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ABSTRACT 

 

Engineering of Pseudocapacitive Materials and Device Architecture for 

On-Chip Energy Storage 

Qiu Jiang 

 

The emergence of micropower-type applications such as self-powered sensors 

and miniaturized electronic systems has increased interest in on-chip electrochemical 

energy storage such as microsupercapacitors. Microsupercapacitors (MSCs) are high rate 

and high power yet miniaturized versions of macroscopic supercapacitors. MSCs with 

planar configuration have higher power density at potentially comparable energy density 

to thin-film batteries, while possessing essentially infinite cycle life. They could also offer 

compatible integration with smart electronic devices on an integrated chip (IC). In this 

dissertation, state-of-the-art microsupercapacitors based on Ti3C2Tx MXene and other 

pseudocapacitive electrode materials are proposed. The proposed strategies involve 

engineering both intrinsic properties of materials, fabrication methods and device 

architecture.  
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Chapter 1 Introduction 

1.1 Macroscopic supercapacitors 

 Electrochemical capacitors, also called ultracapacitors or supercapacitors, are 

energy storage devices that bridge the gap between batteries and capacitors. 

Supercapacitor can usually store 10 to 100 times more energy than electrolytic capacitors 

(Figure 1.1), given a limited mass or volume. When compared with batteries, they typically 

deliver higher power densities and can sustain much longer lives. The timeline for the 

development of the supercapacitors is accompanied with new discoveries of charge 

storage mechanisms.  

 

Figure 1.1 The Ragone plot comparing energy and power densities of different kinds of energy storage devices.[1] 

 The first discovery of a capacitor is known as “Leyden jar”, which was invented 

separately by Ewald Georg von Kleist in 1745 and Pieter van Musschenbroek in 1746. A 
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Leyden jar consist of two metal foils cemented to the inner and outer surface of the glass 

jar, it stores charge via the electrostatic phenomenon. Then in 1853, Helmholz proposed 

first model for electrical double layer, he realized that the charge is stored based on the 

formation of the opposite polarity between electrode and electrolyte. Later, during the 

19th and early 20th centuries, Gouy-Chapman, stern, Graheme and 

BDM(Bockris/Devanathan/Müller) further modified the Helmholtz model and proposed 

the modern concept of double-layer capacitance. (Figure 1.2) 

 

Figure 1.2 Development history of charge storage mechanism of electrochemical double layer capacitors.[2] 

 

1.2 Pseudocapacitors 

 Electrochemical double layer supercapacitors store charge through electrostatic 

adsorption of electrolyte ions onto high surface area carbonaceous materials without 

charge transfer, so their capacity is limited by the surface area accessible to the 

electrolyte ions. Recently, a new type of energy storage mechanism has been discovered, 

which is called pseudocapacitive energy storage, they offers high capacity at high charge 
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and discharge rates, which is from surface redox reaction or intercalation induced redox 

reactions, for a pseudocapacitor, CVs sometimes looks like EDLCs, like rectangle type, 

sometimes they can have prominent redox peaks, which means ions get inserted at 

constant potential, and the rest potentials are just like EDLCs. (Figure 1.3) The charge 

storage mechanism is fast and reversible faradaic reactions, the fast kinetics endows the 

linear relationship of charge and potential change. The response time of battery is few 

minutes to hours, EDLCs ‘s response time is 1s. Pseudocapacitors can have a response 

time around 3.6 s, which means they can charge it faster while maintaining high energy 

density, so they can improve the energy density while improving the power density.[[3]]  

 

Figure 1.3 Electrochemical behavior difference between (a) Electrochemical double layer capacitor, and (b,c) 

pseudocapacitive materials.[4] 
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 Three main mechanism were proposed to explain the pseudocapacitive behavior 

(Figure 1.4):  

 1. Underpotential deposition, it usually happens when hydrogen and metal ions 

are absorbed and reduced onto the noble metals. However, due to the small potential 

range (usually 0.3 V to 0.6 V)[5] and limited surface area that can be used for 

absorption/electrodeposition.  

 2. Redox pseudocapacitance, it arise from the fast electron transfer between 

working electrode and electrolyte. Reaction mechanism of RuO2, MnO2, and conducting 

polymers are usually categorized into this kind of redox reaction, the theoretical 

capacitance that can be achieved through this kind of reaction can reach ~5000 F/cm3,[5] 

which is 6 time more than carbon based materials when considering a compact electrode. 

Due to the fast reaction kinetics, simon et.al claimed that the quasi-rectangle CV shapes 

of such pseudocapacitive materials comes from the continuous redox reactions.[1] 

However, recently, Costentin et.al claimed that broadened peak-shaped responses 

should be observed if a material is “truly” pseudocapacitive.[6]  

 Besides, unlike these well recognized pseudocapacitive materials, there are 

controversial discussions about the charge storage mechanism of transitional 

oxides/hydroxides such as Co3O4, two main standards have been proposed:  

 I. Simon et.al claimed that the charge storage mechanism is from extrinsic 

pseudocapacitance, because it has been demonstrated that the reaction is mainly surface 

redox reaction, since current is linear to scan rate (i=av, where a is a constant)[3].  
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 II. However, Brousse et.al think it is inappropriate to describe the electrochemical 

behavior of them as pseudocapacitive, the reason is quite simple, the term “capacitance” 

should only be used to describe materials which has linear dependence of charge and 

potential window (Q=CV, where Q is charge, C is capacitance and V is potential window). 

Materials like Co3O4 or Ni(OH)2 show large capacitance difference in different potential 

ranges, thus, the charge that can be stored is not linear to the potential window, then 

there is no meaning to use the term “capacitance”, instead, “capacity” should be used 

when discussing electrochemical properties of these materials.[7] 

 

Figure 1.4 Charge storage mechanisms for pseudocapacitors.[8] 

 3. Intercalation paseudocapacitance, it is commonly observed in the case of 

layered materials (Nb2O5) where ion intercalation happens during the charge/discharge 

process. The nature of these materials exhibit faradaic battery behaviors, however, the 

charge storage properties of these materials are high dependent on the grain size of the 

particle morphologies. The term “extrinsic pseudocapacitance” is then used to describe 
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their capacitive signatures that are different from the diffusion-controlled process in 

batteries, such as fast kinetics, high rate capability and long cycle lifes.  

 

1.3 Motivations for microsupercapacitors 

 As we know, supercapacitors exhibit high power densities, fast charge-discharge 

rates and very long cycle lives, which allow them to complement batteries as energy 

storage devices for high power and maintenance-free applications. As an alternative 

solution for energy storage, supercapacitors were invented and commercialized after 

more than 100 years of development of capacitors (Figure 1.5).  

 

Figure 1.5 Development history from conventional capacitors to microsupercapacitor. [9] 
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 However, the rapid development of small scale portable or implantable 

electronics (Figure 1.6) has increased the demand for smaller micropower sources that 

has reliable power output and long cycles lifes.  

 

Figure 1.6 Potential applications of microsupercapacitors. 

 Although different companies (Maxwell, NEC-Tokin, Danionics, ELNA Panasonic 

etc.) have tried to reduce supercapacitor size, conventional supercapacitors are still too 

large for wearable sensors and devices.  In addition, synthesis methods of conventional 

supercapacitors are not compatible with microelectronic fabrication techniques. What is 

needed is miniaturized supercapacitors fabricated using techniques that more compatible 

with microelectronic fabrication methods, which can be integrated with small-scale 

devices or placed directly on a chip. This reality has fostered the rapid development of 
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on-chip energy storage devices such as microsupercapacitors (MSCs). MSCs have become 

attractive owing to their high power densities and longer cycle life compared to thin film 

batteries, which suffer from poor rate capability and limited cycle lifetimes. 

Microsupercapacitors come in two main flavors. One type of microsupercapacitors is thin 

film based, where both the anode and cathode materials are thin films sandwiched 

between the solid or gel electrolyte layer. In another variety, also known as co-planar 

microsupercapacitors, were the anode and cathode lie in the same plane. (Figure 1.7) 

 
Figure 1.7 Schematic showing sandwich architecture and in-plane interdigital electrodes. 

 

 Typically, the latter type has used interdigital electrode patterns, this of designs 

allow control for separation between anode and cathode at a much smaller scales than 

conventional supercapacitors which offers many advantages, including (1) shorter ion 

diffusion distances compared to conventional structures, (2) no separator is needed 

which means enhanced ion diffusion, (3) compatibility with IC fabrication methods. 

Additionally, due to their planar configuration, MSCs can exhibit higher charge–discharge 

rates compared to their conventional counterparts. The high rate capability and response 

Substrate electrolyteCurrent collector Electrode material

Thin film architecture In-plane interdigital electrode architecture
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speed makes MSCs excellent candidates for on-chip energy storage especially when 

integrated with power source which has intermittent non-constant voltage. 

1.4 Literature review on Microsupercapacitors  

 So far, high surface area porous carbon based MSCs such as carbide derived 

carbon [10], onion like carbon[11], activated carbon[12], photoresist derived carbon[13–16] and 

carbon nanotubes (CNTs) [17],[18],[19] were already fabricated by employing conventional 

photolithography and various deposition methods including sputtering, electrophoretic, 

ink-jet printing and spray coating techniques. However, they have exhibited a limited 

areal capacitance ranging from 0.1 – 10 mF/cm2.[18],[20],[21] In order to enhance the areal 

capacitance, pseudocapacitive materials including conducting polymers[22–25], transition 

metal oxides (RuO2, MnO2), [26,27] hydroxides (Ni(OH)2) [28] ternary 

chalcogenide(NiCo2S4)[29] etc. have also been employed in fabricating MSCs and they have 

shown improved performance. A summary of the existing/promising pseudocapacitive 

materials that can be as electrodes for microsupercapacitors is shown in Figure 1.8. For 

all these material classes, several advances still need to be made in the engineering of 

microsupercapacitors:  

1. Designing and fabrication of good electrode architecture 

2. Exploring novel active materials, especially highly conductive 2D pseudocapacitive 

materials for electrodes. 



22 

 

 

3. Designing hybrid microsupercapacitor systems to achieve high energy and power 

density.  

4. Integrating these devices with other microelectronic devices on a chip 

 
Figure 1.8 A summary of pseudocapacitive materials for microsupercapacitors. 

 One of the most important factor that hinders the performance of 

pseudocapacitive materials are their low electronic conductivity and poor cycling stability, 

limiting the power density and lifetime of conventional pseudocapacitive materials. 

Making Hybrid materials that combines less conductive materials with conducting species 

is one of the possible solution. (Figure 1.9) Another solution is to make the stacked 

structures to increase areal capacitance while maintaining good conductivity[30],[31], the 

requirement of multilayer alignment makes it hard for mass production and integration. 
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Ideally, pseudocapacitive materials with high metallic conductivity is more favored for the 

next generation of MSCs. (Figure 1.9)  

 
Figure 1.9 Materials design that will lead to the optimal performance of conventional/microsupercapacitor. 

 

1.5 MXene based microsupercapacitors 

 Recently, a large family of two-dimensional transition metal carbides and nitrides, 

collectively referred to as MXenes, have shown great promise as high rate electrodes for 

pseudocapacitive energy storage due to their highly reversible surface redox reactions 

and metallic electrical conductivity.[32],[33] Usually, MXenes have been synthesized from 

ternary layered ceramic materials known as MAX phases, which can be represented by 

the general formula Mn+1AXn, where M is a transition metal (e.g., Ti, Nb, Mo, V, Cr, Ta), A  

is an element from group 13 or 14 in the periodic table (e.g., Al, Si, Ga, In ), and X is carbon 

(C) and/or nitrogen (N), with n = 1, 2, or 3.[33] Generally, synthesis of MXenes involves 

selective etching of the A group element from the MAX phase. The resulting MXenes can 

be represented by the general formula Mn+1XnTx, where Tx denotes the surface 
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termination groups such as -F , -O, and –OH, which are responsible for the hydrophilicity 

of MXenes.[34,35] Ti3C2Tx MXene in particular has gained significant attentions for 

supercapacitor applications because of the high metallic conductivity (up to 8000 

S/cm),[[36]] packing density (4 g/cm3), and redox chemistry at the metal oxide/hydroxide 

surfaces with tunable functionality. Ti3C2Tx electrode has been demonstrated to have 

high-rate performance, high specific volumetric capacitances in the range of 1000-1500 

F/cm3,[[32]] and excellent cycling stability in acidic electrolyte. It is anticipated that MXene 

is one of the best candidate for microsupercapacitors. Besides, it has been reported that 

the interdigital design with side-by-side edges bestows the electrode with a high edge-to-

area ratio and short diffusion path, resulting in an increased electrochemical performance 

of microsupercapacitors (Figure 1.10). This enhancement is particularly evident for 

layered 2D materials like graphene and MXenes.[37,38] 

 
Figure 1.10 Schematic depiction of the operating principle of conventional and micro supercapacitors.[9] 

 Thus, developing reliable fabrication strategies to fabricate MXene based 

microsupercapacitors with appropriate finger length, width and interspace is important 

for realizing its potential for serving as electrode in on-chip microsystems. 



25 

 

 

1.6 Performance metrics for microsupercapacitors 

Similar to traditional supercapacitors, energy and power densities are the most 

important parameters to evaluate the performance of devices. (Figure 1.11) Larger 

energy density means more energy can be stored in the device, and power density 

influence how fast these energy can be delivered in a given time. Energy density of a 

device is determined by two key parameters: capacitance (C) and voltage window (V), and 

their relationship is given by E =
1

2
𝐶𝑉2. Maximum Power density is highly dependent on 

the resistance (R) (including electrode material, electrolyte, separator and contact 

resistance with current collector) as given by: P =
𝑉2

𝑅
, and it highly relies on the maximum 

scan rate and frequency response time. 

 
Figure 1.11 Performance metric for microsupercapacitors. 
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Different from traditional supercapacitor that use gravimetric capacitance, energy 

and power densities to compare the performance of different devices, the mass loading 

of microsupercapacitors are usually quite small and is negligible when compared with the 

substrates. In contrast, energy and power densities in a given footprint area is more 

important when designing advanced microsupercapacitors. On the other side, although 

areal performance is the best practice to evaluate the device performance, sometimes 

we also want to know the performance of specific materials, in this regard, volumetric 

energy and power density should be taken into account.  

1.7 Electrochemical characterization techniques 

1.7.1 Cyclic Voltammetry 

 Cyclic Voltammetry (CV) is a kind of transient potentiodynamic technique to study 

the electrochemical reaction in the electrochemical cell. CV techniques is widely used in 

the field of supercapacitors to determine: 1. Voltage window of the electrode material in 

given electrolyte. 2. Reversible or nonreversible couples. 3. Diffusion coefficient of the 

electrode where Nernstian equilibrium is maintained. And it should be noted that CV 

technique is rarely used for quantitative determinations. 

 CV techniques can be applied to both three electrode (working electrode, 

reference electrode and counter electrode) and two electrode (reference electrode and 

counter electrode are shorted as one) systems. But three electrode system is believed to 

have more accurate analysis of intrinsic properties of the electrode material when 
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reference electrode changes its chemical potentials during the reaction. The basic 

principle of the CV technique is measuring the response current while applying a 

continuous ramp voltage. As show in Figure 1.12, in a forward scan, voltage is increased 

linearly to the peak voltage, material in the working electrode undergoes oxidation 

reaction in this region. The reversed scan occurs when reduction happens, while the 

potential scans negatively. 

 

Figure 1.12 (a) Potential change in cyclic voltammetry. (b) CV scan of of a single electron oxidation-reduction reaction 

 For a single electron redox reaction (𝑀+ + 𝑒− ↔ 𝑀 ), a complete CV curve is 

obtained by measuring the respond current after applying the above voltage (Figure 

1.12b). The oxidation reaction happens from initial potential to the maximum voltage, 

and reduction happened in the reversed scan. During a CV scan, typically several stages 

of the reactions can be observed. Taking the oxidative scan for example, in the first stage, 

ions are physical accumulated onto the surface of the electrode materials, causing the 

capacitive current as reflected in the CV curve. Later, faradaic current was generated by 
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the oxidation of the chemicals at the interface between electrode and electrolyte. During 

the faradaic reaction, M is continuously transported into the diffusion layer between the 

analyte and electrode, the typical thickness of this Nernst diffusion layer is ~ 10-2 cm, and 

then ions are transported to laminar flow region and turbulent flow region in the 

electrolyte. Thus, and the reaction speed is mainly limited by the Nernst diffusion layer 

which follows Fick’s law: 

∂C𝐴

∂𝑡
= 𝐷𝐴

𝜕2C𝐴

𝜕𝑥2
 

Where x and t are the distance and time that ions have to transport, CA is the reactant 

concentration and DA is the diffusion coefficient. After certain potential, the reacting 

species can not diffuse into the electrolyte, resulting in a maximum current where 

Nernstian equilibrium is established. And this current can be approximated as: 

𝑖𝑝 = (2.69 𝑥 105)𝑛3/2𝑆𝐷𝐴
1/2

𝑣1/2𝐶𝐴 

 Where n is the electrons transferred per ion, S (cm2) is the electrochemical active 

surface area of the active materials, 𝐷𝐴 is the diffusion coefficient, v is the scan rate, and 

CA is the molar concentration of ions in the electrolyte. 

 CV curves can tell more information such as equivalent series resistance and 

leakage resistance. Taking an ideal capacitor for example (Figure 1.13a), since capacitance 

is constant, shape of CV curves should be perfect rectangle shape. Deviation of the CV 

curve can be observed when a equivalent series resistance (ESR) is introduced in series 

with the ideal capacitor (Figure 1.13b), ESR can be introduced due to the electrode 
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resistance, electrolyte resistance, contact resistance of electrode and current collector 

and resistance from separator when sandwich structure is used. After introducing ESR, 

current needs some time stabilize, thus, a slow increasement of the current at the 

beginning can be observed. Leakage resistance is another type of resistance that can be 

commonly observed, it usually causes the self-discharge phenomenon for a device. 

Relected in CV curve, a slope can be obvious when a CV scan is performed (Figure 1.13c). 

Ideally, we want to the leakage resistance to be as large as possible. 

 

Figure 1.13 CV curves of capacitors in different RC circuits 

 For CV curves in real supercapacitors (Figure 1.14), the specific capacitance of the 

electrode materials can also be easily calculated if the material exhibits electrochemical 

double layer or pseudocapacitive behavior. As per the definition of the capacitance: 

C(V) =
𝑖 ∗ 𝑡

𝑉
=

𝑖(𝑉)

𝑣
 

 Where C is the capacitance and it is a function of variable V (V is the potential), i 

is the current measured, and v is the scan rate. In most case, C is not always a constant, 
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but varies following averaged steady state, thus, the averaged C can be calculated by 

taking account of the whole range of the potential: 

𝐶𝐴𝑣𝑎𝑟𝑎𝑔𝑒 =
∫ 𝐶𝑉𝑑𝑉

∫ 𝑑𝑉
=

∫
𝑖 (𝑉)

𝑑𝑣
𝑑𝑉

∫ 𝑑𝑉
=

∫ 𝑖 (𝑉)𝑑𝑉

𝑉𝑣
 

 

Figure 1.14 Typical CV curves for a supercapacitor 

 

1.7.2 Galvanostatic Charge-Discharge 

 Galvanostatic charge-discharge is a kind of chronopotentiometry where a 

constant current pulse is applied to the working electrode versus reference electrode, the 

resulting potential is then measured and recorded.  For an ideal capacitor, a linear current 

response can be observed (Figure 1.15a), and the capacitance can be calculated by 

deriving the slope of the charge/discharge curve: 

𝐶 =
𝐼Δt

ΔV
 



31 

 

 

 

Figure 1.15 Typical Charge-Discharge curve of ideal (A) and non-ideal (B, C) galvanostatic charge-discharge curves. 

 When electrode has internal resistance, an abrupt drop of the potential will be 

observed due to the IR drop (Figure 1.15b), which can be modeled as a series resistance 

connect to the capacitor. A plateaus can be observed when electrolyte degradation 

happens. (Figure 1.15c). 

 

Figure 1.16 Typical galvanostatic charge-discharge curve of a pseudocapacitor 

 When material exhibits the pseudocapacitive behavior (Figure 1.16), slope of the 

charge/discharge is no longer perfectly linear, thus, the averaged capacitance can only be 

estimated by taking account of the statistics charge over the whole range: 
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C =
∫ 𝑖𝑉 𝑑𝑡

∫ 𝑉 𝑑𝑉
=

∫ 𝑖𝑉 𝑑𝑡

0.5𝑉2
=

2𝑖 ∫ 𝑉 𝑑𝑡

𝑉2
 

1.7.3 Electrochemical Impedance Spectroscopy 

 Electrochemical Impedance Spectroscopy (EIS) measures the properties of the 

system in a quasi-equilibrium state, it measures the response of voltage or current by 

applying a small ac sine signal. Because it can sweep the frequencies, separate physical 

propoties of the systems such as mass transport, charge transfer and chemical reactions 

can be obtained at different reaction steps. 

 For a typical EIS measurement, a time-dependent sine potential fluctuation with 

small amplitude (Typically 5 mV) is superimposed to a bias voltage (usually 0 V vs 

Reference electrode),  the resulting excitation is expressed as: 

𝐸(𝑡) = 𝐸0𝑐𝑜𝑠 (𝜔𝑡) 

Where 𝐸0 is amplitude of the applied voltage, 𝜔 is the angular frequency. Similarly, the 

resulting current can be expressed as: 

𝐼(𝑡) = 𝐼0𝑐𝑜𝑠 (𝜔𝑡 − 𝜑) 

Where 𝜑 is the shifted phase of the signal. Impedence is defined based on Ohm’s law: 

𝑍(𝑡) =
𝐸𝑡

𝐼𝑡
 

Based on Euler’s equation, above equations can be rewrite as: 

𝐸(𝑡) = 𝐸0𝑒𝑥𝑝 (𝑗𝜔𝑡) 

𝐼(𝑡) = 𝐼0𝑒𝑥𝑝 [𝑗(𝜔𝑡 − 𝜑)] 

𝑍(𝑡) = 𝑍0exp (𝑗𝜑) 
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Figure 1.17 (a) Typical equivalent randles circuit of a supercapacitor. (b)Corresponding Nyquist plot. 

 A supercapacitor in the electrochemical cell can be usually modeled as Figure 

1.17a, where charge transfer resistance is connected in parallel with the capacitor, and 

this RC circuit is connected in series with the solution resistance. The total Impedence can 

be then expressed as: 

Z = 𝑅𝑠 +
1

𝑅𝑐𝑡
−1 + 𝑗𝜔𝐶𝑑𝑙

 

And it can be simplified as: 

Z = [𝑍𝑅𝑒 − (𝑅𝑠 +
𝑅𝑐𝑡

2
)]2 + 𝑅𝑖𝑚

2 = (
𝑅𝑐𝑡

2
)2 

Where 𝑍𝑅𝑒 = 𝑅𝑠 +
𝑅𝑐𝑡

1+𝜔2𝐶𝑑𝑙
2 𝑅𝑐𝑡

2  and 𝑍𝑖𝑚 =
𝜔𝐶𝑑𝑙𝑅𝑐𝑡

2

1+𝜔2𝐶𝑑𝑙
2 𝑅𝑐𝑡

2 . Thus, Nyquist plot shows a 

semicircle where intercepts in the x-axis is the solution resistance and diameter of the 

semicircle is the charge transfer resistance. This analysis is widely used to determine the 

performance of specific materials. Moreover, complex capacitance can be also calculated 

as: 

C =
1

𝜔(𝑗𝑍𝑅𝑒 − 𝑍𝑖𝑚)
=

𝑗𝑍𝑅𝑒 − 𝑍𝑖𝑚

𝜔(𝑍𝑅𝑒
2 + 𝑍𝑖𝑚

2 )
 

And corresponding real and imaginary part of capacitance are: 

(a) (b)
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𝐶′ =
−𝑍𝑖𝑚

𝜔(𝑍𝑅𝑒
2 + 𝑍𝑖𝑚

2 )
 

𝐶′′ =
𝑍𝑅𝑒

𝜔(𝑍𝑅𝑒
2 + 𝑍𝑖𝑚

2 )
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Chapter 2 Electrochemical properties of Ti3C2Tx MXene as electrode 

materials 

2.1 Introduction 

The successful isolation of graphene and realization of its remarkable electronic, 

mechanical, thermal, optical, and electrochemical properties spurred investigation of 

fundamental properties of other two-dimensional (2D) materials. Amidst a new family of 

2D materials, known as MXene, was discovered in 2011.1 Allied with layered graphitic 

structure, MXene are stacks of 2D early transition metal carbides, nitrides and 

carbonitrides of general formula Mn +1XnTx, where M stands for metal atom, X stands for 

C and/or N, n = 1, 2, or 3, and Tx represents various surface terminations (-OH, -O, and/or 

-F groups).2 MXenes are composed of conductive carbon core with outer transition metal 

oxide/hydroxide like surface produced by selective etching of the A layers from ternary 

Mn+1AXn phases, where A is mainly a group IIIA or IVA (i.e., group 13 or 14) element. The 

atoms are held by strong mixed covalent/metallic/ionic bonds within the layers, whereas 

stacked layers after “A” removal are weakly bonded with hydrogen bonds.3                                                                               

The past few years have witnessed an exponential increase in research on 2D 

MXenes, which has elucidated many of its promising properties such as good hydrophilic 

nature, mechanical strength, and superior ion interaction capacity.4, 5 The unique 

combination of excellent metallic conductivity with solution processability could 

potentially make MXene as an outstanding electrode material for many applications such 
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as electrochemical capacitors, mobile ion batteries, and electromagnetic interference 

shielding.6, 7 Though relatively new to many other fields, some members of the MXene 

family have also been studied for electronic, energy harvesting and storage device 

fabrication.8, 9 Amongst, Ti3C2Tx MXene has been well investigated and etching recipes 

were optimized to control the quality of MXenes layers. Recently, it has been shown that 

Ti3C2Tx MXene exhibits proton induced pseudocapacitance in acidic electrolytes, which 

can be attributed to reversible redox reactions of transition metal in non-aqueous 

medium.10,11,12 However, there is limited understanding of inherent electrochemistry of 

Ti3C2Tx MXene in aqueous solution, i.e. how Ti3C2Tx MXenes behave under 

oxidative/reductive potential irrespective of analyte in aqueous solution. Yes, many 

electrochemical applications such as a biosensor, a chemical sensor, and catalysis require 

catalytic properties and good stability of the electrode material in an aqueous solution of 

different pH.  

 Herein, we report a systematic investigation of the inherent electrochemistry and 

heterogeneous electron transfer (HET) characteristics of few and multi-layer Ti3C2Tx 

MXene. 

2.2 Experimental and Methods 

2.2.1 Preparation of Ti3C2Tx MXene 

Ti3C2Tx MXene was synthesized following LiF/HCl clay method reported 

elsewhere. The etching solution was prepared by adding 1.33 g of LiF to 20 ml 6 M HCl 
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followed by stirring for 5 min. 2 g of Ti3AlC2 powder was slowly added to the etchant at 

35 °C and stirred for 24 h. The acidic suspension was washed with deionized (DI) water 

until pH  6 via centrifugation at 3500 rpm (5 min per cycle) and decanting the 

supernatant after each cycle. The final product, with a small amount of water, was 

filtered on cellulose nitrate filter paper followed by drying under vacuum at 70 °C 

overnight and referred to as bulk-Ti3C2Tx MXene. 

Multi Layer-Ti3C2Tx 

To obtain a dispersion of ML-Ti3C2Tx flakes, about 300 mg of freshly synthesized 

bulk-Ti3C2Tx MXene powder was dispersed in 30 ml of DMF and stirred with a magnetic 

Teflon coated bar for 10 minutes at 500 rpm. The dispersion was sonicated for 30 minutes 

under ice bath conditions under Ar in order to prevent oxidation. After sonication, the 

suspension was centrifuged at 3500 rpm for 5 minutes and then decanted to separate the 

supernatant dispersion from sediment MXene particles. The supernatant suspension was 

named ML-MXene hereafter and was stored in Teflon sealed glass vial by purging N2 gas. 

The material concentration in the supernatant was calculated roughly by filtering a 

calculated amount of supernatant by vacuum filtration, drying the filtrate under vacuum 

and finally measuring the weight difference of the filter paper and dried ML-MXene on 

filter paper. 

Few Layer-Ti3C2Tx  

FL-Ti3C2Tx was prepared by MILD technique. In brief, the etching solution was 

prepared by adding 1 g LiF to 20 ml 9 M HCl followed by stirring for 5 min. 1 g of Ti3AlC2 
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powder was slowly added to the MILD etchant at 35 °C and stirred for 24 h. The acidic 

suspension was washed with deionized (DI) water until pH 6 via centrifugation at 3500 

rpm (5 min per cycle) and decanting the supernatant after each cycle. Around pH ≥6, the 

stable dark green supernatant of FL-Ti3C2Tx was observed and then collected after 30 min 

centrifugation at 3500 rpm. The concentration of the FL-Ti3C2Tx solution was measured 

by filtering specific amounts of colloidal solution followed by drying under vacuum at 70 

°C overnight and measuring the weight. 

2.2.2 Preparation of free-standing Ti3C2Tx MXene film electrode 

The FL-Ti3C2Tx free-standing film was prepared using vacuum filtration using 

polypropylene filter paper followed by drying under vacuum at 70 °C overnight. The free-

standing film electrode was prepared by cutting a piece of required dimension and 

making contacts using conducting copper tape and silver paste. The fabricated electrode 

was used to do an anodic scan and further characterized to confirm the viability of the 

electrode for various applications.   

 

2.3 Materials characterization 

 XRD patterns were collected by a Bruker diffractometer (D8 Advance) with Cu Kα 

radiation) with a scanning rate of 0.02/step and 0.5 s/step in the range 2 angles of 5°-

50°. The morphology and microstructure of the samples were characterized by high-

resolution field emission scanning electron microscopy (Nova Nano 630, FEI) and high-
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resolution transmission electron microscopy (Titan 80-300 kV). Cross-sectional SEM was 

employed to measure the thickness of freestanding MXene films. Raman spectroscopy 

measurements were carried out on the samples using a micro-Raman spectrometer 

(LabRAM Aramis, Horiba, Japan) equipped with a 473-nm wavelength cobalt blue laser 

and an Olympus×50 objective lens. XPS studies were carried out in a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Ka X-ray source (hν = 1486.6 eV) 

operating at 150 W, a multi-channel plate and delay line detector under a vacuum of ~10-

9 mbar. All spectra were recorded using an aperture slot of 110 μm x 110 μm. The survey 

and high-resolution spectra were collected at fixed analyzer pass energies of 160 and 20 

eV, respectively. The spectral de-convolution was done using CASA XPS software. 

Inherent electrochemistry studies on ML-Ti3C2Tx and FL-Ti3C2Tx 

     Fundamental electrochemical studies of MXene samples were performed in 0.1 M PBS 

of pH7 as the background electrolyte. All the electrochemical measurements were 

performed using a CHI 608D workstation (Austin, USA). Cyclic voltammetry was used as 

the main technique to characterize the MXene modified electrodes. Prior to each new 

electrochemical measurement, GCE was cleaned by polishing with a 0.05 μm alumina 

slurry on a polishing pad, thoroughly washed with deionized water and dried by purging 

N2 gas. The Ti3AlC2 MAX phase, bulk-Ti3C2Tx, ML-Ti3C2Tx and FL-Ti3C2Tx MXene dispersion 

(1 mg/ml concentration) were ultrasonicated for a period of 5 min to maintain the well-

dispersed suspension. Aliquots of 2 μL of the suspension inks were drop-casted on GCE 
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and were left to dry under the lamp with the N2 flow. The above step was repeated 2 

times in order to yield an electrode surface homogeneously modified with 4.0 μg film of 

the desired material. All cyclic voltammetry experiments were conducted at a scan rate 

of 100 mVs-1. Both anodic and cathodic scans were started from 0 V; the potential at 

which no redox process is predicted to occur. In a typical anodic CV, voltammetry scan 

began at 0 V and scanned toward 1.8 V followed by a reverse sweep to -1.8 V and for the 

cathodic study, first toward -1.8 V followed by a reverse sweep to 1.8 V before returning 

to 0 V. All of the measurements were conducted under ambient conditions. 

Heterogeneous electron transfer (HET) rate 

     The modified electrodes were tested for heterogeneous electron transfer (HET) studies 

using cyclic voltammetry at a scan rate from 50-500 mVs−1 for both inner-sphere and 

outer sphere redox probes: 5mM of K4[Fe(CN)6] and [Ru(NH3)6Cl3] in KCl (0.1 M) as 

supporting electrolyte. The k0 values were calculated from the Nicholson method and 

Klinger-Kochi methods. The roughness of the electrode was not factored into the 

calculation of k0. The diffusion coefficient D = 7.26 × 10−6 cm2s−1 and 8.43 × 10−6 cm2 s−1 

was used to compute the k0 value for [Fe(CN)6]4−/3− and [Ru(NH3)6]3+/2+ respectively. 
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2.4 Results and discussion 

2.4.1 Morphology and physical properties of MAX phase and etched Ti3C2Tx MXene 

Figure 18 displays the basic characterizations of the parent Ti3AlC2 MAX phase and 

etched Ti3C2Tx MXene. The FESEM micrograph of Ti3AlC2 MAX phase (Figure 18a) shows 

compact, layered morphology. The layer separation in Ti3C2Tx MXene is observed after 

chemical etching leading to removal of Al layers from parent Ti3AlC2 MAX phase (Figure 

18b). The layer separation we confirmed again from high resolution TEM image (Figure 

18c). The lattice resolved HRTEM image Ti3C2Tx shows the hexagonal lattice structure.  

 

Figure 18 FESEM image of (a) Ti3AlC2 MAX phase (b) bulk-Ti3C2Tx MXene (c) TEM image (inset: SAD pattern) (d) Lattice 
resolved HRTEM image of bulk-Ti3C2Tx showing the Ti atom hexagonal lattice 
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The XRD patterns of Ti3AlC2 before and after LiF/HCl treatment are shown in Figure 

a. It can be seen in the XRD patterns that the crystallinity and structural order of Ti3AlC2 

decrease after LiF/HCl treatment. As reported, the characteristic (002) peak at 9.5° 2θ in 

the Ti3AlC2 is broadened and obviously shifted to a much lower value, which results from 

the larger d-spacing and can be explained by the structural expansion from etching and 

substitution of Al with −F and −OH/=O terminating groups. The most intense peak at 2θ 

= 39° nearly disappeared, confirming the removal of Al layers from Ti3AlC2 which agrees 

with previous reports. Raman spectra of Ti3AlC2 before and after acid treatment are 

shown in Figure b. Peaks 1, 3 and 4 assigned to Al-Ti vibration modes disappears after 

etching treatment. The peaks 5 and 6 appears with peak broadening and downshifting 

after etching, which is consistent with the literature. This fact confirms the loss of Al from 

the structure. 
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Figure 2.2 (a) X-ray diffractogram of  bulk- Ti3C2Tx MXene compared with parent MAX phase (b) Raman spectra of 
bulk- Ti3C2Tx MXene compared with parent MAX phase. 

2.4.2 Materials Characterization of FL-MXene and ML-MXene 

It is clear that larger and thinner MXene flakes can be achieved using the MILD 

method (Figure a) compared to clay method (Figure b). The AFM images (Figure c), 

corresponding height profiles, and the statistical distribution of thickness (Figure e) shows 

significantly thinner flakes (1 nm to   ̴2 nm thick), which indicates 1 to 2 number of layers 

in FL-Ti3C2Tx (the thickness of an individual MXene flake is reported to be 0.98 nm based 

on HRTEM study and DFT calculations). The spikes in thickness shown in the line scans, 

compared to the reported single-layer MXene, larger thickness is likely due to the 

presence of surface adsorbents, such as water molecules trapped under the FL-Ti3C2Tx 

flake. In contrast, the ML-Ti3C2Tx in Figure d shows a height of ca. 10 nm to   ̴13 nm (Figure 

f), which validates its multi-layer nature. 

(a) (b)
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Figure 2.3 FESEM image of (a) FL-Ti3C2Tx and (b) ML- Ti3C2Tx; AFM images of (c) FL- Ti3C2Tx and (d) ML- Ti3C2Tx deposited 
on Si/SiO2, (e and f) statistical distribution of flake thickness of individual flakes measured along the dashed lines in c 
and d. 

       Figure  shows the XPS survey and deconvoluted Ti 2p peak for (a, b) FL-Ti3C2Tx and (c, 

d) ML-Ti3C2Tx respectively. The elemental quantification is shown in the insets of the 

corresponding figures. As observed, the content of F and Cl is higher in FL-Ti3C2Tx 

compared to ML-Ti3C2Tx, which is obvious since the higher molar concentration of LiF and 
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HCl were being used for FL-Ti3C2Tx preparation. But TiO2 concentration is little higher in 

ML-Ti3C2Tx (5.3%) compared to FL-Ti3C2Tx (4.2 %). This is quite obvious as bath sonication 

is involved in the preparation root. Even though we prepared ML-Ti3C2Tx under highly 

controlled Ar flow and using a non-aqueous liquid for dispersion, a little enhancement in 

oxidation is observed. Similarly, TiO2-xFx is slightly higher in ML-Ti3C2Tx (6.6%) compared 

to FL-Ti3C2Tx (6.4%). This shows that the surface functionalities like surface oxides (TiO2, 

TiO2-xFx) are slightly higher in ML-Ti3C2Tx, however, the functional groups like -F, -Cl 

concentration is slightly higher in FL-Ti3C2Tx. The percentage concentration of the 

deconvoluted Ti 2P peak is tabulated in Figure e. 
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Figure 2.4 XPS survey spectra and deconvoluted XPS short scan of Ti 2p for (a, b) FL-Ti3C2Tx and (c, d) ML-Ti3C2Tx, (e) 
table showing a comparison of surface functionalities of FL-Ti3C2Tx and ML-Ti3C2Tx MXene prepared by two different 
protocols. 

2.4.3 Electrochemical performance of FL-MXene and ML-MXene 

 we investigated inherent electrochemistry of both ML-Ti3C2Tx and FL-Ti3C2Tx under 

anodic and cathodic current-voltage (CV) scans in the potential window of -1.8 to +1.8 V 

(electrolyte: pH7 phosphate buffer solution, all the potentials stated in this paper are 

versus Ag/AgCl reference electrode). The electrode fabrication technique is discussed in 

experimental section. Figure  shows the measured CVs in both anodic and cathodic 
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directions. Three consecutive scans were recorded for each MXene electrode. The first 

anodic scan of FL-Ti3C2Tx resulted in a prominent oxidation peak at +0.7 V with a shoulder 

peak overlapped at nearly 0.37 V (Figure a). The cathodic CV scan indicates an oxidation 

peak at 0.43 V with mild reduction peak at -1.1 V (Figure b). For ML-Ti3C2Tx the oxidation 

peak in anodic scan occurs distinctly at 0.34 V with a mild reduction peak at -1.4 V (Figure 

c). While the first scan towards cathodic potential resulted in mild oxidation peaks at +0.3 

V and reduction peak at -1.1 V respectively (Figure d). It is understood that the origin of 

the redox peaks in any voltammogram is either from the electrochemical reaction of 

redox moieties present in the electrode material itself or the redox active probe in the 

electrolyte. As the electrolyte is free from any redox-active probe, it is clear that the 

measured redox current is due to the redox reaction of Ti3C2Tx itself. Also, it is observed 

that the reduction peak is less prominent during the anodic scan, which indicates the 

initial oxidation renders the redox active moieties on Ti3C2Tx flakes less prone to 

reduction. In parallel, the initial cathodic scan resulted in a less prominent oxidation peak 

compared to initial anodic scan.  
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Figure 2.5 Inherent electrochemical properties of Ti3C2Tx MXene. Cyclic voltammograms showing anodic and cathodic scans of 
(a and b) FL-Ti3C2Tx and (c and d) ML-Ti3C2Tx, (e) CVs of ML-Ti3C2Tx during anodic scan in PBS (0.1 M) at pH starting from 2-12. 
Conditions: back ground electrolyte, PBS (0.1 M, pH 7.0); scan rate, 100 mV/s; (f) summary of peak potential (Ep) and peak 
current (Ip) at different pH of the electrolyte medium. The mass loading was maintained same for all the modified electrodes 
to carry out a comparative analysis. 

 CVs were also recorded for bulk-Ti3C2Tx MXene (Figure a,b) and parent Ti3AlC2 MAX 

phases (Figure c,d) under similar experimental conditions. Very similar CV features, but 

with lower current were observed for bulk-Ti3C2Tx. However, interestingly, no prominent 
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oxidation/reduction is observed for both scan directions in the parent Ti3AlC2 MAX 

phase, indicating absence of redox active moieties.  

 
Figure 2.6 Cyclic voltammograms of (a) Ti3C2Tx MXene during anodic and (b) cathodic scan, (c) Ti3AlC2 MAX phase during anodic 
and (d) cathodic scan, Conditions: back ground electrolyte, PBS (0.1 M, pH 7.0); scan rate, 100 mV/s; all measurements are 
performed relative to the Ag/AgCl (1M KCl) reference electrode. 

A key feature observed in the above study is the complete disappearance of 

redox peaks in subsequent scans in both cathodic and anodic direction for all 

MXene electrodes, indicating the complete stabilization of the surface redox active 

moieties in first scan itself. We may proclaim that the redox processes are largely 

chemically irreversible as the respective redox moieties were not re-oxidized/re-

reduced in subsequent scans. Despite this, the inherent processes are highly 

dependent on the flake thickness of Ti3C2Tx, as evident from Figure . In the anodic 



52 

 

 

scan of FL-Ti3C2Tx (Figure a), the oxidation peak intensity is 1200 μA during the first 

scan, which falls to 220 and 35 μA for ML-Ti3C2Tx and bulk-Ti3C2Tx, respectively 

(Figure c and Figure a). The oxidation peak in cathodic scan also exhibits a drop in 

current intensity from 234 μA (for FL-Ti3C2Tx) in the initial scan to 67 and 35 μA for 

ML-Ti3C2Tx and bulk-Ti3C2Tx, respectively (Figure b, d, and Figure b). These changes 

in the current values are also replicated for other redox peaks in both cathodic and 

anodic sweeps. 

 The irreversible oxidation in the positive potential window in all MXene 

electrodes is deemed due to the anodization of surface Ti atoms, possibly at the 

defect sites and edges, which are more prone to oxidation. The reduction peak can 

be attributed to the removal of surface termination groups (mainly -OH, -O).17, 18 

The absence of oxidation peak at MAX phase modified electrode, its appearance in 

bulk-Ti3C2Tx and more prominent oxidation after slicing bulk-Ti3C2Tx into ML-Ti3C2Tx 

and FL-Ti3C2Tx can be due to the introduction of surface defects in the synthesis 

process.15 In addition, a large specific surface area in FL-Ti3C2Tx could be the reason 

for visibly larger redox current compared to ML- and bulk-Ti3C2Tx.  

 We also investigated the pH dependence of the redox peaks during the anodic 

scan of ML-Ti3C2Tx in various pHs ranging from 2 to 12. Since the subsequent scans 

result in no further oxidation, only the first scans of each electrode were compared. 

All CVs and the variation of the oxidation peak potential (Ep) and peak current (Ip) 

with pH are shown in Figure e, f. The anodic peak at pH 7 appears at +0.39 V vs 
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Ag/AgCl, which progressively shift toward lower values with a declined oxidation 

current as the pH decreases towards acidic. Surprisingly at pH 2, no oxidation is 

observed with highly liberated oxygen evolution reaction (OER) current. In 

contrast, for alkaline pHs, a shifted oxidation potential towards more positive value 

is observed with progressive enhancement in oxidation current. Hence Ti3C2Tx 

MXene is highly prone to oxidation in alkaline medium. 

2.4.4 Material characterization after anodic scan 

Since the anodic scan results in prominent oxidation and FL-Ti3C2Tx liberates 

more oxidation current, we characterized FL-Ti3C2Tx after conducting the anodic 

scan. The HRTEM and STEM micrographs for FL-Ti3C2Tx (Figure ) depicts 2D layer 

structure with the hexagonal atomic arrangement (see selected area electron 

diffraction (SAED) pattern in upper and HRTEM image in lower inset).16, 19 In 

contrast, the anodized FL-Ti3C2Tx (Figure b) depicts un-oxidized fragments (region 

p1) and partially oxidized surface (region p2). This is supported by the 

corresponding SAED pattern, which indicates the hexagonal phase of Ti3C2Tx and 

diffraction rings of amorphous regions. Again, the elemental maps for FL-Ti3C2Tx 

(Figure c) confirm the composition (Ti, C, and O), distributions and the overlapped 

map indicates homogeneous structural feature in FL-Ti3C2Tx. In contrast, the map 

for anodized FL-Ti3C2Tx (Figure d) displays oxygen-rich fragments, confirmed by a 

non-uniform structural feature on anodized FL-Ti3C2Tx. 
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Figure 2.7 HRTEM image of (a) FL-Ti3C2Tx flakes; Inset shows SAED pattern (upper) and lattice resolved HRTEM image (lower) 
of FL-Ti3C2Tx, (b) STEM image of FL-Ti3C2Tx resulting from anodic scan, insets shows SAED pattern at selected area p1 and p2, 
elemental mapping and mixed elemental mapping (c) before and (d) after anodic scan. 

The quantitative evaluation of the extent of oxidation after the anodic scan was 

done by X-ray photoelectron spectroscopy (XPS), shown in Figure . The deconvoluted Ti 

2p spectra reveal different valence/charged state of Ti.20 The peak with a formal valence 

of 4+ located at 458.5 eV corresponds to TiO2. The peak located at 459.3 eV corresponds 

to TiO2-xFx. The concentration of TiO2 appears to be 3.9% and 4.32% before and after 

subjecting to anodic scan, whereas the concentration of TiO2-xFx changes from 6.6% to 

15.5% (Figure b, d). This confirms the electrochemical anodic scan does not completely 

oxidize MXene, rather makes it more stable by the introduction of oxidation debris on 

Ti3C2Tx surface. 
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Figure 2.8 XPS survey spectra and deconvoluted XPS short scan for Ti 2p in Ti3C2Tx (a, b) after and (c, d) before conducting 
anodic scan. 

2.4.5 Inherent electrochemistry and charge transfer for FL- and ML-Ti3C2Tx flakes 

To understand the trends in heterogeneous charge transfer kinetics in Ti3C2Tx 

MXene, we conducted CVs using both inner- and outer-sphere electrochemical redox 

probes such as [Fe(CN)6]4−/3− and [Ru(NH3)6]3+/2+ respectively for both FL-Ti3C2Tx (Figure ) 

and ML-Ti3C2Tx. As reflected in Figure a, for FL-Ti3C2Tx, the initial scan in presence of 

[Fe(CN)6]4−/3− resulted in a clear observation of the ferro/ferricyanide redox peaks 

(zoomed in insets) along with a predominant oxidation peak due to the inherent oxidation 

of Ti3C2Tx MXene. But the successive scans resulted in only redox peaks corresponding to 
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[Fe(CN)6]4−/3−. After recording three consecutive scans, we recorded CVs at different scan 

rate (Figure b). In contrast, in presence of [Ru(NH3)6]3+/2+ redox probe, the initial scans 

don’t display any oxidation peak except the redox peaks of the probe (Figure c,d). This 

validates the inherent electrochemistry of MXene that it undergoes irreversible oxidation 

in the positive potential window only. After recording the CVs at different scan rates, we 

again changed the potential range from -0.6 to 1 V, which resulted in the redox peaks 

corresponding to [Ru(NH3)6]3+/2+ redox probe along with the irreversible oxidation peak 

corresponding to MXene surface oxidation (Figure e). Again, in sequence with our 

previous claims, the follow-up scans resulted in no oxidation of MXene and displays only 

redox peaks of the probe. After recording three consecutive scans, we recorded CVs at 

different scan rate as shown in Figure f. We employed both classical Nicholson method 

(limited to ΔEp below 220 mV) and method developed by Klingler and Kochi (when ΔEp 

exceeds 220 mV) to calculate the heterogeneous charge transfer coefficient (k0) 

(discussed briefly in ESI).21-23 The calculated k0 values and peak-to-peak separations (ΔE) 

are summarized in Figure g. As observed, the k0 value for [Fe(CN)6]4−/3− is increases by 

going from ML-Ti3C2Tx to FL-Ti3C2Tx, which agrees well with the literature on other 2D 

materials like graphene and TMDs.24-34 It is seen that the k0 value for [Ru(NH3)6]3+/2+ does 

not vary much in going from ML-Ti3C2Tx to FL-Ti3C2Tx MXene or before and after the anodic 

scan. This could be due to the inert nature of outer-sphere redox probe towards a number 

of layers and surface moieties (oxidation debris, functional groups).30,35 This behavior 

highly piqued our curiosity to compare the charge transfer behavior of the MXene before 
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and after the anodic scan. An in-depth analysis is desired to identify the role of oxidation 

debris in charge transfer. 

 
Figure 2.9 Cyclic voltammograms of FL-Ti3C2Tx MXene flakes recorded for 5 mM [Fe(CN)6]4- in 0.1 M KCl as supporting 
electrolyte; (a) initial three consecutive scans at 50 mV/s scan rate, (b) CVs at varying scan rates from 50-500 mV/s after 
recording 1st three scans. CVs recorded for 5 mM [Ru(NH3)6]3+/2+ in 0.1 M KCl as supporting electrolyte at (d) scan rates rom 50-
500 mV/s; (e) three consecutive scans recorded at 50 mV/s scan rate after recording (d); (f) again at varying scan rates from 
50-500 mV/s. Corresponding Klingler-Kochi and Nicholson analyses and calculated HET rate (k0) are shown in (c)and insets of 
(d and f), (g) Summary of peak-to-peak separations (ΔE) and HET rate (k0) of ML-Ti3C2Tx and FL-Ti3C2Tx after and before anodic 
scan for both inner and outer sphere redox couples, [Fe(CN)6]4-/3- and [Ru(NH3)6]3+/2+. 

After examining the inherent electrochemistry and charge transfer studies of FL-

Ti3C2Tx and ML-Ti3C2Tx flakes, we extended our investigation on FL-Ti3C2Tx MXene free-

standing film electrode. Such study can reveal interesting insights into the stability of the 

MXene free-standing film electrode against irreversible oxidation in the positive potential 

window and justify our findings in favor of using it for biosensing and many analytical 

applications. The free-standing electrodes were prepared from FL-Ti3C2Tx flakes and the 
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electrode preparation scheme is discussed in materials and methods section. We 

performed surface, morphological and structural characterization of FL-Ti3C2Tx MXene 

free-standing film electrode before and after conducting the anodic scan. A digital 

photograph (Figure a) shows an as-fabricated freestanding FL-Ti3C2Tx MXene film. Fig. 5b-

g shows the top-view and cross-sectional FESEM micrographs of free-standing film 

electrode before and after conducting the anodic scan. Insets of Figure b and Figure c 

show the digital image of the free-standing film electrode before and after conducting 

the anodic scan. As evinced, no structural incongruity is observed before and after 

recording anodic CV. Including this, the XRD analysis (Figure h) of free-standing film 

electrode suggests no obliteration in structure and confirms that the oxidation debris 

formed on MXene surface are of very thin amorphous oxidized fragments, which is 

supported by our previous HRTEM and STEM mapping analysis. Figure i represents the 

Raman spectra recorded on FL-Ti3C2Tx MXene free-standing film electrode before and 

after conducting anodic CV. The Raman peaks corresponding to different vibration modes 

of Ti-C, Ti-C-Tx are present in as prepared film electrode. Since the MXene is chemically 

etched and delaminated, usually it is terminated with OH, O and F functionalities, which 

weakens the out-of-plane vibration of surface Ti and strengthens the out-of-plane 

vibration of C atoms.36, 37 It is observed that the peak associated with doubly degenerated 

Eg modes at 156 cm-1 corresponding to in-plane vibrations of Ti2 and C atoms in the as-

prepared FL-Ti3C2Tx film shifts to lower wavenumber 125 cm-1 after anodic scan, which 

indicates termination by surface -OH functional groups. Similarly, a shift toward lower 
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wavenumber and simultaneous strengthening of the peaks assigned to out-of-plane 

vibrations of C atoms in Ti3C2O2 (631.4 and 725 cm-1) is observed, which indicates 

attachment of O functionalities after the anodic scan.38 Hence it is clearly understood that 

anodic scan develops amorphous oxidized fragments over Ti3C2Tx MXene surface without 

any substantial alteration of properties, indicating stability of MXene freestanding 

electrode for various applications.  

 
Figure 2.10  (a) Digital photographs showing a flexible FL-Ti3C2Tx MXene free-standing film. Top view FESEM image of FL-Ti3C2Tx 
MXene film electrode (b) before and (c) after anodic CV; insets: digital photograph of corresponding electrode design; Cross-
sectional FESEM image of MXene free-standing electrode (d) before and (f) after recording anodic CV; projections (e and g) 
show the corresponding high resolution FESEM images, (h) X-ray diffractogram and (i) Raman spectra of FL-Ti3C2Tx MXene film 
electrode before (black plot) and after (red plot) anodic CV. 
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Ti3C2Tx is the most representative member of MXene family, which has shown its 

novelty in many applications due to its unique physicochemical properties. However, the 

electrochemical behavior is highly dependent on many factors such as defects, surface 

terminations (-OH, -O, -F, etc) and degree of delamination, which are altered vastly by its 

processing protocols that determine the quality of the 2D flakes produced.39 This study is 

the first step toward understanding fundamental inherent electrochemistry of Ti3C2Tx 

MXenes with different flake thickness and open a wide window for its use as an electrode 

material for various electrochemical applications in an aqueous medium. Also, there are 

now close to 25 members of MXene family with different transition metals, such as Nb, 

Mo, V, and so forth, which should be similarly investigated and explored to understand 

their potential use in different applications in an aqueous medium.9  

2.5 Conclusion 

In summary, we have studied the inherent electrochemistry of Ti3C2Tx MXene and 

found it undergoes irreversible oxidation in the positive potential window in an aqueous 

medium, which is due to Ti anodization. It is highly dependent on flake thickness and pH 

of the electrolyte. Also, it is shown that the few-layer Ti3C2Tx exhibits faster electron 

transfer kinetics (k0 = 0.09533 cm/s) with Fe(CN)6
4−/3− redox mediator compared to multi-

layer Ti3C2Tx (k0 = 0.00503 cm/s). In spite of this, no ample alternation of properties was 

observed even in MXene free-standing film electrode in aqueous medium and positive 

potential window. 
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Chapter 3 MXene based microsupercapacitor device 

3.1 Introduction 

Carbon based materials such as activated carbon1, onion like carbon2, carbon 

nanotubes (CNTs)3 and carbide-derived carbon4 have been explored as electrodes for 

MSCs. These materials store charge via formation of the electrical double layer at the 

electrode/electrolyte interface, and they are known for their high power density yet low 

energy density, which is limited by the electrochemical active surface area of the 

electrodes. In contrast, pseudocapacitors employing metal oxides/sulfides5,6 or 

conducting polymers7–9, utilize fast surface redox reactions and therefore can potentially 

provide higher energy densities at similar power densities as compared with 

electrochemical double layer capacitor (EDLC). Recently, two dimensional layered 

transitional metal carbides, carbonitrides and nitrides (referred to as MXenes) have 

gained much attentions as a promising pseudocapacitive electrode materials for energy 

storage applications. One of the most promising MXene compounds for energy storage is 

Ti3C2Tx, which has shown a stable specific volumetric capacitance close to 1500 F/cm3 and 

380 F/g (3 um hydrogel electrode),10 exceeding that of all carbon-based materials. 

Besides, the metallic conductivity (~6700 S/cm)11 of Ti3C2Tx MXene facilitates the 

electronic transport for the redox reactions and thus minimize the self-discharge effect. 

The high electrical conductivity of Ti3C2Tx MXene also eliminates the need for noble metal 

current collectors, which involves costly deposition processes. Given its 2D layered 
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morphology, MXene is also convenient for flexible energy storage with good mechanical 

property and strain-tunability, which makes it more versatility to integrate with other 

components. 

So far, few papers has reported microsupercapacitors based on MXenes, and they 

are summarized in Figure . For example, Hu et.al used a vacuum filtration method to 

fabricate MXene microsupercapacitors via a prepatterned paper mask,12 and they 

showed a maximum scan rate of 0.5 V/s for the symmetric device. Narendra et.al has 

fabricated in-plane MXene based microsupercapacitors 1314 by using spray coating and 

laser cutting methods, but the finger spacing between their fingers are large due to the 

resolution of the laser, resulting in an increased ion diffusion path for the ions. To get 

MXene based microsupercapacitors with high resolution, Shen et.al tried oxidative 

etching method to fabricate the interdigital MXene fingers,15 they got impressive 

resolution, but their MXene films are oxidized in the etching step.  
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Figure 3.1 Various techniques for MXene based microsupercapacitors. Panel 1. Vacuum filtration through a paper mask. 
Panel 2. Spray coating following by laser cutting. Panel 3. Meyer coating and laser cutting. Panel 4. Oxidative etching. 

Thus, developing reliable fabrication strategies to fabricate MXene based 

microsupercapacitors with appropriate finger length, width and interspace is important 

for realizing its potential for serving as electrode in on-chip microsystems. 

3.2 MXene based symmetric microsupercapacitors 

3.2.1 Experimental Section 

Synthesis of delaminated Ti3C2Tx MXene  

All chemicals were used as received without further purification. Layered ternary carbide 

Ti3AlC2 (MAX phase) powder were commercially procured (Carbon-Ukraine ltd. particle 

size < 40 µm). Ti3C2Tx MXene was synthesized following minimal intensive layer 

delamination MILD method by selective etching of aluminum from Ti3AlC2 using in situ HF-

forming etchant as previously as reported in very detail elsewhere35. The etching solution 
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was prepared by adding 1 g lithium fluoride (LiF, Alfa Aesar, 98+ %) to 20 ml 9 M 

hydrochloric acid (HCl, Fisher, technical grade, 35-38%), followed by stirring for 5 min. 1 

g of Ti3AlC2 powder was slowly added to the MILD etchant at 35 °C and stirred for 24 h. 

The acidic suspension was washed with deionized (DI) water until pH  6 via 

centrifugation at 3500 rpm (5 min per cycle) and decanting the supernatant after each 

cycle. Around pH ≥6, stable dark green supernatant of Ti3C2Tx was observed and then 

collected after 30 min centrifugation at 3500 rpm. The concentration of Ti3C2Tx solution 

was measured by filtering specific amounts of colloidal solution through a polypropylene 

filter (3501 Coated PP, Celgard LLC, Charlotte, NC), followed by drying under vacuum at 

70 °C overnight. 

Preparation of MXene Microsupercapacitor 

Polyethylene Terephthalate (PET) sheets were cleaned with a soap solution to 

remove surface contamination followed by ultrasonication in isopropanol and DI water 

sequentially for 5 min each and then dried by blowing nitrogen (N2) gas. PET patterns 

were produced by utilizing direct laser machining using a CO2 Universal Laser cutter 

System (model: Professional laser system PLS6.75, wavelength of 10.6 µm). The laser 

power and speed were set to 5% and 30%, respectively. The z-distance between the laser 

and the sample was 2 cm. AutoCAD technical drawing software was used to design the 

interdigital finger electrodes at each length of 8 mm, width of 1 mm, and spacing of 1 mm. 

The laser beam size was 100 µm. All of the laser experiments were performed under 
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ambient conditions. MXene symmetric MSCs were fabricated by one-step spray-coating 

of a 4 µm Ti3C2Tx film directly onto the PET patterns as the active material. This spray-

coated MXene electrode pattern was directly used for fabrication of collector-free 

microsupercapacitor device by casting the gel electrolyte. 

Preparation of the gel electrolyte 

The polyvinyl alcohol (PVA)/H3PO4 gel electrolyte was prepared as follows: 1 g of 

PVA (Mw = 89000-98000, Sigma-Aldrich) was weighed and added into an RB flask 

containing 10 ml deionised water. The mixture was subsequently heated at 80 °C with 

constant stirring until a clear solution was obtained. The solution was then cooled to room 

temperature and then 0.8 g phosphoric acid (H3PO4) was added. It was then stirred for 

2h. After that, the gel was kept in vacuum oven at room temperature for 2 hours to 

remove the extra bubbles in the solution. Before using, the cross-linked gel was made by 

mixing the as-prepared gel with diluted glutaraldehyde (mass ratio of PVA and 

glutaraldehyde is 100:1), the whole mixture should be used immediately before it was 

fully cured.  

3.2.2 Fabrication steps of MXene microsupercapacitors 

Previous reports show that MXene-based MSCs fabricated by employing a Meyer 

coating and spray-coating methods followed by a direct laser cutting process were 

reported13,14. However, MXene tends to be easily oxidized at high temperatures, and laser 

engraving was shown to easily oxidize the edge of the interdigitated MXene fingers. To 
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solve this problem, we have proposed a simple one-step method to make the MSC by pre-

patterning the substrate.  The schematic in Figure  shows the details of this process. We 

first use a CO2 laser to smoothly cut the PET substrate into the desired pattern, then use 

direct spray-coating of MXene on the pattern to form the active material pattern; this is 

followed by painting of the cross-linked gel electrolyte over the entire device to complete 

the solid-state MSC fabrication. 

 
 

Figure 3.2 Schematic illustrating fabrication protocols of Ti3C2Tx microsupercapacitors. 

We first use a CO2 laser to smoothly cut the PET substrate into the desired pattern, 

then use direct spray-coating of MXene on the pattern to form the active material 

pattern; this is followed by painting of the cross-linked gel electrolyte over the entire 

device to complete the solid-state MSC fabrication. Raman spectroscopy and XRD were 

used to characterize the active MXene material. 

As shown in Figure , The Raman spectrum of Ti3C2Tx/CF exhibits strong peaks at 

200 and 722 cm-1, which can be assigned to the A1g modes of Ti3C2O2; the additional 

peaks at 286, and 630 cm-1 can be assigned to the following vibrational modes: Eg of 

Ti3C2(OH)2, and Eg of Ti3C2F2, respectively.16 These peaks reveal the presence of -OH, -O 

and –F functional groups on Ti3C2Tx MXene surface. As compared with PET substrate, 
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Ti3C2Tx on PET shows strong (002) XRD peak located at 2θ = 7.2° with FWHM = 0.55°, with 

corresponding to a d-spacing of 1.2 nm (see Figure b). The SEM image in Figure c shows 

that Ti3C2Tx electrodes have been uniformly coated on the substrate which is confirmed 

in the cross-section SEM image (Figure d). 

 
Figure 3.3 (a) Typical Raman spectra of Ti3C2Tx on PET. (b) XRD patterns of Ti3C2Tx. Field emission scanning electron 
microscopy (FESEM) images of plane view (c) and cross-section (d) of Ti3C2Tx. 

3.2.3 Electrochemical test for the device 

Electrochemical performance of Ti3C2Tx MXene-based MSC devices was studied by 

employing polyvinyl alcohol (PVA)/H3PO4 gel electrolyte in the two-electrode 

configuration.  The hydrogel electrolyte was produced by incorporating glutaraldehyde 
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(GA) as a crosslinking reagent to form a three- dimensional network connections with 

multiple junction zones. The chemically cross-linked polyvinyl alcohol PVA/H3PO4 

hydrogel not only serves as the solid-state electrolyte, but also guarantees the structural 

integrity and mechanical strength of the assembled device17. If the silicone rubber tears, 

solid nature of the electrolytes are not expected to harmfully affect the human body. The 

chemically cross-linked hydrogel shows excellent elasticity and high ionic conductivity due 

to a larger water content absorbed in the polymer matrix that helps in fine-tuning ionic 

conductivity. In addition, it slows down self-discharge of the microsupercapacitors. The 

CVs of our MSC devices are shown in Figure a, where symmetric and rectangular curves 

are observed in the potential window of 0.6V, indicating good capacitive performance. 

Since the device was fabricated on flexible substrates, it can be repeatedly bent at various 

angles and frequencies (Figure g) without compromising performance. As shown in Figure 

b, the CD profiles obtained at different current densities (0.3-1 mA/cm2) are quite linear 

in the potential window of 0-0.6 V.  Moreover, the IR-drop of the devices was found to be 

only 0.07 V at a current density of 1 mA/cm2. Since no current collectors were used in 

making these devices, these results show that the MXene electrodes have low intrinsic 

resistance (5000 S/cm by four point probe). The calculated areal capacitance based on 

the discharge curve is shown in Figure c. Our devices show an energy density of 2.8 

mWh/cm3 at a power density of 225 mW/cm3, and an energy density of 2.3 mWh/cm3 at 

a power density of 744 mW/cm3, which is superior to other state-of-the-art 

microsupercapacitors (Figure d)3,18–20. This solid-state MSC exhibits good cycling stability 
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with a capacitance retention up to 76% and coulombic efficiency of 95% over 10k cycles 

as shown in Figure e. The self-discharge behavior of the supercapacitor is an important 

parameter for practical applications, especially when charging at low current. We 

investigated the self-discharge behavior of our device via measuring the open circuit 

potential of the device after thoroughly charging it, and a slow self-discharge rate of 0.1 

V/h is observed for the device, which is shown in Figure f. For real applications, energy 

storage units are usually packaged in series to supply sufficient voltage. Thus, tandem 

devices connected in series were examined. The voltage window increases to 2.4 V at the 

expense of the decreased capacitance. As shown in Figure h, the CV curves exhibit 

rectangular shapes even when the voltage window is extended, which is consistent with 

the nearly ideal triangular CD curves shown in Figure i. 
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Figure 3.4 (a) CV curves at different scan rates (b) Galvanostatic charge-discharge profiles of the device at different current 
densities. (c) Areal capacitances at different current densities. (d) Ragone plot showing volumetric energy and power densities. 
(e) Cycling stability and Coulombic efficiency of Ti3C2Tx MSC over 10k cycles at a current density of 1 mA/cm2. (f) Self-discharge 
measurement. (g) CV curves for the bent MXene MSC employing gel electrolyte at a scan rate of 50 mV/s, inset shows the 
digital photographs for the bent configuration of MSC. (h) CV curves at scan rate of 100 mV/s and (i) CD curves at current of 
0.4 mA for the integrated tandem supercapacitors.  

3.2.4 Integrating MXene microsupercapacitors with Triboelectric Nanogenerator 

  With the rapid development of miniaturized microelectronics, there is an 

increasing demand for portable or implanted microsystems in various applications21, such 

as wearable sensors22, epidermal electronics23 and nanorobotics24.  As a result, 

developing power units that can power such devices has become significantly important. 

Recently, triboelectric nanogenerator (TENG), which relies on the coupling effect of 

contact electrification and electrostatic induction, was invented and has been regarded 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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as a promising technology for harvesting ambient mechanical energy25–29. However, the 

pulsed AC signal as well as low current output makes TENG not suitable for driving 

microelectronics directly22. Alternatively, an energy storage device can be used to store 

the energy generated by TENGs, so that a self-charging power unit can be formulated. 

Thin-film or micro-batteries can be used as small scale energy storage units, but they 

often suffer from low power density and limited cycle life. Besides, a battery should 

ideally be charged with constant voltage, which is not directly compatible with TENGs. 

Meanwhile, miniaturized or integrated electrochemical capacitors, also called 

microsupercapacitors (MSCs), can offer a higher power density and longer cycle life than 

microbatteries due to rapid electron-ion kinetics and sustainable electrode materials.  The 

high rate capability and response speed makes MSCs excellent candidates to be 

integrated with TENG energy storage units. To demonstrate the real application of our 

microsupercapacitor device, we propose a simple technique to fabricate a flexible self-

charging power unit, which integrates a single-electrode-mode TENG device with 2D 

MXene-based solid-state microsupercapacitor into a single monolithic device with 

silicone rubber as encapsulation material. Our device could simultaneously and 

effectively convert and store mechanical energy of human biomechanical motions into 

electrochemical energy.  

A single-electrode-mode TENG based on carbon-fiber-embedded silicone was 

designed for integration with the silicone-encapsulated MXene-based MSC. The use of 
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carbon fiber electrode is more cost-effective than previously reported devices based on 

silver nanowires30,31; in addition, carbon fiber retains the advantages of flexibility, ease of 

fabrication and durability. The adoption of the single-electrode mode eliminates the need 

of spacer in the contact-separation mode and greatly facilitates the integration of the 

TENG and MSC in a sealed thin-film manner. The detailed working principle of the TENG 

device is illustrated in Figure  a-d. Firstly, positive and negative charges are induced on 

the surfaces of human skin and silicone respectively when they are in contact. Once the 

positively charged skin leaves the TENG device, the potential of the carbon fiber 

embedded beneath the negatively charged silicone will decrease in reference to the 

ground potential, and thus a potential difference will be generated across the two inputs 

of the bridge rectifier and electrons will flow out from the carbon fiber to charge the 

supercapacitor. The process continues until the skin reaches the maximum separation 

distance. In contrast, as the skin re-approaches the TENG, the potential on the carbon 

fiber will increase and the electrons will flow back to the carbon fiber, which will also 

charge the supercapacitor through the bridge rectifier. The entire process reverts to the 

initial state once the skin touches the TENG again. 

The performance of the TENG was fully characterized under different load 

conditions and the results are plotted in Figure  e-h. Under the short-circuit condition, the 

maximum charge transferred per cycle reached about 4.2 nC/cm2, and the peak current 

was about 0.13 µA/cm2 at the working frequency of 1.3 Hz. Meanwhile, the open-circuit 

voltage was nearly 50 V for a device with an active area of 4 cm2. The output power of the 
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TENG connected with various external load resistance was measured and plotted, with 

the maximum output power of 7.8 µW/cm2 at a load resistance of 400 MΩ. 

 

Figure 3.5 (a)-(d) Working mechanism of the TENG. (e) QSC, (f) VOC, and (g) JSC of the triboelectric nanogenerator. (h) 
Relationship between instantaneous power density and resistance of the external load. 
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Figure a displays the schematic illustration of the detailed device structure. Three 

main components (current collector for TENG, rectifier and microsupercapacitor) were 

sealed compactly by silicone rubber, while silicone rubber itself serves as both the 

encapsulating material and stretchable dielectric. Our energy storage device is completely 

sealed inside the silicone, such that no leakage or evaporation of the electrolyte takes 

place, thus extending life time for the MSC. As shown in Figure b, the capacitor can be 

charged by the regulated current from TENG, which produces electricity when the human 

skin makes contact with the device. Also, since silicone is a very common material for 

prosthetic skin, it is biocompatible and provides a comfortable feeling when worn on hand 

(Inset in Figure a).  

 
Figure 3.6 (a) Schematic diagram of the whole device, inset photograph demonstrates that the integrated system worn on the 
forearm.  (b) Schematic illustration of mechanism for generating electricity to charge the microsupercapacitor.  
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Several demonstrations of the self-charging power band were conducted to show 

its possible application scenarios, with the generic equivalent electrical circuit drawn in 

Figure a. The power band consists of a TENG as an AC power source, a bridge rectifier as 

an AC-to-DC converter, and a supercapacitor as an energy storage device. The external 

load can be connected in parallel to the supercapacitor via a switch. Figure b illustrates 

the self-charging capability of the power band (Total capacitance of the series connected 

capacitor is 4 mF) under hand clapping (the clapping frequency is estimated to be 5 Hz) 

when no external load was connected. The overall charging curve can be divided into 5 

regions: a-b, clapping; b-c: resting; c-d: clapping; d-e: resting; e-f: clapping. It takes 

roughly 30 mins to charge the supercapacitor to 0.6 V when continuously clapping 

without large current leakage. Other body movement such as walking or hand shaking 

may also be used to charge the nanogenerator. In applications such as wearable sensors 

where only few readings per day are needed for a few seconds, this energy harvesting 

rate may be sufficient. However to demonstrate the feasibility of our flexible power band, 

we used it to power a watch using four fully-charged MSCs connected in series as shown 

in Figure c. The power unit can also power up a thermos-humidity meter (1.5 V) for a few 

minutes. As in Figure d, which makes it suitable for both indoor and outdoor activities. 
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Figure 3.7 (a) Circuit diagram of the energy supply mode. (b) Charging curve showing the voltage increase of the single 
capacitor powered by TENG. Digital photos showing MSC to drive (c) A electronic watch and (d) commercial temperature-
humidity meter. 

3.2.5 Conclusion 

As a result, our microsupercapacitor delivers a capacitance of 23 mF/cm2 with 95% 

capacitance retention after 10,000 charge-discharge cycles, while the triboelectric 

nanogenerator exhibits a maximum output power of 7.8 µW/cm2. Given the simplicity 

and integrated nature, our device can be integrated with a variety of electronic devices 

and sensors. To demonstrate this, we have developed a self-charging power unit by 

integrating, for the first time, MXene-based microsupercapacitors with a soft and flexible 

triboelectric nanogenrator, using skin as contact. The power system can be continuously 

charged by regular human motion (~5 Hz) without significant current leakage. We have 

also shown the functionality of the system by powering various electronic devices and 
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sensors. Our strategy shows that MXene microsupercapacitors are versatile and can be 

integrated with energy harvesting devices, which opens new possibilities in 

wearable/implantable sensor networks. 

3.3 All Pseudocapacitive MXene-RuO2 Asymmetric Supercapacitors 

3.3.1 Motivation 

Ti3C2Tx MXene in particular has gained significant attention for many applications 

including supercapacitors[32,33] and metal-ion batteries and capacitors.[34–36] The high 

metallic conductivity (up to 8000 S/cm),[37] packing density (4 g/cm3), and redox chemistry 

at the metal oxide/hydroxide surfaces with tunable functionality are the most striking 

features of Ti3C2Tx MXene. These properties led to high-rate performance, high specific 

volumetric capacitances in the range of 1000-1500 F/cm3,[10] and excellent cycling stability 

in acidic electrolyte.[32,33] However, symmetric supercapacitor devices based on Ti3C2Tx 

have shown limited operating voltage windows (~ 0.6 V) because Ti3C2Tx is prone to 

oxidation at higher anodic potentials (for example, anodic oxidation was observed in a 

symmetric 2-electrode configuration at ≥ 0.6 V ).[13,14] Recently, it has been shown that 

Ti3C2Tx MXene electrodes are electrochemically stable in acidic electrolyte at higher 

cathodic potentials when metal current collectors are replaced by hydrogen-

overpotential materials, such as glassy carbon or graphite foil.[10] This resulted in a wider 

negative potential window of operation of Ti3C2Tx MXene electrodes (up to -1.1 V vs. 

Hg/Hg2SO4),[10] unlike the previous studies with a limited potential window.[32,33]  
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In general, carbon-based materials have been employed as negative electrodes in 

combination with positive pseudocapacitive electrodes for designing various asymmetric 

supercapacitors (redox//EDLC type).[38] However, the capacitance of such asymmetric 

device is limited by the electrode with the lowest capacitive - carbon (1/CT = 1/C+ + 1/C- , 

where CT is total capacitance, C+ and C- are capacitances of positive and negative 

electrodes, respectively).[39] Since MXene is a pseudocapacitive material that operates in 

the negative potential window,[10] combining it with another positive pseudocapacitive 

material can widen the voltage window of operation. This could result in devices with a 

higher energy density compared to asymmetric devices using carbon as the negative 

electrode (energy density, E = 1/2CV2).[40]  

To demonstrate our concept, we chose ruthenium oxide (RuO2) as the positive 

electrode among various pseudocapacitive materials because of its high conductivity, 

large proton-induced pseudocapacitance, and high overpotential for oxygen evolution in 

acidic media.[41,42] Hydrous RuO2 was first demonstrated as a pseudocapacitive material 

in acidic electrolyte in 1971,[43] and it has been attracting attention ever since due to its 

high capacitance.[44] The redox pseudocapacitance of RuO2 is largely attributed to the 

transport of protons from the electrolyte into the nanocrystal boundaries.[45]
 Further, the 

optimal pseudocapacitance of RuO2.xH2O can be achieved when the electronic and 

protonic transport are balanced by changing the content of structural water within the 

materials lattice, which leads to a maximum theoretical capacitance of 1450 F/g over a 
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1V potential window.[46] We demonstrate the fabrication of a fabric-based asymmetric 

pseudocapacitor by combining positive RuO2 with negative Ti3C2Tx electrodes in acidic 

electrolyte. Carbon fabric is inexpensive and offers good electrical conductivity and a 3D 

texture which allows for a large loading of electrode materials in a given footprint area.  

Therefore, carbon fabric was chosen in our study as the substrate for direct deposition of 

both MXene and RuO2 without the need for any surface pre-treatment or use of binders 

or conductive additives. 

3.3.2 Synthesis protocols 

The schematic shown in Figure a illustrates the synthesis process of Ti3C2TX MXene. 

Ti3C2TX MXene was synthesized using the minimal intensive layer delamination (MILD) 

method in which manual shaking of the resulting Ti3C2TX powder suspension in water is 

enough to achieve delamination, leading to stable aqueous colloidal solution of MXene. 

It has been demonstrated that stable colloidal solutions of Ti3C2TX can be processed by 

various means, including spray and spin coating on a wide choice of substrates such as 

glass11, plastic and Si wafers.[13,47] However, these substrates are insulating and often 

require a pre-treatment to enhance the hydrophilicity of their surfaces, which is needed 

to improve the adhesion of Ti3C2TX. We chose porous textured conductive carbon fabric 

(CF) as substrate for loading the electrode materials. The 3D texture of CFs (Panel 1, Figure 

b) eliminates the need for using binders and facilitates the adhesion of electroactive 

materials, resulting in an increase in the mass loading of active material in a given 
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footprint area. Additionally, CF is chemically inert and has been demonstrated as a 

compatible substrate for depositing a wide choice of materials, in comparison to metal 

current collectors. These attributes of CF are ideal for the proposed asymmetric devices, 

and hence it was chosen as a conductive substrate to load Ti3C2TX by drop-casting (Panel 

2, Figure b). As shown in Panel 3 in Figure b, hydrous RuO2 was grown hydrothermally on 

the CF, where ruthenium chloride (RuCl3) was used as the precursor with different mass 

loadings (see Experimental section for details). The all-pseudocapacitive asymmetric 

capacitor was then assembled by stacking the RuO2/CF positive electrode and Ti3C2TX/CF 

negative electrode in acidic electrolyte (Panel 4, Figure b).  
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Figure 3.8 Fabrication of an all-pseudocapacitive asymmetric supercapacitor (a) Synthesis protocol of Ti3C2Tx MXene; surface 
functional groups are not shown for the sake of simplicity. (b) Schematic illustrating the fabrication process of asymmetric 
supercapacitor. Panel 1 represents 3D textured carbon fabric (CF). Panels 2 and 3 represent the coating of Ti3C2Tx MXene on 
CF by drop-casting and growth of amorphous RuO2 over CF by hydrothermal synthesis, respectively. Panel 4 represents the 
RuO2//Ti3C2Tx asymmetric pseudocapacitor. 

3.3.3 Material characterization 

The structural characteristics of RuO2/CF and Ti3C2Tx/CF were investigated by X-

ray diffraction. As shown in Figure a, RuO2/CF shows only a weak and broad peak at 55°, 

while the CF has strong and broad peaks at 2θ = 26.2° and 43.5°, which apparently 

interfere with the diffraction peaks of RuO2/CF. To overcome this issue, RuO2 powder was 

removed from the CF and separately used for XRD analysis (Figure b). RuO2 powder 
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showed broad diffraction peaks at 28.4°, 35.8° and 55.2° (PDF#73-1469) in agreement 

with previous literature reports.[45] The broad diffraction peaks indicate the 

nanocrystalline nature of the hydrous RuO2.[48] Ti3C2Tx/CF electrode shows strong (002) 

peak centered at 2θ of 6.9° (FWHM = 0.5°), which corresponds to a d-spacing of 1.3 nm 

(see Figure a), confirming the coating of MXene on carbon fiber.   

 
Figure 3.9 (a) Typical XRD patterns of Ti3C2Tx /CF, RuO2/CF and CF. Squares represents (002) and (100) diffraction peaks of 
graphitic carbon, diamond is for (112) peak of RuO2 and star is for (00Ɩ) peaks of Ti3C2Tx. (b) Typical XRD pattern of of RuO2 
powder, broad diffraction peaks indicate that the amorphous nature of RuO2 powder. 

Raman spectra of Ti3C2Tx /CF and RuO2/CF are shown in Figure . The typical 

signatures of Ti3C2Tx at  208, 280, 627 and 727 cm-1 are seen with the D and G peaks of CF 

as well.[49] For RuO2, three main peaks are observed at 514, 630 and 695 cm-1, which can 

be assigned to Eg, A1g, and B2g modes of RuO2, respectively.[50] 

 

(b)
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Figure 3.10 Raman spectra of Ti3C2Tx /CF, RuO2/CF and CF. 

As shown in Figure a and Figure c, both the RuO2 and Ti3C2Tx were uniformly 

deposited over the entire exposed surface of the carbon fabric. RuO2 particles were seen 

to be densely packed on the individual carbon fibers, as shown in the SEM micrograph of 

Figure b. Similarly, Ti3C2Tx MXene flakes were uniformly coated over the carbon fiber, 

which is again evident from the SEM micrograph shown in Figure d.  
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Figure 3.11 Low (a) and high (b) magnification field emission scanning electron microscopy (FESEM) images of RuO2/CF. (c) 
Low magnification SEM image showing uniform coating of Ti3C2Tx on carbon fibers. (d) Wrapped Ti3C2Tx flakes over an individual 
fiber of the carbon fabric. 

Digital photographs of the CF, Ti3C2Tx/CF and RuO2/CF are also shown in Figure , 

Supporting information where visual appearance of the different color gradients indicates 

uniform coatings of both Ti3C2Tx and RuO2 over the CF. 

 

Figure 3.12 Digital photographs showing CF, Ti3C2Tx/CF and RuO2/CF 
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3.3.4 Three electrode measurement of Ti3C2Tx 

The electrochemical performance of Ti3C2Tx/CF and RuO2/CF electrodes was 

evaluated in deaerated 1M sulfuric acid (H2SO4) in a 3-electrode configuration. Cyclic 

voltammograms (CVs) of Ti3C2TX (mass loading of 0.8 mg/cm2) are shown in Figure a.  A 

pair of broad redox peaks can be observed in the potential window of -0.7 to 0.2 V (vs. 

Ag/AgCl) at different scan rates. The redox reactions of Ti3C2Tx can be explained by 

reversible intercalation/deintercalation of protons, which is responsible for  changes in 

oxidation state of Ti.[51] A small shift in anodic and cathodic peak positions were observed 

with increasing scan rate (anodic: -0.4 V to -0.3 V, cathodic: -0.49 V to -0.52 V), indicating 

the reversible nature of redox reactions at the surface. However, the shift observed in the 

anodic peak position was slightly larger than the cathodic peak shift. This might be due to 

the ion desorption process (hydronium debonding from surface functional groups), which 

is the controlling kinetic step for the ion-exchange process. To understand the kinetic 

effect of the anodic scan, sweep analysis was performed using CVs at different scan rates. 

 The total charge stored can be separated into two main components: (i) pseudo-

capacitive component due to fast Faradaic charge-transfer process with surface atoms, 

and non-Faradaic contribution from the double layer adsorption of ions. (ii) Diffusion-

controlled Faradaic intercalation processes. The measured current i from CV curves obeys 

power law relationship with the sweep rate, ν:[52]  

i = abν 1 
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   Where ‘a’ and ‘b’ are adjustable parameters. For diffusion-controlled processes, 

the current response is proportional to the square root of the scan rate (b = 0.5); on the 

other hand, for a capacitive processes, the current response is proportional to the scan 

rate (b = 1). As shown in Figure b, b-values obtained at different potentials were in the 

range of 0.85-1, indicating that the current response is mainly capacitive in the potential 

window of -0.7 to 0.2 V (Vs. Ag/AgCl). This is in good agreement with previous reports on 

the pseudocapacitive nature of Ti3C2Tx electrodes.[9,33] To further distinguish and quantify 

the capacitive contribution to the overall current response, we assume current response 

at a fixed potential as being the combination of two separate mechanisms, surface 

capacitive effects and diffusion-controlled insertion processes:  

𝑖(𝑉) = 𝑘1𝜐 + 𝑘2𝜐
1
2 2 

Where 𝜐  is the scan rate (mV/s), 𝑘1𝜐 and 𝑘2𝜐1/2  represent the currents from surface 

capacitance contribution and the diffusion-controlled Faradaic processes, respectively.  

Equation (2) can also be rearranged to: 

𝑖(𝑉)

𝜐
1
2

= 𝑘1𝜐
1
2 + 𝑘2 3 

So 𝑘1 and 𝑘2 can be derived from the linear plot of 𝑖(𝑉)/𝜐1/2 versus 𝜐1/2 with different 

scan rates. Surface capacitive and diffusion controlled processes were separated using 

equation 3. As shown in Figure a, the shaded region corresponds to capacitive 

contribution which is estimated to be around 75% at a scan rate of 50 mV/s.  
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Figure 3.13 Electrochemical performance of Ti3C2Tx/CF in 1M H2SO4 in 3-electrode configuration. (a) CV curves at different 
scan rates, where shaded area represents the contribution of capacitive current at a scan rate of 50 mV/s. (b) Variation of b-
values as a function of potential for anodic scan. Inset shows power-law dependence of peak current density at scan rates 
from 10 to 100 mV/s. 

Galvanostatic charge-discharge curves of the Ti3C2Tx/CF electrodes were 

measured at current densities from 5 to 30 A/g, as shown in Figure c. The observed 

deviation from the triangular shaped charge-discharge curves typical for EDLC electrodes 

is due to predominant surface redox reactions of Ti3C2Tx, which is in agreement with the 

CV analysis. Additionally, the charge-discharge profiles were quite symmetric, with 

Coulombic efficiencies close to 100%, indicating the reversible nature of surface redox 

reactions of Ti3C2Tx electrodes. As shown in Figure d, the Ti3C2Tx/CF electrode at low mass 

loading of 0.8 mg/cm2 exhibits a gravimetric capacitance (per weight of active material) 

of 401 F/g (corresponding charge of 360 C/g) at a scan rate of 10 mV/s; which decreases 

to 350 F/g at a scan rate of 100 mV/s, that corresponds to a capacitance retention of 87%.  

The Ti3C2Tx/CF electrode shows very competitive gravimetric capacitance values (refer to 

Table 3.1, Supporting Information), probably due to good Ohmic coupling between the 
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deposited Ti3C2Tx and CF, as well as short transport/diffusion path lengths for protons and 

electrons.  

Table 3.1 Specific capacitances of Ti3C2Tx MXene reported by different groups. 

Variation in capacitance with respect to mass loading was also studied, and the 

corresponding data is shown in Figure . 

  
Figure 3.14 CV curves of Ti3C2Tx/CF with different mass loadings at 10 mV/s. Normalized by (a) electrode area (cm2) and (b) 
mass of the active material of electrode (mg). 

As expected, the specific areal capacitance (per geometric area of electrode) 

increased from 320 to 416 mF/cm2, when the mass loading was increased from 0.8 to 2.6 

mg/cm2.  However, gravimetric capacitance values decreased from 401 to 200 F/g with 
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increasing mass loading, a fact that can be attributed to under-utilization of the 

electrochemically active surface area.[53] It is shown that thinner electrodes often with 

lower mass loadings shows higher gravimetric capacitance.[4],[9] From the Nyquist plot 

shown in Figure 3e, equivalent series resistance (ESR) values were found to be 2.5-3 Ω for 

different mass loadings of Ti3C2Tx with a small semicircle in the high frequency region.  

This ESR value comes apparently from CF, as Ti3C2Tx has a very low resistance.[10] The long-

term cycling test was conducted in 1M H2SO4 at a high current density of 20 A/g over 

20000 cycles (Figure d), where a capacitance retention of 98% was observed. 

 

Figure 3.15 (a) Galvanostatic charge-discharge profiles of Ti3C2Tx/CF at different current densities. (b) Gravimetric and areal 
capacitances of Ti3C2Tx/CF at different scan rates. (c) Nyquist spectra of Ti3C2Tx/CF with different mass loadings. (d) Cycling 
stability and Coulombic efficiency of Ti3C2Tx MXene over 20k cycles at a current density of 20 A/g. 



93 

 

 

3.3.5 Electrochemical characterization of RuO2 

As shown in Figure a, CVs of RuO2/CF clearly show a pair of very broad redox peaks 

in the chosen potential window (0 to 0.9 V vs. Ag/AgCl), which is indicative of 

pseudocapacitive behavior of RuO2. Using equation 3, we have determined that the 

primary contribution to the capacitance of RuO2 electrodes (95%) comes from the 

capacitive-controlled redox processes rather than diffusion limited processes (Figure S6, 

Supporting information). The capacitive-type fast kinetics in both RuO2/CF and Ti3C2Tx/CF 

electrodes indicate the fast surface redox reactions, which are responsible for the high 

rate performance of our devices. 

The galvanostatic charge/discharge curves in Figure b show nearly symmetric 

triangular-shaped curves with clear redox signatures at around 0.3 V. The Ohmic drop is 

small even at a high current density of 20 A/g, implying good conductivity of the RuO2/CF 

electrodes. The RuO2 electrode delivers a specific capacitance of 388 F/g (at a scan rate 

of 10 mV/s) and retains up to 355 F/g at 100 mV/s, which corresponds to rate retention 

of 91% (Figure c). Long-term cycling test was conducted in 1M H2SO4 at a high current 

density of 20 A/g over 20000 cycles (Figure d), showing that 88% of the initial capacitance 

was retained while maintaining 100% Coulombic efficiency. The collective resistive 

contributions from current collectors, electrode materials and electrolyte resistance were 

found to be 6 Ω as obtained from the intercept in the high frequency region of Nyquist 

plot (see inset of Figure d). 
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Figure 3.16 Electrochemical performance of RuO2/CF in 1M H2SO4 in 3-electrode configuration: (a) CV curves at different scan 
rates. (b) Galvanostatic charge-discharge profiles of RuO2/CF electrode at different current densities. (c) Variation of 
gravimetric and areal capacitances with scan rates. (d) Cycling stability and Coulombic efficiency of RuO2/CF over 20k cycles at 
a current density of 20 A/g; inset shows Nyquist plot of a RuO2/CF electrode. 

To optimize the performance of the asymmetric device prior to assembly, the 

mass loading of the two electrodes was balanced using equation C+V+m+ = C-V-m- . The 

corresponding charge balance chart is shown in Table 3.2, Supporting Information.  

Table 3.2 Charge balance of Ti3C2Tx and RuO2 electrodes at various scan rates. 

 

Scan rate (mV/s)

Charge of RuO2/CF

C+(Coulomb/cm2)

Charge of MXene/CF

C-(Coulomb/cm2) Ratio(C+/C-)

10 0.26 0.29 0.9

30 0.25 0.28 0.9

50 0.25 0.27 0.9

100 0.24 0.25 1.0
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3.3.6 Device characterization 

Figure a displays the potential windows of the RuO2 (0-0.9 V) and Ti3C2Tx (-0.7 to 

0.2 V) electrodes at the same scan rate of 50 mV/s, showing that a similar amount of 

charge is being stored on each electrode. The asymmetric device (with total active 

material mass loading of 1.55 mg/cm2) was assembled by sealing the positive and 

negative electrodes in a plastic bag, with a porous polymer membrane (Celgard 3501) as 

the separator (see inset of Figure b).  The maximum operating voltage for the proposed 

asymmetric supercapacitor based on the three-electrode measurements can reach 1.6 V.  

However, there is always a trade-off between the maximum operating voltage and the 

cycle life of a supercapacitor.[54] To maximize the cycle life, we chose 1.5 V as the 

maximum operating voltage of the asymmetric device. Figure 5b shows CVs of the 

asymmetric device, where a pair of pronounced redox peaks is observed at 0.6 and 0.7 V; 

these peaks indicate that the dominant charge storage mechanism in the asymmetric 

device is Faradaic in nature. As shown in Figure b, the asymmetric device can be operated 

at a high scan rate of 1000 mV/s, which is due to the good electrical conductivity of RuO2 

and Ti3C2TX electrodes. Charge-discharge profiles in Figure c show a curvature at similar 

voltages as the CVs, which can be attributed to the pseudocapacitive nature of the 

electrode materials. As shown in Figure d, at a scan rate of 50 mV/s, the device delivers a 

capacitance of 93 F/g and maintains a capacitance of 78 F/g when the scan rate is 

increased to 1000 mV/s. This high rate performance can be attributed not only to capacity 

matching, but also to kinetic balance and fast redox kinetics of both electrodes. 
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Furthermore, the high-rate performance is confirmed by the small characteristic 

relaxation time constant 𝝉𝟎 (the minimum time needed to discharge all the energy with 

efficiency greater than 50%) of 740 ms (Figure e). The asymmetric device exhibits good 

cycling stability with a capacitance retention of 86% and a Coulombic efficiency of 100% 

over 20,000 cycles, as shown in Figure f.   

 
Figure 3.17 Electrochemical performance of RuO2//Ti3C2Tx full-cell device: (a) CVs of RuO2/CF,Ti3C2Tx /CF and the 
asymmetric device at a scan rate of 50 mV/s. (b) CVs of RuO2//Ti3C2Tx asymmetric sandwich device at different scan 
rates, inset shows the digital photograph of the asymmetric device. (c) Galvanostatic charge-discharge curves at 
different current densities; (d) Variation of cell capacitance and charge of the asymmetric device at different scan rates. 
(e) Normalized real (Cʹ) and imaginary (Cʹʹ) parts of capacitance versus frequency of the device. (f) Cycling stability and 
Coulombic efficiency of the asymmetric device over 20000 cycles in 1M H2SO4 electrolyte at a current density of 20 A/g, 
inset show the typical charge-discharge profiles for the first and last charge-discharge cycles. 

For comparison, we have also fabricated a Ti3C2Tx symmetric device with the same 

mass loading on both electrodes. As shown in Figure , the symmetric MXene device has a 

smaller voltage window of 0.9 V (compared to 1.5 V of asymmetric device), which is 

limited by the oxidation of the positive Ti3C2TX MXene electrode at high anodic potentials.  
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Figure 3.18 Electrochemical performance of Ti3C2Tx/CF//Ti3C2Tx/CF symmetric sandwich device. (a) CVs and (b) CDs of 
the symmetric sandwich device.  

The electrochemical performance of our asymmetric device can be compared with 

other recently published state-of-the-art asymmetric devices. Based only on the weight 

of active material, our devices show an energy density of 29 Wh/kg at a power density of 

3.8 kW/kg, and an energy density of 24 Wh/kg at a power density of 26 kW/kg (Figure ).  

 
Figure 3.19 (a) Ragone plot displaying gravimetric energy and power densities (based on the mass of active materials) 
of RuO2//Ti3C2Tx sandwich asymmetric device in comparison to the other state-of-the-art pseudocapacitive 
supercapacitors. (b) Ragone plot based on the mass of whole device (including current collector, separator,electrolyte 
and active materials).  

Moreover, it’s worth noting that the asymmetric device performance was 

measured with discharge times of 30 to 1.5 seconds (corresponding CV scan rates are 
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from 50 to 1000 mV/s). When compared with early conventional electrochemical 

capacitors (with energy densities below 10 Wh/kg) and state–of-the-art pseudocapacitive 

symmetric/asymmetric devices[55–57] (these reports consider only weight of active 

electrode materials for the calculation), our devices show superior energy and power 

densities. It should be noted that most of these reports used carbon based 

materials/composites as the negative electrode materials in designing asymmetric 

supercapacitors. These results clearly show that MXene electrodes can be employed to 

replace carbon-based materials in high energy asymmetric supercapacitors. Using the 

maximum current, our device can be charged in less than 1s, which is comparable to 

charging times of carbon based EDLCs. We have also calculated the device performance 

based on its entire mass (including current collector, separator, electrolyte and active 

materials) and find that the device delivers an energy density of 1.8 Wh/kg at a power 

density of 0.3 kW/kg, and an energy density of 1.1 Wh/kg at a power density of 2.7 kW/kg 

(Figure Figure b). Although we have shown the concept of expanding operation voltage 

window of MXene based supercapacitors, future studies should be focused on improving 

cell capacitance, energy density and ESR values of MXene based devices. 

Since liquid electrolytes may have leakage problems in microscale and wearable 

applications, in-plane asymmetric solid-state devices were fabricated with gel electrolyte. 

Since CF is thick (0.4 mm) with a rough surface texture, conventional microfabrication and 

patterning techniques cannot be used. Instead, we used laser engraving process to form 
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comb-type CF electrodes followed by manual alignment of these fingers to fabricate the 

in-plane device. Figure a shows CVs of the in-plane solid-state device measured at 

different scan rates in the operating voltage window of 1.5 V. The in-plane device delivers 

an areal capacitance of 60 mF/cm2 at a scan rate of 5 mV/s, and maintains a capacitance 

of 50 mF/cm2 when scan rate is increased to 20 mV/s. To compare with other devices, we 

have also plotted the Ragone plot comparing areal energy and power densities with 

different in-plane supercapacitors, as shown in Figure b. Our in-plane asymmetric device 

delivers an energy density of 19 μWh/cm2 at a power density of 1.5 mW/cm2, showing 

better performance than other in-plane pseudocapacitive asymmetric 

microsupercapacitors.  However, the power density is lower than EDLC carbon based in-

plane microsupercapacitors, which we attribute to the relatively large spacing between 

the electrode fingers used in our process (1500 m).[58–60]  On the other hand, the 

asymmetric sandwich structure fabricated using our RuO2//Ti3C2Tx device delivers a 

power density of 40 mW/cm2 at an energy density of 37 μWh/cm2
, which is comparable 

to the state-of-the-art carbon based symmetric microsupercapacitors, but at higher 

energy density.[3,4,61,62] Since the in-plane devices were fabricated by laser cutting, power 

density is limited by wide interspaces, as well as the usage of gel electrolyte. To 

demonstrate that our device can be used in real applications, tandem in-plane devices 

were fabricated by connecting two asymmetric devices in series to deliver 3V (Figure c). 

This device could power a 3V LED as shown in the inset of Figure c.  
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Figure 3.20 Electrochemical performance of RuO2//Ti3C2Tx in-plane device: (a) CVs of asymmetric in-plane device; inset 
shows optical image for the in-plane solid-state device attached to polypropylene substrate. (b) Ragone plot displaying 
areal energy and power densities of RuO2//Ti3C2Tx device in comparison to the other state-of-the-art 
microsupercapacitors, Square represents carbon based microsupercapacitors, Triangle represents pseudocapacitive 
asymmetric microsupercapacitors. (c) Cyclic voltammograms of the RuO2//Ti3C2Tx tandem in-plane devices at scan rate 
of 10 mV/s. Inset shows that two devices connected in series can power up a green LED during the discharge state. 

 

3.3.7 Conclusion 

We have demonstrated the fabrication of all-pseudocapacitive asymmetric 

supercapacitors by combining Ti3C2Tx MXene and hydrous RuO2 electrodes on carbon 

fabric. This is the widest reported voltage window for electrochemical capacitors having 

a MXene electrode in aqueous electrolyte. The complementary potential windows of 

these two electrodes resulted in an asymmetric device (RuO2//Ti3C2Tx) with a voltage 

window of 1.5 V and measured energy densities of 45 and 37 μWh/cm2 at power densities 

of 6 and 40 mW/cm2, respectively. Our study shows that all-pseudocapacitive MXene-

RuO2 devices are promising for use with aqueous electrolytes, allowing for an expanded 

voltage window and increased energy density. 
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Chapter 4 On-chip MXene Microsupercapacitors for High-Rate Applications 
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4.1 Introduction 

Aluminum electrolytic capacitors (AECs) are widely used for delivering pulse powers 

and filtering/smoothing 120 Hz alternating current (AC) signals, which are produced by 

rectifying AC-line power of 60 Hz (the line power frequency used in the United States). 

However, AECs are bulky with low volumetric energy density, thus it is essential to 

develop miniaturized energy storage units that can replace AECs for both pulse power 

harvesting and AC-line filtering applications.1-5 For instance, line-powered circuits require 

stable direct current (DC) voltage for relaible operation, while emerging technologies such 

as the internet of things (IoT), wireless sensor networks, biosensors, medical implants and 

wearable electronics require compatible micropower modules that can harvest and store 

pulse power for the design of “autonomous on-chip technology”.6-8 So far, bulky AECs are 

widely being used for storing pulse energy and smoothing 120 Hz ac line filtering 

applications, which is produced by rectifying alternating current (AC)-line power of 60 Hz 

(line power frequency in the United States). However, AECs suffer from bulky size due to 

their low volumetric energy density. 

Pioneering work by Miller in 2010 demonstrated efficient AC-line filtering using 

graphene based electrochemical capacitors (ECs) in a stacked configuration, a result 

which established high energy density electrical double layer capacitors as promising 

devices for AC-line filters.1 The key parameters in the design of AC-line filters based on 

ECs include: (i) Good ohmic contact of electrode materials with current collectors to 
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reduce the interfacial impedance between the two, (ii) High external surface area with 

large sized pores (should not be microporous) to minimize electrolyte resistance and (iii) 

Good electronic/ionic conductivity of electrode materials, especially layered materials 

without inter-particle resistance, and (iv) Minimal number of dead sites from restacking 

or agglomeration of the materials, to eliminate diffusion limitations of electrolyte ions. 

Microsupercapacitors (MSCs) are evolving on-chip energy storage devices that can 

offer compatible integration with thin film electronics with much higher power density 

and cycle life over micro-batteries.2,3,4 Interdigitated electrode architecture can 

potentially achieve more efficient ionic transport, which is a key advantage over the 

sandwich (parallel electrode) configuration,5 especially in the case of 2D materials with 

flakes stacked parallel to the current collector. The sandwich design hinders ionic 

transport due to the presence of separator and larger distance between electrodes and 

offers inferior performance compared to in-plane interdigital design. Upon shortening the 

ion transportation pathways, we expect that the planar microsupercapacitor 

configuration can achieve better frequency response and further suitable for AC-line 

filtering applications. Besides, on-chip microsupercapacitors can offer as much as 50% 

gain in volumetric capacity over the the sandwich configuration.4 

MSCs fabricated using carbonaceous materials such as carbide-derived carbon 

(CDC),6 onion-like carbon (OLC),7 and laser scribed graphene (LSG)8 have been 

demonstrated with high rate capabilities. Despite the fact that significant advances have 
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taken place recently in terms of fabrication and material processing, the operational 

speeds of most of MSCs have not reached the level required for AC-line filtering 

applications.9–11 Lin et al., developed three-dimensional graphene carbon nanotube 

carpet based microsupercapacitors for AC-line filtering applications12, showing a high 

volumetric capacitance of 2 F/cm3 and relaxation time constant of 0.83 ms. Their study 

demonstrated that high temperature growth carbon materials with open structures is an 

effective strategy to fabricate supercapacitors suitable for AC-line filtering.  

However, it has always been challenging to develop AC-line filtering function using 

solution processable pseudocapacitive materials, which typically suffer from limited 

electronic conductivity and hence poor charge transfer rates, as compared to EDLCs. This 

limitation is rooted in the assumption that the kinetics of redox processes are slower than 

double layer processes in ECs,13 but it is in fact due to low conductivity of oxides and 

polymers used in pseudocapacitors. 

Here, we demonstrate that by controlling flake size and device design of MXene 

MSCs with interdigitated electrodes, it is possible to achieve excellent frequency response 

matching that of the electrolytic capacitors. Furthermore, we have been able to scale our 

fabrication process to the wafer scale, which proves the viability of our approach. To test 

the feasibility of our device, we demonstrate efficient and reliable filtering of voltage 

ripples using our MXene microsupercapacitors.  



107 

 

 

4.2 Methods 

Synthesis of delaminated Ti3C2Tx MXene 

All chemicals were used as received without further purification. Ternary carbide, Ti3AlC2 

(MAX phase) powder was commercially procured from Carbon-Ukraine Ltd, particle size 

< 40 µm. Ti3C2Tx MXene was synthesized via minimally intensive layer delamination 

(MILD) method, in which selective extraction of aluminum from Ti3AlC2 was done through 

in-situ HF-forming etchant as previously reported.17 The etching solution was prepared by 

adding 1 g lithium fluoride (LiF, Alfa Aesar, 98+%) to 20 mL of 9 M hydrochloric acid (HCl, 

Fisher, technical grade, 35-38%), followed by stirring for 5 minutes. 1 g of Ti3AlC2 powder 

was slowly added to the MILD etchant at 35 °C and stirred for 24 h. The acidic suspension 

was washed with deionized (DI) water until pH  6 via centrifugation at 3500 rpm (5 min 

per cycle) and decanting the supernatant after each cycle. Around pH ≥6, stable dark 

green supernatant of Ti3C2Tx was observed and then collected after 30 minutes of 

centrifugation at 3500 rpm. The concentration of Ti3C2Tx solution was measured by 

filtering specific amounts of colloidal solution through a polypropylene filter (3501 Coated 

PP, Celgard LLC, Charlotte, NC), followed by drying under vacuum at 70 °C overnight. 

Preparation of MXene Microelectrodes  

SiO2/Si substrates (Fisher Scientific) were cleaned by sequential bath sonication in 

acetone, isopropanol and deionized water for 5 minutes each. Positive photoresist ECI 
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AZ3027 was spun coated at 3000 rpm for 30 seconds to achieve ~ 4 µm photoresist layer 

followed by soft baking at 100 ºC for 60 seconds. Photoresist layer was exposed through 

EVG contact aligner at a constant dose of 210 mJ/cm2 through the Cr/glass mask with the 

pre-designed patterns. Interdigitated fingers have a typical width of 100 µm and length 

of 2000 µm, while varied interspacings of 25-100 µm. After exposure, samples were 

developed in AZ726 developer for 60 seconds, followed by rinsing immediately in 

deionized water. Samples were then dried and 100 nm Au /10 nm Ti was deposited by 

reactive ion sputtering (Equipment Support Co., Cambridge, England) with 400 W at 5 

mTorr pressure.  

Prior to spray-coating of MXene, gold-coated substrates were treated with O2 plasma 

(Plasmaflo PDC-FMG,USA) for 2 minutes to make them hydrophillic. Before spray coating, 

Ti3C2Tx suspensions with different flake sizes were centrifuged for 10 minutes at 3500 rpm. 

An airbrush (Anest iwata, Japan) containing MXene dispersion was used for spraying with 

instateneous drying using a hot air gun. MXene suspensions with different flake sizes were 

directly sprayed onto the gold surface, followed by lift-off in acetone. During the mild 

bath sonication process (Fig. S2), there was hardly any detachment of MXene observed. 

By controlling the amount of sprayed suspension, thickness of the MXene films can be 

varied. 
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Preparation of gel electrolyte  

The polyvinyl alcohol (PVA)/H3PO4 gel electrolyte was prepared as follows: 1 g of 

PVA powder (MW 89000-98000 g/mol) was added into 10 mL of deionized water and the 

mixture was heated to 85 °C while stirring until the solution become clear. The solution 

was cooled to room temperature and then 0.8 g of phosphoric acid solution (85%) was 

added while stirring. The whole mixture was stirred for 24 hours to get homogeneous 

solution at room temperature. After, the gel was kept in vacuum oven at room 

temperature for 2 hours to remove bubbles from the solution. Before using the gel, the 

cross-linking was performed by mixing the as-prepared gel with glutaraldehyde (volume 

ratio of the gel to glutaraldehyde is 20:1). The mixture was used immediately before the 

complete curing stage. 

Material Characterization 

X-ray diffraction (XRD) patterns were collected by a Bruker diffractometer (D8 

Advance) with Cu Kα radiation, λ = 1.5406 Å. The morphology and microstructure of the 

samples were characterized by a scanning electron microscope (SEM) (Nova Nano 630, 

FEI).  

I-V curve was measured by a four-probe electrical system (RZ2001i, Ozawa science). 

The lateral size distributions of the MXene sheets were obtained using dynamic light 

scattering (Zetasizer Nano ZS, Malvern Instruments). The concentration of the 
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suspensions was maintained to be 0.01 mg/ml, DLS average was taken over a total of four 

measurements for each sample, and all measurements were carried out at room 

temperature. 

Electrochemical measurements 

The electrochemical measurements including cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), and electrochemical cycling stability were 

conducted at room temperature using a VMP3 electrochemical workstation (BioLogic, 

France). Electrochemical impedance spectroscopy (EIS) measurements were performed 

using a Modulab (Solartron Analytical) electrochemical workstation in the frequency 

range from 100 kHz to 0.01 Hz at an open circuit potential by applying a small sinusoidal 

potential signal with an amplitude of 10 mV. 

4.3 Results and discussions 

Ti3C2Tx MXene was synthesized by following the minimally intensive layer 

delamination (MILD) method.17 This protocol offers not only selective etching of Al from 

Ti3AlC2 MAX phase, but also subsequent delamination of multi-layer MXene stacks via 

manual shaking. The aqueous Li ions present in the synthesis reaction are spontaneously 

intercalated due to negative surface charges on MXenes, facilitating delamination via 

simple agitation. It was reported that the MILD method produces higher quality Ti3C2Tx 

MXene flakes compared to other existing etching and delamination protocols.17 The 
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delaminated Ti3C2Tx dispersions from this method have an average flake size above 1 µm 

which can be reduced below 0.5 µm by probe sonication (Figure a,b). 

 
Figure 4.1 MXene colloids undergoing solution processing. a, Schematic showing flake size tuning by probe sonication. 
b-c, TEM images of Ti3C2Tx with different flake sizes. d, Flake size distribution measured by scannning electron 
microscopy. e, Dynamic light scattering (DLS) intensity distribution of Ti3C2Tx with different flake sizes. 

Figure c shows the resulting TEM images and flake size distributions obtained by 

SEM. The data shows that the flake size of Ti3C2Tx after sonication ranges from 100 to 600 

nm, with an average size of ~ 300 nm (referred to as Ti3C2Tx-0.3 µm). In comparison, the 

flake size of Ti3C2Tx before sonication ranges from 1 to 4 µm, with an average of 1.7 µm 

(referred to as Ti3C2Tx-1.7 µm) (Figure d).  

The size distribution of Ti3C2Tx flakes was also estimated using dynamic light 

scattering (DLS) , which matches quite well with the SEM images (Figure e), similar to 

previous studies on Ti3C2Tx.18 The surface functional groups of MXene endow it with a 

hydrophilic surface, which enables solution processing of MXenes to obtain thin films by 
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a variety of techniques including vacuum assisted filtration, spray, spin and dip coating 

with no surfactants.27-30 Four-point probe conductivity measurements showed that 

restacked Ti3C2Tx-0.3 µm films (spray-coated) exhibit an electrical conductivity up to 900 

S/cm compared to 4500 S/cm for Ti3C2Tx-1.7 µm films. The lower electrical conductivity 

of Ti3C2Tx-0.3 µm arises from the pronounced contact resistance between the small flakes 

(Figure  and Figure a).  

 
Figure 4.2 a, Conductivity values of Ti3C2Tx thin films with different flake sizes. Red: Ti3C2Tx-1.7 µm Blue: Ti3C2Tx-0.3 µm. 
Solid filled: Spray-coated Ti3C2Tx film. Pattern filled: After acetone treatment. b, Digital photographs showing resistance 
values measured by a multimeter for Ti3C2Tx film (20 nm) with and without acetone treatment. 

The X-ray diffraction (XRD) patterns of spray-coated Ti3C2Tx films on glass showed 

(002) peaks centered at 6.9°, confirming the restacking of Ti3C2Tx layers with similar 

interlayer spacing (Figure b). Compared with Ti3C2Tx-0.3 µm, Ti3C2Tx-1.7 µm film showed 

sharp (00l) peaks, probably due to greater stacking in the case of large flakes. Moreover, 

based on Scherrer equation, the broader full width at half maximum (FWHM) of Ti3C2Tx-

0.3 µm compared to Ti3C2Tx-1.7 µm also indicates random stacking of smaller flakes along 

the c-axis.  
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Figure 4.3 a, Current-voltage characteristics of spray-coated MXene films, inset shows the schematic of four-point probe 
conductivity measurement of thin films composed of different flake sizes.  b, X-ray diffraction (XRD) patterns of Ti3C2Tx 
films. 

As illustrated in Figure 19a, MXene microsupercapacitor devices were fabricated 

using a photolithographic lift-off process followed by spray-coating of MXene dispersions. 

To form the pre-defined photoresist patterns, a 4 µm thick photoresist was spun coated 

onto SiO2/Si substrate and then was exposed to ultra-violet (UV) light through a 

photomask. After developing in a developer solution, the exposed regions of photoresist 

were dissolved, leaving behind the interdigitated photoresist pattern (step 3, Figure 19a). 

A thin layer of Au (100 nm)/Ti (10 nm) was sputtered over the substrate as the current 

collector followed by O2 plasma treatment to make the gold surface hydrophilic to ensure 

that MXene flakes are attached firmly and uniformly. A thin layer of Ti3C2Tx film was then 

coated onto the entire surface by spraying the water dispersion (1 mg/mL) with 

instantaneous drying achieved by blowing hot air (50℃) onto the substrate. The Ti3C2Tx 

and Au/Ti metal layer deposited onto the unexposed photoresist regions were removed 

through an acetone lift-off process (step 6, Figure 19a). Due to the strong adhesion 

(a) (b)
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between the metal surface and Ti3C2Tx sheets, peeling of the active material was not 

observed even after bath sonication used for the lift-off process. The surface texture and 

cross-section SEM images of spray-coated Ti3C2Tx thin films are shown in Figure 19b and 

Figure 19c. 

 
Figure 19 Fabrication of MXene microsupercapacitors a, Schematic illustration of the fabrication process of MXene 
microsupercapacitors including: photoresist coating (Panel 1-2), UV exposure through the photo mask followed by 
development (Panel 2-3), sputtering of Au/Ti (Panel 3-4), spray coating of Ti3C2Tx (panel 4-5) and final device after lift-
off process in acetone (panel 6). b, Planar and c, cross-sectional SEM images showing uniform coating of Ti3C2Tx on gold, 
inset in b shows the digital photos of the MXene microsupercapacitor device.  

The frequency response of MXene microsupercapacitors was investigated by 

electrochemical impedance spectroscopy in polyvinyl alcohol/phosphoric acid 

(PVA/H3PO4) gel electrolyte. The impedance phase angles of the devices with the same 
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width and interspacings of 100 µm (shown in the inset of Figure a) are plotted versus 

frequency and compared with commercial aluminium electrolytic capacitor (AEC) in Fig. 

2d. For AC-line filtering applications, the phase angle should be above -80° at 120 Hz.1 

Previous density functional theory (DFT) calculations have shown that middle Ti sites in 

the edge planes of Ti3C2Tx have stronger adsorption of ions, which means smaller flakes 

have higher reactivity compared with large flakes.31 Not surprisingly, as can be seen in Fig. 

2d, our optimized Ti3C2Tx-0.3 µm microsupercapacitor exhibits phase angles of -76° at 120 

Hz, close to commercial AEC (phase angle of -84° at 120 Hz). In contrast, the Ti3C2Tx-1.7 

µm microsupercapacitor exhibited a phase angle of -60º at 120 Hz. The cross-over 

frequency at which the impedance phase angle reaches -45º is also an important 

parameter to study. The typical cross-over frequencies (f) of Ti3C2Tx-1.7 µm and Ti3C2Tx-

0.3 µm MSCs are found to be 220 Hz and 1100 Hz, respectively. The performance of 

Ti3C2Tx-0.3 µm device is far better than some forms of previously reported carbonaceous 

materials such as onion-like carbon, conducting polymers and some other.12,14,32–35 

Amazingly, although Ti3C2Tx-0.3 µm has lower electrical conductivity compared to Ti3C2Tx-

1.7 µm, its equivalent series resistance (ESR) value is slightly lower (ESR, 0.2 Ω cm2) than 

that of Ti3C2Tx-1.7 µm (ESR, 0.5 Ω cm2) (Figure b). This indicates that ion transport and 

accessibility are equally important to the electronic conductivity of the films. In this case, 

a typical electronic conductivity of a few hundred S/cm is enough for high rate 

charge/discharge provided that the films have sufficient ionic conductivity.1 There are no 

semicircles observed in the high frequency region for both cases, indicating that there are 
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no interfacial impedance issues. We expect that the oxygen plasma treatment of Au 

surface results in strong adhesion of MXene flakes, giving rise to near ohmic contacts. 

Further, our results show that the Ti3C2Tx-0.3 µm film has a more capacitive nature 

towards lower frequencies compared to Ti3C2Tx-1.7 µm, as a more vertical line is observed 

. This can be explained by the relatively shorter ion transport path and lesser face to face 

restacking of the sheets for Ti3C2Tx-0.3 µm films compared to Ti3C2Tx-1.7 µm, as shown in 

inset of Figure b.  

 

Figure 4.5 a, Bode phase angle plots of Ti3C2Tx-0.3 µm and Ti3C2Tx-1.7 µm microsupercapacitors, inset shows the 
optical photograph of MXene interdigitated fingers. b, Corresponding Nyquist spectra, inset shows schematic 
illustrations of the typical ion diffusion path ways for two types of thin films used in this study. 

Cyclic voltammograms (CVs) of a Ti3C2Tx-0.3 µm MSC exhibit rectangular behavior 

with high rate capability (Figure a). These CVs retain quasi-rectangular shapes even at a 

high scan rate of 300 V/s (Figure b). The ultra-high scan rate capability can be attributed 

to accessibility of the entire volume of the thin film to the electrolyte ions with little 

diffusion limitations. For an ideal capacitor, which has constant capacitance, the current 

response should be linearly proportional to scan rate based on the definition of 
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capacitance (C=I/scan rate). The current response of our devices exhibit linear 

dependence on scan rates up to 300 V/s (Figure c), which is the highest rate among all 

reported MXene microsupercapacitors (Figure d).29,35,36 

 
Figure 4.6 Electrochemical performance of Ti3C2Tx-0.3 µm microsupercapacitors using PVA/H3PO4 gel electrolyte. a, 
and b, CV curves of Ti3C2Tx-0.3 µm microsupercapacitor measured at different scan rates. c, Discharge current densities 
(values are taken at 0.3 V) as a function of scan rate. d, Rate performance comparing our devices with other MXene 
based microsupercapacitors. e, Galvanostatic charge-discharge profiles of Ti3C2Tx-0.3 µm microsupercapacitor at 
different current densities. f, Cʹ and Cʺ versus frequency for Ti3C2Tx microsupercapacitor. 

In contrast, CVs of the large-flake Ti3C2Tx, can retain a rectangular shape at a 

maximum scan rate of 30 V/s (the pure MXene film without gold has a maximum scan 

rate of 3 V/s, Figure a). Though Ti3C2Tx thin films exhibit broad redox peaks in the three-

electrode configuration (Figure e and f), the device showed quite rectangular CVs. This 

indicates that MXene electrodes exhibit typical capacitive behavior with superior 

electronic conductivity compared with other solution processable nanomaterials.36  
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Figure 4.7 Representaitive electrochemical performance of Ti3C2Tx-1.7 µm thin films in a 3-electrode set-up. a-c, CV 
curves with different thickness at various scan rates. d, Variation of areal capacitance with scan rate. CVs of Ti3C2Tx-
1.7 µm microsupercapacitor with PVA/H3PO4 electrolyte. e, Pure MXene. f, MXene on gold. Thickness of active 
material is ~100 nm, finger width and spacings between the fingers are maintained at 100 µm. 

 

However, at a scan rate of 1 V/s, both Ti3C2Tx-0.3 µm and Ti3C2Tx-1.7 µm show 

similar areal capacitance of about 0.5 mF/cm2
 (Figure b), suggesting that the flake size 

may not play a critical role in the maximum possible capacitance at low scan rates, since 

ions have enough time to access the entire volume of the film. The galvanostatic 
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charge/discharge curves in Figure e show symmetric triangular-shaped curves. The Ohmic 

drop is small even at a high current density of 600 μA/cm2, which is a result of the good 

conductivity of Ti3C2Tx electrodes. Figure f displays the real (Cʹ) and imaginary (Cʺ) 

capacitances of the Ti3C2Tx-0.3 µm microsupercapacitor, which were extracted from the 

EIS spectra. The characteristic relaxation time constant (τ0) can be obtained from the 

frequency (fo) at which imaginary capacitance Cʺ reaches the maximum value.37 It is the 

time required for discharging a capacitor with an energy efficiency greater than 50%. 

Capacitive behavior dominates at frequencies below τ0 and resistive behaviour at 

frequencies above τ0. The characteristic relaxation time constant (τ0 = 1/f0) was estimated 

to be 1 ms, and is much better than the typical activated carbon type EDLC (usually a 

characteristic response time of ~1 second).38 Capacitance at 120 Hz is estimated to be 

~300 µF/cm2 from real capacitance Cʹ, at an impedance of 2 ohm.cm2, yielding a resistor-

capacitor (RC) time constant (reflecting how fast the capacitor can be 

charged/discharged) of 0.6 ms. Such kind of RC time constant of capacitors is sufficient 

for 120 Hz filtering applications (8.3 ms). On the other hand, the corresponding volumetric 

capacitance is calculated to be 30 F/cm3. For full-wave rectifier line filtering applications, 

the ripple (r) in the final output is approximated as 

𝑟 =
1

2𝑓𝑅𝐶
         

where 𝑓 is frequency and R is load resistance.39 The amount of capacitance is critical for 

a given level of ripples, while the voltage window of the capacitor restricts the maximum 
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input voltage. Thus, larger capacitances and higher working voltages are two key 

parameters for optimizing performance,1 which can be given by the charge (Q=C*V) of the 

device. The MXene microsupercapacitors stored a charge of 18 FV/cm3 (or C/cm3), 

compared to 0.14 FV/cm3 for a low-voltage Al-electrolytic capacitor (KDK, Tokyo, Japan), 

showing that MXene MSCs can have comparable rate capability while occupying a much 

smaller volume. 

 
Figure 4.8 a, Digital photograph showing the wafer scale fabrication of the MXene microsupercapacitors. b, CV curves 
of 10 microsupercapacitors connected in series at various scan rates. c, Galvanostatic charge and discharge curves. 

 

Figure a shows 100 integrated MSCs fabricated on a 4 inch SiO2/Si wafer, a great 

advancement compared to other reports which lack compact integration and high voltage 

window operation for real applications. Wafer-scale fabrication of microsupercapacitors 

with single and series-connected microsupercapacitors is very important for device 

applications.11,40 The CVs of 10 cells connected in series show nearly rectangular shape 

upto a scan rate of 300 V/s with 6V voltage window (Figure b). The galvanostatic charge-

discharge profiles exhibited triangular symmetric shapes, with little voltage drop, and 

with excellent coulombic efficiency (Figure c).  
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Besides flake size, the frequency response of MSCs can be controlled by the thickness of 

the electrodes and spacing of the fingers. When thickness was increased from 100 to 200 

nm, a decrease in frequency response measured at 45°was observed. (Figure ) 

 
Figure 4.9 Comparison of phase angle versus frequency for Ti3C2Tx-0.3 µm microsupercapacitors with different 
electrode material thickness 

In contrast, when the thickness of the Ti3C2Tx-0.3 µm decreased from 100 nm to 

20 nm, the phase angle at 120 Hz improved from -76° to -82º, while the cross-over 

frequency at -45º increased from 1,100 Hz to 11,000 Hz. Such a high cross-over frequency 

at phase angle of -45º is superior to the reported electrochemical capacitors41-48 with 

different geometry configurations, as shown in Table. This significantly improved 

electrochemical performance due to the decreased transport distance of the ions. 
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Table 4.1 Comparison of ac-line filtering performance of electrochemical capacitors using different electrode materials 
and configurations.  

Electrode Configuration 
-ɸ@ f@-45º 

(Hz) 
τ0(ms) 

tRC(ms) 

@120 Hz 

CA 

@120 Hz 

CV  

@120 Hz Reference 

120 Hz (mF/cm2) (F/cm3) 

AEC Stack 84º 1200 0.795 0.195 0.039 0.0038 Commercial 

Vertical graphene/Ni (600 nm) Stack 82º 15000 N/A 0.2 0.2 3 1 

Carbon nanotubes Stack < 75º 636 1.5 N/A N/A N/A 42 

Electrochemically reduced GO 

(20 µm) 
Stack 85.5º 4200 0.24 1.35 < 1 1 43 

Ultrathin CNT film 

 (50-300 nm) 
Stack 82.2º 1995 0.5 0.18 0.28 12 35 

EG/PEDOT:PSS (25-125 nm) Stack 77º 1000 1 0.47 0.2 348 34 

MWNT (50-300 nm) Stack 78.1 1000 1 N/A 0.342 N/A 44 

CMK-3/CNT supercapacitors Stack 80 1200 1 N/A 0.56 N/A 33 

CNTs (1 µm) Stack 85 4500 0.25 0.21 0.19 0.95 45 

TrGO Stack 30 40 4.1 2.3 3.6 1.8 46 

SWNT Stack 81 1425 N/A 0.199 0.601 N/A 15 

PEDOT Stack 65 400 0.8 0.8 9 50 47 

rGO/MnO2/AgNW In-plane N/A 450 N/A N/A 0.2 N/A 16 

PEDOT In-plane 80.5º 1050 0.21 0.21 0.3 30     14 

Activated carbon (1-2 µm) In-plane < 1º < 5 700 N/A 2.1 9 41 

Laser reduced graphene oxide      In-plane N/A < 5 N/A N/A 1 5 48 

Onion like carbon (7 µm) In-plane N/A < 100 26 N/A 0.9 1.3 12 

3D Graphene/CNTs (10 µm) In-plane 81.5º 1343 0.82 0.195 1.9 1 17 

Laser scribed graphene  

(7.6 µm) 
In-plane < 20º 30 N/A N/A 3.67 1.5 13 

Ti3C2Tx_100 µm_20 nm In-plane 81º 11000 0.2 0.1 0.04 4 
Our work 

Ti3C2Tx _10 µm_100 nm In-plane 80º 2600 0.79 0.6 0.3 30 

  

AEC: aluminum electrolytic capacitor, GO: graphene oxide; CNTs: carbon nanotubes, PEDOT: 

poly(3,4-ethylenedioxythiophene); PPY: polypyrrole; PANI: polyaniline; rGO: reduced graphene 

oxide; TrGO: thermally reduced graphene oxide; EG: Electrochemically exfoliated graphene; CMK-

3: graphitic ordered mesoporous carbon. 
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However, areal capacitance decreased from 0.5 to 0.1 mF/cm2 when the thickness 

decreased from 100 to 20 nm. The trade-off between areal capacitance and frequency 

response is due to the electrode mass loading and ion accessibility. To confirm the 

influence of the ion transport path length, we have further fabricated Ti3C2Tx 

microsupercapacitors with the same finger width (100 µm) and thickness (100 nm) but 

different inter-finger spacings, as shown in Figure . 

 
Figure 4.10 Comparison of phase angle versus frequency for Ti3C2Tx-0.3 µm microsupercapacitors with different 
interfinger spacings. 

The cross-over frequencies of the devices (optical images for different electrode 

spacings of 100 µm, 50 µm, 25 µm, and 10 µm are shown in Figure 4.11) at -45° were 

found to be 1100, 1400, 1900 and 2600 Hz, respectively. When interfinger spacing 

decreases, ions have shorter pathways to travel between the electrodes. As a result, the 

relaxation time constant of the device with 10 µm spacing decreases to 0.45 ms. 
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Figure 4.11 Optical micrographs of Ti3C2Tx-0.3 µm interdigitated electrodes with a width (W) of fingers around 100 µm 
and different interspaces (S). 

To demonstrate the AC-line filtering with MXene MSCs, a filter circuit was 

constructed as shown in Figure a. The 60 Hz sinusoidal AC input signal is first generated 

by a full-wave function generator with 50 Ω internal load resistance and then converted 

to a 120 Hz DC signal via a full-wave bridge rectifier (Figure b). After passing the rectified 

signal through the MXene microsupercapacitor, a substantially smoothed output signal is 

obtained (Figure c). As shown in Figure c, the AC signal with a peak voltage of 0.6 V was 

successfully converted and smoothed to a constant output positive voltage (~0.56V) using 

both our microsupercapacitor and a commercial 4 mF electrolytic capacitor. The 

successful conversion of the AC signal to constant voltage was enabled by the high 

volumetric capacitance and fast response of our Ti3C2Tx microsupercapacitor. 

W=100 μm, S=10 μm W=100 μm, S=25 μm

W=100 μm, S=50 μm W=100 μm, S=100 μm
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Figure 4.12 a, Schematic diagram of the AC-line filtering circuit. b, Experimental setup showing pulsating input signals 
and constant DC output across a rectifier and a capacitor.  c, Output voltage signal after filtering using the MXene 
microsupercapacitor, comparing with the output voltage signal produced using commercial AEC. 

For comparison, we have also tested commercial AECs (with smaller capacitance 

than our device) and commercial activated carbon supercapacitors (phase angle of 0º at 

120 Hz) and showed that MXene outperformed the commercial devices. Specifically, the 

former shows output voltage with spikes (Figure a and b) and the latter shows a 0 V output 

(Figure c and d).  

 
Figure 4.13 Output signal of 60 Hz AC signals across rectifier and commercial AECs with different capacitance values of 
a, 100 nF and b, 1.5 µF. c, Phase angle versus frequency of commercial activated carbon supercapacitor. d, AC signals 
across commercial activated carbon based supercapacitor at 60 Hz and corresponding output signal. 
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Further, the AC-filtering function of the Ti3C2Tx microsupercapacitor was 

demonstrated up to high frequencies of 600 Hz and 1500 Hz (Figure ). In addition, lifetime 

testing of a single-cell microsupercapacitor showed almost no voltage drop even after 1 

week of continuous operation (more than 7 × 107 cycles) using 60 Hz AC input sinusoidal 

signals. 

 
Figure 4.14 AC signals across Ti3C2Tx- 0.3 μm MSC at a. 600 Hz, b.1500 Hz and corresponding output signal. 

While this study already indicates robust operation of MXene microsupercapacitors 

for AC-line filtering applications, it is important to note that we expect further 

improvement by selecting other MXenes from more than 30 already available composites 

and optimizing the device design, such as further decrease in flake size and 

spacing/geometry of finger electrodes.  

4.4 Conclusion 

We have developed electrochemical microsupercapacitors for AC-line filtering 

applications using solution processable 2D MXene (titanium carbide) nanosheets. Our 

results show that the frequency response of the MXene MSCs are highly dependent on 
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flake size, thickness of the electrodes, and spacing between the electrode fingers. 

Specifically, devices with 100 nm thick electrodes and 10 µm spacing delivered a 

volumetric capacitance of 30 F/cm3 at 120 Hz, performed well at 300 V/s, and had a 

relaxation time constant of τ0 = 0.45 ms, surpassing electrolytic capacitors (τ0 = 0.8 ms).  

The optimized MXene microsupercapacitors were produced at the wafer scale and could 

successfully filter out pulsed DC voltage ripples. Given the good performance 

characteristics and scalability, it can be concluded that MXene microsupercapacitors 

represent a viable alternative to bulky electrolytic capacitors for filtering and other 

applications. 
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Chapter 5 Unconventional design and other novel pseudocapacitive 

materials for MSCs 

 

5.1  Marker Pen Lithography for Flexible and Curvilinear on-Chip Energy 

Storage 

5.1.1 Motivation 

The transformation of conventional electronics into flexible and curvilinear forms 

in various market segments has made it essential to develop on-chip energy storage 

devices in the similar form factor.1,2 Currently, thin film batteries suffer from poor power 

density and low cycle lifes, and great progress is still needed for developing miniaturized 

power sources.3-6 In this scenario, microsupercapacitors (MSCs), in the form of 

interdigitated finger electrodes tend to exhibit high power density as the planar 

configuration allows facile ionic transport with minimized values of internal resistance.3,4 

In recent years, tremendous amount of interest has been put forth in developing these 

planar supercapacitors employing conventional microfabrication and novel direct write 

techniques.  

 Due to its electrochemical stability, good electrical conductivity with tunable 

porous morphology, various forms of carbon have been explored in fabricating MSCs.7-11 

For example, activated, 7 carbide derived,8 onion-like carbon,9 graphene10  and carbon 

nanotubes (CNTs)11 have been patterned employing conventional photolithography and 
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various deposition methods such as sputtering, ink-jet printing, electrophoretic and 

chemical vapor deposition (CVD). Furthermore, several pseudocapacitive materials 

including transition metal oxides (RuO2, MnO2),12,13 hydroxides (Ni(OH)2)14 and conducting 

polymers (polyaniline, polypyrrole and PEDOT)15-18 have also been employed in 

fabricating MSCs. However, most of the reported methods involving conventional 

photolithography techniques which involve use of masks in a typical micro-fabrication 

protocol operated in a cleanroom environment.7-18 In order to avoid multi-step 

processing, complex and costly fabrication equipment; direct write innovative methods 

have been proposed in fabricating carbon based MSCs. For example, laser source was 

used to fabricate reduced graphene oxide (rGO) MSCs by reducing graphene oxide (GO) 

locally.19 EI-Kady et al., have demonstrated scalable fabrication of rGO MSCs by ordinary 

digital video disk (DVD) laser scribing technique.20 Recently, laser induced graphitization 

was employed to transform commercial polymer substrate into 3D porous graphene films 

for fabricating MSCs in a direct manner.21 Printing techniques such as ink-jet printing and 

laser printing technologies were employed to fabricate conducting polymer based 

MSCs.22,23 Though these direct write methods have lower resolution (width and spacing 

between the fingers is on the order of 0.5-1 mm) than conventional photolithography-

based methods, the performance of devices fabricated using these direct-write methods 

seems to be comparable to that of state-of-the-art thin film based energy storage devices. 

However, most of the direct write techniques have been focused on fabricating carbon 

based MSCs. Therefore, it is highly desirable to develop a versatile strategy in fabricating 
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pseudocapacitive microsupercapacitors on rigid, flexible and even curved surfaces 

without the need of masks, complex processing, or a cleanroom environment.  

5.1.2 Methods 

Pen is a simple yet universal tool that has been commonly used for writing text or 

drawing designs on a variety of surfaces over the years. Different types of pens can be 

categorized based on writing tip or point, namely ball point, roller ball, fountain and 

marker. Commercially available inks can be a complex medium comprising liquid or paste 

that contains colorants made of  pigments or dyes, solvent as carrier medium, and resins 

as binder or glue.24,25 Inks can be tailor designed according to the specific application 

requirements. Of late, it has been demonstrated that the roller ball pen filled with 

colloidal silver ink to write electrical conduits for developing pen-on-paper electronics.26 

Fu et al., have utilized commercial pen ink as an active material for fabricating 

flexible/wearable fiber based supercapacitors.27 They have demonstrated that the fine 

granular carbon particles present in the pen ink as a porous matrix for electrochemical 

energy storage. In contrast to the above reports, we have employed permanent or paint 

marker pen as a writing tool in fabricating on-chip energy storage devices on rigid, plastic 

and curved platforms.  

Here we propose a simple, cost-effective, and versatile strategy to fabricate flexible 

and curvilinear microsupercapacitors (MSCs). The protocol involves hand-writing 

sacrificial ink patterns using commercial marker pens on rigid, flexible and curvilinear 
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substrates. We specifically exploit the solubility contrast of the written ink patterns 

between aqueous and organic media, which makes it possible to deposit electroactive 

materials including conducting polymers and metal oxides using aqueous electrolytic 

baths, followed by lift-off of the ink in common organic solvents such as acetone and 

alcohols. We show that this process can be used in both lift-off and etching modes, also 

demonstrating the possibility of multi-stack design of active materials using simple pen 

lithography. As a prototype, this method was used to produce conducting polymer MSCs 

involving both poly(3,4-ethylenedioxythiophene), polyaniline and metal oxide (MnO2) 

electrode materials. Patterned electrochromic microcapacitors are also fabricated using 

the same pen lithography approach. Typical values of energy density in the range of 5-11 

mWh/cm3 at power densities of 1-6 W/cm3 were achieved, that are comparable to thin 

film batteries and superior to the carbon and metal oxide based MSCs reported in the 

literature. The simplicity and wide scope of this innovative strategy can open up new 

avenues for easy and scalable fabrication of a wide variety of on-chip energy storage 

devices. 

5.1.3 Explanations of the fabrication protocols 

Figure a shows an image of black, red and blue permanent markers, which are water proof 

as their ink is unaffected by the humid environment. Typical design of a marker pen 

includes the tip inserted at its head, and an ink barrel loaded in a plastic casing. As shown 

in Figure b, the writing color of the marker pen is decided by the choice of pigment filled 
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in the ink barrel.24,25 Tip of the marker is a long stick which is porous and sponge-like 

material, protruding slightly out as shown in Figure c. Three square boxes were filled by 

sketching with blue, red and black colored ink marks on glass substrates as shown in 

Figure d. The corresponding UV-Vis absorption spectra of these colored films are shown 

in Figure e, which exhibit broad absorption bands covering the entire visible range. This 

kind of absorption characteristics is typical of phthalocyanine based pigments as they are 

being used in the commercial marker pens to impart desired colors (spectra are shown 

with the respective colors of the ink, see Figure e).24,25 

 
Figure 5.1 Digital photographs showing (a) black, red and blue marker pens, (b) their heads and ink barrels. (c) Optical 
micrograph of fibrous tip of the marker. (d) Painting of blue, red and black colored boxes on glass. (e) UV-Vis absorption 
spectra of ink films, shown with their respective colors. 

Further, in order to probe the UV absorption characteristics of these pigments, 

solutions of different colored (black, red and blue) inks were made by dissolving the inks 

in ethanol solvent, and their characteristic UV-Vis absoprtion spectra were recorded. The 

UV absorption characteristics are seen to be different for blue, red and black colored 

solutions, as expected for different types of pigments. In order to probe the skeletal 

vibrations of pthalocyanine, we have employed 785 nm laser excitation to record the 

Raman spectrum of red ink mark as shown in Figure a. The characteristic Raman peaks at 
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1649 cm-1 can be ascribed to skeletal vibration of porphyrin ring system (from pigment of 

phthalocyanine), 1508, 1363 cm-1 correspond to C=C and C=N skeletal vibrations, band at 

1281 cm-1 corresponds to C-H bending and stretching of porphyring ring, 1202 cm-1 is due 

to C-C stretch in porphyrin ring and 620 cm-1 corresponds to C-H out-of-plane deformation 

of phenyl unit.28 Further, AFM imaging was done on the ink mark to estimate the surface 

roughness and topography. 3D AFM topography image of ink is shown in Figure b with 

quite smooth surface morphology with an rms roughness of 0.2 - 0.3 nm, which is 

remarkably good for a hand-drawn patterns. 

 
Figure 5.2 (a) Raman spectrum and (b) AFM topogrpahy of the red ink mark. Photographs 

As colorant dyes are water soluble, pigments are usually added to the ink of a 

permanent marker which are resistant to dissolution by humid and other enviromental 

agents. Unlike permanent marker inks, water based inks can easily be erased by water 

itself as shown in Figure c. However, we found that permanent ink patterns were 

unaffected by aqueous media such as 1M H2SO4, 1M Na2SO4, 1M KOH as shown in Figure 

a. The ink of the permanent marker also includes fast drying and less toxic solvents such 

as alcohols, which play the role of liquid carrier to dissolve and transport ink colorant and 

resins through the fibrous sponge. Ink resin is typically a glue-like polymer such as 
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polyamide, acrylic, rosin or phenolic which improves adhesion of the colorant pigment to 

surfaces after solvent evaporation. We have discovered  that the permanent ink marker 

pattern can be erased by organic solvents such as acetone, ethanol and isopropanol, as 

shown in Figure b. This kind of solubility contrast of the ink towards aqueous and organic 

media, resembles that of photoresist at the stages of development (done by aqueous 

bath) and lift-off (done by organic solvents). Hence, permanent marker ink was used to 

define sacrificial pattern for depositing metal layers by sputtering and electrochemical 

deposition of conducting polymers using aqueous acid medium as supporting electrolyte 

(1M H2SO4). At the final stage, lift-off using ethanol was performed to erase off ink 

patterns to define the interdigitated conducting polymer electrodes. Even, we have done 

selective electrodeposition of active materials after lift-off while not having shorting 

paths at a typical electrode spacing of 0.5 mm. 

The typical diameter of the tip of marker pens is around 0.8 mm. The pattern width 

(0.3-1 mm) is governed by the wettability of the ink on a given surface, force and speed 

of writing.26 Fast drying inks can avoid the smearing of written features on a given surface 

through instant evaporation of solvent present in the ink up on writing. 
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Figure 5.3 Photographs showing the solubility contrast of the “INK” mark on a plastic polyimide sheet (a) in aqueous 

acidic, neutral and basic media versus (b) organic media. a) “Ink” word was written using a pen containing water based 
ink, inset is the photograph of the pen. (c) Erasing off ink after dipping in water bath. 

Writing of ink patterns were done on various commonly used substrates such as 

printing paper, plastic substrates such as polyethylene terephthalate (PET), polyethylene 

naphthalate (PEN), polyimide (PI), rigid substrates including glass and SiO2/Si and even on 

curved platforms such as glass vial, pipe, and cable. Lift-off protocol using ink patterns 

allows us to fabricate microsupercapacitors on both flat and curved surfaces. For 
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example, the schematic shown in Figure  illustrates the process flow in fabricating in-plane 

microsupercapacitors over a flat surface.  

 
Figure 5.4 Schematic illustrating the process flow sequence for fabricating in-plane microsupercapacitors, starts with 
writing a ink pattern using a marker pen over a plastic sheet, metal coating, deposition of conducting polymer and then 
lift-off ink pattern in organic solvents to obtain interdigitated conducting polymer finger electrodes (arrows are shown 
as guidance). Inset photograph showing the microsupercapacitors fabricated over flat and curved surfaces including 
glass vial, pipe and cable. 

Initially, plastic PEN sheet was used as a substrate to draw the desired patterns 

using marker pen, followed by Au metal deposition. Repeated tests confirmed that the 

ink lift-off process using ethanol removes the ink pattern while retaining the Au metal in 

the form of interdigitated fingers (Figure d).  

As this ink pattern is unaffected by aqueous media, we used aqueous electrolytic 

baths for depositing porous conducting polymer film before the lift-off (see supporting 

information, Figure a-c).  
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Figure 5.5 (a) Writing of “KAUST” word on a plastic substrate using marker pen. (b) Au deposition. (c) Electrochemical 
deposition of conducting polymer followed by lift-off in ethanol. As the ink gets erased off by ethanol, negative pattern 
of “KAUST” is seen while retaining of conducting polymer in the neighborhood. (d) Metal deposition after writing the 
ink pattern over different substrates followed by lift-off using ethanol. Lift-off was clean and neat in the case of smooth 
surfaces such as glass and plastic substrates while ink got stuck to the porous paper matrix, can’t get interdigitated 
fingers over paper surface. 

In principle, various active materials such as carbon, metal oxides/hydroxides can also be 

deposited by painting, sputtering and electrochemial deposition, as long as the process is 

based on aqueous solutions or suspensions (see Figure ).  

 
Figure 5.6  (a) SEM micrograph of electrodeposited MnO2 on Au fingers. (b) CV curve of MnO2 MSC at scan rate of 1 V/s, 
inset shows the photograph of MnO2 MSC. 
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The final step of lift-off in organic solvents such as ethanol and isopropanol would 

result in the clean and neat conducting polymer interdigitated finger electrodes. This kind 

of writing using a marker pen not only restricts us in writing over flat surfaces but also 

over curved surfaces such as glass vials, pipes and cables. Following the lift-off protocol 

described above, we could successfully fabricate microsupercapacitors on falt and 

curvilinear platforms as shown in the inset of Figure . Certainly, our technique has the 

potential in fabricating energy storage units over curvilinear platforms which is clearly a 

novel aspect when compared to conventional micro-fabrication techniques.  

The versatality of this technique was also demonstrated in fabricating 

electrochromic microsupercapacitors employing etching protocol. In a typical process, we 

have used ink layout as a masking pattern to selectively etch thin films for obtaining finger 

patterns. To demonstrate the etching process, Indium tin oxide (ITO) thin film on glass 

was written with interdigitated ink pattern using a paint marker as shown in Figure a. 

Unmasked regions of ITO were etched away using 3:1 HCl:H2O for 4 minutes. After the 

etching process, ITO surface is thoroughly washed in DI water followed by drying by 

blowing N2 gas. Finally, the ink pattern was removed by dissolving in ethanol to obtain 

transparent interdigitated ITO fingers. These conducting transparent ITO patterns were 

coated with thin films (<200 nm) of conducting polymer by electrodeposition. Further, 

the electrochromic nature of conducting polymer patterns was visualized upon 

charging/discharing of the MSC (ion gel electrolyte) as shown in Figure b. The color change 



141 

 

 

of the respective conducting polymer finger electrodes can be attributed to the 

doping/dedoping processes during charging/discharging events. Therefore, this 

technique is quite simple yet versatile enough to fabricate planar, curvilinear, and 

electrochromic microsupercapacitors. 

 
Figure 5.7 (b) Selective etching of ITO surface using ink pattern as a protecting layer, followed by removal of ink using 
ethanol and depositing thin conducting polymer over the ITO fingers. (c) CV curve of electrochromic PEDOT MSC, inset 
photographs show neutral, charged and discharged states of PEDOT MSC. 

5.1.4 Material deposition and electrochemical test 

To demonstrate the viablity of this technique, we have chosen aqueous 

electrolytic baths in electrodepositing conducting polymers or metal oxides over the 

interdigitated conducting tracks. Anodic potential oxidizes the EDOT monomers to 

deposit PEDOT films over the Au surface as shown in Figure a. This nanostructured porous 

PEDOT film can facilitate faster ionic transport resulting in improved electrochemical 

performance. As shown in the inset of Figure a, the deposition of PEDOT is uniform over 

the Au fingers, and remains intact even after rigorous ultrasonication during the lift-off 

step. The strong adherence of PEDOT to the Au current collector and its porous 

morphology can aid in reducing charge transfer resistance across the 

electrolyte/electrode interface. The typical width and interspace between the fingers was 
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found to be 550 and 450 µm. The thickness of the PEDOT films was controlled through 

deposition time. The thickness of PEDOT was found to be 200 nm for 1 minute deposition, 

and gradually increased up to 1.9 µm for a 10 deposition.  

 
Figure 5.8 (a) SEM micrograph of nanostructured PEDOT, inset shows the optical micrograph of PEDOT/Au interdigitated 
finger electrodes. (b) Comparative Raman spectra of electrodeposited PEDOT (red curve) and commercial PEDOT:PSS 
(black curve). (c) Schematic showing the single and bi-stacks of PEDOT/Au. (d) Comparison of CVs of bi-
stack:PEDOT/Au/PEDOT/Au with single stack:PEDOT/Au at a scan rate of 100 mV/s. (e) CVs of bi-stack of PEDOT/Au 
MSC at different scan rates. (f) Comparison of areal cell capacitance of bi-stack with respect to single stacks. CDs of (g) 
single-stack vs. bi-stack at a current density of 0.5 mA/cm2 and (h) bi-stack PEDOT/Au MSC at different current densities. 
(i) Nyquist specta of bi-stack and single-stack PEDOT/Au MSCs, inset is the high frequency region of the spectra. 

Further, the Raman spectra of electrodeposited PEDOT was compared to that of 

commercial PEDOT:PSS films as shown in Figure b. Indeed, electrodepoisted PEDOT film 

(red curve) show similar characteristic peaks as that of commercial PEDOT:PSS films (black 
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curve). As PSS is a weak Raman scatterer, all these peaks are assignable to the various 

normal modes of vibration of atoms present in the PEDOT chains. The bands at higher 

wavenumbers such as 1573, 1503 cm-1 could be assigned to asymmetric stretching of 

Cα=Cβ while the most intense peak at 1441 cm-1 relates to symmetric stretching of Cα=Cβ. 

The peak at 1441 cm-1 may also provide information related to doping and dedoping in 

PEDOT chains. The peak at 1367 cm-1 corresponds to Cβ–Cβ inter-ring stretching, 1264 cm-

1 represents Cα – Cα inter-ring stretching, 1105 cm-1 is due to C-O-C deformation, 988 cm-

1 represents C-C anti-symmetrical stretching mode, 702 cm-1 corresponds to symmetric 

C-S-C deformation, 573 cm-1 is due to oxy-ethylene ring deformation and 441 cm-1 

corresponds to SO2 bending, confirms the doping of sulfate and bisulfate anions (from 

sulphuric acid) in PEDOT nanostructures during the electrochemical deposition.29  

5.1.5 Multi-stack microsupercapacitors 

The versatile nature of the pen lithography was explored in fabricating vertical bi-

stack of PEDOT/Au heterostructures. After fabricating the single stack MSC which is 

comprised of PEDOT (2 min.)/Au interdigitated electrodes, ink pattern was drawn in the 

interspacings using marker pen followed by depositing second layer of Au with 

subsequent electrochemical deposition of PEDOT for 3 minutes. Thus, we have found that 

fabricating vertical bi-stack of PEDOT/Au was quite easy employing this technique (Figure 

). Fabricating a second layer on top of porous conducting polymer surface may be a tricky 

aspect in a conventional photolithography process. Moreover, during the second layer of 
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fabrication, photoresist gets trapped into the porous matrix of active material (in this case 

porous PEDOT), may supress the electrochemical active surface area. As in the case of 

pen lithography, ink pattern was drawn only in the interspaces while not affecting the 

porous PEDOT surface sites, helping us building vertical stacks that can retain their 

electrochemical attributes.  

 
Figure 5.9 Fabrication protocol for the vertical stack of PEDOT/Au bi-stack MSC. (a) Single-stack of PEDOT MSC. (b) 
writing ink pattern in the interspaces. (c) Au deposition followed by electrochemical deposition of PEDOT. (d) Final 
stage of lift-off in resulting PEDOT/Au/PEDOT/Au bi-stack MSC. 

Interestingly, the areal capacitance of  vertical bi-stack of PEDOT/Au was found to 

be almost twice that of single stack of PEDOT/Au (tested in a 2-electrode configuration, 

1M H2SO4) as shown in Figure d. Further, CV scans of vertical bi-stack PEDOT/Au MSC 

were recorded at different scan rates as shown in Figure e. At a scan rate of 10 mV/s, 

vertical bi-stack PEDOT (3 min.)/Au/PEDOT (2 min.)/Au exhibits an areal capacitance of 6 
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mF/cm2 which is almost twice that of single stack of PEDOT (3 min.)/Au and 1.5 times 

higher than single stack PEDOT (5 min.)/Au MSC (see Figure f). As shown in Figure g, 

discharge time of bi-stack PEDOT/Au MSC is almost twice that of single stack at a current 

density of 0.5 mA/cm2. Charge-discharge curves of bi-stack PEDOT/Au MSC were 

recorded at different current densities as shown in Figure h. Impedance spectra are seen 

parallel to the Zʺ axis for the single and bi-stack PEDOT/Au MSCs, indicating that excellent 

capacitive behavior (see Figure i). Absence of semi-circle in the high frequency region for 

both of the single and bi-stack devices, siginify that negligible charge-transfer resistance. 

However, as shown in the inset of Figure i, bi-stack MSC exhibits a lower value of 

equivalent series resistance (ESR), 2.6 Ω when compared to single stack with ESR of 3.9 

Ω. Thus, introducing the Au layer improves the conductivity of PEDOT that subsequently 

causing the enhanced values of areal capacitance for the vertical bi-stack PEDOT/Au MSC. 

Therefore, this techqnique has a potential in building vertical stacks of conducting 

polymer/metal MSCs for improving the electrochemcial performance.  

5.1.6 Fabrication of solid-state microsupercapacitors 

Since liquid electrolyte has a tendency for leakage with improper encapsulation or 

sealing, gels electrolytes are preferred to fabricate leakage-free solid state conducting 

polymer MSCs. Due to higher electrochemical potential window (>1 V) of ion gel 

electrolytes, MSCs can exhibit superior energy (E = ½  CV2) and power densities (P = V2/4R) 

over aqueous media. As PEDOT is electroactive in a wide potential window (up to 1.4 V) 
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while having electrochemical activity in various media (aqueous, organic and ionic liquid), 

ion gel based PEDOT MSCs were fabricated on flexible and curved surfaces. A thin layer 

of ion gel (thickness of 30 µm) was drop-coated over the interdigitated PEDOT finger 

electrodes followed by drying off completely. Cyclic voltammograms of PEDOT MSC using 

ion gel electrolyte was recorded at various scan rates from 100 mV/s to 5 V/s (see Figure 

a). CV curves are seen typical of rectangular in the potential window of 1.5 V unlike 

aqueous media of 0.8 V. CD profiles are seen quite linear in the potential window of 0-1.5 

V at different current densities (1-8 A/cm3) as shown in Figure b. As these PEDOT MSCs 

were fabricated on a flexible substrate, the device can be bent and relased for several 

times without destroying it. Further, we have tested the flexiblity of the device by 

measuring its CV before and after bending as shown in Figure c. CV curves remain same 

for the normal (shown with black curve) and bending (red curve) configurations of this 

device as shown in Figure c.  
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Figure 5.10 (a) CVs and (b) CDs of PEDOT MSCs using ion gel electrolyte. (c) CV curves for the flat (black) and bent (red 
curve) PEDOT MSC employing iongel electrolyte at a scan rate of 80 mV/s, inset shows the digital photograph for the 
bent configuration of PEDOT MSC. (d) digital photograph showing the PEDOT MSC over a curved glass vial. CVs of 
PEDOT MSCs in (e) parallel and (f) series combinations at a scan rate of 80 mV/s. (g) Cycling stability and Coulombic 
efficiency of  PEDOT MSC over 20000 cycles in ion gel electrolyte. Inset shows MSCs fabricated over curved substrate 
as a power source in glowing green LED. 

Furthermore, we take the advantage of writing ink pattern over curved surfaces in 

fabricating MSCs on curvilinear platforms (see Figure d). In oder to meet the desired 

power capability, tandem configuration of MSCs such as series and parallel combinations 

were made to increase the voltage and current ratings, respectively. Two cells connected 

in parallel exhibit enhanced current values over a single cell (see Figure e). As shown in 

Figure f, two MSCs fabricated on a curved glass surface were connected in series to 

increase the cell potential up to 3 V when compared to single cell of 1.5 V. CV curves 

shown in Figure 4d reveal that the current values of series connected devices decrease at 

the expense of increased potential window. Cycling stability of this PEDOT MSC was 

tested over 20000 cycles by continuous charging and discharging between 0 and 1.5 V in 
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ion gel electrolyte. Indeed, this solid state MSC exhibits good cycling stability with a 

capacitance retention up to 85% and coulombic efficiency of 95% over 20k cycles as 

shown in Figure g. Series connected PEDOT MSCs on a curved glass surface were initially 

charged using a battery. Inset photograph shows the tandem PEDOT MSCs fabricated over 

a curved surface are capable as a stand-alone micro-power source in glowing a green light 

emitting diode.Thus, this pen lithography technique can allow us to fabricate curvilinear 

energy storage platforms as micro-power units that may be compatible with curvilinear 

electronics. 

5.1.7 Exploring various pseudocapacitive materials 

Further, in order to generalize this technique, we have electropolymerised high 

capacity conducting polymer, polyaniline in the form of nanofiber network as shown in 

Figure a. The uniform and homogenous growth of PANI nanofiber network over the Au 

fingers is evident from the optical micrograph shown in the inset of Figure 5a. The 

electrochemical performance of PANI MSC was tested in PVA/H2SO4 gel electrolyte in a 2-

electrode configuration. CV curves of PANI MSC exhibit broad redox peaks due to Faradaic 

nature of PANI nanofiber network (see Figure b). At a scan rate of 40 mV/s, PANI solid 

state device exhibits an areal capacitance of 26 mF/cm2. Indeed, this value is comparable 

to the values reported in the literature based on PANI MSCs fabricated by 

photolithography and laser printing techniques.[16,23] Similarly, charge-discharge profiles 

are seen with curvature, due to pseudocapacitive nature of PANI MSC (see Figure c). 
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Variation in areal and volumetric cell capacitances of PANI MSCs with different deposition 

times is shown in Figure d. Areal cell capacitance is gradually increasing from 7.3 to 41 

mF/cm2 as the deposition time is increased from 30 seconds to 5 minutes. However, the 

volumetric capacitance was found to be maximum of 146 F/cm3 for 0.5 µm thick PANI.  

Nyquist spectra of various PANI MSCs are seen vertical, indicating good capacitive 

behavior of the fabricated devices (see Figure e). In the high frequency region of the 

spectra, a small semi-circle is observed for all the PANI MSCs which is due to charge-

transfer resistance across the electrode/electrolyte interface (see inset of Figure e). All 

these PANI MSCs exhibit an equivalent series resistance (ESR) of 3Ω as shown in the inset 

of Figure e. Cycling stability of PANI MSC was tested in PVA/H2SO4 gel electrolyte over 

5000 cycles.  

 
Figure 5.11 (a) SEM morphology of PANI nanofiber network, inset showing the optical micrograph of PANI MSC (width 
of the each finger is 0.45 mm). (d) CVs and (e) CDs of PANI MSC in PVA/H2SO4 gel electrolyte. (d) Variation in the areal 
and volumetric capacitances of PANI MSCs with deposition time. (e) Nyquist spectra of various PANI MSCs, inset shows 
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the high frequency region of spectra. (f) Ragone plot showing the energy and power density of Li thin-film batteries, 
carbon and metal oxide based MSCs with respect to conducting polymer based MSCs fabricated in this study. 

Ragone plot displayed in Figure f compares the electrochemical performance of 

conducting polymer based MSCs with the state-of-the-art energy storage devices. These 

CP based MSCs exhibit energy density values in the range of 5-11 mWh/cm3 and power 

densities in the range of 500-2000 W/cm3. This energy density value is comparable to Li-

based thin-film batteries (10 mWh/cm3), MSCs based on carbon materials (E = 0.15-9 

mWh/cm3),[7-11, 19-21]  metal oxides (1-5 mWh/cm3)[12-14,30] and CPs (4-10 mWh/cm3)[15-

18,22,23,31] fabricated by various techniques (see Table ).  

Table 5.1 Comparison of MSCs fabricated employing direct-write techniques 

 

5.1.8 Summary and conclusion 

It is worth-mentioning a few merits and demerits of this technique at this stage. 

Though the feature widths and spacing obtained are of higher compared to micro-

fabrication process, given its simplicity and versatility, it is a unique technique with a wide 

scope for on-chip energy storage. Fabrication of MSCs on curved surfaces is clearly a novel 

aspect of this technique which is otherwise not possible by means of conventional 

photolithography. Although these devices were fabricated manually, in principle one can 
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automate this maskless process to make microsupercapacitors over any kind of curved 

surface with excellent precision and at low cost. Given the simplicity of the process, it can 

be used to fabricate microsupercapacitors in a variety of designs. Thus, this method opens 

up a new avenue in fabricating on-chip energy storage devices over curved surfaces, a 

field of curvilinear energy storage.  

This method can be extended in terms of achieving high resolution and scalability 

through design of functional inks by following soft lithography approaches. For example, 

PDMS stamps can be used to print or mold the ink patterns with a typical resolution less 

than 0.1 mm easily. In this case, PDMS stamps have to be pre-designed employing 

photolithography technique. This method can be extended in terms of achieving high 

resolution and scalability through design of functional inks by following soft lithography 

approaches.[32] By designing the PDMS stamps with a desired resolution, one can use 

these inks to get printed or molded as sacrificial patterns in fabricating 

microsupercapacitors with high resolution. Further, a great variety of functional inks 

based on various electroactive materials (carbon, metal oxides, conducting polymers) can 

also be developed to fabricate printed microsupercapacitors. Alternatively, one can use 

plotters/printers (ink-jet and sonplot) in dispensing the sacrificial ink patterns in a reliable 

manner for large area patterning with better reproducibility. A great variety of inks based 

on various active materials can be developed to fabricate printed microsupercapacitors. 
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The ultimate goal is to develop scalable, high resolution printing technology for 

integrating electronic devices with energy storage units. 

To sum up, a simple and versatile strategy was demonstrated for fabricating on-chip 

energy storage devices employing sacrificial ink patterns written by commercial marker 

pens. This technique was used to fabricate microsupercapacitors over a wide variety of 

substrates including rigid, flexible, and even curved surfaces without difficulty. We have 

successfully demonstrated both lift-off and etching schemes of this technique to realizing 

flexible, curved, and electrochromic microsupercapacitors. As this technique doesn’t use 

masks, we have shown that it can be used to make vertical stacks of multilayer structures 

without using sophisticated optical aligning equipment. 
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5.2 Hybrid Microsupercapacitors with Vertically-Scaled 3D Current 

Collectors Fabricated using a Simple Cut-and-Transfer Strategy 

5.2.1 Introduction 

As discussed before, the most important parameter for a microsupercapacitor is 

the areal density of the device. The technological trend to achieve high areal performance 

is to transform from two-dimensional to three-dimensional (3D) architecture, where an 

optimal mass loading of active material can be possible in a given footprint area. (Figure 

) 

 
Figure 5.12 Schematic illustration of transforming from 2D to 3D current collectors. 

For instance, silicon-based microelectromechanical systems (MEMS) technology 

was employed in fabricating various 3D microsupercapacitors. Further, 3D arrays of Si (30 

µm thick) and SU-8 (100 µm thick) were fabricated as scaffolds for increasing loading of 

active materials when compared to 2D collector counterparts.[37-43] However, thicker 

coatings (50-150 µm) of MnO2 and activated carbons employing binders and conductive 

additives, which are electrochemically inactive, often have poor electrochemical 

performance due to limited diffusion kinetics of electrolyte ions.  In the case of thick block 
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of electrode materials, electrolyte permeability is hindered and charge extraction 

becomes inefficient, which limits the final electrochemical performance of such devices. 

Therefore, compared to planar current collectors, ultra-thick current collectors such as Ni 

foam or carbon cloth are the best choice in terms of direct growth of electroactive 

materials by various methods. This is because their intrinsic macroporous nature helps in 

maximizing active material loading, while providing easy access to the electrolyte ions, 

leading to faster reaction kinetics and hence improving the electrochemical performance. 

For example, Ni foam has been extensively used in direct growth of metal oxides and 

sulfides by hydrothermal method[44,45] while showing best specific capacity values. 

However, there are no reports on fabrication of co-planar electrochemical devices (e.g., 

microsupercapacitors) based on Ni foam patterned collectors. Since Ni foam is bulky 

(thickness of 500-1200 µm) with porous textures, it is not amenable to patterning by 

conventional photolithography.   

Thus, we propose a new strategy in patterning macroscopic ultra-thick 3D current 

collectors in the form of interdigitated electrodes by laser machining. A robust yet an 

elegant approach was developed to pattern 3D current collectors as frameworks for 

maximum material loading of electroactive materials to achieve optimal electrochemical 

performance in a given footprint area. This platform can be used to evaluate various 

active materials in co-planar hybrid (asymmetric) configuration, which is typically more 

difficult to fabricate in comparison to symmetric configuration. As a proof of concept, a 
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hybrid device is demonstrated, employing Faradaic NiCo2S4 as a positive electrode 

material and electrochemical double-layer carbon nanofiber (CNF) as a negative 

electrode, both of which were directly grown on Ni foam interdigital electrodes by 

hydrothermal and chemical vapor deposition methods, respectively. We have 

demonstrated the hybrid co-planar device with remarkable areal capacity in a given 

footprint area with high operating voltage window in aqueous and gel electrolytes. 

Indeed, this hybrid proto-type device exhibits superior energy density of 200 µWh/cm2 

compared to state-of-the-art microsupercapacitors (1-40 µWh/cm2), with higher power 

density when compared to thin-film/micro-batteries at comparable energy density.  

5.2.2 Laser engraving to make 3D current collector 

Laser engraving is a direct patterning method, involving neither photoresists nor 

complicated multistep processing.  Thanks to the energetic laser beam which has the 

ability to cut the metals locally, desired object shapes for many applications can be carved 

out. For instance, simple laser-cut interdigitated electrodes could constitute co-planar 

architecture of a capacitive element. As shown in Figure a, laser machining was employed 

to create interdigitated electrode patterns out of ultra-thick nickel foam (NF).  The laser-

cased technique is found to be a versatile approach since it can be employed to pattern 

bulk current collectors such as carbon cloth and Ni foam in a single step and direct 

manner. The honeycomb-type structure with associated macroporosity of the Ni foam is 

beneficial to achieve maximum loading of the active materials in a binder-free manner. 
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The cross-linked honeycomb-type morphology of Ni foam is illustrated in the inset of 

Figure b. Ni foam has been extensively used to grow various classes of materials ranging 

from carbon nanotubes[46], graphene[47] grown by chemical vapor deposition, metal 

oxides[45, 48], sulfides[49, 50] and selenides[51], grown by hydrothermal synthesis.  Most of 

these studies have focused on 3-electrode measurements to estimate the specific 

capacitance of the deposited electrode materials.  However, for practical applications, 2-

electrode stack or co-planar configuration is more relevant. Here, a novel strategy of using 

direct-laser cutting is proposed to fabricate co-planar electrode architectures of Ni foam 

electrodes. Laser engraving was employed to cut through the Ni foam of various 

thicknesses (500, 700, or 1200 µm). No photoresist is used in this single-step process. This 

technique is fast, cost-effective, scalable, and has been successfully used in our laboratory 

to produce interdigitated 3D current collectors. The intrinsic macroporosity and high 

electronic conductivity of the Ni foam makes it as an ideal 3D framework for optimal mass 

loading of electroactive materials.   
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Figure 5.13 Schematic of the fabrication process of the hybrid devices. (a) Laser machining of ultra-thick nickel foam to 
fabricate 3D interdigitated Ni foam collectors. (b) Ni foam 3D interdigital current collectors (c) NiCo2S4 and CNF are 
separately grown on individual interdigitated 3D Ni-foam collectors. (d) Hybrid device with positive NiCo2S4 and negative 
CNF is transferred to a glass substrate using thin PDMS layer. 

The robustness of the Ni metal current collectors allows depositing various carbon 

based or pseudocapacitive materials at various temperatures, pressure and chemical 

conditions.  For instance, as Ni foam can sustain a wide range of temperatures (from room 

temperature up to 1000 ℃), and chemical environments for growth of a plethora of 

materials, it could make an ideal platform for fabricating co-planar 3D 

microsupercapacitors. After laser machining, the obtained NF collector fingers were 

placed in a Teflon-lined autoclave for hydrothermal synthesis to grow nickel cobalt sulfide 

(NiCo2S4) directly, while carbon nanofiber was grown directly on the other NF collector 

fingers by chemical vapor deposition (CVD) (see Figure c). These separate interdigital 
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electrodes were transferred onto a glass substrate by a bottom polydimethylsiloxane 

(PDMS) layer while applying mild pressure for firm contact, resulting in hybrid coplanar 

supercapacitor device as shown in Figure d. Therefore, this technique can be used for 

patterning macroscopic ultra-thick current collectors into coplanar energy storage 

devices.  

5.2.3 Material synthesis and characterization 

Ternary nickel cobalt sulfide nanotubes were directly grown on Ni foam in a two-

step hydrothermal method (Figure ) to avoid the use of binder and conductive additives 

which have no contribution to the overall capacitance[52], while ensuring better electrical 

contact between active material and the current collector for facile electron transport. 

 
Figure 5.14 Two step hydrothermal synthesis of NiCo2S4. 

The crystalline nature of NiCo2S4 was investigated by X-ray diffraction (XRD) and 

the diffraction pattern is shown in Figure a. The two strongest peaks at 44.5° and 51.8° 

are assigned to the diffraction from the (111) and (220) planes of Ni foam substrate.  All 

remaining peaks at 2θ values of 31.6, 55.3, 38.3, 50.5, 26.8, and 47.4 are very well 
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matched to the nanostructured cubic type NiCo2S4 (JCPDS 20-0782), without any 

secondary phases. The relative intensities of NiCo2S4 peaks are seen quite low because 

the underlying Ni foam diffracts significantly. Raman spectrum was recorded under Ar 

atmosphere to avoid laser induced oxidation of sulfides in the presence of air[53]. As 

shown in Figure b, the peak at 378 cm-1 can be ascribed to the stretching of sulfur atom 

toward the tetrahedral site Ni atom, while the characteristic peak at 248 cm-1 can be 

assigned to the bending vibration of S-Ni-S bonds, matching with previous reports.[53] The 

remaining three peaks at 150, 302 and 349 cm-1 can be attributed to the asymmetric 

bending of the S-Ni-S bonds. 

 
Figure 5.15 (a) Typical XRD pattern and (b) Raman spectrum of the NiCo2S4 nanotubes directly grown on Ni foam. (c) 
Survey scan and high-resolution XPS spectra of (d) Ni 2p (e) Co 2p; (f) S 2p of the NiCo2S4 nanotubes. 

XPS analysis was carried out to determine the chemical composition and oxidation 

states of the elements. As shown in Figure c-f, XPS survey scan of the NiCo2S4 is consistent 

with the EDX data. High resolution XPS spectra of Ni 2p, Co 2p and S 2p core levels were 

recorded. For Ni 2p spectrum, two Ni 2p3/2 components at 852.9 eV and 856.1 eV can be 
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attributed to Ni2+ and Ni3+ species, respectively. The intense Ni2+ shakeup satellite peak at 

861.4 eV indicates that Ni2+ is the majority species of Ni element in the final product.[37]  

Co 2p spectrum shows two distinguished doublets located at a low energy band (Co 2p3/2) 

and a high energy band (Co 2p1/2). Co 2p3/2 peak at 778.3 eV is characteristic of Co3+ 

species, while components at 781.1 eV and 785.6 eV correspond to Co2+ main peak and 

its accompanied shakeup satellite peak, respectively. The spin-orbit splitting value of Co 

2p3/2 and Co 2p1/2 is over 15 eV, suggesting co-existence of Co3+ and Co2+.[38] Core level 

XPS spectrum of S 2p region is shown in Figure f. The first two peaks (161.3 and 162.4 eV) 

of S 2p spectrum are of doublet shape due to spin-orbit coupling (S 2p3/2 and S 2p1/2) in 

metal sulfide.[39] The peak observed at 163.7 eV corresponds to the S 2p3/2 core level, 

which is typical of metal-sulfur bonds in the ternary metal sulfides. The S 2p peak 

observed at 168.7 eV is attributed to surface S4+ species with high oxidation state, such as 

sulfates. 

Figure a shows the typical low-magnification field emission scanning electron 

microscopy (FESEM) image of as-grown NiCo2S4 on Ni foam.  The NiCo2S4 layer appears to 

be fairly uniform while retaining the macroscopic conformal coating over the entire Ni 

foam. At higher magnification, hollow nanotube morphology of NiCo2S4 is observed, as 

shown in Figure b. Typical length and diameter of the nanotubes are estimated to be 1 ± 

0.5 µm and 100 ± 50 nm, respectively.  The growth process and structure of our 

nanostructured NiCo2S4 on Ni foam is similar to the process reported by Ma et al. 
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recently.[54] The formation of hollow tube morphology can be explained by kirkendall 

effect – that has been widely employed to create interior voids in metal sulfides. This can 

be explained as follows. Released S2- ions react with metal ions to form a thin layer of 

NiCo2S4 on the surface of metal carbonate hydroxide nanowires, and that thin layer acts 

as a physical barrier to prevent the direct reaction between the external S2- with inner 

metal carbonate hydroxide. Accordingly, further reaction is controlled largely by the 

diffusion of metal ions or S2- through this thin NiCo2S4 layer.  Since the rate of outward 

diffusion of the small metal ions is much greater than the rate of inward diffusion of the 

bulky S2- ions, further sulfurization is mostly confined to the outer surface of the NiCo2S4 

layer, creating hollow structure.[49, 55] These hollow structures can increase the electrode 

surface area while facilitating the electrolyte penetration.  

 
Figure 5.16 (a) Low and (b) high magnification SEM images of the NiCo2S4 nanotubes. (c-d) TEM images of the NiCo2S4 
nanotubes, inset of (f) shows the corresponding SAED pattern.  
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The TEM image shown in Figure c further confirms the morphology of the NiCo2S4 

tube structure. The lattice plane spacings are calculated to be 2.6 nm and 3.2 nm from 

HRTEM in Figure d, which correspond to the (220) and (222) planes of Linnaeite phase.[56] 

Different orientations of the fringes reveal the polycrystalline nature of the material [53], 

which is further confirmed by the selected area electron diffraction (SAED) pattern shown 

in the inset of Figure d.  

5.2.4 Electrochemical characterization 

Electrochemical properties of individual NiCo2S4/NF and CNF/NF components 

were studied in the positive and negative potential windows in a three-electrode 

configuration using 1M KOH aqueous electrolyte. We have investigated the role of 

thickness of Ni foam and mass loading of NiCo2S4 in optimizing its specific capacity. 

Initially, Ni foams with three different thicknesses of 500, 700 and 1200 µm (denoted as 

NF-500, NF-700 and NF-1200, with the same areal mass density of nickel) were chosen in 

order to study the vertical (thickness) scaling effect. To have a fair comparison, mass 

loadings of NiCo2S4 were maintained constant at 2.5 mg/cm2 for these three NF 

thicknesses (the mass loading can be controlled by the concentration of the reacted 

precursor solution). As shown in Figure a, areal capacities were calculated from 

galvanostatic discharge curves (Figure b) and are plotted for different values of Ni foam 

thicknesses. Areal capacity as much as 550 µAh/cm2 (corresponding to gravimetric 
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capacity of 220 mAh/g) is achieved at a current density of 7 mA/cm2 for NiCo2S4/NF-1200 

at a mass loading of 2.5 mg/cm2.  

 
Figure 5.17 (a) Galvanostatic discharge curves of NiCo2S4/NF with different thicknesses of NF at a current density of 7 
mA/cm2, mass loading of NiCo2S4 was maintained at 2.5 mg/cm2 in each case. (b) Areal specific capacity vs thicknesses 
of 3D Ni foam measured at 7 mA/cm2

 in 1M KOH aqueous electrolyte. 

The estimated areal capacitance of 4000 mF/cm2 (potential window, 0.8 V) is 

found to be better than the best reported value of 3700 mF/cm2 for RuO2/3D gold current 

collector.[57] As expected, when the thickness of Ni foam decreases, the areal capacity is 

reduced even for similar mass loading of NiCo2S4. This could be due to the fact that at a 

given mass loading, the effective growth thickness of NiCo2S4 might be lower on NF-1200 

as compared to NF-500. Further, for a given thickness of NF (for example, NF-1200), the 

mass loading was controlled to obtain maximum specific capacity. At this stage, it is also 

important to estimate the contribution from the bare NF itself which should be subtracted 

from the total capacity shown by NiCo2S4/NF. It was found that NF contribution is only 5% 

(total specific capacity of NiCo2S4/NF is 550 µAh/cm2 while NF shows capacity of 30 

µAh/cm2), which is negligible when compared to overall capacity.  
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Typical CVs of the NiCo2S4/NF-1200 (mass loading of 2.5 mg/cm2) are shown in Figure a,  

 
Figure 5.18 (a) Typical CV curves of NiCo2S4/NF (mass loading 2.5 mg/cm2, 3D Ni Foam thickness is 1200 µm). (b) 
Diffusion controlled charge storage contributions (shaded area) separated with cyclic voltammogram at 10 mV/s scan 
(solid line). (c) Anodic and corresponding cathodic peak current densities (presented in (c)) versus the square root of scan 
rate. (d) Galvanostatic discharge curves at various current densities. 

where two pairs of redox peaks are observed.  These peaks can be attributed to 

the reversible Faradaic reactions of Co2+/Co3+/Co4+ and Ni2+/Ni3+ in aqueous alkaline 

solution. The first pair of redox peaks at lower potentials (0.33 V) can be explained by the 

following reactions: 

𝐶𝑜𝑆 + 𝑂𝐻− ↔ 𝐶𝑜𝑆𝑂𝐻 + 𝑒− 

𝐶𝑜𝑆𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑆𝑂 + 𝐻2𝑂 + 𝑒− 



165 

 

 

while the second pair of peaks at 0.38 V can be attributed to the redox reaction of 

Ni2+/Ni3+. 

𝑁𝑖𝑆 + 𝑂𝐻− ↔ 𝑁𝑖𝑆𝑂𝐻 + 𝑒− 

At higher scan rates, shifts in the redox potentials towards more positive/negative 

potentials were observed, which is caused by diffusion limitations associated with the 

redox processes. 

To gain more insight into the charge storage mechanism of NiCo2S4, sweep analysis was 

done to quantify the capacity contribution from capacitive and diffusion-controlled 

processes. The total current as a function of potential can be expressed as a sum of 

diffusion controlled Faradaic processes and double layer capacitive currents, as shown by 

the following equation. 

𝑖(𝑉) = 𝑘1𝜐 + 𝑘2𝜐1/2             (1) 

Where 𝜐  is the scan rate (mV/s), 𝑘1𝜐 and 𝑘2𝜐1/2  represent the currents from surface 

capacitance contribution and the diffusion-controlled Faradaic process, respectively.[23] 

Equation (1) can also be rearranged to: 

𝑖(𝑉)/𝜐1/2 = 𝑘1𝜐1/2 + 𝑘2         (2) 

So 𝑘1  and 𝑘2  can be derived from the linear plot from 𝑖(𝑉)/𝜐1/2  versus 𝜐1/2  with 

different scan rates from Figure a.  Relative capacitive and Faradaic contributions are 
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estimated to be 70 and 30%, respectively (Figure b). It was also observed that the peak 

current varies linearly with the square root of the scan rate (Figure c), which again 

confirms the diffusion limited nature of the redox reaction.[50]  

Galvanostatic discharge curves of NiCo2S4/NF at different current densities are 

shown in Figure d. Clear voltage plateaus present at around 0.25 V confirm the Faradaic 

process, matching well with the potentials corresponding to the redox peaks observed in 

the CV curves. The NiCo2S4/NF electrodes deliver a specific capacity of 640 µAh/cm2 

(specific gravimetric capacity of 256 mAh/g) at 5 mA/cm2 (2 A/g) and retain specific 

capacity of 435 µAh/cm2 (174 mAh/g) at 15 mA/cm2 (6 A/g) with capacity retention of 

70%. The good rate capabilities can be attributed to the good conductivity of NiCo2S4 

itself[53] and the rational design of nanostructured materials grown directly on the current 

collector. It is possible that the 3D nanostructured hollow nanotube morphology shortens 

the ion diffusion path for mass transport and at the same time gives access to more active 

sites since no binder was used.  It is also likely that the direct contact between the NiCo2S4 

nanotubes and NF reduces the interfacial impedance and thus contributes to fast electron 

transportation, shortening ion diffusion pathways. 

Carbon nanofibers were grown directly on Ni foam by chemical vapor deposition 

(CVD), and they were then employed as the negative electrode because of their one-

dimensional conductivity, efficient ion diffusion pathways[61] and easy control of mass 

loading. The SEM image in Figure a shows the compact coating of the randomly oriented 
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CNF on Ni foam. A low-magnification TEM image of the carbon nanofibers is shown in the 

inset of Figure a, where rope-like morphology with very thin hollow core and catalyst 

particle inside, is observed.  

 
Figure 5.19 (a) SEM and TEM (inset) images of the carbon nanofibers (CNF) grown on interdigitated Nickel foam 
collector. (b) Cyclic voltammograms (c) deconvolution of charge storage contributions of CNF from capacitive current at 
a scan rate of 10 mV/s. (d) galvanostatic charge-discharge profiles of CNF/NF in 1M KOH. 

The two strongest peaks appear around 1350 (FWHM 115 cm-1) and 1580 cm-1 

(FWHM 80 cm-1) are assigned to the D and G bands of CNF, respectively. A small peak at 

2700 cm-1 corresponds to 2D band which is a signature for the c-axis periodicity of 

graphene layers of CNF. The ratio of the intensity of D and G bands, ID/IG is found to be 

1.1. The mean sp2 crystallite size (La) is estimated to be ∼11 nm by using the formula[62]: 
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𝐿𝑎(𝑛𝑚) = (2.4 × 10−10)𝜆4 (
𝐼𝐷

𝐼𝐺
)

−1

       (3) 

where 𝜆 is the laser excitation wavelength in nm.  

As shown in Figure b, CVs of CNF grown on Ni foam show no obvious Faradaic 

current, indicating electrochemical double layer behavior. No obvious hydrogen evolution 

is observed until a potential of -1 V, indicating that the CNF/NF behaves as a negative 

electrode. From equation (2), we conclude that the main contribution of the capacitance 

(80%) is attributed to the fast surface reactions (Figure c). The galvanostatic 

charge/discharge curves in Figure d show typical symmetric triangular-shape curves, 

which are due to the electrochemical double layer adsorption of electrolyte ions. The 

Ohmic drop is small even at a high current density of 40 mA/cm2
, implying good electrical 

conductivity of CNF electrodes.[63]  

Charge on the positive and negative electrodes was balanced by adjusting the 

mass loading of CNFs on the negative electrode and the corresponding charge balance 

chart is shown in Table 5.2. 

 

 

 

Table 3.2 Charge balance of the two electrodes at various current densities. 
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Hybrid devices were assembled by gluing the two well-defined comb electrodes 

onto the glass substrate having a thin layer of PDMS under an optical microscope. As 

shown in Figure a, CVs of the hybrid devices show no obvious oxygen evolution (no 

sudden rise in the current at higher potentials).  Even when the voltage window is 

extended up to 1.6 V, the shape of the CVs shows typical redox behavior, indicating the 

dominating Faradaic behavior of the hybrid supercapacitors. To investigate the charge 

storage mechanism in the hybrid devices, diffusion controlled and capacitive currents are 

separately extracted from the CV curves from Figure a at a scan rate of 10 mV/s (Figure 

b). It is estimated that 56% of the total current comes from diffusion controlled processes, 

while the remaining 44% come from capacitive type processes.  This analysis clearly shows 

that the hybrid device possesses characteristics of both EDLC and Faradaic components, 

which is further confirmed by the quasi-voltage plateaus shown in the galvanostatic 

discharge curves (Figure d).  This type of behavior may be referred to as aqueous battery 

behavior; however, the fast response of the hybrid device even at a higher scan rate of 

50 mV/s qualifies it as a capacitive device. Figure c shows the CVs of positive and negative 

electrodes in the complementary potential windows, along with the resultant hybrid 
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device with extended voltage operation (up to 1.6 V). In three-electrode measurement, 

CV curves of individual NiCo2S4/NF electrode show two pronounced redox peaks within 

the potential window of 0-0.5V, which clearly shows the Faradaic nature of the positive 

electrode as described earlier. While CV curves of the individual CNF/NF electrode mainly 

exhibit a quasi-rectangular shape in the negative potential window of -1 to 0 V, clearly 

showing electric double layer behavior. Thus, our process has combined the Faradaic and 

double layer electrodes to increase the operating voltage of the aqueous electrolyte in 

order to achieve higher energy and power densities of the hybrid supercapacitor. Broad 

redox peaks are observed in the CV curves of the hybrid supercapacitor (2-electrode 

configuration). The inset of Figure d shows that two series connected tandem devices are 

capable of glowing a green LED (a few seconds charging is enough in glowing LED for a 

minute). The device delivers a capacity of 240 µAh/cm2 at 5 mA/cm2 and retains 190 

µAh/cm2 at 15 mA/cm2, indicating good rate performance (79%). A capacity of 240 

µAh/cm2 at 5 mA/cm2 can be retained even after deep cycling at 15 mA/cm2, which shows 

good cycling performance. Long-term cycling tests were performed in 1M KOH electrolyte 

at high current density of 40 mA/cm2 over 10000 cycles (Figure e), which indicate that 

89% of the initial discharge capacity was retained. The improved cycling performance of 

the device compared with NiCo2S4/NF (67% after 10000 cycles) can be attributed to the 

introduction of EDLC type negative electrode material. Electrochemical performance of 

our hybrid device is compared with other state-of-the-art energy storage devices as 

shown in the Ragone plot in Figure f.  Our devices show an energy density of 200 μWh/cm2 
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at a power density of 4.4 mW/cm2’; at high power density of 45 mW/cm2, excellent energy 

density of 49 μWh/cm2 can still be maintained. These energy densities are superior to 

advanced microsupercapacitors[39, 54] ,  Ni-Zn[57] micro-batteries (3 μwh/cm2), and is 

comparable to commercial thin-film batteries (350 μWh/cm2)[57] and Ni-Sn[58] 

microbatteries(230 μWh/cm2), while high power density can be delivered.  
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Figure 5.20 Electrochemical performance of NiCo2S4//CNF device. (a) Cyclic voltammograms of the NiCo2S4//CNF hybrid 
device, inset shows the device attached to the polyimide sheet.  (b) Voltammetric response at 10 mV/s. Solid line 
represents total current from experiment, diffusion controlled current (red shaded region) and capacitive current (green 
shaded region) are derived from (a). (c) CVs of NiCo2S4/NF, CNF/NF electrodes and NiCo2S4//CNF device at a scan rate 
of 10 mV/s. (d) Galvanostatic discharge curves at different current densities of the NiCo2S4//CNF device, inset shows 
series connected devices were able to glow a LED. (e) Cycling stability and Coulombic efficiency of the hybrid device over 
10000 cycles in 1M KOH electrolyte. (f) Ragone plot showing the areal energy and power densities of commercial thin-
film batteries, state-of-the-art microbatteries and microsupercapacitors compared to the hybrid microsupercapacitors 
fabricated in this study. 

5.2.5 Conclusions 

It is worth mentioning a few merits of this study. A new paradigm of direct 

patterning of ultra-thick (3D) macroporous current collectors is demonstrated as a 

promising strategy for enhanced areal performance of co-planar electrochemical devices. 

Direct growth of electroactive materials at higher mass loadings (> 1 mg/cm2) while 

providing easy access to electrolyte ions paves the way to achieving better 

electrochemical performance of the devices. It has to be noted that the resolution of the 

laser patterning technique should not be compared with the sophisticated micro-

fabrication techniques such as lithography and nanoimprinting. There is a trade-off that 

often exists between resolution and simplicity. As we are patterning ultra-thick (up to 

1200 µm thick) macroporous Ni foam substrate, resolution is expected to be lower than 

lithography methods. Therefore, though we sacrificed electrode spacing at the expense 

of higher mass loading of active materials with an asymmetric design to widen the 

operating voltage window of the supercapacitors, ultimately excellent energy and power 

densities were achieved.  Having said this, it should said that large electrode spacing could 

negatively impact the diffusion of ions during the charge/discharge process.[65] However, 

we envision that by automating the placement of the current collectors on substrates, 
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one could have better control over finger spacing than in our manual, proof-of-concept 

approach.  

In summary, a direct-write strategy has been proposed for fabricating ultra-thick 

(3D) co-planar hybrid supercapacitors. The key aspect of this study lies in the increase of 

active material mass in a given area by exploiting the third dimension of the energy 

storage device. The proposed “cut-and-transfer” method, while manually cumbersome, 

can be automated to scale down the size and to meet the required voltage/power ratings. 

Using this approach, we have demonstrated hybrid microsupercapacitors with high areal 

energy density (200 μWh/cm2) and excellent cycling stability (capacity retention of 89% 

after 10000 cycles). The high areal energy density may meet the demand of on-chip 

storage for the next generation of integrated microsystems. 
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Chapter 6 Conclusion and Future works 

6.1 Conclusion of the dissertation 

The main aim of this thesis is to develop microsupercapacitors that have enough 

energy/power and are ready to be integrated with microelectronics. Specifically, we have 

systematically evaluated the MXenes as electrode materials for microsupercapacitors and 

developed various techniques to improve the device performance. 

In the 2nd chapter, we first employed different synthesis protocols to prepare 

MXene flakes with different layers, then studied their inherent electrochemical properties 

between multi-layer and few-layer MXene flakes, leading to important conclusions for the 

application of Ti3C2Tx MXene in various electrochemical applications in an aqueous 

medium. Our study shows that the Ti3C2Tx MXene exhibits strong inherent 

electrochemical properties, which is enhanced when multi-layer MXene is exfoliated to 

few-layer flakes. This behavior possibly stems from the more accessible electrochemical 

surface area in few-layer flakes of Ti3C2Tx. Such large surface area in delaminated few-

layer flakes carries defects and high density of edge plane sites, which means few-layer 

MXenes are more promising candidates as microsupercapacitor electrodes. 

In 3rd chapter, based on our previous conclusion, we first fabricated symmetric 

microsupercapacitors based on few-layer MXenes. To make the micron-scale device, we 

have combined laser scribing and spray coating techniques to fabricate our device on PET 

substrate. As a result, our microsupercapacitor delivers a capacitance of 23 mF/cm2 with 
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95% capacitance retention after 10,000 charge-discharge cycles. After that, we notice 

that the voltage window of MXene symmetric device is limited to the positive electrode. 

Given the fact that titanium carbide MXene (Ti3C2Tx) can only operate efficiently at 

negative potentials in acidic electrolyte, we designed an all-pseudocapacitive asymmetric 

device by combining it with a ruthenium oxide (RuO2) positive electrode in acid 

electrolyte. The asymmetric device operates at a voltage window of 1.5 V, which is two 

times wider than the operating voltage window of symmetric MXene supercapacitors, 

and is the widest voltage window ever reported to date for MXene-based 

supercapacitors. To demonstrate real applications of microsupercapacitors, we have also 

integrated energy harvesting and storage devices, by using silicone to encapsulate TENG 

device and solid-state MXene microsupercapacitor into a single monolithic device, it can 

sufficiently convert and store mechanical energy of human biomechanical motions into 

electrochemical energy, while maintaining long life time and high mechanical flexibility, 

and then power various electronics such as thermometers or humidity sensors. 

In the 4th chapter, given the 2D morphology and metallic conductivity of MXene, 

we have explored MXene Microsupercapacitors as miniaturized alternative to bulky 

electrolytic capacitors. We demonstrated wafer-scale fabrication of MXene 

microsupercapacitors with controlled flake sizes and engineered device designs to 

achieve excellent frequency filtering performance. Specifically, our devices deliver high 

volumetric capacitance, high rate capability, and a very short relaxation time constant, 
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surpassing the electrolytic capacitors and providing the best reported high frequency 

MXene based MSCs. The device can serve the function of ripple filtering units or 

harvesters of energy from high-frequency sources, and our devices are capable of filtering 

120 Hz ripples produced by AC line power at a frequency of 60 Hz. 

In the 5th chapter, we propose a simple, cost-effective, and versatile strategy to 

fabricate flexible and curvilinear microsupercapacitors. The protocol involves writing 

sacrificial ink patterns using commercial marker pens on rigid, flexible and curvilinear 

substrates. We specifically exploit the solubility contrast of the written ink patterns 

between aqueous and organic media, which makes it possible to deposit electroactive 

materials including pseudocapacitive conducting polymers and metal oxides using 

aqueous electrolytic baths followed by lift-off of the ink in common organic solvents such 

as acetone and alcohols. To enhance areal performance metrics in a given footprint area, 

we have also explored vertical scaling effects to explore the third dimension of energy 

storage devices by transforming two-dimensional current collectors into three-

dimensional architecture, while optimizing the mass loading to achieve optimal areal 

energy and power densities in microsupercapacitors.  

Overall, both intrinsic properties of pseudocapacitive materials (especially 

MXene), fabrication methods and device architecture are engineered to meet the 

demand of on-chip storage for the next generation of integrated microsystems. (As shown 

in Figure ) 



182 

 

 

 
Figure 6.1 Typical electrical consumption for different mobile devices. 

Compared with other literatures (Figure ), our device also shows superior energy 

and power densities. 

 

Figure 6.2 Ragone plot showing our device performance as compared with other state-of-art microsupercapacitors.  
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6.2 Challenges and perspectives 

Although impressive areal energy has been achieved by ultilizing pseudocapacitive 

MXenes as electrode materials, but since layered Ti3C2 MXene is an analog to graphene 

sheets, it faces similar restacking problem when it is used as electrode materials. The 

addition of other nanomaterials can be a possible solution. For example, CNT/MXene 

composites have been reported to achieve high volumetric capacitance and good cycling 

staility.1,2 In-situ polymerization of pyrrole onto the MXene flakes has also been reported 

to be an effective way to prevent the restacking problem.3 However, all these attempts 

only focus on the 3-electrode test, future studied to evaluate the device performance 

should be performed.  

On the other side, current studies in the thesis are focused on the aqueous 

electrolytes, however, the voltage window of the whole device is limited by the HUMO 

and LUMO of water, otherwise hydrogen or oxygen evolution happens when voltage go 

beyond 1.23V (sometimes higher due to electrode polarity). Moving from aqueous 

electrolyte to organic electrolyte and developing suitable encapsulation techniques can 

significantly improve the cell voltage, and energy density can be much improved (E=1/2 

CV2). Choosing the correct organic electrolyte should consider the matching of electrolyte 

ions and interlayer spacing or pore structure of the electrode materials, the organic 

solvent should also not react with the electrode.4 
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Important factor that influence the microsupercapacitors’ performance is the mass 

loading of active materials, although we have demonstrated the concept of 3D current 

collectors, these collectors still lack the simplicity for integration. Therefore, developing 

3D current collectors that are more compatible with IC circuits is an important direction 

to go. For example, 3D graphene with conpact adhesion to various substrates has been 

demonstrated by simple laser irradiation. Gao et al. employed a laser technique to 

selectively write reduced GO patterns directly on GO free-standing film.5 EI-Kady et al. 

have demonstrated the scalable fabrication of graphene micro-supercapacitors over large 

areas by direct laser writing on GO films using a standard LightScribe DVD burner 6,7. These 

3D graphenes have microporous structure as well as good conductivity, combining 

MXenes and other pseudocapacitive materials with 3D graphene is anticipated to 

increase areal performance a lot without losing rate capability. 

For AC-line filtering applications, to further improve the areal capacitance while 

maintaining good frequency response, two strategies can be applied. First, 3D current 

collectors that can increase the mass loading of MXene can be designed, this could be 

achieved by the etching of silicon to obtain silicon pillars. Similarly, 3D gold or copper 

current collectors can be grown onto the selected patterns by proper electrodeposition 

method.8 However, how to uniformly coat MXenes in these current collectors is another 

difficulty, so far, no paper has been reported to show the electrodeposition of MXenes, 

taking advantage of the negative charge of the MXene surfaces, it is quite promising to 
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design proper voltammetry technique for the electrodeposition of MXene. This could 

broaden the applications of MXene in more fields that needs certain patterns. Secondly, 

it has been shown that the stacked structure can increase the areal capacitance without 

losing rate performance.9 A structure of MXene/Au/MXene/Au can be achieved by 

repeated sputtering of Au and spray coating of MXene without adding more 

photolithography steps.  

To simplify the fabrication steps, different direct writing techniques such as ink-jet 

printing, screen printing or 3D printing techniques should also be employed to fabricated 

advanced symmetric/asymmetric microsupercapacitors. Most difficult part in these 

directions is to covert the electrode materials into a homogeneous printable ink. 

Finally, there are more than 30 available MXene composites and other 

pseudocapacitor materials (Ternary oxides/sulfides, MOFs, COFs etc.),10,11,12 the 

emergence of these new materials can widely broaden the electrode material pool, 

developing advanced microsupercapacitors based on these new materials offers great 

possibilities to get the optimized performance. 
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