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1.1  Need for high Energy Storage device in Medical applications 

The world has witnessed significant growth in electronics, micro and nano-fabrication, and 

wireless technology, which have greatly enhanced the quality and efficacy of healthcare 

and life-science research [1-5].  Biomedical devices, whether portable or implantable, have 

long been used to improve healthcare by supporting the restoration of biological 

functionality. These devices are utilized for prognosis, diagnosis, assistance, treatment, and 

other health-related needs. Most biomedical devices require a steady and sufficient power 

source to function properly. The reliability of medical equipment is very crucial. If a power 

outage occurs in a biomedical device or healthcare facility centre, shutting down electronic 

instruments and systems can put many lives at risk. When a power disruption occurs, 

although most systems are ready to recover and resupply power, sometimes it can take up 

to a minute to connect to the generator or a new emergency power backup, a time that in 

the hospital environment is precious and can mean the difference between life and death. 

Given how delicate and dangerous it can be for a hospital to be left without a power supply, 

the need for UPS (uninterruptible power supply) devices becomes a compulsion because it 

can save lives by preventing vital medical equipment like ventilators and other life support 

systems from shutting down. Batteries are the heart and the most essential element of a 

UPS system. Without a powerful battery, the device does not work. UPS batteries provide 

a constant power supply for a certain amount of time, enabling crucial systems to function 

normally until the primary power source is restored.  

Health professionals in rural clinics face many challenges on a daily basis [6,7]. Not only 

a lack of qualified medical staff, equipment and medicine can become a major obstacle in 

providing crucial basic health services for the rural population, also lacking or unreliable 

energy supply can be a severe problem. Recent advancements in energy systems have made 
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it feasible to deliver basic healthcare services, including vaccinations, to rural places at a 

reasonable cost.  

Figure 1.1- Proportion of PHCs and SCs in India without electricity supply  

The Rural Health Statistics for the year 2018-19 highlights an important data point 

regarding the availability of electricity and power backup at rural Health and Wellness 

Centres (upgraded Sub-Centres). Out of a total of 7,821 HWCs located in rural India, 

merely 3,496, representing 45%, are equipped with a power backup facility [8]. 

 

 

 

 

 

Figure 1.2- Electrification option for rural health clinic (Figure is taken from open access internet 
source) 
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Hybrid Renewable Energy Sources (HRES) microsystems, like microgrids incorporated 

with solar panels and battery, is identified to ensure higher and more reliable energy access 

in rural healthcare centres.  

1.2 Types of devices used in Biomedical applications 

 In contrast to pharmaceuticals or biologics, medical devices accomplish their goals through 

physical, structural, or mechanical action rather than chemical or metabolic action within 

or on the body. A medical device can be any instrument, apparatus, machine, tool, implant, 

in vitro reagent, or similar article intended to diagnose, prevent, mitigate, treat, or cure 

disease or other conditions [9].  

Figure 1.3- Different types of Biomedical equipment 

There are two main ways in which biomedical equipment is utilized to enhance the quality 

of life of humans. The first is where devices and power sources are external to the part of 

the body where the particular equipment functions, and the second is where the device can 
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be implanted at the site of action, and the battery can be either external or implanted in a 

different but convenient location.  

1.2.1 Medical application using External devices  

Biomedical equipment is the devices that employ one or more electrical, electronic, or 

mechanical methods for health care prevention, diagnosis, treatment, or rehabilitation [10]. 

 Left Ventricular Assist Devices: Patients awaiting heart transplants or those with 

seriously damaged hearts can benefit from LVADs, which are pumping devices 

affixed directly to the heart. The power needs are too high to fully meet by the 

implanted secondary batteries. Power is sent to the gadget through the skin utilizing 

a battery pack worn by the patient. 

 Dynamic Prostheses: Dynamic prostheses are a type of prosthetic device that can 

mimic the body's natural movements or provide more dynamic movement and 

function.  

 Portable Medical Devices: Portable medical devices have revolutionized how 

people monitor and determine their health and well-being. From digital 

stethoscopes to pocket-sized ECGs and portable ultrasounds, the diagnostics 

potential one can carry in the bag is amazing these days [11]. 

 Motorized Wheelchairs: The electric propulsion system of the economical 

wheelchair prevents the necessity for manual pushing, allowing effortless 

movement and reducing user fatigue. The range of power wheelchairs can be 

increased using wet, rather than gel, batteries and can be over 50 km [12]. 

 Life-Support System: Life-support systems provide all or some elements essential 

for maintaining physical well-being, for example, oxygen, nutrients, water, disposal 

of body wastes, and control of temperature and pressure. 
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1.2.2 Implantable Medical Devices  

Medical implants [13-16] are devices that are either permanently or temporarily inserted 

into the body to monitor physiological activity, assist the functionality of particular organs 

or tissues, or administer medication. Some well-known implantable devices are as follows: 

 Cardiac Pacemakers: In 1960, the first cardiac pacemaker was introduced to treat 

bradycardia. The first Li-powered pacemaker was implanted in 1972, and the half 

a million pacemakers that are presently implanted each year nearly all employ Li/I2-

PVP (Poly 2-vinyl pyridine) primary batteries. Congestive heart failure is a leading 

cause of death that can be treated by biventricular pacing in both the left and right 

ventricles. 

 Implantable Cardiac Defibrillators: If left untreated, tachycardia, a medical 

disorder where the heart beats excessively quickly, can lead to ventricular 

fibrillation and even death. The first implantable cardiac device (ICD) came into 

existence in 1980 and employed a Li/V2O5 battery to power an electrode that was 

sutured onto the heart to detect and halt fibrillation. These days, ICDs serve as 

pacemakers and treat tachycardia before fibrillation occurs. 

 Neurostimulators: These are devices that resemble pacemakers and are utilized for 

a variety of functions, such as pain blocking. For paraplegic patients, Functional 

Neuromuscular Stimulators have been developed to assist them with walking short 

distances, up to one mile. A walking frame's finger-touch buttons operate a 

microprocessor that sends stimulation impulses over the skin to cause action 

potentials in particular peripheral nerves. 

 Cochlear Implants: These days, many devices are inserted often, from cochlear 

implants for the very deaf to converters of acoustic impulses to mechanical energy 

that are appropriate for patients with some residual hearing. 
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 Drug Delivery Systems: The best results from pharmacological therapy come from 

administering the medication at the appropriate time and location, which allows for 

the use of smaller dosages. Implantable drug delivery devices with electronic 

controls, a transcutaneous replenished drug reservoir, an internal catheter for drug 

administration, a mechanical bellows pump, or a battery can accomplish targeted 

delivery and dose programming. 

1.3 Power requirement of Biomedical devices 

Biomedical devices have varying power needs depending on the type of equipment and its 

intended use [17]. The selection of power supplies for medical uses is a task that must be 

approached with great care to meet safety and reliability standards. Modern switch-mode 

power supplies are employed in a wide array of medical equipment, including but not 

limited to MRI, X-ray, CT scanners, blood analysers, patient monitors, ultrasound, robotic 

surgical devices, hurt-lung machines, diagnostic equipment, and automated pharmaceutical 

dispensers. Biomedical devices take power in the few µW to few kW range. Fig. 1.4 shows 

a conceptual illustration (scales may vary) of the power needs of different biomedical 

devices and the energy source that can cater to those needs.  

Modern medical equipment requires power supplies that are compact, lightweight, 

efficient, cost-effective, Restriction of Hazardous Substances (RoHS) compliant, reliable, 

and super-safe. For this purpose, energy storage devices like batteries and supercapacitors 

[18-20] and energy harvesting devices like piezoelectric, triboelectric, thermoelectric, bio-

generators, etc [21-24]., are utilized as energy sources. Since their development, 

rechargeable and non-rechargeable Lithium batteries [25] have been the en-route choice 

for onboard energy supply in medical devices. The Fig. 1.4 shows that the batteries and 
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charging methods can serve the power needs of small-scale medical devices like 

pacemakers, neuro-stimulators, and high-power-consuming ultrasound machines. 

Figure 1.4- Power ranges of different Biomedical equipment 

1.4 Basic Requirements for Biomedical Energy Storage device 

Energy storage devices are instrumental in ensuring a consistent and reliable power supply. 

However, it requires meticulous planning, a clear understanding of your energy needs, and 

an in-depth assessment before deployment, especially in implantable and wearable medical 

devices [26-30]. Here are the primary factors that should be considered before deploying 

an energy storage system for biomedical use: 

 Biocompatibility: One of the primary criteria is the biocompatibility of the energy 

storage materials. The assessment of biocompatibility is divided into in-vitro and 

in-vivo evaluation techniques. Cytotoxicity tests are conducted to assess the toxicity 

of the implantable medical device or material when it interacts with mammalian 

cell culture media in an in-vitro setting. 
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 Safety and Stability: While evaluating whether energy storage devices are 

feasible, safety always comes first. It is imperative that materials used in 

implantable energy storage devices be biocompatible, free of harmful compounds, 

and do not cause any immunological or inflammatory reactions at the implant site. 

Furthermore, the biological environment around an implanted medical device is 

constantly changing. To safeguard the body, it must be able to carry out its energy 

storage function in the specified bodily environment for the required duration and 

without leaking the active components. 

 Miniaturization and Lightweight: Given that the foreign material is transplanted 

into particular organs or small areas of subcutaneous tissue, the medical device 

should be as small and light as feasible to lessen the strain on the surrounding tissue, 

muscles, and organs. 

 Efficient and Durable: Different applications showed different impacts on battery 

degradation mechanisms. Most wearable and biomedical devices are used for long 

periods and require multiple instances of power supply. Thus, the durability of 

energy storage devices becomes a critical parameter. 

 Adhesion: Adhesion properties are critical factors to consider during the fabrication 

of active devices intended for conformal contact with the human body. Therefore, 

when these devices are integrated with human skin, it is essential that the adhesion 

energy exceeds the combined energies associated with substrate bending and skin 

elasticity. 

 Matching: Implantable energy storage devices must exhibit particular mechanical 

characteristics, including Young’s modulus, that align with the properties of 

biological tissue. This compatibility is essential to enable the devices to adjust to 

the irregularities of the tissue during dynamic deformation without exerting any 
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mechanical stress. Additionally, it is vital to ensure stable and close contact between 

surfaces to achieve optimal functionality of the implantable energy storage devices. 

1.5 Existing Energy Storage Solutions 

Currently, batteries are manufactured in various sizes to accommodate a diverse range of 

applications. The power output varies from watts to several hundred kilowatts, exemplified 

by the contrast between batteries used for pacemakers and those designed for heavy motor 

vehicles or power stations. The commonly available secondary batteries, categorized by 

their electrochemical systems [31-33], can be classified into two primary groups: traditional 

batteries (lead-acid) and modern batteries (lithium-ion). 

1.5.1 Primary Lithium-metal batteries for Biomedical Implants 

Primary Li-metal batteries are extensively utilized to deliver power levels that vary from 

microamperes to amperes, catering to the specific requirements of different types of 

implantable medical devices. Lithium batteries have generally been developed in various 

configurations, featuring lithium metal anodes paired with a range of cathode systems. 

 Lithium/Iodine (Li/I2) Batteries: A reliable power source that can supply currents 

in the microampere range is essential for implantable cardiac pacemakers [34]. The 

lithium/iodine-polyvinylpyridine (PVP) system, patented for the first time in 1972, 

continues to serve as the power source for these devices today. For this application, 

Li/I2-PVP cells are the foremost option, owing to their high energy density, safety 

standards, and reliability. The cell reaction results in open circuit cell potential of 

2.8V. The energy density of Li/I2 batteries can reach 210 Wꞏh/kg, which can power 

a cardiac pacemaker for several years. 

 Lithium/Manganese (Li/MnO2) Dioxide Batteries: Biomedical devices, such as 

neurostimulators, drug delivery systems, and pacemakers with enhanced 
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capabilities, require batteries that can provide power in the milliwatt range. The 

Li/MnO2 [35] primary battery, first introduced commercially in the 1970s, is a 

suitable option for these medium-rate applications. This battery system is widely 

recognized for its high operating cell potential, significant specific energy density, 

and excellent performance in both storage and discharge. 

 Lithium/ Carbon Monofluoride (Li/CFx) Batteries: The lithium/carbon 

monofluoride (Li/CFx) system [36] offers an alternative for implantable biomedical 

devices that necessitate current outputs in the milliampere range. Initially developed 

in the early 1970s as a cathode material for lithium primary batteries, the Li-CFx 

system is recognized for its low self-discharge, high working cell potential, and 

considerable energy density, which enhance its utility as a medium-rate power 

source. 

 Lithium/Silver Vanadium Oxide (Li/SVO) Batteries: Implantable cardioverter 

defibrillators (ICDs) are sophisticated medical devices that continuously monitor a 

patient's cardiac activity and detect instances of tachycardia, characterized by an 

accelerated heartbeat. Due to the substantial power requirements of ICDs, a battery 

capable of providing high current pulses of 2–3 A is essential for the rapid charging 

of the device's capacitors. Additionally, the battery must maintain a steady low 

current to support the heart monitoring functions of the ICD while also being able 

to deliver intermittent high current pulses throughout its operational lifespan within 

the patient. The lithium/silver vanadium oxide (Li/SVO) [37] battery system fulfils 

these criteria and is currently the most prevalent choice for ICDs. 

1.5.2 Secondary (Rechargeable) Batteries 

In a rapidly evolving healthcare landscape, the optimal selection is advanced battery 

technology that ensures safety, offers extended runtimes with reduced charging durations, 



13 
 

and is considerably lighter and more portable.  The suitable battery type for medical 

instruments can vary according to the specific device and its power needs. However, 

rechargeable batteries, including lead-acid and lithium-ion, are commonly employed in 

medical devices because of their high energy density, extended cycle life, and ability to 

maintain consistent power output. 

 Lead-acid Battery: The lead-acid battery presents numerous advantages when 

compared to other electrochemical energy sources. Its affordability and the 

widespread availability of lead contribute to its appeal. Additionally, it boasts a 

reliable performance, a cell voltage of 2 V, high electrochemical efficiency, and a 

cycle life ranging from several hundred to thousands of cycles. These characteristics 

make lead-acid batteries particularly suitable for medium to large-scale energy 

storage applications, as they provide an effective balance of power capabilities at a 

low cost. Typically, these batteries consist of multiple cells connected in series. The 

primary components of a lead-acid battery include electrodes, separators, 

electrolytes, containers with lids, ventilation systems, and various other elements 

[38]. 

In a lead-acid battery, the active material consists of lead oxide (PbO) that is applied 

to a grid and subsequently undergoes electrochemical transformation into reddish-

brown lead dioxide (PbO2) at the positive electrode, while the negative electrode is 

composed of grey spongy lead (Pb). Separators are employed to electrically isolate 

the positive electrode from the negative one, and an aqueous solution of sulfuric 

acid (H2SO4) serves as the electrolyte, with a density ranging from 1.22 to 1.28 

g/cm³ [39]. 

Overall chemical reaction during discharge is: 

PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O               E0 = +2.048 V                    (1.1) 
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The reaction proceeds in opposite direction during charge. 

 Lithium-ion Batteries: Lithium-ion batteries have been pivotal in facilitating the 

portable electronics revolution over the last three decades. Currently, these batteries 

function by employing reversible lithium-ion intercalation within both the cathode 

and anode to effectively store energy. Although the electrochemical insertion of 

lithium into transition metal compounds was documented in the 1970s, it was not 

until the advent of lithiated transition metal oxides and the intercalation of lithium 

into graphite that the first commercially viable battery was introduced by Sony. The 

fundamental structure of a lithium-ion battery is illustrated in Fig. 1.5, where the 

cathode material is typically LiCoO2 and the anode is composed of graphite. The 

advantage of utilizing these two electrode materials is that they result in a high cell 

voltage of 3.6 V and an energy density of approximately 120-150 Wh kg-1 [40]. The 

electrolyte is LiPF6 in a mixture of organic solvents such as ethylene carbonate and 

dimethyl carbonate. The reactions during the energy-storage (charging) stage are: 

Cathode:  LiCoO2  ↔  Li1-x CoO2 + xLi+ + xe-     (1.2) 
 

                                Anode:  C6 + Li+ + e-  ↔ LiC6                          (1.3) 

These reactions are reversed during the discharge cycle; commercial lithium-ion batteries 

are rated for approximately 500 charge/discharge cycles [41]. 

 

 

 

 

 

Figure 1.5- The configuration of a rechargeable Li-ion battery (Figure is taken from open access 
internet source) 
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1.5.3 Other Batteries 

The first implantable pacemaker in 1960 was powered by the Ruben Zn/HgO cell [42]. On 

the other hand, Bio-fuel cells are devices that convert biochemical energy into electrical 

energy through electrochemical reactions that utilize biochemical pathways [43]. The 

connection between biological processes and electricity was first identified by Galvani in 

1791. The term 'fuel cell' was introduced in 1839 when Grove successfully reversed the 

electrolysis of water, recombining oxygen and hydrogen to generate water along with an 

electrical current [44]. The advancement of microbial fuel cells (MFC) began in 1911 when 

Potter discovered that a current of 0.2–0.5 mA at 0.3–0.5 V could be produced by inserting 

a platinum electrode into E. coli cultures [45], highlighting the potential of microorganisms 

for power generation. This concept was further demonstrated in 1931 by Cohen, who 

created biofuel cells that generated 2 mA of current and 35 V of voltage [46]. In a fuel cell, 

oxidation and reduction reactions take place at the anode and cathode, respectively. The 

electrons released during oxidation travel to the cathode, creating an electrical current 

through an external circuit, while protons migrate to the cathode via a proton-selective 

exchange membrane [47]. 

 

 

 

 

 

 

Figure 1.6- Diagram illustrating a bio-fuel cell (Figure is taken from open access internet source). 
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1.6 Limitations of existing systems and new requirements 

Lead-acid batteries have several disadvantages [48], including: 

 The lead-acid battery has one of the lowest energy densities, making it unsuitable 

for portable devices. Lead-acid batteries only have 30% to 50% of their energy 

useable. 

 The optimum operating temperature for the lead-acid battery is 25°C (77°F). 

Elevated temperature reduces longevity. As a guideline, every 8°C (15°F) rise in 

temperature cuts the battery life in half. 

 Lead-acid batteries are very corrosive and can burn skin, especially if they are 

acidic. 

 Charging lead-acid batteries can be expensive for businesses. Lead-acid batteries 

can take a long time to charge, especially when recharging the final 20% of the 

battery. 

 Transportation restrictions on flooded lead acid - there are environmental concerns 

regarding spillage. Lead content and electrolyte make the battery environmentally 

unfriendly.  

 Lead-acid batteries have a short cycle lifespan and overall lifespan. They typically 

need to be replaced every five years. 

Li-ion batteries, while technologically advanced, exhibit several limitations, especially 

concerning safety. These batteries are prone to overheating and may sustain damage when 

subjected to high voltages. Such conditions can occasionally result in thermal runaway and 

combustion [49]. Additionally, Li-ion batteries experience aging, leading to a reduction in 

capacity and an increased likelihood of failure after a few years of use. Their cost, 

approximately 40% higher than alternatives, further restricts their broader implementation. 
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Moreover, they are not optimally designed for applications necessitating rapid charge 

storage, such as regenerative braking [50].  

Figure 1.7- Overview of energy storage devices. ((Figure is taken from open access internet source) 

Significant progress has been achieved over the past few decades in enhancing battery 

performance; however, the primary challenge lies in peak usage. Even in compact 

electronic devices like smartphones and laptops, batteries can sustain damage due to abrupt 

energy demands. This issue is particularly prevalent in electric vehicles (EVs), where 

various factors, including driving behaviour and road conditions, lead to swift fluctuations 

in power consumption. A battery operates optimally when it is discharged in a steady 

manner, as this allows the associated electrochemical reactions to occur uniformly. When 

an electric vehicle (EV) experiences a sudden demand for power during acceleration, the 

battery pack is often unable to discharge at a rate sufficient to meet this need. This limitation 

also applies to the high current generated during the vehicle's braking process. The rapid 

fluctuations of high electric current entering and exiting the battery can adversely affect the 

electrolytes. In scenarios where acceleration and braking occur frequently, such as in urban 

driving, the lifespan of the batteries may be significantly reduced. Consequently, there is a 



18 
 

pressing need for alternatives to address issues related to battery longevity and power 

output. The current situation necessitates a device with specialized capabilities, including 

high power, energy density, and extended cycle life [51]. Modern high-power applications 

require substantial energy and rapid delivery, which batteries and capacitors alone cannot 

adequately provide [52]. In response to these challenges, supercapacitors have been 

developed over the past few decades to meet the essential demands of traditional energy 

storage devices, such as batteries and capacitors. 

1.6.1 Understanding the problem 

The challenge of developing a large-scale energy storage solution that effectively addresses 

the following issues remains significant: 

 Limited power output despite high energy storage capacity 

 Lack of immediate responsiveness 

 High Internal impedance 

 Reduced lifespan with property degradation 

 Compact size requirements 

 Concerns regarding flammability and safety hazards. 

It is clear that achieving all of these features within a single device is not feasible unless 

we possess an extraordinary storage solution [53-54]. However, we can implement trade-

offs to enhance performance for specific applications, and we can persist in making 

innovative advancements. 

Significant emphasis in the energy storage device sector is placed on the creation of a grid-

scale bulk energy storage and distribution system that possesses enhanced energy storage 

and power delivery capabilities. Consequently, Redox flow batteries, Metal-air batteries, 

and Hybrid supercapacitors are of considerable technological importance, with materials 
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development aimed at improving their performance being a primary focus within the 

energy materials domain. 

1.6.2 Electrochemical Supercapacitors 

Electrochemical supercapacitors (ESs) are emerging energy storage devices that offer a 

balance of power and energy performance and bridge the gap between conventional 

capacitors and batteries [55-57]. In addition to their performance characteristics, ESs offer 

several benefits, including an extended cycle life and rapid charge-discharge capabilities, 

rendering them ideal for applications that are beyond the reach of both capacitors and 

batteries. Presently, ESs are utilized in electric vehicles alongside batteries, demonstrating 

their ability to minimize the overall dimensions of the power source, enhance battery 

longevity, and decrease energy losses. 

 

Figure 1.8- Advantage of supercapacitors over battery. (Figure is taken from open access internet 
source) 

A supercapacitor (SC), also called an ultracapacitor, is a high-capacity capacitor with a 

capacitance value much higher than other capacitors but with lower voltage limits that 

bridge the gap between electrolytic capacitors and rechargeable batteries. It typically stores 
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10 to 100 times more energy per unit volume or mass than electrolytic capacitors, can 

accept and deliver charge much faster than batteries, and tolerates many more charge and 

discharge cycles than rechargeable batteries [58].  Unlike ordinary capacitors, 

supercapacitors do not use the conventional solid dielectric, but rather, they use 

electrostatic double-layer capacitance and electrochemical pseudo capacitance, both of 

which contribute to the total capacitance of the capacitor, with a few differences. 

ESs can be classified into two categories based on the charge storage mechanism [59]: (i) 

Electrochemical double-layer capacitors (EDLCs) and (ii) Pseudocapacitors. 

1.6.3 Electrochemical double-layer capacitors 

In Electric Double Layer Capacitors (EDLCs), the mechanism of charge and discharge is 

based on the accumulation and separation of electrostatic charges at the interface between 

the electrode and the electrolyte on both electrodes, as illustrated in Fig. 1.9. The 

capacitance resulting from this interface is referred to as double-layer capacitance (Cdl) 

[60]. Like traditional capacitors, EDLCs are composed of positive and negative electrodes 

submerged in an electrolyte; however, they provide a greater capacitance per unit volume 

by utilizing high surface area porous carbon materials as the active components. 

 

 

 

 

 

 

 

Figure 1.9- The charge storage mechanism of EDLC. (Figure is taken from open access internet 
source) 
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1.6.4 Pseudocapacitors 

In electric double-layer capacitors (EDLCs), energy storage relies on the accumulation of 

charge at the electrode surface. Conversely, pseudocapacitors store energy through rapid 

and reversible redox reactions occurring at the surfaces of active materials. When compared 

to EDLCs, pseudocapacitors provide capacitance that is 10 to 100 times greater, as charge 

storage extends beyond the surface to include the near-surface region where ions are 

capable of diffusing [61]. Nevertheless, the slower faradic processes limit the power 

performance of pseudocapacitors in comparison to EDLCs. 

Pseudocapacitance arises when electrode potential is dependent logarithmically on the 

extent of reactions and involves charge transfer across the double layer. Conway has 

identified faradic systems that can give rise to pseudocapacitance: (i) underpotential 

deposition system, (ii) redox pseudocapacitance, and (iii) intercalation pseudocapacitance 

[62]. 

 

Figure 1.10- Schematic of pseudocapacitive systems identified by Conway (Figure is taken from 
open access internet source) 

1.6.5 Hybrid battery-type supercapacitor 

A hybrid battery type supercapacitor, referred to as a hybrid supercapacitor (HSC) device 

also, is an electrochemical energy storage system that integrates the benefits of both 
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supercapacitors and rechargeable batteries [63, 64]. In a hybrid supercapacitor, the 

processes of electrical double-layer capacitance and faradaic or battery capacitance occur 

concurrently. The electrodes that utilize redox or battery-type mechanisms exhibit a 

significant energy density, whereas the nonfaradaic capacitive electrode is characterized by 

a high-power density and remarkable cycling stability. 

The initial concept for hybrid supercapacitors (HSCs) was developed in the mid-1990s, 

introducing a device constructed from fibrous carbon material and nickel oxide as 

electrodes. This innovation demonstrated an 8 to 10-fold increase in capacity compared to 

traditional double-layer capacitors. This prototype established a foundational framework 

for the construction of HSC devices, integrating a battery-type electrode with a capacitive-

type electrode to facilitate the electrochemical interactions between the two. Both types of 

electrodes can function as either anode or cathode. The essential configuration of HSCs is 

illustrated in Fig. 1.11. 

 

 

 

 

 

 

 

 

 

Figure 1.11- The fundamental configuration of the HSCs (Figure is taken from open access internet 
source) 

In the electrochemical process, a battery-type electrode accumulates energy through 

Faradaic charge transfer, while the complementary electrode maintains charge balance by 
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electrosorbing guest ions onto the surface of the active material, such as activated carbon. 

Within the same device, two distinct electrochemical processes—Faradaic and non-

Faradaic reactions—occur concurrently. The former electrode, characterized by well-

defined redox peaks, functions as the energy output source, although it exhibits limitations 

in rate capability and cycling longevity. In contrast, the latter electrode does not engage in 

Faradaic charge transfer; instead, it stores charge solely at the surface in the form of a 

double layer, allowing for a rapid response to potential fluctuations, thereby contributing 

to power output. Additionally, the electrochemical kinetics of battery-type and capacitive-

type electrodes differ significantly and can be articulated through the following equation 

[65-78]. 

                  𝑖 ൌ 𝐶𝑣௕                                      (1.4)  

where i is the current and v is the scan rate of a cyclic voltammetry (CV) curve. The battery-

type material with b = 0.5 has a diffusion-controlled electrochemical behaviour, while the 

b value of capacitive-type material approaches to 1 due to its surface-controlled 

electrochemical behaviour. 

1.7 Electrode materials 

Enhanced supercapacitive performance can be attained by choosing active materials with 

specific characteristics. The properties of the active material are crucial in realizing superior 

supercapacitive performance. The majority of the materials employed in the development 

of the SC cell exhibit biocompatibility [69-71]. This characteristic is vital for medical 

devices, as it ensures that they do not cause harm or provoke an immune response. SCs are 

recognized for their exceptional reliability and long-term stability.  
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Figure 1.12- Properties of active materials including carbon nanomaterials, conducting polymers, 
metal and metal oxides, and composites 

They demonstrate a reduced susceptibility to capacity degradation, a common issue in 

rechargeable batteries [72, 73]. The combination of high reliability and excellent cyclic 

stability is critical for implantable devices that are required to operate consistently over 

prolonged durations. Metal oxides and hydroxides are used as active materials for 

pseudocapacitors, which have high theoretical capacitances originating from fast faradic 

reactions and resulting in a much higher energy density than EDLCs. Many metal oxides 

and hydroxides such as RuO2, MnO2, V2O5, NiO, Co3O4, Fe2O3, and FeOOH are some 

examples of materials, which have been investigated and have shown exceptional results 

as active materials for ESs. However, the majority of these metal oxides and hydroxides 

suffer from low electrical conductivity, and conductive carbon materials are incorporated 

to fabricate composite materials [74]. A review of electrodes developed till now is 

presented below 
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1.7.1 Carbon-based Electrode materials 

A diverse range of carbon nanomaterials has gained significant popularity in the 

preparation of electrode materials for various energy storage devices. In the context of 

supercapacitors (SCs), specific carbon allotropes such as activated carbon (AC), carbon 

nanotubes (CNTs), graphene (Gr), carbon nanocages (CNCs), and carbon nanofibers 

(CNFs) have been employed. The primary rationale for the utilization of carbon-based 

nanomaterials in SC applications lies in their chemical inertness and thermal stability, 

which contribute to exceptional cyclic stability and power performance in SC devices. Each 

of these carbon allotropes offers distinct advantages for supercapacitors. For instance, 

activated carbon is characterized by a high specific surface area, favorable electronic 

conductivity, cost-effectiveness, and reliable cyclic performance [75-77]. Specifically, 

each of these carbon allotropes has unique advantages for SCs. For example, AC has a large 

specific surface area (SSA), good electronic conductivity, low cost, and stable cyclic 

performance [78, 79]. 1D CNTs are extensively explored for SCs due to their 1D nature, 

regular pore structure, high conductivity, and significant SSA. 

1.7.2 Metal Oxides Composite Electrodes 

Metallic substances, including metals, metal oxides, and alloys, were originally utilized as 

biomaterials for implants. In contemporary practice, these materials are widely applied 

across various fields due to their ability to offer significant strength and resistance to 

fracture [80]. Additionally, due to their exceptional thermal and mechanical stabilities, 

these materials are capable of adjusting to swift alterations in the bodily environment, 

including variations in temperature and pressure. Furthermore, their efficiency in 

transferring thermal energy and electrical charge is significantly enhanced by the presence 

of free electrons [81]. 
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1.7.2.1 Ruthenium dioxide (RuO2) 

Ruthenium dioxide is among the earliest metal oxides studied for its potential use in 

electrochemical systems. Both its crystalline and amorphous hydrous forms exhibit optimal 

characteristics for faradic active materials, including multiple oxidation states, elevated 

electrical and ionic conductivities, as well as excellent cyclic stability [74]. In 1971, Trasatti 

and colleagues synthesized a RuO2 thin film through thermal decomposition, which 

demonstrated capacitive characteristics when immersed in a 1M HClO4 electrolyte within 

a voltage range of 0 to 1.45V relative to the reversible hydrogen electrode (RHE) [82]. 

Under acidic conditions, the charge storage mechanism of RuO2 can be described by 

Equation 1.5. 

𝑅𝑢𝑂2൅𝑥𝐻൅൅𝑥𝑒െ ↔𝑅𝑢𝑂2െሺ𝑂𝐻ሻ𝑥                (1.5)   

 The pseudocapacitance of RuO2 thin film was attributed to the successive redox transition 

from Ru2+ to Ru4+, and the conversion of OH- to O2- within the structure by transfer of 

proton [53]. The performance of RuO2 electrodes is governed by the charge transfer and 

diffusion processes, such as electron hopping within and between RuO2 particles, electron 

transfer from active materials to current collectors, and ion diffusion within RuO2 [83]. 

Among the two forms of RuO2, the hydrous form of RuO2 has shown higher capacitance 

compared to the anhydrous. Sugimoto et al. have investigated the capacitive performance 

of RuO2 with different water content, and they have shown anhydrous RuO2 has a much 

lower capacitance (24 Fg-1) than the hydrous form (342 Fg-1) [84] and explained with the 

tree root model for anhydrous RuO2, the particles are agglomerated with no available 

micropores for ion diffusion, and hydrous RuO2 particles are smaller, and hydrated 

micropores exist between particles allowing good ion transport. Therefore, the water 
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content in RuO2 plays an important role, which is responsible for fast ionic conduction 

through the porous structure to enhance capacitive performance. 

Despite having the ideal properties for ESs applications, the high cost of RuO2 has limited 

its applications. To address this problem, some research was conducted to fabricate RuO2 

composite with low-cost metal oxides or deposition of RuO2 on conductive substrates. Hu 

et al. have fabricated hydrous RuO2 – TiO2 nanocomposite by hydrothermal process, and 

such electrodes have shown remarkable capacitance of 992 F g-1 at the scan rate of 100 mV 

s-1 [85]. In another study by Hsieh et al., composite composted of vertically aligned 

MWCNTs coated with hydrous RuO2 on a titanium current collector, and a maximum 

capacitance of 1652 F g-1 was achieved [86]. 

1.7.2.2 Manganese dioxide (MnO2) 

Manganese dioxide (MnO2) has been the subject of extensive research for energy storage 

applications, attributed to its high theoretical capacitance of 1370 F g-1, affordability, lower 

toxicity in comparison to other metal oxides, and the presence of multiple oxidation states 

[87,88]. Similar to RuO2, the pseudocapacitance of MnO2 is derived from the successive 

redox transition of Mn3+ and Mn4+, and the charge storage mechanism can be expressed by 

Eq.1.6. 

𝑀𝑛𝑂2൅H൅൅𝑒െ ↔ 𝑀𝑛𝑂𝑂H                     (1.6) 

One benefit of MnO2 in comparison to RuO2 is its ability to function effectively in a mild 

aqueous electrolyte, such as Na2SO4 and chloride salts (KCl, NaCl), rather than requiring 

the strong acid or base electrolytes that are utilized in RuO2 systems. 

MnO2 has various crystal structures, denoted by α, β, γ, δ, and λ phases, and is a crucial 

factor in the electrochemical performance of MnO2, and all phases have tunnel structures 

for electrolyte access, where the tunnel size varies from 1.89 to 7 Å. Brousse et al. and 
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Devaraj et al. have determined the capacitance of different structures of MnO2 in a 0.1M 

K2SO4 and 0.1M Na2SO4 solution respectively, and both authors suggested that the 

capacitance of MnO2 decreases in the order of α ≅ δ > γ > λ > β. 

In a separate investigation conducted by Ghodbane et al., the surface area of various MnO2 

structures was examined to explore the relationship between surface area and capacitance. 

The findings indicated that the capacitance of MnO2 is more closely related to ionic 

conductivities than to the BET surface are [89]. The findings suggest that the charge storage 

mechanism of MnO2 extends beyond mere surface reactions to include ion intercalation 

within the bulk of MnO2.  

1.7.2.3 Nickel oxide (NiO) & nickel hydroxide (Ni(OH)2) 

NiO represents a highly promising option for energy storage applications, attributed to its 

remarkably high theoretical capacitance of 2584 F g-1, affordability, and low toxicity [90]. 

NiO is generally produced by first creating Ni(OH)2, which is then subjected to high-

temperature annealing to yield NiO. [83]. The electrolyte utilized for the NiO electrode 

typically consists of alkaline solutions; however, the mechanism of charge storage remains 

ambiguous. Two theories have been proposed regarding the pseudocapacitance of NiO in 

alkaline environments. The first theory suggests that redox reactions occur between NiO 

and nickel oxyhydroxide (NiOOH) (Eq.1.7 & 1.8), while the second theory posits that the 

reactions take place between Ni(OH)2 and NiOOH (Eq.1.9 & 1.10) [88]. However, it is 

commonly believed that Eq.1.7 occurred first to produce NiOOH, followed by the 

reversible redox reactions between Ni(OH)2 and NiOOH[67]. 

𝑁𝑖𝑂 ൅ 𝑂𝐻െ൅  ↔  𝑁𝑖𝑂𝑂𝐻 ൅ 𝑒െ                          (1.7) 

𝑁𝑖𝑂 ൅ 𝐻2𝑂 ൅ 𝑒െ  ↔  𝑁i𝑂𝑂𝐻 ൅ 𝐻൅ ൅ 𝑒-                 (1.8) 
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𝑁ሺ𝑂𝐻ሻ2  ↔  𝑁𝑖𝑂𝑂𝐻 ൅ 𝐻൅ ൅ 𝑒െ                                      (1.9) 

𝑁ሺ𝑂𝐻ሻ2 ൅ 𝑂𝐻െ  ↔  𝑁𝑖𝑂𝑂𝐻 ൅ 𝐻2𝑂 ൅ 𝑒െ              ሺ1.10ሻ 

There are several challenges associated with NiO, including a notably lower specific 

capacitance than the theoretical maximum, limited electrical conductivity, and inadequate 

cyclic stability [88]. Similar to other metal oxides, efforts have been focusing on fabricating 

nanostructured NiO or NiO composite with other materials [91, 92]. Nam et al. conducted 

a study on the electrochemical characteristics of a porous NiO film, which was produced 

from an electroplated Ni(OH)2 film on a nickel foil substrate, utilizing various deposition 

current densities followed by thermal treatment. Their findings revealed that the specific 

capacitance of the NiO film improved with an increase in deposition rate, ultimately 

reaching a specific capacitance of 277 F g-1 in a 1M KOH electrolyte for the NiO film 

deposited at a current density of 4 mA cm-2 [93]. In another investigation by Yuan et al., 

they fabricated porous NiO nano and microspheres to improve rate performance. The 

approach involved a low-temperature precipitation reaction with an alkaline solution and 

nickel salts, and the fabricated electrode exhibited a specific capacitance of 525F g-1 at the 

current density of 4 A g-1[94]. The hierarchical porosity created by the nano and 

microspheres has resulted in an impressive capacitance retention of 98% following 2000 

cycles. 

Ni(OH)2 has a hexagonal layered structure with two polymorphs, α-Ni(OH)2 and β-

Ni(OH)2, and have been demonstrated that the structure has an impact on the performance 

of the electrodes[95]. α-Ni(OH)2 has intercalated with anions and water within the 

structure, whereas water is absent in β-Ni(OH)2[74]. The α-Ni(OH)2 showed a higher 

specific capacitance than β-Ni(OH)2, and the situation can be explained by recalling that 
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hydrous RuO2 showed higher specific capacitance than the anhydrous form due to 

improved ion transport[84, 96]. 

1.7.3 Conductive Polymers Composite Electrodes  

Conducting polymers (CPs) represent a noteworthy subclass of materials for 

supercapacitors, attributed to their excellent conductivity, substantial charge storage 

capacity, straightforward synthesis process, affordability, and eco-friendliness, a 

recognition that has been in place since their discovery in 1976. [97,98] The capacitive 

characteristics of conducting polymers typically arise from the reversible redox reactions 

involving the π-conjugated double bonds within the polymer networks, facilitated by 

doping and dedoping processes. In recent years, various CPs, including polypyrrole (PPy), 

polyaniline (PANI),[99] polythiophene (PTh), poly(3,4-ethylenedioxythiophene) 

(PEDOT) [100], and their derivatives have been developed and investigated in SCs. 

However, due to the poor conductivity, the PANI, PPy,[101] and PTh[102] processed low 

specific capacitances of 150–190, 80–100, and 78–117 F g–1 in both aqueous and non-

aqueous electrolytes, respectively. The inferior electrochemical stability of these materials, 

resulting from structural degradation caused by the expansion and contraction of 

conducting polymers during the intercalation and deintercalation processes, significantly 

restricts their use in high-performance supercapacitors.  

1.8 Our Electrode development approach 

Metal-organic frameworks (MOFs) exhibit a unique open framework architecture, formed 

by the combination of metal-containing components and organic linkers, which are held 

together by robust bonds that ensure permanent porosity. Highly porous metal oxalate 

frameworks demonstrate characteristics akin to battery-type faradaic pseudocapacitance. A 

reversible mechanism involving surface redox and ion intercalation reactions has been 
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identified for charge storage in a material that incorporates an active redox couple 

facilitating charge transfer. 

In our study, we synthesized oxalate and phosphate-based material for electrode 

development and conducted electrochemical investigations. In addition to the experimental 

methodology, we also conducted an investigation utilizing machine learning algorithms to 

identify novel electrode materials. 

1.8.1 Transition metal oxalate-based electrodes  

In addition to transition metal oxides, oxalate-based metal-organic frameworks (MOFs) 

have demonstrated efficacy as active materials for energy storage systems. MOFs offer 

several benefits, including high energy density, low toxicity, affordability, a stable pore 

structure, and a broad potential window due to the presence of multiple oxidation states 

[103]. and the charge storage mechanism is described by eq.1.11. 

M(II)C2O4. nH2O + OH-
solu                   M(III) - (OH-)C2O4.nH2O + e-                    (1.11) 

Wang et al. have to synthesize Ni0.55Co0.45C2O4 solid solution by the liquid-liquid 

interfacial reaction involving a co-precipitation process and get a micro-cuboid structure 

composed of nanoparticles with sizes ranging from 13 to 23 nm. Moreover, electrochemical 

measurements achieved a specific capacity of 562 C g−1 at a current density of 1 Ag−1[104]. 

In another investigation, Zhao et. al. demonstrated the use of (Ni–OA) for ESs application. 

They prepared the electrode 2D porous Ni-OA thin sheets by the direct hydrothermal 

decomposition of a mixed aqueous solution of transition metal nitrates Ni(NO3)2 and OA. 

The fabricated electrode was tested in a 6 M KOH electrolyte and showed a specific 

capacitance of 2835.06 F.g−1 at 1.0 Ag−1. The cyclic stability of the electrode was also 

tested (94.3 % of capacity retention after 5,000 cycles at 10 Aꞏg−1) [105]. Pu et. al. have 

synthesized 2D porous Co-OA thin sheets with different sizes and crystallinity assembled 
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by interconnected nanosheet frameworks by hydrothermal strategy at 220 °C for different 

reaction times. The electrode was tested in a 6 M KOH electrolyte and showed specific 

capacitance (1.631 Fꞏcm-2 at the current density of 1.2 mAꞏcm- 2. the retention rate was 80.6 

% when the current density increased 10 times [87].  Cheng et. al. has synthesized 

nanostructured cobalt oxalate electrodes by one-step in-situ electrochemical method 

(anodization). The prepared electrode was demonstrated in KOH electrolyte and showed a 

specific capacitance of 1269 F g-1 at the current density of 6 A g-1 in the galvanostatic 

charge/discharge test. Moreover, the electrode also tested rate capability and cycling 

stability (8.1% decay after 100,000 cycles) [106], 

1.8.2 Metal phosphate-based materials for high-performance supercapacitors  

Metal phosphates, especially the layered metal phosphonates and phosphates, attracted 

significant interest from the research community between 1987 and 1990 [107]. They 

demonstrate exceptional capabilities in various fields, including catalysis, ion exchange, 

proton conductivity, interface chemistry, photochemistry, and materials science.[108, 109] 

Carling and Yuan et al. obtained NH4M*PO4ꞏH2O (M* = Mn, Fe, Co, and Ni) by 

precipitation from aqueous solution.[97,98] Zhang et al. [99] successfully prepared metal 

ammonium phosphate microspheres. Additionally, Li et al. developed amorphous colloidal 

spheres derived from transition-metal phosphates [110]. Transition metal phosphates, such 

as nickel and cobalt phosphates, have the potential to serve as effective anodes in various 

applications, including sorbents, magnetic materials, rechargeable batteries, ion 

exchangers, and heterogeneous catalysts. Meanwhile, PO4 polyhedra with a zeolite 

structure have outstanding electronic and magnetic properties. Hence, these materials have 

attracted great attention. 
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1.8.3 Existing electrode materials and their energy storage capacity 

The table below illustrates the energy storage capacity associated with most of the transition 

metal oxides and metal oxalated based electrode materials that are presently utilized. 

Values of specific capacitance of some transition-metal oxides 
Material Specific 

Capacitance (F g-1) 
Current 
Density  

Electrolyte Ref. 

RuO2.nH2O 720 - Strong H2SO4 127 
RuO2 film on silicon 

wafer 
275 1.4 mA cm-2 1M H2SO4 128 

amorphous MnO2.nH2O 200 2 mA cm-2 2M KCl 129 
α-MnO2 297 0.5 mA cm-2 0.1M Na2SO4 130 
β-MnO2 9 0.5 mA cm-2 0.1M Na2SO4 130 

Porous NiO 50 20 mV s-1 1M KOH 131 
Amorphous V2O5 350 2 mA cm-2 2M KCl 132 

Co3O4 746 5 mA cm-2 6M KOH 133 
Co3O4 358 2 A g-1 KOH 134 
Fe3O4 170 2 mV s-1 1M Na2SO3 134 
Fe3O4 3 2 mV s-1 1M KOH 135 

PorousnicO2O4 1089 2 A g-1 2M KOH 136 
Doped-SrRuO3 160 20 mV s-1 6M KOH 137 

LaNiO3 160 10 mV s-1 1M Na2SO4 138 
LaMnO2.91 610 1 mV s-1 1M KOH 139 

La0.7Sr0.3CoO3-δ 748 2 A g-1 1M Na2SO4 140 
Ni-doped Mn3O4 704 10 mV s-1 1M Na2SO4 141 

Mn-incorporated MoS2 430 5 mV s-1 0.5M Na2SO4 142 
Pyrite FeS2 nanobelts 308 5 mV s-1 1M Na2SO4 143 

(Ni0.33Co0.67)Se2 complex 828 1 A g-1 3M KOH 144 
SrFeO3-δ 733 1 mV s-1 - 145 
SrFeO3-δ 741 1 A g-1 2M KOH 145 

Values of specific capacitance of some Metal-oxalate-based electrode materials  
NiC2O4 ⋅ 2H2O 990 - 2M KOH 146 

       NiC2O4 2835 1 A g-1 6M KOH 147 
Anhydrous CoC2O4 2116 1 A g-1 2 M KOH 148 

MnC2O4/GO 122 0.5 A g-1 6M KOH 149 
FeC2O4/rGO hydrogel 591 2 A g-1 1M Na2SO4 150 

Anhydrous 
Co0.5Ni0.5C2O4 

2409 1 A g-1 2M KOH 151 

Anhydrous NiC2O4 1638 1 A g-1 2M KOH 152 

CoC2O4 1269 6 A g-1 2M KOH 153 

Table 1.1: Energy storage performance of some currently used electrode materials 
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1.8.4 Machine learning-inspired modelling of electrode  

Data-driven materials science leverages extensive data gathered from traditional theoretical 

and experimental techniques to investigate the mechanisms that drive material performance 

through the application of data-driven artificial intelligence (AI) methods. This approach 

minimizes the costs associated with trial and error in experiments as well as the expenses 

related to density functional theory (DFT) calculations typical of conventional methods, 

thereby conserving time that would otherwise be spent on repetitive experiments. [111]. 

Currently, machine learning (ML) stands as a prominent example of artificial intelligence 

techniques, serving as an innovative approach for identifying predictive rules. It has found 

extensive application in the prediction of material performance and the discovery of new 

materials. [112-114]. In the domain of batteries, encompassing a range of materials 

including cathodes, anodes, and electrolytes, as well as the intricate interactions among 

these components, machine learning offers researchers significant insights for the design 

and enhancement of rechargeable battery materials. [115]. The intricate characteristics of 

each material within a battery significantly influence its overall performance through their 

synergistic interactions. Given the variety of properties exhibited by different materials, it 

is nearly unfeasible for manual experimentation to explore all possible combinations and 

identify the optimal formulation. Machine learning leverages the substantial computational 

power and storage capabilities of computers to predict the properties of untested materials 

by analyzing existing experimental data. This approach offers clear direction and robust 

support for manual experimentation. Additionally, machine learning can extract valuable 

insights from both theoretical and experimental datasets [116]. 

Recently, machine learning techniques have garnered significant attention due to their 

efficacy in predicting physical and chemical properties [117, 118], conducting high-

throughput screening for crystal structure prediction [119], uncovering the relationships 
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between structure and properties [120], and accelerating the chemical synthesis of high-

performance materials [121-123]. An increasing focus has been placed on the application 

of machine learning models to accurately predict material properties. Chen et al. [124] 

presented machine learning applications aimed at predicting properties and advancing 

materials for energy storage and conversion systems, including catalysis, lithium-ion 

batteries, solar cells, and carbon dioxide capture, among others. Guan et al. [125] provided 

a comprehensive overview of the utilization of machine learning-based atomic simulations 

in the fields of material discovery and property prediction. The review illustrated the 

application of machine learning models to evaluate the thermodynamic and kinetic 

properties of Si, LiC, and LiTiO systems. Ziheng Lu [126] discussed use of ML for energy 

devices including batteries, photovoltaics, and catalysts. 
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1.9 OBJECTIVE 

The objectives of this investigation are: 

 Development of superior energy storage devices 

 Investigation of novel electrode system that work on framework structure to store 

the electrochemical charge storage based on redox-mediated interaction as well as 

surface capacitance. 

 Synthesis of Oxalate and phosphate-based structure containing transition metal 

ions such as Ni, Co and Ce by solution based low temperature chemical 

precipitation methods and investigation as an electrode for pseudocapacitive 

charge storage in aqueous electrolyte. 

 Coupling the developed Electrodes with capacitive carbon electrode to make 

Hybrid supercapacitor (HSC) type full cell device to obtain real energy and power 

density of the full cell device. 

 Modelling and predicting the performance of HSC type full cell devices, 

employing various machine learning techniques and developing efficient and 

predictive surrogate models for different material properties, the screening and 

selection of new candidate materials for specific applications.  
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