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ABSTRACT 

 

       As the world’s population is growing and moving towards the modernization, the demand of 

energy is gradually increasing every day. At the current rate of consumption of energy, the demand 

is to be increased by 65% by the year of 2030. As in today’s date, fossil fuels are still the leading 

energy provider in electricity, crude oil, natural gas and specially coal. The world has already taken 

a step forward to introduce renewable sources of energy like solar, wind, geothermal, hydrogen 

fuel cells and hydro power energy sources, which have proven an excellent replacement for fossil 

fuels with minimum carbon emissions. Solar energy has proven to be one of the best major 

alternatives for the replacement of fossil fuels. Over the past few years, researchers have grown to 

design and develop third generation of solar cells and energy storage devices and integrate them 

to develop high performance integrated device. A tremendous amount of literature review is 

presented in this thesis report about the previous work done in development of solar cells and 

supercapacitors. Here, we have focused on developing a hybrid integrated device capable of 

harvesting and storing energy. Our hybrid integrated device consists of Dye Sensitized Solar Cells 

as energy harvester and Supercapacitor which is a two-electrode mode energy storage device. We 

thoroughly investigated both these devices as separate research, demonstrating excellent 

performance of both devices separately. A new type of supercapacitor which is based on carbon 

and graphite electrodes with a KOH aqueous electrolyte is introduced here. Our Supercapacitor 

reached to a maximum specific capacitance of 12.86 f/g per electrode and 110.33 W/kg power 

density. Finally, we integrated both Dye Sensitized Solar Cell device and Supercapacitor device 

to construct an integrated device reaching a maximum overall performance efficiency of 

remarkable 1.6 % which is still good as compared to other literatures. We believe, these devices 

will be leading the application of solar energy storage and in flexible, wearable electronics. 
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CHAPTER 1 

INTRODUCTION 

 

        In human history the livelihood of our ancestors was mostly relied on early forms of energy 

based on muscles of animals and humans and burning of biomass as crops or woods. Windmills 

and water wheels were used as the prime movers. As the world was moving towards modern 

technology, manufacturing needs tremendous amount of energy to be burnt and therefore fossil 

was discovered, this event changed the world and triggered industrial revolution. Most of the 

machines during the age of industrial revolution burnt coal to produce steam which is also called 

as the steam era. Among them was the steam engine becoming the first machine to ever convert 

fossil energy into mechanical power. By the mid eighteenth century the steam engine invented by 

Thomas Newcomen in 1705 was already used to pump water from mines. James Watt modified 

the and separated the condenser of the steam engine and therefore changing the world forever by 

applying steam engine into commercial use in 1776. Cranes, locomotives, automobile, and ships 

were the major machines used coal to produce superheated steam powering steam engines. In the 

late 19th century coal became the major sources to produce electricity from the superheated steam 

generated by burning of coal. At this point coal was the major source of energy for powering 

everything and even today it is still the main source of energy in some parts of the world. For both 

the industrial revolutions coal was the major source of energy to produce energy by any means. 

From the mid of the eighteenth century the human activities begun to show their impact on the 

earth and its natural systems. Some of these impacts includes destruction by industry and 

agriculture is related to the depletion or lowering the number of certain species, disrupting the 

circulation of nitrogen through air, water, and soil. The most destructive and significant impact is 
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the change in the chemical composition of the atmosphere because of the release of greenhouse 

gases. The consumption of fossil fuel in three different ways is explained as below: 

• Consumed directly for example in home for cooking and for processing heat by a steel 

plant. 

• Transforming into different forms of energy (electricity or heat) or converting them into 

intermediate products (gasoline, diesel fuel, kerosene, and different refined oil) and 

therefore are later consumed by businesses or households. 

• Used as raw materials in industries for production of chemical fertilizers for agriculture, 

coal plays a vital role in production of plastic in petrochemical industry. 

       Figure 1.1 presents the worldwide data for fossil fuels production from year 1800 to 2000. It 

is clearly observed that from around 1870s the demand of fossil fuels was increased drastically 

that is because of the demand of energy in the beginning of industrial revolution. It is clearly 

observed in figure 1 during the years from 1940s the demand for fossil fuels increased, like 

industrial revolutions, World Wars has played an important role in increase of global temperature 

which is a direct link for increase in demand for fossil fuels like gasoline and diesel for machinery. 
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Figure 1. 1. Fossil fuel production in million tons of oil equivalent per decade (1800-2009) [1] 

         Figure 1.2 presents the data of world coal output during the period of second industrial 

revolution, the demand rose sixfold between 1870 and 1913. By the end of the century modern 

mines were operating in all continents but the major consumption countries were Britain, France, 

Germany, and the USA. As seen in the data from figure 2 the coal consumption alone in USA in 
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quarter of the nineteenth century surpassed all the western Europe. Gas and oil production which 

was nearly negligible in nineteenth century rose to 96.6 million tons of coal equivalent (TCE) in 

1913 and 37.4 million tce in 1900. These data also indicated that these countries where the major 

cause of pollution again main cause of global warming.[1] 

 

 

Figure 1. 2 . Fossil fuels production in the first and second industrial revolutions in millions of 

tons of coal equivalent.[1] 

         All these events were already causing the global temperatures to rise leading to global 

warming. But several negative impacts have been proven on the environment. When these fuels 
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are burnt, they produce carbon dioxide which is the main compound for driving global climate 

change. Carbon dioxide is also the main compound for local air pollution causing millions of 

deaths each year. [2] 

        Since the dawn of industrial revolution, the driving force behind the world’s economic 

growths and industrialization are fossil fuels. As presented in figure 1. 3. The growth of fossil fuels 

from 1800 to 2010 is shown to an annual of nearly 10000 million tons of oil equivalent (Mtoe). In 

the world today around 80% of all the primary energy is derived from fossil fuels with coal 

accounting for 27.2 %, natural gas for 20.9% and coal for 32.8%. The largest contribution of 

energy after fossil is contribution by nuclear energy 5.8%, combustion biomass and waste for 

10.2% and hydroelectric dams for 2.3%. 

 

Figure 1. 3.  Fossil fuel global production from 1800 to 2010. [3] 

Even after being modern today wind, solar, geothermal, or other alternative sources of energy only 

accounts for 0.8% of the world’s primary energy. Moreover, solar energy accounts for 0.1 % with 
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somewhere around 12 Mtoe output. Many details about the contribution of energy sources are 

given explained later in this report. 

 

Figure 1. 4. Global anthropogenic GHG emission by type and source.[3] 

         Research data indicates that fossil fuels will remain the main backbone of worlds energy for 

a reasonable amount of time. But the global reliance of the fossil fuels brings an associated 

problem, poisonous emissions. Figure 1.4 presents the global anthropogenic greenhouse gasses 

(GHG) emission by their type and sources. As seen energy production is the main and dominating 

source of greenhouse gasses and CO₂. In energy sector around 70 % of the anthropogenic GHG 

emissions is clearly observed in figure 1.4. Nearly in 2008, around 30 billion tons of CO₂ was 

emitted in atmosphere which is nearly double the amount since 1970 (Figure 1.5). [3] 



7 

 

Figure 1. 5. CO₂ emission trends from 1971 to 2009 by fuel. [3] 

 

Figure 1. 6 . GHC % contribution to the earth’s average temperature increment and main CO and 

main CO₂ sources in 2015. [4] 

          Figure 1.6 presents the data showing what compounds are the main cause for increase in 

earth’s temperature, it is clearly observed that CO₂ accounts for 55% which is dominant over other 
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compounds clearly indicating towards fossils fuels which are the main cause of CO₂ emissions 

accounting to 73% over other sources of emissions. [4] 

 

Figure 1. 7 Fossil fuel resources exceed atmospheric disposal space for carbon emission. [5] 

            To avoid tremendous losses and avoid air pollution the rise of global temperature to be kept 

below 2 degree C caused by global warming till the year 2050. This can be only achieved or 

possible if the CO₂ emissions should be less than 870 to 1240 gigatons till 2050. If the world is to 

be limit an increase of 2 degree C global mean temperature data indicated that about 30% of oil, 

50% of gas and 80% of coal would need to remain below Earth’s surface. [5] 

           As the world population is growing and moving towards the modernization the demand of 

energy is increasing every day, at the current rate of consumption of energy the demand is to be 

increased by 65% by the year of 2030, as per the data of 2004. As we saw in the above reports 

most of the energy is produced by coal-fired plants causing serious problems like emissions of 
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high carbon pollutants carrying GHG (CO₂, NOx and Sox). Figure 1.8 presents the worldwide 

electricity production from 2017, almost 26.50 % of the total energy produced was from renewable 

energy sources which includes 16.40% hydro power, 5.60% by wind, 2.2% bio power, 1.90 % 

solar PV and 0.40 % from geothermal, CSP & ocean. 

 

Figure 1. 8. Worldwide electricity production. [6] 

 

Figure 1. 9 . Number of countries with renewable energy policies. [6] 

           Almost 73.50% of electricity was produced from fossil fuels & nuclear which is possible to 

decrease in the coming future causing greenhouse emission on larger extent. The solution to 

decrease the emission is to switch over renewable energy sources (RES) and harvest these available 
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energies in an efficient and effective way. This subject is increasingly publicly due to their 

environmentally friendly and almost zero carbon emissions records hence can act as a very 

important role by addressing the issue of depletion of fossil fuels and global warming. RES such 

as biomass, geothermal, solar, wind and hydropower are used to reproduce the energy and transfer 

the energy generated from RES to storage system or directly useful for commercial uses. Solar and 

wind energy are most popular among others because of their promising results of clean energy. 

       For domestic purposes RES proves to be an excellent source of energy provider in terms of 

cost efficiency and almost zero emissions of air pollutants. Currently to fulfil the excessive 

demands of energy, a race has already begun between different countries to replace conventional 

fuels with RES. These technologies are filled with tons of challenges like GHG emissions, CO₂ 

emissions, climatical conditions. Unlike fossil fuels, RES not only provides environment 

protection but also a pollution-free environment, economic benefits, and energy security. Indeed, 

for meeting the requirement of energy it is very necessary for present and future generation to rely 

on RES. Figure 1.9 presents the number of countries currently with having renewable energy 

policies. As observed the power policies is the top following heating and cooling followed by 

transport policies. 
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Figure 1. 10 . Total CO₂ emissions from the consumption of energy. [6] 

          The above figure 1.10 presents the CO₂ emissions from 2000 to 2017 in GtCO₂, it can be 

clearly seen that the CO₂ emission is continuously increasing every year contributing towards 

global warming to reduce the increase of emissions global policies are put together to promote the 

use of clean energy sources mainly renewable energy (RE). As seen in figure 1.8 the hydro energy 

is noted to have the highest and largest share for global renewable sources of around 1,152 GW. 

With the capacity of 514 GW and 397 GW wind and solar are the energy accounted for the rest of 

the remainder. Bioenergy is one other source of renewable energy accounting for 109 GW 

followed by 13 GW of geothermal and 500 MW of marine energy which includes tide wave and 

ocean energy. Solar and Wind are the two most popular sources of RE which are growing very 

rapidly, in 2017 85% of all the renewable capacity was newly installation of solar and wind energy. 

This rapid growth and improvement in capacity of RE is favorable for limiting carbon emissions, 

economic growth and job creation, expansion of energy access, economic growth and job creation 

and improvement of energy security. 



12 

          Reliable energy sources can play a vital role in day-to-day important tasks for improving 

standard of life. When it comes to reliability solar energy is abundant and its applications are vast. 

One of which is extracting solar thermal energy to heat water in households, cooling systems, 

refrigeration, solar home systems, cookers, etc. Technologies in solar thermal-based are currently 

used by several countries. Designs of both open and closed loop systems are available. Generally, 

the closed loop system is used in extremely cold areas. A vast literature review for domestic use 

related to RET is present by the author in the performance of portable heating systems, local market 

flow of water heaters in Taiwan, experimental investigation of graphene nanofluid-based 

volumetric solar collector for domestic hot water systems, as well as hybrid renewable energy 

systems for household application. These applications include parabolic type portable solar cooker, 

design and installation of cooling and heating water systems, boxed hybrid solar cooker designed 

by photovoltaic and thermal technologies. Being safe for health and inexpensive renewable 

resources are another motivation for public to use them for their domestic purpose. Example, solar 

thermal energy (RES) today is used for solar dryers, solar cookers, solar heaters, cooling systems, 

solar refrigeration, and power generation. Like solar, wind is utilized in windmills to produce 

electricity, water pumps in earlier years and wind generator. 
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Figure 1. 11 . Global capacity of solar heating collectors for 2007-2017. [6] 

           Figure 1.11 presents, during the years from 2007 to 2017 the global capacity of solar water 

heaters. The chart is divided into two different types of collectors namely glazed and unglazed 

collectors. The installation of glazed solar collectors is increasing every year by majority numbers 

from 145 GW to 472 GW providing thermal energy to millions of residences throughout the world. 

Domestic water heating is the most common use of solar thermal heaters hence, being 

environmentally friendly, avoiding CO₂ emissions. 
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Figure 1. 12. The share of the hot water system at a domestic and large scale. [6] 

          Figure 1.12 represents the share of hot water system at a domestic and large scale using solar 

thermal. As observed 67% of the heaters are used for domestic hot water systems mainly for single 

family house. 27% is used for large domestic including major industries, hotels, schools. The 

heating share of solar combi systems is only 2% where 4% of the solar collectors are used for 

swimming pool heating globally. [6, 7] 

          From the past decades the world is focusing in developing highly efficient solar cells to 

extract maximum energy from sunlight and various new methods to manufacturing solar panels in 

low cost. The main advantage of solar power on wind power is the cost estimation, geographical 

regions, climatical conditions, area required to construct both plants and domestic availability. 

Generally, the cost of building a solar power plant is less than the wind power plant, area for 

constructing a solar plant is less as compared to wind power plant. Domestically public reviews 

suggested that solar panels are easy to maintain as compared to installing wind turbine. Solar 

photovoltaics (PV) energy generation depends on the climatic and whether conditions, which 

makes it intermittent and unreliable many times. It is proven to work better in day conditions when 
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the energy demand is the peak level, at night available light conditions are not as same as the day 

conditions, which provokes a mismatch between demand and supply. Ever since the first 

crystalline cell was fabricated by bell laboratory in 1954, it has been 6 decades since the solar cells 

have been in continuous development. Since than technological advancements are made in 

production of solar cells to make them much cheaper and for mass production. For example, the 

certified conversion efficiency of first-generation solar cells reached 26.3% also called as 

crystalline silicon solar cells. Whereas the second-generation solar cells called as thin film solar 

cells can reduce the overall cost of production and can be more cost effective. The third-generation 

solar cells included dye sensitized, perovskite, polymer based solar cells which uses either 

inorganic or organic materials for capturing light or charge carriers transport, which not only 

ensures cost effective manufacturing but is also easy to maintain due to their flexibility, light 

weight, good working capability under weak light conditions. Challenges are designing more 

appropriate energy systems to storage energy either by solar or wind power. Mainly according to 

the energy storage (ES) device characteristics, even for the same component the criterion that 

defines when the energy is utilized, and storage may vary for number of different factors. There 

are some ES devices that can deliver power during days as well as for hours while some are more 

suitable for shorter periods of time as for minutes and seconds, rapid changes in illumination can 

provide either low or increase supply of electrons which can be smoothed by using supercapacitors 

(SC), responsible for deliver power during scare solar power. Till date, there many different types 

of solar energy storage type technologies, including pumped hydro, flywheel, superconducting 

magnetic energy storage, compressed air and different types of electrochemical technologies i.e., 

lithium-ion batteries, lead acid batteries, fuel cells, flow batteries and supercapacitors have been 

studied or developed. Supercapacitors are considered the best energy storage devices because of 
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their high life cycle, fast charge/discharge rates (SC’s 1-10 sec vs Li-ion battery 10-60 mins, long 

life cycle (SC > 30000h vs battery >500h), high power density, for almost maintenance free 

essence and for being environment inertness. The first patent for SC was reported in 1957, it was 

until late 1990 the demand of SC was increased, prior to 1990 the SC was only reported to be used 

in hybrid electric cars in recovering brake energy. SCs performance are affected by various factors 

which includes electrode material, the choice of electrolyte. Existing electrolytic-capacitor 

technology can be replaced with recent new technologies in supercapacitor development in terms 

of electrode material and electrolytes that has the potential filling gap between batteries and fuel 

cells. Although the performance of the supercapacitor highly depends upon the choice of 

electrolyte and the properties of the electrochemical material. Today researchers are focused 

mainly to developed new electrode materials for faster charging and higher efficiency. The only 

restriction with supercapacitor is they cannot be used as energy backup devices due to their 

tendency of not able to store maximum level of energy. 

         As seen in Figure 1.13 which presents the tradeoff between power density and energy density 

in various devices is described by Ragone plot which is useful for determining energy storage 

performance. Excluding other important factors such as cycle life, cost estimation and safety.  

        Storage mechanism, energy storage, power limitations, charge life and charge rate differences 

can be seen in Figure 1.14 where main distinction between SCs, and batteries are presented. The 

comparison between batteries and SCs are clearly observed example, the charge rate for battery is 

kinetically limited but for supercapacitor it is way higher because of the high discharge rate.  The 

life cycle of battery is very low (500h) when compared to SCs which can vary from 30000h to 1 

million h depending on materials used for construction of electrodes. The comparison of charge 

time of battery is way low (10-60 min) as of supercapacitors (1-10 s), some other factors including 
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cycle life, specific energy, charge/discharge time and mechanism of charge storage of SCs, 

capacitor and battery are summarized and compared in Table 1.1. 

 

 

Figure 1. 13. Energy storage devices represented by Ragone plot. [8] 



18 

 

Figure 1. 14. Comparison between SCs and batteries through different parameters. [8] 

 

Table 1. 1.  Basic performance comparison between different electrochemical energy storage 

systems. [8] 

Order  characteristics Capacitor  Supercapacitor Battery  

1 Specific energy (Wh/kg) <0.1 Up to 1091 Up to 1606 

2 Specific power (Wh/kg) >10000 Up to 196000 <1000 

3 Discharge time 10-6-10-3 S to min 0.03-3 h 

4 Charge time 10-6-10-3 S to min  1-5 h 

5 Coulombic efficiency (%) About 100 Up to 99 70-85 

6 Cyclic life Almost infinite >500000 About 1000 

 

           Above Table 1.1 comparison showed that half-millions of cycles can be withstand by the 

supercapacitor because of the storage mechanism which does not include reversible chemical 

reactions. Among these many energy storage devices, among their performance characteristics of 

energy the very interesting point of intertest is operating temperature defined by its thermal 
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stability. Supercapacitors can withstand the ranging temperatures between -40 to 100 degrees 

Celsius whereas the batteries are limited from -20 to 60 degree Celsius because of their 

electrochemical process while processing the charge. Again, SCs temperature varies using 

electrode material and the selection of electrolyte. [8] 

           From recent years the demand of renewable energy has increased drastically to meet the 

demand of less pollution and a step towards green energy. Therefore, renewable energy is 

becoming one of the most essential topics of research and development of new generation of 

energy conversion and storage devices. Since more energy from sunlight strikes earth in 1h then 

all the energy consumed by humans in entire year, solar energy can be used to satisfy the global 

energy demand. Hence, broad attention is received by solar cells, also known as photovoltaic cells. 

However, the production and manufacturing of new generation nanostructured cells is complex 

and costly, beside that a photovoltaic cells function are single by which only sunlight can be turned 

into electricity. [9] 

         The first-generation solar cells are based on the structure of production on silicon wafers, 

which is the oldest and most popular dominating the PV market today due to its high efficiencies. 

It is further categorized into two subgroups as 

• Single/ Mono-crystalline silicon solar cell 

• Poly/ Multi-crystalline silicon solar cell. 

         As the name indicated single silicon solar cells are manufactured from single crystals of 

silicon by the process of Czochralski process were as poly crystalline solar cells generally have 

number of different crystals coupled to make one single cell. The mono-crystalline cells are 

manufactured by the process of recrystallization whereas the poly crystalline silicon solar cells are 
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manufactured by cooling graphite mold filled which is filled with silicon which is in molten state. 

These types of solar cells are the most popular solar cells in world occupying around 48 % of the 

PV market through their efficiency is yet less around 12% to 14%. Whereas the efficiency of 

mono-crystalline silicon solar cell is around 17% to 18%, they are generally more expensive as 

compared to the manufacturing process of poly-crystalline silicon cells. 

        The second-generation solar cells are based on the construction and structure of thin film 

which are responsible for absorbing light, they are generally termed as light absorbing layers. 

Compared to first generation solar cells having film about 350 µm, second generation are generally 

around 1 µm which makes them more economical cost effective to manufacture as compared to 

the first-generation silicon wafer solar cells. 

 

Figure 1. 15. Various types of solar cells technologies and current trends of development. [10] 

As seen in the Figure 1.15, they are categorized in two types, 

• Amorphous silicon thin film (a-Si) Solar Cells 
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• Cadmium telluride (CdTe) thin film Solar Cells 

a-Si PV modules were the first to get commercialized and manufactured industrially also called as 

primitive solar cells. Low processing temperatures are involved while manufacturing a-Si solar 

cells therefore permitting use of low-cost polymer and other substrates for manufacturing these 

solar cells. Therefore, they are cheaper to manufacture and widely available due to low cost and 

abundant availability of materials. The issue with these is they have unstable efficiency, 

commercially being only 4% to 8%. The leading candidate for the development of thin film solar 

cells is cadmium telluride (CdTe) because of its cheaper, economically viable photovoltaics (PV) 

devices. These are known for high chemical stability and was the first PV technology at a low cost 

having a band gap of 1.5 eV with high optical absorption. Excellent light absorption efficiency can 

be found in CdTe because of its direct band gap crystalline compound semiconductor having an 

operating efficiency of 9 % - 11 %. The main issue with this compound is cadmium is not an 

environment friendly material which makes its environmental hazardous. 

       Third generation Solar cells are new promising technologies in newly developed solar cells 

technologies but are not commercially investigated in detail. They are categorized in four types 

• Nano crystals based solar cells 

• Polymer based solar cells  

• Dye sensitized solar cells  

• Concentrated solar cells [10, 11] 

         When light is exposed to solar cell voltage is increased and when the cell is not illuminated 

voltage returns to its initial stage i.e., zero. If supercapacitor is connected to solar cells the voltage 

drop will not decrease linearly or immediately to zero, therefore delivery of the power is not 
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interrupted when illumination is zero. Thereby providing more stable uninterrupted output 

facilitating its uses in broader range of applications (Figure 1.16). When it comes to integrate these 

two devices into one single device there are multiple factors that needs to be considered while 

doing so. Generally, the devices that combine SC and solar cells are referred to as a photo-

supercapacitors (PSCs) or they are called as solar capacitors. They are combined or in other words 

integrated together in different combinations to achieve maximum efficiency. Generally multiple 

solar cells technologies which includes organic, silicon, perovskite and dye-sensitized are 

combined with different SC types of pseudo-capacitors, double layer and hybrid. Previous research 

shows that both these devices were connected by using external cables which is not considered as 

integrated devices for the devices to be fully integrated the SC and the solar cell must share an 

electrode which is common to both devices and either at least have the same substrate. Because of 

sharing a common electrode internal resistance of the device decreases when compared to external 

wired nonintegrated devices. Thereby increasing overall efficiency to some extent. Majority of the 

literature review for integrated devices exhibited a fiber-shaped or a planar (monolithic) structure 

as showed in Figure 1.17. 

`  

Figure 1. 16. Single solar cell and solar cell coupled with a SC during illumination. [12] 

The plot on the left side presents voltage vs 

time for single solar cell and solar cell 

coupled with SC. The voltage if zero when 

the light is OFF and 0.6 when the light is 

ON for single solar cell. The voltage does 

not decrease to zero immediately in the 

places where the proper integration of solar 

cell and SC are placed in the absence of 

light. 3 min discharge was set followed by 

2 min illumination period having a 

constant discharging current density of 40 

µAcm2. 
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       In monoclinic or planar configuration as shown in Figure 1.17 (A) the solar cell is placed at 

the top of the device to absorb the maximum incident light, whereas the supercapacitor is placed 

at the bottom of the device and are connected in series. The part that makes them integrated device 

is they share a common electrode which is mandatory in order to be an integrated device. Different 

ideas have realized in reference to the working principle and materials of the solar cell and 

supercapacitor. Generally, two electrode, three-electrode and four-electrode modes are the 

configurations that are researched so far. 

  

Figure 1. 17. (A) Planar three-electrode structure.(B) coaxial fiber parallel structure. [12] 

       In two electrode a solar cell shares the rear end of the electrode with the SC which reduces the 

material used and increases the energy density of the device. This orientation is most basic and is 

used in most of the integrated approaches. But there are several issues which are still going on as 

a major research topic some of them are: (i) The electrons released from the counter electrode 

could not easily cross the TiO₂ during the discharging process towards the share’s electrode. (ii) 

Second problem was caused during the diffusion of iodine ions because the SC self-discharged the 



24 

device or electrolyte short circuited. All these problems with the two-electrode mode resulted in 

lower efficiency of the device if compared to three electrode modes as two electrode mode 

exhibited higher resistance.  

       To over the issues with two electrode mode an intermediate electrode is placed between the 

DSSC and the SC separating them, thus forming the three-electrode structure. This setup allows 

the DSSC and the SC to operate separately when the load is applied. In this configuration, double 

purpose is fulfilled, the counter electrode functions as the charge storage and as a redox electron 

transfer surface. 

       Figure 1.17 (B) presents the fiber-shaped device or wire type device. When compared to a 

planar structure, the main difference lies in the shape of the device and the common electrode 

which is shared by PV part and the storage part in the form of the fiber. Classified as co-axial, core 

shell, twisted and parallel structures. Different materials like elastic rubber, plastic and metal wires 

have been used as a mechanical support and to assemble the SC and the solar cell part in core shell 

structures. When compared to the planar structure they are less energy efficient because of the 

fiber-shaped solutions. Because of excellent mechanical properties their applications are more 

towards wearable electronics and low power portable applications. 
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Figure 1. 18. working principle of dye-sensitized solar cell coupled with a supercapacitor. [12] 

          As soon as the light is incident on the device the PV part converts the light into electrical 

energy which results in generating hope-electron pair which excites electrons to high energy level 

and hope remaining at the low – energy level. The excited electrons are than accumulated at the 

capacitor on one side and on the other sides which is electrode holes are accumulated until the 

saturation of capacitor. 

         Figure 1.18 presents the working principle of a DSSC coupled with a supercapacitor in a 

three-electrode configuration. Light is incident on the ITO layer which is responsible to absorb 

maximum light from the surroundings and electrons are exited which are known as photo-excited 

electrons then travels from the dye molecules and reaches the conduction band of the 

semiconductor which in here is TiO₂. Transparent conducting electrode allows the electrons to 

flow which is connected to the SC externally, electrons are stored here. The negative electrolyte 

ions allow this process to take place. The photo-generation process and regeneration are possible 

because of the positive dye molecules. Because of the common shared electrode between the DSSC 
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and SC, which provides electrons, the charging process continues as the redox reaction in the 

electrolyte. Until the saturation limit the SC can be charged but if the incident light weakens or 

disappears the devices discharges due to the occurring opposite process. [12] 

         Recent literature review has proven that using Dye sensitized solar cells (DSSCs) in an 

integrated system is one of the best methods for the extraction of solar energy, because of its semi-

transparency, positive indoor performance, low cost of production, higher efficiency as compared 

to traditional silicon based solar cells and its environmental friendliness has proven its capabilities. 

Usually, a DSSC has a TiO₂ photo-electrode that is coated with dye molecules and a platinum 

counter electrode. An iodine-based electrolyte is present between the photo-electrode and platinum 

counter. One of the main disadvantages of using DSSCs is its liquid electrolyte which freezes at 

lower temperature therefore, cutting the power supply can improper function of the overall device. 

The alternative to DSSCs are quantum-dot-sensitized solar cells (QDDSCs), owing to excellent 

properties of QDs instead of dye molecules, high absorption coefficient, multiple exciton 

generation, low-cost facile preparation, bandgap tunability, hot carrier extraction and solution 

processability. The performance of the QDSSCs is significantly affected by quantum dot 

sensitizers, the cell structure, the electrolyte, and the counter electrode (CE). To develop electrolyte 

and quantum dot sensitizers extensive efforts have been made, QDDSCs output is less than DSSCs 

because of the lower conductivity. The main reason for this could be the CE which has been less 

focused. A new type of device having CE constructed from carbon nanotube (CNTs) have been 

proposed which are excellent candidate for large surface area, higher conductivity, and low 

density. CE was mainly constructed from the multiwalled carbon nanotube (MWCNTs) to 

suppress the resistance of the charge transfer at the CE/electrolyte interface and achiever much 

higher efficiency than CuS CE. [13-15] 
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          Among the variety of energy storage devices and technologies, supercapacitors have been 

proven outstanding because of their capability to perform high power density and high frequency 

cycling also maintaining high round-trip frequencies, which is essential to storage power and 

sustain power for grid level applications. Commercial supercapacitors can be rated for over a 

million cycles because storing charge through a physical double layer lowers the issue of cycle-

to-cycle fading, therefore supercapacitors are a promising option over lead-acid battery storage 

system which are heavy, toxic, and flammable. This type of integration using supercapacitors can 

eliminate the use of ac-dc inversion, improving the total energy efficiency of the device.  

          Recently due to the improvement of solar cells integrated with supercapacitors, this has 

created a huge demand in field of portable and flexible electronics with wearable products. For 

example, Flex Enable has successfully created the world’s first flexible fingerprint sensor for 

future mobile phones and smartcards. These devices mostly include flexible batteries and 

supercapacitors (SCs), which must be on low density and thus need to be recharged again and 

again, one effective method is to integrate energy storing devices and energy harvesting devices 

into one system. These systems are called self-powered systems, because of the uninterrupted 

energy store and collection mode an integrated device can provide energy for all kinds of flexible 

electronics. However, when photovoltaics is combined with carbon-based supercapacitors there 

will be three problems that will arise from this configuration: (i) far away from maximum power 

point, at suboptimal voltage-current conditions the PV elements are operated inefficiently, (ii) due 

to low PV output voltage undercharging of supercapacitor may result in whole device failure, (iii) 

unbalanced charge storage in SCs. In recent literature reviews a simple method of connecting a 

control circuit that will be responsible to control the flow of charge and the load impedance that is 
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experienced by the PV was proposed which has nearly solved the above-mentioned problems. [16-

18] 

         Recent years researchers have concluded that graphene can be used because of its 

photoelectric behavior instead of traditional solar cells with better efficiency. Graphene is shaped 

in 2D honeycomb hexagonal lattice. Graphene has major advantage for working day and night 

over traditional solar cell that can only work during the daytime. Because of its hot electron 

transport other than photovoltaic effect, graphene has a physical origin of light-induced 

thermoelectric effects. Only 2.3 – 17% of sunlight is absorbed of a wavelength of 350-1100 nm by 

two-dimensional (2D) graphene of about 1-7 layers making them unreliable. The author has 

demonstrated graphene-carbon nanotube papers (GPs) which is a new kind of material based on 

graphene. These can be called as three dimensional (3D) because these are made from carbon 

nanotubes and graphene sheets which has relatively larger thickness than the traditional 2D 

graphene. When it comes to store energy, supercapacitors play an important role because of having 

very large number of charge and discharge cycles and low environmental impact. Because 

supercapacitors have low energy density than that of the battery, systems that require small energy 

to function such as wireless sensor modes, supercapacitors are perfect. Graphene with single layer 

sheet produced by chemical vapor deposition (CVD) exhibits high transparency with high 

mechanical stability resulting in an alternative indium doped tin oxide (ITO). These CVD- 

graphene are comparatively lower in cost because they are synthesized from carbon sources such 

as food sources, insects, and waste. The author has demonstrated supercapacitors having graphene 

electrodes and graphene electrode which is ITO free power sheet for suitable application. [9, 19, 

20] 
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          Over a decade of research in exfoliation of graphene in 2D materials have proven to enhance 

the performance of rechargeable lithium-ion batteries, photodetectors, photothermal therapies and 

fuel production. Recently a new type of material has been discovered called MXenes which refers 

to two-dimensional structure in layered materials that are derived from metal carbides, 

carbonitrides and nitrides such as Ti3C2. MXenes do not have 3D bulk precursor in nature which 

was present in graphene and phosphorus as a natural 3D bulk precursor, their multilayer is usually 

produced by removal of A layer in MAX phases, e.g., if Al is removed from Ti3AlC2it represents 

the MAX phases. By using intercalation agents such as LiF and DMSO upon delamination, some 

layers of MXene nanosheets can be created. MXenes have already proven a promise application 

in supercapacitors, catalysts, electromagnetic interference shielding and sensors, flexible high 

strength composites, in electrode of rechargeable batteries, photocatalysts, transparent conducting 

materials and adsorption agents for crude oil and heavy metals. Energy conversion and 

electrochemical energy storage are of great interest from the above list and therefore it is necessary 

to update the recent progress of MXene energy application and electrochemistry. [21] 

            In today’s modern world electricity is the basic need and is needed every day and every 

time new research are carried forward for effective way for energy harvesting and storage (HS) 

devices. Plenty of research, especially in case of very limited access to electricity, electrical 

devices providing energy at any point like portable USB chargers, wireless chargers, portable 

battery, that can easily charge over small electrical devices anywhere are on very high demand in 

today’s modern growing world. But the overall energy density is limited, hence the device last for 

only one or maximum two charges forcing the user again to plug in into the energy grid. Therefore, 

demand for energy harvesters that can generate power anywhere and, in any conditions, has 

increased in past few years. It is crucial that the link between the storage system and harvesting 
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system is good enough in order to receive maximum efficiency, also the device should be lighter 

and adaptive to its environment as well as the in terms of flexibility, the overall device should be 

good enough to handle various mechanical forces. To generate and store electricity flexible photo 

charging capacitors integrated with supercapacitors and solar cells can be used as self-powered 

sources. For wearable options one of the most promising photovoltaics technology is to use organic 

photovoltaics (OPVs) which are known to be effective and efficient. In photo-charging systems 

electrical double layer capacitors (EDLCs), also known as supercapacitors are used to balances the 

unstable output by solar cells as well as to store electricity and this is possible because of their 

excellent power density, great tolerance, and superior operation stability. These energy harvesters 

have certain advantages over others such as outstanding flexibility, high power density, light 

weight, reduced thickness, hence they are a perfect fit for next generation of soft electronics 

powered by solar energy. Remarkable progress has been made on studies of flexible photo-

charging capacitors on both planar devices and integrated fiber-shape devices by enhancing the 

storage efficiency and total system energy conversion. These devices are claimed to have increased 

the power output by reducing the thickness size ensuring lightweight and flexibility. However, a 

50µm thick flexible photo-charging capacitor having an efficiency of about 6%, later the device 

thickness was reduced by 1/8 increasing the efficiency by 15%. Combining OPVs with carbon 

nanotube supercapacitor on 1µm thick substrate results in thinness and high performance 

simultaneously. An efficiency of 94.66% was also reported by the ultrathin device after 5000 times 

bending at a radius of 2mm which is a great achievement over other flexible photo-charging 

devices. [22, 23]. 

           On our planet the electromagnetic radiation impinging daily is around 10-100 mW cm¯² 

which is enough to recharge any storage device that can harvest energy in a short period of time. 
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Dye-sensitized solar cells (DSSCs) are one of the most promising photovoltaic technologies 

replacing traditional silicon-based semiconductor-devices. Under 1.5G illumination, efficiency of 

14.3% conversion efficiency was recorded. Besides being highly efficiency DSSCs are cost 

effective with simple fabrication process making it cheaper to use and widely available. In the 

literature review there are very limited proof of combining a DSSC and an EDLC in a monolithic 

flexible device. Recently integration of DSSC with an EDLC was reported, in this configuration a 

nanostructured electrode was shared by DSSC and EDLC that was made of vertically aligned 

mutli-walled carbon nanotube (MWCNTs) acting as the electrode of EDLC and counter electrode 

of the DSSC. For this device, the overall storage efficiency and photon to electrical conversion 

was 5.12%. Another example integrated HS was reported, Titania nanotubes were grown by 

electrochemical anodization of a titanium wire. Electrolyte like gel was also coated on to the other 

side for the energy storage device unit. To obtain the final device, a wire that was made from CNTs 

fiber with the modified Ti wire and later coated with the electrolyte. This fabricated device has a 

photon to electron conversion and storage efficiency (OPECSE) of 1.5%. A remarkable progress 

in the field of flexible HS device was made when perovskite solar cell (PSC) based wearable 

ribbons photo capacitor was fabricated. A higher photo conversion efficiency of 10.41% was 

reported. Compared to third generation PV-based HS devices the OPECSE value is much higher 

for this type of device. Another device similar using DSSC using lithium-ion battery (LIB) was 

reported which had Ti foil having double sided TiO2 nanotube arrays (TNARs). This device was 

able to convert solar energy into electricity by chemical process, but the main disadvantage of this 

device was this type of device was rigid and it was not possible for this device to transport and 

install, in short not suitable portable application. The integration of SC and solar cells twisted 

together gives a storage system having wire shaped photo-rechargeable electric energy. First, it is 
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still very difficult to manufacture these systems on a large scale because of indium tin oxide which 

is widely used for manufacturing solar cells because of its nature of being conductive and brittle 

and because of its properties like sensitive to mechanical deformation. Second, it is not easy to 

achieve higher electro-chemical catalytic activity by transparent CEs for solar cells even though 

platinum (Pt) and other carbon-based CEs shows very good catalytic activity towards triiodide 

reduction, but according to the benchmark parameter their optical transparency is not ideal for CE 

function. Third, the cost of Pt and other transparent conductive oxide (TCO) glass which are the 

main component to construct a DSSCs is more than 40% of the total device cost, making it 

unsuitable for large scale production. Therefore, to harvest and store energy the author has reported 

a new type of DSSC which is Pt free combined with TCO, double sided TNARs face to face with 

a supercapacitor. [22, 24-26]. 
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CHAPTER 2 

LITERATURE VIEW 

 

2.1    Solar cells 

 

        Solar cells are promising devices that directly convert renewable and clean energy into 

electric power. Mainly organic solar cells have lower power conversion efficiency (PCE) than 

inorganic solar cells, also they can be manufactured at lost and remain environmentally friendly. 

Dye sensitized solar cells are organic solar cells and considered promising device in most of the 

practical application. DSSCs counter electrodes are prepared using graphene composites. By using 

situ polymerization in the presence of graphene sheets the author has synthesized a composite of 

polyaniline (PANI) and graphene.  

 

Figure 2.1.1. Schematic diagram of the fabrication steps for preparing a DSSC with a 

graphene/PEDOT counter electrode on a PET substrate [27].  

      In DSSCs the composite film is coated on fluorine doped tin-oxide which acts as a counter 

electrode. The author has used poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) 

(PEDOT: PSS)/graphene/polyethylene terephthalate (PET) sheets in DSSCs as flexible counter 
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electrode, which also shows a PCE value of 6.26% that is close to Pt/PET = 6.68% (Figure 2.1.1). 

The author has also reported that after treating with H2SO4 the PCE increase to 7.065% in 

graphene/PEDOT: PSS counter electrode in DSSC which is a result of strong interaction in both 

compounds. 

    The author mentions about heterojunctions structure device being most effective organic 

photovoltaic (OPV) cells but have low PCEs and poor environment stability. This can be increased 

by increasing the interfacial area electron acceptor and electron donor, resulting in excellent carrier 

mobility chemical and thermal stability, compatibility with the solution process and tunable energy 

levels. With the introduction of graphene material into OPV system can increase the performance 

of the heterojunction cells. Beside graphene hybrids having higher flexibility can be used in OPV 

cells as interlayers because they block the electrical contact between electron acceptor and donor 

upon blending. It is also reported that as the hole transporting layer made of graphene/PEDOT 

composite was used has increased the PCE BY 3.7%, higher than that of PEDOT: PSS. A new 

hole transport layer was prepared by the author that is based on poly (styrene sulfonic acid) grafted 

with PANI (PSSA-g-PANI) and graphene oxide. This device has 4.23% higher PCE, higher than 

the device having PEDOT: PSS and a PSSA-g-PANI hole-transport layer. The author successfully 

introduced graphene quantum dots (GQDs) into a PEDOT: PSS composite, this resulted in highly 

efficient hole-extraction layer in solar cells with showed a PCE of 7.4 (Figure 2.1.2). 
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Figure 2.1.2. Performance of the device: a) Current-voltage (J-V) characteristics of silver 

(Ag)/PEDOT: PSS/silicon (Si)/aluminium (Al) with GQRs. The PCE can reach 7.4%. b) Image of 

the Ag/PEDOT: PSS: GORs/Si/Al device structure [27].  

        Therefore, when polymer is combined with graphene it results in better electrical conductivity, 

mechanical properties and PCE of solar cells, resulting in higher efficiency of overall system.  

2.2    Supercapacitors  

 

        Supercapacitors are known known for its fast charge/discharge rate, high power density and 

long-life cycle. However, because of the unstable structure and limited active surface, they degrade 

during cyclic tests and their capacitance differ from the theoretical value which is generally lower. 

Carbon nano tubes (CNTs) can be embedded into graphene composites for electron transfer, hence 

with better mechanical properties and multiple conductive paths. By introducing small amount of 

CNTs into graphene/PANI the author was successful to fabricate CNT-PANI-graphene ternary 

electrode. Besides that, through facile one-step electrochemical polymerization they have 

fabricated supercapacitor electrode that have compounds as 3D nanostructured composites films, 
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benzenesulfonic acid-functionalized graphene, CNTs and polypyrrole (PPy) are composed in it. 

With PPy and MnO2, 3D graphene foam/CNTs hybrid film was also fabricated. 

 

Figure 2.2.1. Graphene based supercapacitor: a) Representative photograph showing the large size 

and flexibility of the graphene foam/CNT hybrid film. b) Field-emission SEM images of CNTs in 

the graphene foam/CNTs hybrid film. c) Field-emission SEM images of graphene foam/CNTs/PPy 

hybrid films. d) Optical images of two asymmetric supercapacitors connected in series and 

powered red-light-emitting diodes [27]. 

          The author has also mentioned about the solid-state supercapacitors that have been 

fabricated by using graphene fibers, graphene films and graphene hydrogels. Based on self-stacked 

solvated graphene (SSG) they have fabricated flexible solid-state supercapacitors [27]. 
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Figure 2.2.2 . Solid state stacked solvated graphene (SSG) based supercapacitor: a) CV curves of 

the flexible solid-state supercapacitors stored at different time durations with scan rate at 100 mV/g 

and b) cycling stability of the flexible solid-state supercapacitors at the current density of 5 A/g 

[28] 

        The supercapacitors were stored for one week and one month and it was found that the 

capacitance has improved. This was likely because of the SSG film that has diffused ions. The find 

the durability, cyclability and performance, the galvanostatic charge-discharge test were done for 

10000 cycles at the current density of 5 A /g. As seen in figure 5b after 10000 cycles, 83% of its 

initial values is kept by its capacitance, also after 2000 cycles degradation of capacitance takes 
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place. These results demonstrates excellent capacitive and stability performance is exhibited by 

the solid-state supercapacitors [28]. 

2.3    Integrated solar capacitors with DSSCs and supercapacitors. 

 

         DSSC was first discovered by Gräztel and ÓRegan in 1991. Since then, extensive research 

has been carried out in DSSC as promising alternatives to conventional solar cells. The structure 

of the DSSC is very simple where a sandwich structure incorporating face to face electrode, one 

working as the electrode and other as the counter electrode, these two electrodes are separated by 

electrolyte which can be solid or liquid depending on the design of DSSC. The upper is generally 

a transparent layer of glass like compound of plastic substrate having a thin layer of transparent 

conducting oxide, this is because to deposit the mesoporous TiO₂ layer. For cathode other 

compounds like Pt or carbon materials like graphene’s are used. For electrolyte generally an 

iodide/triiodide redox pair in an organic solvent is used. For maximum absorption of light and high 

charge transfer, on the surface of the electrode a monolayer of dye is attached. When illuminated 

the electrons generated are forced in the conduction band of TiO₂, the dye is left in oxidation state. 

Triiodide is reduced to iodide by the flow of electron from anode to the external part releasing 

electrons which are forced naturally to oxidize the dye molecules bringing them to ground state. 

Highest PCE for DSSC ever reached was around ~14%. 
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Figure 2.3.1 Schematic of the sandwich multilayer integrated device with (a) two electrodes 

(reproduced with permission from AIP Publishing LLC 2004) and (b) three electrodes (reproduced 

with permission from © Royal Society of Chemistry 2005). [29] 

      The author reported a two -electrode comprising a DSSC and a supercapacitor as an integrated 

planar device for the first time in 2004. Photo capacitor was a device that was constructed on a 

multilayer photoelectrode having dye sensitized TiO₂/hole trapping layer carbon particles which 

was in contact with the electrolyte, which was organic solution, as in Fig. 2.3.1 (a). The device had 

a charge-discharge efficiency of 80% and charging voltage of 0.45V, an area of capacitance of 

0.69 F/cm². Because of the electrons passing through the Schottky barrier which is generally in 

TiO2 layer the internal resistance during the discharge was large. Therefore, to overcome this 

problem a three-electrode having an internal Pt electrode with dual-function was reported by the 

same group. This was done to store charge and conduct redox electron transfer simultaneously. As 

seen in Fig. 2.3.2 b., the device consists of two activated carbon layers attached to Pt-glass 
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electrode which acts as a counter electrode and other attached to Pt-electrode which is acting as an 

internal electrode. 

       The main idea to develop this device was to reduce the internal resistance, because of the 

presence of activated carbon the electron actively moves to Pt-electrode without any potential 

barrier, the result obtained was a great decrease in internal resistance from 2.6KƱ¯¹ to 330Ʊ¯¹ 

when compared with the two-electrode device. High charge state voltage of 0.8V. But the 

coulombic efficiency was still low because of the presence Pt-electrode causing back electron 

transfer. 

2.4    Flexible dye sensitized solar cells (DSSCs) and flexible supercapacitors (SCs) 

 

 

Figure 2.4. 1. Characterization of a typical flexible DSC. a) The image of a flexible DSC. b) J-V 

curve of that DSC under one sun [13]. 
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Figure 2.4.2 . Performance of a flexible supercapacitor with 2 cm2 of cross-sectional area: (a) 

Cyclic voltammograms obtained with a scan rate of 60 mV/s at different voltage windows. The 

absence of significant faradaic peaks is an indication of the high electrochemical stability of the 

polymer electrolyte (PE)-room temperature ionic liquid system; b) charge-discharge profiles with 

a constant current density of 75 μA cm-2. The triangular-shaped charge-discharge curves are 

characteristic of capacitive behavior [13]. 

 

       On the electrodes reduce graphene oxide (RGO) was used as an active material for the 

preparation of supercapacitors in the conventional stacked geometry, beside a solid polymer 

electrolyte (PE) was also used. The supercapacitors preparation also consisted of a mixture of 

polyurethane Irogran which is a thermoplastic (huntsman) and by the weight if the temperature of 

the room of about 70% ionic liquid (RTIL) 1-butyl-2,3-dimethylimidazolium 

bis(trifluoromethanesulfonyl)imide. Into micro-domains due to its intricate segmentation, also 

because of its high ionic mobility and good mechanical stability, polyurethanes have been 

investigated the best matrix for polymer electrolytes. The performance of the flexible DSSCs and 

flexible SCs were evaluated. Fig 2.4.1 a. shows the picture of the manufactured flexible DSSC, 

and Fig 2.4.1 b shows the photovoltaics performance of the DSSC, respectively. As per the 

characteristics the DSSC area was kept around 16 mm2. The air mass (AM) of 1.5, 100mW/cm2 
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was kept for testing the efficiency of the DSSC at 25 ﮿C. A solar simulator (94041A, Oriel) was 

used to simulate the suns. Experimentally the efficiency of the DSSC was 2.8% having current 

density (Jsc) of 6.7 mA cm-2 with a fill factor of 0.59 and open voltage (Voc) was 0.71V. 

 

        The overall performance of the supercapacitor (SC) is shown in the Fig 2.4.2. As it can be 

seen in the cyclic voltammograms in Fig 2.4.2a., the RTIL electrochemical stability allows 

working of supercapacitors with high voltage. The effective double layer formation can be 

observed in Fig 2.4.2b., where triangular profile of charge and discharge are obtained. The 

capacitance of the device calculated by cyclic voltammetry was 2mF cm^-2 with a 4V window at 

60 Mv/s whereas the power density from the charge/discharge data was 31 mW/cm2. 

       As shown in Figure 2.4.3 the solar cell and supercapacitor were integrated together, and the 

performance of the overall device was evaluated. Each component was taken and mounted 

individually on strips of ITO-PEN, here ITO-PEN was chosen because of its excellent electronic 

conductivity, flexibility, and its transparency. Due to the device reversible deformability which is 

because of the flexible device of the electrodes, current collectors, and electrolyte, even after 

bending and tilting the device showed no significant performance loss, which is excellent for 

outdoor conditions. 
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Figure 2.4.3. The schematic of portable flexible DSC-SC integrated energy device. The left part 

represents DSC, which is the energy generator, while the right part shows the structure of the 

supercapacitor as the energy storage. The substrate is ITO-PEN. DSC and SC were sealed 

separately [13]. 

 

       DSSC was the main source for harvesting energy from the illumination, acting as the power 

source for the whole integrated device. As the electrons are excited, supercapacitors are charged 

due to the current generated in the solar cell for 30 seconds and then discharged having a current 

density of 5 µA cm-2. As shown in Figure 2.4.2b, having a discharge capacity of 0.14 mF cm-2, the 

device can easily power the device for storing energy. However, it still depends on the amount of 

actual useful charge extracted, charge regime and discharge current. For a galvanostatic cycling 

test the discharge capacitance with a charging voltage of 2 V was obtained as 0.39 mF cm-2 [13]. 
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Figure 2.4. 4. Performance of the DSC-SC integrated energy harvesting and storage device: (a) 

The device is flexible and repeated deformation does not lead to any damages; (b) Harvesting-

discharge profiles: the integrated device was charged with the DSC powered by 1 Sun for 30 s and 

then discharged at a constant current density of 5 μA cm-2; (c) Self-discharge profiles after a 60 

second charge under 1.0 Sun for different DSC-SC assemblies. Solar cells arranged in series with 

the supercapacitor enables higher voltages to be achieved [13]. 

 

2.5    Dye sensitized solar cell combined with Silicon Electrode Photocapacitor. 

 

        A simple wafer scale process was used to construct electrodes from a silicon wafer. This type 

of electrode replaces the Pt-based central electrode used on traditional DSSCs. The main advantage 

of this setup is here silicon wafer is also serving as an electrode for an electrochemical 

supercapacitor. The combined efficiency reported on this integrated system was 2.1% which is the 

best so far in literature review. Silicon wafer were transformed into multifunctional electrode by 

simple two step material fabrication process involving double sided electrochemical fabrication of 

porous silicon and thermal carbon passivation that is self-catalyzed by the porous silicon wafer. 

The architecture of the device is completely based on silicon wafer as seen in Figure 2.5.1. The 

porous channel is found in double sided porous silicon and are responsible for consisting main 

pore channels that are sub divided into smaller subchannels that results in higher surface area 
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interface that is excellent for both storage and charge transfer. As seen in Figure 2.5.1A silicon 

wafer 2 is used as DSSC cathode and silicon wafer 3 is used as counter electrode to serve as 

supercapacitor or it can also function as an anode. The electrodes of the supercapacitors were 

coupled using an ionic polymer, poly(ethylene-oxide)/1-ethyl-3-methylimidazolium 

tetrafluoroborate (PEO-EMIBF4) with 1:3 mass ratio. Not only serving as solid state 

supercapacitor but acting as a mechanical support. FTO/TiO₂ DSSC anode, which is electrode 1, 

electrode 2 acts as DSSC cathode as discussed earlier, after that I⁻/I₃⁻ layer of redox electrolyte 

was used to fill the and seal the space.  

 

Figure 2.5. 1 . Dye sensitized solar cell combined with Silicon Electrode Photocapacitor (A) 

Scheme of the integrated device configuration, showing the three-electrode architecture utilized in 

testing of the integrated, solid-state DSSC-supercapacitor system with SEM images of the porous 

silicon layer responsible for both the energy storage and conversion active materials in this device. 

(B) Band diagram of the photocapacitor device and charge transport processes occurring under 

illumination. (C) Photograph of a full 4″ silicon wafer following electrochemical etching. (D) SEM 

image of carbonized porous silicon material (SB = 200 nm). (E) Photograph of a representative 

full solid-state integrated DSSC-supercapacitor device as is utilized for the experiments in this 

work [17]. 
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       At the initial stage or onset of charging no potential difference is observed between any of the 

electrodes. Ruthenium dye is responsible for absorbing photons from the solar illumination with 

energy more than ~1.7 eV which excites the dye molecules from ground state (S) and exciting 

them to excites state (S*). No later than the excited electrons travel to the conduction band of TiO₂ 

which results in the reduction of dye (S⁺). The diffusion of electrons takes place from mesoporous 

TiO₂ layer to FTO layer, which acts as a negative electrode (electrode 1). External wiring is 

connected from electrode 3 and electrode 1 to make electrons travel through it to electrode 3, there 

electrons are stored in conjunction with the formation of an electrostatic double layer in the ionic 

polymer of mostly cations (EMI⁺). Iodine redox mediator is responsible to reduce the S⁺ back to 

its ground state (S). Oxidation of Iodine ions takes place in this process where I⁻ are converted to 

I₃⁻, therefore diffusion of carbonized porous silicon considered at electrode 2. An electrostatic 

double layer of mostly anions is formed because of the continuous oxidation of iodine redox 

mediator which drains electrons from electrode 2, this gives it a positive charge. These electrode-

ionic layer which are between electrode 2 and 3 effectively stores photogenerated charges. It 

should be noted that the electrons carried by the photocurrent will continue to arrive from electrode 

2 to 3 by the way of electrode 1 until the Voc is equal to 0.7 V. 
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Figure 2.5. 2. Device characterization of the full, integrated silicon DSSC-supercapacitor device. 

(A) Voltage as a function of time for photocharging of an integrated system using the DSSC; the 

corresponding current−time profile is shown in red, emphasizing that most of the stored charge 

occurs at voltages below 0.6 V. (B) Light-charging and dark-discharging curves relative to 

supercapacitor footprint showing photocharging to 0.64 V, and subsequent dark Galvanostatic 

supercapacitor discharging at rates of 0.05, 0.1, and 0.25 mA/cm2 [17]. 

 

       The integration of overall device with DSSC and supercapacitor was simulated to harvest, and 

store energy like in real environmental conditions, example when a cloud passes overhead or in 

power pike. The device was galvanostatically discharged at 0.05, 0.1 and 0.25 mA/cm2 and seen 

in Figure 2.5.2 B having a voltage cutoff of 0.64 V which is very near to the Voc. 0.1 mA/cm2 

curve was chosen to calculate the power density and energy density of the discharge which was 

reported as 22 µW/cm2 and 0.17 µWh/cm2. With these results it was proven that this device can 

be used where multiple devices are connected into full size panels and compatible with household 

or other grid applications. For power balancing during energy conversion as well as in microgrid 

systems these devices can be used to store and deliver power [17]. 
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2.6    DSSC and a graphene-based electric double layer capacitor. 

 

        As seen in Fig. 2.6.1 the author has developed a new type of device integrated where a DSSC 

is integrated with graphene-based electric double layer capacitor. In this device both EDLC and 

DSSC were obtained onto stainless steel and titanium grids. TiO2 nanotubes which are vertical 

aligned and are dye-sensitized as DSSC photoanode and graphene nanoflakes due to its unique 

property to store electrochemical energy. In two different liquid methacrylate-based polymer 

electrolyte membrane (PEM) was activated and was used in DSSC and EDLC units. PEM here is 

proposed for the very first time EDLC electrolyte separator was selected in both because of its 

increased lifetime of DSSC by preventing the electrolyte to evaporate resulting in good flexibility 

and handling. 

 

Figure 2.6. 1 . Three-dimensional scheme of the flexible harvesting-storage device components 

and assembly [22]. 

         The main reason why PEM selected in this device is that it acts as a sealant of the flexible 

EDLC unit and guaranteeing enough ion mobility in ambient temperature operation along with 
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easy handling ability and high mechanical robustness. Both units are separated by a flexible layer 

called Polydimethylsiloxane (PDMS) which is a type of organic polymer based on silicon group. 

This type of construction allows the device to be flexible with good bending properties and the 

system is easily exploitable.  

         Careful investigation was carried out between the two units of the HS device. As seen in Fig. 

2.6.2 A the EDLC electrode is electrically connected to DSSC electrodes in charge. Fig. B and 

Fig. C schematically represents the path of the charge C during photo- charge and discharge, 

respectively. As seen the author has tested the device in the sun simulator also the source measure 

unit is connected to two EDLC electrodes. Different illumination conditions were used for testing 

single DSSC unit. As seen in Fig. 2.6.2 E different curves indicates different suns as 0.8, 0.9, 1 

Sun illumination conditions. 
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Figure 2.6.2. Performance of  integrated device: A) Electrical connection scheme between 

terminals of the HS device and source measure unit, B) photo-charging mechanism of the HS 

device, C) discharge process of the HS device, D) HS device electrically connected and introduced 

into the sun simulator under testing conditions, E) photo charging curves of the EDLC at 0.8, 0.9 

and 1 Sun illumination conditions, respectively [22]. 

      

         When the sun simulation is switched on the in each profile. Charge starts and acts very 

different from each other. To test the devices and to compare the photovoltaic efficiency with the 

overall energy storage efficiency, several illuminations were used to test the HS device. The 

following equation was used to calculate the OPECSE: 

𝑂𝑃𝐸𝐶𝑆𝐸 =
𝐸(𝐸𝐷𝐿𝐶)

𝐸(𝑆𝑂𝐿)
=

1
2 𝐶𝑉2

𝑃(𝑖𝑛)𝑡(𝑐ℎ)𝑆
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Where V is the bias potential between EDLC electrodes, C is the capacitance of EDLC, time of 

charge is denoted by t(ch), P(in) is electromagnetic power density that is produced by the simulator 

of sun and S is the active surface of DSSC. The main reason to find the OPECSE because it 

measures the ratio of electrical energy stored in EDLC to and the EDLC period needed to reach a 

potential value here the electromagnetic energy is received by the DSSC active surface. 

 

Figure 2.6. 3 . DSSC photovoltaic efficiency and photon-to-electron conversion and storage 

efficiency of the HS device [22]. 

Table 2.6. 1 Photo-conversion, storage and OPECSE efficiency values of the HS device under 

different illumination conditions [22]. 
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    The efficiency of HS device and the DSSC units is shown in Fig 2.6.3 and is represented and 

summarized in table 2.6.1. Overall efficiency and PCE is directly related to the area of titanium 

metal grid. The efficiency of the solar cell is greatly affected by the slight change in the solar 

power radiation for 0.5 sun. The product of storage efficiency (ȠES) and photovoltaic efficiency 

(PCE) is given by storage efficiency. This is the main reason for the highest overall energy density 

at 0.3 Sun because the value for PCE at lower illumination is drastically increased. There is an 

evident decrease in storage efficiency (ȠES) for illumination less than 0.5 Sun this can be due to 

the current leakage in EDLC, beside the values of 0.3 Sun is neither maximum nor minimum but 

the product of is maximum storage efficiency. For conditions like in lower lighting DSSC generate 

the current to the EDLC is reduced, also reducing the current density, decreasing the current 

leakage responsible for hindering the current charging the EDLC. This cannot be neglected as it 

was for 0.5 Sun and 1 Sun conditions. Even though the illumination is decreased the overall 

efficiency was not found to be reduced dramatically. From the range of 0.1-0.3 Sun a slope of 

approximately 1.4% was observed. This is the exact same results which can be observed from a 

real environment being cloudy or low illumination. The only way to reduce the leakage current 

effect ultimately increasing the overall efficiency of the device might lead to a highly effective 

device, which is able to store energy at almost constant power rate under different spectrum of 

environment and atmospheric condition [22]. 
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2.7    DSSC with a supercapacitor face to face on double-sided TNARs 

 

 

Figure 2.7. 1. Design and principle of the integrated energy device system. (a) Schematic diagram 

of the   integrated energy device. (b) SEM images of the CuS grid hybrid film obtained from the 

Cu grid film reaction with saturated sulfur powder solution for the CE of the DSSC. (c) SEM 

images of the CC–PANI composite electrode, which was prepared by electrochemical deposition 

and serves as the positive electrode of the SC. (d) Photograph of the top and bottom views of the 

integrated device [25]. 

 

        The author has reported a new type of flexible power pack device combining DSSC with a   

supercapacitor face to face on double sided TNARs, here the DSSC is free of TCO and Pt to reduce 

the cost of the overall system and to harvest and storage maximum energy using TNARs. The 

schematic diagram shown in Fig .2.7.1. indicates the working mechanism of the integrated power-

pack which is based on light-electromagnetic process. When the solar radiation is bombarded on 

DSSC, the electrons move to the conduction band of the TNARs and are transferred to the anode 

of supercapacitor. While the holes where the positive charges are generated are transferred to the 
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cathode of SC which is the carbon cloth through the external circuit. As seen in Fig. 2.7.1 a. the 

upper part seen in the figure is DSSC consisting of TNARs acting as the photo-anode and CuS 

network which acts as the CE. Fig. 2.7.1 b. and Fig. 2.7.1 c. shows the SEM image of the device 

in upper and lower portions. Situ polymerization was used to electrochemically deposit polyaniline 

films on the Ti slip and carbon cloth to form an asymmetric SC. An electrolyte called PVA/H3PO3 

gel and cellulose membrane was used a separator. Fig. 2.7.1 d. shows the bottom and top view of 

the integrated device showing its flexibility and its ability to be attached on the cloth for portable 

and easy use.            

 

Figure 2.7. 2. Schematic of the important aspects of this review article [30].  

 

      Figure. 2.7.2. Presents the general schematic diagram of fiber type wearable devices and 

wearable integrated devices. As seen the triboelectric nanogenerators (TENG) which converts any 

small mechanical or thermal energy into electricity and solar cells are listed as energy harvesters 
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whereas li-ion batteries and supercapacitors are listed as energy storage devices. Integrating 

together either TENG can be combined with storage devices or solar cells. The efficiency of these 

types of devices varies by environmental conditions and the type of material used for the 

construction of solar cells and TENG. 

    Figure. 2.7.3. Presents the SEM images of the CuS networks on the ultrathin PET. As seen in 

Fig. 2.7.3a the grid of the Cu network reported was square measuring length (L) of the side wall 

as 300µm and width of the grid interaction as 10µm. This flexible mesh was then treated with 

saturated sulfur solution for about 12 H at 70 degree C, the result is flower like compound as shown 

in Fig. 2.7.3b. called CuS which was largely deposited on the mesh. The CuS network compound 

is composed of nanosheet measuring 50nm in thickness. Here this compound is important because 

it serves as the film for conducting electron collection from the external circuit and a catalyst for 

reducing triiodide (I3¯) electrolytes. 
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Figure 2.7. 3 (a) SEM image of the Cu networks and magnified meshes. (b) SEM images of the 

flower-like CuS generated on the Cu meshes [25]. 

      When practical application is considered, it is obvious that this device will generate heat and 

there is always a possibility of heat transfer because of the critical index of liquid electrolytes when 

it comes to store energy like in future wearable technologies or portable devices. Therefore, the 

integrated device was tested in different temperature variation and at different voltage which 

represents the working conditions. Fig.2.7.4a and 2.7.4b.  represents the temperature and voltage 

test conducted on the Cu and CuS network. As expected, the author demonstrated that the CuS 

network shows a slightly higher temperature compared with that of the pure Cu network film. 

Initially the voltage was kept on 1V which showed temperature of 22.8 degree C with later changed 

to 5V showing temperature of about 24.6 degree C by infrared thermal imaging. Slightly higher 

temperature was noted with CuS network film where at 1V was 24.5 degree C and for 5V was 

30.6-degree C. Another test was conducted demonstrating real environment conditions where 
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average of 23.5 degree for Cu and 26.3 degree C for CuS was noted, which is perfect for its 

application in a variety of wearable electronic products [25]. 

 

Figure 2.7. 4  (a) and (b) Infrared camera images of the Cu network film and CuS network film 

at the potentials of 1 V, 3 V and 5 V, respectively [25] 

 

2.8    Methylammonium lead iodide (CH3CN3PbI3) based solar cell with polypyrrole based 

supercapacitor. 

 

           The author has reported a new HS integrated system containing CH₃NH₃PbI₃ based solar 

cell and a polypyrrole based supercapacitor to harvest and store electricity. A similar type of device 

was also reported where they used carbon counter electrode-based PSCs and asymmetric MnO₂ 

SCs which was asymmetric, and integration of PSC and SC was done for energy storage and 

photoelectric conversion. The experimented results for this device resulted that to drive the loads 

by storing energy that can be charged by SC under AM 1.5 white light illumination using PSCs, 
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but higher efficiency was guaranteed in polypyrrole based SC because of the use of CH₃NH₃PbI₃. 

Fig. 2.8.1. Presents the schematic diagram and photograph of the fabricated device. 

          This device is equipped with integrated power pack which enables converting solar energy 

to electricity which is then used to drive a load that is connected in parallel, or it can be stored in 

supercapacitor which is in a series connection. 

 

Figure 2.8. 1 Methylammonium lead iodide (CH₃NH₃PbI₃) based solar cell with polypyrrole based 

supercapacitor.a) Structural scheme of an integrated energy pack containing CH3CN3PbI3-based 

solar cell (PSC) and a ploypyrrole based supercapacitor (PPC), and b) photograph of the integrated 

device [31]. 

 

Fabrication of organic-inorganic hybrid solar cells was done in configuration of mesoporous (mp)-

TiO2/CH3NH3PbI3/spiro-OMeTAD/Au. The thickness of the hole transporting material (HTM, 

spiro-MeOTAD) was 120nm and (mp)-TiO₂ film combined with CH₃NH₃PbI₃ varied between 150 

nm and 300 nm. Spin coating method was used to deposit both on mp-TiO₂. On the top of TiO₂ 

large islands of CH₃NH₃PbI₃ were observed, these structures allow more light harvesting by the 

perovskite in 550nm to 800nm region. 
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Figure 2.8.2 Performance of the perovskite solar cell device: a) Photocurrent density-voltage (J-

V) characteristics of CH3CN3PbI3 based perovskite solar cells with different mp-TiO2 thickness 

(device A 300 nm, device B, 250 nm, device C 150 nm), b) Photo-current action spectra of device 

B using 250 nm thick mp-TiO2. The devices were measured with mask of 0.16 cm2 [31]. 

 

Table 2.8. 1. Photovoltaic metrics of devices (active area: 0.2 cm² measured with a mask of 0.16 

cm²) using a photoanode with various thickness under AM 1.5 G illumination [31]. 
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Figure 2.8. 3. Performance of the PPC:  a) J-V curves of the polypyrrole-based supercapacitor 

(PPC) under different scan rates in a two-electrode system. (b) Galvanostatic charge–discharge 

curves of the PPC at different charge-discharge current densities. (c) The area-specific capacitance 

under different discharge current density [31]. 

 

Figure 2.8. 4 . J-V curves of a combined system using a CH3CN3PbI3 solar cell and a polypyrrole 

based supercapacitor when the supercapacitor was charged to different potentials (0, 0.2, and 0.6V) 

[31]. 
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Table 2.8. 2 . Photovoltaic metrics of the integrated energy package (active area 1 cm2, measured 

without a mask) under AM 1.5 G irradiation by combining a pervoskite solar cell with a 

supercapacitor discharged at different voltages [31]. 

 

 

        As seen in Fig. 2.8.2a. photocurrent voltage curves as a function of (mp)-TiO₂ is presented 

with film thickness tested under 100 mWcm-2 with AM of 1.5G irradiation simulated. Table 2.8.1 

shows the short circuit current density (Jsc), fill factor (FF), open circuit voltage (Voc) and power 

conversion efficiency (PCE) of devices A, B and C. It was observed that the best performance was 

observed at device B which had thickness of 250nm with PCE of 13.6%, FF of 0.7, Jsc of 19.90 

mA cm¯² and Voc = 0.974 V. It is true that the thicker surface absorbs lighter so technically it 

should have the best performance, but that is due to carrier recombination losses. As seen in Fig. 

2.8.2b. the performance is of device B showing incident photon to electron conversion efficiency 

(IPCE). Efficient solar light harvesting can be observed because it had covered a broad-spectrum 

range near to IR region up to 800nm. 

      Fig. 2.8.3a. presents the results of various scan rates ranging from 2 to 50 mV s¯¹ which shows 

the cyclic voltammetry (CV) curve. High capacitance and electrochemical stability can be 

observed in the curve because the curves remained in rectangular shape. The curves indicating 

charge-discharge ideal for straight line as seen in Fig. 2.8.3b. that indicates the process of redox of 
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the active materials carried out at pseudo-constant rate. It was observed in Fig. 2.8.3c. as highest 

Areal capacitance of 572 mF cm-2 was exhibited by the supercapacitor at a discharge of 1mA/cm2. 

This clearly reflects high electrical conductivity and good ion transport in the porous structed film. 

        J-V characteristics is represented by Fig. 2.8.4. Where the graph is noted when supercapacitor 

is discharged at different voltage. The test was conducted at three different voltage 0V, 0.2V and 

0.6V. The hysteresis effect in the device is very small which is like the single solar cell. Table 4 

presents all the detail parameters where it can observe that as the potential is increased the output 

voltage of the device is also increased. When the PPC was applied by 0.6V it was observed at the 

overall efficiency of the integrated device was reached to 20% giving an output voltage of 1.46V 

[31, 32]. 
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2.9    Dye sensitized solar cells as photoanode integrated with fiber supercapacitor. 

 

 

Figure 2.9. 1. Schematic of the Composition and Structure (“Thread to Cloth”) of the Integrated 

Energy Textile for Future Smart Garments. Key: (a) The “threads” (fiber supercapacitor (FSC) or 

DSSC photoanode) can be large-scale fabricated and tailored into different segments. (b) Textile 

energy device produced through the processes of weaving, tailoring, and sewing in which FSC and 

DSSC are integrated. (c) The prospect of wearing future smart energy garment to power small 

electronics [33]. 

 

      Figure 2.9.1 shows how fabrication of wearable dual function energy textile can be done. 

Figure 2.9.1 can also be demonstrated as “thread to cloth” featuring fiber electrode and device that 

has high tailor ability and flexibility is fabricated. Then the strings of the device, by using an 

industrial rated weaving machine the electrodes are woven. As shown in figure 2.9.1b the fiber 

supercapacitor FSCs and DSSCs are woven together side by side for solar energy harvesting and 

storage. It can be noticed that every thread including FSC, fiber shaped DSSC photoanode and CE 
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are also tailorable. The integrated device can be easily woven together and cutting into various 

shapes is still possible, giving this fiber/device a very high application in today’s fiber solar energy 

harvesting market as shown in figure 2.9.1c 

         Figure 2.9.2 shows the process of fabrication of TiN nanowires with C shells. The Ti wire is 

chosen for its soft, better electrochemical properties and largely availability. Later, it goes thought 

the process of alkali hydrothermal treatment and further ion exchange process is done to obtain as 

H2Ti2O5·H2O NWs. After being nitrated TiN NWs are obtained finally, carbon shells are coated 

by the process of glucose assisted hydrothermal deposition and carbonization method. Carbon shell 

is coated because of poor cycling ability of the TiN which arises after irreversible oxidation. SEM 

image is shown in Figure 40b demonstrating TiN/Ti wire (~250 µm in diameter, revealing that 

TiN NWs grow radially around Ti wire uniformly and compactly. Excellent capacitance is also 

observed in Figure 40c where CV curve of the TiN/Ti is plotted from scan rates of 0.01 to 0.1 V/s 

in a three-electrode system. Good capacitance is noticed again in figure 40d under galvanostatic 

discharge/charge (GCD) curves which is measured in different current density. Figure 1e 

demonstrates Nyguist plot showing low resistance of the electrode. 
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Figure 2.9. 2. TiN nanowire based FSC electrode: (a) detailed synthesis process of TiN NWs on 

Ti wire; (b) panoramic view SEM image of the TiN/Ti wire and the cross-sectional view SEM 

image of TiN NWs; (c−e) electrochemical properties (CV curves, galvanostatic charge/discharge 

curves, and Nyquist plot) of the TiN/Ti wire with length of 2 cm [33]. 

        Figure 2.9.3 shows the fabricated structure if the solid state FSC device where two TiN/Ti 

electrodes are assembled using KOH/PVA gel as an electrolyte and separator. Figure 2.9.3b and 

2.9.3c shows scans rates which indicates good capacitance even at very high rate of 50 V/s. The 

capacitance of 87.5% is maintained by the TiN FSC device even after experiencing 5000 cycles of 

GCD which indicates excellent stability as shown in Figure 2.9.3d. To able to withstand real 

environmental conditions where bending is the primary force experienced by all wearable fiber, 

this device was tested undergoing twisting and bending of the TiN FSC. As observed in Figure 

41e even after bending 2000 cycles from 0 to 360 degrees, 98% of its original capacitance was 

maintained by the TiN FSC. To investigate the tailor ability wear and tear and its effects on the 

performance of TiN/Ti FSC a 4 cm long FSC was cut into two equal pieces, i.e., 2cm as shown on 
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Figure 2.9.3f. Both the pieces were tested separately revealing half capacitance and concluding 

that tailoring process will not affect the performance of FSC. Even if they are cut off or broken, 

they can be restored easily by a simple parallel connection. 

 

Figure 2.9. 3 . Solid-state FSC device: (a) schematic of the structure of TiN nanowire based FSC; 

(b, c) CV curves of the 4 cm long FSC at scan rates from 0.1 to 50 V/s; (d) cycle performance at a 

current of 0.05 mA of the FSC (inset shows a blue LED lighted by three series connected FSCs); 

(e) capacitance retention under bent for 2000 times (from 0° to 360° for each cycle) and CV curves 

of the first and 2000th cycle (inset); (f) demonstration of the tailor ability of the FSC [33]. 
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Figure 2.9. 4 . DSSC textile: (a) schematic of the interlaced structure of photoanode and CE; (b) 

cross-sectional view SEM image of the ZnO-nanorod based photoanode; (c, d) output 

performances of the DSSC textile with strings connected in series and parallel, respectively.  (e−g) 

performance stability tests of the DSSC textile with different bending angle and bent times; (h) 

demonstration of the tailorability of the DSSC textile [33]. 

 

        If we consider the solar energy harvesting module, flying shuttle process is used to interlace 

photoanodes of fiber shaped and CEs are woven as shown in Figure 2.9.4a. On Mn coated polymer 

wire ZnO NWs are grown and later are sensitized by dye N719. A final fiber shaped photoanode 
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is obtained after coating a hole transfer layer (CuI) as seen in the SEM image of Figure 2.9.4b 

were as the Cu coated polymer is nothing else but CE. To further investigate the performance of 

this fiber strings are connected in parallel or in series and the data is recorded. Figure 2.9.4c, with 

the number of strings increasing the open circuit voltage of the photoanode strings increases as 

they are all connected in series and while the short circuit remains the same. Initially the fibers of 

DSSC were tested for connection of six strings of photoanode with length of ~2cm where Isc and 

Voc of 0.28 mA and 2.6 V was achieved. Whereas, when they are connected in parallel, Isc 

increases with the number of strings and Voc remained unchanged. Here Voc of 0.4 V and Isc of 

2 mA is achieved. 

         The DSSC photoanode fiber was also tested under various bending conditions where, it was 

found that the DSSC textile shows excellent bending tolerance and flexibility. Even though the 

bending cycles where increased up to 100, the mechanical stability remained good and no 

degradation was observed in performance as shown in Figure 2.9.4e, 2.9.4f and 2.9.4g. This 

experiment proves that the photoanode and CEs are tailorable, therefore DSSC is also tailorable. 

Isc of 0.41 mA and Voc 0.41 V was noted. Again, the woven DSSC was split into two parts of 

equal dimensions where the performance was just the half of the original DSSC woven fiber, Isc 

= 0.21 mA and Voc = 0.41 V, if the two are connected in parallel the photoelectric current can be 

recovered and when connected in series the Voc of 0.94 V was noted therefore also recovering 

open circuit voltage. 
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Figure 2.9. 5. Integrated energy textile: (a) photographs showing the tailor ability of the textile 

cloth which integrates DSSC and FSCs functions; (b) equivalent circuit; (c) light-charge and 

galvanostatic discharge performance [33]. 

 

        Figure 2.9.5a presents the DSSCs and FSCs woven together by introducing more cotton yarns 

forming a textile for light – charging. Figure 2.9.5b shows the equivalent circuit of integrated light 

-charging final device. The device was tested under one sun illumination (100 mW/cm2) where, 

the charging of DSSC took 17s to charge upto 1.2 V as demonstrated in Figure 2.9.5c. The 

discharge process is recognized by the galvanostatic method having constant current density. As 

seen the FSC module takes around 78s at a current of 0.1 mA, 40 s at 0.2 mA, and 20 s at 0.4 mA 

to fully discharge. By increasing the length of the photoanode in DSSC modules the performance 

of the DSSC-FCS unit can be altered [33]. 
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2.10   Silicon Nanowire/Polymer Hybrid Solar Cell-Supercapacitor 

 

     Figure 2.10.1a presents the schematic diagram of silicon nanowire hybrid solar cell-

supercapacitor, an integrated self-charging powering unit. The top part of the device acts like a 

hybrid solar cell and the supercapacitor is at the bottom structured from polypyrrole for energy 

storage. As it can be seen in the figure that PPy is sandwiched with Ti films and top of it sits the 

Si substrate which acts as a rear end electrode for the hybrid solar cell and the other as the 

electrodes of the supercapacitor. Polymer heterojunction was formed by spin coating of 

PEDOT:PSS onto the SiNWs. Electrochemical deposition method was used on Ti for the 

deposition of polypyrrole films, by this process a symmetric supercapacitor is formed. For 

separator porous polyethylene (PE) was used and for electrolyte, gel like H3PO4/PVA (poly(vinyl 

alcohol)) was used. The results are an integrated device capable of harvesting solar energy and 

storing it at the same time. 

 

Figure 2.10. 1 (a) Schematic of the integrated hybrid device containing a SiNW based 

heterojunction solar cell and a polypyrrole based supercapacitor. (b) SEM image of as-fabricated 

SiNW. (c) SEM image of SiNW after 2 h PCl5 treatment. (d) TEM image of a single as-fabricated 

Si nanowire. (e) TEM image of a single Si nanowire after 10 min methylation treatment. The scale 

bars are 500 nm in the insets of (b) and (c) [34]. 
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       Figure 2.10.1b illustrates the SEM image of the SiNWs, where the center-to-center distance 

of adjacent nanowires are measured as 250nm, the surface of the nanowire becomes rough with 

unknown reason after being treated with metal-assisted chemical etching, which also confirms that 

the SiNWs has assembled in an excellent way on the Si substrate. As seen in figure 2.10.1c, after 

chemical methylation etching process for 2h the diameters of the SiNWs decreases, here for Si 

chemical etching agent PCI₅ was used. Because of this process the SiNWs outer surface is now 

smoother, and the shape is now turned from round to quasi-square, which ultimately resulted in 

increasing edge to edge distance hence wire was enlarged. Figure 2.10.1d and e compares the 

transmission electron microscopy (TEM) of single two nanowires before and after PCI₅ treatment 

as clearly seen in Figure 2.10.1d which demonstrates nano wires before treatment are much 

rougher than methylation processes one, it must be noted that the surface was chemical etched 

with a time of 10 min. Excellent uniformity of the structures of nanowire is seen in Figure 2.10.1e 

showing the image at different angles from 30 to 55 degrees of SiNWs hybrid solar cell. 

 

Figure 2.10. 2. Analysis of the samples (a−d) SEM images of Si/PEDOT:PSS samples with planar 

Si, SiNW-H, SiNW-CH3, and Ag electrode on SiNW-CH3/PEDOT:PSS. (e− g) Minority carrier 

lifetime mapping of three corresponding samples to (a−e). The bottom values are the 

corresponding average minority carrier lifetime extract from mapping data. All sample sizes are 1 

cm × 1 cm [34]. 
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         SEM image of Si/PEDOT:PSS samples are shown in Figure 2.10.2 having different  minority 

carrier lifetime mapping with their corresponding Si surface morphologies. The samples of planar, 

SiNW-H and SiNW-CH₃ showed average lifetime of ~40, ~24 and ~35 µs for averaged minority 

carrier. Whole planar surface cab be covered by ~80 nm thick PEDOT:PSS film as shown in Figure 

2.10.2a. as seen in Figure 2.10.2b the SiNW-H sample, the polymer was not to penetrate to the 

bottom and only surface was covered by the polymer resulting in poorer rougher and less contacts 

nanowire surface. In SiNW-CH₃ more uniform layer of polymer depletion was seen. A very good 

contacts of polymer/nanowire-metal can be seen on SiNW-CH₃/PEDOT:PSS surface as shown in 

Figure 2.10.2d.  Figure 2.10.3 shows the integration of solar cells and supercapacitor, the 

fabrication here was done based on ultrathin silicon substrates. Etching time is used for controlling 

the thickness of the ultrathin silicon making it more flexible and easier to use when the thickness 

is reduced by dozens of micrometers. Si wafer of 4 inch is seen in the picture of figure 2.10.3a, 

which clearly indicates a large device can be fabricated with this process. 25 µm Si substrate was 

used for the fabrication of hybrid solar cell which is same as the fabrication method for 

conventional thick wafer. Three-electrode device photograph can be seen in Figure 2.10.3b and 

Figure 2.10.3c demonstrates the performance of different thickness of the hybrid solar cells which 

is based on Silicon substrates, ranging from 23 to 300 µm. 
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Figure 2.10. 3. Flexible self-charging power unit. (a) Photograph of a 4-in. wafer-sized flexible Si 

wafer. (b) A digital photograph of organic-Si device integrated with a supercapacitor. (c) Electrical 

output performance of hybrid devices based on Si substrates with different thicknesses under AM 

1.5 G illumination. (d) Curves of the flexible integrated device charged under AM 1.5 G 

illumination and then discharging at 5 mA/cm2 without/with a solar cell [34]. 

 

       As seen in Jsc graph with the increasing thickness the Jsc grew gradually indicating more light 

absorption ultimately leading to a better PCE value from 7.29 % for 23 µm to 13.39% for 300 µm. 

The increase in the PCE resulted in increase of the total efficiency of the integrated device from 

5.68% to 10.5%. As seen in Figure 2.10.3d, the supercapacitor was charged to 0.52 V in 78 s by 

the integrated flexible device. This low performance was noted because ultrathin solar cell 

showing low performance and because of the large capacity of the supercapacitor. When 

discharging it remained at about 0.4 V indicating total storage and conversion efficiency was 

around 5.68 % because of the performance of the solar cells [34]. 
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 2.11.  Printed Solar Cells on Paper Substrate. 

 

 

Figure 2.11. 1. Printed Solar Cell on paper substrate. (a) Flexible Cr/Au/CuInSe2/CdS/ZnO/ITO 

solar cell on bacterial cellulose: top left, J–V curves of the device measured in a pristine state (red 

curve) and after folding (red curve); top right, photographs of the folded and bended CuInSe2 paper 

solar cell; bottom left, average photovoltaic parameters (statistics over four samples) of CuInSe2 

devices as a function of the number of flexing cycles at 5 mm bending radius; bottom right, J–V 

curves of a CuInSe2 solar cell before bending and after bending at radii from 20 to 1 mm. b) 

Foldable organic solar cells on AgNW-coated NFC: on the top, J–V curves in the dark (dotted 

lines) and at STC (continuous lines) of glass/ITO/PEDOT:PSS/P3HT:PCBM/Al (black lines) and 

NFC/AgNW/ PEDOT:PSS/P3HT:PCBM/Al (red lines) solar cells; on the bottom, picture of the 

foldable organic solar cell. c) Top left, J–V curves of flexible DSSCs fabricated with 
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PEN/ITO/N719-sensitized TiO2 photoanodes and paper counter electrodes based on printed 

GD/PEDOT:PSS (pink curve) or sputtered Pt (green curve); bottom left, normalized efficiency vs 

bending cycle of the same devices; on the right, photographs of paper-based GD/PEDOT:PSS 

counter electrodes, highlighting their flexibility and light weight [35]. 

 

        First, second and third or new generation of solar cells are the three categories of solar cells 

that divided them. In 2017 first generation of solar cells which are based on mono and 

mutlicrystalline silicon structure was accounting 93% of the total solar cells in production because 

of its wide availability and low production cost. The main of advantage of these first-generation 

solar cells is its high efficiency and durability but they lack mechanical strength and are not 

compatible with cellulose base substrates which is the hot topic for today’s research. On the other 

hand, second generation of solar cells or PVs mostly consists of amorphous silicon (a-Si), copper 

indium gallium selenide, copper indium cadmium telluride and copper indium selenide, also these 

PVs are reduced in thickness around by 10 µm which makes them even much cheaper and reduces 

the cost of manufacturing, they do have high mechanical stability but in some cases lack in 

performance when efficiency is considered. Third generation of solar cells are generally thin in 

nature and emerging new generation of PVs constructed from organic photovoltaics (OPVs), dye 

sensitized solar cells (DSSCs) and quantum dot photovoltaics (QDPVs). 3rd generation solar cells 

are still in research and recently only a few of them have been commercialized. The total lifespan 

of these is still less than those of conventional PVs. 

 

      Copper Indium Selenide: This type of solar cells or PVs are generally implemented on 

cellulose substrate; the technology is based on nanocrystals spray deposited CuInSe2. The lower 

(bottom) contact of the device was Cr/Au which was dual layer on paper of bacterial nano cellulose 

which was thermally evaporated. The ink active layer was sprayed coated which consisted of 
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CuInSe2 nanocrystals and later chemical bath deposition was done by Cadmium sulfide (CdS) to 

deposit buffer layer and to complete the stack thermal evaporation was done by ZnO/ITO. These 

devices deliver high performance efficiencies of around 2.25% being mechanically stable, the 

efficiency of the device remained same even after 120 flexing cycles at around 5mm bend radius 

and finally the device maintained its 80% of the power conversion efficiency even after folding 

and unfolding as shown in Figure 2.11.1a 

 

         The first technology that was transferred from plastic and rigid substrates to cellulose 

substrates was Organic solar cells. Usually, organic PVs consists of semiconductor polymer which 

is sandwiched between a derivative of fullerene. This is done to absorb more incident light. These 

are meant to be soluble and printable, which represents a cost-effective method to conventional 

technology including thin films. The devices having amylum coated cellulose and ITO layer as an 

active layer resulted in efficiencies with only 0.13% and 0.21% at 1 Sun with AM of 1.5G at 25 

degree Celsius. This was mainly because of the low fill factor that resulted in high sheet resistance 

of the ITO electrode. The PCE was improved by introducing transparent conducting films of 

AgNWs coated nanofiber replacing ITO. A PCE of 3.2% at STC was obtained by fabricating a 

device having printed PEDOT: PSS and P3HT: PCBM layers later the metallic cathode was 

evaporated obtaining a flexible, foldable paper based solar cells. Figure 2.11.1b shows the J-V 

characteristics of the device including photographs. 

       Recently new type of DSSCs were obtained on cellulose substrates. Remarkable PCE of 

1.21% at STC was achieved by coating of Ni on paper using opaque electrodes for DSSCs, for 

counter electrode they used glass/FTO/Pt and for photoanode N719-senitized ZnO were used. The 

device with these showed Voc of 560 mV, Jsc of 6.70 mA cm^-2 and FF of 33%, this setup had 
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an advantage of being corrosion resistance due to its electrode coated with ZnO. To increase the 

efficiency of the overall device ZnO was replaced by TiO₂ which were binder free, and blade 

coated layer, by this setup, on TiO₂ coated Ni paper good semiconducting and fil forming 

properties were observed also no cracks appeared even after bending the device. In combination 

with binder free TiO₂ layer the counter electrode was used on a flexible naphthalate (PEN)/ITO. 

A remarkable PCE of 4.91% was achieved by reducing the porosity of the paper infiltering 

GD/PEDOT:PSS composite, which was still stable even after bending cycles of 150. The device 

is shown in figure 47c, also showing the performance graphs [35, 36]. 

 2.12.  Aerogel of N,S-Rgo/WSe2/NiFe-LDH for energy conversion and storage. 

 

         Electrocatalytic water splitting has recently attracted researchers, because of the novel 

electrode materials for energy storage and conversion technologies. These have recently grown 

because of its ecofriendly, high performance and easily to manufacture including cheap cost of 

production. Electrocatalytic water splitting includes hydrogen evolution and oxygen evolution 

reactions namely HER and OER. For this process mainly Pt was considered most efficient material 

which was used under acidic conditions in HER and in case of OER IrO₂ was implemented. Later 

it was discovered that transition metal dichalcogens (TMDs) as in MoSe₂, WS₂, MoS₂ and WSe₂, 

for HER electrolytes these dichalogens have good electrocatalytic activities. And for OER 

transition-metal-layered double hydroxides (LDHs) stands good for electrocatalytic activity in 

basic electrolytes. Efforts have been made for developing hybridized heteroatom doped graphene 

for with OER and HER catalysts for enhancing the overall performance of the device. 

Supercapacitors with good capacitance have also been developed using hybridized heteroatom 

doped graphene. But still, the graphene-based electrodes performance needs to be optimized 

further the materials for electrodes using HER and OER need acidic conditions to operate at its 
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full potential. Therefore, the author has suggested a new method for the construction of ternary 

electrode composites having nanostructure based on tailored structure for improving 

electrocatalysis or performance of the supercapacitor. 

       Preparation of N,S-rGO/ WSe2/NiFe-LDH aerogels is shown in Figure 2.12 . The graphite 

oxide was obtained from graphite that was gone under hummers method and meanwhile to obtain 

nanosheets of WSe₂, bulk WSe₂ was undergone exfoliation process and shown in figure 2.12.1a 

and 2.12.1b. As demonstrated in figure 2.12.1c and 2.12.1d the mixture of GO and 2D WSe₂, 

ammonia and l-cysteine were together transferred stainless autoclave of Teflon-lined. Sealing of 

the compound was done to hydrothermally form 3D N,S-rGO/ WSe2 and later it was dried freeze 

to obtain aerogel. As seen in figure 48e by liquid-phase exfoliation compound obtained was then 

immerged into a layered NiFe-LDH suspension. 3D N,S-rGO/WSe2/NiFe-LDH aerogels was then 

obtained by the process of electrostatic self-assembly as seen in Figure 2.12.1f. The physical and 

chemical properties of the final product obtained remained untacked which proved its reliability 

for solution processing. Finally, the obtained aerogels were than tailored and compressed for 

supercapacitor and tailor applications. 
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Figure 2.12.1. Process for preparation of N,S-rGO/WSe2/NiFe-LDH. (a) Schematic depiction of 

GO and stable GO-water dispersion. (b) Schematic of 2D WSe2 nanoflakes and the stable 

WSe2−IPA/water dispersion. (c) Corresponding hybrid hydrogel obtained by hydrothermal 

treatment. (d) Corresponding lyophilized aerogel after rapid freeze-drying. (e) Electrostatic self-

assembly process of N,S-rGO/ WSe2/NiFe-LDH and the stable NiFe-LDH-formamide dispersion. 

(f) 3D model of porous N,S-rGO/ WSe2/NiFe-LDH aerogels [37]. 

 

          Figure 2.12.2 investigates the morphological study using TEM and SEM. In figure 2.12.2a 

the size of the pores is clearly observed which is acting as a network in the compound 3D N, S-

rGO aerogel having pores 2 to 5 µm in pore size. This is necessary and important for the fast and 

quick movement of electron transport. Sem image of N,SrGO/ WSe2/NiFe-LDH which is of more 

higher magnification confirms that on the surface of N,S-rGO, WSe₂ nanosheets are tightly 

anchored as seen in figure 2.12.2b, whereas figure 2.12.2c clearly shows the 3D SEM image of 

the same compound. NiFe-LDH and N,S-rGO substrate shows good strong coupling in figure 
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2.12.2d which is highly magnified SEM image. By transmission electron microscopy (TEM) 

ultrathin layer of N,S-rGO WSe2, and NiFe-LDH was also determined in Figure 2.12.2e and 

Figure 2.12.2f. An excellent discovery was made by the author in Figure 2.12.2g and Figure 

2.12.2h where multiple nanosheet structure of N,S-rGO/WSe2/NiFe- LDH aerogel which was 

again uniformly dispersed on the surface of N,S-rGO. 

 

Figure 2.12.2. Analyzes of the samples: (a−c) SEM images of rGO, N,S-rGO/ WSe2, and N,S-

rGO/ WSe2/NiFe-LDH. (d) High-magnification SEM image of N,S-rGO/ WSe2/NiFe-LDH. (e−g) 

TEM images of N,S-rGO/ WSe2/NiFe-LDH at different magnifications. (h) HRTEM image of 

N,S-rGO/ WSe2/NiFe-LDH. (i) HAADF−STEM image and corresponding elemental mapping of 

C, N, S, Ni, Fe, Se, and W [37]. 

        The capacitance performance of N,S-rGO/ WSe2/NiFe-LDH aerogels was evaluated by using 

galvanostatic charge-discharge (GCD) and cyclic volumetry (CV) which was measured in 1 M 

KOH electrolyte. All samples CV curves are shown in Figure 2.13.3a at 10 mV/s having a scan 

rate of 0 to 0.5V potential window. Large specific capacitance is observed in sample N,S-rGO/ 

WSe2/NiFe-LDH because it has the largest integral area. Also, highest specific capacitance can be 
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seen in Figure 2.13.3b for the same compound exhibiting maximum discharge and charging time 

as illustrated in the GCD curve. These are because of the reason of graphene structure and because 

of dual doping of N and S, owing to much higher capacitance then its counterparts. N,S-rGO/ 

WSe2/NiFe-LDH electrodes where fabricated and several tests including using GCD for 2000 

cycles and current density of 15 A/g as shown in Figure 2.13.3c was performed. 

      Even after 2000 cycles of charging and discharging N,S-rGO/ WSe2/NiFe-LDH electrode 

showed good performance of 92.3% of the initial capacitance retention this is apparently because 

the specific capacitance increases first which is due to the active materials and  the retention is 

decreased slightly later. To find the potential of N,S-rGO/ WSe2/NiFe-LDH electrode for actual 

practical super capacitor implementation the author assembled a supercapacitor (symmetric) in 

parallel plate geometry. 1 M KOH electrolyte was acting as the separator and CV were used to 

measure the electrochemical behavior of SC at different scan rates. Scan rates of 0 and 1.6 V was 

also conducted by GCD as shown in Figure 2.12.3 d. As seen in the graph redox the SC device 

showed broad redox peaks which is mainly because of the pseudocapacitive behavior. The figure 

50e shows specific capacitance of the Supercapacitor as the function of current density, based on 

the calculations of GCD curves. Power and energy density are also two factors that based on GCD 

curves conveyed via Ragone diagrams in Figure 2.12.3 f [37]. 
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Figure 2.12.3. Performance of the Integrated device. (a) CV curves of N,S-rGO, N,S-rGO/WSe2, 

N,S-rGO/NiFe-LDH, N,S-rGO/ WSe2/NiFe-LDH, N-rGO/WSe2/NiFe-LDH, and NiFe- LDH at a 

scan rate of 10 mV s−1. (b) Specific capacitances of N,S-rGO, N,S-rGO/ WSe2, N,S-rGO/NiFe-

LDH, N,S-rGO /WSe2/NiFe-LDH, NrGO/ WSe2/NiFe-LDH, and NiFe-LDH at different current 

densities. (c) Specific capacitance retention of N,S-rGO/WSe2/NiFe-LDH as a function of cycle 

number a 15 A g−1 current density. (d) CV curves of the N,S-rGO/ WSe2/NiFe-LDH -based 

symmetric device at 5, 10, 20, 50, 75, and 100 mV s−1 scan rates. (e) Specific capacity and 

corresponding capacitance retention of N,S-rGO/ WSe2/NiFe-LDH-based symmetric device at 

different current densities. (f) Ragone plots of N,S-rGO/WSe2/NiFe-LDH-based symmetric device 

[37] 
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CHAPTER 3 

EXPERIMENTAL SECTION 

 

     Unless mentioned separately, all the raw materials used in this preparation of Dye Sensitized 

Solar Cell and Supercapacitor were purchased from a commercial supplier Sigma Aldrich and 

were used without any further purification. 

3.1. Preparation of Dye-Sensitized Solar cell electrodes 

 

       The Dye-Sensitized Solar cells are constructed from two different electrodes (photoanode and 

counter electrode) which are combined using iodine-based solution at the end to form a DSSC. 

The photoanode is the electrode of the DSSC where the photons (light) are illuminated, and the 

counter electrode is based on a layer platinum which initiates the rate of flow of electrons.  

        The photoanode is prepared by taking 1.5 cm X 1.5 cm Fluorine-doped Tin Oxide (FTO) 

which is a transparent glass. FTO is very common and is generally used in preparation of organic 

solar cells (OSCs), amorphous silicon, cadmium telluride, Hybrid perovskites and obviously dye 

sensitized solar cells. Beside this the FTO glass also have a very wide range of applications in 

touch screen displays heating glass and electromagnetic interference shielding. FTO glass is also 

coated with transparent conductive metal oxide layer which acts as a thin layer of metal surface 

making this glass conductive and accelerating flow of electrons. It does have a conductive and a 

nonconductive surface. The conducting side of the FTO glass was cleaned by using ethyl alcohol 

solution to remove any dirt and dust particles.    
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Figure 3.1. 1. Preparation of DDSC photoanode: (a) FTO glass facing conductive side (b) TiO₂ 

coated FTO glass. 

        The Titanium dioxide (TiO₂) layer was prepared by mixing raw Titanium oxide, particle size 

21nm to ensure excellent mixing with other chemicals. 200mg of raw Titanium oxide powder was 

mixed with 2ml of ethyl alcohol. This is necessary in further Doctor blading process; without 

alcohol it is not possible for the raw titanium oxide to set on FTO glass. The mixture is well mixed 

for around 10 minutes to ensure good mixing. Doctor blading process is carried out ensuring that 

the area of TiO₂ layer is kept 0.25 cm2, 0.49 cm2 and 1 cm2. The process is repeated 3 to 4 times 

to ensure thick layer of TiO₂. The Figure 3.1.1b shows all three different types of area. It is very 

important here to carefully observe the dried TiO₂ layer to ensure that it does not have any cracks, 

if the solution is dried before Dr bleeding it would not settle on the FTO glass hence causing cracks 

on the layer. After drying at the room temperature for around 15 minutes the TiO₂ coated FTO 

glass was baked at 400 degrees Celsius for 40 minutes. 

a b 
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Figure 3.1. 2. Heated TiO₂ coated FTO glass. 

 

 

Figure 3.1. 3. (a) TiO₂ coated FTO glass samples submerged in N719 dye solution. (b) TiO₂ 

coated FTO glass soaked in N719 dye (Photoanode). 

 

       We prepared 10 samples to obtain the maximum efficiency, samples 1-4 were left inside the 

furnace for cooling which is also called annealing and other 6 samples were cooled at room 

a 
b 
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temperature to observe the effect of heat treatment of the TiO₂ coated FTO glass samples. For 

ensuring fast rate of transfer of electrons inside the DSSC and to obtain maximum efficiency we 

selected Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) 

ruthenium (II) commonly known as N719 dye. It is a ruthenium based polypyridyl mixture which 

is used as a photosensitizer. N 719 dye will ensure to act as an excellent medium for effect transfer 

of electrons and maximum absorption of photons within the DSSC. 0.0120g of N719 dye was 

mixed with 20 ml of alcohol in preparation of all photoanodes. The photoanode samples were kept 

for soaking for around 24 hours. The photoanode samples having 1cm2 TiO₂ were kept for soaking 

for more than 45 hours to ensure good absorption of N719 dye because of larger surface area. 

 

Figure 3.1. 4. Platinum coated FTO glass (counter electrode) 

     For preparing counter electrode Chloroplatinic acid hexahydrate (H2PtCl6 · 6H2O) 2-3 

crystals measuring 1 cm2 are submerged in 5 ml of ethyl alcohol. The crystals are then grinded by 

tapping with a glass rode to mix the solution, after 5 minutes the Chloroplatinic acid hexahydrate 

is now mixed with alcohol appearing to be urine like color. Using a nipple this solution was 

poured drop by drop on to the conductive side of FTO glass. After 4-5 drops, the solution 
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was left to dry for 15 minutes and again the solution was poured on to the conductive side of 

FTO glass. This process was repeated for 5 times until we observed a fine layer of 

Chloroplatinic acid hexahydrate. After this process the samples were heated up to 500 ﮿ C for 

40 minutes and cooled inside the furnace overnight (annealed). The idea here is to deposit a 

fine layer of platinum, to do so we had to repeat the entire process around 3 times. The picture 

in the Figure 3.1.4 shows the prepared counter electrode. The dark colored electrode is the 

best one since all the surface of glass is covered by platinum. All others can be used but 

might not give the best performance.  

      To combine photoanode and counter electrode we use an iodine electrolyte solution 

which is prepared by iodine, lithium iodine (Lil), tert-butyl-pyridine(4-(1,1-dimethylethyl)- 

4-t-butylpyridine) (C9H13N), 1-butyl- methylimidazolium iodide (C8H15IN2) and guanidine 

thiocyanate (NH2C(=NH) NH2 · HSCN) which are dissolved in a solvent of valeronitrile 

(CH3(CH2)3CN) and acetonitrile (CH3CN). The ratio and proportion depend upon the amount of 

electrolyte solution to me made. This iodine-based electrolyte solution is rich in iodine ions which 

improves the rate of electrons from photoanode to counter electrode.  
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Figure 3.1. 5. Pictures of prepared Dye Sensitized Solar Cell.  

 

        The iodine-based electrolyte solution is then dropped by using an injection on the photoanode 

covering 1/3 of the photoanode. The counter electrode is then kept on photoelectrode and by 

applying slight pressure for 30 seconds both electrodes stick onto each other because of the 

electrolyte. It is necessary to run the experiment before the iodine-based electrolyte solution is 

dried, the DSSC only performs well when the electrolyte is still in wet state. The positive terminal 

of the potentiostat is connected to the photoanode and the negative terminal (ground) is connected 

to the counter electrode of the DSSC. The performance of this device is evaluated in the results 

and discussions section. 
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3.2.   Preparation of Supercapacitor. 

 

        For preparing two electrode configuration supercapacitors, we took two identical carbon 

electrodes which were used as both anode and cathode depending upon the connection with DSSC. 

We used a glassy microfiber filter as a separator between the two electrodes, and 2M of KOH 

aqueous solution as electrolyte. 

 

Figure 3.2. 1. Preparing carbon black slurry by grinding.  

 

        The first step is to cut thin graphene sheets, we decided to keep our electrodes 1.5cm x 1.5cm. 

Thin graphene sheets of 3cm x 1.5cm was cut weighing around 68.5 mg, the weight of the sheets 

might differ between 60 mg to 75mg as the cutting was not as accurate. Two graphene sheets are 

required to prepare one supercapacitor device. Each graphene sheet is measure before laying the 

slurry carbon black mixture.  

         The second step is to prepare carbon slurry substance which is layered on the graphene 

sheets. We took 100mg of activated carbon black (activated charcoal) also known as Bis (2-
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ethlyhexyl) phosphate and mixed it with ethyl alcohol following up with process of grinding the 

solution for around 45 minutes. Activated carbon black is very different from normal carbon as it 

has small pores to increase the surface area which allows the chemicals to settle on the surface. 

Initially before grinding 2-3 drops of ethyl alcohol and 2 drops of poly(tetrafluoroethylene) (PTFE) 

is added to activated carbon black. Slight pressure is applied continuously on the grinder to mix it 

well. In every 15 minutes 2-3 drops of ethyl alcohol was added to the solution because ethyl alcohol 

was evaporating at the room temperature. Careful measures must be taken in the grinding process 

that the solution should not dry, if the solution is dried slurry mixture is not possible at this point. 

It is very important to keep the solution wet. After 45 minutes of careful grinding, we obtained a 

slurry mixture of activated carbon black and ethyl alcohol.   

 

Figure 3.2. 2. Prepared electrodes for supercapacitors. 

            

     We used a layer deposition instrument to get a perfect thin layer of slurry carbon on the 

graphene sheets. But it was very different to do so because of the imperfection in the graphene 

sheet and the errors in the instruments. We decided to keep the surface area of the supercapacitor 
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to be 1.5 cm x 1.5 cm. After the deposition of the carbon, we heated the electrodes in the furnace 

to 400﮿C holding temperature for 40 minutes following by annealing. We noted the weight of the 

electrodes, in this way we also noted the weight of the carbon deposited on the electrodes by 

subtracting the final and initial weight. The minimum weight of deposited activated carbon was 

7.7mg, the maximum weight noted was 9.7mg. It is necessary to note the average weight of the 

carbon deposited since it is required to calculate the specific capacitance of the supercapacitor.  

    This supercapacitor needs an electrolyte for its functions we selected potassium-based 

electrolyte because potassium and graphene has very good electron sharing properties, beside that 

potassium ions accelerates the rate of electron transfer in the solution. We prepared potassium 

hydroxide electrolyte by mixing 11.211 g of pure potassium hydroxide crystals in 100 ml of 

distilled water (H₂O). We obtained 11.211 g by following the ratio of 80: 10 KOH by carbon black 

and 2M if aqueous KOH solution.  
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Figure 3.2. 3. Pictures of Supercapacitor Device; (a) electrodes clipped together, (b) 

Supercapacitor submerged in KOH. 

 

      To combine the two identical electrodes, we used a glassy microfiber as a separator as FTO 

glass measuring 2 cm x 2 cm, along with clips to tightly hold the electrodes against each other. 

The glassy microfiber measure 1.5 cm x 1.5 cm same as the deposited carbon black film. Careful 

measures must be taken here to not use the conductive side of the FTO glass as it may damage the 

Gamry potentiostat instruments. The picture in Figure 3.2.3a shows the electrodes clipped together 

by FTO glass nonconductive side. The picture in Figure 3.2.3b shows the Supercapacitor device, 

connected to potentiostat, as both the electrodes are identical, connection to this device is simple. 

The White paper appearance in the middle of the two electrodes is the microfiber used as a 

separator. The device is submerged in KOH solution acting as an electrolyte. The figure 3.2.3 

demonstrates the prepared Supercapacitor device. To function the device at maximum capacity it 

was necessary that the device is not fully submerged the electrodes without carbon deposition must 

a b 
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be out of the electrolyte so that the device is not short circuited. Nearly one-third of the device is 

submerged in the KOH solution. The performance of the supercapacitor device is evaluated in 

results and discussions section. 

3.3   Scanning Electron Microscope (SEM) Analysis 

 

            A Scanning Electron Microscope (SEM) is used to analysis the surface of the material. It 

is a type of electron microscope, producing an image of the sample material by scanning the 

surface of the sample material by a focused beam of electrons. The projected electrons are made 

to interact with the sample that produces different signals containing information about the surface 

topography, which determines the nature of the sample materials analyzed. We used Phenom 

Pharos Desktop SEM to analyze the sample of activated carbon materials used in the 

manufacturing of supercapacitor double electrode. This machine is currently the only desktop 

scanning electron microscope (SEM), featuring compact design which high resolution imagine 

scanning. The results are discussed in the results and discussion section.  

3.4   X-Ray Diffraction (XRD) analysis 

 

      The XRD is a common non-destructive characterization test which is employed to observe and 

identify the crystalline phases present in the sample materials which is activated carbon in our 

case, using a X ray Diffraction technique. This technique helps us to identify the materials brief 

properties, for example the defects in the material, phase composition and grain size of the sample 

material. To conduct this analysis, we used Rigaku Miniflex XRD machine which can be used for 

different application including diffraction pattern comparison of the sample materials in powder 

form and qualitative and quantitative analyses of the metal plates. 
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         In this analysis, we placed the powder activated carbon inside the sample holder by X-ray 

diffraction pattern and performed the test. The machine has a detector which is used to record the 

X-ray diffracted pattern. The intensity of the diffracted X-rays is recorded over different angles 

and the peak of the intensities are carefully analyzed.  
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CHAPTER 4 

 Results and discussions. 

 

4.1.   Dye Sensitized Solar Cells 

           4.1.1. Cyclic Voltammetry  

 

 

Figure 4.1.1. 1 Cyclic voltammetry (CV) test was conducted on three different solar cells 

samples. The top curve represents the best performance of the solar cell.  

 

b

. 
c 

a 
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         Three different samples of dye sensitized solar cells were tested to get the CV curve, all three 

curves obtained are shown in Figure 4.1.1.1 which of Figure 4.1.1.1a. shows the best performance 

out of the other three DSSC samples? This test was conducted by using Gamry instruments 

potentiostat, the DSSC samples were kept under solar simulator projection under 1 sun 

(100mW/cm2). From electrochemical reaction useful qualitative data can be extracted using Cyclic 

Voltammetry (CV) technique. All different peak appearing in the curve corresponds to how 

electrochemical process is carried out in the DSSC, mainly concentration of analyte is related to 

the height of the curve. Inside the DSSC the behavior of redox reaction can be observed by the CV 

curves, the DSSC electrolyte is based on iodine family which is consequently more dilute than 

regular electrolyte used in any other DSSC. The Cyclic Voltammetry (CV) is very useful to 

observe the behavior of DSSC potential and current carrying capacity. In our case, we can observe 

the maximum potential reaching to 0.42 V under 1.5 mA and maximum current reaching 2.4 mA 

at 0.18 V. We calculated the peak-to-peak separation for the curve (a) which was came out to be 

0.23V which ultimately indicates excellent current density pointing towards more surface area for 

redox reaction. 
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4.1.2.   Electrochemical impedance Spectroscopy (EIS)- DSSC (1-3)  

 

             

Figure 4.1.2. 1. Presents the Electrochemical Impedance Spectroscopy (EIS) Nyquist curves for 

the first three DSSCs. 

           It is very important to measure the internal resistance of the DSSC to find the chemical 

behavior of the cell and to observe what electrolyte can be used that has the lowest resistance, with 

lower resistance electron transfer rate can be increased throughout the DSSC that will increase the 

efficiency of the DSSC. With all the complicated curves which are plotted again imaginary 

a 

b c 

Rp 

Re 

Rc

C 
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impedance vs real imaginary shown in Figure 4.1.2.1., it was not possible to use simple V=IR 

formula to calculate the resistance of the DSSC therefore Electrochemical Impedance 

Spectroscopy (EIS) comes into picture where like the resistance, impedance is used to measure the 

ability of a circuit to resist flow of electric current but it is not limited to follow ohms law at all 

current and voltage levels. Here, the current is measured through the cell by applying AC potential 

to the DSSC. By assuming that we are applying a sinusoidal potential excitation, we generally get 

a response to this type of potential in form of AC current signal, now this current can be sum and 

analyzed as a sinusoidal function (Fourier series). We used Gamry instruments potentiostat to 

obtain the above three curves out of which Figure 4.1.2.1a., is very close to a general EIS curve 

for a DSSC. Here in this curve, the curve starts from 0 on the Y-axis but on the X-axis which is 

also real impedance it starts from 12.23 ohm which is called R1 which is also the distance between 

Y-axis and photoelectrode resistance Rp. Rp represents the impedance at the photoelectrode, Re 

is the impedance of the electrolyte whereas Rc is the impedance of counter electrode.  

 

 

 

a 
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Figure 4.1.2. 2. Presents the EIS results. (a) Table shows the parameters obtained while 

constructing equivalent circuit for DSSC. (b) Presents the equivalent circuit of DSSC showing 

various parameters. 

         Gamry Echem Analyst software was used to obtain the table in Figure 4.1.2.2a. Using curve 

fitting method in the software, this software calculates the best fitting curve which is close to the 

curve shown in Figure 4.1.2.1a. The equivalent circuit of the DSSC was designed by us using the 

parameters values in the table above which were obtain from the curve fitting method. The 

equivalent circuit and these parameters are not shown in any literature. Here, R1 = Rp = 12.23 

ohm, R2= Re= 65.50 ohm, and Rc = 175.60 ohm. We found out that these resistance parameters 

are acceptable and less which indicates good flow of electrons in the DSSC. 

 is called the constant phase element, which are used in modelling of the equivalent 

circuit and data fitting of the EIS. This element mainly represents the behaviors of the two 

electrodes in the DSSC and determines the values of the imperfect capacitor. The parameters Yo2, 

a3, Yo5 and a6 as seen in Figure 4.1.2.2b are the constant phase element imperfect capacitors 

which are very less, which leads to a good efficiency for this DSSC.   

b 
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 is called Warburg impedance which is created by the diffusion of electrons and flow 

electrons inside the DSSC. This element depends on the frequencies and at higher frequencies the 

Warburg impedance measured is small because of the fact being that diffusing reactants do not 

have to move any far, but at lower frequencies this element shows higher impedance because the 

reactants must diffuse farther. The parameters Yo9 and B10 are very less as seen in Figure 4.1.2.2b 

which indicates that there is a good rate of flow of electrons and diffusion process in the DSSC. 
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4.1.3   Current Density-Voltage (J-V) – DSSC. 

 

Figure 4.1.3. 1. Performance of the DSSCs (1-3) reference table 1, demonstrating the J-V curves 

under 1 sun illumination (100 mW/cm2) at 25﮿ C. 

        Figure 4.1.3.1 a. represents the best performance of the Dye Sensitized Solar Cell out of all 

the ten DSSCs we have tested. It is to be noted that same DSSC was used to conduct the Cyclic 

voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and Current Density (JV) 

tests, all the curves obtained from this DSSC were very close to ideal curves which proves that 

this DSSC was the one of the best and highly efficient Solar Cell. 

a 

b 
c 
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       The Current Density – Volatge (JV) curve was obtained by using Gamry instruments 

potentiostat and solar simulator. The fabricated DSSC was tested under air mass (AM) 1.5G (100 

mW/ cm2) illumination. We fabricated and tested ten different DSSCs to achieve maximum and 

accurate efficiency of the DSSC. Table 4.1.3.1 is depicted to different DSSCs having different 

surface area if titanium dioxide layer (TiO₂). Area of 0.25 cm2, 0.49 cm2 and 1 cm2 DSSCs were 

fabricated to observe if the area compensates in the total efficiency of the DSSC. Annealing and 

Normalizing heat treatment processes were carried out during the baking process of FTO glass 

with titanium dioxide layer over it. The first three DSSCs were annealed, after the normal baking 

they were kept inside the furnace till they completely cooled down. In normalizing the DSSCs 

where cooled outside the furnace.  

       The maximum efficiency reached was 4.28% with the cell having 0.25cm2 area and a fill factor 

of 0.623, excellent current density of 8.876 mA/cm2 and open circuit voltage of 0.773 V which is 

very competitive with other literatures [Scalia, 2017 #34] [Cohn, 2015 #43] [Dong, 2017 #21] 

[Chai, 2016 #52]. The second highest efficiency was 2.79% with the cell area of 1cm2 and fill 

factor of 0.525. Samples 2 and sample 9 have very similar efficiency which clearly indicates that 

the efficiency of the cells is not affected by the change in area. It to be noted that different heat 

treatment will result in different efficiencies. Annealing allows a greater number of the TiO₂ bonds 

to be strengthened which ultimately allows better transfer of electrons. The annealed DSSC sample 

showed the highest efficiency of 4.28% as compared to normalized samples. None of the literature 

review focuses on heat treatment which we believe can play a vital role in increasing the efficiency 

if the dye sensitized solar cells. Below is the equation for calculating the efficiency of the Dye 

Sensitized Solar Cell. 
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𝜂 =
𝑉𝑜𝑐 ∗  𝐽𝑠𝑐 ∗  𝐹𝐹

𝐺
 

 

Here, 𝜂 is the efficiency of the DSSC. 

The Voc is the open circuit voltage and Jsc is the short circuit current, obtained from J-V curve of 

different DSSCs. 

G is the power density of the incident electromagnetic radiation (mW/cm2) 

FF is the fill factor which is nothing but an essential measure of quality of the solar cell. FF is 

calculated by maximum power to the theoretical power that would be an initial output for both 

short circuit current and open circuit voltage. It is very helpful in determining the maximum power 

of the solar cell. The higher the Fill Factor the better will be the quality of the Dye Sensitized Solar 

Cell. Below is the equation for Fill Factor. 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐 ∗ 𝐽𝑠𝑐
 

OR 

𝐹𝐹 =  
𝜂 ∗ 𝐴 ∗ 𝐺

𝑉𝑜𝑐 ∗ 𝐽𝑠𝑐
 

Here, A is the active area (TiO₂) inside the DSSC and on which the solar radiation is bombarded 

by the solar simulator. 
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Figure 4.1.3. 2. Performance of the DSSCs (4-7) reference table 1, demonstrating the J-V curves 

under 1 sun illumination (100 mW/cm2) at 25﮿ C. 

We changed the active area of the DSSC from 0.25 cm2 to 0.49 cm2 which is nothing but TiO₂ 

soaked in N719 dye solution. Figure 4.1.3.2a represents the J-V curves obtained from the 

potentiostat, it was observed that with the increase in active area the efficiency did not reach higher 

than the one from first DSSC having 0.25 cm2 active area. It can be seen from the table 1., this 

DSSC is 2.14% efficient which is very close to one of the DSSC having active area 1 cm2 is 2.34%. 

DSSC five to seven having active area 0.25 cm2 have lower efficiencies. This is because of the 

errors in construction of the DSSCs, possible errors can be very thick or thin layer of TiO₂ during 

a b 

c d 
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doctor bleeding process, there can be changes in the area of the active layer since it was fabricated 

by hands and not by automation process, the mixture error of N719 dye and alcohol solution, the 

time the unfabricated DSSCs samples left for soaking in N719 dye solution can also play a vital 

role in errors of construction of a DSSCs. 

 

 

Figure 4.1.3. 3. Performance of the DSSCs (7-10) reference table 1, demonstrating the J-V 

curves under 1 sun illumination (100 mW/cm2) at 25﮿ C. 

 

a 

b c

c

c 



106 

         Figure 4.1.3.3. represents the DSSCs having active area of 1 cm2. The construction of these 

DSSCs was not easy because of the Dr. bleeding process, the active layer was not accurate and 

varied in thickness. As per literature the best performance was achieved at 600nm. After baking 

these unfabricated DSSCs the dried active layer was not sticking on the FTO glass, which again 

proved there was error in Dr bleeding process. After keeping samples in dye solution for around 

45 hours., it is to be noted that usually an unfabricated DSSC is kept only for 24 hours in the dye 

solution but in this case, we increased the time to minimize the errors while soaking process. The 

DSSCs was fabricated using counter electrode of same area (2x 2 cm2 FTO glass). The last DSSC-

10 showed a good maximum efficiency of 2.74% which is also the second highest efficiency in 

the table above. We concluded that if proper conditions are maintained including fabrication of the 

DSSCs and counter electrode, these Dye Sensitized Solar Cells can reach very good efficiency of 

up to 10% which will ultimately increase the overall efficiency of the overall hybrid integrated 

device. 

Table 4.1.3. 1. Represents the number of solar cell samples with their Surface area, open circuit 

voltage (Voc), short circuit current (Isc), Fill factor of the solar cell and its maximum efficiency. 

DSSCs Area (cm2) Voc (V) Isc(mA/cm2) FF Efficiency (%) 

(max) 

1 0.25 0.773 8.876 0.623 4.28 

2 0.25 0.741 3.94 0.56 1.65 

3 0.25 0.753 4.28 0.558 1.80 

4 0.49 0.736 4.48 0.649 2.14 

5 0.25 0.560 7.48 0.170 0.713 

6 0.25 0.702 6.08 0.433 1.85 

7 0.25 0.700 4.80 0.502 1.69 
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8 1 0.793 6.73 0.438 2.34 

9 1 0.695 4.60 0.544 1.74 

10 1 0.732 7.25 0.525 2.79 
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4.2. Supercapacitor 

 

         4.2.1   Cyclic voltammetry (CV) & Galvanostatic Charge-Discharge (GCD) – 

Supercapacitor 

 

 

Figure 4.2.1. 1 (a) Cyclic voltammetry of the Supercapacitor is shown at different scan rate: 10 

mV/s, 20 mV/s, 50 mV/s and 100 mV/s. (b) Charge – Discharge galvanostatic constant current 

curves at three different time values: 10 s, 20 s and 50 s. 

a

. 

b 
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 Figure 4.2.1. 2. Area under the curve for cyclic voltammetry for supercapacitor device at 

different scan rates of (a) 10 mV/s, (b) 20 mV/s, (d) 50 mV/s and (c) 100 mV/s. 

 

       Figure 4.2.1.1a represents the CV of the supercapacitor using Gamry instrument potentiostat 

device. This curve shows the capacitance behavior on the carbon films layered on the graphene 

sheet with a potential ranging from 0 to 1 V at different scan rates. The curve is plotted against 

current density vs potential (voltage) to obtain as rectangular shape curves.  The most rectangular 

shape curve is obtained at 100 mV/s which indicates the best results out of the four different 

obtained values, and which also possess an electric double layer capacitance. The rectangular 

shape of the curve presents high electrochemical stability along with capacitance. When the scan 

rates are higher the, the series resistance in the circuit shows predominant behavior and divergence 

of the expected box – like behavior takes place. The supercapacitor device at 100 mV/s is very 

close to rectangular shape and showed an amazing capacitance (Cd) of 766.45 F/g, compare to 

literature this is highest device capacitance [Du, 2015 #29][Dong, 2017 #21][Cohn, 2015 



110 

#43][Scalia, 2017 #34][Zhu, 2020 #53]. Cd can be denoted the supercapacitor device capacitance 

which can be calculated by using the equation: 

𝐶𝑑 =  
𝐴

2𝑘𝑚∆𝑉
 

 

Here Cd, capacitance of both electrodes (overall device),  

A, area under the curve shown in figure 7. The area under curve obtained for 10 mV/s is 0.2551, 

20 mV/s is 0.4337, 50 mV/s is 0.9867 and for 100 mV/s area is 1.0604.  

K, scan rates 10 mV/s, 20 mV/s, 50 mV/s and 100 mV/s. 

m, average mass of the carbon layer on the two graphene electrodes.  

∆𝑉, potential difference as seen in the curves.  

      Figure 4.2.1.1b represents the typical galvanostatic charge discharge behavior-based curves, 

obtained at three different time - period values i.e., 10 s, 20s and 50s. The current density during 

this test was obtained to be 0.26 A/g. The obtained charge- discharge curves present a profile 

having quasi – triangular shape which demonstrates good electric-double layer capacitive 

behavior, this type of behavior is not commonly observed in flexible SC based devices. With the 

use of these curves, we can find the specific capacitance of the electrodes which helps us to 

determine the performance of the overall device. The specific capacitance Cs can be calculated 

using the below equation, 

𝐶𝑠 =
𝐼𝑚∆𝑡

∆𝑉
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Where, Im is the current per unit mass. 

∆𝑡 is the discharge time. 

∆𝑉 is the potential drop. 

All the above three parameters can be obtained from the galvanostatic charge discharge curve. 

The energy density of the supercapacitor is very useful in finding the power density which again 

helps us to determine the overall performance of the device. The energy density Ed and power 

density Pd can be calculated using the below equation: 

𝐸𝑑 =
1

2
 𝐶𝑠 (∆𝑉)2 

 

𝑃𝑑 =
𝐸𝑑

∆𝑡
 

Where, ∆𝑡 is the discharge time. 

∆𝑉 is the potential drop. 

Cs is the specific capacitance obtained from previous equation. 

Table 4.2.1. 1. Supercapacitor parameters. Obtained from calculations. 

Time (s) Specific capacitance  

(F/g) 

Energy density 

(Wh/kg) 

 

Power density 

(W/kg) 

10 10.3539 0.07342 29.3788 

20 11.3624 0.2387 50.5647 
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50 12.8660 1.2870 110.3238 

 

         The carbon-based graphene double electrode supercapacitor performance was noted 

extraordinary compared to electric double layer supercapacitor some other supercapacitors in the 

literature review. As seen from above table the highest parameters reached at 50s were 12.8660 

F/g, 1.2870 (Wh/kg) and 110.3238 (W/kg) at current density of 0.26 (A/g) which is kept constants 

for all three different charge-discharge times. All three highest values are obtained at the maximum 

charge-discharge time which is also the largest curve as seen in figure 6b. This clearly indicates 

that the supercapacitor shows a good rate capability.  
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        4.2.2.   Analysis of SEM and XRD of activated carbon. 

 

 

 

Figure 4.2.2. 1 SEM images of activated carbon: (a) With a scale of 10 𝜇𝑚 zoomed by 4400x (b) 

(c) With a scale of 10 𝜇𝑚 zoomed by 7000x (e) (f) With a scale of 5 𝜇𝑚 zoomed by 13000x. 

        The properties and characteristics of the supercapacitor was investigated, it was concluded 

that because of the porous structure of the activated carbon, this material has increased surface 

area and the chemical absorption properties which assist the electrons rate of flow in the 

supercapacitor, Figure 4.2.2.1 presents the Scanning Electron Microscope (SEM) images of the 

activated carbon at different scale and zoom levels, where the porous nature of the activated carbon 

can was observed. By observing the SEM images of the activated carbon, it was concluded that 

the activated carbon is amorphous in nature having large surface area and porosity which indicated 

better surface area, high conductivity, and better catalytic activity. 

 

 

 

a b c 
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Figure 4.2.2. 2. X-Ray Diffraction pattern of Activated Carbon. 

           Using diffractometer we performed diffraction pattern analysis of the activated carbon, here 

the intensity of the material is measured versus various angles of orientation (2𝜃). It can be 

observed in the figure above, the graph reached at the peak value of 2𝜃~22.5﮿ and 2𝜃~44﮿. This 

indicates a shape of typical amorphous carbon with a broad strong diffracted asymmetric peak 

corresponding to various angles of orientation. 

 

Peak position FWHM Crystalline size D(nm) Average D(nm) 

22.20 12.50 0.69 0.99 
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44.23 6.94 1.29  

 

𝐷𝑝 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

Dp = Grain size 

K= Dimensionless shape factor 

𝜆= X-ray wavelength 

𝛽= Line broadening at half the maximum frequency  

 

        4.2.3.   Analysis of Supercapacitor after four days of storage 

 

Figure 4.2.3. 1. Galvanostatic charge-discharge curve after four days of initial test. 

          This sample of supercapacitor was kept in contained environment. Both the electrodes were 

left inside the electrolyte to observe the mechanical and electrochemical properties of the 
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supercapacitor. Surprisingly, the supercapacitor was still able to charge for 60 seconds reaching 

the potential up to 0.20 V. This curve is of very different nature as compared to Figure 4.2.1.1b. 

This is because of the diffusion of the ions from carbon and graphene electrodes to the electrolyte 

because of the electrolyte being four days old, the nature if the curve is different. The good specific 

capacitance and good rate capability are attributed to their unique structural features: 

(1) high ion mobility with the electrolyte allowing the charges to flow at rapid rate within the 

device, (2) good mechanical properties stability, (3) good chemical stability (4) Carbon composites 

facilitating high cation diffusion between the electrode and electrolyte, (5) highly conductive 

graphene sheets enhancing the electron and ion transfer. 
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4.3. Integrated device. 

 

       4.3.1    Dye Sensitized Solar Cell integrated with Supercapacitor (Hybrid device) 

 

 

 

Figure 4.3.1.1. Peformance of the Dye Sensitized Solar Cell connected – Supercapacitor integrated 

energy harvesting storage device : (a) Image of SC integrated with regular solar cell in series 

connection; (b) Image of DSSC- SC connected in series ; (c) Cylic charge-discharge potenatial vs 

time curve of integrated device. 

Lights off. 

Lights ON 

a 

c 

b 
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         In order to remove errors and obtain a more smoother U-V curve we used a silicon based 

solar cell to calibarate the Gamry instruments potentiostat as shown in Figure 4.3.1.1a. Figure 

4.3.1.1b shows the integrated hyrid device connected in series connection  were one electrode of 

the SC was connected to DSSC photoelectrode and another SC electrode was connected to the 

instrument , DSSC counter electrode was connected to the instrument to complete the series 

electronic circuit. The Gamry instrument potentiostat used in this experiment was initially never 

designed to test a DSSC-SC integrated hybrid device. We found a way of getting similar graphs 

using different option in the software by setting various current density of  -0.8, -0.5, -0.3 

(mA/cm2). Figure c represents the stability and reliability performance of the hyrbid integrated 

device showing the charge-discharge potential vs time curve. It can be observed that the curve 

doesn’t starts form zero potential it is because we tested the integrated device mutilple times to 

obtain a perfect U-s curve by setting up different parameters and using various current densities 

which caused the device to store some charges. Because of that the curves starts from 0.04 V, 

during the charging process the solar simulator illuminating at air mass 1.5 (AM) and at 1 sun ( 

100mW/cm2) intensity was kept ON for charging the device for around 20 seconds, once reaching 

20 seconds time period the solar simulator was turned OFF for the discharging process. Here the 

DSSC is acting as a energy harvesting unit, which was the power source of the integrated device. 

The electric double electrode supercapacitor was charged by the current generated by the DSSC. 

The maximum current generated by the DSSC at the peak volatge of 0.161 V is 8.89 mA/cm2 

which is excellent as comapred to some of the literatures. Using 8.89 mA/cm2 currenty density on 

2.25 cm2 supercapacitor proves remarkable SC power density characteristics. This was sufficient 

to charge the supercapacitor, the maximum peak volatge the device could reach was noted as 0.161 

V. It is clearly seen in the curve that the discharging process is very smooth indicating electron 
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storage capacity. The discharing of the device lasted for around 50s which means the device can 

easily store electrons for around 50 seconds time period. This integrated device was tested under 

same conditions for multiple times, the integrated device showed similar performance which 

indicated that rigidity and flexibility of the integrated device. 

For calculating the efficiency of the integrated device. We used a formula show below, 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝐸𝑑

𝐺 ∗ 𝐴𝐷𝑆𝑆𝐶 ∗ 𝑇𝑑
 

Here, 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is the maximum total efficiency of the hybrid integrated device in % 

Ed is the energy (storaged) density of the supercapacitor. 

G is the illuminated light density (100 mW/cm2). 

𝐴𝐷𝑆𝑆𝐶  is the surface area of the DSSC. 

Td is the charging time of the integrated device.  

The energy density (Eid) of the integrated device was calculated by using the same equation 

previously used,  

𝐸𝑖𝑑 =
1

2
 𝐶𝑠𝑑 (∆𝑉)2 

The integrated device specific capacitance was calculated by using the same equation previously 

used, 

𝐶𝑠𝑑 =
𝐼𝑚∆𝑡

∆𝑉
 

The data below was obtained from the potential – time curve of the integrated device.  
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Im = 0.26 A/g 

∆𝑉 = 0.161 – 0.0381 = 0.1229 V. 

∆𝑡 = 70 -20 = 50 seconds. 

𝐴𝐷𝑆𝑆𝐶  = 0.25 cm2. 

Td = 20 seconds. 

Table 4.3.1. 1.  Hybrid integrated device performance.  

Energy density (Eid) 

(Wh/kg) 

Specific capacitance  (Csd) 

F/g 

Maximum efficiency (%) 

0.2218 105.77 1.6 

 

        The energy density of the device reached at a maximum of 0.2218 Wh/kg where as the 

specific capacitance of the device was 105.77 F/g which is excellent when the size of the device is 

considered. The maximum efficiency of the device was 1.6 % which is still good as compared to 

the some of the literature reviews. We tested the device only once for maximum efficiency, we 

believe that the device can reach an efficiency close to 5 %, since the supercapacitor showed 

excellent performance during its charging – discharging test. All these results demonstrate a 

prototype of the hybrid integrated device, if contained and proper manufacturing of the Dye 

Sensitized Solar Cell and Supercapacitor is practiced we believe it is possible to obtain high output 

and an excellent efficiency. 
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CHAPTER 5 

 CONCLUSION AND FUTURE WORK. 

 

         This thesis report presents the efforts to explore and investigate hybrid integrated devices. A 

comprehensive review of various type of solar cells for energy harvesting and different types of 

supercapacitors for energy storing along was the integration of solar cells and supercapacitors was 

briefly conducted. The literature review in this report represents all the primary efforts conducted 

in research and development of a solar energy harvesting and storage integrated device. The 

research is focused on development of hybrid device to harvest and store energy effectively and in 

a cost-effective way.  

      We fabricated the Dye Sensitized Solar Cells (DSSC) and evaluated the performance, we were 

able to obtain the maximum efficiency value of 4.28% and Fill Factor (FF) of 0.623 with a single 

DSSC which is comparitively excellent. We also fabricated a new type of Supercapacitor based 

on activated carbon in double electrode mode using a potassium hydroxide based electrolyte and 

evaluated the performance, we were able to obtain an excellent device capacitance of 766.45 F/g 

and specific capacitance of 12.866  F/g per electrode which is amazing as compared to literatures. 

We investigated the activated carbon samples by SEM and XRD analysis proving the properties 

of the activated carbon such as more porosity, better surface area, increased capacitance and better 

conductivity. We finally integrated both the devices and tested the hybrid integrated device under 

a solar projector (100 mW/cm2 and AM 1.5G spectrum) which obtained an comparitive efficiency 

of 1.6 % with other literature devices. We demonstrated how heat treatment of DSSC plays a vital 

role in the DSSC efficiency directly effecting the overall efficiency of the integrated device.  

        Finally, because of the easiness of frabication and cost effectiveness of the materials used in 

the production of the hybrid integrated device, this energy harvesting and energy storing device 
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presented in this works holds promising prospects in applications of future wearable, portable 

charging device technologies and new generation of Solar devices technologies. 
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