the ability to provide high energy and high power 

density characteristics for existing and emerging electronic devices. 
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1.2  Research Objectives and Approaches 

 Figure 1.1 shows the flow chart of the research plan in this dissertation. The 

ultimate goal is to develop new concepts to realize high energy density and high power 

density scale-up and on-chip hybrid ECs based on LIHC system. Traditional LIHCs 

comprising the combination of a battery-type and a capacitor-type electrodes giving bulk 

storage and surface storage mechanisms, respectively, present kinetics imbalance. 

Additionally, there is usually a significant disparity between the specific capacities of  the 

anode and cathode materials in LIHCs. The surface storage process in capacitor-type 

electrodes offers significantly lower specific capacities than battery-type electrodes which 

tend to restrict the energy density output of  LIHCs [15]. Furthermore, while the battery-

type electrodes enable high energy density, they exhibit poor cyclability which represents 

a major obstacle against reaching high cycling longevity in the electrochemical energy 

storage system[16,17]. Thus, modifying or designing new materials to ensure the improved 

kinetics and specific capacity matching between the anode and cathode is of great 

significance for enhancing the electrochemical performance LIHCs. In this dissertation, 

we fabricated reduced graphene oxide-carbon nanotubes electrode (rGO-CNT) film as an 

electrode material capable of providing high capacity and fast ion transport kinetics. The 

electrochemical performance of a LIHC system using the material as both anode and 

cathode was examined. Two anode prelithiation approaches, electrochemical and direct 

lithium were explored to achieve high electrochemical performance in the all rGO-based 

LIHC.  
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 Despite the promising performance features of LIHCs, fewer efforts have been 

directed towards its miniaturization for on-chip energy storage units to meet the demands 

of microelectronic devices. On-chip LIHC can facilitate autonomy and advanced capability 

for future and existing miniature electronic devices such as wireless communication 

systems or energy harvesting devices, or other devices where microscale energy storage 

units with high energy and high power densities are required. Under this condition, the 

performance of an on-chip LIHC will not only be influenced by electrode material 

properties, design concept adopted will play significant role because of footprint area 

constraints. Design concepts that can enable high mass loading of electrode materials are 

essential in building high-performance on-chip LIHCs. In this regard, 3D microelectrode 

Figure 1.1: Research plan 
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architecture is more advantageous than planar designs. In this dissertation, a 3D interdigital 

carbon microelectrode platform derived by carbon microelectromechanical systems (C-

MEMS) technique was used to realize an on-chip LIHC and examined. This study adds 

important literature not only to miniaturized energy storage systems but also to the 

development of high aspect ratio 3D platform based on C-MEMS technology beyond 

symmetric microsupercapacitors.   

 

1.3   Hypotheses 

 The electrochemical performance of LIHC depends on the charge storage 

characteristics of each electrode as previously mentioned.  A high charge storage capacity 

in both electrodes of the hybrid system is of utmost importance. The most widely used 

porous carbon cathode materials do not offer sufficient capacity to improve the 

electrochemical performance of LIHCs. Moreover, typical anode materials used in LIHCs 

based on bulk storage mechanism exhibit kinetics limitations. A high charge storage 

capacity, however, can be achieved with carefully designed rGO-based materials as 

cathode to replace porous carbon materials in LIHCs. Similarly, rGO-based material can 

give high surface lithium storage capacity when employed as the anode. However, their 

optimal electrochemical performance properties are not fully realized due to restacking of 

their layers during cycling. It is therefore posited that the introduction of CNT in rGO will 

minimize the restacking problem, improve its charge storage kinetics, and enable enhanced 

discharge capacity. Anode prelithiation in LIHC with the resulting rGO-CNT electrodes 

will enable wider operating voltage range and higher energy density than symmetric EC. 
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For microscale on-chip ECs, facile scalable fabrication processing techniques exhibiting 

high footprint area performance is still challenging. It is posited that well-designed porous 

3D carbon structures derived by C-MEMs technique can play the dual role of a current 

collector as well as the capacitor-type electrode for a simplified fabrication of on-chip 

symmetric ECs. The energy density of the on-chip ECs can be further improved by 

hybridization through the integration of LFP as the battery-type cathode material.  

 

1.4  Scope of the Dissertation 

  

 Chapter 2 provides background information about capacitive energy storage and 

basic energy storage principles of LIHCs. It also discusses the electrode materials and 

electrolytes employed in the hybrid system. Chapter 3 discusses the methodology adopted 

in this dissertation. Chapter 4 presents the results of ESD-based rGO-CNT as both anode 

and cathode for LIHC. The half-cell electrochemical performance of the material were 

evaluated with lithium metal as the counter and reference electrode. The anode was first 

electrochemically prelithiated before coupling with fresh rGO-CNT as cathode to realize 

the LIHC. Chapter 5 discusses the direct contact prelithaition approach for the rGO-based 

LIHC. Chapter 6 focusses on the development of on-chip LIHC with 3D interdigital carbon 

microelectrode platform. The 3D carbon microelectrode platform was derived by carbon 

microelectromechanical systems (C-MEMS) technique and used as both the current 

collector and capacitor electrode, while LFP was employed as the battery-type electrode. 

Chapter 7 gives a summary of the main findings from this work and provide the direction 

for future efforts. 
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CHAPTER 2 

Background and Literature Review  

2.1   Historical Overview 

  Capacitive energy storage has come of age since the invention of the Leyden Jar, the 

first known capacitor in the 1740s [1]. Thereafter, the two-plate conventional capacitor was 

invented, but these early inventions can only store small amounts of energy due to the area 

and geometric constraints. In the 19th century, however, von Helmholtz gave an insight 

into capacitive energy storage at the interfaces between two metal electrodes and liquid 

electrolytes [2]. He described the electrical double layer concept when he revealed the 

behavior of oppositely charged ions at electrode/electrolyte interface. He proposed that a 

double layer of opposite charges are formed at the interface between electrode and 

electrolyte with an atomic distance separation as illustrated in Figure 2.1a. Gouy and 

Chapman modified the concept involving the presence of a continuous distribution of 

electrolyte ions which gives rise to what they described as diffusion layer Figure 2.1b. The 

Gouy-Chapman However, model results in the overestimation of capacitance. Later, the 

presence of two regions of ion distribution; the compact layer and the diffuse layer was 

described by Stern (Figure 2.1c). The Stern model is a combination of the Helmholtz and 

Gouy–Chapman concepts earlier described. The two ion distribution zones are separated 

by the inner and outer Helmholtz planes. The overall double layer capacitance 𝐶𝑑𝑙  , can be 

expressed by equation 2.1, where 𝐶𝐻 and 𝐶𝑑𝑖𝑓𝑓 are the capacitance of the compact and 

diffusion regions, respectively. 
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1

𝐶𝑑𝑙
=

1

𝐶𝐻
+

1

𝐶𝑑𝑖𝑓𝑓
            (2.1) 

 

 

 Following these early concepts, H. I Becker of General Electric demonstrated the 

first EC in 1954 using highly porous carbon electrodes with aqueous electrolyte [3]. An 

illustration of the capacitive storage mechanism in porous electrode materials is presented 

in Figure 2.2. As indicated, the EC construction is like two capacitors with capacitance C1 

and C2 connected in series. Capacitive behavior in porous electrodes is somewhat more 

complicated than planar electrodes. In this type of EC, several parameters such as ion 

transport in sub-micron pore and electrolyte properties play important role in the 

determination of capacitance output. Robert Rightmire working for Standard Oil Company 

of Ohio (SOHIO) later invented the first EC with non-aqueous electrolytes which could 

give higher voltage range and much higher energy density than Becker’s EC [4].  

Figure 2.1: Schematic illustration of (a) Helmholtz model, (b) Gouy–Chapman model, 

and (c) Stern model, showing the inner Helmholtz plane  and outer Helmholtz plane  [2]. 
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 A different capacitive storage mechanism in ECs known as pseudocapacitance was 

demonstrated with RuO2 in 1971[5]. The mechanism involves surface faradaic reaction 

and therefore exhibit rapid charge-discharge characteristic like double-layer mechanism. 

Although the ECs can provide higher energy density than double-layer ECs, the high cost 

of RuO2 constitute a major constraint towards its further commercialization. The field of 

capacitive energy storage has since advanced due to increasing amounts of possible 

applications. New insights over the past years have led to the emergence of new materials 

and capacitive energy storage concepts.  

 Hybrid capacitors are relatively new energy storage devices based on mixing two 

energy storage mechanisms internally in a single device for enhanced electrochemical 

performance [6]. In 2001, Amatucci et al. demonstrated the LIHC concept, a lithium-based 

hybrid capacitor enabled by two dissimilar storage mechanism involving faradaic 

 
Figure 2.2: An illustration of the double layer storage mechanism in porous 

electrode materials [2]. 
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reversible lithium-ion intercalation obtainable in LIBs at the anode, while non-faradaic 

storage process (like ECs)  occurs at the cathode [7].  The Ragone plot in Figure 2.3 shows 

the performance range of LIHC, LIBs, and ECs in terms of energy and power density.  

 

 The energy storage principles in LIHCs offer an opportunity to widen the energy-

power density output of capacitive energy storage beyond LIBs and ECs individually. 

LIHC is able to withstand fast charging operation without the risk of hazardous lithium 

plating and  subsequent cell deterioration [7]. The energy density of LIBs is almost stable 

when discharge operation is slow [9]. However, LIBs typically show deteriorating energy 

densities during fast discharge due to their bulk storage mechanism. ECs with double-layer 

surface storage mechanism can provide fast discharge operation up to milliseconds without 

significant energy density deterioration. In terms of fast charge/discharge, LIHC can 

provide optimal performance between the domains of ECs and LIBs which may effectively 

meet the need of present and future electronic devices. 

 
       Figure 2.3: Ragone plot showing LIHC with other energy-storage devices [8]. 
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2.2  Fundamentals of LIHC Operation 

 In order to gain insight into the operating principles of LIHCs, it is essential to first 

consider the energy storage mechanism of both ECs and LIBs, which are the internal 

energy storage components of the system. In this section, we will discuss ECs and LIBs 

with a focus on their basic operating principles. Thereafter, we discuss the operating 

principle resulting from combining the two mechanisms, thus creating the LIHC system. 

 

2.2.1 Working Principles of ECs 

 The charge storage mechanism of ECs involves the well-recognized non-faradaic 

process in which electrostatic attraction and adsorption of electrolyte ions on electrode 

surface occur, resulting in the formation of double layers of opposite charges at electrode-

electrolyte interface (electric double layer capacitance (EDLC)) [10]. EDLC electrode 

materials are mainly highly porous carbon, capable of providing high surface area for 

double layer formation. Based on Helmholtz model, the double-layer capacitance 𝐶 can be 

expressed by equation 2.6: 

𝐶 = (ɛ𝑟ɛ0)𝐴/𝑑                (2.6)      

where ɛ𝑟 is the relative permittivity of electrolyte, ɛ0 represents the permittivity of vacuum, 

𝐴 is the electrode surface area and 𝑑 represents the thickness of the double layer. One of 

the strategies of improving the overall performance of EDLC concept is to study the 

dependence of capacitance on electrode area and pore structure [11]. 

 Another family of ECs involving faradaic redox reactions, pseudocapacitance, are 

based on electrochemical adsorption of ions at electrode surface which may result in higher 
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energy densities than EDLC mechanism [12]. As schematically illustrated in Figure 2.4, 

the three types of electrochemical processes that can generate pseudocapacitance include; 

(a) underpotential deposition,(b) redox pseudocapacitance (c) intercalation 

pseudocapacitance. Underpotential takes place when a monolayer of metal ion is adsorbed 

on a metal surface having higher redox potential. In underpotential deposition, metal ions 

adsorb on a different metal surface well above their redox potential forming a monolayer. 

An example is the deposition of lead on gold surface. Redox pseudocapacitance typically 

involves faradaic process where ions are adsorbed on the surface of a material accompanied 

by charge-transfer. Intercalation pseudocapacitance describes when electrolyte ion 

intercalate into the bulk or layers of redox-active material by faradaic charge-transfer 

process without any phase transformation [13].  

 

 Typically transition metal oxides such as RuO2, MnO2 or conductive polymers such as 

polyaniline and polypyrrole give pseudocapacitive properties. A lot of progress has been made 

with the development of new nanostructured materials aimed at providing high 

 
Figure 2.4: Schematic illustration of different electrochemical reactions resulting 

in pseudocapacitance [13]. 
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pseudocapacitance. However, more efforts on how the pseudocapacitance depends on redox 

chemistry and the structure of the materials are still required [14]. 

 The intrinsic electrode and electrolyte properties determine the optimal performance 

output of ECs. A significant advantage is realized if ECs are operated in non-aqueous electrolyte 

rather than aqueous electrolyte because non-aqueous electrolyte exhibit substantially high 

decomposition voltages (ca 3.5 to 4 V). In practical terms, not only is the decomposition voltage 

crucial for EC design, it favors the solubility of electrolyte salt in a given solvent. The theoretical 

energy density achievable in non-aqueous electrolyte can be up 16 times larger than employing 

aqueous electrolyte media [12].  

2.2.2 Working Principles of LIBs 

 As previously mentioned, LIB construction is based on anode and cathode 

materials with a lithium-based electrolyte sandwiched between them. A simplified 

description of the basic LIB operating principle is the reversible redox reaction involving 

reversible lithium-ion intercalation/ deintercalation between the two electrodes through the 

electrolyte. Lithium deintercalation typically takes place in cathode materials at ca. 3 - 4 V 

vs lithium while intercalation occurs in anode materials at ca. 0 – 1.5 V vs lithium [15]. 

The principle of operation of LIBs is schematically illustrated in Figure 2.5 using LiCoO2 

cathode and carbon anode (e.g graphite). The half-cell reactions in the cathode and anode 

are presented in equations 2.2 and 2.3, respectively. The overall full cell reaction is 

presented in equations 2.4. During charge operation, lithium-ions migrate from the cathode 

which has higher potential and inserted into the lower potential anode. Thereafter, electron 

flow takes place from the cathode to the anode through an external circuit. The reverse 
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scenario plays out during discharge with 100 % efficiency in an ideal cell [16]. A surface 

film known as the solid electrolyte interface (SEI) is usually formed during this process to 

passivate the electrode material and prevent undesirable reactions. The SEI formation 

mechanism and stability plays a key role in the capacity and cyclability of the lithium-ion 

cell [17]. However, side reactions or abuse conditions limit the efficiency of the energy 

storage technology during cycling. Side reactions may consume lithium and/or active 

materials leading to gradual cell capacity degradation. Moreover, the by-products of the 

side reactions may generate a barrier on the surface of the active materials and prevent easy 

access of lithium-ions, leading to a poor performance of the cell at high charge/discharge 

rate. 

 

𝐿𝑖𝐶𝑜𝑂2 ↔
1

2
𝐿𝑖+ +

1

2
𝑒− + 𝐿𝑖0.5𝐶𝑜𝑂2           (2.2) (Cathode reaction) 

𝐶6 + 𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖𝐶6                                 (2.3) (Anode reaction) 

 
 

Figure 2.5: The general principle of operation of LIBs with 𝐿𝑖𝐶𝑜𝑂2 cathode and 

carbon anode [16]. 
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𝐶𝑜𝑂2 + 𝐿𝑖𝐶6  ↔ 𝐿𝑖𝐶𝑜𝑂2 + 𝐶6                            (2.4) (Overall cell reaction) 

 

 A good understanding of the role of SEI is a crucial step in preventing undesirable 

side reaction in LIBs. Figure 2.6 shows the relative electron energy characteristics in the 

electrodes and electrolyte of a LIB in thermodynamic equilibrium condition [18]. 

 

 Generally, anode materials in LIBs are reducing agents while the cathode materials are 

oxidizing agents. The electrolyte window is determined by the energy separation E𝑔 of the 

lowest unoccupied molecular orbital (LUMO), and the highest occupied molecular orbital 

(HOMO) of the electrolyte. Anodes exhibit chemical potential μ𝐴 above the LUMO which 

may lead to electrolyte reduction except a passivating SEI layer exists. The passivation 

layer will prevent the reduction by blocking the transfer of electrons from the anode to the 

electrolyte. On the cathode side, the chemical potential μC is below HOMO. Therefore, 

the cathode may oxidize the electrolyte in the absence of SEI layer to block electron 

 
Figure 2.6: Energy levels of anode, cathode and electrolyte at open-circuit 

voltage [18]. 
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transfer at electrode-electrolyte interface. The open-circuit voltage 𝑒𝑉𝑜𝑐 can be expressed 

in term of as of μ𝐴, μ𝑐 and E𝑔 by equation 2.5. In order to achieve thermodynamic stability, 

μ𝐴 and μ𝑐 should be located within the electrolyte window. A very important subject of 

research over the years is to develop electrolytes compatible with both electrodes and 

exhibit wide window of operation [19].  

𝑒𝑉𝑜𝑐 = μ𝐴 − μ𝑐    ≤ E𝑔             (2.5)      

2.2.3  Working Principles of LIHCs 

 The primary advantage of LIHCs realized by the combination of EC and LIB at 

electrode level is their potential to provide high energy density without significant power 

density loss. Figure 2.7 provides an illustration of energy storage process of the three 

systems. Pioneering hybridization of EC and LIB employed AC as EC electrode for high 

power density characteristic, while lithium-containing intercalation compound, Li4Ti5O12 

(LTO) was used as LIB electrode to provide high energy density [7]. Anion adsorption 

occurs on the AC electrode surface, while lithium-ion intercalation takes place in LTO 

simultaneously.  
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 A striking difference exists in terms of the behavior of electrolyte ion species in 

LIBs and LIHCs during fast charge/discharge operation.  In LIBs, lithium-ions migrate 

from the anode and intercalate into the cathode simultaneously during fast discharge. This 

leads to localized excess cations (Li+) and anions (e.g PF6
-) at the cathode and anode, 

respectively. However, the anion in the anode side can migrate faster. Therefore, the anion 

diffuses from the cathode to the anode to maintain charge balance. The reverse scenario 

takes place during the charge operation. This process results in electrolyte salt depletion at 

the cathode, and excess electrolyte salt at the anode which limits the rate performance of 

LIBs.  In LIHCs however, a symmetric driving force exists for both cations and anions 

which would minimize electrolyte concertation gradients in the system. Both ionic species 

are introduced into the electrolyte simultaneously during fast discharge instead of getting 

depleted in one electrode by migrating to the other for charge balancing. This process may 

 
             Figure 2.7: Energy storage process of three different types of     

              electrochemical devices [9]. 
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explain why LIHCs exhibit better rate capability which also translates to higher power 

density characteristics than LIBs. 

2.3    Capacitor-Type Electrode for LIHC 

 Typically, the capacity of capacitor-type electrode based on double layer 

mechanism is mainly influenced by the specific surface area (SSA) and the distribution of 

pores in the material. The electrical conductivity and compatibility with electrolyte also 

play important role. Carbonaceous materials such as AC, graphite, graphene, and CNT are 

currently the most widely employed capacitor-type electrode. As previously mentioned, 

pioneer work on LIHC utilized AC as the capacitor-type cathode [7]. AC exhibit attractive 

properties including, stable cycling, good electrolyte compatibility, and facile processing 

methods. However, it suffers from poor electrical conductivity, low specific capacity low 

rate capability due to limited ion transport through small-sized pores [20]. While many 

efforts have been directed towards overcoming these limitations, graphene-based materials 

are regarded as an alternative. Graphene exhibits better electronic conductivity than AC, 

good electrochemical stability with various electrolytes and has a high surface area (up to 

2630 m2g-1 theoretically). Although graphene-based materials have drawbacks related to 

restacking during electrochemical cycling which leads to capacity degradation, it can be 

composited with other materials such as CNT which may act as spacers to minimize the 

problem [21]. In 2012, Ruoff and coworkers made a significant contribution by 

demonstrating the application of activated graphene as a viable replacement for AC for 

LIHC giving a superior specific capacity compared to the later [22]. Many other research 
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groups have focused on other modified graphene materials to further enhance the 

performance of capacitor-type cathode for LIHCs [23].  

 

2.4    Battery-Type Electrode for LIHC 

 Excellent electrochemical properties including high conductivity good cycling 

performance especially at a high rate are crucial for battery-type electrode in LIHCs. Early 

generation and commercial LIHCs are based on graphite battery-type anode because of 

advantages such as moderate specific capacity (372 mAg-1) and conductivity, and low 

intercalation potential which leads to high energy density. However, there are concerns 

about its poor rate capability and proximity to lithium plating potential during fast charge 

operation. The first LIHC concept wa demonstrated with LTO. LTO exhibits  negligible 

volume change, high lithiation potential (~1.55 V vs Li/Li+) and high rate capability [24]. 

However it suffers from poor electrical conductivity(10-13 Scm-1) [25]. Solution approach 

for these drawbacks includes, ion doping, introducing conducting agent such as 

carbonaceous materials, e.g graphene, CNT and nanostructuring to improve ions and 

electrons transport in the material. Nanostructuring is very advantageous in shortening the 

lithium-ion diffusion distance in the material leading to improved capability for fast charge 

/discharge. For example, Dong et al investigated self –doping of  LTO nanoparticles with 

trivalent Ti as battery-type anode aiming enhanced lithium insertion/extraction kinetics for 

LIHC [26]. The results show that the Ti-doped samples delivered faster charge/discharge 

characteristics than the original group thus enabling high power performance of LIHC. 

Naoi et al anchored LTO nanoparticles on carbon nanofibers (CNF) to enable facile 

lithium-ion diffusion. The material showed extraordinary performance by withstanding up 
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to 300 C charge/discharge rate with ca.95 % capacity retention after 300 cycles [27]. These 

electrochemical characteristics provided high energy-power density output for LIHC using 

AC as capacitor-type cathode. Moreover, Zhao et al. demonstrated excellent 

electrochemical performance with LTO embedded in AC by simple a vacuum infiltration 

process (Figure 2.9) [28]. The LTO/AC composite showed great potential for use in LIHC 

to achieve high energy-power density output when coupled with AC counter electrode. The 

LIHC based on the composite shows remarkable rate performance, with gravimetric 

capacities up to ca. 105 mAh g-1 at 350C. 

   

 

 

 Similarly, battery-type cathodes have also been studied for LIHC. For example, 

Yoon et al demonstrated an LIHC based on Li[Ni1/3Co1/3Mn1/3]O2 battery-type cathode 

 

 

Figure 2.9: (a)Schematic illustration of the synthesis LTO embedded in AC. (b) 

Gravimetric performances of AC//LTO- AC LIHC compared with the AC//AC full 

cells [28]. 
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realized a specific capacity of 60 F g-1 [29]. Also Olivine phase LiFePO4 (LFP) has also 

been explored as battery-type cathode for LIHC. LFP exhibits a flat discharge profile and 

possesses theoretical capacity of 170 mAhg-1. The material exhibits good thermal 

properties and it is environmentally friendly. Ping et al evaluated a LIHC with LFP/AC 

composite as the battery-type cathode using mesoporous microbeads (MCMB) as the 

counter electrode. The electrochemical performance of the LIHC was found to be multiple 

times better than the system with AC cathode and reached an energy density of ca. 69 

Whkg-1with good capacity retention [30]. 

 

2.5   Electrolytes for LIHCs 

 LIHC systems are typically based on aqueous or non-aqueous electrolyte media. 

Aqueous electrolytes offer high ionic conductivity and are suitable for high power 

performance but they exhibit low break-down voltage of only about 1V (maximum). Non-

aqueous electrolytes can provide higher break-down voltage than aqueous electrolytes and 

are advantageous in enhancing the energy density of LIHCs. Non-aqueous LIHCs typically 

utilize lithium-based organic liquid electrolytes like those employed in LIBs.  Nowadays, 

polymer electrolytes (PE) are popular solid electrolytes finding application in solid-state 

LIBs and supercapacitors to provide great advantage in terms of safety. Among PEs, gel 

polymer electrolytes (GPEs) represents an advantageous electrolyte media to achieve high-

performance PE [31]. They are usually prepared by immobilizing liquid electrolyte in 

polymer matrices such as poly (ethylene oxide), poly (vinylidene fluoride) and 

poly(vinylidene fluoride co-hexafluoropropylene) (PVDF-HFP), poly(ethyl 
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cyanoacrylate) and could deliver high ionic conductivity (>10-4 S cm-1) [31,32]. They 

combine the beneficial attributes of polymer matrix such as flexibility and reduced leakage 

with high ionic conductivity of liquid electrolytes. GPEs also provide better 

electrode/electrolyte interfacial properties. Solid electrolytes hold immense potential in 

enabling high-performance electrochemical energy storage with improved safety but still 

requires more attention. To achieve high-performance LIHC with solid electrolytes, 

individual electrode materials, electrolyte properties as well as their interfacial interaction 

needs to be understood and carefully designed towards achieving high-performance 

characteristics. 

 

2.6    On-chip ECs 

 Microscale on-chip ECs or Microsupercapacitors (MSCs) are small scale integrable 

energy storage units considered capable of replacing or complementing microbatteries in 

microelectronic devices [33]. Like conventional (large scale) supercapacitors, microscale 

ECs store charges by EDLC or pseudocapacitive mechanisms, or a combination of both to 

give an asymmetric system. The microscale power system is beneficial for electronic 

microsystems requiring fast release and uptake of high power in microelectronic devices. 

The ECs are also ideal for applications requiring repeated charge and discharge operations 

over a long period especially where periodic replacement of power units may be costly, 

inefficient or even impractical. They may also be coupled with microbatteries or energy 

harvesting microdevices to provide stable, high peak power and moderately high energy 

density [34]. The advantages of microscale ECs are revealed in electronic microsystems 

such as wireless sensors networks, implantable devices. 
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 On-chip EC electrodes can be fabricated based on planar or 3D architectural design. 

Planar electrode on-chip ECs offer promising performance for various electronic 

microsystems. The design is simple, cost-effective and well suited for mass production. 

However, 3D electrode design may provide more interfacial interaction between electrode 

and electrolyte materials, thereby giving room for improvement of the performance of the 

device [35]. 3D electrode structures exhibit higher effective surface area than planar 

structures to help create more room for loading of the electrode materials to achieve higher 

capacitance values [36]. In this regard, different  3D microelectrode fabrication approaches 

are being explored in the development of on-chip ECs. Among them, carbon-

microelectromechanical systems (C-MEMS) has gained significant attention. The 

technique is generally based on pyrolysis of photopatterned photoresists followed by the 

deposition of active materials. C-MEMS technique is a simple fabrication process of 3D 

carbon microelectrode structures with different complexities for microscale ECs with high 

reproducibility [38,39, 40]. C-MEMS structures can act as active materials as well as 

current colletors for other active materials for on-chip ECs. For example Beidaghi et al. 

showed that the incorporation of polypyrrole (PPy) electrode material with 3D C-MEMS 

electrode gave significant improvement in the capacitive behavior of the resulting on-chip 

EC [40]. The SEM image of interdigital 3D C-MEMS structures with PPy electrode 

material incorporation, and the schematic illustration of the on-chip EC is shown in Figure 

2.10. 
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 A summary of the performance of some microscale ECs reported in literature is 

presented in Table 2.1. All performance values indicated are maximum values reported. It 

is still very challenging to scale down the ECs and its components while ensuring suitable 

performance for various applications. One of the most critical goals in the development of 

on-chip ECs is the implementation of simple design concept to ensure high energy density 

to meet various application requirements. 

 

 

 

 

 

 
 

Figure 2.10: SEM images (a) C-MEMS-based  3D carbon microelectrodes, (b) the 3D 

carbon microelectrode with PPy and (c) the wall of the carbon structure showing PPy 

film (d) Schematic view of PPy/C-MEMS microsupercapacitor electrodes [40]. 
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Table 2.1: Summary of typical performance of on-chip ECs. 

Fabrication 

Method 

Electrode 

Materials 

Electrolyte Capacitance Energy 

Density 

Power 

Density  

Ref

.        

Photolithography/

etching  and 

electrophoretic 

deposition 

Onion-like 

Carbon 

1M   

Et4NBF4 in 

PC 

- 1 177 

mWcm−2 

[41] 

CVD Silicon 

nanowires 

EMI, TFSI in 

PC 

0.9 mFcm−2 0.26 

mJcm−2 

225 

mWcm−2 

[42] 

C-

MEMS/Electropol

ymerization 

PPy/Carbon 0.1 M KCl 78.35 mFcm−2 - 0.63 

mWcm-2 

[40] 

Photolithography 

and etching 

Activated 

Carbon 

1M NaNO3 90.7 mFcm−2 - 51.5 

mWcm-2 

[43] 

Sputtering/ 

Photolithography/ 

ICP etching/FIB 

and 

electrodeposition 

RuO2/Si-SiO2 0.1M Na2SO4 99 mFcm−2 12 mJcm-2 5 

mWcm-2 

[44] 

Photolithography 

and 

Electropolymeriza

tion 

PPy/carbon 0.1M KCl 162 mFcm−2 25 mJcm-2 1 mJcm-2 [40] 

CVD Al/C/MnO2 

sandwich 

1M Na2SO4 1008.3 

mFcm−2 

35.2 mWh 

cm-2 

- [45] 

Electrodeposition RuO2/porous-

Au 

PVA/H3PO4 3473 mFcm−2 454 mJcm-2 8 

mWcm-2 

[46] 

 

Asymmetric systems design is a viable strategy expected to extend the performance range 

of microscale on-chip ECs. Asymmetric on-chip ECs are based on different electrode 

materials as anode and cathode exhibiting different charge storage mechanism within a 

restricted footprint area. The microscale asymmetric system can benefit from the different 

potential ranges of the dissimilar electrodes to enable enlarged device potential, thus 

providing improved energy density.  
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CHAPTER 3 

Methodology 

3.1 Electrostatic Spray Deposition  

 

 Electrode materials with rationally designed architecture are useful to provide 

improved performance in electrochemical energy storage systems. Among a variety of 

methods that are being explored, the electrostatic spray deposition (ESD) technique is 

attractive [1]. The typical setup of ESD process is presented in Figure 3.1. A high voltage 

is applied to a precursor solution through an attached needle. Due to the applied voltage, 

the precursor solution gets atomized into charged droplets and deposited on a heated 

substrate. Thin films of various electrode materials with controllable morphology can be 

prepared from their precursor solutions by ESD [2-4]. The reduced graphene oxide-carbon 

nanotubes (rGO-CNT) electrode material in the scale-up systems of this dissertation was 

fabricated by ESD. 

 

 Figure 3.1: A setup of the ESD process.  
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3.2  Electrophoretic Deposition 

 

 Electrophoretic deposition (EPD) is a facile deposition process for various 

materials from their colloidal suspension. A typical setup of the EPD process is presented 

in Figure 3.2. An electric field is applied to electrodes immersed in a colloidal suspension 

of the material to be deposited. The particles of the materials become charged and migrate 

towards the oppositely charged electrodes where deposition occurs. EPD is an attractive 

method of preparing thin films of various electrode materials with high deposition rate, 

good thickness control and good uniformity EPD  was used to selectively deposit electrode 

materials on the interdigital carbon microelectrodes 

 

 
 

 

 

 

 

 

Figure 3.2: An illustration of a typical EPD Setup.  



35 

 

3.3  Carbon Microelectromechanical Systems  

 

 The interdigital carbon microelectrodes for on-chip devices were based on carbon 

microelectromechanical systems (C-MEMS) technique. C-MEMS structures are typically 

fabricated by the pyrolysis of patterned photoresist. C-MEMS technique is very attractive 

in the fabrication of a wide variety of carbon microelectrodes with a high aspect ratio for 

miniature electrochemical energy storage systems. Wang et al. demonstrated that C-MEMS 

derived carbon micropillars could act as a host for lithium-ion storage for miniature 

lithium-ion batteries [7]. C-MEMS structures could also play the role of a current collector 

for the electrode material integration [8, 9]. Figures 3.3a, 3.3b and 3.3c show SEM images 

of typical carbon structures derived by C-MEMS technique. C-MEMS structures provide 

an attractive material and microfabrication solution for miniature electrochemical energy 

storage systems.  

 

 
 

 

 

 

3.4   Materials Characterization 

3.4.1 Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is a microstructural characterization tool where 

samples are imaged with a focused electron beam. The interaction of the electrons with the 

Figure 3.3: (a-c) SEM images of typical carbon structures derived by C-MEMS 

technique [7].  
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sample generates signals containing morphological and compositional information. The 

resolution of SEM could be up to 10 nm. Microstructural characterizations were carried 

out in this dissertation using a field emission-scanning electron microscope (JOEL SEM 

6330F).   

3.4.2 X-ray Diffractometry 

 

 X-ray diffractometry (XRD) is an important analytical technique for studying the 

crystallinity of materials. The method involves the scattering of X-rays directed to a target 

material. The scattered X-rays undergo constructive and destructive interference due to the 

interaction with crystalline materials. The Braggs Law expressed as  𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 gives 

the diffraction condition for the scattered X-rays, where, n is an integer, λ is the wavelength 

of the incident X-rays, d is the interplanar spacing of the crystalline material and 𝜃 is the 

angle of the X-ray beam. XRD studies were carried out using a Siemens D-5000 

diffractometer with CuKα radiation (λ=0.154056 nm).  

 

3.4.3 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Fourier transform infrared (FTIR) spectroscopy is a versatile material characterization 

technique based on the exposure of a test sample to infrared radiation. The infrared 

exposure causes the transformation of the vibrational energy levels of molecules in the 

sample from the ground state to excited state. The spectra generated by the techniques can 

be used to identify the functional groups present in a sample. A JASCO FTIR-4100 was 

used for FTIR studies. 
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3.5   Electrochemical Characterization 

3.5.1 Cyclic Voltammetry 

 

Cyclic voltammetry (CV) provides a quick information about the electrochemical behavior 

of electrode materials in an electrochemical system. In the technique a potential is applied 

as a function of time while monitoring the resulting current response. The time-dependent 

potential applied is known as scan rate. A current versus voltage curve is generated at an 

applied scan rate gives information about the charge storage process involved in an 

electrochemical system. Figures 3.4a and 3.4b show the typical shape of the CV curves of 

a capacitor-type and a battery-type electrode, respectively.  

 

 

The capacitor-type electrode based on non-faradaic processes typically exhibits a box-like 

shape with the absence of peaks(Figure 3.4a). The presence of peaks in CV curves of 

battery-type electrodes as illustrated in Figure 3.4b indicate faradaic charge storage 

mechanism. A Bio-logic versatile multichannel potentiostat (VMP3, Biologic),  was used 

for  CV tests in this dissertation. 

Figure 3.4: Typical CV curves of (a) capacitor-type and (a) battery-type 

electrodes.  
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3.5.2  Galvanostatic Charge-Discharge 

 

This method is usually employed to identify potential changes, capacity, and reversibility 

of electrochemical processes in a device due to an applied current. Figures  3.5 shows the 

typical discharge curves produces by galvanostatic charge-discharge (GCD) experiments 

for batteries and capacitors. An ideal battery exhibits a constant voltage with the extent of 

discharge while ideal capacitors give a sloppy profile. [10]. GCD is very relevant for the 

evaluation of an electrochemical system under practical operation.  GCD tests were 

performed by using the VMP3 potentiostat and Neware BTS-610 Battery Test System. 

 

 

3.5.3  Electrochemical Impedance Spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) measurements are usually performed by 

applying a small amplitude sinusoidal potential to an electrochemical system over a range 

of frequencies. The overall potential response E can be related to the initial steady-state 

potential 𝐸𝑆𝑇 of the system by the following equation [11]: 

𝐸 = 𝐸𝑆𝑇 + 𝛿𝐸(𝜔)                (1) 

Figure 3.5: Charge/discharge realationships of capacitor and battery behavior: 

potential as a funtion of state of charge [10].  
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Where 𝛿𝐸(𝜔) is the probe signal with 𝜔 = 2𝜋𝑓  

The current response to the applied potential I can be expressed as: 

𝐼 = 𝐼𝑆𝑇 + 𝛿𝐼(𝜔)                (2) 

𝛿𝐸(𝜔) = |𝛿𝐸(𝜔)| 𝑒𝑥𝑝(𝑗𝜔𝑡)               (3) 

𝛿𝐼(𝜔) = |𝛿𝐼(𝜔)| 𝑒𝑥𝑝(𝑗𝜔𝑡 + ѱ)               (4) 

The ratio between equations (3) and (4) corresponds to the electrochemical impedance 

𝑍(𝜔) 

𝑍(𝜔) =
𝛿𝐸(𝜔)

𝛿𝐼(𝜔)
= 𝑍′(𝜔) + 𝑗𝑍′′(𝜔)              (5) 

 

where ѱ is the phase angle difference between the current and applied potential. EIS data 

are commonly represented by the Niquist plot which is a plot of the opposite imaginary 

part versus the real part of the impedance (−𝑍′′versus 𝑍′) as shown in Figure 3.6. 

  

 

 

Figure 3.6: A typical Niquist plot of an electrochemical system 
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EIS is very useful for the estimation of the resistance and kinetics parameters of an 

electrochemical cell. EIS studies were carried out in this dissertation using the VMP3 

potentiostat. 
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CHAPTER 4 

Electrostatically Sprayed Reduced Graphene Oxide-Carbon Nanotubes Electrodes 

for Lithium-Ion Hybrid Capacitors 

 

4.1  Introduction 

 The rapid expansion of the global market for consumer electronic and electric 

vehicles requires high-performance energy storage units, especially with high energy 

density and high power density, while still retaining good cyclability [1–3]. Lithium-ion 

battery (LIB) and electrochemical capacitor (EC) are the most widely used energy storage 

technology in these electronic products, but they occupy opposite ends of performance 

spectrum [4,5]. Typically, LIBs exhibit high energy density due to their faradaic energy 

storage processes, but they deliver low power density, slow charge and discharge rate, and 

limited cyclability. On the other hand, ECs are based on non-faradaic electrochemical 

double-layer capacitance (EDLC) storage mechanism or pseudocapacitive faradaic 

reactions, thus enabling higher power density, fast charge, and discharge rate, as well as 

longer cyclability than LIBs, although they exhibit relatively lower energy density. 

Lithium-ion hybrid capacitor (LIHC) represents a stand-alone energy storage system that 

is capable of combining the positive attributes of LIB and EC to provide relatively high 

energy density, high power density, and good cyclability [6,7]. LIHCs are typically 

constructed using a LIB electrode as battery-type anode and an EC electrode as capacitor-

type cathode. A capacitor-type electrode that is capable of fast charge-discharge kinetics 

and high surface area, high specific capacity is a key requirement for the high energy 

performance of LIHCs [1–3,8,9]. Moreover, the energy density of the system is usually 

constrained by the specific capacity of battery-type graphite electrodes. It is expected that 
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LIHC energy density can be improved by utilizing electrodes that are capable of offering 

higher specific capacity in place of traditional activated carbon and graphite.  

Owing to the advantageous properties of graphene in terms of specific capacity, specific 

surface area (SSA), chemical stability, and electrical conductivity, many studies have 

demonstrated high-performance LIHC using graphene-based electrodes [3,8,10–17]. In 

recent years, more efforts are being made to fine-tune the material to further enhance its 

properties to advance the electrochemical performance of LIHCs. Some of the efforts 

include carrying out activation procedures to achieve improved SSA [8], doping [16], 

compositing with other materials [14], and functionalization [17], using various 

approaches. However, most of the graphene-based electrode fabrication approaches 

present challenges, such as cumbersome processes, high-temperature heating in inert 

atmospheres, and utilization of toxic chemicals, which raises convenience and 

environmental concerns.  

 Photoreduction of graphene oxide (GO) has been demonstrated in literature as a 

simple and environmentally benign approach of preparing graphene-based capacitor 

electrode [18–20]. Electrostatic spray deposition (ESD) is another interesting approach in 

which the graphene-based electrode may be obtained by simply spraying GO precursor 

solution electrostatically on a heated current collector. Schematic illustration and a 

practical image of the ESD process are presented in Figure 4.1. ESD offers a rapid and 

simple electrode fabrication approach [21,22]. GO precursor solution and ESD process 

parameters can be easily controlled in order to obtain numerous morphologies that may 

influence the electrochemical properties of the graphene-based electrode. It also enables 

the direct binder-free deposition and reduction of GO on a current collector simultaneously.  
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 Previous work from our group demonstrated promising electrochemical 

performance of ESD-based reduced graphene oxide-carbon nanotube (rGO-CNT) 

electrode for micro-supercapacitors [21]. The rGO-CNT exhibits high specific capacity, 

rate capability, and superior time constant, thus making it an attractive candidate for LIHC, 

especially as a capacitor-type cathode. Meanwhile, rGO-CNT is considered to be a 

promising battery-type anode [23]. In this work, we exploit the capability of ESD-based 

rGO-CNT by employing the material as both an anode and cathode for LIHC. The anode 

was electrochemically pre-lithiated prior to the LIHC cell assembly, while as-prepared 

rGO-CNT was used as cathode. The LIHC operated within a voltage range of 0.01–4.3 V, 

and it delivered a maximum energy density of 114.5 Wh Kg-1 and maximum power density 

of 2569 W kg-1. 

 

 

 

 

Figure 4.1: (a) Schematic illustration of electrostatic 

spray deposition (ESD). (b) Digital image of ESD. 
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4.2  Experimental Section 

 A similar method that was previously reported in [21] was used for the electrode 

preparation. Briefly, the starting materials, GO powder (0.7–1.2 nm thickness and 300–800 

nm dimension) and COOH-functionalized multiwalled CNT (8–15 nm diameter, 10–50 μm 

length and <1.5 wt. % functional group content) were obtained from Cheaptubes Inc., 

Cambridgeport, VT, USA. The GO powder (18 mg) was mixed with CNT (2 mg) and was 

dispersed in 1,2-propanediol (20 mL) by an ultrasonic probe (750 W, 20 KHz, Sonics and 

materials Inc., Newtown, CT, USA) to obtain a 1 mg mL−1 GO-CNT precursor suspension. 

The precursor was then drawn into a syringe with a stainless steel needle and it was 

connected to a syringe pump that was kept at a rate of 4 mL h−1. The distance between the 

tip of the needle and the stainless steel substrates was kept at 4 cm. The substrates were 

mounted on the ESD set-up and preheated to 250 °C before the deposition process. The 

precursor solution was sprayed on the heated stainless steel substrates for 2 h by applying 

a voltage of 5–6 kV through the stainless steel needle of the syringe. The mass loading that 

was obtained ranged from 0.2 to 0.8 mg cm−2 (thickness ca. 2.5 to 5.2 μm). For comparison, 

pure rGO and CNT electrodes were also prepared using similar steps. 

 The surface functionalities of the samples were revealed by fourier transform 

infrared (FTIR) (JASCO FT/IR, 4100, Tokyo, Japan), while the morphology of the samples 

were examined with scanning electron microscope (SEM) (FE-SEM, JEOL, Peabody, MA, 

USA). The structural properties of the samples were also studies with X-ray diffractometer 

(XRD) (Siemens, Munich, Germany) with Cu Kα radiation (λ = 1.5418 Å), which were 

operated at a current and voltage of 35 mA and 40 kV, respectively. 
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 The samples were assembled in CR2032 coin cells with lithium as both counter and 

reference electrode for the half-cell experiments. The cells were assembled in an argon 

filled glove box using 1 M LiPF6 in EC: EMC (Sigma Aldrich, St. Louis, MO, USA) as 

electrolyte and polypropylene membranes as separators. The potential windows were 0.01–

3.0 V and 2.0–4.0 V for the anode and the cathode, respectively. For full cell assembly, 

electrochemical prelithaition process was first carried out on rGO-CNT anode by cycling 

six times in a half-cell assembly at a current density of 0.1 Ag−1. Thereafter, the pre-

lithiated anode was disassembled and was coupled with fresh rGO-CNT cathode with 

electrolyte and separator in CR2032 coin cell. The electrochemical performance of the 

LIHC was evaluated within a voltage window of 0.01–4.3 V (mass ratio of cathode and 

anode was 4:1). Symmetric ECs were also assembled with the rGO-CNT electrodes for 

comparison purpose. Electrochemical evaluations were performed on the cells by using a 

NEWARE battery test system (BTS-610, Shenzhen, China) and a VMP3 multichannel 

potentiostat (VMP3, Bio Logic, Knoxville, TN, USA). The energy density E (Wh kg−1) 

and power density P (W kg−1) of the LIHC device were calculated using the following 

equations [8,9]: 

𝐸 =  𝐼 ∫ 𝑉𝑑𝑡
𝑡2

𝑡1

 (1) 

P = 𝐸/𝑡2−𝑡1 (2) 

where t1 and t2 (h) are the initial and final time of discharge with the voltage range 𝑉 (V) 

and 𝐼 (A kg−1) is constant current density. 
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4.3     Results and Discussion 

 The surface properties of the rGO-CNT film in comparison with GO, rGO, and 

CNT were studied with FTIR. The FTIR patterns of the samples are presented in Figure 

4.2a. The broad transmission peak centered around 3352 cm−1 in the pattern corresponding 

to GO is related to O–H stretching, while the peak at ca. 1726 cm−1 indicates the stretching 

of the C=O functional group in the GO structure [24]. Furthermore, the peak at ca. 1635 

cm−1 indicates C=C stretching [25], while the peak at ca. 1361 cm−1, is related O–H 

bending. Other peaks at ca. 1226 and 1083 cm−1 correspond to C–O–C and C–O groups, 

respectively [26]. The peaks at 3352, 1361, 1226, and 1083 cm−1 in the rGO and the rGO-

CNT patterns appear to be mitigated, which indicates that GO was thermally reduced after 

the deposition. No significant peak was observed in the FTIR pattern of CNT. This may be 

attributed to the marginal functional group content (<1.5 wt. %) in the CNT when 

compared to that of GO, rGO, and rGO-CNT within the scale of comparison. However, 

peaks at 1729, 1618, and 1083 cm−1 remain in the resulting rGO and rGO-CNT film, 

indicating the presence of corresponding oxygen functional groups after the deposition. A 

comparison of surface properties of the rGO-CNT composite and its components can be 

further analyzed by X-ray photoelectron spectroscopy (XPS), which would be incorporated 

in our future work. The surface The contribution of residual oxygen functional groups in 

enhancing the electrochemical performance of graphene-based materials, especially when 

being used as a capacitive storage material has been shown in previous studies in the 

literature [27,28].  

 The XRD patterns of GO, CNT rGO, and rGO-CNT film are presented in Figure 

4.2b. The XRD pattern of the starting GO shows a clear diffraction peak at 11.08°, 
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corresponding to an interlayer spacing of 7.98 Å based on Bragg’s equation. The rGO and 

rGO-CNT XRD patterns show broad diffraction peaks at 24.38° and 23.75°, corresponding 

to interlayer spacing of 3.65 Å and 3.74 Å, respectively. A broad peak centered around is 

23.68° was observed for CNT. The disappearance of 11.08° peak in rGO and rGO-CNT 

samples signifies the reduction of GO after the ESD process, which is in agreement with 

the FTIR results. Moreover, the slight shift in the peak position of rGO-CNT to lower 2θ 

angle with an increase in interlayer spacing when compared with rGO may be attributed to 

the insertion of CNT in-between rGO layers, which is also in good agreement with previous 

studies [23]. SEM images of the surface and cross-section of the rGO-CNT film are shown 

in Figures 4.2c and 4.2d, respectively. The surface SEM image shows wrinkled rGO sheets. 

The cross-sectional image indicates that the CNTs are entangled within the bulk of the rGO 

film. As noted in previous studies, the interconnection of CNT with rGO sheets can prevent 

or minimize restacking of the two-dimensional (2D) material during electrochemical 

cycling and boost its electron/ionic conductivity [21,23]. Moreover, the cross-sectional 

SEM image shows that the rGO-CNT film exhibits open channels, which is expected to 

enable enhanced electrolyte ion accessibility, which is favorable for improved 

electrochemical performance.  
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  The cyclic voltammograms (CVs) of the rGO-CNT anode half-cell is presented in 

Figure 4.3a, within a voltage window of 0.01–3.0 V. An irreversible reduction peaks can 

be observed at ca. 0.5 V in the first cycle, which may be associated with solid electrolyte 

interface (SEI) reaction. Thereafter, prominent anodic peaks close to 0.2 V can be observed 

in the CV curves from the second to the 10th cycle, indicating the reversible 

lithiation/delithiation reaction (LiC3 ↔ 3C + Li+ + e−) after the first cycle due to the 

isolation of the anode material and the electrolyte by SEI film [29]. Figure 4.3b shows the 

galvanostatic charge-discharge (GCD) curves of the material at 0.1 Ag−1 current density 

with an initial discharge capacity of 1917 mAhg−1, which also suggests SEI formation on 

the surface of the rGO-CNT [29,30]. Two flat plateaus can be observed on the initial 

discharge curve, starting at ca. 0.5 V and ca.0.2 V. Similar to CV test results, the 0.5 V 

 

Figure 4.2: (a) FTIR pattern and (b) XRD pattern of reduced graphene oxide-

carbon nanotube (rGO-CNT), rGO, GO and CNT. SEM Images of (c) surface, 

and (d) cross section of the rGO-CNT film. 
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plateau may be related to SEI reaction while the 0.2 V plateau suggests lithiation potential 

of the material. The discharge capacity decreased to 1091 mA hg−1 in the second cycle, 

indicating 44.6% initial capacity loss. We can see that, starting from the second cycle; the 

discharge capacity gradually decreases but became more reversible. Moreover, the 

disappearance of the ca. 0.5 V plateau related to SEI reaction can be observed. The rate 

capability test result of the rGO-CNT shown in Figure 4.3c shows that a discharge capacity 

of 990 mAhg−1 was measured at 0.1 Ag−1 current density after the first 30 cycles, which is 

significantly higher than that of rGO and CNT. The capacity rapidly decreases with 

increasing current density. A similar trend can be seen for both rGO and CNT, but the 

discharge capacity of rGO-CNT is superior in the current densities from 0.1 to 2 Ag−1. The 

result shows that the rGO-CNT can still deliver a discharge capacity of 598 mAg−1 at high 

current density of 2 Ag−1. The material also showed good reversibility and cyclability after 

returning the current density to 0.1 Ag−1, delivering slightly higher discharge capacity of 

ca.1025 mAhg−1 after 70 subsequent cycles. Electrochemical impedance spectroscopy 

(EIS) was carried out to gain insight into the electrochemical characteristics of the rGO-

CNT electrode material. As shown in Figure 4.3d, both rGO-CNT and rGO exhibits 

suppressed semicircle in the high-frequency region, which corresponds to their charge 

transfer resistance at electrode/electrolyte interface [31,32]. An inclined line in the low-

frequency region can also be observed in the EIS data that is related to lithium-ion diffusion 

through the electrode. In comparison with rGO, rGO-CNT shows a smaller charge transfer 

impedance and improved lithium-ion diffusion behavior, which supports the charge-

discharge characteristic that was observed.  
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 The rGO-CNT cathode material was tested in lithium half-cell configuration within 

a voltage window of 2.0-4.0 V. The CV curves of the rGO-CNT cathode at scan rates of 5, 

10, and 20 mVs−1 are presented in Figure 4.4a. Rectangular shapes of typical capacitive 

storage mechanism can be observed on the curves, but with slight humps. The appearance 

of these humps suggest faradaic pseudocapacitive storage mechanism contribution besides 

non-faradaic EDLC mechanism due to the presence of residual oxygen functional groups 

in the material, which is similar to previous studies in the literature [27,28]. This 

observation suggests lithium-ion pseudocapacitive interaction with residual functional 

groups on the rGO-CNT. Charge-discharge curves of the rGO-CNT cathode material at 

Figure 4.3: (a) CV of the rGO-CNT anode film at 0.2 mV s
-1

 scan rate. (b) 

GCD curves of the anode film at current density of 0.1 Ag
-1

. (c) Cycle and 

rate performance at rGO-CNT, rGO, and CNT at different current densities. 

(d) EIS plot of rGO-CNT and rGO. 
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different current densities are presented in Figure 4.4b. A slight distortion from the typical 

linear shape can be seen, especially at 0.2 Ag−1, indicating that both EDLC and 

pseudocapacitive storage mechanisms coexist. The GCD became more linear with 

increasing the current density. An explanation for this observation is that at low current 

density, both EDLC and pseudocapacitive storage mechanism, contribute to the capacity 

of the material. As the current density increases the EDLC storage mechanism dominates. 

Moreover, an iR drop can be observed on the GCD curves related to the overall resistance 

of the cell [21]. As shown in Figure 4.4c, after 30 cycles, the rGO-CNT cathode half-cell 

delivered a discharge capacity of 72 mAhg−1 at 0.1 Ag−1 after 30 cycles, which exceeds the 

discharge capacity of 58 and 13 mAhg−1 observed for rGO and CNT respectively. 

Moreover, rGO cathode half-cell showed an increasing discharge capacity until the eighth 

cycle, when it started decreasing. This behavior can be attributed to the effect of 

electrochemical activation of the rGO [21].Lithium ions insert between graphene layers 

and gradually increase the accessibility of ions to the surface of graphene resulting in the 

increasing capacity in the first eight cycles during cycling. However, the decreasing 

capacity after the eighth cycle suggests the decreasing accessibility of ions due to the 

possible restacking of the graphene layers during electrochemical cycling. In contrast, the 

rGO-CNT showed relatively stable performance during cycling, indicating the 

effectiveness of CNT, which acts as a nanospacer to prevent/minimize the restacking issue, 

which is in line with previous report from our group [21]. Rate capability and cyclability 

test (Figure 4.4c) of the half-cell shows that the rGO-CNT delivered a discharge capacity 

of 63.4, 60, 50.7, 46, and 41.7 mAhg−1 at current densities of 0.2, 0.4, 0.5, 1, and 2 Ag−1, 

respectively. The discharge capacities that were measured for the rGO-CNT are of similar 
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values with that of rGO at the current densities of 0.4 to 2 Ag−1, but higher than that of the 

discharge capacities of CNT. A discharge capacity of 46.7 mAhg−1 was observed for the 

rGO-CNT after 200 subsequent cycles at a current density of 1 Ag−1, which significantly 

exceeds the CNT discharge capacity, but it only slightly exceeds that of rGO (44.9 

mAhg−1).  

 

 Symmetric ECs assembled with identical rGO-CNT electrodes were assembled and 

examined. Figure 4.5a shows a box-like shaped CV of the symmetric EC within a voltage 

range of 0 to 2.7 V at scan rates 50, 100 and 200 mVs-1. The GCD profile of the symmetric 

Figure 4.4: (a) CV of the rGO-CNT cathode film at different scan rates. (b) GCD 

curves of the cathode film. (c) Rate and cycle performance of rGO-CNT, rGO 

and CNT. 



54 

 

rGO-CNT//rGO-CNT device is shown is Figure 4.5b is nearly rectangular, indicating 

almost ideal capacitive behavior. The rate performance of the device is presented in Figure 

4.5c. The symmetric device delivered discharge capacities ranging from ~8.7 to 3 mAhg-1 

it at current densities of ranging from 0.1 to 2 Ag-1. The maximum energy and power 

density of the symmetric device presented in Figure 4.5d reached ~ 11.9 Whkg-1 and 2670 

Wkg-1, respectively. 

 

 

 

 

 

 

 

Figure 4.5: (a) CV of the rGO-CNT symmetric EC at different scan rates. (b) 

GCD curves of the EC. (c) Rate performance and (d) Ragone plot of the 

symmetric system. 
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 To exploit the advantages of the rGO-CNT electrodes in a hybrid configuration, a 

LIHC was assembled by coupling the electrochemically prelithiated rGO-CNT as anode 

and as-prepared rGO-CNT as cathode. The CV curves of the LIHC at different scan rates 

(20, 50, and 100 mVs−1) are presented in Figure 4.6. The cathode and the anode mass ratio 

was kept at 4:1 (total mass −1.72 mg). The LIHC could reach up to a maximum voltage 

limit of 4.3 V. The quasi-rectangular shape of the CV curves indicates the capacitive 

behavior of the electrochemical system. The deviation from the rectangular shape that was 

observed in the curve can be attributed to the overlapping faradic and the non-faradaic 

energy storage mechanism in the LIHC. The GCD curves of the LIHC within the same 

voltage window of 0.01–4.3 V at 0.1 to 1 Ag−1 is presented in Figure 4.7a. We can see that 

the GCD curves exhibits a slightly distorted triangular shape, also indicating capacitive 

behavior. The rate capability test (Figure 4.7b) shows that the LIHC delivered a discharge 

capacity of 66.9, 48.8, 40.4, 22.5, and 15.5 mAhg−1 at current densities of 0.1, 0.2, 0.5, 1, 

and 2 Ag−1, respectively, which were normalized by the weight of both the anode and the 

cathode. Moreover, as shown in Figure 4.7c, the LIHC delivered a discharge capacity of 

9.2 mAhg−1 at a current density of 2 Ag−1 after 2000 cycles, indicating a 68.5% capacity 

retention. Our full cell performance indicates that both cathode and anode need to be 

charge-balanced to maximize the performance of the LIHC. It also requires the matching 

of ion transport kinetics between the two electrodes which exhibit dissimilar storage 

mechanisms (intercalation/deintercalation mechanism at anode side and EDLC mechanism 

at the cathode). In our system, the mass ratio between the cathode and the anode is 4:1, 

which is far from the idea mass matching according to the half-cell performance. Therefore, 

the results show that rGO-CNT LIHC system is cathode limiting, indicating that the 
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capacity of the full cell is mainly determined by the performance of the cathode side. In 

fact, the specific capacity of the LIHC just based on cathode loading is comparable to that 

of the cathode half-cell at low current density (<1 Ag−1), while at higher current densities 

(>1 Ag−1), the anode becomes the limiting electrode because the reaction kinetics of anode 

is sluggish at a higher rate. Furthermore, if the capacities of the ESD based rGO-CNT 

electrodes were fully matched in the LIHC system, then a remarkably higher energy and 

power density could be expected. 

 

 

 

 

 

Figure 4.6: CV of the LIHC recorded between 0.01-4.3 V voltage 

window at different scan rates. 
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 The Ragone chart of the LIHC is presented in Figure 4.8, showing energy density 

as high as 114.5 Wh Kg−1 and a maximum power density of 2569 W kg−1, as calculated 

from the 10th cycle of discharge curves. The energy density of the LIHC is ~ 9.6 times 

higher than symmetric rGO-CNT//rGO-CNT EC device. The performance comparison of 

rGO-CNT//lithiated rGO CNT LIHC with other LIHCs reported in literature is presented 

in Table 3.1. The energy and power density characteristics of the LIHC are superior to 

Graphene//AC LIHC system [31]. The LIHC performance is comparable to 

graphite//functionalized graphene [17], graphitic carbon//AC [33], LIHC in terms of 

energy density, and Fe3O4/graphene//Porous three-dimensional (3D) graphene LIHC 

Figure 4.7: (a) GCD curves of the LIHC. (b) Rate performance of the LIHC at 

different current densities. (c) Cycle performance of the LIHC at a current density 

of 2 Ag
-1 

for 2000 cycles. 
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system considering power density [11]. Its performance is however lower than flash-

reduced graphene oxide//porous 3D graphene LIHC, which is a fully optimized system 

[12]. The electrochemical performance of our LIHC system is conceivably limited by 

capacity and ion transport kinetics mismatch between the two electrodes that exhibit 

dissimilar storage mechanisms (intercalation/deintercalation mechanism at anode side and 

EDLC mechanism at the cathode). If the capacities and ion transport kinetics in the ESD 

based rGO-CNT electrodes are fully matched in the LIHC system, then a significantly 

improved electrochemical performance could be expected. 

 

 

 

 

 

 

Figure 4.8: Ragone plot showing the energy and power 

densities of the rGO-CNT//lithiated rGO-CNT LIHC. 



59 

 

 Table 4.1: Performance comparison with other reported LIHCs. 

 

Anode Cathode 
Voltage 

Window 

Maximum 

Energy 

Density 

(Wh kg−1) 

Maximum 

Power 

Density 

(W kg−1) 

Ref. 

Graphene AC 2.0–4.0 V 61.7 222.2 [31] 

Graphite 
Funtionalized 

graphene 
2.0–4.0 V 106 4200 [17] 

Fe3O4/graphene 
Porous 3D 

graphene 
1.0–4.0 V 147 2587 [11] 

Flash-reduced 

graphene oxide 

Porous 3D 

graphene 
0.0–4.2 V 148 10,000 [12] 

Graphitic 

carbon 
AC 2.0–4.0 V 104 6628 [33] 

Electrostatically 

sprayed rGO-

CNT 

Electrostatically 

sprayed rGO-

CNT 

0.01–4.3 V 114.5 2569 
This 

work 

 

 

 The main mechanism in the LIHC system may involve shuttling of lithium-ions 

between the anode and cathode. Considering the rGO-based material as an anode, the 

lithium storage process includes both intercalation and surface mechanisms. Different from 

conventional graphite, both internal and empty pores existing between randomly oriented 

rGO layers are available for lithium adsorption. Additionally, the presence of defects at 

edges of rGO-based electrode materials as well as oxygen-containing functional groups 

could provide lithium storage sites. The thermal reduction of GO leading to products rich 

in oxygen functional groups has been well documented. Briefly, according to Acik et al., 

intercalated water in GO can undergo heterolysis which may result in the generation of 

radicals at elevated temperature [34]. More radical species are thereafter produced by the 

reaction of original radicals with oxygen functional groups of the GO [34]. The reaction 
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products after the propagation and termination of the radical species determine the quantity 

of oxygen functional groups in the GO material after thermal treatment [34]. The rGO-

based material deposited via ESD at 250 oC contains residual oxygen functional groups. 

Even without activation procedures which are typically carried out on carbon cathode 

materials to realize high charge storage capacity for LIHCs, rGO-based material may 

provide high lithium storage capacity as cathode based on reversible lithiation of the 

oxygen functional groups. The C=O bond may interact with lithium-ions according to the 

following reaction: >𝐶 = 𝑂 + 𝐿𝑖+ + 𝑒− ↔ −𝐶 − 𝑂 − 𝐿𝑖, to provide pseudocapacitance 

[35]. The amount of C=O in the rGO-based cathode material could, therefore, be very 

important to form redox pairs with lithium-ions for high storage capacity. During the LIHC 

assembly, prelithiation was carried out on the rGO-based anode to provide high amounts 

of lithium-ions. The ions can shuttle between the surfaces of both anode and cathode 

without necessarily going through sluggish bulk storage mechanism. The high surface area 

of the rGO-based material can, therefore, enable high capacity as well as rapid reversible 

lithium storage characteristics. This may explain why this LIHC configuration gave a good 

combination of high energy-power density output. The LIHC performance could be further 

improved by balancing the total charge contributions from both rGO-CNT anode and 

cathode. This work indicates a promising approach for the facile fabrication of rGO-based 

electrodes for high performance LIHCs. 
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4.4    Conclusions 

 In summary, we present the electrochemical performance of a LIHC based on 

electrostatically sprayed rGO-CNT film electrodes. The rGO-CNT electrodes show a 

specific capacity of 990 and 72 mAhg−1 at a current density of 0.1 Ag−1 for anode and 

cathode, respectively. The LIHC constructed with the rGO-CNT film delivered a maximum 

energy density of 114.5 Wh kg−1 and a maximum power density of 2569 W kg−1, thus 

indicating the promising potential of ESD approach for the facile fabrication of graphene-

based electrodes for high-performance LIHCs. 
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CHAPTER 5 

Anode Prelithiation by Direct Contact with Lithium for Lithium-Ion Hybrid 

Capacitors Based on rGO-CNT Electrodes 

 

5.1   Introduction 

 The development of electrochemical energy storage devices capable of providing 

high energy-power output and long cycle life are required for next-generation electronic 

products. Carbon materials  in various forms are one of the most widely used and examined 

electrode material in electrochemical energy storage system [1]. Specifically, graphene-

based two-dimensional (2D) carbon materials are of great interest for LIHCs due to 

numerous attractive properties such as high theoretical surface area, high specific capacity, 

excellent mechanical properties and good electrical conductivity [2]. LIHCs are typically 

based on coupling LIB anode material and EC cathode materials with a lithium salt 

containing organic electrolyte to provide relatively higher energy density than 

electrochemical capacitors, and relatively higher power density and longer cyclability than 

LIBs. As discussed in chapter 4, a promising electrochemical performance has been 

achieved in LIHCs based on reduced graphene oxide carbon nanotube (rGO-CNT) 

electrodes prepared by electrostatic spray deposition (ESD).  

 Generally, anode prelithiation plays a key role in realizing high electrochemical 

performance in LIHCs, especially with carbon-based materials. During the prelithiation 

process, lithium-ions are discharged from a source, for example, auxiliary lithium 

compound, electrolyte or metallic lithium, and reduced at the surface of the anode. 

Various anode prelithiation methods including direct contact or electrical shorting with 
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lithium metal [3], electrochemical prelithiation [4], and insitu prelithiation [5] have been 

proposed in previous literature reports. Among them, direct contact method appears to 

be promising from the standpoint of efficacy, simplicity and rapidity. The direct contact 

prelithiation method is typically carried out by simply placing metallic lithium in direct 

contact with the anode with few drops of electrolyte in between and kept for a certain 

period of time. Thereafter, the lithium is removed and the treated anode is used for LIHC 

assembly. In this work, we evaluate the electrochemical performance of LIHC with ESD-

based rGO-CNT anode prelithiated by direct lithium contact method. As-prepared rGO-

CNT was used as a cathode. Results obtained show that the LIHC reached maximum 

energy and power densities of 170 WhKg-1 and 1385 WKg-1, respectively. 

 

5.2   Experimental Section 

 The same preparation and characterization procedures adopted for rGO-CNT 

electrodes for LIHCs in chapter 4 were employed. For LIHC cell assembly, prelithiation 

process was first carried out on rGO-CNT anode by direct physical contact of lithium metal 

with few drops of electrolyte and kept for 4 h as schematically illustrated in Figure 5.1a. 

Thereafter, the lithiated anode was coupled with fresh rGO-CNT cathode with electrolyte 

and separator in CR2032 coin cell as illustrated in Figure 5.1b.  The electrochemical 

performance of the LIHC was evaluated within a voltage window of 0.01-4 V (mass ratio 

of cathode and anode was 4:1). Galvanostatic charge-discharge (GCD) tests were carried 

out on the LIHC using a Neware battery test system (BTS-610 Shenzhen, China) while 

cyclic voltammetry (CV) data were recorded with a VMP3 potentiostat (VMP3, Bio Logic, 
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USA).  The energy density E (Wh kg-1) and power density P (W kg-1) of the LIHC were 

evaluated using equations: 

 𝐸 =  ∫ 𝐼𝑉𝑑𝑡
𝑡2

𝑡1
         (1) 

P = 𝐸/𝑡2-𝑡1         (2) 

where 𝑡1, 𝑡2 (h), 𝑉 (V) and 𝐼 (A kg-1) correspond to the initial and final discharge time, 

voltage range and current density applied respectively. 

 

 

5.3  Results and Discussion 

 Figure 5.2a shows the CV curves at the voltage window of 0.01-4 V for the rGO-

CNT//lithiated rGO-CNT at a scan rate of 10, 20 and 50 mVs-1, respectively. The capacitive 

behavior of the electrochemical system is evident in the quasi-rectangular shape of the CV 

curves. The deviation from typical rectangular shape of capacitive behavior in the CV 

curves suggests energy storage mechanism based on both faradic and non-faradaic 

processes in the LIHC.  Similarly, the shape of the GCD curves at current densities of 0.1, 

Figure 5.1. Schematic illustration of the (a) anode prelithiation process and (b) 

LIHC with rGO-CNT electrodes.  
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0.2, 0.4, 0.5, 1, and 2 Ag-1 presented in Figure 5.2b exhibits a slightly distorted triangular 

shape indicating a deviation from ideal capacitive energy storage systems. This observation 

also suggests overlapping faradic and non-faradaic energy storage mechanisms in the 

LIHC. The rate capability test of the LIHC is presented in Figure 5.2c. A discharge capacity 

of 94.5 , 66.9 , 48.8 , 40.4 , 22.5 , and 10 mAhg-1 at current densities of 0.1, 0.2 , 0.4 , 0.5 

, 1 , and 2 Ag-1, respectively, based on the weight of total weight of active anode and 

cathode. The Ragone chart of the LIHC is presented in Figure 5.2d showing energy density 

as high as 170 WhKg-1 and maximum power density of 1385 Wkg−1. Moreover, as shown 

in Figure 5.2e, the LIHC delivered a discharge capacity of 31 mAhg-1 at a current density 

of 0.5 Ag-1 indicating 76.7 % capacity retention after 2000 cycles. The electrochemical 

performance of the LIHC in this study is comparable to some graphene-based LIHCs in 

which anode prelithiation was carried out by electrochemical process, especially in terms 

of energy density. For example, Zhang et al. reported a maximum energy density of 148 

Whkg-1 with flash-reduced graphene oxide anode and porous 3D graphene cathode [6]. 

Moreover, Salvatierra et al. reported a maximum energy density of 120 Whkg-1 for LIHC 

with graphene-CNT electrodes prepared by chemical vapor deposition [7].  Ajuria et al. 

also reported a LIHC with a maximum energy density of 186 Whkg-1 using SnO2-rGO 

anode and thermally expanded and physically activated reduced graphene oxide cathode 

[4].  
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Figure 5.2 (a) CV curves of the LIHC recorded between 0.01-4 V at different 

scan rates. (b) GCD curves of the LIHC. (c) Rate performance of the LIHC at 

different current densities. (d) Ragone plot showing the energy and power 

densities of the LIHC (e) Cycle performance of the LIHC at a current density 

of   0.5 Ag
-1 

for 2000 cycles. 

(a) 
 

(d

)



70 

 

 Generally, the exceptionally high specific surface area (SSA) of rGO leads to a very 

high irreversible capacity after the first discharge cycle due to SEI formation [8-11]. 

Although the irreversibility may gradually improve after subsequent cycles, the reversible 

capacity in the material occurs mostly at higher potential which may result in poor energy 

efficiency. The implementation of anode prelithiation in the rGO-based LIHC provides 

extra lithium sources to compensate for the initial lithium loss in the first discharge cycle. 

The anode prelithiation step may also enable higher potential window of operation in the 

LIHC, low cell resistance and increased cell capacity thereby giving improved energy 

density.  We can see that the rGO-based EC system without anode prelithiation showed an 

energy density of ~11.9 Whkg-1 within a voltage range of 0-2.7 V. Our prelithiated rGO-

based LIHC gave an energy density ~14.3 times higher than the symmetric rGO-based EC 

system within a higher voltage range of 0.01-4 V. The choice of prelithiation will play a 

key factor in the large scale commercial manufacturing of the rGO-based LIHC in terms 

of time and cost. The low standard redox potential of lithium (-3.04 V vs SHE) [12] 

provides an easy prelithiation method based on direct lithium metal contact which may be 

attractive for commercial manufacturing of the rGO-based LIHC. The lithium metal foil 

employed for the direct contact prelithiation can be reused and the LIHC may be assembled 

in a single straightforward step without the need for a time consuming precycling process 

to rich optimal performance. However, excessive prelithiation may lead to safety hazards 

in the LIHC due to lithium metal plating [12-14]. Inadequate prelithiation may also limit 

the energy and power density output of the LIHC system. Therefore, the challenging aspect 

of this direct lithium contact approach is related to controlling the prelithiation degree to 

realize the optimum electrochemical performance. A good control of the prelithiation 
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degree should be the focus of future effort if this prelithiation method is to be adopted in 

practical LIHC assembly process. 

 

5.4  Conclusion 

      A LIHC using ESD-based rGO-CNT anode prelithiated by direct contact method 

and as-prepared rGO-CNT as the cathode was described. The LIHC showed promising 

electrochemical performance with a specific capacity up to 94.5 mAhg-1 at 0.1A g-1. The 

LIHC delivered a maximum energy density of 170 Whkg−1 and a maximum power density 

of 1385 Wkg−1. A capacity retention of 76.7 % was also obtained after 2000 cycles. The 

ESD-based rGO-CNT appeared to be a promising anode and cathode material for LIHC. 

We envisage that the electrochemical performance characteristics of the LIHC could be 

further enhanced by balancing the LIHC system and optimizing the direct lithium contact 

anode prelithiation process. 
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CHAPTER 6 

 
A High-Energy Aqueous On-Chip Lithium-Ion Hybrid Capacitor Based on 

Interdigital 3D C-MEMS Platform 

 

6.1   Introduction 

The need for high-performance microscale energy storage units for rapidly growing 

microelectronic devices have continued to attract much attention [1]. Miniaturized batteries 

and electrochemical capacitors (ECs) are attractive candidates for on-chip energy storage 

[2]. According to their energy storage mechanisms, ECs are based on electric double-layer 

capacitance (EDLC) or pseudocapacitance [3]. While EDLC involves charge storage 

through non-faradic adsorption/desorption of electrolyte ions on the surface of electrode 

materials, pseudocapacitance mechanism involves surface or near-surface faradaic 

reactions of electrolyte ions with metal oxides or conductive polymer electrodes. Typically, 

ECs can give advantageous characteristics such as higher power density, faster 

charge/discharge properties, and ultralong cyclability than batteries.  

However, the limited energy density of ECs represents a significant drawback [4]. Over 

the years, asymmetric ECs realized by the combination of EDLC and pseudocapacitive 

electrodes have been shown to be a promising strategy to achieve improved performance 

trade-off in terms of energy and power density due to enlarged cell voltage window [5-8]. 

Another interesting asymmetric device concept is based on the combination of the bulk and 

surface storage mechanisms enabled by a battery-type electrode and a capacitor-type 

electrode, respectively. Lithium-ion hybrid capacitor (LIHC) is one of such systems, 
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consisting of high energy battery-type electrode and  high power capacitor-type electrode 

[9, 10]. 

  The electrochemical performance reports on LIHCs are mostly based on large cells 

which are not well suited for on-chip integration. On-chip LIHCs could potentially be 

favorable for integration along with other components in microelectronic devices to 

provide a good combination of high energy and power densities. Li et al. reported a 

prototype on-chip LIHC with lithiated graphite and activated carbon (AC) as the battery-

type and capacitor-type electrodes, respectively, by injecting slurries of the electrode 

materials in an interdigital microchannel giving promising results [11]. More facile 

fabrication methods are however, desirable for the practical application of the on-chip 

LIHCs. In terms of device architecture, the fabrication of on-chip energy storage devices 

are targeted at ensuring high effective microelectrode surface area within a restricted space 

using scalable and facile approaches. 3D microelectrode designs offers higher effective 

surface area and better electrolyte accessibility than planar designs, which could result in 

enhanced areal capacity [12-16]. One of the most interesting 3D microelectrode fabrication 

approaches is the carbon microelectromechanical systems (C-MEMS) technique which 

generally involves photolithographic patterning and pyrolyzing photoresists in an inert 

atmosphere to obtain glassy carbon structures [17-20]. C-MEMS process is a facile route 

of obtaining a wide variety of ordered 3D carbon microelectrode structures with high 

resolution [19-21]. Various symmetric on-chip ECs with 3D carbon microelectrodes based 

on C-MEMS platform have previously been demonstrated [18, 22, 23]. It has been shown 

that the electrochemical properties of the carbon microelectrodes could be enhanced by 

introducing nanofeatures, for example, electrochemical activation [18], the incorporation 
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of CNT, [22]  or by integrating pseudocapacitive materials such as MnO2 [17] and 

polypyrrole (PPy) [23].  

 The present study demonstrates a novel on-chip LIHC based on C-MEMS-derived 

interdigital 3D carbon microelectrodes. Our method involved subjecting the carbon 

microelectrode to oxygen plasma treatment to achieve improved capacitive properties and 

using it as the capacitor-type electrode. The battery-type electrode in the LIHC was realized 

by the integration of LiFePO4 (LFP) on the 3D carbon microelectrodes by electrophoretic 

deposition (EPD). The carbon//LFP on-chip LIHC evaluated using 1 M Li2SO4 aqueous 

electrolyte delivered an areal energy density up to ~ 5.03 μWhcm-2 which was ~ 5 times 

higher than symmetric carbon microelectrode EC. This study broadens the prospects of the 

application of C-MEMS technology beyond symmetric systems in the development of 

high-performance on-chip capacitive energy storage.  

6.2  Experimental Section 

6.2.1 Interdigital Carbon Microelectrode Fabrication and LFP Integration 

 An illustration of the C-MEMS-based on-chip LIHC fabrication process is presented 

in Figure 6.1a. First, a negative tone photoresist, SU-8 25 (MicroChem Corp.), was spin-

coated on a 550 μm thick Si/Si3N4 (10, 000 Å) wafer at 500 rpm for 12 sec and then at 

3000 rpm for 30 sec. The photoresist coated wafer was baked at 65 oC for 3 min and at 95 

oC for 7 min on a hot plate. UV exposure through a photomask was then carried out using 

an OAI mask aligner with a dose of 300 mJcm-2. Thereafter, a post-exposure bake was 

performed at 65 oC for 1 min followed by baking at 95 oC for 5 min. The resulting baked 

photoresist was developed to reveal a 2D interdigital finger pattern using a NANOTM SU-

8 developer solution (MicroChem Corp.). In order to build an array of 3D structures on the 

https://www.sciencedirect.com/topics/chemistry/polypyrrole
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2D interdigital finger pattern, a second negative photoresist, SU-8 100 (MicroChem Corp.), 

was spin-coated at 500 rpm for 12 sec and then at 2000 rpm for 30 sec, followed by baking 

(65 oC for 10 min, and 95 oC for 30 min) on a hot plate. The baked photoresist was patterned 

using a UV exposure dose of 700 mJcm-2. Post-exposure bake (65 oC for 3 min and 95 oC 

for 10 min) was carried out followed by the development process to reveal the patterned 

photoresist using the SU-8 developer. The resulting samples were pyrolyzed by using a 

YFT 1700 tube furnace in a continuous flow of Ar (about 2000 sccm flow rate).The samples 

were initially heated at 350 oC (ramp 3 oC/min) for 30 min and then at 900 oC (ramp 5 

oC/min) for 1 h, followed by natural cooling to room temperature in the Ar atmosphere. 

The interdigital patterned glassy carbon microelectrode devices obtained after the pyrolysis 

step were treated with oxygen plasma using a reactive ion etch (RIE) system (RIE-1701, 

MARCH) for 1, 5 and 10 min. An oxygen flow rate of 60 sccm, 400 mTorr pressure and 

250 watts power were used during the plasma treatment process. For LFP integration, both 

sides of the interdigital carbon microelectrode device were connected to the positive and 

negative sides of a DC power source for electrophoretic deposition (EPD) process. 18 mg 

commercial LFP powder comprising carbon coating purchased from MTI Corporation, 1.5 

mg conductive agent (Super P Li) and 0.5 mg MgCl2 as an EPD process additive [24], were 

dispersed in 20 ml acetone-water mixture (9:1 v/v) by ultrasonication for 4 min to obtain a 

suspension. The suspension obtained after ultrasonication was immediately used for EPD 

process by applying a constant voltage of 30 V for 5, 10 and 20 sec. The devices fabricated 

were then washed several times with ethanol and dried overnight at 70 oC. A schematic 3D 

view of the on-chip microdevice is presented in Figure 6.1b.  
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6.2.2    Characterization  

Scanning electron microscopy (SEM) (JEOL 6330, Peabody, MA, USA) was used to reveal 

the surface of the carbon structures. The surface functionalities of the carbon 

microelectrodes were investigated by Fourier transform infrared (FTIR) (JASCO FT/IR, 

Figure 6.1: (a) Illustration of the fabrication process of the C-MEMS-based on-

chip LIHC. (b) Schematic 3D view of the microdevice.  
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4100, Tokyo, Japan). Electrochemical evaluations were carried out with 1 M Li2SO4 

aqueous electrolyte using a VMP3 multichannel potentiostat (VMP3, Princeton Applied 

Research). Electrochemical impedance spectroscopy (EIS) experiments were performed 

with frequency ranging from 1 MHz to 100 mHz. Cyclic voltammetry (CV) and 

galvanostatic charge-discharge (GCD) tests were carried out in a three-electrode setup 

using the oxygen plasma-treated carbon anode or LFP incorporated carbon microelectrode 

cathode as the working electrode, while a graphite rod and Ag/AgCl served as the counter 

and reference electrodes, respectively. The anode was evaluated within a voltage range of 

- 0.9 to 0.1 V, while the cathode was tested within - 0.3 to 0.6 V. CV and GCD tests were 

carried out on oxygen plasma-treated carbon//carbon symmetric devices as well as 

carbon//LFP hybrid devices in a two-electrode setup within a voltage range of 0 to 1.4 V. 

The cell capacity values 𝑄𝑐 in the unit of Ahcm-2 from CV curves were calculated from the 

following equations: 

𝑄𝑐 =  𝐶 × 𝛥V /(3600×A)         (1) 

𝐶 =
∫ 𝐼(V)𝑑V

2𝑠𝛥V
           (2) 

where 𝐶 is the cell capacitance in the unit of F, ∫ 𝐼(V)𝑑V is the integral of the CV curve 

over the entire test voltage range in the unit of AV, 𝑠 is the scan rate in the unit of Vs-1, 

𝛥V is the width of the test voltage range in the unit of V and A is the device footprint area 

in the unit of cm2. The discharge capacities 𝑄𝑑  in the unit of Ahcm-2 were calculated from 

the discharge curves of GCD experiments using the following equation: 

𝑄𝑑 = 𝐼 × ∆𝑡 ×/ A                    (3) 
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where 𝐼 is the discharge current in the unit of A,  t is the discharge time in in the unit of h 

and A is the total electrode geometric surface area (or the device footprint area) in the unit 

of cm2.  

The areal energy density 𝐸 in the unit of Whcm-2   (or Whcm-3 for the volumetric energy 

density) and the areal power density 𝑃 in the unit of Wcm-2 (or Wcm-3 for the volumetric 

power density) of the microdevices were calculated from the discharge profile of the GCD 

tests based on the following equations: 

𝐸 = ∆V ×
𝐼

𝛼
× 𝑡         (5) 

𝑃 =
𝐸

𝑡
           (6) 

∆V = (V1 + V2)/2         (7) 

  

6.3  Results and Discussion 

6.3.1  Materials Characterization 

The SEM image of a typical device and a single 3D carbon microelectrode obtained after 

the pyrolysis processes is presented in Figures 6.2a, respectively. An array of 3D carbon 

microelectrodes can be seen on top of planar interdigital carbon fingers. There are 20 

interdigital fingers (10 for each electrode side) with length and width of about 4800 μm 

and 79 μm, respectively. The thickness of the fingers was about 15 μm. A typical device 

comprises 460 3D carbon microelectrodes (23 on each finger) with an average height of 

about 106 μm and diameter of about 46 μm. The total electrode geometric surface area of 

each side of the interdigital microelectrode (surface area of planar fingers and the projected 

3D carbon structure) was ~ 0.07 cm2. The device footprint area (planar area of the 



80 

 

interdigital microelectrodes and the interspaces) was ~ 0.29 cm2. The surface morphology 

of the as-prepared carbon electrode sample is shown in Figure 2b. Oxygen plasma 

treatment resulted in roughening of the surface of the samples with the appearance of pits 

(Figures 6.2c, 6.2d and 6.2e) because of the etching effect on the carbon material. The pits 

became larger with increasing plasma treatment duration. The heights of the 3D carbon 

microelectrodes measured after the plasma treatment process were about 105, 104 and 96 

μm for 1, 5, and 10 min treatment durations, respectively.  

 

 

 

 

 

 

Figure 6.3a shows the on-chip LIHC with interdigital 3D microelectrodes comprising LFP 

electrode material and bare carbon. An enlarged view of the sample presented in Figure 

6.3b shows the LFP electrode material integrated on the 3D carbon microelectrode after 

EPD process, while Figure 3c shows a bare 3D carbon microelectrode. Figures 6.4a, 6.4b, 

Figure 6.2. (a) SEM image of interdigital 3D carbon microelectrodes. Surface morphology 

of the carbon microelectrodes with (b) 0 min, (c) 1 min, (d) 5 min and (e) 10 min oxygen 

plasma treatment durations. 
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6.4c and 6.4d show the microelectrodes with increasing LFP electrode deposition 

durations. LFP electrode thicknesses of about 0.93, 1.19 and 2.90 μm for 5, 10, and 20 sec 

deposition durations, were measured, respectively.  

 

 
 

 

 

 

 

 

Figure 6.3. (a) SEM image showing the on-chip LIHC with interdigital 3D 

microelectrodes comprising LFP electrode material and bare carbon. An 

enlarged surface morphology of (b) LFP electrode material integrated on 3D 

carbon microelectrode after EPD process and (c) bare 3D carbon 

microelectrode.  
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The surface functional groups produced after plasma treatment can be observed in the FTIR 

pattern shown in Figure 5. An increase in the intensity of the functional group signals can 

be observed as plasma treatment duration increases. The broad peak at 3450 cm-1 is related 

to -OH groups of phenol or carboxylic functionalities [24], while the peak at 2930 cm-1  

corresponds asymmetric stretching of the CH2 functional groups [25]. The peaks at 1735 

cm-1 can be assigned to C=O stretching of carboxyl group [26], while the 1610 cm-1 peak 

is related to C=C stretching of aromatic rings or C=O groups conjugated with aromatic 

rings [25]. Other peaks at 1502, 1237 and 1108 cm-1 are ascribed to, C=C stretching, C-O-

C and C-O vibrations respectively [25,26, 28]. 

 

 

Figure 6.4. SEM images of the interdigital 3D microelectrodes with (a) 0 sec, (b) 5 

sec, (c) 10 sec and (d) 20 sec LFP deposition durations.  
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6.4    Electrochemical Evaluation 

6.4.1 Carbon//Carbon symmetric EC devices 

The third cycle CV curves of carbon//carbon symmetric ECs before and after plasma 

treatment based on a two-electrode configuration at a scan rate of 1 Vs-1 are shown in Figure 

6.6a.  The area under the CV curve of the treated sample is about 9 times larger than the 

untreated sample indicating improved charge storage behavior after plasma exposure [18]. 

The 5 min plasma-treated and the untreated ECs gave capacities of about 0.030 and 0.003 

μAhcm-2 (normalized by device footprint area), respectively, at the 1 Vs-1 scan rate. Figure 

6.6b shows the third cycle CV curves of 5 min plasma-treated sample at different scan 

rates. The corresponding capacities calculated for 5, 10, and 20 Vs-1 were about 0.015, 

0.010 and 0.008 μAhcm-2, respectively, based on device footprint area. The enhanced 

capacitive performance can be attributed to the enlarged surface area as well as 

Figure 6.5. FTIR pattern of C-MEMS-based carbon microelectrodes with different 

oxygen plasma treatment times. 
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pseudocapacitance contribution from surface functional groups in the oxygen plasma-

treated carbon material [18, 28].   

   

 
 

 
 

 

 

 

 

The GCD curves in the two-electrode test of the 5 min plasma-treated sample at 0.12 

mAcm-2 for 10 cycles are presented in Figure 6.7. The discharge capacity based on device 

footprint area calculated from the GCD curves of the sample was about 1.97 μAhcm-2 after 

the first cycle. A slightly lower discharge capacity of ~ 1.52 μAhcm-2 was obtained after 

the tenth cycle. 

Figure 6.6: (a) CV curves of symmetric ECs with 3D carbon 

microelectrodes before and after oxygen plasma treatment. (b) CV curves 

of EC with 3D carbon microelectrodes plasma-treated for 5 min at different 

scan rates. 
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Figure 6.7: GCD curves of 5 min oxygen plasma treated sample at 0.12 mAcm-2. 

 

 

The tenth cycle GCD curves of the devices at 0.36 mAcm-2 current density for different 

plasma treatment durations are presented in Figure 6.8a. Among the devices, the 5 min 

plasma-treated sample gives the highest discharge capacity. The discharge capacities 

calculated from the GCD curves in Figure 6.8a  for 0, 1, 5, and 10 min plasma treatment 

durations were about  0.001, 0.041, 0.297 and 0.138, μAhcm-2, respectively, based on 

device footprint area. The rate performance results presented in Figure 6.8b also shows that 

the 5 min plasma-treated device gave the highest discharge capacities at different current 

densities. The discharge capacities after the tenth cycle for the 5 min plasma-treated sample 

at current densities of 0.24, 0.48 and 0.60 mAcm-2 were about 0.63, 0.18 and 0.13 μAhcm-

2, respectively, based on device footprint area. A discharge capacity of 1.32 μAhcm-2 was 

obtained when the current density was returned to the original of level of 0.12 mAcm-2 

(after the tenth cycle) indicating that the initial capacity was fairly recovered after high 

current density test. Figure 6.8c shows that the 5 min plasma-treated device gave the 

highest capacity after 200 cycles at a constant current density of 0.24 mAcm-2. Discharge 
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capacities of about 0.002, 0.060, 0.870 and 0.190 μAhcm-2 were obtained for 0, 1, 5, and 

10 min plasma-treated samples, respectively, at 0.24 mAcm-2 after 200 cycles.  

 

 

 
 

 

 

 

 

6.4.2  Three-Electrode Cells 

Figure 6.9a shows the third cycle CV curves of a carbon microelectrode after 5 min plasma 

treatment at different scan rates in a three-electrode setup. The shape of the CV curves is 

typical of capacitive behavior with the absence of obvious redox peaks within the test 

voltage range.  The tenth cycle GCD curves of the sample at different current densities 

shown in Figure 6.9b. The deviation from ideal capacitive behavior may be due to redox 

contributions from oxygen surface functionalities in the material. The discharge capacity 

of the carbon microelectrode normalized by the geometric surface area is given in Figure 

6.9c. The carbon microelectrode delivered about 1.70, 1.06, 0.88, 0.77, 0.68 μAhcm-2 

discharge capacities at current densities of 0.12, 0.24, 0.36, 0.48 and 0.60 mAcm-2, 

respectively. A discharge capacity of 1.71 μAhcm-2 was measured when the current density 

was returned to the initial level indicating the ability of the material to recover after high 

Figure 6.8 (a) GCD curves of symmetric ECs with 3D carbon microelectrodes 

at different oxygen plasma treatment durations. (b) Rate capability of the ECs 

at different current densities. (c) Cycling performance of the ECs.  
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current density test. The discharge capacity of the material was also stable at 0.97 μAhcm-

2 after 200 cycles at a constant current density of 0.24 mAcm-2 (Figure 6.9d). The three-

electrode configuration gave lower discharge capacity values than the two-electrode setup. 

For example, the discharge capacity value of 0.77 μAhcm-2 at 0.48 mAcm-2 for the carbon 

electrode material in a two-electrode configuration corresponds to about 16 times lower 

than the value obtained from the two-electrode test (12.47 μAhcm-2 at 0.12 mAcm-2). The 

reason for this wide capacity difference is unclear at present and needs to be further 

examined. However, capacitance values of an electrode material depends of test cell 

configuration [29].  

 

   

 

 

 

 

Figure 6.9. (a) CV curves of the 3D carbon microelectrode anode at 

different scan rates. (b) GCD curves of the anode at 0.12, 0.24, and 

0.36 mAcm-2. (c) Rate and (d) cycle performance of the 5 min plasma-

treated carbon anode. 
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The charge applied across an electrode material to be analyzed (the working electrode) in 

a three-electrode configuration is different from a two-electrode setup. Under this 

condition, the capacitance value obtained from the two test configurations may not be 

comparable. The CV and GCD tests were also carried out on the LFP integrated on carbon 

microelectrode structure in a three-electrode setup. Figure 6.10a shows the typical CV 

curves of a sample comprising LFP electrode material with 5 sec deposition duration at a 

scan rate of 5 mVs-1. The presence of redox activities in the material is indicated by the 

anodic and cathodic peaks at - 0.01 and 0.44 V, respectively. The peaks can be ascribed to 

the intercalation/deintercalation of lithium-ion in the LFP (𝐹𝑒𝑃𝑂4 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔

𝑥𝐿𝑖𝐹𝑒𝑃𝑂4 + (1 − 𝑥)𝐿𝑖𝐹𝑒𝑃𝑂4) [30]. The tenth cycle GCD curves of the material at 

different current densities shown in Figure 6.10b exhibit plateau regions for both charge 

and discharge profile at different test current densities which also indicate the occurrence 

of reversible lithium-ion intercalation/deintercalation in the material [31]. The rate 

performance presented in Figure 6.10c shows that the LFP electrode delivered a maximum 

discharge capacity of 17.12 μAhcm-2 at 0.12 mAcm-2. Discharge capacities of 9.51, 6.98, 

5.28 and 4.12 μAhcm-2 were measured after 10 cycles at current densities of 0.24, 0.36, 

0.48, and 0.60 mAcm-2, respectively. A discharge capacity of 16.70 μAhcm-2 was obtained 

after the current density was returned to 0.12 mAcm-2 indicating good reversibility of the 

LFP electrode. Result of the long term cyclability of the LFP half-cell is presented in Figure 

6.10d shows a stable discharge capacity of about 8.57 μAhcm-2 at a current density of 0.24 

mAcm-2 after 100 cycles. 
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6.4.3 Carbon//LFP LIHC Devices 

The microscale LIHCs were fabricated with 5 min plasma-treated carbon microelectrodes 

as anode and LFP as the cathode. To achieve optimal electrochemical performance, the 

LFP electrode thickness was adjusted by controlling the EPD process duration. Figure 6.11 

shows the GCD curves of the first 10 cycles of the on-chip LIHC with 10 sec LFP 

deposition duration tested within a voltage range of 0 to 1.4 V at a current density of 0.12 

mAcm-2. The discharge capacities obtained after the first and tenth cycles were about 8.36 

and 7.29 μAhcm-2, respectively, based on the device footprint area.  

  

Figure 6.10. (a) CV curves of the LFP cathode at a scan rate of 5 mVs-

1. (b) GCD curves of the cathode at different current densities. (c) Rate 

and (d) cycle performance of the LFP cathode. 

 



90 

 

 
 

 Figure 6.11: GCD curves of LIHC with 10 sec LFP deposition duration at 0.12 mAcm-2. 

        

 Figure 6.12a shows the CV of a LIHC device with 10 sec LFP deposition duration at 

scan rates from 20, 50 and 200 mVs-1. The nearly rectangular shape with the absence of 

obvious peaks on the CV curves indicate that capacitive behavior dominates in the device 

within a voltage range of 0 to 1.4 V. Figure 6.12b shows the tenth cycle GCD curves of the 

on-chip LIHC with 5, 10 and 20 sec LFP deposition durations at a current density of 0.36 

mAcm-2. The GCD curves signifies that the sample with 10 sec LFP deposition duration 

gave the highest discharge capacity. The discharge capacities calculated from the GCD 

curves were respectively about 0.46, 3.33 and 0.76 μAhcm-2 for the on-chip LIHC with 5, 

10 and 20 sec LFP deposition durations. The rate performance of the on-chip LIHCs with 

different LFP deposition durations is presented in Figure 6.12c indicating that the on-chip 

LIHC with 10 sec LFP deposition duration showed the highest discharge capacities in all 

current densities. For example, at the highest current density of 0.60 mAcm-2 the devices 
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gave discharge capacities of about 1.61, 0.35 and 0.16 μAhcm-2 for devices with 5, 10 and 

20 sec LFP deposition durations, respectively.  

 

 

 

 

 

Figure 6.12. (a) CV curves at different scan rates of LIHC with 10 sec LFP 

deposition duration. (b) GCD profiles, (c) rate performance and (d) Ragone plot of 

LIHCs with different LFP deposition duration. (e) Cycle performance of LIHC with 

10 sec LFP deposition at a current density of 0.24 mAcm-2 for 2000 cycles. 
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 Moreover, the on-chip LIHC with 10 sec LFP deposition durations gave a discharge 

capacity of about 7.64 after the current density was returned to the initial level of 0.24 

mAcm-2. However, some sharp capacity decrease can be observed at about the sixth and 

tenth cycles upon further cycling at this current density. This may be attributed to slight 

detachment of LFP electrode material particles from the carbon microelectrode after being 

subjected to high current density. The detachment may result in the exposure of fresh 

electrode material particles leading to some capacity recovery as we can see in the curve. 

A discharge capacity of about 5.72 μAhcm-2 was obtained for the device after the tenth 

cycle at the 0.24 mAcm-2 current density. The energy-power density relationship of 

different on-chip hybrid devices is shown in Figure 6.12d. The on-chip LIHC with 10 sec 

LFP deposition duration delivered the highest areal energy density with a maximum value 

of ~ 5.03 μWhcm-2 and a maximum areal power density of ~ 0.42 mWcm-2. The maximum 

areal energy densities of the devices with 5 and 20 sec LFP deposition durations were ~ 

1.70 and 1.53 μWhcm-2, respectively. The maximum areal energy density realized was 

about 5 times higher than the symmetric carbon//carbon EC which gave a maximum areal 

energy density of ~ 1.05 μWhcm-2. The corresponding maximum volumetric energy and 

power densities of the on-chip LIHC with 10 sec LFP deposition duration was ~ 7.91 

μWhcm-3 and 0.25 Wcm-3, respectively. The cyclability of the on-chip LIHC with 10 sec 

LFP deposition duration at a constant current density of 0.24 mAcm-2 is presented in Figure 

6.12e. The capacity increased for the first 1-550 cycles and decreased sharply at about 550th 

cycle. The capacity further increased after the 560th cycle until the 1450th cycle where it 

sharply decreased again. Thereafter, an almost steady capacity (~ 3.67 μAhcm-2) was 

maintained up to the 2000th cycle.  The capacity increase observed at initial cycles may be 
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due to electro-activation process in the electrode materials of the on-chip LIHC [32-34]. 

Prolonged cycling may facilitate the improved accessibility of electrolyte to the active 

materials leading to capacity increase. Similar to the rate capability test result in Figure 8c, 

the sharp capacity decrease in the cyclability curve may also be attributed to the gradual 

detachment of LFP electrode material particles from the carbon microelectrode with 

prolonged cycling. Optimizing the EPD parameters for the LFP electrode material may 

improve the cycling stability of the LIHC.  The on-chip LIHCs exhibit iR drop in the GCD 

curves presented in Figure 8d. The iR drop correlates to the internal resistance of the cells 

including ohmic resistance (Rs), ionic resistance (Ri), solid electrolyte interface resistance 

(RSEI) and charge transfer resistance (Rct) [35]. The Nyquist plots of the on-chip LIHC with 

different LFP deposition durations is presented in Figure S5 to give insight into the 

electrochemical performance results observed. The plots consist of one depressed 

semicircle at the high frequency region and a sloping line at the low frequency region. The 

intercept of the plots correlates to the  Rs, while the depressed semicircle may be related to 

the Rct [35]. The sloping line in the low frequency region represents the impedance of 

electrolyte ion diffusion known as the Warburg diffusion (Ws) [36, 37]. The cell with 20 

sec LFP deposition duration showed the largest suppressed semicircle in the Nyquist plot 

which may be attributed to high Ri in the cell. The Ri may be influenced by the resulting 

electrode porosity with prolonged LFP deposition durations. The LFP electrode structure 

after prolonged EPD process may exhibit the smallest pore structure distribution due to a 

dense packing of electrode material particles leading high ion transport resistance [38]. 
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             Figure 6.13: Nyquist plots of the LIHC with different LFP deposition durations. 

   

 The performance comparison of the on-chip LIHC demonstrated in this work with 

other microscale ECs described in literature is presented in Table 6.1. We can see from 

Table 6.1 that the maximum volumetric energy density of our on-chip LIHC exceeds 

microscale some symmetric and asymmetric reported in literature.    

 

Table 6.1: Performance comparison with other aqueous microscale ECs 

`Anode Cathode Electrolyte Potential 

window 

(V)  

Maximum 

volumetric 

power 

density 

(Wcm-3)  

Maximum 

volumetric 

energy 

density 

(mWhcm-3)  

Ref.  

K2Co3(P2O7)2

.2H2O 

K2Co3(P2O7)2

.2H2O 

PVA/KOH 0-1.07 54.5 0.96 [39]  

MOS2@rGO-

CNT 

MOS2@rGO-

CNT 

PVA/H2SO4 0-1  - 5.6 [40]  

Graphene Graphene PVA/H2SO4 0-0.8 0.3 1.41 [41]  

CNT CNT PVA/H3PO4 0-0.8 0.4 0.18 [42]  

rGO MnOx 1 M Na2SO4 0-1.1  3.44 1.02 [43]  

VOx/rGO VN/rGO LiCl/PVA 0- 1.6  - 1.74 [44]  

Carbon LiFePO4 1 M Li2SO4 0-1.4  0.25 7.91 This 

work 
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A high operating potential is one of the main requirements for high energy density in 

electrochemical energy storage systems. In this study, a maximum operating potential of 

1.4 V was attained in contrast to the typical 1 V in aqueous electrolyte systems due to 

irreversible water hydrolysis at ~ 1.2 V. It has been previously described  that the Li2SO4 

electrolyte salt employed in this study exhibit strong Li+ and SO4
2- solvation which may 

suppress water hydrolysis and expand the operation potential [45]. This is an initial study 

on the application of C-MEMS technique for the development of on-chip LIHC. Future 

efforts will include capacity and rate performance matching of the capacitor-type carbon 

microelectrode with the battery-type cathode to ensure optimal performance of the on-chip 

LIHC system. It is also expected that improving the capacitive behavior of the carbon 

microelectrode, the incorporation of other battery-type electrode materials capable of 

providing faster kinetics or employing high voltage electrolytes would ensure higher 

energy-power density tradeoffs in the on-chip LIHC system. The C-MEMS approach 

demonstrated in this study exhibits promising potential for the facile development of high-

performance on-chip LIHCs with 3D microelectrodes. 

 

6.4    Conclusion 

 The construction and evaluation of an aqueous on-chip LIHC with C-MEMS-based 

interdigital 3D carbon microelectrodes was described in this study. Oxygen plasma-treated 

3D carbon microelectrodes served as the capacitor-type electrode in the LIHC, while LFP 

integrated on the carbon microelectrodes was used as the battery-type cathode. The 
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carbon//LFP LIHC delivered an areal energy density up to ~ 5.03 μWhcm-2, about 5 times 

higher than symmetric 3D carbon microelectrode EC evaluated. The approach described in 

this study may provide a promising alternative for the development of on-chip LIHCs as 

energy storage units for miniaturized electronic devices. 
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CHAPTER 7 

Summary and Future Work 

7.1 Summary 

This dissertation presents the design, fabrication, and evaluation of both scale-up 

and on-chip LIHCs. The traditional LIHC system predominantly based on the combination 

of bulk storage and surface charge storage mechanisms present challenges related to 

kinetics and capacity mismatch between the battery-type anode and capacitor-type cathode. 

Moreover, the most widely employed battery-type material based on bulk storage 

mechanism exhibit limited cyclability, which restricts long term operation of LIHCs. 

Furthermore, considering the potential of LIHC to provide high energy capacitive energy 

storage, it is desirable to extend the concept to on-chip ECs.  

The scale-up system involves the application of nanostructured carbon capable of 

providing high capacity and good ion transport kinetics. In the LIHC system, rGO-CNT 

prepared by ESD was employed as both anode and cathode. The rGO-based material was 

partially reduced and contained residual oxygen functionalities after the ESD process. As 

the anode materials, the high specific surface area of rGO-CNT can enable rapid and high 

lithium storage capacity through electrochemical adsorption/desorption of lithium-ions. 

Considering the material as a cathode, the residual oxygen functionalities of the rGO-CNT 

can act as redox active sites to reversibly trap lithium-ions at high voltage to give rapid and 

high lithium storage capacity. The LIHC assembled with rGO-CNT are therefore fully 

enabled to provide high capacity and rapid reversible surface charge/discharge 

characteristics. 
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 Anode prelithiation plays a vital role in realizing high electrochemical 

performance in the scale-up LIHC. Electrochemical and direct lithium contact 

prelithiation methods were implemented on the anode side of the LIHC to achieve higher 

cell voltage and improved energy density. The LIHCs delivered energy densities multiple 

times higher than symmetric EC employing the same rGO-CNT material. The LIHCs also 

gave electrochemical performance characteristics intermediate between LIBs and ECs. 

This rGO-based material configuration may set a different path for realizing high energy 

density and high power density trade-off of LIHC system.  

A novel on-chip LIHC was demonstrated with 3D interdigital carbon 

microelectrodes derived by a scalable fabrication process based on C-MEMS technique. 

The carbon microelectrodes were subjected to oxygen plasma treatment to give enhanced 

discharge capacity. The oxygen plasma-treated carbon microelectrode was used as a 

capacitor-type cathode while battery-type LFP was integrated on the 3D carbon structures 

by EPD to realize the on-chip LIHC system. The LFP thickness was adjusted to achieve 

optimum electrochemical performance. The on-chip LIHC device evaluated in an aqueous 

electrolyte shows superior areal electrochemical performance compared with the best 

symmetric 3D interdigital carbon microelectrodes with a footprint area normalized energy 

density up to ~ 5.03 μWhcm-2.  

The proposed approaches demonstrated in this dissertation suggest new prospects 

for the development of high-performance scale-up and on-chip LIHC devices. Partially 

reduced graphene oxide-based films derived by ESD with features such as high capacity 

and good ion transport kinetics could play an important role in the practical implementation 

of high-performance all-rGO-based LIHC. This study also opens a new possibility in the 
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development of high-performance on-chip ECs with the demonstration of an on-chip LIHC 

using high aspect ratio 3D carbon platform based on C-MEMS technology. 

 

7.2   Future Work 

As demonstrated in this dissertation, partially reduced GO-CNT can provide high 

capacity and good kinetics for application as both anode and cathode in LIHC.  However, 

there is still a huge capacity and kinetics difference between the anode and cathode in the 

LIHC. The dominant mechanism in the material as a function of film thickness needs to be 

determined. A film thickness range of ~ 2.5 to 5.2 μm was employed in this study but the 

influence of the rGO-CNT film thickness on the ion transport kinetics and discharge 

capacity needs to be well established to realize a balanced LIHC system. A combination of 

theoretical modeling and experimental balancing method and will be useful in realizing the 

full potential of the LIHC system.  

There is the need to develop strategies to optimize the anode prelithiation process 

in the rGO-based LIHC. The direct contact rGO-CNT anode prelithiation method described 

in chapter 4 appear promising. However, it remains challenging to control the degree of 

prelithiation for implementation in commercial large-scale device assembly. Identifying 

the factors influencing the lithium doping kinetics when applying the prelithiation method 

may provide information on how to control the degree of prelithiation in the rGO-based 

material for the fabrication of high-performance LIHC. The role of material thickness (both 

active material and lithium foil), as well as their surface morphologies on the lithium 

doping kinetics of the rGO-based material, should be examined.  
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One of the main accomplishments of this work is the development of on-chip LIHC 

with 3D carbon microelectrodes derived by C-MEMS technique. The 3D carbon 

microelectrodes can be further modified to give enhanced discharge capacity as capacitor-

type electrode to match up with the high capacity LFP electrode. Moreover, the carbon 

microelectrodes sometimes delaminate from the surface of the wafer. Further efforts should 

focus on how to improve the adhesion of carbon microelectrodes to the silicon wafer. One 

of the major advances in this on-chip LIHC will be the replacement of liquid electrolyte 

with a high voltage solid electrolyte. Effort in this direction has started with half-cell 

studies on the application of a gel polymer electrolytes (GPE) consisting of ionic liquids 

(ILs) and a lithium salt incorporated. IL-based GPE are highly attractive for future energy 

storage devices[1-3]. ILs are generally non-flammable and exhibit remarkably wide 

electrochemical stability window [4]. IL-based GPE can give advantageous attributes such 

as freedom from leakage ease of packaging and improved energy density due to wider 

voltage range. A well-packaged high-performance on-chip LIHC with 3D carbon 

microelectrodes and IL-based GPE may provide a standalone compact and integrable 

microscale high energy density capacitive energy storage for miniature electronic devices. 
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