


 
 

ABSTRACT 

Design and development process for application-oriented supercapacitors  

by 

Abhijit Baburaj 

Increasing demand for clean and sustainable energy, with a rise in technology, 

has pushed us to investigate clean energy sources and their storage. Batteries and 

supercapacitors are electrochemical storage devices that have applications both in 

the industry as well as in portable electronics. Supercapacitors are energy storage 

devices that store electrical energy through an adsorption/desorption of ions or 

pseudo-capacitive faradaic reactions at the electrode-electrolyte interfaces. 

Supercapacitors can be a replacement for batteries during high power output events 

and can have a near indefinite cycling life. High-power density, high-rate capability, 

and performance at high-frequency are the most desirable properties for a 

supercapacitor. Hence, my research focused on engineering the supercapacitor 

electrodes as well as designing the supercapacitor of desired form factors for various 

applications.  
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: Foreword 

This thesis focuses on designing and developing supercapacitors for different 

applications and is divided into six chapters. Chapter 2 summarizes energy storage 

devices and supercapacitors. Chapter 3 focuses on understanding the effects of 

functionalization in the catalytic properties of graphene nanoplatelets (GNP) for the 

hydrogen evolution reaction (HER). Chapter 4 investigates designing a 

supercapacitor made of 2D materials, which can also be used as electrodes for 

intercalation based brackish water desalination. Vanadium Pentoxide (V2O5) was 

grown on a substrate and coated with graphene to increase its conductivity. V2O5 has 

a high affinity for sodium and therefore, these electrodes were used to remove salt 

from brackish water. Chapter 5 explores a new method of making a monolith 

supercapacitor. A flexible monolith supercapacitor made of a layer-by-layer 

arrangement of poly aramid nanofiber-reinforced graphene and boron nitride 

nanocomposites for high-temperature applications. This unique combination of 

materials along with ease of fabrication process provides ease of scalability and cost-

effectiveness. Chapter 6 focused on designing and fabricating a Stacked On-Chip 

Supercapacitor for applications with a high-temperature requirement. Here we 

introduce a method to fabricate a quasi-solid-state on-chip supercapacitor with a 
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stacked configuration, which is facilitated by a layer by layer coating of all the 

components such as electrodes and electrolyte.
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: Materials engineering for 

supercapacitors 

2.1. Background 

There is an urgent need for clean, sustainable, and renewable sources of 

energy along with technologies associated with energy storage and conversion due to 

a rise in pollution, a decrease in fossil fuels, climate change, and fast expansion of the 

global economy1. Energy storage systems play a key role in providing this critical 

need for energy and the main objective of these technologies is to lower greenhouse 

gas pollution due to fossil fuels. Batteries, supercapacitors and fuel cells have been at 

the forefront of technology required for electrochemical energy conversion and 

storage2. Batteries such as lithium-ion batteries are used more widely because of its 

capacity to store more energy for a given weight and volume.  

Compared to batteries, electrochemical supercapacitors have a high-power 

density, long cycling over its lifetime, and for acts as a bridge between batteries which 

possess high energy density and capacitors which have a high power density3. These 

electrochemical devices can be used with batteries and fuel cells as a backup power 

system during disruptions in power and when high power delivery or uptake is 
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required4.  Though supercapacitors possess a high-power density, lack of a high 

energy density has made researchers develop new high surface area electrode 

materials. High surface area, large pore-size distribution, and high conductivity are 

vital properties of the electrode materials to attain high capacitance.  

2.2. Types of energy storage systems 

 Batteries vs. supercapacitors  

Battery technology has been around for over a century, and there is a wide 

range of applications ranging from toys to electric cars. Lead-acid battery, the earliest 

rechargeable battery was made in 1859 by Gaston Planté with the main objective of 

attaining higher specific capacity and longer cycle life. Batteries made with 

Nickel/Cadmium, and Nickel Metal Hydride batteries are another type of 

rechargeable battery that is in use today5. Batteries store energy electrochemically. 

There are chemical reactions that occur during the charging and discharging which 

release electrical carriers that can be removed into a circuit. Sony corporation 

introduced the Lithium-ion battery in 19916.  Supercapacitors were introduced in 

1957 and the first commercial supercapacitor came into the market in 19783. 

Supercapacitors are mainly used to complement or replace a battery for specific 

applications where the requirement of energy density is under 20 Wh kg−1 and needs 

a high specific power density above 10 kW kg−1. A comparison table is given in Table 

2.1 for the different parameters of a battery and supercapacitor.  
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Comparison 
parameter 

Battery Supercapacitor 

Storage mechanism Chemical Physical 

Power limitation Reaction kinetics, 
mass transport 

Electrolyte 
conductivity 

Energy storage High (bulk) Limited (surface 
area) 

Charge rate Kinetically limited High, same as the 
discharge 

Cycle life limitations Mechanical 
stability, chemical 
reversibility 

Side reactions 

Table 2.1: Comparison parameter between battery and supercapacitor7  

Characteristics Capacitor Supercapacitor Battery 

Specific energy 

(W h/kg
−1

) 

<0.1 1–10 10–100 

Specific power 

(W kg
−1

) 

⪢⪢10,000 500–10,000 <1000 

Discharge time 10
−6

 to 10
−3

 s to min 0.3–3 h 

Charge time 10
−6

 to 10
−3

 s to min 1–5 h 

Coulombic 
efficiency (%) 

About 100 85–98 70–85 

Cycle-life Almost infinite >500,000 about 
1000 

Table 2.2: Characteristic comparison of a capacitor, supercapacitor, and battery7  
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2.3. Capacitor classification 

 Electrostatic capacitors 

Electrostatic capacitors have parallel plate metal electrodes, which are 

separated by a non-conducting dielectric2. The electrons are transferred from one 

parallel plate to another. The dielectric is very important since the operating voltage 

of the capacitor is dependent on the strength of the dielectric, which is measured in 

volts per meter. 

𝐶 =
Q 

𝑉
 

One plate of the capacitor holds a negative charge -Q and the other parallel 

plate holds a positive Q. The charge (Q) on the plates is proportional to the potential 

difference Voltage (V) across the two plates. The Capacitance (C) shows how much 

charge a device can store at a given voltage. The capacitance is measured in Farads 

(F). In an electrostatic capacitor, the dielectric increases the overall capacitance and 

the maximum operating voltage of the capacitor7. The Schematic of an electrostatic 

capacitor is presented in Figure 2-4a. 

 Electrolytic capacitors  

Electrolytic capacitors have parallel metal plate electrodes with a conductive 

electrolyte salt, which is in direct contact with the electrodes. For example- Aluminum 

electrolytic capacitors have a paper spacer soaked in an electrolyte with two 
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aluminum conducting foils that are coated with an insulating oxide layer. This setup 

allows for a higher capacitance per unit volume when compared to electrostatic 

capacitors9.  

2.4. Supercapacitors 

 

 

Figure 2-1: Classification of different supercapacitors 

A supercapacitor cell is made of two electrodes opposite to each other with an 

insulating separator between them. For symmetric supercapacitors, the electrodes 

are identical; for asymmetric cells, the electrodes are different from each other. The 

ion-permeable dielectric separator inhibits the electrical contact between the 

electrodes. Their storage mechanisms can further categorize supercapacitors into 

three categories: electric double-layer capacitors (EDLCs), pseudocapacitors, and 

hybrid capacitors, as seen in Figure 2-1. 
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  Electric double-layer capacitors (EDLC)  

EDLCs represents the type of technology that fills the needed gap between 

batteries and conventional capacitors. EDLC’s can deliver more power than batteries 

while storing a high amount of energy when compared to a conventional capacitor, as 

seen in the Ragone plot in Figure 2-2. EDLC’s have a high-power density, charge/ 

discharge cycles compared to batteries and capacitors.  

 

Figure 2-2: Ragone plot of different energy storage devices4 

EDLC’s also use a porous high surface area electrode, which gives them a 

greater capacitance per unit volume when compared to electrostatic and electrolytic 

capacitors due to their porous electrode structure, very small separation between the 

electronic and ionic charge at the electrode surface. EDLC’s have a higher energy 

density when compared to a capacitor owing to a larger capacitance per unit volume. 
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Electrodes of an EDLC can be symmetric (same electrode for both sides) and 

asymmetric (different electrodes on both sides)10. The volumetric capacitance Cv can 

be determined from the CV response for scan rates using the relation 

Cv=
1

𝑣∆𝑉
∫ 𝐼(𝑡)𝑑𝑡 

Where ∆𝑉 is the potential range used for the CV,  𝑣 is the total electrode 

volume which includes the volume of the interspace and the electrodes, I(t) is the 

measured current from the CV and t is time. The Schematic of an EDLC is presented 

in Figure 2-4b.  

2.4.1.1. Working principle for an EDLC 

EDLCs store charge electrostatically, or non-faradaically, just like a 

conventional capacitor. In an EDLC, there is no transfer of charge between electrode 

and electrolyte. EDLCs apply an electrochemical double-layer of charge at the 

electrode to store energy. Charge accumulates on the electrode surfaces with the 

application of a voltage. This allows the ions in the electrolyte to diffuse through the 

separator and form an adsorption layer on the surface of the oppositely charged 

electrode, forming a double-layer of charge on each electrode. EDLCs use high surface 

area electrodes which allow for more surface for adsorption of the oppositely charged 

ions. This allows EDLCs to achieve higher energy densities than conventional 

capacitors as seen in Figure 2-3.  
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Figure 2-3: EDLC charge discharge schematic 

Since no chemical reactions are occurring during the charge-discharge of an 

EDLC, charge storage in EDLCs is highly reversible. This high reversibility allows an 

EDLC to achieve very high cycling stabilities.  

 Faradaic supercapacitor  

Faradaic supercapacitors (FS), also known as pseudocapacitors, store energy 

through fast surface redox reactions. They can be combined with batteries or even 

replace batteries in energy storage and harvesting applications which requires a 

great power delivery. A fast and reversible reduction-oxidation reaction occurs when 

a potential is applied to a pseudocapacitor. This faradaic reaction occurs as a fast and 

reversible surface or near-surface of the electrode material and involves the 

movement of charge across the double layer. The charging and discharging process is 

similar to batteries resulting in the supercapacitor having a faradaic current passing 

through the cell11. Pseudocapacitive materials include transition metal oxides like 
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MnO2, RuO2 etc., conducting polymers and electrically conducting polymers4,12,13. 

Faradaic supercapacitors can have three types of reaction processes: 

The pseudocapacitors are capable of increasing the specific capacitance via a 

faradaic electrochemical process by using a larger range of voltages it can work 

under14. Pseudocapacitors can have a higher specific capacitance compared to EDLC’s 

due to the electrochemical process, which not only occurs on the surface but also in 

the bulk material, additionally increasing the energy density15. Although the 

pseudocapacitors can have a much higher capacitance compared to an EDLC, the 

power density can end up being much lower. This is owing to the faradaic process 

being much slower than the non-faradaic process16. A hybrid pseudocapacitors with 

a high surface area carbon electrode on one side of the cell along with a faradaic 

capacitance material had been shown to improve the cell's energy, power densities 

and also the voltage17.  This is due to a combination of the faradaic capacitance and 

electrical double-layer capacitance occurring simultaneously. The schematic of a 

pseudocapacitor is presented in Figure 2-4c.  

 Hybrid Supercapacitors 

Hybrid capacitors are a combination of an EDLC electrode and a pseudocapacitive or 

battery type electrode. Half of the hybrid supercapacitor acts as a pseudocapacitor 

while the other half acts as an EDLC. This combination of properties of both systems 

can lead to an enhanced property or an intermediate performance. These hybrid 

systems can have more power density and a higher energy density than a 



  
26 
 
 
supercapacitor. Lithium-ion capacitors (LiCs) is a good example of a hybrid capacitor. 

The schematic of a pseudocapacitor is presented in Figure 2-4d. 

 

Figure 2-4: Schematic of (a) an electrostatic capacitor, (b) an electric double-layer 
capacitor, (c) a pseudocapacitor, and (d) a hybrid-capacitor18. 

 Electrode materials for supercapacitors  

The large capacitance in a supercapacitor is highly dependent on the high 

surface area and highly conductive electrode materials. The double-layer charge 

storage on the electrode surface is due to adsorption/ desorption at the surface, and 

hence surface characteristics of the electrode greatly influence the capacitance of the 

cell. Materials like carbon, metal-oxides, conducting polymer, hybrid and conducting 
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polymers can be used as electrode materials. Carbon is the most popular material 

being used due to low cost, availability and high surface area. Carbons can be 

functionalized or activated to create highly porous materials with high accessibility 

to the ions in the electrolyte. Metal-oxides are also used as an electrode material 

owing to low resistance and high specific capacitance and low resistance, possibly 

making it easier to construct high-energy, high-power EDLCs4,19.  

 Separator 

The two electrodes in a supercapacitor are separated using a dielectric 

material to prevent any electric contact between the electrodes. The separator is 

permeable to ions and helps with ionic charge transfer between the electrode and 

electrolyte. The separators must have a high ionic conductance, thermally stable, thin 

and porous, and most importantly, should have high electrical resistance. Organic 

electrolytes use paper or polymer materials as the separator20. For aqueous 

electrolytes, cellulose-based separators are preferable due to their better wettability 

compared to the polypropylene/polyethylene or PVDF ones21. 

 Electrolytes 

One of the most important factors influencing the capacitance of an EDLC is 

the electrolyte. The accessibility of ions to the porous surface area is important for 

the storage of the charges. Thus, having an electrolyte with the right ion size and 

electrode with the proper pore size distribution is very important. The voltage that 

the supercapacitor can handle depends on the breakdown voltage of the electrolyte. 
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The energy density is dependent on the voltage, and the power density is dependent 

on the cells' ESR, which is limited by the conductivity of the electrolyte. The main 

requirements for a good electrolyte include high ionic concentration, great 

electrochemical stability, high purity, wide voltage window and low: ionic radius, 

resistivity, viscosity, volatility, toxicity, and cost18. The electrolytes can be classified 

into three categories: Organic electrolytes, ionic liquids, and aqueous electrolytes 

2.4.6.1. Organic electrolytes 

Organic electrolytes are operable in a large voltage window as high as 3.7V. 

They are the most used electrolytes in commercial devices—cells using organic 

electrolyte experience higher achievable voltage. The limiting cell voltage can be due 

to the water content in the electrolyte. This can be overcome through extreme 

purification procedures of the electrolytes and by reducing the corrosion of the 

carbon electrodes through special protective coatings. Acetonitrile (ACN) and 

propylene carbonate (PC) are the common solvents used to mix with the organic salts. 

But ACN is a toxic solvent while PC based electrolytes are more environmentally 

friendly and can have a wide voltage window while being able to operate in a wide 

range of temperatures18.  

2.4.6.2. Ionic liquids (IL’s) 

Ionic liquids (IL’s) are electrolyte salts that are liquified using heat to melt the 

salt system.  Ionic liquids are thermally stable at high temperatures, and they have a 

wide electrochemical window, low vapor pressure, high conductivity, and chemical 
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stability22. They have a well-identified ion size due to it being solvent-free and hence 

no solvation shell. IL’s can be classified as salts having a melting point under 100oC. 

It’s important to make IL’s that can operate in a wide temperature range and have a 

high conductivity. To increase the conductivity at temperatures lower than room 

temperature, organic solvents can be used22.   

2.4.6.3. Aqueous electrolyte 

Aqueous electrolytes (AE) have a higher ionic concentration, smaller ionic 

radius, and lower resistance for the ion’s movement than organic electrolytes. They 

are also easier to prepare and do not require controlled environments for preparing 

pure electrolytes. They have a smaller voltage window as low as 1.2V. Due to the small 

voltage window AE have are limited to improving its power and energy densities21.  

 Supercapacitor fabrication 

EDLC’s can be made inside a coin cell or a Swagelok cell. The main part of the 

EDLC is the electrode. A high specific area electrode is highly desirable to get high 

capacitance values. The electrode is prepared using a high surface area carbon, 

conductive additives, solvent, and a binder are mixed to form a homogeneous slurry. 

The slurry is coated evenly on the surface of the substrate using a coating machine 

such as a doctor blade which helps coat a thin layer on to the surface23. The current 

collectors or the substrate for the electrodes are usually made of aluminum, copper 

or stainless steel sheets. This is followed by drying the electrode in the air or a vacuum 

oven to remove moisture. The electrodes are then put through a roll press to get a 
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homogeneous structure. The next step involves the addition of a separator and 

electrolyte. Depending on the type of electrolyte used the cell assembly (organic or 

ionic IL’s) can either be inside a low moisture argon glove box or outside in an 

ambient atmosphere (Aqueous electrolyte). Ina coin cell assembly the electrodes are 

cut into the desired shape, which is usually a 12mm to 16mm circle and put into the 

positive case, as shown in Figure 1. A separator is added on top of the electrode, 

followed by the electrolyte. It is important not to add an excessive amount of 

electrolyte. An excessive amount of electrolyte can end up creating gasses or leaking 

out of the cell. The second electrode with the carbon layer facing towards the 

separator is added on top of the separator. This is followed by the addition of a spacer, 

spring and the negative case, as shown in Figure 2-3. The cell must be kept aside for 

a few hours to let the electrolyte seep into the pores of the electrode material.  

 

Figure 2-5: ES coin cell containing layers of a supercapacitor 
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The cell is now ready to go through various tests to find the ES desired 

properties. 

 Supercapacitor testing 

Test parameters of a supercapacitor include the following: Specific 

capacitance, charge/discharge cycles, voltage window, and ESR. For the 

electrochemical studies, cells were made in a coin cell. The cyclic voltammetry and 

impedance studies can be carried out using AUTOLAB PGSTAT 302 N ECOCHEMIE. 

For DC testing, the current and power at which the device will be charged and 

discharged, and the initial and final voltages for the tests must be properly selected 

for the test parameters of the device.  

 Capacitance  

Capacitance is defined as the ratio of the change in the electric charge of a system 

to the corresponding change in its electric potential. An electrochemical 

supercapacitor can be considered as two capacitors in series because of the 

electrode/ electrolyte interface, which can each represent a capacitor. So, if the 

overall capacitance CT for the two electrodes with a capacitance of C1 and C2 would 

be: 

1

𝐶𝑇
=

1

𝐶1
+

1

𝐶2
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For a supercapacitor with symmetric electrodes, the CT would be one half of the 

capacitance of either electrode since C1 = C2. For an asymmetric supercapacitor, the 

total capacitance is dictated by the electrode with a smaller capacitance2. Gravimetric 

capacitance (mass-specific capacitance) or volumetric capacitance are two different 

ways to evaluate the capacitance of electrode material. The capacitance is measured 

in Farads. A gravimetric specific capacitance Cs characterizes the electrode material 

and has a unit of Farad/gram of the material weight.  

𝐶𝑠 =
𝐶𝑖

𝑊𝑒𝑚
 

Where Ci is the corresponding electrode capacitance, and Wem is the total weight of 

the active electrode material. For an electrochemical supercapacitor, the total specific 

capacitance is the devices' total capacitance divided by the device's weight, which is 

the sum weight of all the components, including the electrolyte solution, current 

collector anode, and cathode.  

𝐶𝑇𝑆 =
𝐶𝑇

𝑊𝑇𝑀
 

 Energy density and power density  

A cell voltage builds up across the two electrodes when the electrochemical 

supercapacitor is charged. The energy density of the ES cell (E), and the power density 

(P) can be expressed as: 
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𝐸 =
1

2
 𝐶𝑇𝑆 𝑉

2 

𝑃 =
1

4𝑊𝑇𝑆𝑅𝐶𝑒𝑙𝑙
𝑉2 

The energy density is measured in Wh/kg, and the power density in W/kg Rcell is the 

equivalent series resistance (ESR) of the supercapacitor cell (Ω)24. The energy density 

can be increased by increasing the total specific capacitance, and the voltage and for 

increasing the power density, the total weight and the ESR must be reduced. For both 

energy and power density, improving the voltage window would be a big boost to the 

values. Therefore the supercapacitor operating window is greatly dependent on the 

electrolyte potential25.  

 Self-discharge rate 

Supercapacitors self-discharge due to a potential loss of electrons over some 

time to a lower voltage. They retain their capacitance and are capable of recharging 

back to its previous condition. The supercapacitor self-discharge rate and its 

mechanism are dependent on the residual gases that can be formed in storage, the 

impurities within the electrode and electrolyte and the type of electrolyte/electrode 

combination26. 

 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a method for studying the reaction processes 

involving the transfer of ions between the electrode and electrolyte. This method 
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entails linearly modifying an electrode potential between two controls at a specific 

rate while observing the current that builds in the electrochemical cell. CV is 

performed in an environment where voltage is in surplus of that expected by the 

Nernst equation27.  

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛𝑄 

A voltage is applied to the electrode, which is dipped in an electrolyte solution, 

and the system response is recorded. CV’s are also used for studying rates and 

mechanisms of oxidation and reduction processes using a three-electrode system. 

The three-electrode system consists of a working electrode, a reference electrode and 

a counter electrode. The working electrode acts as an acceptor or donor of electrons. 

The purpose of the reference electrode is to keep the potential between the working 

electrode and itself constant. The current is measured between the counter and 

working electrodes while the potential is measured between the working and 

reference electrodes. The purpose of the counter electrode is to make sure that the 

current doesn’t run through the reference electrode because such a flow would alter 

the reference electrode's potential. An external power source called a potentiostat is 

used to ally voltage to the working electrode. A voltage sweep from the initial voltage 

(Ei) to the final voltage (Ef) is supplied using a signal generator. This process slowly 

sweeps the voltage and extracts information to a graph of potential vs. current. The 

working electrode potential is scanned across a wide potential range and then 

reverted to its original value applying a potential signal which adjusts linearly with 
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time between the final value and initial value of the forward scan. This process allows 

the current to be observed for the oxidation process in the reverse scan and reduction 

process during the forward scan27.  

 Equivalent series resistance (ESR) 

The ESR is inversely proportional to the power density as can be seen in the 

equation below: 

𝑃 =
1

4𝑊𝑇𝑆𝑅𝐶𝑒𝑙𝑙
𝑉2 

Therefore, decreasing the ESR of a supercapacitor can increase the power density of 

the cell. A high ESR can also restrict the charging/discharging rate, thus lowering 

power density. ESR is the sum of several resistances in the cell, including the mass 

transfer resistance of the ions, a contact resistance between the current collector and 

the electrode, and the intrinsic resistance of the electrolyte solution and electrode 

material25. The ESR is controlled by the resistance of the bulk electrolyte solution and 

the electrolyte inside the electrode layer pores. A high ionic conductivity electrolyte 

can be used to reduce the ESR. Therefore, it is necessary to develop electrolytes with 

a wide operating voltage and a high ion conductivity28.  

 Cycle-life  

Supercapacitors have much higher power and much longer shelf and cycle life than 

batteries. Cycle-life, a necessary indicator of the stability of the supercapacitor, is also 
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one of the important parameters for measuring the overall performance of the cell. 

The cycle life stability of a supercapacitor is tested through a charge/discharge 

cycling of the electrodes in an electrolyte, and the final and initial capacitance is 

compared. EDLC’s have much higher cycling stability when compared to a 

pseudocapacitor29.  

2.5. Conclusion 

Supercapacitors can be used for many different applications, as shown in the 

next few chapters. This thesis focuses on different materials and methods for 

fabricating electrodes and supercapacitors that can be used in various applications 

that require long cycle life, high power density, and reliability. The chapters also focus 

on the importance of material, processing of the electrodes, cell development and cell 

assembly to maximize the performance of the supercapacitor.  
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 : Balancing behavior of Electric 

Double Layer and Hydrogen Evolution 

Reaction activity in functionalized graphene 

nanoplatelets 

The content of this chapter has been adapted from my publication30 

3.1. Introduction  

Hydrogen evolution/oxidation reactions (HER/HOR) and oxygen 

reduction/evolution reactions (ORR/OER) are the fundamental electrochemical 

processes in fuel cells and water electrolyzers31–33. Both devices play critical roles in 

the development of renewable energy conversion and storage technologies. For these 

electrocatalytic processes to achieve high efficiency while being commercially viable, 

carbon-based metal-free materials are being developed as cost-effective alternatives 

to traditional noble-metal and non-platinum group catalysts34–37. Carbon materials, 

from conventional amorphous carbon to the more recent carbon nanotubes (CNTs) 

and porous nanocarbons, are popular because of their low cost, excellent electrical 

and thermal conductivity, large surface area, and mechanical/chemical strength 



  
38 
 
 
throughout a wide potential window31,38,39. These properties are all advantageous for 

designing high-performance electrocatalysts. Another unique feature of these carbon 

materials is that they can exist with various morphologies and have highly tunable 

electronic structures40,41. It makes them an ideal platform for the design of catalysts 

at the atomic level. To date, many carbon-based materials with different architectures 

have been engineered into highly active electrocatalysts for the ORR and many other 

reactions. These materials include low- dimensional nanostructures like CNTs, 

graphene, and graphitic-carbon nitride (g-C3N4) to hybrids and functional carbon 

composites42,43. The motivation behind these efforts is to replace precious metal 

electrocatalysts with low-cost alternatives for energy conversion applications. Metal-

free catalysts are mostly sought after for water splitting; however, the performance 

of traditional precious metals is yet to be outshined.  

3.2. Background 

In an electrocatalytic process, a catalyst’s activity is mainly determined by its 

adsorption/desorption ability toward the key reaction intermediates involved in the 

reaction44. Therefore, the intrinsic adsorption energy for these reaction 

intermediates for a range of catalysts can be correlated to a specific activity descriptor 

(e.g., exchange current density) in the shape of a volcano plot45. Furthermore, 

adsorption behavior is fundamentally determined by the electronic properties of the 

catalyst, which can be analyzed using density functional theoretical (DFT) 

calculations46. Accordingly, one could pursue highly active electrocatalysts by first 
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engineering the electronic structure (e.g., p-band for carbons) of the material, and 

then optimizing its physical structure to maximize catalytic performance. 

Engineering of electronic structures can be achieved by introducing a secondary 

element or by fabricating specific defect structures in the pristine carbon 

framework31. Such approaches can create active sites by either inducing electron- or 

spin- redistribution in the sp2 conjugated carbon matrix. The generated active sites 

can then be scaled up through nanostructure engineering techniques. Thus, the 

apparent overall performance of a catalyst can be synergistically increased by both 

enhanced intrinsic activity and improved physical properties (e.g., conductivity or 

surface area)47. 

On the other hand, worldwide adoption of renewable energy in the form of 

solar and wind power, combined with the electrification of transportation and the 

proliferation of mobile devices, are all compelling the need for cost-effective, efficient 

electric energy storage devices in sizes varying from hand-held to grid-based48. 

Batteries and supercapacitors are the most commonly used electric energy storage 

devices. A battery stores energy by bulk redox/ intercalation reactions, while a 

supercapacitor stores energy through surface ion-adsorption or surface 

redox/intercalation reactions49,50. Batteries possess high energy density but lack high 

power density, while a supercapacitor boasts of high-power density due to fast 

surface physical and chemical processes. The global supercapacitor market was $1.2B 

in 2014, and by some estimates will grow over 20% per year to more than $7B in 

202348. There are two core types of supercapacitors: electric double-layer capacitors 
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(EDLCs) which store electrical energy through the formation of the electrical double 

layer at the electrode/electrolyte interface, while pseudocapacitors store electrical 

energy by reversible surface redox reaction or ion intercalation51,52. Here too, carbon 

nanostructures can play a crucial role as high surface area electrodes.  The electrical 

double layer strength in EDLCs, which determines the total capacitance, similarly 

depends on the cation or anion adsorption/desorption ability (affinity towards ions) 

of the electrode surface. 

Under a non-zero electric potential, almost every solid-liquid interface 

possesses an electrical double layer. The strength of the electrical double layer 

depends on various factors such as electrode surface area, electrical conductivity, 

cation/anion affinity, and electrolyte concentration. Eventually, the electrical double 

layer acts as a resistive layer against charge transfer during the catalytic action.  The 

functionalization of the electrode could influence the electrical conductivity and 

cation/anion affinity. However, a systematic study to comprehend the role of 

functionalization and electrical double layer on catalysis (HER/OER) is uncommon in 

literature. Keeping these things in mind, we have striven to cognize the effect of 

functionalization on both electrocatalytic property and EDLC property of Graphene 

nanoplatelets and their functionalized versions (COOH, O+, NH2, N2, F) through 

experiments and DFT calculations. Based on the observations, minimizing the 

electrical double layer strength is hypothesized as one of the approaches to enhance 

the catalytic performance of the water-splitting catalysts. 
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3.3. Motivation 

Green hydrogen production is a vital requirement of an upcoming hydrogen 

fuel-based locomotion and economy. Water electrolysis facilitated by electricity 

derived from renewable sources and direct solar-to-hydrogen conversion centered 

on photochemical and photoelectrochemical water splitting is a hopeful pathway for 

sustainable hydrogen production. All these methods require a highly active noble 

metal catalyst to make the water-splitting process more energy efficient.  Further to 

make it economical, metal-free hydrogen evolution catalysts are essential. Graphene 

Nanoplatelets (GNPs) are among them. Therefore, it’s important to understand the 

effect of a range of functionalization in the catalytic properties of graphene 

nanoplatelets (GNP) for the hydrogen evolution reaction (HER). 

3.4. Experimental Section 

 Materials 

The samples are synthesized through plasma functionalization53,54 of 

graphene, which took place in a rotating drum, with a central electrode that generates 

the plasma where a low-pressure will be maintained during the process. The 

procedure functionalizes the graphene nanoplatelets in a gentle, environmentally 

friendly way at a small temperature. This procedure is dissimilar to acid processing 

as it is a dry functionalization treatment where the material goes in and comes out 

fully dry with no risky waste stream and with less damage to the surface of the 



  
42 
 
 
graphene nanoplatelets. The functionalization process attaches functional groups to 

the edges, very weekly on the surfaces, giving augmented dispersion and 

compatibility in a choice of solvents. Pristine graphene nanoplatelets are purchased 

from cheap-tubes Inc and used as such.  Acid vapor (Formic acid, Sigma, CAS Number: 

64-18-6), Oxygen (O2) (Airgas, 99.99 purity), Ammonia (NH3) vapor (Airgas, 99.99 

purity), Nitrogen (N2) (Airgas, 99.99 purity) and fluorocarbon (CF4, Sigma, CAS 

Number: 75-73-0) are used as feeding gases to produce -COOH, -O, -NH2, -N, -F 

functionalized GNPs respectively. This functionalization overcomes graphene’s inert 

nature and gives superior bonding/wetting with different bulk materials. After initial 

functionalization, it is possible to improve the functionalization level further, and 

therefore for one can tune the extent of functionalization up to a level. As prepared, 

powder samples were used to make dispersion in proper solvents using 

ultrasonication for 30-60 minutes. This procedure disassembles the clustered flakes 

into their thinner versions, which are used for various characterizations and 

experiments.   

 Methods 

The X-ray diffraction spectra of the GNPs and fGNPs were recorded using 

Rangaku D/MaxUltima II Powder XRD 6s. Raman spectra of the samples were 

recorded with the help of RENISHAW in-via Raman Microscope with 532 nm 

wavelength laser and  FTIR spectra specifying the molecular make-up of the samples 

were produced out of a Nicolet FTIR Infrared Microscope. The surface morphologies 
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of the samples were recorded using FEI Quanta 400 ESEM FEG scanning electron 

microscope, while transmission electron microscopic images were taken with a JEOL 

2010 with an acceleration voltage of 200kV. Elemental compositions and chemical 

environments of the ‘carbons’ in the samples were analyzed by generating XPS 

spectra with PHI Quantera X-ray photoelectron spectrometer. 

3.5. Results and Discussion 

 Structural 

The X-ray diffraction (XRD) spectra of the samples are depicted in Figure 3-

1a, which did not reveal any crystalline sharp diffraction patterns. The broad peak 

observed in the range 20–30° and 40-45° of 2θ values indicate the presence of an 

amorphous phase rather than an orderly structure55. Hence, showing that despite 

GNPs holding their integrity as multilayered flakes (Figure 3-1 c,d),  the ordered 

interlayer structure between the constituent graphene layers as in graphite no longer 

exists.  Pristine GNPs and functionalized GNPs show more or less the same XRD 

patterns and confirms that the functionalization is concentrated more on the flake 

edges than on the basal planes.   
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Figure 3-1: Structural characterization of GNPs and functionalized GNPs. (a) X-ray 
diffraction spectra, (b) Raman Spectra. (c) Fe-SEM images of GNPs powder at low to 
high magnification. (d) Low and high magnification TEM Images of dispersed pure 
GNP (top) and GNP- COOH(bottom). Left and right columns show a lateral and side 
view of the flake, respectively. (f) The FTIR Spectra of GNPs and fGNPs. Different 
vibrational bands present in the FTIR spectra help to identify the various functional 
groups present in each sample. 

 

The Raman Spectra of GNPs and functionalized GNPs are recorded using a 

Renishaw micro Raman operated with 532 nm excitation wavelength on samples on 
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quartz slides. The Raman spectrum is characterized by three major bands: (i) the 

intensity of D band (∼1350 cm–1) due to the first-order phonons process and 

indicates the in-plane and edge defect density; (ii) the G band (∼1580 cm–1) related 

to the zone center Raman-allowed band; and (iii) the 2D band associated with the 

second-order phonon process, and its shift indicates the relative GNP thickness 

(∼2727 cm–1 for graphite and < 2700 cm–1 for graphene). The Raman spectrum of 

GNPs (Figure 1b) contains a D-band, which is usually weak in the spectrum of the 

thick graphite samples. The full width at half-maximum (fwhm) of the D-band is 61.4 

cm–1. The fwhm of the G-band is 23.1 cm–1, which is higher than that for graphite, 13.5 

cm–1. The broad D- and G-bands are standard for GNPs and functionalized GNPs53,56–

60. Here, the G band remains intact for pristine and functionalized GNPs while D band 

intensity remains weak even for functionalized GNPs. This implies that the majority 

of the functionalization happens at zigzag edges than an armchair because armchair 

edges show strong D-band intensity while zigzag edges do not61. The SEM 

micrographs of as prepared Graphene Nanoplatelets (GNPs) powder at different 

magnifications are depicted in Figure 3-1c & Figure 3-2. A thin sheet-like 

morphology is well evident, and the lateral size of the GNP sheets is found to be in the 

range 2-5 𝜇m. Low and high magnification TEM images of pristine GNP and GNP-

COOH are also shown in Figure 3-1d,  & Figure3-3.  
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Figure 3-2: SEM analysis of low and high-resolution images of pristine graphene 
nanoplatelets (powder form) 

Irrespective of their different functionalization, pristine GNP and 

functionalized GNPs show similar morphology. From several high-resolution TEM 

images (Figure3-3) of pure and functionalized GNPs, the average thickness of the 

flakes is computed as 10 nm.  
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Figure 3-3: Low- and high-resolution images of COOH-functionalised (top left) and 
pristine graphene nanoplatelets (rest) (dispersion) 

Fourier transform infrared (FTIR) spectroscopic measurements (Figure 3-1f) 

were performed to gain insights into the chemical changes of the graphene 

nanoplates caused by different functionalization. The absorption peaks at 3443 and 

1626 cm−1 for COOH and O functionalized samples corresponded to –OH (hydroxyl) 

stretching and –OH bending frequencies, respectively. A band at 1100 cm-1 is also 

observed for these samples, which are the signature of C-O-C vibration modes. 
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Similarly, NH2 and CN vibrations are found at 1500 cm−1 and 1400 cm−1 respectively 

for NH2, and N functionalized GNPs.  Also, an absorption peak at 1250 cm-1 

corresponds to the C-F vibration mode, which is observed for F functionalized 

GNPs62,63. All other relevant vibration modes are marked in Figure 3-1f.  

 

Figure 3-4: X-ray Photoelectron Spectroscopy analysis of Pristine GNPs and 
functionalized GNPs. (a) Pristine GNP (b) -COOH functionalized GNP (c) -O rich GNP 
(d) -NH2 functionalized GNP (e)-N2 rich GNP (f) – F rich GNP. From the survey scans, 
the atomic percentage of Carbon and different functional groups present in the 
samples are computed to be ~95% and ~5%. 

XPS data were collected using a PHI Quantera X‐ray photoelectron 

spectrometer (10–9 bar) apparatus with an Al Kα X-ray source, and a monochromator 

(Figure 3-4). Powder samples were pressed into an aluminum foil. The spectra were 
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obtained with pass energies of 140 (survey) and 25 eV (high-energy resolution). The 

spectral components of C signals were derived by fitting a sum of single component 

lines to the experimental data by nonlinear least-squares curve-fitting. All the spectra 

were calibrated relative to a carbon 1s peak, positioned at 285.0 eV, to correct the 

charging effects. Deconvolution of the carbon 1s peak reveals the atomic percentage 

of various carbon bonds, namely, sp2 (C═C bonds at ∼284.5 eV); sp3 (C–C or C–H 

bonds at ∼285.5 eV); and carbon oxidation/functionalization products [C–O bonds 

(∼286.1 eV)].  All the samples possess strong peaks of binding Energy (B.E) 284.2 eV 

visualizing the presence of sp2 C-C bonds. Other than this, a C-O band of 285.49 eV is 

also omnipresent in all the samples. HO=C-O bonds at 286.54 eV, O=C bond at 287.79 

eV, O=C-NH2 bond at 287.9 eV, O=C-N- bond at 284.33 eV and O=C-F- bond at 285.81 

eV are present in -COOH, O, NH2, N2 and F functionalized GNPs respectively63–65. The 

presence of the desired functionalization in the samples is thus proved, and the 

atomic percentage analysis from the XPS survey scan (Figure 3-5) ticks an amount of 

functionalization value 5 % with 1.5% tolerance. 
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Figure 3-5: XPS Survey spectrum of pure and functionalized GNPs (passing energy 

124 eV) 

 

Samples 

Surface Atomic Score Levels (At %) % Functionalization 

C O N F  

Pristine GNP ~98.58 ~1.42 -- -- ~1.5 

GNP-COOH ~96.40 ~3.60 -- -- ~4 

GNP-O+ ~96.10 ~3.90 -- -- ~4 

GNP-NH2 ~95.5 ~3.15 ~1.3 -- ~4.5 

GNP-N2 ~93.5% ~2.0% ~4.5% -- ~5 

GNP-F ~95.05 ~2.47  ~2.48% ~5 

Table 3.1: Atomic percentage and percentage of functionalization derived from XPS 

survey scans. Percentage of functionalization is around 5 for all the samples, and hence 

we have simulated each system accordingly.  



  
51 
 
 

 Catalysis 

All the electrochemical studies are carried out at room temperature using an 

Autolab potentiostat. Electrochemical experiments are conducted in three-electrode 

systems using Mercury-mercurous sulfate Hg/Hg2SO4 as a reference electrode and 

graphite rod as the counter electrode. The use of graphite electrode66 will nullify the 

possible effect of platinum dissolution related activity during the LSV scans. The 

working electrode is a modified 3 mm glassy carbon electrode (GCE), and the 

electrolyte used is 0.5 M H2SO4. The working electrode is polished thoroughly by an 

alumina polishing pad with aluminum nanoparticle (<50 nm) paste. Then the 

electrode has been sonicated in ethanol for 5 min to remove the surface impurities. 

After drying the electrode under an IR lamp, the GNP and functionalized GNP inks 

have been coated on the prepared electrode. The catalyst ink has been prepared by 

sonicating 5 mg of the material in 6 mL of water/IPA mixture (3:1) with a 0.05% 

Nafion binder. Three microliters of this ink are drop cast on 3 mm GCE for all 

electrochemical measurements. GCE has a geometrical surface area of ∼0.07 cm2, and 

hence, 85.7 μg cm–2 material is deposited for each analysis (loading kept constant in 

all the types of samples). The modified electrodes are dried in ambient conditions. 

Before the electrochemical reaction studies, the electrodes are pre-activated in HER 

solution in a potential window of 0 V to −1 V (Hg/Hg2SO4) for 25 cycles in a scan rate 

of 50 mV/s. The linear sweep voltammetry (LSV) is taken in a scan rate of 10 mV s–1.    

All the plots are then converted to a reversible hydrogen electrode (RHE) as a 

reference. It is interesting to note that -COOH functionalized sample shows the best 
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catalyzing property. Followed by O+, pristine GNP, NH2, N2, and F functionalized ones 

in descending order. We have supported our observations with estimates from DFT 

calculations (discussed later on). The Tafel plots and Nyquist plots are depicted in 

Figure 3-6 b and c. The over-potential and exchange current density deduced from 

the Tafel plots are tabulated in Table 3.2. The change in charge transfer resistance 

with functionalization is calculated by fitting the Nyquist’s plot data to a parallel 

capacitor resistor equivalent circuit with a series resistor (The equivalent circuit is 

given in Figure 3-6c inset). 
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Figure 3-6: (a) Linear sweep voltammetry curves for Pristine GNPs and 
functionalized GNPs (HER). Overpotential @ 10 mA/cm2 is also derived from LSV 
curves. (b) Tafel curves for pristine and functionalized GNPs. (c) Nyquist’s plots of 
GNPs and fGNPs are shown here, and it is clear that the charge transfer resistance 
follows the same trend seen in HER. 
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Table 3.2. Over potentials and parameters derived from Tafel plots 

The charge transfer resistance value (Rct) also follows the trend seen for 

catalytic activity and EDLC (described in the next section). GNP-COOH has the lowest 

Rct value and, on the other side, GNP-F has the highest.  The stability of the catalysts 

over time (~18 hrs) is tested and was found to be stable, and the constant current 

density curves obtained are depicted in Figure 3-7.  

Figure 3-7: (a) Current Stability check curves of the samples at corresponding 
overpotentials (~18 hrs) (b) Cyclic Voltammetry Curves (in one frame) of 
supercapacitor devices made of Pristine GNP and functionalized GNPs 

Materials Measurement 

conditions 

Overpotential @ 

10 mA/cm2 (V) 

Tafel slope 

[mV/dec−1] 

Exchange Current 

Density 

[mA/cm2] 

Pristine GNP 0.5M H2SO4 355mV vs. RHE 125 1.50 x 10-3 

GNP-COOH 0.5M H2SO4 220mV vs. RHE 117 2.14 x 10-3 

GNP-O+ 0.5M H2SO4 318mV vs.  RHE 130 1.36x 10-3 

GNP-NH2 0.5M H2SO4 365mV vs. RHE 132 5.43x 10-3 

GNP-N2 0.5M H2SO4 380mV vs. RHE 126 8.57x 10-3 

GNP-F 0.5M H2SO4 430mV vs. RHE 132 3.16x 10-4 

A B 
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 Electrical Double Layer/ Supercapacitance  

 

Figure 3-8: Cyclic Voltammetry Curves of supercapacitor devices made of Pristine 
GNP and functionalized GNPs. All the samples show slightly distorted but ideal EDLC 
I-V curves where -F functionalized GNPs show the highest capacitance (EDL strength) 
and -O functionalized GNP shows the least. This trend is just opposite to the HER 
activity capability and provides a shred of experimental evidence of how the EDL 
strength adversely affects the catalytic activity of a probable catalyst.   

The electrochemical measurements were done in conventional two-electrode 

set up where SS steel discs were used as current collectors, Buckman filter paper as 

the separator, and 0.5 M H2SO4 as the electrolyte. The slurry was prepared by mixing 

80% active materials, 10% conductive carbon, and 10% PVDF binder using a Thinky 

planetary mixing unit. The slurry is applied to the current collector using a doctor’s 
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blade film applicator to keep the thickness of 30 um. Cyclic voltammetry is performed 

on the cells in between 0-0.8 V at 10 mV/S for 50 cycles and the curves obtained for 

each functionalized sample are depicted in the Figure. 3-8 & 3-9 (all the curves in 

one frame).  

 

Figure 3-9: Cyclic Voltammetry Curves (in one frame) of supercapacitor devices 
made of Pristine GNP and functionalized GNPs 

Here the one which shows the highest capacitance value is -F doped one, 

followed by NH2, N2, Pristine GNP, O, and COOH in descending order. Surprisingly, the 

supercapacitor performance is just in reverse order to electrocatalytic performance. 

These two observations lead us to infer that the ion absorption capability of GNP and 

functionalized GNPs plays a crucial role in determining the electrocatalytic and 
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electrical double layer properties. We now turn to theoretical analysis and DFT 

calculations to explain the origin of this behavior. 

 Computational methods 

The Density Functional Theoretical (DFT) calculations were carried out with 

the Vienna Ab-initio Simulation Package (VASP)67,68. The exchange-correlation 

energy of the electrons was given by the local density approximation with the 

Ceperley-Alder parameterization69. The interaction between the ionic cores and 

electrons was described with the Projected Augmented Wave (PAW) method70. 

Energy cut off of 400 eV was used to represent the plane-wave basis set of the Kohn-

Sham wavefunctions, and a vacuum of 16 Å was included in the direction 

perpendicular to the sheet to minimize the interaction between periodic images. The 

structural relaxation was carried out until the Hellman-Feynman forces on the atoms 

were less than 0.01 eV/Å. The energy convergence threshold for the self-consistent 

step was set to 10-6 eV. 

Since the exact edge termination of the GNP edges is not known, we simulate 

both; hydrogen passivated zigzag (ZGNR) and armchair (AGNR) graphene 

nanoribbons. Though ZGNR edges are preferable catalytically active than AGNR 

edges71, we carry out calculations on both to understand the effects of these new 

functionalized groups on the catalytic activity of the edges. We consider 10-AGNR 

with six primitive units of graphene along the periodic direction (60 C atoms), and a 

6-ZGNR with five primitive units of graphene along the periodic direction (60 C 
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atoms). This supercell configuration simulates a maximum concentration of 1.6% of 

functionalization and is in similar order with our experimental observations (~5%). 

The Brillouin zone integrations are sampled by 1  6  1 Monkhorst pack of k-points, 

where ‘x’ (along the width of the nanoribbon) and ‘z’ (perpendicular to the plane of 

nanoribbon) are the non-periodic directions. 

The adsorption free energy (∆𝐺𝐻) of hydrogen on the functional group ‘fn’ is 

calculated as, 

∆𝐺𝐻 =  ∆𝐸 +  ∆𝐸𝑍𝑃𝐸 , 

∆𝐸 = 𝐸𝐺𝑁𝑅+𝑓𝑛+𝐻 − 𝐸𝐺𝑁𝑅+𝑓𝑛 −  
1

2
 𝐸𝐻2

, 

ΔE𝑍𝑃𝐸 = 𝑍𝑃𝐸𝐺𝑁𝑅+𝑓𝑛+𝐻 − 𝑍𝑃𝐸𝐺𝑁𝑅+𝑓𝑛 −
1

2
𝑍𝑃𝐸𝐻2

.  

where, 𝐸𝐺𝑁𝑅+𝑓𝑛+𝐻 and 𝐸𝐺𝑁𝑅+𝑓𝑛 is the energy of functionalized GNR (ZGNR or 

AGNR) with and without adsorbed hydrogen, respectively. 𝐸𝐻2
 is the energy of 

hydrogen molecule and ΔE𝑍𝑃𝐸 is the zero-point energy (ZPE) difference. The 

equations are assuming Standard Hydrogen Electrode, (SHE) i.e. the gas phase 

hydrogen is in equilibrium with the solvated protons and electrons. 

3.6. Theoretical results and discussion 

Since simulating the effect of charged ions, such as O+ observed in our 

experiments using DFT is quite challenging, we only consider the uncharged 

functional groups, F, COOH, N2, and NH2 for our study (see Figure 5a bottom panel for 
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the structure of functional groups attached). The formation energies for 

functionalization by F, N2, NH2 and COOH are -2.1 eV (-2.0 eV), -10.7 eV (-9.2 eV), -2.5 

eV (-2.1 eV) and -2.2 eV (-2.0 eV), respectively at the ZGNR (AGNR) edges. Hence, 

confirming that zigzag edges are more reactive and easier to functionalize than 

armchair ones. This behavior is explained by the presence of π electrons localized at 

the zigzag edge, which are replaced by stable triple bonds at the armchair edge72,73. 

To quantify the catalytic activity for hydrogen evolution reaction by these functional 

groups, we estimate the hydrogen adsorption free energy (∆𝐺𝐻, see computational 

methods for discussion) at the edges; where ∆𝐺𝐻~ 0 eV corresponds to the highest 

activity. Since the catalytic activity due to the functional groups is also dependent 

upon the distance from the group, we consider 3 sites (one attached to the functional 

group, and two at the C surrounding the functional group) at the ZGNR edge and 4 

sites (one attached to the functional group and three at the C surrounding the 

functional group) at the AGNR edge, see figure 5c. Note that, for COOH, we also 

considered the adsorption of H at the C site of the group, making four sites of 

adsorption for ZGNR and five for AGNR, respectively.  

We find that the most favorable site for HER activity at the AGNR edge is at the 

(1) next nearest neighboring C with H-passivation for F with ∆𝐺𝐻= 0.69 eV (site 4 in 

Figure 3-10c), (2) next nearest neighboring C without H-passivation for N2 with 

∆𝐺𝐻= 0.19 eV (site 1 in Figure 3-10c), (3) next nearest neighboring C with H-

passivation for NH2 with ∆𝐺𝐻= 0.07 eV (site 4 in Figure 3-10c) and 4) at COOH 

forming OHCOH with ∆𝐺𝐻= 0.55 eV respectively (site 2 in Figure 3-10c), also see 
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Figure 3-10a for the relaxed configurations. This makes NH2 more catalytically active 

than (>) N2 > COOH > F and is in complete disagreement with experiments. Whereas, 

at the ZGNR edge the most favorable site for HER activity is at the 1) C attached to F 

with ∆𝐺𝐻= -0.5 eV, 2) at N2 with ∆𝐺𝐻= 0.16 eV, 3) at NH2 forming NH3 with ∆𝐺𝐻= 0.29 

eV and 4) at COOH forming OHCOH with ∆𝐺𝐻= 0.06 eV respectively (see Figure 3-

10b). Except for F, for which site 2 is the most favorable H adsorption site, all the 

other functional groups show higher activity at site 1 (see Figure 3-10c). 
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Figure 3-10: Free energy diagram for hydrogen evolution reaction at Standard 
Electrode Potential for functionalization at A) AGNR edge and B) ZGNR edge. The 
bottom panel shows the structural configuration for which ∆G_H (H-adsorption free 
energy) is the least, in case of functionalization by different groups. The dashed circles 
represent the adsorbed H atom. The AGNR and ZGNR edges are highlighted in black. 
Note that NH2 functionalized AGNR and COOH functionalized ZGNR are most 
catalytically active for hydrogen evolution reaction. Colour scheme: carbon (yellow), 
nitrogen (blue), hydrogen (pink), oxygen (red), and fluorine (green). 

In addition, our calculations for HER activity of pristine GNR shows that the H 

atom adsorbs on the H passivated C atom with ∆𝐺𝐻= -0.38 eV. Thus, making COOH 
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the most catalytically active site followed by N2, NH2, pristine GNR and F with 

decreasing catalytic activity; and is in excellent agreement with our experimental 

observations. Hence, from our DFT results we confirm that the origin of the catalytic 

activity for HER lies in the adsorption free energy of the ‘H’ at or near the 

functionalized sites of the zigzag edges. To trace the origin of agreement between our 

theoretical analysis and experimental results, we have carried out a charge-based 

analysis of all the preferred sites of functionalized AGNR and ZGNR edges. We find 

that for AGNR edges, the charge at the most preferred site for HER activity is larger 

than that in un-functionalized AGNR. On the other hand, for the ZGNR edge, the charge 

at the preferred adsorption site is smaller than that in pristine ZGNR. Hence, we 

conclude that the nature of bonding and the charge deficiency at the adsorption sites 

(in comparison with pristine sites) are responsible for the better catalytic activity of 

functionalized ZGNR edge than in AGNR edge, and hence the agreement with our 

experimental results. 

It is apparent that the catalytic activity (∆𝐺𝐻) and supercapacitance (Figure 

3-8) are inversely related to each other. This is because the stronger the interaction 

between the proton (hydrogen) and the edge, the larger will be the strength of the 

electrical double layer (EDL). On the other hand, if the interaction is highly repulsive, 

i.e. ∆𝐺𝐻 > 0, then the polarity of the EDL is reversed (negative ions at the edge 

followed by protons). Therefore, F, which shows the strongest H adsorption (-0.5 eV) 

has the largest supercapacitance of 215.84 F/g. Whereas, ∆𝐺𝐻 > 0 of NH2 (0.29 eV) > 

N2 (0.16 eV) should follow F with opposite polarity. Lastly, COOH with the weakest 
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adsorption of H (0.06 eV), shows the least supercapacitance of 18.76 F/g. It is 

important to note that this explanation is restricted to the effects at edges and the 

contribution to EDL from the surface needs to be discussed separately. Assuming the 

functionalization happened only at the edges and the bulk surface more or less 

remains the same for all the samples, it is worth comparing the EDLC behavior to the 

catalytic properties. Graph showing the variation of catalytic and EDLC behavior is 

displayed in Figure 3-12. Here GNP-NH2 shows an anomalous behavior which could 

be due to pseudocapacitance74 that might be contributing to an extent towards the 

total capacitance and is not accounted for in the present model. Electrochemical 

surface area (ECSA) calculations are performed to derive how functionalization 

affects ECSA of the samples (Figure 3-11).  

 

Figure 3-11: Comparison of ESCA of pure GNP and functionalized GNPs 
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Though GNP-COOH has the highest ESCA compared to others, the ESCA values 

are not following the trend observed in catalytic action and EDLC behavior of the 

samples. 

 

Figure 3-12: Overpotential and capacitance variation of pristine GNP and 
functionalized GNPs 

GNP-COOH shows the best in class electrocatalytic activity while GNP-F 

dominates over the others one in capacitance. On observing the trend, 

functionalization can improve one property while ceasing the other and vice versa. 

Overall, the best material for an electrical double layer capacitor is the worst 

performer in catalysis, and the winner of catalytic property is losing its position in the 

EDLC property chart. 

3.7. Conclusions 

Pristine GNPs and Functionalized GNPs are prepared using the plasma 

functionalization method. XRD, Raman and FTIR characterization proved the 
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crystallography, phonon modes and vibrational modes are of graphene nanoplates 

and their functionalized versions. Surface morphology and microscopic structure are 

traced using SEM and TEM, and the GNP thickness was found to be between 5-15 nm. 

Along with FTIR spectra, X-ray photoelectron spectroscopy established the presence 

of different functionalization in GNPs both qualitatively and quantitively. A 

systematic study on the electrocatalytic (HER) performance and electrical double 

layer properties of functionalized GNPs show a mutually exclusive reverse pattern 

and this behavior is correlated with the help of DFT calculations to the change in the 

free energy during the cation/proton adsorption-desorption process on the 

respective electrode surfaces. 
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: Multilayer Graphene coated 

Vanadium(V) Oxide as Electrodes for 

Intercalation Based Brackish Water 

Desalination 

The contents of this chapter has been adapted from my recent publication75 

4.1. Introduction  

Clean water is a key technological, social, and economic challenge facing the 

21st Century76,77. Climate change associated with an increase in population has 

intensified the pressure on existing water resources78.  According to the medium- 

variant projection of the United Nations, “global population could grow from 7.7 

billion in 2019 to around 8.5 billion in 2030, 9.7 billion in 2050 and 10.9 billion in 

2100 (World Population Prospects 2019 Highlights, eISBN: 978-92-1-004235-2). A 

water scarcity associated with an increase in global population growth could be 

catastrophic in the coming years. Depleting usable water supply has turned the 

human race into exploring other resources such as desalination of brackish water to 

meet the demand for water. The water-starved areas could find new sources by 
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removing salt from sources such as brackish water that has much lower salinity than 

saltwater. Qualitatively, brackish water has a  salinity that falls between fresh and 

seawater79 and quantitatively fresh, brackish, and saline waters contain <0.5, 0.5 to 

30, and >30 ppt (parts per thousand) salt respectively80.  

Desalination is the removal of salt ions from saltwater. Traditional methods of 

desalination technologies include multistage flash (MSF), reverse osmosis (RO), 

multistep distillation, and electro-deionization81. Other emerging innovative 

solutions include nonporous graphene82, graphene oxide83, BN and MoS2 

membranes84,85, electrodialysis86, reverse osmosis that uses graphene grafted 

antifouling membranes87 and capacitive deionization. Capacitive deionization (CDI) 

is an energy and cost-efficient technology for removing low amounts of salt from 

water81,84,88–91. CDI focuses on removing small amounts of salt ions (minority 

compounds) from the water, making it more energy-efficient at low salinities because 

it removes salt from the water, and the energy consumption is proportional to the 

amount of salt removed92. Although CDI falls into an energy-efficient technique 

category, the energy requirement in CDI is a strong function of the concentration of 

salt ions in the feed, unlike a weak relationship observed in other desalination 

techniques such as RO and MSF81. Traditionally, CDI uses high surface area conductive 

electrodes capable of adsorbing the ions through an electrical field during charging, 

and ions are retained at an electrical double layer at electrodes surface93,94. During 

discharge, the ions can be released back into the solution resulting in a brine solution. 

A portion of the stored energy is recovered as electrical energy, reducing the net 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
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energy95,96. High adsorption capacity is a preferred characteristic, and to achieve that, 

conventionally an active material with high surface area is utilized52. Carbon-based 

materials are of interest for CDI due to its high surface area and low fabrication cost97. 

Using electrodes facilitating intercalation of ions in the same potential window of 

desalination could improve the efficiency of desalination to a greater extent89. The 

amount of energy required for desalination could be decreased by using an electrode 

that can form both an electric double layer as well as intercalation of ions leading to 

pseudocapacitance at a low potential window.   

Vanadium pentoxide (V2O5), with its various coordination numbers and 

oxidation states, is a promising material for hosting large ions such as sodium98. 

Herein, we report graphene-coated vanadium pentoxide on stainless steel (SS) mesh 

as an electrode for capacitive desalination, which removes salt through the faradaic 

and non-faradaic processes. But the application of V2O5 as a CDI electrode is hindered 

by the fade in capacity99,100 due to low active surface area and electronic and ionic 

conductivities. To overcome these issues, our work is directed towards creating a 

high surface area binder-free electrode made of V2O5 and later coated with graphene 

to enhance the electronic conductivity.  

4.2. Background  

In the desalination industry, seawater reverse osmosis (SWRO), happens to be 

the most widely used technology for removing salt from water. The SWRO process 

pressurizes the feedwater to a very high osmotic pressure and then pumps the water 
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molecules through a mostly impermeable salt ion membrane. An SWRO plant can 

treat water in the order of 106 m3 of treated water per day which is less than <0.1% 

of the total global daily water consumption76. These SWRO plants operating alone 

cannot meet the growing demand for clean water. SWRO plants are a big investment 

and are limited by the massive investments, location restrictions and large energy 

requirements. Electrochemical systems, such as capacitive deionization (CDI) and 

electrodialysis (ED) are other processes used to remove salt from brackish water. 

These systems remove salt ions by providing an electric field to the electrodes in the 

system (CDI or by ion-exchange membranes to desalt feed streams (ED), and thus 

removing the salt ions through electrosorption and electromigration81,86. 

4.3. Motivation 

 Vanadium pentoxide (V2O5), with its various coordination numbers and 

oxidation states, is a promising material for hosting large ions such as sodium98. There 

are studies that show amorphous V2O5 prepared by quenching V2O5 powders heated 

to 950oC, and with an aqueous KCl solution as the electrolyte to show a high 

capacitance value of 350 F/g101. Another study used a sol-gel method to prepare the 

V2O5 and had a capacitance value of 214 F/g in a 2M KCL solution and tested using a 

3 electrode setup102. 
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Figure 4-1: CV curves of V2O5 in 2 M KCl (- - -), 2 M LiCl (—), 2 M NaCl (· · ·) electrolyte 
at 5 mV s−1 scan rate102 

This study shows the dependence of the electrolyte on the high capacitance 

values of the V2O5 as seen in Figure 4-1. These studies showed that a 2M KCL 

electrolyte seems to provide the highest capacitance. Other electrolyte comparative 

study tested the V2O5 nanofibers against 2M KCL, 2M KOH, and 1M H2SO4 to give a 

capacitance value of 190 F/g, 8 F/g and 106 F/g respectively103. Organic electrolytes 

containing LiCLO4 have shown higher capacitance values of 250 F/g in a symmetric 

cell. Due to the low conductivity of V2O5101, researchers have looked into increasing 

the conductivity by using additives such as different forms of carbons, metal fibers, 

metal oxides etc. Carbonaceous materials such as carbon nanotubes combined with 

the V2O5 have shown high capacitance values when compared to pure V2O5. 

Composites made of LiNi0.8Co0.2O2/Multi Walled Carbon Nanotube (MWCNT) have 
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shown to have high capacitance values. Adding the MWCNT has shown to improve 

the capacitance and energy characteristics as well as to increase the utilization of the 

active materials and decrease the capacitance fading104.  

Composite materials made of V2O5/SnO2/CNT have been explored for their 

capacitive properties. SnO2 is semi-conductive and has typical redox properties. 

Adding the SnO2 to the V2O5/CNT composite has shown an increase of 121 F/g105. 

These studies motivated us to increase the V2O5 properties by adding graphene as 

suitable conductive material.  

4.4. Experimental Section 

 Sample Preparation  

Vanadium pentoxide was prepared using a hydrothermal setup, and a layer of 

graphene was coated on the surface. A low purity V2O5 as a raw material was used to 

make this process more cost-effective. The primary solution was prepared by using a 

0.1 g of V2O5 dissolved in 30 ml of double-distilled water followed by 1 ml of hydrogen 

peroxide. The mixture was stirred well for 4 hours before adding it into an autoclave 

containing 5x1 cm vertical strips of SS mesh. The SS mesh was sonicated in an 

isopropanol medium and air-dried for 10 minutes. The mesh was weighed and 

transferred into a hydrothermal setup. The mixture was heated to 200 0C for 16 hours 

to obtain a uniform growth. Later the SS mesh was removed from the autoclave and 

repeatedly washed with water and ethanol to remove impurities and weakly grown 
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particles. The mesh was vacuum dried at 90 0C for 12 hours before using a CVD 

technique to coat a few layers of graphene on the surface of the as-grown V2O5 

honeycomb-like structure. The coating of graphene is expected to improve electrical 

conductivity. Ultra-pure acetylene (99.99%) was used at a flow rate of 100 sccm to 

grow a few layers of graphene at 625 0C for 3 minutes. The V2O5 grown on SS mesh 

and the V2O5 grown on SS mesh and coated with graphene were taken for several 

characterizations.  

4.5. Results and Discussion 

 Characterization  

A field emission JEOL JSM 7500F FE-SEM operating at 5 kV was used to image 

the surface morphology of the sample at micrometer length scales.  Transmission 

electron microscope (TEM) images were recorded in a Jeol 2010F system operated at 

200 kV. The TEM is equipped with an Energy-dispersive X-ray for chemical analysis. 

A Renishaw in Via Raman microscope with an excitation wavelength of 532 nm was 

used to record the Raman spectra. An autolab potentiostat under three-electrode 

configurations was employed to run the cyclic voltammetry. Here the G-V2O5 acts as 

a working electrode, Ag/AgCl as reference electrode platinum spring as counter 

electrode and 1M Na2SO4 as the electrolyte. The voltage window with which the 

experiments were done is 0-0.8 Volts. 
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 Structural and surface morphology  

The sample preparation protocol, including hydrothermal cell and chemical 

vapor deposition (CVD) setup, is graphically represented in Figure 4-1. Later the X-

ray diffraction spectra of the V2O5 powder, as-grown V2O5 honeycomb (V2O5-SS 

mesh), and graphene-coated (G-V2O5-SS mesh) structures are depicted in Figure 4-

2a.  Signature diffraction peaks corresponding to (110), (301), (310), (020) 

diffraction planes are omnipresent in all the three samples106. This observation 

implies the structural integrity of the V2O5 structure in all the three samples where 

the heat treatment during graphene coating hardly harms the honeycomb-like V2O5 

structure. In addition to pristine V2O5 diffraction peaks, the graphene-coated V2O5 (G-

V2O5)sample shows a feeble diffraction peak centered at 230 and a strong peak at 430, 

thus proving the presence of graphene coating30 on V2O5 structure. Intense peaks at 

450 and around 830 corresponds to the SS substrate.  
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Figure 4-2:  Preparation protocol: a hydrothermal process achieves the growth of 
V2O5 on SS mech, and later the coating of a few layers of graphene is accomplished 
by chemical vapor deposition. The surface morphology at each step is displayed on 
the right. 

Raman spectra of V2O5 powder, V2O5 grown on SS mesh, and G-V2O5 on SS 

mesh are presented in Figure 4-3b. Raman modes present in the V2O5 structures such 

as 149 cm-1(B1g), 310 cm-1(Ag), 403 cm-1(Ag), 532 cm-1(Ag), 700 cm-1(B1g) and 983 

cm-1(B3g) are observed in all the three samples107. 
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Figure 4-3: (a) X-ray diffraction (XRD) patterns of the V2O5 powder, V2O5 grown on 
stainless steel mesh and V2O5 grown on SS and coated with graphene (b) Raman 
peaks of V2O5 powder, V2O5 grown on SS and V2O5 grown on SS mesh and coated 
with graphene (c ) SEM images of V2O5  grown on SS mesh at different magnifications.  
Hollow cylinders like morphology are very clear, offering a very high surface area. (d) 
Graphene coated on top of the V2O5 hollow cylinders. The conductivity of the 
material is quite improved from 0.001-0.01 S/cm to 0.05 S/cm with the graphene 
coating.  
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The characteristic D-band and G-band of thin graphite-like structures are seen 

at 1348 and 1592 cm-1, respectively, and 2D band at 2650±2 cm-1 that corresponds 

to a few layers graphene (see Figure 4-4) is also visible for the G-V2O5 sample.  

 

Figure 4-4: Raman Spectra of G-V2O5 sample. Bilayer, trilayer, and multilayer 
graphene-coated areas are observed in the sample 

The XRD and Raman spectra are used to validate the structure of grown V2O5 

and G-V2O5. High-magnification SEM images of the V2O5 grown on SS mesh are shown 

in Figure 4-3c. The SEM images show a uniform honeycomb-like structure that grew 

vertically from the surface of each strand of the SS mesh. The SEM images in Figure 

4-3d show graphene covering the V2O5 structure grown on SS mesh. The coating of 

graphene improves the conductivity of the active material.  

 The Transmission Electron Microscopy (TEM) results of the samples 

before (Figure 4-5b) and after (Figure 4-5c) desalination process is summarized 

in Figure 4-5. The entire structure of V2O5 coated in graphene before desalination 

is shown in Figure 4-5b (larger image). The following two images in Figure 4-5b 
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are the clear identification of the respective constituents: the upper image is V2O5, 

and the lower image is graphene.  The particle embedded in graphene is a single 

crystal, and the respective d-spacing for both agrees with the phases.  A similar set 

of images presented in Figure 4-5c is taken after the adsorption desalination 

process. It is essential to elucidate that following the adsorption desalination 

process, the V2O5 is no longer a single crystal, but rather poly-crystals with a large 

number of defects.  In the graphene, areas are sections with d-spacing of 

approximately 0.33 nm, whereas, in other sections, the d-spacing can be as large as 

0.42 nm.  This is a potential indication that the Na atoms diffuse within the carbon 

and expand it more than 25%.  Similar effects are observed in other regions, 

proving that it is not characteristic of this specific location.  Similar effects are 

observed in the V2O5; yet, the most visible one is the poly-crystal frameworks.  This 

combination of results demonstrates the presence of sodium and its detrimental 

effects on both graphene and V2O5. A complimentary demonstration of the 

presence of sodium is given in Figure 4-5a (EDS results).   
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Figure 4-5: Transmission electron microscopy results for the (a) EDS test/analysis 
of the G-V2O5 after the adsorption cycle. (b) G-V2O5 before the desalination process, 
(c) G-V2O5 after the adsorption cycle. 

This set of images shows the presence of all the constituents of the composite, but 

what is relevant is the presence of sodium that clearly shows its distribution.  The 

EDS maps show a higher density in Vanadium(V), Carbon (C), Oxygen (O) when 

compared to Sodium (Na), implying a difference in concentration.  Therefore, this 

proves that sodium is present in the composite after the adsorption desalination 

cycle. 

 Electrochemical Characterizations 

V2O5 is considered as one of the best performing anode materials for Na ion 

battery owing to the interlayer spacing and crystallography that can accommodate 

Na ion as graphite does for Li-ions(24). However, the Na intercalation redox reaction 
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in Na-ion batteries is a sluggish process which may not occur at high rate voltage 

sweep cyclic voltammetry (CV) testing for supercapacitors.  For this reason, no redox 

peaks are expected in CV for the pristine powder sample (Figure 4-6a).  Hence, to 

make a more electrochemically active surface area that can facilitate high rate 

adsorption-desorption kinetics, we employed a hydrothermal process to grow high 

surface area honeycomb-like V2O5 structures on SS steel mesh (see Figure 4-2d). The 

results show that even at high sweep rates, the adsorption associated oxidation peaks 

start to appear in the CV (discussed in the next section).   

 

Figure 4-6: Cyclic voltammograms and capacitance values a) V2O5 powder b) V2O5 
SS mesh c) G- V2O5, and d) Nyquist plots of the capacitor device before cycling and 
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after cycling. The impedance values are very low, which shows the efficacy of the 
sample in capacitive desalination. 

Growth of V2O5 in a honeycomb structure over a substrate and coating with 

graphene to increase its conductivity allows us to investigate their electrochemical 

performance as supercapacitors. The capacitive behavior and reversibility of the 

electrode materials are studied using cyclic voltammetry (CV). A three-electrode 

system using a platinum spring as the counter electrode, Ag/AgCl as a reference 

electrode, and sodium chloride as the electrolyte were used for the electrochemical 

tests. For a comprehensive analysis, CV was performed for pure V2O5 powder 

(Figure 4-6a), grown V2O5 on SS Mesh(Figure 4-6b), and G-V2O5 (Figure 4-6c). CV 

was performed on pure SS steel mesh as well to evaluate the contribution towards 

the total capacitance of the electrode, and it was found to be negligible. The CV’s 

were performed at scan rates of 1mV/s, 2mV/s, 3mV/s, and 5mV/s within the 

potential window of 0-0.8V. The V2O5 powder showed capacitance of 67.80 F/g, 

while the grown V2O5 shows a capacitance of 161.37 F/g at 5mV/s. Furthermore, 

coating graphene increased the capacitance to 304.47 F/g at 5mV/s, which is a 55% 

increase from the as-grown V2O5 SS Mesh samples.  

Both (Figure 4-6b and 4-6c) cyclic voltammograms showed the oxidation 

and reduction peaks, although the reduction peak is very clearly visible in the G-

V2O5 sample. The G-V2O5 sample shows two oxidation and reduction peaks. The 

peaks are due to adsorption occurring individually both at the carbon and V2O5, 

which in turn improves the capacitance. Both samples show the pseudocapacitance 
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characteristics and the symmetric cycling curves indicative of the stability of the 

electrodes. The initial and final impedance curves (Figure 4-6d) of both V2O5 and G-

V2O5 showed very low impedance values, which is one of the primary criteria to act 

as a supercapacitor electrode. The impedance of the G-V2O5 electrode system is lower 

than that of the pristine V2O5 electrode, which is an indication of the improved 

electrical conductivity of the electrodes. The excess surface area offered by graphene 

improves the capacitance to the next level by incorporating the non-faradaic 

capacitance and the faradaic processes that happen at the V2O5 electrodes.   

 Density functional theory calculations 

Density functional theory (DFT) calculations were performed to better 

understand the interaction between the V2O5 and graphene surfaces. All the 

simulations were completed using VASP108–112. Here we considered a 14-atom unit 

cell of V2O5 (4 - vanadium atoms and 10 – oxygen atoms) with lattice parameters (a = 

3.61 Å, b = 11.55 Å, c = 4.79 Å)113. VASP simulations were performed using PAW-PBE 

potential with the following settings ISMEAR=0 (Gaussian smearing), IDIPOL=3, and 

ISPIN=2 (spin-polarized calculation). Vander Waals contributions were included to 

account for the carbon atom interactions in the graphene. Vander Waals corrections 

were computed using Grimme D2 method (i.e., IVDW =1).  The cut-off energy 

(ENCUT) was set at 520 eV and EDIFF =1.0e-5, EDIFFG = -0.02. Remaining input 

simulation parameters are listed for sake of reproducibility ALGO = Fast, ISMEAR = 0, 

MAGMOM =48*5.0 120*0.6 192*1.0, PREC = N, SIGMA = 0.1.  
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The structure considered is orthorhombic since, at low-to-moderate 

temperatures, this is the most prevalent crystal phase114,115. The bulk structure was 

relaxed, and cut planes along directions (010, 001, 100) were generated (Figure 4-

7a). The surface energy of the 001 face was lowest of three calculated surfaces (E010= 

1.38 J/m2, E100= 0.41 J/m2, E001= 0.033 J/m2, Table 4.1). 

 
No. of layers No. of atoms Free surface 

energy (eV) 

E surface 

(J/m2) 

100 face Layer_4 28 -205.466 0.412189 
 

Layer_6 42 -309.104 0.487531 
 

Layer_8 56 -413.112 0.509291 

001 face  Layer_1 14 -103.988 0.03281 
 

Layer_2 28 -208.157 0.030741 

010 face  Layer_1 14 -101.152 1.387369 

Table 4.1: The effect of the number of layers on the surface energy was studied for various 

faces of the V2O5 structure. As seen from the table, the 001 face is most stable with 

minimal surface energy variation for multiple layers. 

The stability of (001) surface is also confirmed by preferential crystal growth 

seen along this direction, as inferred from XRD data in Figure 4-3a. This agrees with 

earlier reported literature observations as well116,117. Further, the surface energies for 

(001) surface were calculated with additional layers. A bilayer (001) surface had 

Esurf= 0.031 J/m2 (a difference of 0.2 % compared to single-layer structure). 
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Figure 4-7 (a) The different faces of the V2O5 (viewed from the top along c-axis) and 
(b) the supercell of V2O5 - graphene interface with dimensions a = 7.24 Å, b = 69.16 Å, 
c = 23.04 Å. It consists of 48 – vanadium atoms (red), 120 – oxygen atoms (green), 
and 192 – carbon atoms (brown). The projected density of states of the (c) V2O5 (001 
face) and (d) V2O5 - graphene interface showing the new valence states introduced by 
graphene (yellow) and shifted conduction states of V2O5 (green, red) near Fermi level 
with color-coded contribution from each atom type. (e) charge density difference plot 
of Gr-V2O5 at iso-level 0.00134 (yellow color – positive, blue color- negative) and (f) 
the Bader charge distribution of the graphene layer. 

The difference is small since V2O5 has a layered structure along [001] direction 

leading to weak interlayer interactions118,119. Hence an interface with a single layer 
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(001) face V2O5 as a substrate with a layer of graphene deposited on top was 

prepared, see Figure 4-7b. A supercell was constructed by minimizing the lattice 

vector mismatch of less than 1 % between the V2O5 and graphene layers. Since V2O5 

and graphene have different crystal symmetries, orthorhombic and hexagonal 

respectively, a fairly large supercell consisting of 360 atoms (48 – vanadium, 120 – 

oxygen, 192 – carbon atoms with dimensions a = 7.24 Å, b = 69.16 Å, c = 23.04 Å) was 

needed to achieve the desired lattice mismatch threshold. The thickness of the 

vacuum layer is 15.98 Å and interlayer spacing of ~ 3 Å. The thickness of the electrode 

is 7.06 Å. 

The electronic density of states for both the V2O5 (001 surface) and the V2O5 – 

graphene interface is plotted in Figure 4-7(c-d). V2O5 surface exhibits a very clear 

bandgap with a value of about 1.91 eV, suggesting semiconducting behavior (Figure 

4-7c), while the V2O5–graphene interface has minor states populated near Fermi level 

EF suggesting semi-metallic nature (Figure 4-7d). We further analyzed the DOS by 

calculating the individual elemental contributions of V2O5, and C atoms. From Figure 

4-7d, it can be seen that the conduction bands of bare V2O5 have shifted near to Fermi 

level states, and new valence states are introduced due to carbon atoms (i.e., 

graphene). Thus, the deposition of graphene on V2O5 leads to higher conductivity and 

an electroactive surface, which is in line with the electrochemical measurements of 

previous sections. 

The surface charge distributions were studied by calculating charge density 

difference plots. It was obtained by subtracting the charge densities of the individual 
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Graphene and V2O5 components from the Gr- V2O5 composite. Figure 4-7e shows the 

iso-surface of the charge density difference at iso-level 0.00134 (yellow color – 

positive, blue color- negative). It can be seen that charge transfer happens from 

carbon to V2O5, particularly at the O sites near the graphene layer. Bader charge 

analysis was done to calculate the amount of charge accumulated at each atomic 

location. For the graphene, we observed a net charge transfer of 0.0118 e from 

Graphene to the V2O5 surface. Bader charge of the graphene atoms in the surface can 

be seen varying between 3.8 -4.2 e with a mean charge of 3.9882 e compared to the 

bare carbon valence charge of 4 e. Locally, we see Bader charge transfer of 0.0321-

0.0327 e as shown in Figure 4-7f. This further confirms the charge transfer from 

graphene to V2O5, and similar behavior has been observed in the literature120. 

4.6. Desalination tests 

The performance parameters, salt adsorption capacity, charge efficiency, 

coulombic efficiency, and energy per ion removed, were calculated and plotted with 

respect to time/cycle numbers. The following equations were used to calculate the 

performance parameters. Salt Adsorption Capacity (SAC) represents the amount of 

the salt removed (mg) during the adsorption cycle per unit weight (g) combined with 

both the electrodes.  

𝑆𝐴𝐶 =  
𝑄∗∫ (𝐶𝑜−𝐶𝑡)𝑑𝑡

𝑡𝑎𝑑𝑠
𝑡0

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
                (1) 
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Where 𝑄 is the flow rate in mL/min,  𝑡0 and 𝑡𝑎𝑑𝑠 are the cycle initiation and 

adsorption cycle completion times, 𝐶𝑡 and 𝐶𝑜 are the instantaneous effluent 

concentration and feed concentration respectively in mg/L and 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 is the 

combined electrode weight in grams. For an adsorption cycle, the ratio of the moles 

of the salt removed per unit mole of the electrical charge supplied during the 

adsorption cycle is termed as charge efficiency. 

𝐶ℎ𝑎𝑟𝑔𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
(𝑄∗∫ (𝐶𝑜−𝐶𝑡)𝑑𝑡

𝑡𝑎𝑑𝑠
𝑡0

𝑚⁄ )

(∫ 𝐼∗𝑑𝑡
𝑡𝑎𝑑𝑠

𝑡0
𝐹⁄ )

    (2) 

Where, 𝑚 is the molecular weight of the salt (58.44 g/mol NaCl), and F is 

Faraday’s constant (96485 C/eq).  The coulombic efficiency represents the roundtrip 

charge efficiency. It is calculated as the ratio of electrical charge released during the 

desorption stage to the electrical charge supplied during the adsorption stage.  

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
(∫ 𝐼∗𝑑𝑡

𝑡𝑑𝑒𝑠
𝑡𝑎𝑑𝑠

𝐹⁄ )

(∫ 𝐼∗𝑑𝑡
𝑡𝑎𝑑𝑠

𝑡0
𝐹⁄ )

           (3) 

Energy consumption (J) during the adsorption stage was calculated by 

integrating the current supplied during the adsorption cycle and multiplying with the 

applied voltage. Furthermore, the calculated number was divided by the number of 

moles of the salt removed, a factor of two (to convert from moles to number of ions 

for NaCl) and a factor of 2480 J/mol (RT=2.48 kJ/mol) to convert the calculated value 

into the “Energy per ion removed (KT)” units.121 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
𝑉𝑎𝑑𝑠∗∫ 𝐼∗𝑑𝑡

𝑡𝑎𝑑𝑠
𝑡0

(𝑄∗∫ (𝐶𝑜−𝐶𝑡)𝑑𝑡
𝑡𝑎𝑑𝑠

𝑡0
𝑚⁄ )∗2∗2480

   (4) 
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 Capacitive Desalination  

 A “flow by” type CDI cell configuration (as shown in Figure 4-8) was used to 

conduct desalination tests on a 1 cm x 5 cm electrode. The same bench-scale test set 

up was used as in the previous work88. In brief, the setup included a feed and effluent 

container, a peristaltic pump, a CDI reactor unit, an electrochemical analyzer unit for 

voltage supply, and a pH and conductivity probe at the exit of the CDI reactor. 

 

Figure 4-8: Flow by” type CDI cell configuration 

Additionally, a computer system interfacing with the electrochemical 

analyzer, pH, and conductivity probe to control the applied voltage, desalination cycle 

time, record current, pH, and conductivity data. The CDI unit assembly mentioned 

above consisted of a cathode and anode electrodes of the same material and a 1 mm 

thick (61% porosity) spacer. Desalination tests were conducted using NaCl (5, 10, 15 

mM) feed solutions. Desalination cycles consisted of 1000 s each adsorption and 

desorption, with 1.2V applied during adsorption and 0.0V during the desorption 
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cycle. Additionally, before starting the desalination cycles, the samples were 

equilibrated with the feed solution for one hour. Conductivity values were recorded 

every 1 second and converted to the concentration (mg/L NaCl) using an initial 

concentration-conductivity relationship (10 mM, 1.13 ms/cm). 

 Deionization Data 

Several desalination tests were conducted using the same electrode sample 

and three different feed concentrations, and the overall data is presented in Figure 

4-9. Desalination tests were conducted for 50 continuous cycles, and three different 

concentrations (5, 10, 15 mM NaCl) and the effluent concentration data plotted w.r.t 

the cycle numbers as shown in Figure 4-9a. The concentration trends demonstrate 

that qualitatively the desalination performance (amplitude of initial and final cycles) 

was maintained without any noticeable performance degradation. Fluctuation in the 

effluent concentration trend was noticed. This could be due to the SS mesh which is 

the base material corroding under the given operating conditions and leading to the 

generation of gaseous and metallic species, which in turn disturbs the reading of the 

conductivity meter used to read the effluent composition. This phenomenon is 

especially pronounced for 10 and 15 mM concentration. Also, since the initial and 

final SAC values for all the three cases are consistent, we believe that the interfering 

phenomena are not affecting the V2O5 material. Furthermore, the slightly lower but 

stable coulombic efficiency values indicate that electrically the system is running 

smoothly but due to the possibility of the above-mentioned phenomena, conductivity 
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sensor readings are not stable and that affects the calculation of all the other 

parameters. Such corrosion events can be mitigated by optimizing the growth 

protocol to get a pinhole-free growth of V2O5 growth as well as getting a complete 

graphene coating.  

 

Figure 4-9: Desalination performance of V2O5/graphene hybrid faradic deionization 
(a−d) concentration profiles of 5, 10, and 15 mM NaCl; (a) Concentration profile over 
time, (b) Salt adsorption capacity, (c) charge efficiency, and (d) energy consumption 
per ion removal. 
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 Salt adsorption capacity 

Quantitatively, the salt removal performance was evaluated in terms of Salt 

Adsorption Capacity (SAC), and the results are shown in Figure 4-9b. The average 

salt adsorption capacity for 5 mM feed concentration is around 6.7 mg/g. Further 

increasing the feed concentration leads to the saturation of SAC at 8.5 and 12.5 mg/g 

for 10 and 15 mM NaCl feed solution, respectively. Again, the fluctuation in the SAC 

values is probably because of the fluctuating baseline of the effluent concentration 

curves.  

 Charge efficiency 

 Charge efficiency (CE) is calculated to evaluate the extent of energy utilization 

towards the salt removal process. The results are shown in Figure 4-9c. The CE trend 

for 5 mM indicates a slightly lower charge efficiency (~75%) than at the (~85%) 10 

and 15 mM feed concentration tests. Probably, at a lower concentration, the solution 

resistance in the spacer channel has high transport resistance leading to the 

increased solution resistive losses. These factors combined might have led to lesser 

charge efficiency at low feed concentration. This indicates that to evaluate the 

desalination performance selecting an appropriate feed concentration is very 

important.  
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 Coulombic efficiency 

The coulombic efficiency was calculated to evaluate the possibility and extent of 

any faradaic reactions. As shown in Figure 4-9c, the coulombic efficiency is 

approximately 86%, 80%, and 85% for 5, 10 and 15 mM feed concentrations 

respectively. These high columbic efficiencies indicate that there is very little faradaic 

loss in this system. Furthermore, it should be noted here that the coulombic efficiency 

values are stable indicating that there was no intermittent noise within the 

desalination process. 

 Energy per ion removed 

Energy consumption per ion removed is calculated and presented in figure 4-9d. 

As was seen in the charge efficiency case, the energy consumption in the case of 5 mM 

feed concentration (~27 units) was higher than the other two cases (~23 and ~20 

units for 10 and 15 mM feed concentration respectively). The important thing to be 

noted here is that the energy consumption for 10 and 15 mM feed concentration is 

very competitive as compared to the values reported in the various CDI literatures121. 

Ref# Feed 
Concentration 

SAC 
(mg/g) 

Energy 
consumption 
(kWh/m3 x 103) 

Freshwater productivity 
(L/m2/h) 

1 5 mM 6.7 5.7 120 

2 10 mM 8.5 7.43 120 

3 15 mM 12.5 7.9 120 

Table 4.2: Comparison of SAC, energy consumption and freshwater productivity values at 

different feed concentrations  
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Later the SAC and specific capacitance values and other relevant parameters 

are tabulated and compared with the existing literature. The as developed G-V2O5 

samples prevail most of the reported materials on feed conductivity, second-best in 

SAC, energy-efficient in terms of adsorption voltage, and second highest in specific 

capacitance (Table 4.2). All these studies used a composite electrode based on 

graphene or graphene oxide materials. One major difference is that we used slightly 

higher feed water salinity, but this is due to our previous experience that low 

salinities (<200 us/cm) are quite far from practical use. More importantly, solution 

resistance becomes very high leading to higher specific energy consumption and side 

reactions. We reported the charge efficiency and specific energy consumption values 

for several cycles which is not the case for previous studies which in turn rendering 

them difficult to implement. 

4.7. Conclusion 

Our investigation demonstrates that graphene coating significantly affects the 

capacitive behavior of V2O5 cylindrical structures. Interestingly, during the 

desalination cycles, along with the electrical double layer formation at the graphene 

layer, ion intercalation is observed in the honeycomb structure of the hydrothermally 

grown V2O5 layer leading to an improvement in Na+ and Cl- ion removal from the 

brackish water. Our first principles-based density functional theoretical (DFT) 

modeling unravels the origin of the observed properties in terms of the interaction 

between the V2O5 and graphene surfaces, which in turn leads to higher conductivity  
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Table 4.3: Capacitive deionization parameters of various nanomaterials  

and electroactive surfaces. The Graphene coated V2O5 system showed a 

maximum salt removal capacity of 12.5 mg/g in 15 mM NaCl.  Higher charge 

efficiencies up to 85% were obtained, which were similar to the values reported in 

the literature129. Higher columbic efficiency of up to 85% indicates least faradaic 

losses, and most of the energy was used in the ion removal process. Finally, the energy 

per ion removed was found to be the lowest energy consumed per ion removed (20 

units). This is similar to or lower than the values reported in the literature130(43).  

Table 3 shows a comparison of capacitive deionization parameters of various 

Ref
# 

Material Feed 
Conductivity 
(µs/cm) 

Adsorpti
on 
Voltage 

SAC 
(mg/
g) 

Specific 
Capacitan
ce (F/g) 

1 MnO2-
Nanostructured@Graphe
ne122 

100 1.2 5.01 292 

2 Reduced Graphene 
Oxidate Resol93 

55 2.0 1.4 85 

3 5% CeO2@Graphene 
nanoflakes123 

100 1.4 7.2 452 

4 SnO2/Graphene124 61 1.4 1.5 323 

5 Nitrogen Doped Reduced 
Graphene-Carbon 
Nanofiber125 

~1000 1.2 11.6 337 

6 ZrO2 doped graphene 
oxide126 

~100 1.2 6.3 452 

7 GO127 150 1.2 1.3 NA 

8 RGO127 150 1.2 13.6 87 

9 10% TiO2/RGO127 150 1.2 24.6 635 

10 MWCNT–hV2O5 (3 
electrode)128  

~1200 1.2 23.6 244  

11 G-V2O5  (Present Work) 1100 0.8 12.5 500 
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nanomaterials from literature and the present work. The G-V2O5 shows a high feed 

conductivity, high SAC, and a high capacitance. Future studies should focus on the 

process to scale up the material. 
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: Flexible Supercapacitor made with a 

layer by layer coating arrangement of 

MWCNT reinforced Poly Aramid Nanofiber 

and Boron Nitride  

This chapter is based on part of a study on flexible supercapacitors. The 

manuscript is in the process of submission.  

5.1. Introduction 

There is a large demand for lightweight, flexible, and sustainable electronics 

that is mechanically stable and can operate in a various range of conditions where 

weight becomes a precious commodity. For example, energy storage systems such as 

conventional batteries and supercapacitors depend on a packaging system for its 

mechanical stability and integrity. This type of system limits the different forms the 

energy storage system can take, while also adding weight to the system. A 

supercapacitor is a promising energy storage mechanism for applications that 

require fast charging/discharging, long cycle life and high-power density which 

enables supercapacitors to deliver energy rapidly when needed. The capacity for a 
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supercapacitor can be increased by decreasing the distance between opposite 

electrodes and by having a thin dielectric medium between the electrodes. A high 

specific surface area on the electrodes would also allow for high adsorption-

desorption of the ions making it crucial to use materials with a high surface area and 

electrical conductivity. Multi-Walled Carbon Nanotubes are an excellent choice for 

the electrode material in energy storage devices such as supercapacitors due to high 

electrochemical stability and also its high: mechanical, electrical and optical 

conductivity131. MWCNT’s have a high tensile strength when compared to single-

walled carbon nanotubes. Over the last decade, there have been a lot of efforts 

devoted to the development of supercapacitors; however, incorporating all the 

above-mentioned critical functionality in a single device is challenging. For example, 

most aqueous and organic electrolytes limit the high-temperature operation of SC due 

to the low boiling point.132,133 Even, several separators that are commonly used for 

room temperature shrink or deteriorate at elevated temperature leading to electrical 

shorts in the device 132. Many of the previous studies focus on design, fabrication, and 

performance analysis of the electrodes only, leaving an open question about the 

performance of the assembled supercapacitor device134,135. 

Moreover, for the supercapacitors to be used as a structural element, it is 

required that the whole assembly be an integrated one for structural solidity. 

However, almost all the supercapacitor reported until today are not truly integrated 

structure as they are assembled by sandwiching a separator/electrolyte between two 

electrodes through hard pressing136,137. As a result, huge stress might generate at the 
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electrode/separator interface compromising the structural integrity and 

electrochemical performance of the device along with electrolyte leakage risk. 

Therefore, the development of a monolithic, integrated, mechanically strong & 

flexible, and high-temperature operational supercapacitor is of utmost importance. 

Here, we report fabrication and characterization of a fiber-reinforced 

monolithic supercapacitor (MSC) using Multi-Walled Carbon Nanotubes (MWCNT), 

polyaramid nanofibers (PANFs), and boron nitride nanosheets (BNNS) through a one-

pot vacuum-assisted layer-by-layer process. Self-assembled MWCNT-polyaramid 

nanofiber (MWCNT-PANF) nanocomposites act as electrodes while boron nitride 

nanosheets- polyaramid nanofiber (BNNS-PANF) nanocomposites is the separator in 

this integrated MSC. MWCNT has high electrical conductivity (106 to 107 S/m138), 

good chemical and thermal stability, large surface area (~1315 m2/g) etc139. On the 

other hand, polyaramid nanofiber (PANF)140, made from p-phenylene 

terephthalamide (PPTA), is well-known for its mechanical strength (modulus of 103 

GPa, tensile strength 3.8 GPa), and extreme flexibility140,141. MWCNT entangled with 

PANF provides a higher degree of flexibility and mechanical reinforcement, along 

with higher porosity and ionic mobility. Similarly, PANF along with hexagonal boron 

nitrides provide excellent electrical insulation and thermal management capability142 

while retaining good ionic mobility. Thus the design combines the electrochemical 

properties of MWCNT, good thermal management and insulating property of boron 

nitride142, and superior mechanical performances of polyaramid nanofibers into a 

monolithic SC device that provides required mechanical stability. 
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5.2. Background 

EDLCs mainly use carbon materials for the electrode143. These carbon 

electrodes can be made from one dimensional (1D) carbon nanotubes or carbon 

fibers and two dimensional (2D) graphene or graphite sheets 144,145. There are many 

different fabrication techniques including chemical vapor deposition (CVD), 3D 

printing, vacuum filtration, evaporation, or by dipping the substrate into a slurry to 

coat the electrode. These techniques help form networks between the carbons 

through hydrogen bonding or by Van der Waals interaction146. A CVD process can be 

used to make films of single-walled carbon nanotubes on polydimethylsiloxane 

substrates. Carbon films can be made by spin-coating or inkjet printing carbon 

materials. Electrodes can also be directly poured on to a paper substrate. Still, the 

porosity of the material must be controlled to make sure that the carbon 

nanostructures do not penetrate the substrate147. Carbon paper can be prepared 

through an evaporation or vacuum filtration process. Electrodes can be made by 

dipping the substrate into a carbon slurry and then dried to remove the solvent. 

Aligning the active electrode material vertically on the substrate substantially 

improves the capacitance148.  

5.3. Motivation  

A supercapacitor has huge potential as a flexible, robust energy storage device 

for numerous applications such as wearable/implantable electronics, industry, 
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aerospace, defense etc. due to its superior electrochemical functionality. However, its 

high-temperature operation is highly limited due to poor thermal stability of the 

constituent electrode material, as well as the electrolyte. Moreover, large-scale 

commercial usage of supercapacitors are also plagued by the lack of a mass-scalable 

fabrication method. On the other hand, bridging the requirement of high flexibility 

and mechanical strength, for application such as structural energy storage elements, 

is also challenging and critical. Therefore designing, fabrication, and characterization 

of a monolithic supercapacitor that addresses the challenges mentioned above would 

pave the way for developing next-generation energy storage systems for critical 

applications.  

5.4. Experimental Section 

 Materials  

Polyaramid fiber (Kevlar 49®), CNT, hexagonal boron nitride (h-BN) powder 

with an average diameter of 1 µm, analytical grade potassium hydroxide (KOH), and 

dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. 

 Preparation of Aramid Nanofibers 

 The aramid nanofibers (ANF) dispersion was prepared from aramid fiber by 

a controlled deprotonation and dissolution process. 2 mg/ml of PANF dispersion was 

prepared by magnetically stirring 1 g of Kevlar 49® fiber in DMSO for a week with 

1.5 g KOH. 
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  Preparation of CNT/ANF Solutions 

 The CNT/DMSO dispersion was prepared by exfoliating and dispersing CNT 

in DMSO for 1 hour using a tip-type sonicator. The desired amount of ANFs/DMSO 

dispersion (2 mg/ml) was slowly added into CNT/DMSO dispersion (1 mg/ml) and 

actively stirred for 1 hour. Then, DI water was added into the mixture that resulted in 

a hydrogel formation between the ANF and CNT. The hydrogel mixture was stirred 

actively for 15 minutes at 9000 rpm by a high-speed homogenizer (IKA T-25 digital 

Ultra-Turrax) to guarantee a homogeneous mixture. 

 Preparation of BN/ANF Solutions 

 BN/DMSO dispersion was prepared by exfoliating and sonicating h-BN 

powder in DMSO for 6 hours. The subsequent dispersions were centrifuged at 3000 

rpm for 15 min to remove non-exfoliated h-BN. The supernatant was accumulated 

and sonicated for another 15 min using a tip-type sonicator. Finally, the obtained 

BN/DMSO suspension was concentrated to 0.5 mg/ml.  To prepare the BN/ANF 

solution (5wt.% BN), the process is the same as the CNT/ANF solution besides using 

BN/DMSO suspension instead of CNT/DMSO suspension. 

 Fabrication and morphology of monolithic supercapacitor 

The entire monolithic structure was fabricated using a vacuum-assisted layer-

by-layer filtration technique as shown in Figure 5-1a. The 1st layer of the electrode is 

fabricated by mixing the desired amount of Poly Aramid Nanofiber (PANF) and 
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dimethyl sulfoxide (DMSO) dispersion with a CNT-DMSO dispersion.  This process is 

followed by adding DI water for the re-protonation of the PANF. A nylon filtration 

membrane is used to filter the CNT -PANF mixture. With 1st electrode layer in place, 

the separator layer was fabricated on top of the 1st electrode layer by filtration of 

Boron Nitride Nanosheets (BNNS) and PANF solution149. The third layer consisted of 

the electrode layer with the same composition as the 1st electrode layer. The third 

layer was vacuum filtered on top of the first two layers. The entire monolith structure 

was dried for 48 hrs, cured at 90oC, and then rinsed with DI water. The monolith 

supercapacitor is highly flexible reflecting the structural integrity of the film, as 

shown in Figure 5-1a.  

Figure 5-1: Fabrication and morphology of fiber-reinforced monolithic 

supercapacitor (a) Schematic illustrations of the fabrication process of monolithic 

supercapacitor (b) SEM cross-sectional micrograph of all three layers of MSC (c) SEM 

micrograph zoomed-in image of MWCNT and PANF 

The design of the monolithic supercapacitor is based on a nanocomposite 

sheet that was developed by integrating one-dimensional (1D) PANF and two-

dimensional (2D) BNNS and three dimensional (3D) CNT. The 1D PANF acts as the 

main building block for the exceptional mechanical performances while 2D BNNS 

enhances the thermal conductivity and CNT acts as structural electrodes of the 
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nanocomposite sheet.  PANF was synthesized using a top-down approach from 

Kevlar® woven fabric by the dissolution of the macroscale fiber150. The controlled 

deprotonation and dissolution processes occur from hydrogen abstraction from the 

amide groups of PPTA in DMSO with the addition of KOH. BNNS was obtained through 

the liquid phase exfoliation of hexagonal boron nitride powders in DMSO. 

The cross-sectional SEM image of the monolithic supercapacitor revealed the 

well-stacked structures and thickness of the integrated film (Figure 5-1b) where the 

BNNS-PANF separator layer is sandwiched between two MWCNT-PANF electrode 

layers. The SEM image of the separator shows lamellar like stacked structure with 

PANF interconnecting each layer of BNNS (Figure 5-1b and c). Similarly, close 

observation of the MWCNT/PANF electrode layer showed that MWCNT is 

intercalated between randomly distributed and entangled PANF networks. It is noted 

that the flexibility of this free-standing MSC originates from the long-range PANF 

entanglement. The robustness comes from the effective stress transfer due to the high 

aspect ratio of the 1D nanofibers and abundant polar functional groups. The final 

thickness of the monolithic structure as determined by SEM, was found to be around 

150-180 µm. 

5.5. Materials Characterization 

Raman spectroscopy studies were conducted using Renishaw in Via Raman 

microscopy setup using 785 nm laser with 1% power. A field emission JEOL JSM 

7500F FE-SEM operating at 5 kV was used to image the surface morphology of the 
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sample at micrometer length scales. Crystal structure analysis was carried using 

Rigaku Ultima II Powder XRD system with a Cu Kα radiation at a scan rate of 1.5° 

min−1 and a sampling of 0.02° and analyzed using PDXL software.  

 Structural features of monolithic supercapacitor 

Next, the integration of the monolithic structure is confirmed and analyzed by 

x-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and 

scanning electron microscopy (SEM) studies. XRD patterns of the BNNS, PANF, and 

the MSC structures are shown in Figure 5-2. The BNNS sheet exhibited peaks at 26.7º 

and 54.9º corresponding to the diffraction of the (002) and (004) planes with no peak 

shifting or broadening compared to that of pure BN powder. This indicates minimal 

damage to the in-plane structure of BNNS during the exfoliation process151. Similarly, 

two peaks at 26.5º and 43.1º are assigned to the characteristic peaks (002) and (100) 

plane reflections of graphite from the restacked MWCNT sheet, respectively152. Pure 

PANF sheet exhibits broad peaks in the range of 20°-30°, corresponding to the (110), 

(200) and (004) planes similar to that of macro-scale aramid fibers which indicate 

PANF maintained the crystalline structures in the nanoscale domain153,154.  XRD 

patterns of the monolithic supercapacitor (MSC) structure confirmed the presence of 

all the characteristic peaks of PANF, BNNS, and MWCNT.   
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Figure 5-2: Structure and properties of a fiber-reinforced monolithic supercapacitor. 
(a) Raman of BNNS, PANF, CNT and  MSC (b) FTIR spectra of BNNS, PANF, CNT and  
MSC, (c) X-ray diffraction pattern of BNNS, GE, PANF, and MSC, (d) SEM image 
showing the MWCNT integrated with the BNNS and PANF 

The identification of chemical structures was also confirmed by FTIR 

spectroscopy (Figure 5-2b). The spectra for pure PANFs show a band at 3300 cm-1 

related to the N-H bending and stretching vibration. The other main characteristic 

peaks were assigned as 1630 cm-1 (C=C stretch and secondary amide), 1538 cm-1 (N-

H bend), and 1228 cm-1 (C-N Amine stretching), corresponding to the distribution of 

atoms in the PANF framework.155 For BNNS, two major peaks were observed at 1360 
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cm-1 and 825 cm-1 corresponding to B-N transverse optical mode and B-N-B out-of-

plane bending vibrations, respectively. GE shows major characteristics peaks at 3060 

cm-1 (C-H stretching in alkene), 1973 cm-1 (C-H bending in alkene) and 1628cm-1 

(C=C stretching)156157158142. For integrated monolithic structures, the dominant peaks 

are matched perfectly for MWCNT, BNNS, and PANF with no peak shifting which 

indicates no covalent interaction among the nanomaterials. However, the changes in 

the intensity of the peaks indicate the formation of hydrogen bonding or electrostatic 

interactions among the materials159. 

 Electrochemical Characterization 

For the electrochemical studies, cells were made in a CR2032 coin cell 

purchased from MTI with 6M KOH as the electrolyte. The electrodes were submerged 

in 6M KOH for 2 hours. The cyclic voltammetry and impedance studies were carried 

out using AUTOLAB PGSTAT 302 N ECOCHEMIE.  

 Electrochemical Performance of the Monolith Supercapacitor 

The electrochemical performance of the monolithic supercapacitor was 

studied by cyclic voltammetry (CV) and impedance tests at room temperatures using 

CR2032 coin cell configuration. Prior to the assembly, the MSC was soaked in an 

electrolyte solution of 6M KOH for 24 h. Then, the soaked MSC was sandwiched 

between two stainless-steel spacers to avoid contact loss in the coin-cell. The CV 

curve of the MSC shows ideal capacitive behavior, i.e., rectangular, which was retained 

even at a high scan rate of 100 mVs-1 (Figure 5-3a). The concept of specific 
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capacitance has been adopted as an important parameter in evaluating the MSC 

electrode materials. The specific capacitance of the electrode (Csp) materials are 

calculated using the following equation (equation 1): 

From Cyclic Voltammetry: Csp = ∫
𝐼𝑑𝑣

𝑀•𝑣•𝑑𝑣
    (1) 

Here, integration of current (I) over the potential window (dv) is equal to the 

area of CV curve, and M is the mass of electrode material (g), v is the scan rate (mV 

/sec). The CV studies were performed in a voltage window of 0-0.8V and the scan rate 

was varied between 1 mV/s to 100 mV/s (Figure 5-3a). The specific capacitance 

observed for 5, 10, 50 and 100 mV/s is 14.2, 13.8, 13.5 and 11.8 F/g respectively.  

 

Figure 5-3: (a) Cyclic voltammetry of monolith supercapacitor at different voltage 
sweep rates. (c) Impedance behavior of the MSC at RT before and after cycling 

The quasi-rectangular CV curve indicates capacitive charge storage by an 

electrical double-layer mechanism without any sign of pseudocapacitive behavior10. 

Comparatively, moderate capacitance observed here could be due to the masking of 
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the active surface area of electrodes while engineering the flexible device architecture 

via layer by layer infiltration stacking procedure. This can be tackled by replacing CNT 

with highly porous and conducting carbon materials. On the other hand, the 

Electrochemical Impedance Spectroscopy (EIS) data expressed as Nyquist plots 

(Figure 5-2) shows the effects of the cycling in the supercapacitor system consisting 

of the electrode/electrolyte/current collector. The small semicircle shows an 

electrochemical series resistance (ESR) value of 106 Ω before cycling which decreases 

to 43 Ω after cycling. This agrees with our above-mentioned hypothesis derived from 

the capacitance curve that a better wetting of electrolyte during cycling improves the 

capacitance160,161.  

5.6. Conclusion 

In summary, we propose a layer-by-layer vacuum-assisted synthesis 

technique to fabricate a monolithic supercapacitor device using 1D polyaramid 

nanofiber, 2D BNNS and 3D MWCNT. Various elemental and chemical 

characterization tools such as XRD, Raman, FTIR and SEM confirm the successful 

integration of the monolithic structure. This fabrication technique simplifies 

scalability and cost-efficiency for commercial practicability. On the other hand, the 

categorized stacking between entangled nanofiber-nanosheet in the device provides 

the required flexibility and mechanical stiffness along with comparable 

electrochemical performance. Therefore, this supercapacitor device and its unique 
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fabrication technique will open new avenues for the development of next-generation 

flexible, strong, scalable, and high-temperature energy storage devices.
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: Stacked On-Chip Supercapacitors for 

Extreme Environments 

This chapter is based on a study of On-Chip Supercapacitors. The manuscript 

is complete and ready for submission.  

6.1. Introduction 

The world we live in requires continuous miniaturization of electronics while 

optimizing the reliability of existing components. For this purpose, integrating energy 

storage devices has proved to be one of the limiting factors for electronics 

miniaturization162. The push towards a reduction in size, price, and power 

consumption of electronic components, has enabled the development of various 

microelectronic devices and wearables for a variety of daily applications163,164. These 

microelectronic devices require micro-power sources that can have a long-life cycle 

as well as a high rate charge/discharge capabilities165. New applications for these 

electronic devices are continually growing into areas that expose it to harsh 

environments, particularly to a variety of temperatures beyond the norm of the 

conventional "room-temperature" range. These extreme temperature environments 
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may subject the electronic devices to a variety of low and high temperatures and have 

limited or no direct internal accessibility, which restricts the periodic replacement of 

vital parts such as the energy storage powering units166.   

There is an increasing demand for all-solid-state high-performance on-chip 

energy storage devices that can be integrated into various silicon-based electronics 

and can operate in a wide range of temperatures. The power for these devices can be 

harvested from renewable resources such as solar, wind, and mechanical vibration 

and stored in an energy storage component167–169. The energy-storage component 

must be able to compensate for intermittency and ensure self-sufficiency over 

prolonged periods. Among available energy storage devices, supercapacitors are 

desirable as these devices have a high-power density, high-rate capability, and high-

shelf life170. Supercapacitors have a performance advantage over rechargeable 

batteries due to the difference in a fundamental energy storage mechanism. 

Supercapacitors store charge through fast physical adsorption/desorption of ions, 

unlike batteries wherein charge storage is facilitated by sluggish redox reactions and 

thus results in short cycle life and poor power capability4,11,171,172. The temperature 

tolerance of these supercapacitors is dependent on the choice of electrolyte and 

packaging of the electrodes173. Therefore, there is a need to identify the proper 

materials and design towards an on-chip supercapacitor that can work in a wide 

range of temperatures.  

Different configurations have been used to construct on-chip supercapacitors, 

and the most popular design is that of an in-plane interdigitated electrodes separated 
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by a dielectric174. The interdigitated devices are specifically used when thick 

electrodes are required to store energy in a fixed substrate area175,176. The area of the 

interdigitated edges dominates the device capacity, while the cell resistance is 

defined by the distance of separation between the electrodes, and an ultrafine 

separation is required for low ESR177. Packaging of these devices with a thermally 

resilient setup in a given miniaturized dimension on-chip can be challenging since the 

device is prohibitively dependent on the fineness of the electrode edges as variations 

might cause a short circuit or local voltage variations resulting in overpotentials. In a 

supercapacitor, the distance between two electrodes is critical to determine the ESR 

of the device and thus dictate the power capability178,179. Ideally, a stacked-layer by 

layer sandwich structure where two electrodes sandwich the electrolyte would be the 

best way to minimize the distance between the electrodes. To the best of our 

knowledge, there are no reports on the layer by layer sandwich fabrication of the on-

chip supercapacitors which are stable in a wide variety of temperatures. This may be 

due to the complexity of the fabrication process and the method of confining the 

electrolyte on an on-chip platform176.  

Here we introduce a method to fabricate a quasi-solid-state on-chip 

supercapacitor with a stacked configuration, which is a layer by layer coating of all 

the components of the cell. In this configuration, the separation between the 

electrodes can be controlled by optimizing the coating methodology. We have also 

proved that the stacked configuration efficiently utilizes the footprint area compared 
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to other design configurations. The assembled on-chip supercapacitor can work in a 

wide temperature window of -20oC to 70oC within a large voltage window of 2.7V. 

6.2. Background  

The fabrication processes of the OCS include the following: the proper 

combination of electrode material, designing the electrodes, and packaging of the 

entire device. Different methods have been developed to fabricate these OCS which 

include MEMS-assisted injection, printing technologies, electrochemical and 

electrophoretic deposition, vapor-based deposition technologies, laser scribing, and 

cutting, spray-coating, spin-coating, self-assembly, etc. 

6.3. Motivation 

Microelectronics require an autonomous energy component that can run for 

long periods without the need for maintenance. Microelectronics such as 

microsensors rely on inside Wi-Fi devices, Bluetooth etc. rely on energy storage 

components that can ensure energetic self-sufficiency and compensate for the 

intermittency over long periods. The power can be acquired from renewable sources 

of energy and stored in an energy source such as a Li-ion micro battery. These Li-ion 

micro batteries have a short cycle life and have to be maintained, which can be 

impractical and expensive depending on the locality of the microdevice. 

Supercapacitors can be a great alternative to micro-batteries due to their high-power 
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density and cycle life. There are three main features to look for while designing an 

On-Chip Supercapacitor (OCS): the ability to be integrated with other OCS elements, 

high areal power density and areal energy density. All three features are determined 

by the compatibility of the fabrication and packaging process. There is a need to 

create an MSC device with high energy density, high cycle life and low ESR. The MSC 

devices currently in the industry mainly rely on in-plane configurations and a major 

flaw is their low energy density which is insufficient to power sensors and other 

energy components. Also, encapsulating the OSC remains a major hurdle to overcome. 

The power density of a supercapacitor is very much reliant on the internal resistance 

of the device, which can be modified in the stacked configuration by reducing the 

space between the electrodes, coating, and packaging process.  

6.4.  Experimental Section  

 Materials and Methods 

Current Collector: The first layer of the current collector was coated using the 

AJA ATC Orion Sputter system on the SiO2 side of the wafer. After the second electrode 

coating, the contacts were taken by coating gold using a Denton Desk V Sputter 

system. Binder Solution Preparation: CMC solution was prepared by mixing 5% 

CMC in DI Water (% w/w).The solution was turbulently stirred using a magnetic stir 

bar for 24 hours, PVDF solution was prepared by mixing 1.2 g PVDF in 9 ml of NMP 

and stirred for 10 hours. Electrode Slurry Preparation: For electrode slurry 
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preparation, Nano 24 was mixed with Super P in the appropriate ratio using an 

electric blender. The mixed carbons were then heated in a vacuum furnace at 500oC 

with a continuous flow of argon to remove any contaminants within the carbons. The 

electrode slurry was prepared by mixing Nano 24, Super P, PAA, and CMC in the ratio 

70:20:5:5, respectively, in an appropriate amount of DI water. The electrode 

materials were thoroughly mixed using a planetary centrifugal mixer (Thinky). 

Separator Slurry Preparation: BN: PVDF composite slurry was prepared by mixing 

in a 4:1 ratio in an appropriate amount of NMP. The slurry was thoroughly mixed 

using stainless steel balls in a planetary centrifugal mixer (Thinky). Packaging: For 

packaging, Nitrile phenolic based thermoplastic bonding tape was obtained from 

3MTM. The device was vacuum sealed using a Foodsaver V4400 2-in-1 Vacuum Sealer. 

6.5. Fabrication Process 

The design and fabrication procedure of the on-chip supercapacitor (OCS) 

capable of performing in extreme temperatures involved several steps, of which the 

first was identifying the ideal materials for the electrode, electrolyte, and separator. 

The second and the most important is to determine the best possible configuration to 

obtain low ESR, and third, operability within a large range of temperatures with high 

stability and shelf life180.   

The choice of the electrode material to fabricate a micro supercapacitor is not 

as challenging as the choice of assembling layer by layer coatings while avoiding 

cracks throughout the layers. The first layer of the stacking configuration consists of 
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coating the current collector. Here, in this process, an 8” round silicon wafer was 

covered with tape and cut into a precise design using a laser cutter with appropriate 

power and specific rate, as shown in Figure 6-1a. The criteria for the suitable current 

collector used on the silicon wafer is dependent on the following factors: ease of 

fabrication,  strong adhesion with the substrate (SiO2), electrode while coating and 

during cell operation, ease of making electrical contacts, and electrochemical stability 

across the operating potential. Several metals such as copper, aluminum, titanium, 

and gold were coated and tested on the silicon wafer for the above-mentioned desired 

properties. From the observed characteristics, a 4nm Titanium (Ti)/40nm Gold (Au) 

was chosen as the optimum combination and then coated onto the SiO2 wafer. The Ti 

layer is sputtered on the SiO2 wafer to decompose the native oxide layer during 

bonding, and it ensures good adhesion of the subsequent Au layer181. This is followed 

by sputtering a 40nm layer of gold on top of the Ti layer. For the electrode (second 

layer) coating, 50-micron thick Kapton masks were cut using a laser cutter, and 

carbon electrodes were coated onto the gold current collector using a glass slide 

(Figure 6-1b).   
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Figure 6-1: Design and fabrication steps involved in the making of stacked on-chip 
supercapacitor (a) Coating of Ti/Au current collector on Si/SiO2 wafer through 
sputtering (b) Application of 1st electrode on the current collector (c) application of 
Separator/quasi-solid state electrolyte (once wetted with the electrolyte) over the 
electrode (d) application of counter electrode over the separator (e) Coating the 
second current collector (Au (f) sealing using Kapton tape and micro-glass plates (g) 
soldering of the connecting leads to the correct collectors (h) As assembled stacked 
on-chip supercapacitor (i) cross-section electron micrograph of the electrodes and 
quasi solid-state electrolyte configurations.  

Nano-graphite flakes of size 10µm and thickness 10 nm with 350m2/g surface 

area were tested for their usability and were found to be appropriate as the potential 

active material for the electrode. Figure 6-2 (a,b) shows the SEM micrographs of the 

material. After coating the electrode, the mask was removed, and the entire wafer was 

dipped in IPA to remove any traces of moisture from the electrode mixture. The wafer 
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is dried in ambient air at an inclined angle for 20 minutes and was then kept in a 

vacuum oven at 120⁰C for 20 minutes to remove any solvents from the coating.  

The next major requirement for building an electrochemical cell on a chip is to 

confine the electrolyte, which is usually liquid in state. Solid-state electrolytes, though 

exist, suffer from poor ionic conductivity at room temperature, and the device needs 

to be heated to more than 60oC for operability. To fix this problem, a quasi-solid gel-

type electrolyte was proposed. Further, to realize a stacked configuration, it is 

essential to maintain a strong physical state of the electrolyte/separator composition, 

because one of the electrodes is getting coated on top of the electrolyte. Any physical 

yielding of the electrolyte across the operating temperature range would compromise 

on the redundancy of the device. To overcome these challenges, a two-component 

system, consisting of liquid electrolyte jellified into a polymer matrix, has been 

explored. A room-temperature ionic liquid (RTIL) 1-Ethyl-3-Methylimidazoliumbis 

(trifluoromethylsulfonyl) imide, 99%,) (EMI TFSI)  in 10% of propylene 

carbonate(PC) based electrolyte system were utilized, owing to their negligible vapor 

pressure across a wide temperature scale and their promise of high voltage 

operability182. Polymers blended into the RTIL would form a gel-like constituency, 

and a high concentration of ceramic fillers was added to maintain the physical state 

of the separator. Each of the individual components in the composite 

electrolyte/separator system was screened for their properties to identify the 

optimum candidate and ratio.  
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Figure 6-2: Different steps of the fabrication process for on-chip supercapacitors (a) 
SEM micrograph of Nano24. The SEM image show nano graphitic flakes (b Batch 
coating of Ti/Au current collector on Si/SiO2 wafer. The silicon wafer is coated with 
multiple current collectors and multiple devices can be coated at the same time on 
the Silicon wafer and cut into single devices and integrated with the microelectronic 
devices (c) Optical image of an electrode coated on the current collector (d) Image of 
the separator with 2nd electrode and gold coating on top (e) Batch coating of the first 
layer of electrode. For scalability, purposes devices can be coated in a large batch 



  
119 
 
 
using a doctor blade. The slurries for the electrodes and separator can be spread onto 
the Kapton template masks and homogeneously coated with the doctor blade (f) 
Batch coating of separator (g) Multiple devices cut after batch coating on the silicon 
wafer (b) Multiple stacked on-chip supercapacitors with all the layers coated and 
with wired connections soldered on to the gold current collectors (i) Kapton tape cut 
using a laser printer. The Kapton, along with a micro-glass plate, was used to seal the 
device (j) Packaged on-chip supercapacitor (k) and (l) Cross-section electron 
micrograph of the electrodes and quasi solid-state electrolyte configurations  

To reinforce the structure for mechanical integrity, ceramic particulates were 

added to the electrolyte/separator gels. Aluminum oxide, Silicon dioxide, and Boron 

Nitride were explored as the choice of ceramic additives. Of these, Boron Nitride (BN) 

presented a unique advantage, due to the highly layered structure, higher electrolyte 

uptake, and thus, improved ionic conductivities.  

To facilitate layer by layer coating, ceramic-polymer suspensions were 

prepared, which can be cast on to electrode surfaces and later infiltrated with RTIL to 

form a gel in-situ. A 4:1 for BN: PVDF composite dissolved in NMP was hand coated 

using a 50-micron thick Kapton mask (Figure 6-1c) followed by drying at 120⁰C for 

1 hour.  

The counter electrode was coated on top of the separator using a 100micron 

thick mask (same electrode composition as the first electrode), as shown in Figure 6-

1d. The wafer was dipped in IPA for 15 seconds, followed by drying in ambient air. 

The wafer is heated at 120oC for 20 minutes to remove any excess solvents from the 

electrode. To obtain contacts from the second electrode layer, 40 nm Gold was coated 

via sputtering (Figure 6-1e). A few drops of electrolyte EMITFSI was dropped on the 

wafer, while the wafer was held at an angle to wet the device components such as the 
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separator and electrodes. The entire structure was packaged to contain and seal the 

electrolyte from outside elements. 3MTM transfer tapes were cut into precise shapes 

using a laser cutter and attached to a cut microscope glass on top of a 60oC hot plate. 

The glass slide with the Kapton mask is heated using a heat gun and then attached to 

the previously coated device (Figure 6-1f). The sample is cured in a vacuum oven at 

110oC for 30 minutes, and the devices are vacuum sealed. Finally, silver wires were 

soldered on the gold current collectors to obtain electrical contacts from the two 

electrodes (Figure 6-1g).  

6.6. Electrochemical characterization 

 Cyclic voltammetry studies 

The as-developed devices were subjected to cyclic voltammetry (CV) studies 

at temperatures from -20oC to 60 C, and the results are displayed in Figure 6-3 

(top). The CV curves obtained from the supercapacitor devices are for 10mV to 2.7 V 

window at a scan rate of 100 mV/s. The obtained CV curves at room temperature 

were ideal electrical double layer capacitor (EDLC) like even at the scan rate of 100 

mV/s. Although the presence of the trace amount of moisture in the device may 

contribute to a small amount of pseudocapacitance for initial cycles, the linearity of 

the measured current and the shape of CV curves on successive cycles confirm that 

the developed devices are primarily non-faradaic within the measured voltage 

window.  The CV curves show a device capacitance value at RT of 8.3 mF at a scan rate 
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of 100 mV/s (Figure 6-3b) and 6.9 mF at a high scan rate of 500 mV/s (Figure 6-5).  

The capacitance increases when the devices are tested at a high temperature (60oC) 

owing to increased electrolyte ionic conductivity, which is in well evident from the 

observed Nyquist plots (Figure 6-3 (d,e,f)). Remarkably, the device retains almost 

60% of its RT performance when tested at -20 C as well (Figure 6-3a).  

Such a reasonable performance over the temperature range is attributed to a 

synergetic combination of the optimized electrode built on the gold/silicon wafer 

substrates as well as the electrolyte/BN/polymer compositions. Further, the 

consistency of the results is realized by testing three-independent devices under 

similar conditions. As we understood from Figure 6-4, the difference between all the 

devices is minimal with the average device capacitance of 5.0, 8.3, and 9.3 mF at -20 

C, RT, 60 C, respectively.  
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Figure 6-3: Comparison of electrochemical performances of the on-chip 
supercapacitors at different temperature ranges. (a) CV at -20 0C, which shows a 
device capacitance of 5.3 mF (b) The CV at room temperature with a capacitance of 
8.3 mF (c) CV at 60 0C with a capacitance of 9.1 mF. It is worthy to note that the 
capacitance shows a steady increase with rising temperatures. The rise in capacitance 
with an increase in temperature can be explained in terms of the ionic conductivity of 
the RTIL as seen the impedance (g) To check the reliability, three different devices 
have been made and tested for their ESR value over these temperatures and the 
observed values are tabulated. The tolerance observed is (h) graph showing the trend 
of  ESR values while increasing the temperature from -20 0C to 60 0C.    

Electrochemical impedance spectroscopy (EIS) was employed to measure the 

device resistance in the frequency range of 100mHz to 100 kHz, and the results are 

shown in the Nyquist plots (Figure 6-3 bottom). The depressed and unfinished 

semicircle in the high-frequency region is due to the electrical double layer 



  
123 
 
 
capacitance and interfacial charge transfer resistance. The Warburg region 

represents the ion diffusion and ionic transport in the ionic liquid-based electrolyte 

in the Nyquist plot. This region signifies the enhanced compatibility between the 

electrode and IL electrolyte and also the ion diffusion that happens in the electrodes.  

 

Figure 6-4: Comparison of electrochemical performances of three different on-chip 
supercapacitors at different temperature ranges (a) CV at -20 0C shows device 
capacitance of 4.8, 5.2 and 5.3 mF (b) The CV at room temperature with a capacitance 
of 8.1, 8.3 and 8.4 

The excellent capacitance behavior is also verified from the near-vertical line 

during semicircle formation in the lower frequency region, as seen in Figure 6-

3(bottom).  The equivalent series resistance (ESR) can be obtained from the 

extrapolation of the semicircle at the starting portion of the Nyquist plot to the real 

axis points at the frequency of 1KHz as ESR. The obtained ESR value for currently 

assembled devices is about 9Ω at RT (Figure 6-3e), which is slightly higher than the 

value of classical electrolytes such as aqueous and organic liquids. The higher ESR 

values are likely due to the lower ionic conductivity and higher viscosity of the ionic 

liquid electrolyte. Nonetheless, the negative impact of the ionic liquid electrolyte may 

be offset by the wide-range of temperature operation and thermal resilience during 
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device fabrication, including high-temperature soldering and an increase in the 

operating voltage to achieve high energy and power density. 

 

Figure 6-5: Comparison of electrochemical performances of three different on-chip 
devices at scan rates of 100 mV/s and 500 mV/s in different temperature ranges. 
100mV/s curves are provided for a quick assessment (a) Device 1@ -20oC shows 
capacitance of 5.3mF @ 100 mV/s and 3.7mF @ 500mV/s (b) Device 2@ -20oC shows 
capacitance of 4.8 mF @ 100 mV/s and 3.4 mF @ 500mV/s (c) Device 3@ -20oC shows 
capacitance of 4.9 mF @ 100 mV/s and 3.5 mF @ 500mV/s 

As mentioned previously, three devices are subjected to ESR studies at 

different temperatures to understand the consistency between them (Figure 6-3 
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(g,h)). After measuring ESR at RT, the oven where devices were placed increased to 

60 C and waited for 2 hours to attain said temperature before high-temperature 

studies. It has been observed that a slight decrease in ESR values with the rise in 

temperature due to improved ionic conductivity, as viscosity, is inversely 

proportional to temperature. Similarly, at -20C, the average ESR value of the on-chip 

devices is about 36 ohms (Figure 6-3d). The trend of ESR with temperature 

variations is given as a cumulative plot and table. 

 Charge discharge cycling and Temperature survivability 

To investigate the cycle life and efficiency, the fabricated OCS are subjected to 

galvanostatic charge-discharge measurements. A constant charging-discharging 

current of 0.5mA is applied in the potential window of 1 and 2.5 V at RT. An initial 

rapid decrease in capacitance was observed due to the quasi-reversible chemical side 

reactions (Figure 6-6). The device capacitances were calculated from the 

galvanostatic discharge curves using the formula (equation 1).  

𝐶 =
𝐼×𝑡

∆𝑉
           (1) 

where C is the capacitance, I is the applied current, t is device discharge time, 

and V is voltage window. Figure 6-6a displays the voltage profiles of 10th, 50th, 100th, 

and 1000th plotted versus time at RT. 
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Figure 6-6: Charge-discharge, temperature reliability and leakage studies (a) 
chronoamperometric (0.5 mA, 1-2.5V) charge-discharge curves 5th, 10th, 50th, 100th 
and 1000th cycles (b) The cycling stability test results for 10K cycles. A drop in the 
capacitance observed during the initial cycles is due to the quasi reversible chemical 
side reactions. (c) The charge-discharge capacity at room temperature, -200C, and 
600C for ~1000 cycles. The sawtooth wave-like behavior observed for the -20oC  
cycling data is due to the temperature tolerance of the freezer thermostat (d) State of 
Voltage was monitored at 2.7 volts (red curve)for 40 hours (inset (green line): the 
time required to raise the voltage to 2.7 V) and the current is (e) recorded 
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simultaneously. Very little leakage current of the order 12 𝜇A was observed for the 
first 10 hours and later ceased to 0.1𝜇A.  

To assess the effect of leakage current, the voltage was held at 2.5 V for 15 s 

before the discharge profile. After an initial fade, a stable performance has been 

observed for all the studied devices with capacitance ranging from 7.4 to 8.0 mF for 

thousands of cycles (Figure 6-6b). 

Moreover, the IL that is stable throughout the temperature range that 

facilitates a stable capacitance. Also, the wetting of the electrodes with IL electrolyte 

employed is highly probable, unlike the wetting would be minimal for any aqueous-

based electrolytes owing to the hydrophobic nature of the carbon electrodes. Thus, 

the IL is expected to have a high affinity toward hydrophobic activated carbon 

electrode materials. Further, galvanostatic charge-discharge cycling was performed 

in the voltage window from 1 to 2.7 V to show the compatibility of devices for high 

voltage applications exhibits cycling curves and voltage profiles at a constant charge-

discharge current of 0.5mA, with a 15 seconds interval between charge-discharge 

cycles. The electrochemical features of the high voltage studies are more or less 

similar to the low voltage studies.  
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Figure 6-7: Charge-discharge, temperature reliability and leakage studies (a) 
chronoamperometric (0.5 mA, 1-2.7V) charge-discharge curves 10th, 50th, 100th and 
1000th cycles (b) The cycling stability test results for 1K cycles. A drop in the 
capacitance observed during the initial cycles is due to the quasi reversible chemical 
side reactions. (c) The charge-discharge capacity at room temperature, and 700C (1-
2.5V) and 700C (1-2.7V) for over 1000 cycles. The devices showed stability even with 
an increase in temperature and voltage. 

As one of the objectives of our study is to develop thermally stable on-chip 

supercapacitors, the devices are subjected to thermal cycling over the temperature 
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range from -20oC to 70 C. Initially, the tests are carried out up to 60 C in the voltage 

window from 1V to 2.5 V (Figure 6-6c) and followed by devices that are exposed at 

70 C with operable cycling voltage up to 2.7 V (Figure 6-7c). First, the devices were 

tested at RT for thousand charge-discharge cycles. The devices were then cooled to a 

minus temperature (-20 C) for 2 hours to stabilize before running the galvanostatic 

charge-discharge cycling. The capacitance at RT is about 7mF, which is in good 

agreement with the previous studies at RT. At -20 C, a slight decrease in capacitance 

in the range of 4-5 mF is observed (Figure 6-6c), mainly due to an increase in 

electrolyte resistance at lower temperatures. The spike-like behavior is due to the 

temperature tolerance of the freezer we used for running the experiments. After 

testing at -20 C, the devices were brought back to RT for 2 hours to stabilize and were 

cycled for a few hundred cycles at RT before the high-temperature studies. When the 

devices were tested at 60 C, the capacitance increased owing to the enhanced 

electrolyte conductivity. Such back and forth thermal studies reveal the capability of 

devices to survive at extreme temperatures.  Finally, the devices were tested at a 

higher temperature and voltage to understand the operability and cyclability at such 

harsh conditions. Figure 6-7 displays the galvanostatic charge-discharge studies at 

RT, 70 C with the voltage window between 1-2.5V and at 70C with the voltage 

window up to 2.7 V. From the figure, it can be inferred that the changing potential 

window has no or negligible effect on the device performance at high temperatures.  
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 Leakage and self-discharge tests 

The leakage current tests were carried out on the devices with potentiostatic 

charging up to 2.7 V at a scan rate of 20 mV/sec and monitoring the required current 

to hold the devices at 2.7 V. The system was applied with current (leakage current) at 

every 15 seconds to keep the voltage at 2.7 V (Figure 6-6d). The data is collected 

every 10 minutes to minimize the resistance contribution.  It can be seen from the 

charging profile (Figure 6-6e) that the leakage current is measured over the time of 

24 hours. The leakage current measured on currently fabricated devices were in the 

range of 1-2µA during the 24 hours.   

6.7. On-chip stacked capacitor vs. other configurations 

Various on-chip supercapacitors have been reported in the recent past, and 

we have compared the as-developed devices with the reported cell configurations. 

First, the ‘In-plane’ configuration, where the two electrodes were printed in a planar 

configuration with a small gap between them and the second, ‘Floating’ electrode 

configuration and the third ‘Stacked’ configuration where all the components of the 

cell were built on top of the other. The various configurations demonstrated here are 

depicted in (Figure 6-8). A novel floating electrode configuration has been explored 

(Figure 6-8e) wherein the certain complexities pertaining to the stacked 

configuration are avoided with a trade-off in performance. This design involves an in-

plane configuration device covered with a top floating electrode acting as a bridge for 
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charge transfer. The floating electrode acts as a bi-polar electrode when the cell is 

operated, resulting in an equivalent circuit. Here, the homogeneity of the top 

electrode thickness is not crucial, and a continuous coating is required. 

 

Figure 6-8: Comparison of different electrode configurations for on-chip 
supercapacitors. (d) The in-plane (e) the floating and (f) the stacked configuration, 
respectively. For the sake of comparison, the electrode loading was kept the same for 
all three configurations.  (a) CV of the in-plane device which shows a capacitance of 
1.9 mF (b) the floating electrode device with 7.4 mF and (c) the stacked electrode 
device with 9.0 mF. A systematic increase in capacitance can be observed while 
moving from in-plane to the stacked configuration.  Nyquist plot for the three 
configuration and the ESR values observed are (g) 30 Ω for inplane (h) 
21 Ω for floating and (i) 5Ω for stacked configurations at 1 kHz, respectively.  

The cell ESR in this configuration is controlled by the separation between the 

two electrodes as in the in-plane configuration. For the stacked configuration, a layer 
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by layer coating of all the components of the cell is achieved, and Figure 6-8f shows 

a schematic of the ideal design of such a configuration. In this configuration, the 

separation between the electrodes can be controlled by optimizing the coating 

methodology. It efficiently utilizes the footprint area compared to the in-plane 

configuration. The entire surface of the electrode can be homogeneously employed 

for charge storage. This configuration is extremely dependent on the robustness of 

the quasi solid state gel electrolyte. The quasi solid-state electrolyte was able to 

support the top electrode as well as provide a barrier between the electrodes from 

shorting. A versatile top current collector contact is critical and calls for a crack-free 

and homogeneous top electrode. Figure 6-8 (a,b,c) shows the cyclic voltammetry 

results of the three different supercapacitor configurations run at a scan rate of 

100mV/s. It is evident from the CVs that the stacked configuration exhibits the 

highest capacitance value.  Also, the present design offers the scalability of micro-

supercapacitors to the conventional supercapacitors just by increasing the 

dimensions of the electrode as well as other cell components. Another way of scaling 

up would be possible by increasing the number of micro-supercapacitors in a given 

area and cascading them in parallel or series fashion as per the power and voltage 

demands (Figure 6-2 (b, e, f)). 

6.8. Conclusion  

In conclusion, we show a layer by layer fabrication technique for a stacked on-

chip supercapacitor operable in a wide range of temperatures (-20 oC to 70 oC). The 
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prepared devices show a competing performance at RT and an increased capacitance 

upon increasing temperature due to the characteristic behavior of RTILs. The 

fabricated devices show high thermal stability owing to the fabrication process and 

excellent thermal stability of all the utilized components. The layer by layer stacking 

of the electrodes and electrolyte on top of each other decreases the interlayer spacing 

and can further enhance the performance of the micro-supercapacitors compared to 

conventionally used in-plane configuration. Moreover, the utilization of immiscible 

binders in the alternating layers can greatly help in retaining the structural stability 

of each layer during the course of long cycling. 
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 : Summary 

Electrochemical supercapacitors are a very exciting technology for 

applications that require high power density, long cycle life, and high efficiency. A 

good electrode/electrolyte fit is required to achieve good capacitance ratings. The 

limited energy density of the supercapacitors can be overcome by using electrode 

materials with a wide potential window and high capacitance. The electrode-

electrolyte interface is vital for boosting capacitance and rate capability of 

supercapacitors. Material selection is very important for the final application of the 

supercapacitor. Design and optimization must be taken into account to improve cycle 

life, energy and power density. For the design and optimization, there should be a 

focus on electrode materials with high specific surface area, good pore size 

distribution, electrochemical and mechanical stability, and low internal electrical 

resistance. A proper pore network, the accessibility of pores, with the proper 

dimensions for the solvated ions, are important for the electrode materials. The 

development of nanostructured materials with a high specific surface area can be 

very promising for electrochemical supercapacitor applications due to their larger 

specific surface areas and reduced diffusion paths. The performance of 

supercapacitors can be considerably enhanced by forming the structural elements 
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using multi-phase nanomaterials for the electrode and electrolyte as shown in these 

studies  
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