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Abstract 

Dye sensitized solar cells (DSSC) are the important class of solar cells that are currently gaining 

the attention of scientists and researchers. The replacement of platinum based counter electrode 

with activated carbon can make them cost effect for different energy storage and conversion 

processes. In this regard, the synthesis of activated carbon from biomass is of current interest 

towards energy sustainability. Carbonization process largely influence the properties of biomass 

derived activated carbon. This study encompasses the preparation of activated carbon with 

extremely large surface area and high porosity from hemp using chemical activation process. 

Initially the hemp leaves were carbonized at 750℃ followed by the activation using H2O2. 

Carbonaceous counter electrode containing Hemp activated carbon (HAC) was then fabricated 

by Doctor Blade coating Technique on FTO glass substrate. Preparation of photoanode and 

ultimately assembling of DSSC were carried out. Different characterization techniques like 

XRD, FTIR, SEM, Raman Spectroscopy and Cyclic Voltammetry were used. The surface 

morphology was examined by SEM and it shows the development of regular porous structure. 

The surface functional groups like –OH, -COOH, -C=C/C-C were confirmed by FTIR. The 

crystalline and graphite nature of HAC was determined by Raman spectroscopy and X-ray 

diffraction technique. This study offers an environmental friendly procedure for the massive 

production of activated carbon from hemp.   

 

Keywords: Dye Sensitized Solar Cell, solar cell, hemp activated carbon, XRD, SEM, Raman 
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Chapter 1: Introduction 

1.1 Renewable Energy Technologies and Energy Demand 

1.1.1 Energy and Economy 

The economic stability of a country is dependent upon the pace of technological and industrial 

development which provides different employment opportunities and growth in the gross 

domestic product of that country and hence feed the masses. This technological and industrial 

development is solely dependent upon the availability of adequate, reliable, and sustainable 

energy. Thus, economic stability is directly linked with energy availability. Energy consumption 

is considered an indicator of how much economic growth is occurring. As a result, there is 

always an increase in demand for sustainable energy. Advanced countries like China and the 

United States of America (USA), in addition to fossil fuel-based power plants, have built 

hundreds of hydro-dams, nuclear power plants, and renewable energy equipment. Still, these 

advanced nations are looking for new methods (e.g., nuclear fusion) of harnessing energy to 

meet the predicted needs of future generations. 

1.1.2 Increasing Energy Demand 

Demand of global energy will increase by 4.6% after lowered energy demand due to the Covid-

19 pandemic as per International Energy Agency (IEA) [1]. Furthermore, demand for fossil fuels 

in the year 2021 will likely grow at exponential trends. Just for coal, demand alone is predicted 

to increase by 60% while for oil, global demand will be around 3% in 2019 [2]. Fossil fuels 

(Coal, Natural Gas, Furnace Oil, etc.) are predominantly used for energy production. Of World’s 

total energy production, almost 84.3% is obtained via fossil fuels [3]. Fossil fuels contain 

compounds primarily made up of carbon and hydrogen. They are formed due to the 

decomposition of dead plants and animals buried deep under the earth’s crust due to high 

temperature and pressure. As far as global primary consumption by the source is concerned, Oil 

contributes 33.1% to global energy followed by coal and gas with 27% and 24.3% respectively 

[4]. Over the past decades, the population is increasing at an exponential rate and thus associated 

with a rise in population per capita energy usage. An estimated increase of 40% rise in energy 

demand has already occurred due to the increase in the population [5]. Another important factor 

is the different energy demands between developed and developing/under-developed countries 
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with the latter having more. The cumulative energy consumption for all regions is predicted to 

increase to 762 exajoules (212,201 Terawatts) by the year 2030 [6]. Thus, to meet such huge 

demand, the world is overly reliant on fossil fuel resources. 

1.1.3 Conventional Energy Resources 

For the first time in 1973, the Oil Crisis showed how much dependent was the entire world on 

fossil fuels [7]. It was not only a manifestation of a world without fossil fuels but also a wake-up 

call for researchers to find alternate methods of harnessing energy if fossil fuels are depleted. 

Even though new oil and gas reserves are found now and then, it is evident that the world will 

eventually run out of fossil fuels. Earth has nearly 1.688 trillion barrels of crude and at the 

current rate of extraction, it will last approximately 53.3 years [8]. But during the last ten years, 

proven reserves have increased by 27%, or 350 billion barrels. An additional 900 million barrels 

of oil were detected in Russia and approximately 800 million barrels in Venezuela. This amount 

may increase in the future as the world is tapping into the domain of shale oil and gas reserves 

which have remained untouched previously. These facts indicate that the world may buy some 

time with such a fractional increase in oil and gas; however, pollution and greenhouse gas 

(GHG) emissions are a serious concern associated with fossil fuels. 

1.1.4 Pollution and GHG Emissions 

In addition to scarcity, one other downfall of fossil fuels is the associated pollution and GHG 

emissions. As a result of the burning of fossil fuels, different harmful gases and particulate 

matter are released into the atmosphere as pollutants. Environmental Protection Agency (EPA) 

has defined certain gases and particulate matter (PM) as pollutants that have acute, chronic, or 

carcinogenic effects on human health. These pollutants are termed Criteria Air Pollutants and 

included Carbon Monoxide (CO), particulate matter (PM), Nitrogen Dioxide (NO2), Lead (Pb), 

Sulfur Dioxide (SO2), Ground-Level Ozone(O3) etc. These pollutants when present beyond 

certain levels makes the atmosphere polluted and hence, detrimental to human health and 

survival [9]. 
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Table 1.1 Air Quality Standards for Criteria Air Pollutants, Averaging Time, and Concentration 

Air Quality Standards for Criteria Air Pollutants 

Sr. no Pollutants Averaging Time Concentration 

1.  CO 

 

08 hour 8 ppmv (10mg/m3) 

01 hour 36 ppmv (40mg/m3) 

2.  Pb Max Quarterly Average 0.15 μg/m3 

3.  NO2 National Arithmetic Mean 0.0533 ppmv 

4.  Ozone 

 

1-hour Average 0.121 ppmv 

8-hour average 0.08 ppmv 

5.  PM 10 

 

Annual Arithmetic Mean 49 μg/m3 

24-hour Average 149 μg/m3 

6.  PM 2.5 

 

Annual Mean 65 μg/m3 

24-hour 15 μg/m3 

7.  SO2 

 

Annual Mean 80 μg/m3 

24 hour 360 μg/m3 

 

In addition to harmful hazardous effects on human health, another associated danger is increased 

climate change. This happens due to an increase in GHG emissions. Earth’s natural atmosphere 

is like a big greenhouse gas shed to control the temperature of the biosphere which is necessary 

for the survival of life. Different gases have different absorption capacities for incoming 

ultraviolet rays and outgoing infrared rays. The potential of these gases to cause global warming 

when comparing it with the amount of global warming caused by Carbon is known as Global 

Warming Potential (GWP); thus, the more the GWP, the higher will be global warming caused 

by these gases. Due to human activities, the volume of these gases has increased in the 
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atmosphere causing a massive increase in global warming and hence the rise of global 

temperature. In addition to the gases mentioned above, water vapor, carbon dioxide, methane,  

Table 1.2 Green House Gases, Atmospheric Concentrations, Average Lifetime, and GWP 

Green House Gases, Atmospheric Concentration, Average Lifetime, and GWP 

Sr # GHG 

Pre-Industrial 

Concentration 

Concentration in 

2018 

Average 

Lifetime (Yrs) 

GWP 

1 CO2 280 ppmv* 449 ppmv 50-200 1 

2 Methane CH4 715 ppbv* 1700 ppmv 10-15 21 

3 

Nitrous Oxide 

(N2O) 

270 ppbv 320 ppmv 115-145 

310 

4 CFCs 0 503 pptv* 102 125-152 

5 HCFCs 0 105 pptv 13 123 

6 

Perfluorocarbon 

(CF4) 

0 110 pptv 50,000 
6500 

7 

Sulphur Hexa-

Fluoride (SF6) 

0 72 pptv 1000 
23900 

pptv – parts per trillion by volume 

ppbv – parts per billion by volume 

ppmv – parts per million by volume 

Chlorofluorocarbons (CFCs), and various other gases are included to be GHGs. Furthermore, 

some of these gases can remain in the atmosphere for hundreds of years. So, during all that time, 

they will further add to the deteriorating situation. 
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1.1.5 Tackling Energy Insecurity and Mitigation of Detrimental Climate 

Effects 

To tackle the challenge of energy insecurity, scarcity of conventional resources, and mitigation 

of climate change, three main solutions have been proposed (i) Nuclear Fusion/Fission power, 

(ii) Carbon Capturing and Sequestering while burning fossil fuels, and (iii) Investing in 

renewable energy generation. Both nuclear fusion and fission are carbon-free energy generation 

processes [10]. However, nuclear fission involves the decomposition of Uranium-235 which is a 

scarce element and is very difficult to secure. Furthermore, disposing of nuclear waste is another 

troubling feature because of its very high toxicity and prolonged half-life. On the other hand, 

nuclear fusion involves the fusion of different elements thus generating huge energy during the 

process; however, nuclear fusion requires very high temperature and pressure conditions. 

Researchers are focused on achieving suitable conditions for nuclear fusion to happen. In 

addition to nuclear power production, decarbonizing i.e., carbon capture and the sequester is 

another option. However, the main challenges for carbon sequestration are the costs of carbon 

dioxide separation, capture, and finally making safe and economical dumping spots (sinks) [11]. 

Thus, investing in renewable energy sources seems like the more suitable and viable option. 

1.1.6 Renewable Energy Technologies 

1.1.6.1 Wind Energy 

Wind energy is derived from the air through wind turbines. The wind power depends upon the 

speed of the wind and it is expressed as  (P=Power, p=density, A=swept area,V=wind 

speed) [12]. Hence, with the increase in wind speed, there is an exponential increase in power.  

 

Figure 1-1 Power generation using wind energy 
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Offshore and high-altitude areas, where wind speed is high and constant, are considered the best 

locations for wind farm installations. Overcoming all technical and environmental barriers, 

global wind potential is considered to be 45 times the current electricity demand [13]. In the year 

2020, 93 GW of wind power technology was installed with China’s contribution of 55% 

followed by the US (18%), Brazil (2%), and many other countries. As a result, the total 

worldwide wind power capacity increased to 763GW which will be helpful to avoid 1.1 billion 

tons of CO2 globally. Still, it is a very long way from achieving the maximum global potential of 

14TW [14]. 

1.1.6.2 Hydropower 

Harnessing energy from falling water or running water is known as hydro-power. This energy 

can be obtained either by building large water reservoirs/dams and installing water turbines or by 

putting turbines in the waterway of run-of-the-river systems. This technology is also applied in 

remote hilly areas to extract the energy of waterfalls. Hundreds of hydroelectric dams have been 

built in various countries as it is the cheapest source of electricity excluding building costs. 

China took the lead by building the largest dam, the Three Gorges Dam, having a power 

generation capacity of 22GW with a water storage capacity of 39 million cubic meters [15]. 

However, hydropower dams are very expensive to build and have various environmental 

concerns. 

1.1.6.3 Geothermal Energy 

The thermal energy found inside Earth’s crust is known as geothermal energy. Very high 

temperature and pressure inside the core and mantle layer cause the rock to melt and transfer this 

energy to the upper layers through the convective movement of the mantle. At the core-mantle 

boundary, temperature can reach as high as 4500 0C [16]. This heat is utilized in running binary 

cycle power stations, flash steam power stations and dry steam power stations, and. As of 2019, 

total worldwide power generation capacity from geothermal energy is approximately 15 GW 

[17]. It can be used both for space heating and power generation, geothermal energy has the 

potential to meet 5 percent of global demand [18]. 
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1.1.6.4 Biomass and Biofuel 

Biomass is material of biological origin obtained from living organisms and is usually plants-

based materials. Biomass is either burnt directly to obtain energy utilising the heat produced 

during burning or by converting indirectly into biofuel [19]. Biomass includes dead leaves, dead 

trees, wood chips, eucalyptus, sugar cane, hemp, and other plant debris. Using many methods of 

chemical treatment, plant biomass is converted to glucose from cellulose. This results in the 

formation of first generation biofuel. It can exist in all three forms i.e. liquid, gas, and solid 

forms. Bioehtanol and biodiesel falls in catergiry of liquid biofuels whereas biogas is gaseous 

biofuel. In 2010, types of biofuels provided 2.7% of global transportation fuels [20]. 

1.1.6.5 Solar Energy  

Keeping in view different renewable energy resources, perhaps the most abundant, practical and 

reliable form of renewable energy is solar energy. Nearly 130,000 TW solar energy hits the 

surface of earth per annum, thus plenty of energy is available to be utilized. Solar energy can be 

directly converted to electricity (Photovoltaics), solar to fuel conversion (photochemical water 

splitting), solar cooling and heating, and solar thermoelectric,. It can also be utilized indirectly 

i.e., wind to electricity generation using wind turbines, hydropower, and biofuel energy. This 

study focuses on Photovoltaic cells or PV solar cells which work by converting incident particles 

of light  

 

 

 

 

 

 

 

Figure 1-2 Global primary energy consumption by various sources 
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(photons) into electrical charges directly and providing to external load. Sun energy is the only 

form of energy that is widespread and even available in the remotest areas of Earth. Thus, using 

solar cells enable humans to harness energy, whereas providing energy otherwise is an enigmatic 

task in remote hilly or desert areas. Initially, solar cell technology was very expensive and hence 

undesirable as energy cost per watt was very high. However, PV researchers have worked a lot in 

the past decade to find a reasonable ratio of efficiency and effective cost. 

1.2 Photovoltaic Technology  

Photovoltaics (PV) is the technology that converts incoming solar radiation directly into electric 

current by using semiconductors. This type of power generation employs several solar panels or 

modules containing various smaller units having a photovoltaic material. Energy generation by 

solar photovoltaics is the cleanest renewable energy technology as its operation does not involve 

any environmental emissions and is hence considered very environement friendly [21]. There are 

three main stages involved in working of a solar cell; (1) absorption of solar energy, (2) electron-

hole pair generation and separation of these two charges, and (3) providing these charges to the 

load.  

 

Figure 1-3 Development of Different Generations of Solar PV 
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1.2.1 Solar cells Generations 

Depending on the type of formed junction, manufacturing technique used, and photon absorbing 

material type, photovoltaics are divided into three main generations. 

1. Wafer-based crystalline silicon bulk multi-junction solar cell (‘First Generation Solar 

Cells’) 

2. Thin film solar cells Amorphous Silicon (a-Si), Copper-Indium-Gallium-Diselenide solar 

cells (CIGS), Cadmium Telluride solar cells (CdTe), etc (‘Second Generation Solar 

Cells’) 

3. Emerging Technologies (polymer-based organic solar cells, Dye Sensitized solar 

cells(DSSCs), Perovskite cells) etc. (‘Third Generation Solar Cells’) 

1.2.1.1 Wafer-based Crystalline Solar Cells 

Most of the solar panels are fabricated using this technology which is further classified into two 

categories. 

1.2.1.1.1 Monocrystalline Solar Cells 

The most common, established, reliable, and developed of all solar cells are monocrystalline 

cells which are 18-20% efficient. Using a process called the Czochralski process [22], a single 

crystal of silicons is used to make solar cells. During manufacturing, silicon crystals are cut from 

the cylindrical ingots and used in forming a single cell. Later, multiple units are joined forming a 

module. The theoretical efficiency of these cells is considered to be around ~30% which is quite 

high[23]. In addition to high efficiency, the cells have a longer life, more electricity production, 

and high heat resistance. On the other hand, these modules have a disadvantage in terms of the 

initial cost. Since a costly and complex manufacturing process is applied in forming these cells. 

1.2.1.1.2 Polycrystalline Solar Cells 

Polycrystalline solar cells is the second category among first generation solar cells. As the name 

indicates, the solar cell wafer used in manufacturing these cells is cut from an ingot of a 

multifaceted polycrystalline silicon. As a result, the uniformity and alignment obtained are not 

comparable with that of monocrystalline solar cells. Furthermore, there are losses at the joints 

between them which leads to lower efficiency. On the other hand, under certain circumstances, 

this grain misalignment can help as light is hitting from all angles. An example would be good 

working in low light in comparison with monocrystalline solar cells. On of the main advantages 

of polycrystalline solar cells is their cost-effectiveness. Further, these cells are also easy to 
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produce. As far as manufacturing is concerned, these cells are produced by cooling a graphite 

mold containing molten silicon. Afterwards, this molten silicon is transferred into blocks sawed 

in the plates. The next phase is solidification during which, crystal structures of different sizes 

are formed. Module level efficiency r cells. With the benefit of low initial cost, the low 

efficiency is the undesirable trait [24].of these cells is around 12-14% which is quite low as 

compared to monocrystalline solar cells. 

1.2.1.2 Thin Film Solar Cells  

Thin film solar cells have stacked thin layers, usually one or more, of photovoltaic materials 

which are deposited upon the substrate. It’s thickness can vary in the range of nanometers to 

micrometers. Different cells are manufactured by depositing photovoltaic materials using a 

variety of deposition techniques on a range of substrates. The photovoltaic material used to make 

thin-film solar cells is typically used to categorise them [25]. In thin film solar cells, amorphouse 

silicon solar cells, cadmium telluride solar cells, and copper-indium-gallium-selenide(CIGS)solar 

cells are famous. 

1.2.1.3 Organic and Hybrid Solar cells 

Organic solar cells are polymer based cells which use organic polymers for the photovoltaic 

effect. On comparison with silicon solar cells, organic cells are light weighted, cheap, flexible, 

and recycleable. Further, organic solar cells are environmental friendly. As far as disadvantages 

are concerned, they have a low efficiency and hence most of the solar cells are inorganic [26]. 

Maximum achieved efficiency of organic solar cells is almost 9% [27]. Hybrid solar cells 

employ both organic as well as inorganic materials in which organic elements are used for 

absorption of light whereas electron transport material is mainly inorganic in nature. Efficiency 

of these cells is dependent upon effective manufacturing of interface between organic and 

inorganic materials are made [28]. Hybrid solar cells include dye sensitized solar cells (DSSCs) 

and polymer nanocompoiste solar cells. 

1.2.1.3.1 Dye-Sensitized Solar Cells (DSSCs) 

In 1991, Gratzel and O’Reagan discovered DSSCs which are third generation solar cells working 

on principle of photosynthesis. These cells contain a moleculer dye which absorbs light from sun 

in the same way cholorophyll does in plant leaves. This molecular dye is pasted upon a layer of 

titanium dioxide nanoparticles and this thin layer is porous in nature. Titanium Dioxide is 

immersd in an electrolyte solution. To complete the cell, platinum is used as a counter-electrode. 
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Assembling these cells in this chemical way makes them more facile and cost effective [29]. 

Ruthemium based organic dyes especially N719 are used as sensitizers in the DSSCs cells. The 

photoanode has a thick film of transparent titanium dioxide nanoparticles that scatter photons 

back into the transparent film whereas platinum is used as the counter electrode.  

1.3 Working of a solar cell  

When solar cell is placed in the ambient environment in the presence of sunlight, then photon of 

sunlight (energy packets) gives energy to the solar cell to produce an electric current. Overall 

solar cell working comprises of three main steps, 

 Absorption of sunlight 

 Charge separation 

 Conduction or charge collection 

First solar light is absorbed in the visible range of 400nm-700nm wavelength by the surface of a 

solar cell, which comes through the glass. Cell absorbs the visible spectra and the energy 

required to break the depletion region is provided to get the enough energy to go from valence 

band to conduction band. In that way, all the holes and electrons goes towards their sides, holes 

moves towards p side while electrons moves towards the n side, charges are separated. Now, 

solar cell has develop potential difference and if it connected to a load, it enlightens the load and 

in that conduction takes place. Electrons going from the n-type layers through the external circuit 

goes to the p-side region, where electrons meet with the holes and this cycle of conduction 

continues until the enough energy photons are being received by the solar cells to break the 

junction barrier. 

1.4 Problem Statement 

Development of photovltaics technologies with high efficiency and affordablility has always 

been an esteemed area of interest for the material scientists and device community. Dye-

sensitized solar cells are a potential technology for renewable energy development due to their 

short energy recovery time, ease of assembly, and excellent ability to achieve eco-friendly 

properties. In order to complete the process of converting light into electricity, the counter 

electrode in DSSCs must both deliver the electron and catalyse the regeneration of iodide from 
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triiodide. Due to its high electrical conductivity and exceptional catalytic capacity to regenerate 

iodide from triiodide, platinum (Pt) is the most often utilised material for counter electrodes. The 

investigations utilising Pt counter electrodes yielded many important conclusions that served as 

the cornerstone of DSSC technology. The noble and precious nature of Pt, as well as its poor 

stability in the electrolyte, have, nevertheless, been a key barrier to realising low-cost, and 

therefore large-scale deployment of DSSCs with the goal of extending solar power up to the 

terawatt scale. Among them carbon based materials especially derived from biomass have the 

earmark of being used as counter electrode as they tend to possess the properties like large 

surface area, excellent corrosion resistance, more conductivity, ability to catalyzed the redox 

reactions plus the cost effectiveness and readily availability. Along with a number of benefits, 

hemp (cannabis) has a tremendous deal of potential for renewable energy. In addition to growing 

largely in all types of habitats and temperatures, it is also more environmentally friendly. It has a 

high dry matter yield, low cost, mild nutrient requirements for growth, low pesticide 

requirement, and a high biomass content. In this study, Hemp has been used as precursor to 

prepare activated carbon with high porosity and large surface area which then was used to 

fabricate the counter electrode to replace the conventional platinum counter electrodes.    

1.5 Objectives 

Future solar cells using Dye sensitization technology are ever developing and auspicious field of 

study with lots of potential to evolve over time. The anticipated  objectives of current research 

work pertain to development of DSSC’s cells are as follow: 

 To synthesize the activated carbon derived from hemp based biomass through green 

synthesis process  

 To characterize the prepared hemp based carbon via certain characterization techniques  

 To fabricate the counter electrode using hemp activated carbon  

  To study the structural, morphological as well as the electrochemical properties of the 

fabricated counter electrodes 

 To establish the comparative analysis of hemp activated carbon with the conventional 

(commercial) activated carbon and platinum based countr electrodes. 
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1.6 Limitations 

The following limitations prove to be hurdle in order toevaluatethefull potentionalof hemp 

activated carbon as suitable candidate for counter electrode fabrication of DSSCs. By 

overcoming theses challenges the foundations can be led to level up the solar industry to combat 

the current energy crisis as well as to commercialize the Dye sensitized solar cells. 

 Pohotovoltaic characteristics of hemp based counter electrodes can not be determined 

as the I-V curves was not recorded due to unavailability of said facility. 

 Relaiability and stability issues. 
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1.7 Thesis outline 

 

Figure 1-4 Figure Depicting Flow of Thesis 
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1.8 Scope of thesis 

Dye sensitised solar cells (DSSC) are a type of solar cell that is gaining popularity among 

scientists and researchers. The substitution of activated carbon for platinum-based counter 

electrodes can reduce the cost of various energy storage and conversion processes. The synthesis 

of activated carbon from biomass is of current interest in terms of energy sustainability. The 

carbonization process has a significant impact on the properties of activated carbon derived from 

biomass. This research focuses on the chemical activation of hemp to produce activated carbon 

with a very large surface area and high porosity. The hemp leaves were first carbonised at 750°C 

before being activated with hydrogen peroxide (H2O2). Doctor Blade coating Technique was 

then used to create a carbonaceous counter electrode containing Hemp activated carbon (HAC) 

on an FTO glass substrate. The photoanode was prepared, and the DSSC was finally assembled. 

Various characterization techniques were used, including XRD, FTIR, SEM, Raman 

Spectroscopy, and Cyclic Voltammetry. SEM was used to examine the surface morphology, 

which revealed the development of a regular porous structure. FTIR confirmed surface 

functional groups such as -OH, -COOH, and -C=C/C-C. Raman spectroscopy and X-ray 

diffraction were used to determine the crystalline and graphite nature of HAC. This study 

proposes an environmentally friendly method for mass-producing activated carbon from hemp. 

1.9 Summary 

The concept of solar energy, photovoltaic technology, and other related terminologies in the 

solar cell are explained in detail. All the generations of solar cells were also described with their 

characteristics and a special focus on the cell, dye-sensitized solar cell with their basic principle 

of working, components, and their applications, as well as the features that give this generation 

edge over the other generation of solar cells. 
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Chapter 2: Literature Review 

With the increasing energy demand, renewable energies are presenting an alternative especially 

solar renewable energy is growing day by day for the countries situated in the rich solar region. 

Among the various solar cell products available in the market Dye-Sensitized Solar Cells 

(DSSC) are the latest one. These Solar Cells mimics the natural processes of photosynthesis and 

appear to be cheaper than conventional solar cells and offer ease of processing (fabrication) from 

the rest of the photovoltaics. 

2.1 History and Origin of Solar Cells  

The interaction of humans with technology involving solar energy dates back to the 7th century 

[1] when sunlight was used to set fires and burn ants by focusing it on glass and mirrors [2]. But 

today solar energy has been advanced into very innovative technologies e.g., solar-powered 

vehicles and airplanes. 

Romans and Greeks, the superpowers from the 3rd century used to focus sunlight to lit the 

torches whereas the Chinese practiced the same in 20th AD [3]. In the 4th century AD, the water 

in Roman bathhouses was warmed through large windows facing south to let the rays of the sun 

come in. In the 1830s, Sir Johan Herschel used the world’s first solar collector for cooking 

during his expedition to South Africa. This solar collector was built by Horace de Saussure [4]. 

Robert Stirling, on September 27, 1816, was the first person who applied for a patent in 

Edinburgh, Scotland as he developed a heat engine “eEonomizer” that was used to produce 

power through the sun’s thermal energy, in a solar thermal electric technology [5-7].  

Until 1839 the photovoltaic effect was not known to the world, when a French scientist, Edmond 

Becquerel discovered it during his work with an electrolytic cell [8]. Two metal rods immersed 

in a solution (able to conduct electricity) constituted this electrolytic cell and showed significant 

improvement in the generation of electricity when they were exposed to sunlight. A French 

mathematician Auguste Mouchaet along with his assistance built the precursor of the modern-

day parabolic solar dish collector, a solar-powered engine used in the 1860s for enormous 

applications [9]. The photoconductivity of selenium was discovered by Willoughby Smith and 

Williams Gryells along with Richard Evans in 1873 and 1876 respectively. A paper with the title 

“The action of light on selenium” was also published by these researchers.  Similarly, in 1883, 
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Charles Fritts was the first person who fabricated a solar cell based on wafers of selenium. In 

1887, Heinrich Hertz discovered that the lowest voltage that can cause a spark to jump between 

two metal electrodes can be altered by ultraviolet light. Wilhelm Hallwachs in 1904, discovered 

that cuprous oxide, as well as copper, are photosensitive, and he made a semiconductor junction 

solar cell using these oxides. Based on the publication of Albert Einstein explaining the 

photoelectric effect per quantum mechanics, 10 years later, the existence of a barrier layer in 

photo voltaic (PV) devices, finally, was explored. In 1916, Roberts Milikan experimentally 

proved the photoelectric effect. Single-crystal silicon growing method was discovered by Jan 

Czochralski. A material that is still used by the PV industry is cadmium selenide, its photovoltaic 

effect was discovered by Audobert and Stora in the year 1932.  The method of crystal growth 

that was developed by Czochralski was adopted by Gordon Teal with John Little, in 1948, for the 

production of single crystal germanium and then later for silicon [10]. Bell Laboratories on April 

25, 1954, announced their first ever practical silicon based solar cell having an efficiency of 6% 

[11-12]. In 1955, Western Electric got a license for solar cell-based technology, during the same 

period, the Semiconductor Division of Hoffman Electronics Semiconductor Division came out 

with commercial solar cell technologies that were 2% efficient, later on, 9% efficient solar cell 

was also created by them. In 1958, Mandelkorn T of U.S. Signals Corps Laboratories fashioned 

an n-upon-p silicon-based solar cell. The damage caused by ultraviolet radiation was lesser on 

these cells and thus was best suited to be used in space. Vanguard 1, a solar-based satellite, the 

first of its kind was powered with 0.1 watts, 100 cm2 solar panels. Later on, the first Photovoltaic 

cell with amorphous silicon, having an efficiency of 1.1% was fabricated by Wronski and 

Carlson at R.C.A. Laboratories in 1976.  In 1980, at Delaware University, The Institute of 

Energy Conversion (IEC) designed a thin film-based solar energy cell using Copper Sulfide and 

Cadmium Sulfide (Cu2S/CdS) showing efficiency of approx. 10%. The Centre for Photovoltaic 

Engineering (CPE) at the New South Wales University (UNSW) achieved 20% efficiency for 

silicon cells. Bryan O’Reagan and Micheal Gratzel created DSSC in 1988. The cost of these 

photo-electro-chemical solar cells was almost half of the silicon solar cells and their operation 

was based on an organic dye compound. 

As far as the history of solar cell technology is concerned, a breakthrough and a new world 

record were achieved in 2006 that the efficiency of solar cells came up to 40%, thus breaking the 

sunlight to electricity barrier [13]. The scientists at National Renewable Energy Laboratory 
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(NREL) break this record by fabricating a PV device that showed a high conversion rate for the 

incident light and turning it into electricity. The efficiency of this device was 40.8%.  However, 

this was achieved only under concentrated energy then an inverted solar cell was constructed 

with a metamorphic triple-junction and autonomously measured precisely at NREL [14]. Later in 

2011, the Chinese companies pushed down the manufacturing costs for silicon-based PV 

modules to about $1.25 per watt. Consequently, the installation of solar cells doubled worldwide.  

Research and development on Photovoltaic devices continue with a more intense focus on raw 

materials, novel approaches, and cell design towards solar favoured materials and products 

manufacturing [15]. 

2.2 Development of the Solar Cells 

The terminology Photovoltaic has found its origin in Greek words “Photo” meaning light and 

voltaics which means electricity after the name of Alhessandro Volta, the physicist who designed 

the electric battery. Photovoltaics usually refers to the alteration of solar energy which is light 

energy to electricity. However, associated physical phenomenon of photovoltaic effect was first 

understood by Alexandro Edmand Bacquerel while working with metallic electrodes and 

electrolytes. In 1833, the first solar cells made up of selenium wafers were designed, by Charles 

Fritts who was an American inventor and in 1888, the first US patent for solar cell was earned by 

Edwerd Weaston. In 1901, An American patent titled “method of utilizing and apparatus for the 

utilization of radiant energy” was received by Nikola Tesla [16]. Published in 1905, the paper 

published by Einstien proposed the theoretical background for the photoelectric effect [17]. The 

experimental proof for Einstein’s theory of photoelectric effect was provided by Robert Millikan 

in 1916. After this success, in 1922, Einstein received Physics Nobel Prize for his work on the 

photoelectric effect. Around 30 years later, at Bell labs, the team developed Si-based solar cells 

after discovering the photoelectric effect exhibited by Silicon and achieved 6% efficiency. These 

first solar cells found their applications in early satellites.  Initially, the advancements in the field 

of solar technology were concentrated on space-related applications.  

However, after the oil shock (oil crisis) of 1970, alternative energy sources gained real 

importance when in mere time span of six months. the oil prices doubled. The issues related to 

ever-growing concerns such as global warming and following climate change encouraged the use 

of renewable resources.  In order to overcome both the environmental issues and energy crisis, 
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the world leaders decided to reduce the emissions of greenhouse gases ( mainly CO2), in Kyoto 

Protocol, the goal was to reduce emissions by at least 5.2% in 2012 as compared to the levels 

which were recorded in 1990. As a result, a conducive environment for the exponential growth 

of renewable energy resources was created mainly photovoltaic industry. Nowadays, 

photovoltaic industry is among the leading industry based on renewable energy resources [18].    

2.3 Emergence of Dye-Sensitized Solar Cells 

Amongst already existing solar cells, the Dye-Sensitized Solar cells (DSSC) are the new ones 

that basically mimics the natural process of photosynthesis. DSSC are gaining importance 

because of their less costs and requires less expertise for fabrication than conventional solar 

cells. Fundamental concept of DSSC is based upon the photoelectric experiments conducted by 

Becquerel in 1839 in which platinum-based electrodes were dipped in an electrolyte which 

contained the halide (metal) salt to produce current. To encompass the photosensitivity of silver 

halide, a dye was added to absorb at longer wavelength, this discovery was made by Vogel in 

1883 [19]. In 1887, Moser surprised the chemists by the introducing the concept of a dye on the 

silver halide electrodes for the photo-electro-chemical cells [20]. In 1964, Namba and Hishki 

recognized the effectiveness of cyanine and combining two cyanine dyes to have a 

photochemical process [21]. Later on, the addition of dye on the semiconductor electrodes 

became a common consensus to enhance efficiency of photo-electro-chemical cells. The base of 

modern photo electrochemistry was led by Brattain and Garret. The study on semiconductor-

electrolyte interface was first time studied by Gerischer in photoelectrochemical cells [22,23]. A 

worldwide quest for alternative energy sources was set in 1973 after the oil crisis with large 

studies aimed at photo-electro-chemical cells. However, the sensitization of a photo electrode 

was first performed in 1870s according to Gratzel. The understanding of the two procedures did 

not occur until 1960s, that both the procedures worked similarly, by injection of the electrons 

from photoexcited dye molecules into the conduction band of the n-type semiconductor. 

Afterwards, in succeeding years, to increase the efficiency of dye, it was suggested that it should 

be absorbed chemically on the outer surface of relative semiconductor. Dispersed particles 

provide sufficient interface when employed to photo-electrodes [24].  

Owing to its biocompatibility, readily availability, less cost and nontoxicity titanium dioxide 

became the semiconductor of prime importance and used for sensitized photo-electrochemistry.  
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Whereas, tris (2,2 bipyridyl-4, 4 carboxylate) Ruthenium (II) was the dye utilized as standard.  In 

1991, after extensive research, sensitized electro-chemical photovoltaic devices with the 

conversion efficiency of approximately 7.2% upon irradiation by sunlight, were formed. 

Progressively the evolution of further competent DSSC has continued with conversion efficiency 

over 10%.   

2.4 Operating principle of Dye-Sensitized Solar Cells  

Under illumination, DSSCs are designed to use the photo-electrochemical mechanism in order to 

convert light energy to useable energy [25]. Unlike solar cells based on p-n junctions, DSSCs are 

designed to operate similar to photosynthesis process operating in plants thus allowing for 

individual customization of absorption of light and charge transfer process, allowing far wider 

material design freedom. Because of their exceptional capacity to achieve a quick energy-

payback, easy manufacturing and environment friendly qualities, DSSCs are quite a reliable 

addition in renewable energy field.   

A glance at Fig. 2.1 shows that a simple DSSC setup has two electrodes: a photoanode i.e. 

working electrode and a photocathode i.e. the counter electrode. By coating a dye loaded porous 

Titanium Oxide (TiO2) nanoparticle film on a transparent conducting oxide (TCO), the working 

electrode is made. On the other hand, the counter-electrode is platinum NP coated transparent 

conducting oxide (TCO). A liquid electrolyte (a redox pair) is put between these two electrodes. 

When light strikes the photoanode travelling through TCO, dye molecules are activated and 

transfer an electron to TiO2's conduction band (CB) since dye's HOMO is higher than TiO2's CB. 

Diffusion allows the transferred electron to reach the TCO through the TiO2 nanoparticle layer. 
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Figure 2-1 Schematic diagram and basic working principle of DSSC 

On the other hand, the oxidized dye molecule is regenerated by taking an electron from the redox 

pair in the form of iodine/triiodide species. Furthermore, an electron can also be absorbed from 

external circuit’s counter electrode to recreate this redox pair. The following steps are involved 

in electron transfer during cell operation [26,27] 

a) Photo absorption and dye excitation:  In the very first step excitation of dye takes place 

upon irradiation with solar light and promoted to excited state from ground state 

according to following equation:  

     ……………… Eq 2.1 
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b) Electron injection: The excited dye oxidized and injects electron into the conduction 

band of the semiconductor film. The rate at which this process occurs is 1010 to 1012s-1. 

   ……………… Eq 2.2 

c) Recovery of dye: In this step dye recovers its original state i.e., de-excited to ground 

state as:    

………….…… Eq 2.3 

d) Oxidation of electrolyte: Oxidization of electrolyte takes place according to following 

equation:  …..… Eq 2.4 

e) Regeneration of electrolyte: 

The restoration of electrolyte happens at the counter.      

    ………………..…… Eq 2.5 

f) Oxidation -reduction reaction           

   ……………………… Eq 2.6 

Whereas, 

S represents dye sensitizer, S* represents excitation phase, S+ represents oxidized dye 

In order to enhance light transmission and electrical conductivity, a conductive glass is used as 

the substrate. This glass is divided into fluorine-doped tin oxide (FTO) and indium-doped tin 

oxide (ITO). A thin film of TiO2 nanoparticles is used as semiconductor electrode placed over a 

glass film having a thickness around 11-16 micrometers. This electrode plays a significant part in 

the separation of exciton and transfer of electron. The amount of dye molecules absorbed on the 

TiO2 layer's surface is mostly determined by its porosity and shape.  

2.5 Components of DSSCS and their properties 

DSSCs are composed of five components; 

1. Transparent Conducting Substrate (TCO) 

2. A metal oxide coating 

3. Dye 
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4. An electrolyte 

5. Counter-electrode material 

2.5.1 Transparent conducting substrate 

The DSSC's performance is heavily influenced by the clear conducting substrate. In DSSC, it 

serves two functions: (1) current collector, (2) a support for the semiconductor layer. TCO has 

two key characteristics: firstly, greatly transparent thus allowing more light that can pass to the 

underside of active material and secondly, low electrical resistivity that in turns, speed up the 

transfer of electron. Among transparent conducting oxides used in industry, majority are 

conductors of n-type. 

Both inorganic and organic materials have been used to create transparent conducting coatings 

for solar purposes. A layer of TCO [28], such as FTO (Fluorine doped Tin Oxide), ITO (Indium 

Tin Oxide) and Zinc Oxide (doped) is commonly used in inorganic films. To create organic 

films, grapheme and nanotube networks of carbon are being used. Transparent glass coated with 

FTO/ITO substrates are most efficient TCO materials extensively utilized in solar applications. 

However, the main shortcoming of ITO is, its conductivity degrades with time. In the 

manufacturing of DSSCs, the calcinations method is used. As a result, FTO is the transparent 

option of choice.  For DSSCs, there is a conducting substance. Deposition of TCO films is done 

on the substrate by a variety of methods. Spray pyrolysis, Pulsed Laser (PL) Deposition and 

Metal Organic Vapor Deposition (MOCVD) are some of deposition processes used, although 

magnetron deposition is the most effective. The film is sputtering [29]. 

2.5.2 Semiconductor Photoanode: metal oxide coating 

The photoanode is a critical component of the DSSC, as it is involved in (a) dye loading, (b) 

electron injection, (c) transportation, and (d) collection. As a result, it has a major impact on 

current, voltage, and efficiency of power conversion. Material structures of different types have 

been created including Zero Dimensional (0D), One Dimensional (1D) also known as Quasi 

Dimensional, and hierarchal nanostructures. The final arrangement, in particular, has a lot of 

potential for producing high-performance DSSCs.  

As a result, the photoanode materials must fulfil a number of requirements: First, to guarantee an 

efficient movement of electrons (photo-induced) from dyes to the subsequent semiconductor 

layer, the conduction band edge of semiconductor should lie below the lowest unoccupied 
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molecular orbital (LUMO) of the dye molecules. Second, the surface area of semiconductor film 

should be large so more dye molecules are absorbed. Third, the porosity of semiconductor film 

should be high enough so that the electrolyte infiltrates deeply inside film thus giving better 

Ohmic contact across the interfaces. Fourth, to easily move electrons to outer circuit, the electron 

mobility of semiconductor should be high. Different n-type oxides, such as Titanium Oxide 

(TiO2) [30] Zinc Oxide (ZnO), [31-32] Stannic Oxide (SnO2) [31-34], and other ternary oxides, 

such as Zn2SnO4 [35], can be used as metal oxides. However, TiO2 is most commonly used since 

it effectively meets the above-mentioned requirements. As a result, it is also known as the 

DSSC's "workhorse," "vehicle," or "heart." 

The photoanode's shape was also employed to increase light scattering and electron transport. 

Nanotubes, large particles, nanospindles, nanowires, nano-embossed hollow spheres, electrospun 

fibers, and other forms of crystals, hexagonal plates, and hexagonal plates have all been studied 

[36]. A bilayer structure made up of a scattering layer and a nanosized transparent layer has 

recently received a lot of interest due to its ability to improve device performance by efficiently 

increasing light scattering. Double light-scattering films [37], surface plasmon effects [38-40], 1-

3D nanostructured designs [41], quintuple-shelled hollow microspheres [42], and multi-stack 

structures are all explored as scattering layer structural designs [43]. 

2.5.3 The Sensitizer 

In the DSSC, the dye monolayer is a key component for converting incident light into electricity. 

When exposed to sunlight, dyes’ molecules undergo an electrical shift from the initial ground 

state to the energy laden excited state. An ultrafast electron injection from the excited state of 

dye molecule to the conduction band of titanium oxide (TiO2) allows the electron to be 

transported out through TiO2. Several criteria must be met by the ideal sensitizer in order for 

molecular engineering to be effective: (a) The sensitizer must have the ability to absorb light 

over a wide range of wavelength spectrum, up to infrared; (b) it must anchor on the surface of 

semiconductor oxide by means of a phosphine or carboxylate group ; (c) to avoid potential 

energy loss during the process of electronic transfer, LUMO of the sensitizer should be above the 

edge of the conduction band of oxide, (d) The highest occupied orbital (HOMO) of sensitizer 

must be low for easy electron or hole transfer; (d) the sensitizer must be of stable nature. 

Typically, the metal oxide nanoparticles are immersed in the dye containing solution for a period 
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of 12-24 hours resulting in adsorption of dye molecules on the surface of nanoparticles of metal 

oxide. 

 

Figure 2-2 Conversion of incident light to electricity with dye molecules 

Considering upto wavelength of 750nm, Rutheniser 535-TBA (N 719) and Rutheniser 535 (N 3) 

dyes are amongst most effective sensitizers in dye solar cells. However, when considering the 

entire range of absorption, black dye outperforms in terms of performance. But researchers are 

looking for metal free organic dyes because of cost, availability and restricted quantity of noble 

metals. Complex manufacturing and purification further adds to the search of metal free dyes 

[44] 
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Figure 2-3 Conversion of incident light to electricity with dye molecules 

Metal-free dyes have lately received a lot of interest due to their greater molecular design 

flexibility and better molar extinction coefficients. Due to the versatility of structural design, a 

donor-pi-acceptor (D-π-A) structure integrated dye has recently emerged as a potential method to 

enhance dye properties [45, 46]. Many researches have been conducted to enhance the 

characteristics of D-π-A dyes like absorbance, longer stability, rate of charge recombination, and 

efficiency of injection by adjusting the different donor groups, designing conjugated bridge, and 

optimization of acceptors or anchors [47]. Yella and coworkers [48] created a dye named donor-

p-bridge-acceptor zinc porphyrin (YD2-O-C8). It inhibits, across faces, electron back transfer 

from the TiO2 layer to oxidized mediator i.e. cobalt. This in turns results into 12.3% power 

conversion efficiency when put under simulated air mass of 1.5 global sunshine. 

2.5.4 The Electrolyte 

The electrolyte is needed for absorption of electrons at cathode and transfer them to the oxidized 

molecules of dye thus regeneration of electrons. Iodide (I-) or TriIodide (I3-) are among the 

widely used electrolytes because they have performed effectively to their kinetics and suitable 

energy levels [49]. The redox potential of an ideal electrolyte should be higher than the dye's 

LUMO. I3- diffuses to the cathode in the electrolyte to capture electrons, then generates I-, so to 

renew dye molecules, I- diffuses in opposite way to the electrode (TiO2). As a result, 

electrolyte's diffusion characteristics should be sufficient to prevent mass-transport restrictions. It 

also has to be non-corrosive to metal collectors and have high photochemical stability. 
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The difference between electrolyte’s redox potential and quasi Fermi level of Titanium Oxide 

(TiO2), which is around 0.6 – 0.7 V under the solar illumination circumstances, determines the 

highest voltage produced in DSSCs in theory. On the other hand, different redox couples like Br- 

or Br3-, SCN- or (SCN)2, SeCN- or (SeCN)3-, Fe(CN)6
3- or Fe(CN)6

4- [50], and Co(II) or Co(III) 

complex have also been added in DSSCs for production of a large open circuit voltage and also, 

to limit corrosion of the I- or I3- redox couples. 

2.5.5 Counter electrode 

Platinum nanoparticles are typically the counter electrode coated on fluorine-doped tin oxide 

(FTO) in DSSCs. In I- / I3- redox regeneration, the I3- to I- conversion is very effective on 

surface of platinum (Pt) counter electrode which helps in oxidized dye regeneration. Thus 

essentially, Pt is acting as catalytic agent for charge transfer between I- and I3- [51]. But, 

platinum is an expensive and naturally low occurring material so efforts are now aimed at 

searching for a replacement with cheap and abundantly occurring material. In this context, 

Carbon is also amongst the most prominent contenders. Many forms of carbon including CNTs 

[52], graphene [53], meso porous carbon [54], carbon fibers [55], and synthesized carbon [56] 

had been effectively utilized as CEs with nearly equal or even increased efficiency than 

platinum. However, adherence to the surface of the substrate and opaque characteristics are the 

primary issues with carbon based counter electrode materials. Counter electrode materials also 

include inorganic materials such as sulphides, carbides, and nitrides, as well as organic/inorganic 

composites [57,58]. 

2.6 Materials for counter electrodes: an overview 

In DSSCs, counter electrode is one the most important component which is usually made up 

mostly of Pt [59] and a TCO coating on substrate that is serving the function of electron transport 

layer. Counter Electrode (CE) is required for electron regeneration as well as catalytic reduction 

of (I- / I3-) based electrolytes. Pt has a large surface area, better catalytic activity with (I- / I3-) 

based electrolytes and outstanding heating behavior and for these reasons, it is chosen as catalyst 

for CE despite being the most costly component of DSSC [60]. 

The basis of DSSC technology was built by many significant discoveries from experiments 

utilizing Pt counter electrodes. But with the aim of increasing solar production all the way to 
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terawatt scale, Platinum’s rare and noble nature, its poor electrolytic stability and high cost has 

presented a substantial barrier to large scale industrial development and cheaper costs of DSSCs. 

As a result, the idea and introduction of a Platinum-free CE has recently received a lot of 

attention. Below is a more thorough discussion of the advances made using Pt and Pt-free 

counter electrode.  

2.6.1 Platinum 

Platinum is amongst the most thoroughly investigated counter electrode material for DSSCs 

technology. For this purpose, a doped substrate (usually fluorine doped tin oxide (FTO)) is used 

to produce the Pt counter electrode. Different deposition techniques like Sputtering, electro-

deposition, chemical reduction, vapor deposition and pyrolysis are just a few of the processes 

used to make Pt counter electrodes [61-65]. 

Chemical reduction, in particular, is widely used method because of its ease of use, working at 

lower temperatures, low platinum loading and strong catalytic activity. The Ma group also 

looked at the effect of Pt on catalytic activity. A Pt coating with 2nm thickness is adequate for 

excellent catalytic activity in DSSCs and that Pt films with a thickness of less than 10nm remain 

transparent. Pt thicknesses greater than 25 nm allow for light reflection, which improves light 

consumption [66]. On the other hand, Pt's catalytic capacity is linked to the bare facets, which 

follow the density functional theory (DFT) sequence in which Pt 100 < Pt 411 < Pt 111. [67]. 

Theoretical calculations and experimental data revealed that Pt 111 oriented CE has best 

efficiency as compared to Pt 411 or Pt 100 orientations [68]. The recent champion DSSC had 

achieved the conversion efficiency of 13% utilizing a Pt CE [69].  

2.6.2 Carbon Based Counter Electrodes  

By utilizing Nano-sized carbon as the counter electrode, Lee and coworkers (2008) [70] achieved 

a conversion efficiency of approximately 7.16 %. An in-situ carbonization technique was used to 

manufacture a transparent carbon-based CE with good mechanical stability. The PCE of the 

bifacial counter electrode was found to be 6.07 % when illuminated from the front and 5.04 % 

when illuminated from the back. Furthermore, optical properties of carbon-based materials were 

discovered to be determined by their composition while the electrochemical properties were 

found to be determined by the concentration of precursor [71]. Veerappan and others (2012) [72] 

studied spray coated carbon counter electrode with a spray time of 420-seconds. Spray coated 
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carbon has a photo-conversion efficiency of nearly 6.2 %, according to the researchers. By using 

carbon-black coated graphite as counter electrode having a layer thickness of 0.2mm, Chen and 

others (2009) have found power conversion efficiency of 6.56 %, this efficiency is greater than 

Pt based counter electrode (6.37%) [73]. 

Wu et al. (2011) employed carbon black, wasted printer toner, carbon fiber, carbon dye, 

mesoporous carbon, carbon nanotubes, activated carbon, and fullerene as carbonaceous material-

based CEs [74]. In comparison to others, mesoporous carbon has a high PCE of 7.5 % when 

compared with Pt-based CE. Any material's surface area, crystallinity, concentration and 

composition are all important factors in its effective outcome. The power conversion efficiency 

of carbon nano-fibers has been investigated at temperatures ranging from 550 to 750 degrees 

Celsius and found to be greater at 550 degrees Celsius (Sebastián et al., 2014) [75]. Utilizing 

nitrogen doped mesoporous carbon based CE, a power conversion efficiency of 7.02% was 

produced by Wang et al. As a result, nitrogen doped mesoporous carbon (NMC) is positioned as 

the most affordable alternatives to Pt [76]. Jian and others in 2013, reported maximum PCE of 

5.65 (%) in DSSC. They used modified mesoporous carbon (MC) as counter electrode. Xu and 

others in 2018, [77] gathered nineteen different bio wasted carbon materials from Xinyu 

University campus, China. These bio wasted carbon materials (BCMs) were classified into three 

categories: (a) seven leaves (b) eleven woods; and (c) two papers: facial tissue and filter paper. 

After research, they discovered different morphologies are associated with different 

carbonaceous materials. 

Graphene is a two-dimensional carbon molecule having atomically thick sp2 atoms and these 

atoms are arranged in a honeycomb lattice structure. It has significant promise in a variety of 

applications, like fuel cells, sensors, super capacitors, and photocatalytic water purification [78, 

79-89]. Graphene with conducting polymers has garnered largescale applications in DSSC 

because it is less expensive, has a good rate of charge transfer with a high catalytic activity [90]. 

Yue and others (2013) investigated a platinum/graphene film and discovered a power conversion 

efficiency of 7.78 %. This figure is greater than the platinumt-based conversion efficiency 

(6.51%). Lin et al. (2017) made Molybdenum Disulphide (MoS2) at room temperature using a 

straightforward two-step manufacturing method. They used 30 scan cycles to deposit MoS2 on 

FTO. MoS2/CNTs-3D was created on the surface of one dimensional CNTs by deposition of 
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MoS2 nanoparticles during hydrophilic treatment. They discovered the maximum PCE of 

MoS2/CNT-3D nanostructured CE to be 7.82 %, which they attributed to large surface area 

given by one dimensional CNTs, high catalytic activity of two dimensional MoS2 nanosheets for 

tri-iodide to iodide reduction in the electrolyte. Although the power conversion efficiency of 

MoS2/CNTs-3D as counter electrode was above that of platinum counter electrode, it has yet to 

be commercialized owing to instability concerns [91].  

Cationised graphite was created by Mengal and others (2017) by immersion of graphite in the 

lipase enzyme dispersion. Researchers discovered that inducing fumed silica in the graphite 

improves the catalytic activity of tri-iodide to iodide reduction by increasing the surface area 

generated by the nano-spacer. They found that using a hybrid structure as CE boosted graphite's 

PCE from 4.17 % to 6.19 % [92]. Table 2.1 contains all the important results on carbonaceous 

based CEs. 

Table 2.1 Summary of Important Results on Carbonaceous CEs 

Counter Electrode Material JSC(mA.cm-2) VOC (V) FF PCE(%) 

Carbon Black Powder 11.34 0.825 0.712 6.67 

Carbon Black 16.8 0.790 0.685 9.1 

Glassy Carbon 19.3 0.662 0.452 5.78 

Carbon 16.5 0.0710 0.64 7.56 

Transport Carbon 10.54 0.721 0.6 6.07 

Graphite – TCO free CE 12 0.816 0.6 5.9 

Pure Carbon 13.1 0.703 0.70 6.46 

Graphene/Carbon Black 15.07 0.70 0.57 5.99 

MoS2/CNTs 16.65 0.74 0.66 7.83 

Graphene 13.1 0.7 63.6 5.87 

 

Carbonaceous material has been chosen as a replacement for platinum based counter electrodes 

due to its inexpensive cost and plentiful availability in nature. Some disadvantages, such as the 
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carbon films attaches poorly to transparent conducting substrate and the requirement of plentiful 

availability to achieve the highest catalytic activity limit the long term usage of carbonaceous 

CEs. 

2.6.3 Conducting Polymers as Counter Electrode 

By virtue of hard work by researchers, usage of different conducting polymers has been made 

possible. They have great qualities for decreasing costs, such as fast electron acceleration, cheap 

and inexpensive, higher stability, and functioning at higher altitudes [93-94]. Among these 

polymers, polypyrrole, polyaniline (PNI), and 3,4-ethylene dioxythiophene (PEDOT) had 

previously been used as CE in DSSCs, and they have demonstrated outstanding performance in 

super capacitor products, water purification and sensors [95]. In these polymers, polyaniline 

(PNI) has been one of the most researched polymers in the last decade because of its easy 

manufacturing, environment friendliness, good electrical conductivity, strong redox activity 

towards iodide and great photocatalytic capability [96,97]. Furthermore, PNI has shown strong 

photoelectric properties and great catalytic activity for tri-iodide to iodide reduction during redox 

processes. Laboratory synthesized PNI had a 7.15 % PCE compared to 6.90 (%) for the 

conventional platinum counter electrode [98-99]. Wu and others (2008) fabricated nanoparticle 

polypyrole (PPy) coated counter electrode. It was found that PPy electrode had a high rate of 

charge transfer and a strong catalytic activity for tri-iodide to iodide reduction. Furthermore, the 

PCE of the PPy CE was reported to be 7.66 % as compared to platinum based counter electrode 

(6.90%). [100]. When 3,4-ethylene dioxythiophene (PEDOT) was utilized as a counter electrode, 

it showed excellent electrocatalytic characteristics, high conductivity and durability. Yin and 

others (2013) created a low-temperature PEDOT counter electrode and obtained a PCE of 7.04% 

which is comparable to the platinum-based counter electrode (6.90%) [101].  

In order to form a poly 3,4 ethylene dioxythiophene (PEDOT) counter electrode, Dai and others 

used solid state polymerization [102-103]. For polymerization, monomer 2,5-diiodie-3, 4-

ethylene dioxythiophene (DIEDOT) were sintered at 135 °C for varios operating hours giving 

PEDOT-24, PEDOT-36 AND PEDOT-48 FOR 24H, 36H and 48H respectively. After testing, 

PEDOT-36 gave the highest power conversion efficiency of approximately 6.38% while 

efficiencies of PEDOT, PEDOT-24 and PEDOT-48 came out to be 4.40%, 6.05%, and 5.57% 

respectively, by comparison platinum based counter electrode gave an efficiency of 7.35%. 
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Li and others used another technique for creation of a Pt-free CE. They incorporated reduced 

graphene oxide (rGO) into different conducting polymers like PNI, PPy, and PEDOT [104] 

giving a composite of rGO/PNI, rGO/PPy and rGO/PEDOT on a substrate of Ti foil as CE. 

Power conversion efficiencies of these three were found out to be 5.73%, 6.2% and 4.6% 

respectively which are also comparable to platinum based counter electrode. Another composite 

was created by Shih and others using the technique of electrochemical polymerization resulting 

graphene nanoplatelets(GNP)/polyaniline(PNI)/multiwalled carbonanotubes (MWCNT) or 

(GNP/PNI/MWCNT) composite. A very high potocurrent conversion efficiency of 7.67% was 

reported by the researchers which is almost equal to Pt-based counter electrode (7.62%). 

Furthermore, they showed a strong electocatalytic activity for tri-iodide to iodide reduction and a 

high rate of charge transfer for the aforementioned composite [105]. 

2.6.4 Binary metal compounds 

Since 2009, a lot of research is aimed at examining binary metal compounds as a substitution for 

platinum based counter electrode. Sulphides, nitrides, phosphides and carbides are a few types of 

binary metal compounds. 

2.6.4.1 Carbides 

Tungsten Carbide (WC) was first employed as CE in carbide based compounds by Lee and 

others [106]. In addition to WC, molybdenum carbide (MoC) was used by the Ma group [107]. 

After that, different carbides like VC, Cr3C3, TiC, Ta4C3, NbC, ZrC and SiC were utilized as 

counter electrodes and their efficiencies were found. They showed strong electrocatalytic activity 

with exception of ZrC and SiC [108]. 

2.6.4.2 Sulfides 

Cobalt Sulfide (CoS) was the first amongst sulfides which was used as CE because it is 

inexpensive and abundantly available. By using CoS nanoparticles, Gratzel was able to achieve 

an efficiency of 6.5% and he also confirmed durability over long-terms, even in very harsh 

conditions [109]. Since then, there is a lot of interest in CoS CEs. Different sulfide compositions 

were used as counter electrode including Co8S9, CoS nanorods, Co4S8, NiS nanoarrays, Cu1.8S, 

Ni3S2, Ni3S2, FeS2, and Ni3S2 [110-117] in DSSCs. Furthermore, WS2 and MoS2 were 

synthesized and introduced as CEs by Ma group and they exhibited efficiencies of 7.73% and 

7.59% for WS2 and MoS2 respectively [118]. 
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2.6.4.3 Phosphides 

Just like carbides and sulfides, phosphides are also employed as counter electrodes in DSSCs. 

MoP and Ni5P4 phosphides have been synthesized and employed as CEs and their efficiencies 

were found out to be 4.92% and 5.71% respectively. However, Pt based counter electrodes have 

shown way more efficiency than phosphides [119]. A lot of opportunity is still available for 

working on phosphide based counter electrodes. 

2.6.4.4 Selenides 

Amongst selenides, cobalt selenide (Co0.85Se) and nickel selenide (Ni0.85Se) were produced as 

CEs by the Wang group [120]. Counter electrode based on nickel selenide showed an efficiency 

of 8.23% while that of based on cobalt selenide showed an efficiency of 9.40% which is higher 

than traditional platinum based counter electrode (7.64%). Similarly, CEs based on CoSe and 

NiSe2 have also shown efficiencies greater than platinum based CE [121,122]. Moreover, NbSe2 

nanorods and nanosheets were produced giving an efficiency comparable to platinum based CE 

[123]. 

2.6.4.5 Tellurides 

Ma group also manufactured tellurides (NiTe2 and CoTe) and used them as counter electrodes.  

NiTe2 and CoTe have given efficiencies of 7.21% and 6.92% and these results are very good 

when comparing wiht Pt-based CEs [124]. 

2.6.5 Multiple Compounds 

Previously, binary compounds have been explained however, various compuounds consisting to 

three or more than three elements have also been utilized as counter electrodes in DSSCs. One 

such example is Copper Zinc Tin Sulfide (CZTS) which is first CE based on various elements 

[125-126]. CZTS nanoparticles and selenized CZTS nanoparticles (CZTSSe) were employed as 

CEs by Lin group and their work exhibited efficiencies of 3.62% and 7.37% respectively. By 

optimizing thickness of CZTSe up to 1.2m, the Wu group exhibited an efficiency of 7.82% 

which is higher than Pt-based CE. Various morphologies of CuInS2 were studied by another 

group [127] including vertically-oriented nanocrystals and nanosheets of CuInS2. An efficiency 

of 6.33% was obtained for CuInS2 nanosheets which is nearly equal to that of sputtered Pt-based 

CE (6.07%) [128]. After the addition of graphite, ternary compounds like CoMoS4, NiMoS4 and 

NiCo2S4 also showed efficiencies comparable to Pt when employed as counter electrodes [129, 

130]. 
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2.6.6 Composites materials 

Counter electrodes based on composite materials are distinct in a way that these are constructed 

using two or more materials having distinct chemical and/or physical properties. They have a 

high electrocatalytic activity and are inexpensive, hence they attracted lots of attention. 

Pt/carbon, MoC/Mesoporous Carbon, TiN/carbon nanotubes, and WC/ordered mesoporous 

carbon are such composite materials that have been synthesized and tested [131] Furthermore, 

different composites based on different combinations are made and tested frequently. 

VC/mesopororus carbon and WO2/mesoporous carbon were created by Ma group and they 

showed that these composites happened to have higher catalytic activity than Pt [132,133]. A 

carbon, polymer and a novel metal system (polypyrrole/C/metal) was created by the Han group 

and they exhibited better efficiencies using Cobalt, Polypyrrole and Carbon system 

(Co/polypyrrole/C) (7.639%) and Nickel, Polypyrrole and Carbon system (Ni/polypyrrole/C) 

(7.439% ) than only carbon (6.26%) [134]. Various binary compounds induced with graphene 

like NiS/graphene CoS/graphene and MoS2/graphene have been presented as CEs [135-136]. 

Furthermore, multi-walled nanotubes of carbon have also been presented as CEs like 

MoS2/MWCNTs and WS2/MWCNTs [137, 138]. Single walled carbon nanotubes/reduced 

graphene oxide (SWCNTs/rGO) is presented as a CE by Ouyang group and they exhibited an 

efficiency of 8.369%, and this efficiency is greater than platinum-based CE [139]. 

2.7 Summary 

In this chapter, the history of solar cell invention and all the derivation in the way of third 

generation DSSCs are briefly discussed, as well as all the components of the DSSC have been 

discussed in detail, their properties, their functions in the cell, and their performance. Normally 

due to the superior catalytic and conductive properties, pt is taken as standard. Though it showed 

good performance and high photo conversion efficiencies of the cell, but due to its high cost, 

different material came into consideration and all the CE materials such as carbonaceous, metal 

sulphides, metal nitrides, complex conductive polymer, that are being used and been reported, 

due to their extraordinary properties like highly conductivity, stability  and cost effective 

materials.  
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Chapter 3: Methodology 

As a renowned porous material, activated carbon having a large pore volume and surface area 

offers a variety of applications such as “gas separation, solvent recovery, wastewater treatments, 

and purification of water and can act as catalyst in energy conversion and storage processes [1].  

In this regard, both synthetic and natural materials of different types like fossil fuels primarily 

coal, and biomass-based materials like wood, agricultural waste, or industrial waste are  

Figure 3-1 Pathways for synthesis of activated carbon 
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employed as precursors to produce activated carbon.   

Among them biomass material has earned the significant attention of scientists and researchers 

as being renewable, abundant, low cost, and environment friendly. Production of activated 

carbonaceous materials from biomass can be carried out by adopting either chemical or physical 

activation processes. Before the chemical or physical activation processes, precursor materials 

(carbon) are subjected to the carbonization process. The outcome of the carbonization process is 

termed carbonized material, char, and specifically biochar (BC) if the precursor material is 

derived from biomass. Figure 3.1 summarize the synthetic paths in production of activated 

carbon. 

Among biomass, hemp bast fiber can be utilized as feedstock for Biochar production as it 

possesses a multilevel layered structure composed of lignin, hemicellulose, and cellulose 

biopolymers. Secondly, the ease of its cultivation without any specific requirements like 

fertilizers, pesticides, and the climate makes it a suitable candidate for this purpose. In the 

current study, we have also used hemp leaves as biomass precursor material to obtain activated 

carbon. 

3.1 Methods 

3.1.1 Synthesis of Hemp-Based Activated Carbon  

During pre-treatment steps, hemp leaves were initially separated thoroughly followed by 

cleaning and washing. Consecutively, the hemp leaves were subjected to complete drying in an 

oven at 80℃ and were finally grounded in mortar and pestle.  For achieving a specific particle 

size, the grounded hemp powder was sieved out through the 0.6mm mesh.  

The carbonization was carried out in a tube furnace (GSL-1800X, MTI corporation) at 750℃ for 

two hours. With the heating rate of 10℃/minute and inert atmosphere with 40 ml min-1 N2 gas 

flow the dried hemp powder was heated at 750℃ for two hours. The resultant product was 

designated as Biochar (BC). 

In the chemical activation process, 10 mL of hydrogen peroxide (with 30% purity) was mixed 

with 1.0 grams of Biochar. At room temperature, the whole mixture was kept under constant 

stirring for about 6h. Afterwards, the product was washed multiple times thoroughly using 

distilled water until it became free from runoff of impurities. The modified material was dried 



51 

 

overnight in the oven at 110℃. The product obtained after this step was termed activated carbon 

(AC) [3]. Fig. 3.2 represents the schematic route of activated carbon synthesis. 

 

 

 

3.1.2 Fabrication of Carbonaceous Counter Electrode    

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3.2:  Figure 3-2 Scheme for the formation of activated carbon from hemp-based biomass 
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The fabrication of a CE for DSSC was done by preparing the slurry of activated carbon. For this 

purpose, ethanol was used as the solvent, and to avoid agglomeration of very fine carbon 

particles (AC) that were obtained as the final product in the previous step, polyvinylpyrrolidone 

PVP (Sigma Aldrich, K-32) was added as surfactant. 

Firstly, a homogenous solution of PVP and ethanol (AR grade) was prepared by constant stirring 

for about thirty minutes. To the solution of PVP, activated carbon was added and the entire 

mixture was placed on a pot mill for 02 days, so that a homogenous slurry may be formed by de-

agglomeration of fine powder. The weight ratio of carbon to PVP was kept at 8:1[4]. Doctor 

blade coating technique as employed before [5], was used to coat the slurry on the FTO-glass 

substrate during the fabrication of the counter electrode. 3M scotch tape was utilized for coating 

purposes on the area of interest. To wear out the binder, the counter electrode was placed in a 

furnace in a flowing argon atmosphere for 60 minutes at 450℃. 

3.1.2 Preparation of the Photo anode  

Doctor blade coating technique was also used in the fabrication of photoanode. To develop the 

TiO2 (Degussa P25, Sigma Aldrich) based photoanodes, 2g of TiO2 were mixed with 15mL of 

ethanol to form a paste while stirring. To this a drop of nitric acid and 1mL of distilled water 

were added and the entire mixture was stirred for 5 hours. On ITO coated-glass substrates 

(KINTEC, Hong Kong, dimensions 2.5 X 2.5 cm2, 1.1 mm thick, sheet resistance of 378 𝛀/sq.) 

thin film of the above-prepared slurry was formed using doctor blade technique. These prepared 

samples were dried followed by annealing at 450℃. 0.5mM solution of solaronix N-719 dye was 

prepared and to this solution previously prepared, semiconductor electrodes were dipped for 

twenty four hours at room temperature. After that, ethanol and water were used to thoroughly 

wash the photoanodes [6].      

3.1.3 Fabrication of Dye-Sensitized Solar Cell 

With the help of clipper pins, fabricated counter electrodes (CEs) were clipped together to 

sandwich the photoanodes. In between the photoanode and counter electrodes, an electrolyte 

solution was introduced.  For making the electrolyte solution, 500mM 4-tert-butylpyridine and 

100mM tetramethylammonium iodide were stirred together along with 100mM 

tetrabutylammonium iodide. To this 100mM lithium iodide, 100mM potassium iodide, and 

50mLof acetonitrile was also added [6].  
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3.2 Characterization 

In order to study the morphology and texture of fabricated CEs, Field Emission Scanning 

Electron Microscope (FESEM) FEI Quanta 400 at 5kV voltage. In Fourier Transform infrared 

Spectroscopy technique, the FTIR spectrum of all materials including precursor powdered hemp 

was recorded on Perkin Elmer FTIR spectrum 400 for specific functional and structural groups 

over a wavenumber range from 4000-650 cm-1. Measurements on Raman spectroscopy were 

performed on the instrument. X-ray diffraction (XRD) measurements were recorded and 

analyzed using PAN analytical X’pert High Score Diffractometer by operating the instrument at 

40mA current and 10 kV voltage with the step size of 0.0260/s in the 2ϴ range from 100-900. 

For cyclic voltammetry (CV) studies, an electrochemical cell system of three electrodes called 

PAR-Versa STAT electrochemical workstation was used.  As a working electrode, the prepared 

carbon counter electrode was used along with Ag/AgCl electrode as the reference electrode. In 

CV, the supporting electrolyte solution was prepared in acetonitrile and it consisted of 500mM 

LiClO4, 10mM I2, and 50mM LiI.   

3.3 Summary 

In the chapter 3 synthesizing, fabrication and characterization have been discussed related to the 

CE material for the DSSC applications. In synthesize techniques, the different methods and 

different processes are adopted to make the CE material with their advantages and disadvantages 

and which technique is more preferred over others. In fabrication process, different coating 

methods are being used to coat the sample paste with the volatile solvent over the surface of the 

substrates to form thin films with controlled thickness. Last but not least, after fabricating the CE 

material, the prepared samples of CE were characterized through various techniques from 

material structure identification, material morphology to electrocatalytic activity to know the 

material property and behave towards the solar cell applications. 
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Chapter 4: Results and Discussions 

Hemp-derived activated carbon was synthesized and used as a carbonaceous counter electrode 

for the fabrication of Dye-sensitized solar cells. For the structural elucidation and to examine the 

morphology, as well as certain other physiochemical properties, the detail characterization of the 

prepared material, was carried out. 

4.1 Raman Spectroscopic Analysis 

Raman spectroscopy was used to assess the carbon structure, porosity, ordered and disordered 

crystal structures of the hemp-derived activated carbon. To find out the development of 

microstructures like graphite, Raman spectroscopy is used as this technique is highly sensitive to 

sp2 carbon structures [1, 2, and 3]. 

For all those biochars, carbonized at a temperature of 600℃ and above two important and main 

peaks are used to appear in the Raman spectrum. The one peak is placed at 1579-1594 cm-1 and 

is designated as G-band while the second one is placed at 1298-1321 cm-1 and is usually called 

the D-band. Figure 4.1 compares the Raman spectra of hemp-derived activated carbon samples 

and conventional carbon samples.  

It is evident from the figure that the interaction of stacked graphene layers is also present and is 

marked by the appearance of a 2D band between 2500 to 2900 cm-1[4]. Escribano and the co-

workers reported that the presence of a strong and narrow 2D band in the spectra characterized 

the ordered carbon material whereas the weak and broadband is the representative of carbon 

material with extensively disordered structure or having very small crystal size. In our case, the 

presence of a strong and narrow 2D band along with distinct G and D bands suggest that a highly 

crystalline and ordered carbon structure has been formed. The structure of commercially 

activated carbon (C-12 from fig 4.1) exhibits similar Raman shifts thus indicating the same 

structures. Hence, our material (HAC) is in the agreement with the conventional activated carbon 

material [5].  
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Figure 4-1 Raman spectrum of hemp derived activated carbon and commercial activated carbon 

The G band corresponds to the first-order scattering and is related to the vibration of sp2-bonded 

carbon atoms. It usually rises in highly ordered carbon structures like graphite. While on the 

other hand, the D band is associated with the distortion, defects, and edges in the crystal structure 

[6]. Although the D band is related to the degree of defects this band also appears in the ordered 

carbon structures. In the current study, the G band is more strong and narrow as compared to the 

D band thus providing proof for the more crystalline carbon material with fewer structural 

defects. Moreover, the ratio between the intensity between the D and G band is also used for the 

estimation of structuring ordering and in our case, the low ID/IG ratio suggested that hemp-

G 

band 

D 

band 2D band 
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activated carbon possessed an ordered structure and is said to have a graphite-like layered 

structure.  Table 4.1 compares the carbon structure of commercial carbon with the hemp-

activated carbon (HAC) obtained from Raman spectroscopy.   

Table 4.1 Comparison of Carbon Structures obtained from Raman Spectroscopy 

Sample ID Material Carbon Structure 

  D band G band ID/IG 

Ratio 
2D 

AC Commercially 

Activated 

Carbon 

1296 1588 0.82 2886 

HAC  Hemp-derived 

Carbon  
1291 1596 0.81 2882 

 

4.2 X-ray Diffraction Analysis 

X-ray diffraction (XRD) is an essential technique that is used in the characterization of materials. 

It reveals the information related to the nature of the material either amorphous or crystalline.  

Two diffraction angles at 23.1º and 43.2º are usually observed and they indicate the presence of 

carbon. These are the characteristic peaks of carbonaceous materials. 

The large angle XRD patterns for the conventional activated carbon and hemp-based activated 

carbon samples are shown in figure 4.2 A large and relatively sharp peak at around 2𝛳 29o  

corresponds to the reflection plane of (002) that represents the graphite structure indicating the 

presence of parallel and continuous sheets of graphite. A relatively less sharp peak between 40 o 

to 50 o corresponding to crystal plane (100) is due to the honeycomb structure resulting from sp2 

hybridization. Besides this, the intensity of peaks (sharpness) observed on these two diffraction 

peaks reflects that the sample exhibit ordered structure as was also indicated by the Raman 

spectroscopy [1, 7, and 16]. 
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Figure 4-2 Diffraction Patterns of Conventional Activated Carbon and Hemp Activated Carbon 

HAC 

4.3 Morphological Analysis  

A material’s morphology is a significant factor in determining its application. The morphology 

of hemp biochar and hemp-activated carbon was investigated. For this purpose Scanning electron 

microscope was employed to study the surface morphology. Literature suggests that when the 

activation is carried out with hydrogen peroxide (H2O2), it plays an important role in the 

development of pores thus improving the porosity and the surface area as it washed out all the 

inorganic compounds and other impurities [8]. 

(002) 

(100) 
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Figure 4-3 Morphological Analysis of A) Conventional carbon and B) hemp based activated 

carbon 

A 

B 
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The SEM images of commercially activated carbon (AC) and hemp derived activated carbon 

based electodes, fabricated using Doctor blade coating are shown in the figure 4.3 a) and b). The 

surface morphology of activated carbon derived from hemp is quite different from conventional 

activated carbon . In the case of conventional activated carbon, the surface is rough with 

irregular particles having different sizes and marked by the absence of large pores. No pores are 

possessed by activated carbon whereas activated carbon derived from hemp on the other hand 

tends to have a regular porous structure. The high surface area and mesoporosity provide more 

active sites thus making the HAC useful for a large number of applications including storage and 

adsorption of gas and for making foams, super or ultra-capacitors [1]. 

4.4 Fourier Transform Infrared (FTIR) Spectroscopic Analysis  

For the structural elucidation, to find out the nature of functional groups and the structural bonds 

present in any compound, Fourier Transform Infrared Technique is used. A specific wavelength 

of light s used to irradiate the sample as a result of which the molecules bonded together through 

chemical bonds vibrate either bending or stretching at different frequencies. The frequency of 

light (cm-1) is plotted against the intensity (either % transmission or % Absorbance) and is used 

to generate an FTIR spectrum. Although the materials related to activated carbons are usually 

composed of carbon, however, sometimes they are supposed to contain certain heteroatoms like 

oxygen, nitrogen, hydrogen, and sulfur thus governing the chemical and structural composition 

of the material [9].  

 

 

 

 

 

B 
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Table 4-2 Fourier Transform Infrared Spectroscopy correlation table 

Wavenumber (cm-1) Vibration Compound Class 

3301 O−H alcohol 

2926 C-H Alkane  

1613 C=C Conjugated alkene 

1420 O-H Carboxylic acid 

1033 C-N Amine  

881 C-H 1,2,4 trisubstituted  

717  Benzene derivatives 

Figure 4-4 ATR-FTIR Spectra of conventional activated carbon and hemp activated carbon 
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As shown in figure 4.4, in the IR spectrum hemp at the top, the wave appeared from 3000 to 

3600 cm-1, the peak at around 3290 cm-1 attributed to O-H stretching of hydroxyl groups of water 

molecules absorbed. The peaks at 2941 and 2830 cm-1 are ascribed to asymmetric CH3 and 

symmetric CH2 stretching modes [1, 10, and 11]. The protein amide I gave a peak at 1630 cm-1 as 

a result of C=O stretching vibration whereas, C-N stretching of amide II along with N-H bending 

appeared at 1530 cm-1[12]. The C-H stretching corresponding to methyl and methylene groups 

appeared at 2929 cm-1[10]. At around 1700 cm-1, a relatively weak absorbance C=O of 

carboxylic ester [13]. C-O stretching of alcoholic groups appeared at 1020 cm-1[14]. –CH2 

stretching band shown at 1420 cm-1. 

Deformation vibration of surface hydroxyl groups and in-plane vibrations of C-H gave a series of 

overlapping absorption bands in the region ranging from 1470 to 1330 cm-1. A weak band at 880 

cm-1 is attributed to C-H out-of-plane deformation and presents a decreased monosubstituted C-

H band [15]. 

4.5 Cyclic Voltammetry 

Cyclic Voltammetry is an electrochemical technique, used for measuring the current of analysts 

that is redox active. It is done by scanning the potential between two or more set values in both 

forward and backward directions. 

To study the electrocatalytic activity of as-synthesized hemp-based activated carbon counter 

electrode, the CV curves were recorded and compared with conventional activated carbon and 

conventional Pt./ITO counter electrodes and are shown in Figure 4.5. 

Curves of the counter electrodes studied and the conventional Pt. /ITO counter electrodes exhibit 

similar behavior indicating that they tend to possess similar electrochemical properties. There are 

two sets of redox peaks that constitute the below curves. The following equations show the two 

reactions 1 and 2; 

I3 + 2e-                                   3I-                                   (1) 

                                      3I2 + 2e-                      2I3
-                                  (2) 
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The redox peaks on the left side appeared as a result of reaction 1 whereas the redox peaks on the 

right side were the outcome of reaction 2. Among the key functions of counter electrodes, the 

most important one is to act as a catalyst to carry out the reduction reaction in which tri iodide 

ions are converted to iodide ions thus making the left pair of redox peaks (Red 1) a critical 

parameter to evaluate the performance of counter electrodes [17].    

 

Figure 4-5 CV curves of Pt. /ITO, Conventional Activated Carbon and hemp based activated 

Carbon counter electrodes at scan of 100mV 

 

In this context, for analyzing the catalytic activity of counter electrodes the peak current density 

is the important parameter.  When a strong reaction occurs, it is indicated by the high current at a 

fixed voltage [18]. 

Red1 

Red2 

Oxd2 Oxd1

111 
Epp 
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Peak o peak separation (Epp) is another parameter for performance evaluation of counter 

electrodes. As a rule of thumb, generally, it is considered that the electrochemical constant (Ks) 

and Epp are inversely proportional. So having the smaller Epp exhibit the higher catalytic 

properties [19, 20].  The higher electro-catalytic activity is due to the more bonding sites which 

on the other hand offer rapid charge transfer thus leading to the enhancement of reaction kinetics 

and decreasing the I3
- reduction over potential.     

4.6 Summary 

In this chapter the fabricated CEs were characterized by using various techniques. First of all, the 

phase identification of the CEs were detected by XRD. The elemental composition and 

morphology of the fabricated CE thin films were checked through the SEM. The presence of the 

porous carbon also support to find out the intensity peaks at specific wavelengths. To check the 

conductivity and electrochemical activity of the CE were tested through the cyclic voltammetry 

technique, that shows the oxidation and reduction peaks that are in comparison with the Pt CE.  
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Chapter 5 

Conclusions and Future Recommendations 

5.1 Conclusions 

Activated carbon derived from hemp leaves is used as counter electrode for dye sensitized solar 

cells.  The activated carbon is produced from hemp Biochar that was initially obtained after the 

carbonization process of hemp leaves. Then this Biochar was subjected to chemical activation 

process and hemp activated carbon (HAC) was formed.  The prepared HAC was then used to 

fabricate the counter electrode and then ultimately DSSC cell. All the prepared samples were 

subjected to various characterization techniques. All the techniques confirmed the successful 

preparation of activated carbon and showed that HAC samples are comparable with the 

commercially available activated carbon products. Moreover, the ease of its processibility, large 

surface area and high pore volume make it a strong candidate for a large number of applications 

including gas separation and absorption, solvent recovery, contaminant removal from water, 

wastewater treatment and as catalyst/catalyst support for energy storage and conversion 

processes and also found its application in ultra-capacitors/super capacitors etc. As precursor 

hemp is attracting significant attention as being renewable, abundant, low cost and eco-friendly 

thus offer scalable route for the production of activated carbon at large scale.  

5.2 Future Recommendations 

Being a cost effective, easy and environmental friendly DSSC have great potential to replace the 

conventional first generation silicon based solar cells. Right now, DSSC have achieved an 

efficiency of 14%, to achieve efficiency more than 14%, extraordinary measures are needed and 

the recommendation are outlined below. 

 Carbonaceous materials with conducting polymer are promising alternative composite 

 Doctor blade coating is frequently used, but it’s not a systematic approach, for its fabrication 

a systematic approach should be used such as spin coating, screen printing and EPD coating 

methods 

 To prepare metal based and polymer conducting CEs, hydrothermal/ in situ polymerizations 

methods should to be used 
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 Use of natural sensitizer is a cost effective approach, because ruthenium based sensitizers are 

quite expensive and make DSSC expensive technology. 

 Multiple layers of composites of CE can further improve the electro catalytic properties of 

the DSSC 

 Carbon allotropes more enhance the light harvesting to absorbs more light 

 To develop and explore  Pt free cost effective new CEs should be prioritized 
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