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Abstract  
 

Beneficiation of solid waste like agricultural waste materials as renewable sources of energy for 

sustainable and renewable energy production is well applauded. Silicon (Si), a major 

semiconductor material used in the production of solar cells has been obtained from sugarcane 

bagasse ash, a solid waste product from sugarcane processing industries. Currently, pure silicon is 

obtained from quartz via a high energy-intensive carbothermal process, translating into a huge 

operating cost, and consequently, the high cost of the solar cells produced thereof.   

  

Sugarcane bagasse ash, a waste product from sugar and bio-ethanol processing industries, has been 

conventionally used as an additive to cement due to its good pozollanic properties and high silica 

content. For valorization of wastes, the complete characterization of the materials is necessary for 

potential applications. Therefore, the first investigation of this study was to carry out the 

composition analysis of sugarcane bagasse and its ash to ascertain its suitability for the production 

of nano silicon. The chemical composition, surface chemistry, degree of crystallinity, calorific 

value, and morphology were checked by XRF, FTIR, XRD, bomb calorimetry, SEM and TEM. 

The results showed that sugarcane bagasse ash contains silica and other oxides. The sugarcane 

bagasse bottom ash contained 71.49 wt. % silica. The FTIR results revealed the presence of 

polymerized silica between the wave number 1011 cm1 and 1080 cm-1. The ash content of raw 

sugarcane bagasse obtained was 5.2 wt. %. The moisture content, volatile matter and fixed carbon 

were 6.4, 58.54 and 29.86 wt%, respectively.   

  

Optimization by citric acid leaching was conducted prior to extraction. The optimum conditions 

obtained for acid concentration, temperature and time were 2 M, 90 ºC and 60 minutes, 
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respectively. In this study, sol-gel coupled with adsorption, using activated carbon was used to 

then extract high purity amorphous silica from the sodium silicate solution produced. in the 

leaching process.  

 

Physicochemical characteristics of the extracted silica samples were checked using XRF, XRD, 

FTIR, N2 adsorption-desorption method, SEM and TEM. Most metal impurities which included 

iron, manganese, magnesium, calcium, potassium, titanium and chromium were adsorbed by the 

activated carbon due to its large specific surface area of 1308 m2/g which enhances the physical 

adsorption of dissolved or dispersed substances from the solution. Amorphous nano-silica of  

98.92% purity with a particle size range of 6-24 nm was obtained. From the N2 adsorption-

desorption analysis, the silica powder exhibited the following properties: 240 m2/g for specific 

surface area, 0.58 cm3/g average pore volume, and 10 nm for average pore diameter.   

  

The extracted silica was used as the precursor in the production of nano silicon by a 

magnesiothermic reduction for 4 h at 700 ℃, followed by acid leaching of unreacted magnesium 

and silica. The physicochemical properties of the as-produced silicon sample were checked using 

Raman spectroscopy, Fourier Transform Infrared spectroscopy and N2 physisorption at 77 K. A 

strong peak around 520 cm-1 were observed from the Raman spectrum, confirming the presence 

of crystalline silicon.  The FTIR analysis reveals a sharp peak between 1010 - 1050 cm-1, indicating 

the presence of Si-O-Si functional group. N2 physisorption at 77 K reveals that the surface area, 

pore volume and pore diameter of the as-produced silicon was 30.14 m2/g, 0.19 cm3/g and 25 nm, 

respectively. The produced silicon nanoparticles were incorporated into the hole transport layer 

poly(3,4- ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) of an organic solar cell 
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based on a blend of poly(3-hexylthiophene) (P3HT) and [6:6]-phenyl-C61butyric acid (PCBM). 

Consequently, 4 solar cell devices were fabricated: F1 (reference cell), F2 (with SiO2NPs), F3 

(with SiNPs) and F4 (with p-type SiNPs) in the hole transport layer (PEDOT: PSS). The current-

voltage (J-V) characteristics of the solar cells were analyzed to establish the performance of the 

P3HT: PCBM organic solar cells. The power conversion efficiency (PCE) of the fabricated cells 

achieved 0.83% (F1), 0.001% (F2), 0.14% (F3) and 0.63% (F4). From this study, a proof of 

concept for the application of SiNPs in solar cells has been established. However, this work opens 

an area for future work to improve the PCE.   
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Chapter 1 : Introduction  

1.1  Introduction    

In this chapter, the motivation for this research and the research objectives are clearly explained.  

The benefits of the research effort to the scientific and industrial community are also highlighted.  

 

1.2 Background and Motivation  

Zimbabwe is located in Southern Africa and it covers an area of over 390 000 km2. It is a 

landlocked country bordered by Zambia, Botswana, Mozambique and South Africa. The country 

has sub-tropical climatic conditions, with one rainy season, between December and April (Muzari 

et al., 2016). Currently, the country is experiencing acute electricity shortages which are primarily 

met through the insufficient generation of electricity at the country’s hydropower and thermal 

power plants (Makhanda et al., 2019). In addition, the country imports all its petroleum fuels at 

great cost resulting in increased costs of business activities (Makonese et al., 2018).   

  

The electricity energy need of Zimbabwe is approximately 2000 MW, but generation statistics 

given by the power generation monopoly the Zimbabwe Power Company indicate that less than 

800 MW are produced (ZPC., 2020). National access to electricity is estimated at 40%, but access 

is much lower in rural areas, at approximately 19% (Muhumuza et al., 2018). The rural 

communities meet 80- 90% of their energy needs from traditional fuels, mainly wood fuel while 

approximately 15- 30% of urban households use wood as the main cooking fuel (Makonese et al., 

2018). However, the country has abundant renewable energy resources which can be sustainably 

exploited for the benefit of her citizens. These resources include biomass, hydropower along the 
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country's rivers and dams, wind energy, geothermal, and solar energy (Somorin et al., 2019). Table 

1-1 presents an overview of the renewable energy potential capacity in Zimbabwe.   

Table 1-1 Renewable energy potential capacity in Zimbabwe 

Renewable  

Resource  

Energy  Estimated Capacity  Reference  

Wind   40 GW  (Chigumira et al., 2019)  

Solar   Photovoltaic (PV) 109 GW  

Concentrated Solar Power (CSP) 40  

GW  

(Chigumira et al., 2019)  

Hydro   90-120 GWh/a  (Makonese, 2016)  

Biomass/Biogas   1000 MW  (Makonese, 2016)  

Geothermal  50 MW  (Makonese, 2016)  

 
  

The potential capacity of solar photovoltaics in Zimbabwe is estimated at 109 GW. Therefore, it is 

important to explore the feasibility of harnessing the energy source to benefit the citizens.  

Globally, solar photovoltaics has vast potential as a clean, abundant and economical energy 

resource but the technology faces the challenge of low power conversion efficiency in existing 

solar cell materials (Armaroli and Balzani, 2007). Silicon has an optimum bandgap for sunlight 

absorption (Zhao et al., 2019) but this is not a necessary and sufficient condition since it has an 

indirect bandgap A high photo-conversion efficiency of about 25% has been achieved in silicon 

solar cells.  The major advantages relevant for photovoltaic application, such as low toxicity, 

abundant raw material and scalable solar cell fabrication processes (Yoshikawa et al., 2017). In 
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recent years, research has focused more on new photovoltaic systems that incorporate optically 

active nanostructures such as nanoparticles, quantum dots, nanotubes, nanorods and nanowires, 

which offer great potential for new device structures (Peng et al., 2010). Nayfeh et al. (2007) 

reported a 60% improvement in power performance when using silicon solar cells in the ultraviolet 

range of the electromagnetic spectrum by integrating high film of silicon nanoparticles directly 

onto the solar cell. Silicon (Si) is a valuable metalloid whose applications range from being an 

additive in aluminum and ferrous alloys in structural applications to produce solar panels for 

renewable energy and to semiconductors for electronics (Zulehner et al., 2000). Metallurgical 

grade silicon (MG-Si) with purity usually at 99% is processed from quartz sand (SiO2) (Islam et 

al., 2011). The conventional method used to obtain silicon from quartz involves high energy to 

melt the quartz (50 kWh/kg) (Tao, 2008). Silicon is then produced through the reduction of silica 

using carbon but the reaction also results in the formation of a by-product (carbon dioxide) that is 

detrimental to the environment (Adebisi et al., 2017).  

  

The incorporation of silicon nanoparticles into solar cells promises advantages such as 

improvement in the power conversion efficiency (Lopez-Delgado et al., 2016). This may result in 

cheaper solar power in the future and reduce manufacturing costs since (printing-like) technology 

can then be used to produce solar panels as flexible rolls rather than discrete panels, making them 

easier to install (Hermann, 2004). Klafehn (2016) states that the main source of interest in silicon 

nanoparticles (Si-NPs) arises from the unique effect that quantum confinement has on silicon. The 

bandgap possessed by silicon is normally 1.12 eV, allowing it to collect light with energy above 

the bandgap efficiency, while absorption of higher energy photons leads to excess energy above 

the bandgap being lost as heat. As the size of SiNPs decreases below 10 nm in diameter, the 
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bandgap can be increased to 1.8 eV, allowing for efficient collection of radiation of higher energy 

wavelengths.   

  

Solar cells can be categorized based on their materials of construction. Inorganic solar cells use 

elements such as silicon and gallium while organic solar cells use organic molecules and polymers. 

The former is more popular due to their relatively higher power conversion efficiencies (PCE) (~ 

25%) and comparative longer lifespan (25-30 years). In contrast, organic solar cells have lower 

efficiencies (~5%) and shorter lifespan (5 years) (Orgil, 2018). To commercialize organic solar 

cells, the major focus area is the improvement of the PCE.   

  

Several studies have been conducted to improve the PCE, such as the tuning of certain parameters 

like optical properties of the blend (P3HT: PCBM) (Zhu et al., 2015), donor material absorbance 

through mixing energy band-engineered polymers to increase the absorption bandwidth (Yang et 

al., 2015), optimization of formation of domain and size (Ding et al., 2018; Dowland et al., 2013; 

MacLachlan et al., 2015; Morgenstern et al., 2016), and engineering the interfacial area (Pfadler 

et al., 2014).   

  

Another approach which has gained interest among researchers is the introduction of inorganic 

semiconductor particles in the active ingredient of the organic solar cells resulting in the advent of 

hybrid solar cells (Zhou et al., 2011). Several inorganic particles such as ZnO (Bhat et al.,  

2011; Hames et al., 2010; Takanezawa et al., 2008), TiO2 (Kuo et al., 2008), PbS (Tsang et al., 

2009), PbSe (Tan et al., 2009), SnO2 (Kudo et al., 2007), CuInS2 (Arici et al., 2003), CdTe (Gur et 
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al., 2006), CdS (Lee et al., 2008; Wang et al., 2007) , CdSe (Yang et al., 2011) have been utilized 

and reported.   

  

The utilization of elemental silicon nanoparticles in hybrid bulk heterojunction solar cells was first 

explored by Liu et al. (2008). The SiNPs was incorporated in poly-3-(hexylthiophene) and the 

results were a maximum power conversion efficiency of 1.15% (Liu et al., 2008). With further 

optimization of the processing parameters, electrode selection and choice of active material, the 

PCE of the hybrid solar cell improved to 1.47% (Liu et al., 2010). According to Zhao et al. (2016), 

the PCE improved by incorporating SiNPs into P3HT: PCBM solar cells, creating a cascade band 

structure.   

  

Size reduction and doping are some of the effective ways to fine-tune the energy levels of 

semiconducting nanoparticles. To understand the utilization of doped SiNPs in hybrid solar cells, 

silicon nanoparticles with various dopants (n-type and p-type) have been synthesized and 

subsequently used with active material. The preferred reference material in such fundamental 

studies in hybrid solar cells is the material blend P3HT:PCBM  (Chi et al., 2014). Hemaprabha et 

al. (2018) reported the use of n-type and p-type nano silicon in P3HT: PCBM at various weight 

percentages and their effect on solar cells parameters. The PCE obtained using doped p-type silicon 

nanoparticle was 3.46%.  The team proposed that the addition of nanoparticles could improve the 

energy levels through doping and mixing with optimized weight ratios in addition to reducing the 

size of SiNPs.  
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In the same view, the profitability of the solar cell manufacturing industry can also be boosted 

when a low-cost waste material such as sugarcane bagasse ash is used to produce silicon (Lund et 

al., 2000). Sugarcane is grown commercially in the Lowveld of Zimbabwe which includes 

Chisumbanje, Nyanyadzi and Chiredzi (Scoones et al., 2017), and it is the second-largest export 

earner in the agricultural sector after tobacco in Zimbabwe. Tongaat Hullets, located in Chiredzi 

is one of the key players in the production of raw sugar in Zimbabwe. Sugar production creates 

waste by-products, such as sugarcane bagasse, that can still be used for added profitability 

(Aigbodion et al., 2010).  

 

Currently, sugarcane bagasse is used as a fuel in power-generation boilers which supply electricity 

to these industries (Pandey et al., 2000). However, the use of sugarcane bagasse in boilers results 

in an ash residue called sugarcane bagasse ash (SCBA). SCBA is used as a filler to reinforce 

building materials and as a fertilizer in sugarcane fields (Jose et al., 2019). One of the potential 

elements present in this solid waste, SCBA is silicon (Norsuraya et al., 2016). Sugarcane is known 

to absorb more silicon than any other mineral nutrient in the soil in the form of silicic acid (H4SiO4) 

and accumulates to approximately 380 kg/ha of Silicon (Si) in a 12-month-old crop (Savant et al., 

1999). Silicon in this solid waste is in the form of silica (𝑆𝑖𝑂2). Natural silica is alleged to be safe 

to handle, cheap and can be extracted from cheap sources (Norsuraya et al., 2016).  

  

Researchers worldwide have reported on the potential applications of silica obtained from 

biowaste, including sugarcane bagasse ash (Ferreira-Leitao et al., 2010). However, the silica 

content in sugarcane bagasse ash is highly dependent on the geographical location, environmental 

conditions, as well as the farming practices. From a study that was conducted by Du Preez (1970) 
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in South Africa, treatment of soil with silicate-containing fertilizers resulted in an increase in cane 

yield as the silica concentration increases in the plant (Du Preez and others, 1970). Sugarcane in 

Hawaii is normally a two-year crop while in most countries it is a one-year crop. Both soluble and 

total silicon reflected differences in soil and irrigation water silicon (Haynes, 2019). Mauritius was 

one of the first countries to adopt the use of silicate materials as soil amendments in sugarcane 

plantations. The result was an increase in yield due to the increased number of millable stalks and 

increased plant size (Savant et al., 1999). The chemical composition of a typical sugarcane bagasse 

ash is shown in Table 1-2. The variations observed from country to country, as shown in Table 1-

2, call for the need to explore its extraction as reported in this study. The extracted silica could be 

converted into silicon via environmentally benign and energy-efficient processes as shown in this 

thesis. Consequently, the produced silicon could be explored in the production of solar cells as a 

renewable source of energy.  
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Table 1-2 The chemical composition of sugarcane bagasse ash (SCBA) from selected countries 

% Constituents in Sugarcane bagasse Ash (SCBA) from Selected Countries 

Constituents 

in SCBA 

Brazil Columbia Nigeria Uganda Zimbabwe 

A B 

SiO2 31.41 96.2 72.8 60.98 62.1 71.49 

Al2O3 7.57 0.2 6.4 7.39 5.54 6.2 

Fe2O3 6.02 1.7 5.5 6.07 5.42 3 

CaO 16.06 0.1 3.8 12.66 1 3.3 

MgO 1.07 <0.1 2.3 2.51 1.12 1.37 

K2O 1.58 0.3 2.7 3.53 2.22 4.79 

Na2O 0.14 - 1.2 0.15 0.81 - 

SO3 0.78 0.1 - 1.23 - - 

TiO2 2.09 0.2 - - - - 

MnO 0.1 - - - - 0.14 

Chloride 0.14 - - - - - 

P2O5 - 0.1 - - - 0.61 

LOI 32.2 1.04 3.7 4.8 - 0.31 

Reference (Castaldelli et al., 

2013) 

(Sales and Lima, 

2010) 

(Torres Agredo et al., 

2014) 

(Otuoze et al., 2012) (Basika et al., 2015) Current Study 
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Against this background, this thesis concentrated on the characterization of sugarcane bagasse and 

its ash, extraction of silica from the ash, conversion of the extracted silica into silicon; and 

application of the produced silicon in the production of organic solar cells. (Lund et al., 2000) 

reported that there is potential to produce high purity silicon from biomass which is as a cheap 

alternative source to quartz sand.  

  

1.3  Problem Statement  

Bioethanol and sugar-producing industries are found in the Lowveld region of Zimbabwe. The 

bagasse produced by these companies is used as fuel in biomass-firing boilers, producing bagasse 

ash which is used, to a limited extent, in the sugarcane plantations as fertilizer. The disposal of 

bagasse ash waste, therefore, poses a dumping challenge to the environment. Currently, there is 

very little published information available on the production of silicon nanoparticles from 

sugarcane bagasse ash for solar cell application. Furthermore, quartz is at present the main source 

of silicon for solar cell application. It is obtained by sand mining, which has detrimental effects on 

the environment such as land degradation, erosion, fissures, and adverse effects on water supply 

and quality. Metallurgical-grade silicon (MG-Si) (600 000 tons/year) is produced through high-

temperature carbothermal reduction of the quartz which requires an energy input of 50 kWh/kg 

and is then beneficiated into solar-grade silicon  using the Siemens process which requires an 

additional energy input of 200 kWh/kg. The first stage is represented by Equation 1.1: 

  

                                    SiO2(s)

1900 ℃
charcoal
→     Si(s) + CO2(g)                                                             Equation 1.1 
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The process strongly contributes to environmentally unfriendly greenhouse gas emissions because 

of the several million tons of CO2  that are released into the atmosphere per annum to meet the 

targeted production of MG-Si. The use of plant biomass as the source of silicon instead of quartz 

sand may address this environmental concern. The extraction of high purity silicon from sugarcane 

bagasse ash will not only add economic value to this bio-waste material but also increase process 

efficiency for the ethanol and sugar industries and promote environmental care by being an 

alternative process to sand mining activities.  

Organic solar cell production, however, still faces challenges primarily related to a low power 

conversion efficiency (PCE) which reduces their commercialization. The incorporation of 

nanosilicon to the organic solar cells is hypothesized to be potentially capable of improving the 

PCE while concurrently retaining, to an extent, the desirable lightweight and flexibility of organic 

solar cells.  

  

1.4 Research Aim, Questions and Objectives  

Based on the above problem statement, the aim of the study was to produce nano silicon particles 

from sugarcane bagasse ash for solar cell application. To provide a logical direction to the study, 

the questions below were posed:  

1. Can silica of desirable quality usable in producing high purity silicon nanoparticles be 

extracted from sugarcane bagasse ash via an environmentally benign and energy-efficient 

process?  

2. Can high purity silicon nanoparticles be obtained based on the outcome of (1)?  

3. Can a hybrid organic solar cell with reasonable power conversion efficiency (PCE) be 

produced using high purity silicon obtained in (2)?  
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Based on the research questions highlighted above, the specific objectives of the study were;  

1. To characterize the sugarcane bagasse ash (SCBA) obtained from an ethanol-producing 

company in Zimbabwe and extract the silica from the SCBA using environmentally 

friendly process.  

2. To propose and apply an energy-efficient process for the conversion of the extracted silica 

into pure silicon nanoparticles.  

3. To fabricate a hybrid organic solar cell using the produced pure silicon and evaluate its 

performance.  

  

1.5 Research Benefits and Novel Contribution to Knowledge  

Previous research has primarily reported on nano silicon production from rice husk ash, corn cob 

ash and wheat straw ash but this research focuses more on the utilization of sugarcane bagasse ash 

as a potential source of silicon nanoparticles. It led to the production of high -purity nano silicon 

particles using sugarcane bagasse ash waste. The source of nano silicon particles is renewable and 

low-cost and has potential to be a substitute for quartz. The process was found to be potentially 

energy-efficient in contrast to the commercial process utilizing quartz as the precursor material. 

Solar cell development was a topical issue in this research since there is a need to increase the 

power conversion efficiency (PCE) if solar energy is to reach parity with grid electricity. A hybrid 

organic solar cell of improved PCE resulted from the approach used in this experiment.  

  

From the literature survey, most researchers have reported on the utilization of sugarcane bagasse 

ash as a substitute to cement in concrete because of its high silica content with good pozollanic 

properties. This work opened a new area for sugarcane bagasse ash valorization as a source of 
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silicon for solar cell application. The novel contribution has been communicated to the researchers 

working in a similar research area and other related areas through the publication of articles in 

international journal and conference proceedings.   

1.6 Thesis Layout  

Chapter 1: This chapter gives the background introduction, motivation on the reason the research 

was conducted. Its originality and novelty contribution to the body of knowledge is presented. The 

research questions, aims and objectives are also stated. The outline of the whole thesis is 

highlighted.  

Chapter 2: This chapter contains detailed literature review presenting the current methods for the 

extraction of silica from various agro waste, the preparation of nano silicon from different 

precursors, and methods that have been used to characterize the nano silicon. It also highlighted 

the methods for the fabrication of solar cells, current trends and the challenges in the field. A 

review paper based on this chapter has been submitted to a journal.  

Chapter 3: This chapter presents the general methodology of the research study. The materials 

and methods used in this research are described. This chapter also describes the synthesis of the 

nano silicon particles from sugarcane bagasse ash waste. The fabrication of the solar cell material. 

Characterization techniques used to analyze the sugarcane bagasse ash waste, nanosilica; nano 

silicon and the solar cell material produced are also detailed in this chapter.   

Chapter 4: Compositional analysis and organic acid leaching of SCBA is presented in this chapter. 

Based on the former, a manuscript in the form of a book chapter has been produced and submitted 

for publication.   

Chapter 5: The extraction of silica by the sol-gel coupling adsorption method is reported and 

discussed in this chapter.  
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Chapter 6: In this chapter, the preparation of nano silicon particles by magnesiothermic reduction 

and the fabrication of the organic solar cell incorporating the synthesized nano silicon particles is 

discussed and reported.  

Chapter 7: This chapter discussed the overall findings and the overall conclusion and 

recommendations of the research. Suggested future work is also presented in this chapter. 

References to all articles accessed in this study are presented at the end of all chapters of this thesis.  
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2 Chapter 2 : Literature Review  

This chapter brings together published information on agro-waste availability, characterization 

techniques, conversion of silica into nano silicon, and its application in production of solar cells.   

2.1 Introduction  

The beneficiation of agricultural waste is a topical issue in the field of sustainable and renewable 

energy production. Literature on recent methods applied to extract silica from different agricultural 

waste ashes and silicon (Si), a major semiconductor material, from the silica and its application in 

solar cell technology will be in review. Specific attention is given to such methods as relating to 

sugarcane bagasse ash, a waste product from the sugarcane processing industry. Also reviewed is 

the current carbothermal process through which silicon is obtained from an inorganic source, 

quartz. The chapter also highlights current challenges and opportunities associated with present 

solar cell production technologies.  

  

Globally, the daily energy demand is increasing with the increase in population, civilization and 

industrialization. The estimated number of people who totally do not have access to electricity 

worldwide is 1.1 billion of which 84% of the number lives in the rural communities and 95% are 

in Sub-Saharan Africa and developing Asia (International Energy Agency, 2017). Some 

communities only have limited access to electricity and continue to depend on traditional biomass 

fuel to supplement their energy needs. Such is the case in the rural areas where traditional biomass 

fuel is still depended on by about 2.7 billion people with the number projected to increase to 2.8 

billion by 2030 (Kaygusuz, 2012). However, there are different energy systems and sources from 

which energy could be produced for the use of mankind. Different sources of energy and methods 

of production and conversion to other forms to suit different applications are given in Table 2-1. 
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Table 2-1 Renewable energy resources and their application (Panda et al., 2006) 

Energy Sources  Conversion and Applications  

Direct Solar  Photovoltaic cells, Thermal power generation  

Biomass  Heat  and  power  generation,  pyrolysis,  gasification,  

digestion.  

Geothermal  Urban heating, power generation, hydrothermal, hot dry 

rock  

Wind   Power generation, wind generators, windmills, water pump  

Hydropower  Electrical power generation  

Wave and Tides  Numerous designs, barrage, tidal stream, and electrical 

power generation  

  

Solar photovoltaics have vast potential as the clean, abundant and economical energy source. 

Armaroli and Balzani, (2007) reported a conversion efficiency range of between 17 to 25 % for 

silicon-based solar cells. A later report by VonderHaar (2017) places the conversion efficiency of 

silicon-based single crystalline solar cells above 25% and that of multi-crystalline solar cells above 

20%. He et al. (2019) states that the theoretical power conversion efficiency can improve to above 

29% for thin crystalline Si solar cells if surface passivation and light-harvesting can both approach 

their ideal limits.   

  

Silicon solar cells have higher photo-conversion efficiency due to the presence of an optimum 

bandgap for sunlight absorption. Silicon solar cells have major advantages relevant for 

photovoltaic applications, such as low toxicity, abundant raw material, scalable solar cell 
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fabrication processes (Yoshikawa et al., 2017). Peng et al., (2010) reported that research is 

currently focused on new photovoltaic systems that incorporate optically active nanostructures 

such as nanoparticles, quantum dots, nanotubes, nanorods and nanowires, which offer substantial 

potential for new device structures. Silicon solar cells power performance improved by 60 % in 

the ultraviolet range of the electromagnetic spectrum by integrating high film of silicon 

nanoparticles directly onto the solar cell (Nayfeh et al., 2007). Silicon nanoparticles are promising 

materials that can be incorporated into solar cells and possess competitive advantages such as 

flexibility in shape, easy to install, the use of print-like manufacturing process to improve the 

conversion efficiency (Ludwig et al., 2004).   

  

According to Klafehn (2016), the main interest in silicon nanoparticles (SiNPs) arises from the 

unique effect that quantum confinement has on silicon. For instance, the band gap possessed by 

silicon is normally 1.12 eV, allowing it to collect light with energy above the band gap efficiency. 

However, as the size of SiNPs decrease below 10 nm in diameter, its band gap increases to 1.8 eV, 

allowing for the efficient collection of higher energy wavelength without significant loss in energy 

as heat.  

  

Silicon (Si) is the second-most abundant element after oxygen in the earth’s crust  (Matichenkov 

and Calvert, 2002). The element is a valuable metalloid and is the primary component of highspeed 

optical fibres, semiconductors, photovoltaic cells, thin-film transistors, silicon carbide and silicon 

nitride, among many other applications (Gupta and Gupta, 2016). Silicon is produced by 

carbothermic reduction of quartz sand at 1900 oC as shown in Equation 2.1 (Bernardis, 2012):  
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                         SiO2(s) + C(s) → Si(s) + CO2(g)                                                                  Equation 2.1  

  

Metallurgical grade silicon (MG-Si) is produced and is approximately 99 % pure and the energy 

input for this process is about 50 kWh/kg (Tao, 2008). The current global production of MG-Si is 

approximately 600 000 tones/year , and the production process releases a million tons of 

greenhouse gases into the atmosphere (Tao, 2008). About 5 % of the 600 000 tons of (MG-Si) is 

further purified to produce electronic-grade silicon (EG-Si) for the semiconductor industry. The 

purity of EG-Si is above 99.9999 %. For solar grade silicon (SG-Si), the required impurity level is 

below ~0.001% (Tao, 2008). A schematic representation of the production of silicon solar cells 

from quartz/ sand as the source of silicon is summarized in Figure 2-1.  

 

       Figure 2-1 Industrial process to produce single crystalline Si cells from quartz (Tao, 2008) 



 

18  

  

  

  

The electric arc furnace requires approximately 1900 oC to melt sand which translates to 50 kWh 

of energy to melt a kilogram of sand. Since 600 000 tons of MG- Si are estimated to be produced 

annually, the approximated energy required could be 30 TWh/kg. It is obvious that the process 

described above is energy intensive as well as environmentally unsustainable. Based on these 

findings, there is enough motivation to investigate alternative sources for silicon for solar cell 

production. Thus, this review specifically concentrates on methods of extracting silica from the 

agro-waste ashes, methods of converting the extracted silica to silicon and the application of the 

produced silicon in solar cells. In addition, the review highlights current challenges in the field and 

proffers suggestions to overcome the challenges as a way of provoking the thoughts of researchers, 

scientists and stakeholders in the energy sectors.   

  

2.2 Overview of Agricultural Waste and the Disposal Techniques  

2.2.1 Disposal of Agro Waste  

The conventional system of disposal of agricultural waste is dependent on the chemical and 

physical properties of the agro waste materials generated. It is pertinent to point out that waste 

disposal and pollution are inextricably related (Duhan et al., 2017). Under this context, the 

attention of the world focuses on how best the wastes generated can be disposed of such that they 

will not pose any threat to the environment. Currently, a few environmental protection laws and 

regulations have been adopted worldwide under the direction of the United Nations and enacted 

by local governments to guide various systems of waste or agricultural waste disposals. 

Momentarily, some of the disposal systems are practiced more than the others, and this may be 
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attributed to certain factors including cost of disposal, environmental friendliness, properties of the 

waste, basic needs for the future utilisation of the waste, and many other factors. Figure 2-2 

presents the various systems that can be applied to agricultural waste disposal.  

  

 

Figure 2-2 Scheme depicting some methods of agricultural waste disposal 

  

It can be observed that land-filling of agro waste is considered a cheap technique of agro waste 

disposal, however there are environmental challenges associated with this. The most common 

challenge is ground water pollution. Although combustion is categorised under incineration, the 

process takes a small area which is an advantage, but it requires expensive equipment however, 

results in serious air pollution and generates solid waste in the form of ash (Drosg et al., 2015). 

Composting is another option of agro waste disposal; it involves microbial action that enhances 

the soil nutrient and preferable to inorganic methods of disposing waste. Recycling is the current 
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topical issue worldwide. Agro waste recycling is an attractive strategy of waste disposal because 

useful materials can be recovered (Duhan et al., 2017).  

  

2.2.2  Agro-Waste Reuse  

An agricultural waste is referred to as waste generated because of activities such as the harvesting 

of farm produce and its processing into different products for the intended applications (Iacovidou 

et al., 2018; Yadav and Samadder, 2018; Murillo and Cristina, 2014; Drosg et al., 2015). However, 

there is a need to comprehensively characterize the wastes by investigating the physical and 

chemical properties of these residues before their utilization (Adriano et al., 1980). The availability 

of agricultural residues determines their reuse or utilization. The major drawback in the utilization 

of these residues is limited information concerning fuel feeding, combustion and emission 

characteristics (Werther et al., 2000). The composition of some selected crop residues is shown in 

Table 2.2. Meanwhile, understanding the chemical constituents of crop residues or wastes will 

enhance their selectivity and utilisation for fuel or energy production. Most agricultural wastes are 

considered suitable and favorable for energy production depending on their availability and 

chemical compositions.    

  



 

21  

  

Table 2-2 Composition of selected agricultural wastes 

Substrates  Cellulose  Hemicellulose  Lignin  Protein  Ash  References  

Rice  

Straw  

32-47  19 -27  5 -24  -  12.7  (Teghammar et al.,  

2012)  

Wheat  

Straw  

35-45  20 -30  8 -15  3.1  10.1  (Kabel et al., 2007)  

Corn  

Straw  

42.6  21.3  8.2  5.1  4.3  (Saha  and  Cotta,  

2006)  

Sugarcane  

Bagasse  

               165*   18.4  3  2.4  (Georgieva  et  al.,  

2008)   

*Total carbohydrates   

  

Several researchers have reported various compositions of agro waste as depicted in Table 2.2. It 

is seen that rice straw have high ash content of 12.7 w% and, is in affirmation with the high silica 

content in rice. However, Georgieva et al.(2008) reported 2.4 % ash content in sugarcane bagasse. 

The various bio-waste materials have different silica contents (Demirbas, 2011). Similarly, some 

authors have worked on the characterization of the silica contents of agro waste materials as  

presented in Figure 2-3.  
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Figure 2-3 Percentage of silica in selected agro-waste ashes (Kazmi et al., 2016; Bhagiyalakshmi et al.,  

                      2010; Frias et al., 2007; Binod et al., 2010; Adesanya and Raheem, 2009; Purnomo et al.,   

                      2012; Villar-Cociña et al., 2011) 

 

2.3  Agro Waste Sources for Nano Silica and Silicon  

In recent years, agricultural waste products have gained recognition as a potential raw material for 

preparing silicon composites. Agricultural waste is one of the cheapest sources of silica production 

(Zhang et al., 2010). Natural silica has many benefits including; safe to handle and cost-

effectiveness (Norsuraya et al., 2016). Several potential methods and reasons for the use of agro-

wastes to generate silica have been offered by numerous authors (Adebisi et al., 2017; Falk et al.,  
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2019; Mor et al., 2017; Patel et al., 2017; Zamani et al., 2019).The reasons include: (i) cheap cost 

of raw materials; (ii) high percentage silica content in the agricultural waste; (iii) comparable silica 

quality; (iv) the fine size of the amorphous material; (v) high energy content; and (vi) low energy 

consumption.   

It can be recalled from Table 2-2 and Figure 2-3 that rice husks have the highest silica content from 

the physio-chemical analysis of the samples. A review of some high waste volume generating and 

silica-rich agro-wastes namely rice-husk ash, wheat straw, corn cob ash, and sugarcane bagasse 

ashes is given. 

  

2.3.1 Rice husk ash  

Rice husk ash is one of the most abundant natural resources rich in silica (SiO2). It is one of the 

agricultural by-products from rice milling industries. Rice husk ash consists of more than 90% 

amorphous silica (Li et al., 2011). To produce nano silicon crystalline particles from rice husk ash 

a magnesiothermic reduction method which involves the activation of the ash with an alkali, 

Sodium hydroxide solution is applied. The process involves boiling the mixture for an hour to yield 

a sodium silicate solution (Na2SiO3). The nano silica was then precipitated by sulphuric acid. 

Vacuum filtration was done in conjunction with hydrofluoric acid and distilled water washing to 

obtain solid nano silicon particles and remove other impurities as a waste filtrate. Washing of the 

nano silicon for many times yielded the solid silicon, and it was followed by drying of the solid 

nano silicon particles at 110 oC (Venkateswaran et al., 2013).   

  

Liou and Yang (2011) reported an alkali-leaching method for the extraction of nano silica from 

rice husk ash. Rice husk samples were treated with hot hydrochloric acid to remove metallic 
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impurities; the samples were washed with distilled water and dried. The dried samples were placed 

in a muffle furnace to eliminate the organic matter. The ash was then mixed with 1.5 M NaOH 

solution and boiled at 100 oC with stirring for one hour to produce sodium silicate solution. Nano 

silica was then produced by neutralizing sodium silicate solution with hydrochloric acid, sulphuric 

acid, citric acid and oxalic acid to ascertain the best performing acid in the precipitation process. 

Carmona et al. (2013) extracted nano silica from rice husk ash by acid leaching method and 

subsequently the ash was subjected to thermal treatment. (Lee et al., 2017), carried out a series of 

experiments each with sulphuric acid, hydrochloric acid, oxalic acid and an ionic liquid to 

investigate the possibility of enhancing the purity of silica from rice husk. After the chemical 

treatments, the residue was pyrolyzed at 800 oC in a muffle furnace for 48 hours the resulting 

product was nano silica. Mor et al. (2017) produced nano silica particles by hydrothermal 

activation of rice husk ash (RHA) in 2 M NaOH. Product was a supernatant solution which was 

sodium silicate.  

  

2.3.2 Corn cob ash  

Another agricultural waste for production of nano silica is corn cob ash. Globally, large amount of 

corn cob ash is generated after eating separating the grains annually. Many of the rural 

communities consume the corn and burn the cobs into ashes usually found in heaps or mounds. 

Several articles have been published on the utilization of corn cob ash for nano silica production. 

Okoronkwo et al. (2013) and Venkateswaran et al. (2013) used corn cob ash to produce nano silica. 

The reaction was carried out using 1 M NaOH solution as an activating agent, after thermal 

treatment of corn cob at 650 oC treatment for 3 hours. The ash was cooled and treated with 1M 

sodium hydroxide to produce sodium silicate solution. This was titrated with 3M HCl with stirring 
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until pH of 7. The precipitate was washed and dried. Shim et al., (2015) reported the extraction of 

nano silica from corn cob ash at variable pH conditions via sol-gel method.  Okoronkwo et al. 

(2013) also reported synthesis of nano silica through the sol- gel method and nanostructured with 

templating concept. The Hexadecyltrimethylammonium bromide (CTAB) was dissolved in 

distilled water and stirred for five minutes to obtain a homogeneous transparent solution. With 

continuous stirring ammonium hydroxide was added with continuous stirring, the extracted silica 

was then added slowly with stirring and was left to age for 20 hours. The nano silica was washed, 

dried and then calcined in a muffle furnace at 550 oC.  

  

2.3.3 Wheat straw ash  

Wheat straw is another abundant agro waste which have been explored by several authors because 

of its high silica content. Globally, over 500 million tons of wheat straw are produced. Most of 

these are burnt in the field causing significant environmental and health hazards and traffic 

accidents (YaNing et al., 2012). About 2.45 billion people, approximately 35% of the world 

population, rely on wheat as their staple food. Chen et al. (2010) extracted nano silica from wheat 

straw by two methods namely combustion and acid leaching. Wheat straw which had been washed 

clean and dried was burnt in a muffle furnace at 500 oC for 8 hours. The ash obtained was cooled 

and 88.09 wt.% silica was obtained. Acid treatment involved mixing of 10 g wheat straw at 60-70 

oC for 24 hours in 100 ml of a 4:1 concentrate of HNO3 and H2SO4 aqueous solution followed by 

centrifugation and washing for several times. The silica powder obtained was 91.33 wt% pure. 

Table 2-3 summarizes other various methods for the synthesis of nano silica and nano silicon from 

selected agro waste sources.  
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Table 2-3 Synthesis of nanoparticles from selected agro waste sources using various processing routes 

Starting Material Procedure Sequence Products Particle  

size(nm) 

Reference 

Rice Husk Pyrolysis, leaching. 

sol-gel, reduction, leaching 

Silicon 70-100  (Venkateswaran et al., 2013) 

Rice Husk Acid leaching, combustion, 

 Leaching, pyrolysis, sol-gel. Maximum 

temperature 500 oC, 700 oC, 1 000 oC 

Silica 6 (Rafiee et al., 2012) 

Rice Husk (from 2 

different sources) 

Leaching calcination 

Maximum temperature 650 oC 

Silica 181,2 -294.7 (Carmona et al., 2013) 

Rice husk, rice straw 

(RS), Sylvan horsetail, 

scouring horse tail and 

larch needles 

Hydrolysis, calcination,  

metallothermic reduction  

Maximum temperature 700 oC 

Amorphous 

silica 

50-200 (Zemnukhova et al., 2012)  

Corn cob 

 

Precipitation. Maximum temperature 750 

oC 

Amorphous 

silica 

25 (Mohanraj et al., 2012)  
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Rice husk Sol-gel, supercritical carbon dioxide 

drying  

Maximum temperature 600 oC 

Nanoporous 

silica aerogel 

10-60  (Tang and Wang, 2005)  

Rice husk, coffee husk, 

sugarcane bagasse 

Biotransformation, calcination, leaching. 

Maximum temperature 700 oC 

Silica 152-254 (Espíndola-Gonzalez et al., 

2010)  

Maize Stalk Pretreatment in dilute hydrochloric 

acid and treatment of sodium silicate in 

ethylene glycol 

Silica 26.9 (Adebisi et al., 2019) 

Cassava periderm Pyrolysis, sol-gel, calcination. Maximum 

temperature 600 oC 

Silica 62 (Adebisi et al., 2019) 

Silica, Mg Magnesiothermic reduction Maximum 

temperature 650 oC 

Silicon Less  

than 2 

(Bao et al., 2007; Yermekova 

et al., 2010) 
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2.3.4 Sugarcane bagasse ash  

Another interesting agro waste material is sugarcane bagasse a waste product from sugar milling 

and ethanol industries. It has been reported that agricultural activities reduce silicon from the soil 

due to its utilization by plants (Savant et al., 1999). For instance, sugarcane is known to absorb 

more silicon than any other mineral nutrient from the soil in the form of silicic acid (H4SiO4), 

accumulating approximately 380 kg/ha of silicon (Si), in a 12-month-old crop plantation period 

(Savant et al., 1999). Sugarcane bagasse ash (SCBA) is another waste from sugar and bioethanol 

industries, potentially used as the cheap source of natural silica. Researchers worldwide have 

dedicated effort to investigate potential applications of silica from bio-waste including sugarcane 

bagasse ash (Ferreira-Leitão et al., 2010). However, the silica content in sugarcane bagasse ash is 

highly dependent on the geographical location and the environment where the sugarcane is grown 

as well as the farming practices. From a study that was conducted by  Preez  (1970) in South Africa, 

on the treatment of soil with silicate-containing fertilizers, there was an increase in cane yield with 

an increase in the silica concentration in the plant. Sugarcane in Hawaii is normally a two-year 

crop while in most countries it is an annual crop (Fox et al., 1969).   

  

  

Sugarcane bagasse ash has good pozzolanic properties and could be used in place of cement but to 

around 10% to retain the desired strength and increase the characteristics of the concrete 

(Maheswari et al., 2017). The chemical composition of sugarcane bagasse ash and specifically the 

level of silica is of major interest to the quality of concrete formulations. The chemical 

compositions of a typical sugarcane bagasse ash with reference to geographical locations are 
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shown in Table 2-4. It can be observed that the silica content and other compositions of the ash 

vary in accordance with the geographical locations and climatic conditions.  
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Table 2-4 Physicochemical composition of sugarcane bagasse ash from different countries 

SiO2 Fe2O3 Al2O3 CaO MgO SO3/SO4 K2O LOI Country References 

44.70 2.90 2.40 14.9 3.50 NA 4.40 16.7 Iran (Abbasi and Zargar, 2013) 

72.85 6.96 1.08 9.97 6.49 NA 6.71 4.23 Nigeria (Abdulkadir et al., 2014) 

77.25 4.21 6.37 4.05 2.61 0.11 2.34 1.40 Sudan (Asma Abd Elhameed Hussein et al., 2014) 

41.15 2.70 7.00 3.20 0.12 0.03 8.75 17.7 Nigeria  (G R Otoko, 2014) 

66.89 29.18 29.18 1.92 0.83 0.56 NA 0.72 India  (Asma Abd Elhameed Hussein et al., 2014) 

62.43 6.98 4.28 11.8 2.51 1.48 3.53 4.73 India  (Mrs.U.R.Kawade et al., 2013) 

87.59 0.67 0.57 2.59 1.65 0.00 3.64 NA India  (Modani and Vyawahare, 2013) 

67.82 2.56 6.33 1.54 2.03 - 2.87 2.31 Thirukovikur (Hariharan et al., 2014) 

31.41 6.02 7.57 16.06 1.07 0.78 1.58 32.2 Brazil (Castaldelli et al., 2013) 

96.2 1.7 0.2 0.1 0.1 0.1 0.3 1.04 Brazil (Sales and Lima, 2010a) 

72.8 5.5 6.4 3.8 2.3 - 2.7 3.7 Columbia (Torres Agredo et al., 2014) 

84.0 1.7 1.1 0.5 0.6 - 0.5 3.1 South-Africa (Aboyade et al., 2011) 

62.1 5.42 5.54 1.0 1.12 - 2.22 - Uganda (Basika et al., 2015) 
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Researchers have indicated the use of sugarcane bagasse ash (SCBA) in different applications, and 

equally specifically investigated the influence of SCBA on the surface characteristics of silica for 

silicon production. Sol-gel and bio-digestion methods could be used to produce the nano silica. 

Similarly, Vaibhav et al. (2015), demonstrated in their work a successful production of silicon 

nanoparticles using precipitation technique and silica extracted from sugarcane bagasse, groundnut 

shell, rice husk and bamboo leaves.  

  

2.3.5 Demerits of bio-sourced ash from biomass-firing heaters  

Despite the potential applications of ash sourced from combustion of agro-waste, there are 

significant process challenges that result from the firing of biomass prior to the extraction of 

silicon.  Several researchers have reported on the negative impacts of bio-sourced ashes from fuel-

feeding on process equipment and complications related to their deposition into the environment. 

In a study by Yao et al. (2020)  on co-firing anthracitic coal with woody biomass (pine sawdust), 

it was observed that mitigating slagging and fouling tendencies of ash which related to the ash 

fusion temperature (AFT) requires careful temperature control. Yao et al. (2019) found that there 

were less acidic oxides (𝑆𝑖𝑂2) and amphoteric oxides (𝐴𝑙2𝑂3) in soybean straw compared to coal 

while basic oxides were much higher. The higher basic oxides resulted in lower AFT, thus 

requiring that the process operates at lower temperatures. An advantage of the co-firing strategy is 

the reduction in ash volume per unit volume of fuel-feed due to the presence of less inorganic 

materials in the biomass component.  

The challenge with utilising biomass fuels lies in the abundance of alkali/alkaline earth metals (K, 

Na and Ca) and chlorine (Cl) and low sulphur content which has been proven to adversely impact 

combustion and significantly alter the properties of the  ash product (Shao et al., 2012). Due to the
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high activity of the alkali/alkaline earth metals present, particularly the readily volatilized forms of 

potassium (K) in biomass, vapour compounds and ions of chlorine are formed. Because of the low 

melting temperatures (<800℃) of the vapour phase K-constituting compounds and ions of chlorine, 

deposits form adhesive layers on heat transfer surfaces. This problem is more complex in agro-

waste with an abundance of silica combined with alkali/alkaline earth metals (rice husk, sugarcane 

bagasse etc.) which readily cause slag and fouling within the temperature range 800-900℃, the 

normal temperature ranges for biomass firing boilers. Therefore, co-deposition of alkali silicates 

and alkali chlorides resulting in corrosion/fouling is difficult to avoid at a low AFT (typically 

<700℃) (Shao et al., 2012).   

  

Despite the low-S content of biomass fuels or co-firing fuels which significantly reduces emission 

of 𝑆𝑂𝑥 gases, ash deposition is negatively affected particularly due to the high Cl content of 

biomass. The work of  Nielsen et al. (2000) and  Yao et al. (2019) concurred that intense 

volatilization of sylvinite, KCl, a typical fluxing agent, which happens between 750900oC is 

responsible for ash fusion and agglomeration. Sulphur is known to reduce corrosion and such 

challenges related to chloride deposits through the following sulphation mechanism (Nielsen et al., 

2000). Equations 2.2 and 2.3 give mechanisms through which this happens. 

  

 

2𝐶𝑙 (s) + S𝑂2(g) + 
1

2
𝑂2 (g)  +𝐻2𝑂 (g) → 𝐾2𝑆𝑂4 (s)+ 2𝐻𝐶𝑙 (g)  ∆𝐻° =[−646.5 𝑘𝐽𝑚𝑜𝑙−1  ]    

                                                                                                                                                                     Equation 2.2                

                                                                                                                    

  2𝐾𝐶𝑙 (s) + 𝑆𝑂2 (g) + 𝑂2 (g) → 𝐾2𝑆𝑂4 (s) + 𝐶𝑙2 (g)                                                                    Equation 2.3 
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Therefore, due to low-S, combustion of biomass of co-fired fuels can lead to increased Cl-related 

deposition and corrosion problems. Despite the focus on the process challenges concomitant with 

biomass-firing, another challenges to be considered is the environmental penalties of chlorine-

bearing ash deposits. Figure 2-4 gives a schematic of the ash formation deposition mechanisms on 

a superheater tube surface.   

  

 

Figure 2-4 Schematic of mechanism of ash formation and deposition on a super heater tube (Shao et 

al., 2012) 

  

Since the global community moves towards 𝐶𝑂2 emission free society, thus it becomes more 

pertinent that more-sustainable approaches to the harvesting of silica from agro-waste be 

investigated. However, the use of bio-sourced ash finds its significance not as a long-term method 
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for extraction of silica but a mitigating method to reduce the environmental impact of ash deposits 

from biomass-firing activities.   

  

2.4 Production of Silicon Nanoparticles  

Nanoparticles are fundamental building blocks of nanotechnology  (Nagarajan, 2008). Synthesis 

often follows a bottom-up or top-down approach (Kulkarni et al., 2010; Overney and Jeanneret, 

2010; Yadav and Samadder, 2018). The first approach relates to when the material is made from 

elemental basis through chemical processes and the latter to reduction from the bulk state via 

mechanical milling or chemical attrition processes. Nanotechnology has improved the 

manufacturing of high efficiency products due to the ability to control and modify the properties 

of the materials of construction starting from the nanoscale. Bottom-up synthesis of nanoparticles 

is achieved through pyrolysis, hydro (solvo) thermal reaction, inert gas condensation, sol-gel 

fabrication and structured media methods whereas; top-down methods are largely achieved by 

milling and attrition (Overney and Jeanneret, 2010).   

  

Nano-silicon produced from silica can be produced to suit different applications in biotechnology 

and electronics among others. In electronics applications, it is used for fabrication of transistors, 

solar cells, semiconductor detectors. Solar modules made from high-quality crystalline silicon 

layers on glass substrates have the potential of making photovoltaic electricity substantially cheap 

(Venkateswaran et al., 2013). Solar energy exploitation has spurred research and scientific 

attention in renewable alternative energy primarily to address energy shortages. On the grounds of 

these energy shortages, silicon nanoparticles for solar cell applications have gained international 

recognition as a promising option (Huan and Shu-Qing, 2014).  
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Production of silicon nanoparticles based on synthetic and analytical size-selected techniques 

offers a comprehensive understanding of the properties, morphologies and dimensions of silicon 

nanoparticles (SiNPs).  There are quite a few routes for the synthesis of SiNPs such as pulsed laser 

ablation, heating degradation and ball milling, chemical and electrochemical etching syntheses 

(Eisenhawer et al., 2011). Guiding strategies include the understanding of the surface chemistry, 

size distribution and dimensions of particles, and its scalability. Above the others, the chemical 

synthesis method has the advantage of size and shape control, as well as purity improvement. A 

few select methods of silicon nanoparticle synthesis are given in the subsections that follow; 

  

2.4.1 Pulsed laser ablation (PLA)  

Pulsed laser ablation (PLA) which uses PLA vaporization of the greater amount of the metal in a 

pulsed supersonic nozzle to render ultra-cold metal cluster of copper (Cu(II)) (Powers et al., 1982) 

and high-melting molybdenum (Mo(II)) (Hopkins et al., 1983). This method is most advanced for 

semiconductors such as SiNPs. Production is facilitated by the application of argon fluoride 

excimer laser ablation (ArF laser)  at constant helium (He) gas atmosphere as demonstrated by 

Yoshida et al. (1996).  The authors correlated a relationship indicating that the increase in helium 

(He) pressure from the kinetic energy of the material which collided with that of the surrounding 

gas particles has a link with the cohesive energy as shown in Equation 2.4:  

  

                                                          𝑑𝑚 ∝ √𝜌
3 ∝ √𝑃

3
                                                  Equation 2.4                                   
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Where dm the diameter of the ultrafine crystallite, P is the ambient pressure and ρ is the density of 

the surrounding gas.  

  

2.4.2 Heating degradation  

Thermal decomposition has extensively been used to produce SiNPs using silane as starting 

materials. For example, Ho et al. (1994) has shown the possibility of producing the elemental 

silicon atom by chemical decomposition via two chemical equations coupled to a rotating chemical 

vapor deposition (CVD). Further work by Swihart and Girshick. (1999) resulted in a plausible 

yield of 20 silicon atoms and rendered a kinetic mechanism for the formation of silicon hydride. 

These earlier works have garnered more inspiration for more researchers including English et al. 

(2002) proposing production of sterically stabilized silicon nanostructures thereby enthroning the 

freedom of environmental contamination using heating and pressurized solvents in an elevated 

temperature greater than their critical points (400-500 oC) for decomposition of organosilane 

feedstock. However, Shafeev et al. (2004) have demonstrated that microwave-assisted thermal 

decomposition can affect organosilane precursors at certain microwave powers. In another effort, 

Knipping et al. (2004), achieved Si single crystals ranging from 6-11 nm through microwave-

induced decomposition of silane. This result has shown that the particle size was proportional to 

the precursor concentration whereas, the gas pressure proved an inverse relationship with the 

microwave power. The use of thermal degradation in Si nanostructures are currently applied in 

SiNPs featuring blue emission, great PL yield, high pH stability and favorable size with the use of 

a facile one-pot aqueous production technique (He et al., 2009; Panda et al., 2006). This process 

shows that the use of microwave supported the nucleation or Oswald ripening (He et al., 2009). 
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2.4.3 Ball milling  

Nano-crystalline materials can be successfully produced from ball milling and this method is 

popular because of its simplicity, relatively inexpensive equipment and can take on a wide range 

of other materials. (Lam et al., 2000)  used ball milling to synthesize large-scale ultrafine SiNPs 

with an average diameter of 5nm using solid graphite (C) in conjunction with silicon dioxide (SiO2) 

in a planetary ball miller for 7-10 days. 1:1 graphite-SiO2 molar ratio was applied and the mixture 

was loaded into a stainless-steel vial together with stainless-steel balls (7.5 mm in diameter). The 

content was sealed with a Viton O-ring. However, before sealing, argon was passed through the 

vial to repel other gases while the remaining argon was set at atmospheric pressure. After the period 

was past, the milled powders were annealed in a hydraulic press for 48 h at 150 oC under a loading 

of 30 kgf/mm2. The annealed powders were put back into the vial and milled for another 2 h to 

break up the pressed tablet into powder form.   

  

The resulting NPs were covered with an amorphous SiO2 layer 1nm in thickness and this produced 

a multi-peak PL spectrum due to the wide range of particle sizes. Apart from the size distribution, 

another issue arises from the aggregation which presented a complex and coarse shape. This tends 

to limit the ball milling synthetic strategy despite its convenience and inexpensiveness.  

  

2.4.4 Physicochemical methods  

In this category of silicon nanoparticles production technique, photothermic aerosol synthesis is 

popular. This utilizes a laser-induced decomposition of gas phase materials and is carried out in 

three stages. At the onset, the silicon powders are synthesized by CO2 laser-induced heating of 
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silane followed by H2 and a photosensitizer (e.g. sulfur hexafluoride) to a degree that can be 

effectively dissociated. The product of this synthesis is in the range of SiNPs from 5nm to 10 nm 

or even larger than 10nm (Ehbrecht and Huisken, 1999). Subsequently it does not manifest serious 

size confinement effect which implies a much lower PL efficiency. This, therefore, calls for a post-

treatment for size selection and to reduce particle dimension as required. However, it was of 

importance to select the neutral clusters using cluster size, slotted molecular beam chopper wheel 

based on the correlation suggested by Ehbrecht and Huisken, (1999). Etching of the obtained 

SiNPs by chemical etching with HF/HNO3 would induce bright visible luminescence (Li et al., 

2003; Erogbogbo et al., 2010).  

  

A physical route to SiNPs production usually encounters low product yield, but in the 

physicochemical case, a gram scale yield of silicon quantum dots (Si QDs is) obtained (Zhang et 

al., 2007). This results in non-aggregation, and a well-controlled nanoparticle size incidentally 

deposited on the desired substrate or liquid medium. Huisken et al., (2002) demonstrated a 

successful particle injection through a nozzle into a high vacuum device and then deposited a 

molecular beam of Si clusters on a suitable substrate.  

  

2.4.5 Chemical techniques  

Production of SiNPs takes on the solution phase synthesis which received plausible efforts (JR 

Heath, 1992). The starting materials were silicon halides. These were systematically reduced by 

sodium naphthalenide (K. Baldwin et al., 2002; JR Heath, 1992; Zou et al., 2006), lithium 

naphthalenide (Kornowski et al., 1993), lithium aluminum hydride (Hapala et al., 2013; Sudeep et 

al., 2008) or zinc salts (Bley and Kauzlarich, 1996) These reactions were carried out in a variety 
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of surfactant solvent environments resulting in small-sized, free-standing SiNPs which were 

hydrogen capped (Hapala et al., 2013; Wilcoxon et al., 1999) . Recently, Chang and Sun, (2014) 

used allyltrichlorosilane as both the surfactant and the functionalization reagent and silicon 

tetrachloride in a ratio of 1:3, to explore a simple approach to the synthesis of 

morphologycontrolled hexagonal silicon nanocrystals modified with allyl in the range of 20-50 

nm.  

   

The Si-Cl bonds were reduced by lithium tetrahydridoaluminate to Si-Si which promotes the 

growth of Si crystals (Chang and Sun, 2014). To control the size dispersion, Tilley et al. (2005) 

found that the narrow size distribution could be obtained by using powerful hydride reducing 

agents and selective surfactants in micelles, which termed, “micro-emulsion synthesis”. In this 

process, the surfactant plays a critical role in restricting the core growth and finally resulted in 

uniform particle dimensions.  

  

Chang and Sun, (2014) have successfully demonstrated a one-step technique to produce highly 

monodispersed, alkyl-capped, brightly luminescent nanocrystals using hexyltrichlorosilane as both 

surfactant and the reactant. When the hexyltrichlorosilane was not used, the product of reaction 

showed smaller Si QDs with diameters 2±0.5 nm implying a narrow size distribution and excitation 

wavelength-dependent PL performance. The PL was shown to peak-range from 350-450 nm as the 

excitation state wavelength red-shifted (Wang et al., 2011). Several authors including McMillan 

et al. (2005) and Zhang et al. (2007) have utilized different precursors to synthesize silicon 

nanoparticles. For example, zinc salt was used with ammonium bromide, nanoparticles with bright 
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blue emission in the size range of 3.9±1.3 nm could be obtained with resultant by-products such 

as ammonia, hydrogen and sodium bromide.  

  

2.4.6 Electrochemical techniques  

This method appears to be one of the versatile approaches to SiNPs synthesis when looking at it 

from the fundamental perspectives. An example is the synthesis of porous silicon (PSi) otherwise 

known as silicon nanocrystal thin film that transcended photoluminescent SiNPs which was 

developed through galvanostatic anodization. Traditionally, its preparation involved filling of a 

Teflon cell with a blend of aqueous HF and ethanol followed by etching a silicon wafer under 

steady current supply. A fracturing treatment is carried out on the fleshly etched PSi layer for 

sonication in order to achieve quantum confined colloidal silicon nanoparticles (SiNPs) (Ahire et 

al., 2012).  Bley et al (1996)  note that electrolyte composition, etching time, silicon dopant type 

and dopant concentration exert irreversible effect on the surface morphology and properties of the 

PSi thin film. The ethanol used has the advantage of preventing bubble break up and annulment of 

the hydrophobicity leading to effective pore formation (Sailor and Wu, 2009) and consequently 

results in a more uniform hydrogen-terminated silicon nanocrystals.   

  

2.4.7 Surface modification  

SiNPs synthesis through surface modification is achievable through an understanding the surface 

chemistry of the nanoparticles. For example, from the fact that chemical reactions take place at the 

surface much higher than they do at the bulk mass, pristine Si nanocrystals with hydrogen 

termination show meta-stability due to its surface hydrophobicity to oxygen and water. This shows 

that surface modification of Si nanocrystals which have functional molecules would significantly 
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improve their stability, optical performance and solubility in some solvents (Sato and Swihart, 

2006; Zhu et al., 2005). 

  

Some authors (Bent, 2002; Duke, 1996; Neergaard Waltenburg and Yates, 1995) have suggested 

the existence of dangling bonds on the surface of SiNPs which enhance chemical reactivity at the 

surfaces with other organic molecules. There is one instead of two spin-paired electrons 

responsible for the tendency of minimizing the free energy that removes the dangling bonds.  The 

resulting energy minimization was a trade-off between that gained in forming new local bonds and 

the energy lost during bond strain from its new configuration. The result is a complex 

reconstruction of the surface that leads into termination with certain molecules. Presently, different 

types of water-soluble SiNPs with bioconjugation are available in the areas of in-vivo and in-vitro 

applications. In Si-H bonding, it can easily be oxidized while Si-Si linkage produces a weaker 

bond. However, in order to avoid surface oxidation an inert atmosphere must be incorporated 

(Ruizendaal et al., 2011 ; Ahire et al., 2012).   

  

The seemingly chemically stable Si-C bond emerges as a suitable medium for further chemical 

compound passivation such as acrylic acid, octylamine (Zhang et al., 2007), 4-bromo-1-butene 

(Ruizendaal et al., 2011) and epoxide-1-heptene (Tilley et al., 2005). This is so because the Si-C 

has low polarity and high bond strength through hydrosilylation and if a further modification was 

necessary, the small organic molecules with a C=C end group would produce hydrophobic and 

hydrophilic SiNPs (Ahire et al., 2012) .  
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Polarization effect has been investigated on the scale of in-situ oxidation under high temperature 

yielding SiO2 that aided particle to become water-soluble for easy surface functionalization (Hu et 

al., 2009). The commonly used approaches these days to achieve hydrosilylation of silicon 

nanocrystals are metallic catalysis, UV irradiation, heating treatment and microwave-assisted 

functionalization.   

  

2.5 Drawbacks and Benefits of Different Methods  

Physical methods have the capacity to achieve size controllability of the synthesized SiNPs. The 

SiNPs produced can be zero dimensional (0D), 2D or 3D.  The major disadvantage with this 

method is that production is not scalable, and the Si QDs generated must be stabilized. Essentially, 

quantum dots (QDs) are nanosized semiconductor particles which have unique optical and 

electrical properties compared to larger-sized particles due to quantum mechanics. Under mild 

conditions chemical synthesis techniques of SiNPs have been shown to achieve surface 

modification and controllable particle size distribution of Si QDs, but the question of 

contamination of the residual side products which are reducing agents are compromised (Hapala 

et al., 2013; Zou et al., 2006). The need for a high yield and uniformity in essential properties has 

attracted much research attention to porous silicon as a source of Si QDs through use of 

electrochemical techniques under certain conditions (Ahire et al., 2012 ; Wilson et al., 1993). Many 

methods have been applied by several researchers to study the production of nanoparticles using 

different  feedstocks. Table 2-5 presents some of the methods used by different authors in the 

production of silicon nanoparticles.  
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Table 2-5 Methods of producing silicon nanoparticles starting with different precursors 

Feedstock 

 

Method of operation References 

Silane (SiH4) Ultra-sonification; involving porous silicon fractioning  (Belomoin et al., 2002) 

Silane (SiH4) Microwave-induced/laser-induced decomposition (Barth et al., 2010) 

Si Pulsed-laser ablation (Espíndola-Gonzalez et al., 2010) 

Silane (SiH4) Low-temperature solution route (Neiner et al., 2006) 

Silane (SiH4) Plasma-enhanced chemical vapor deposition (Izdebska and Thomas, 2015; Mercaldo et 

al., 2009; Pi et al., 2006) 

Silane (SiH4) Low-pressure vapor deposition (Boulos et al., 2013) 

Si Spark discharge process (Kim et al., 2011; Won et al., 2011) 

SiO2  

 

SiO2 

Metallothermic process and hydrometallurgical process of 

combustion product 

Vacuum directional solidification 

(Nagai et al., 2012; Yang et al., 2014) 

SiCl4 Halidothermic reduction (sub halidy reduction) (Bley and Kauzlarich, 1996) 

RH, SCB, CH Vermicomposting, with annelids (Espíndola-Gonzalez et al., 2010) 
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Paddy Straw Pretreated with dilute 𝐻2𝑆𝑂4 to remove polysaccharides and 

other impurities followed by delignification with alkaline 

mixture (𝑁𝑎𝑂𝐻 − 𝐻2𝑂2) for the extraction of silica in nano 

form and lignin 

(Kauldhar and Yadav, 2018) 

Cassava Periderm Modified sol-gel method and metallothermic reduction of 

silica nanoparticles 

(Agunsoye et al., 2018) 
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Basically, silicon nanoparticles have necessary physical characteristics for solar cell fabrication. 

These include an active surface state, outstanding photoluminescence and biocompatibility among 

other desirable features (Chang and Sun, 2014).   

 

2.6 Methods of Characterization of Silicon Nanoparticles  

In the production of silicon nanoparticles, different characterization techniques are applied to allow 

for a proper understanding of the nature of the nano material produced. If the properties of the 

materials are identified, it will be possible to project the material for a suitable application. Cho et 

al. (2013) studied the synthesis of luminescent silicon nanoparticles from the reaction of 

magnesium silicide and ethylene diammonium chloride in a low-temperature condition. Two 

important parameters; the amount of reducing agent and reaction time on the synthesis process 

were investigated.  The nanoparticles were optically characterized by FTIR (Nicolet 5700), 

photoluminescence spectroscopy (Perkin- Elmer, LS 55 luminescence spectrophotometer) and uv-

vis absorption (Shimadzu, UV-2401 spectrophotometer). The size of silicon nanoparticles was 

obtained by TEM (Hitachi, H-7600). 

 

Similarly, Odo et al. (2012) investigated the production of silicon nanoparticles from single 

crystalline silicon wafers and polycrystalline bulk using a vibrating disc mill in a top-down 

synthesis route. The authors applied scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), and energy dispersive x-ray spectroscopy (EDX) to study the elemental 

composition and morphology of the silicon-particles produced, whereas, the structural 

characteristics of the particles were studied using XRD. On the other hand, the silicon 
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nanoparticles synthesized from a thin section of porous silicon in an organic solvent were 

characterized by Bley and Kauzlarich, (1996) using high-resolution transition electron microscopy 

(HRTEM) and FTIR. The two techniques were used to determine the mono-dispersion and the 

composition of the amorphous surface layer of the nanoparticles, respectively. The authors stated 

that the average particle diameter, size distribution and the charge of the nanoparticles influences 

both the in-vivo distribution and physical balance of the nanomaterial. Many authors including 

Bhatia (2016); Pal et al. (2011); Patra and Baek (2015) and Polakovič et al. (1999) have also 

reported about nanoparticles characterization. A schematic representation of the methods of 

characterizing silicon nanoparticles is shown in Figure 2-5.  

  

 

     Figure 2-5 Silicon nanoparticles characterization techniques 
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2.7 Characterization of Si NPs 

In this study, the work of Venkateswaram et al (2012) is used as a case study to describe the 

characterization of silicon nano particles (SiNPs) produced using magnesiothermic reduction 

method (MRM) for solar cells fabrication. The MRM according to the authors is a cost-effective 

method used for SiNPs production. The work was chosen because it was a comprehensive 

characterization, and the techniques employed include XRD, particle size analyzer (PSA), FT-IR, 

TEM, UV-Vis absorption. Figure 2-6 through Figure 2-10 show the XRD, PSA, FT-IR, TEM, UV-

Vis absorption results of the characterization, respectively, while the XRF result is presented in 

Table 2-6.  

  

 

Figure 2-6 XRD patterns of nanosilicon at different sintering temperatures. Adapted from Venkateswaran 

                   et al. (2013) 
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Figure 2-7 Particle size distribution of nano silicon at different sintering temperatures Venkateswaran et al. 

(2013) 

  

 

Figure 2-8 FTIR spectrum of nano silicon at different sintering temperatures. Adapted from  

                  Venkateswaran et al. (2013) 
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Figure 2-9 TEM images of nano silicon at different sintering temperatures Venkateswaran et al. (2013) 

  

 

 

Figure 2-10 UV–Vis Absorption Spectra of Nano Silicon at Different Sintering Temperatures . Adapted  

                        from Venkateswaran et al. (2013) 
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Table 2-6  XRF results for SiNPs produced by Venkateswaran et al. (2013) 

Temperature (oC)  Analyte  Results (%)  

550  Si  90.17  

  Mg  6.63  

  Ca  2.42  

  Fe  0.78  

650  Si  93.43  

  Mg  4.77  

  Ca  1.32  

  Fe  0.48  

750  Si  96.30  

  Mg  1.80  

  Ca  0.98  

  Fe  0.92  

850  Si  98.20  

  Mg  0.714  

  Ca  0.584  

   Fe  0.584  

   

  

From Figure 2-6, sharp well-oriented crystalline peaks (111, 220, 311, 222, 400 & 331) were 

obtained for 550, 650, 750, & 850 ℃ and it was an indication of crystalline silicon formation.  
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The average crystallite sizes were 42.60, 47.24, 54.38, 56.21, 59.47, & 63.18 nm and the sharp 

peaks were a revelation of face-centered cubic structures formation and the reduction in the Si NPs 

size was achieved by lowering the sintering temperature.  According to Venkateswaram et al. 

(2013), SiNPs obtained at temperature of 850 oC is suitable for solar cell fabrication. PSA was 

done for SiNPs synthesized at similar temperature values as those used in XRD analysis. Figure 

2-7, the PSA of the Si NPs were in the range of 40-125, 48-104, 55-119 and 60-134 nm for 550, 

650, 750, & 850 oC, respectively. The maximum distribution particle size was 72 ±3, 80 ± 3, 84 ± 

3, and 94 ± 3 nm for the above-mentioned temperature conditions, respectively and the size of the 

SiNPs increased with an increase in temperature.   

  

 Venkateswaram et al. (2013) in Figure 2-8 obtained strong absorption bands was obtained at 800 

cm-1 which corresponded to the Si-H2 bending mode. Absorption bands were also found at 1400 

cm-1 and 1700 cm-1 and peaks at 678 cm-1 which were an indication of Si-Si stretching mode. The 

presence of -OH stretching band was found at 3400 cm-1. In Figure 2-9, also obtained from 

Venkateswaram et al. (2013), all the temperatures studied had an agglomeration spherical 

morphology at a particle size of between 70 - 100 nm, but the agglomeration morphology obtained 

at 850 oC was higher than the morphology obtained from every other temperature studied. The 

UV-Vis analysis displayed in  Figure 2-10, based on the work of Venkateswaram et al. (2013),  

confirmed that the absorption peaks and wavelength of around 300 – 310 nm was present at 850 

oC. The SiNPs thus produced had pure phase formation, high purity, and good absorption peaks 

and were usable in solar cells fabrication. The XRF result shown in Table 2.6, based on 

Venkateswaram et al. (2013), equally affirms the potentials of SiNPs for solar cells fabrication. 

However, Venkateswaram et al. (2013) concluded that MRM was still more attractive for SiNPs 
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production due to its cost effectiveness. Contrary to that deduction, Ahire et al. (2012) submit that 

chemical synthesis is more attractive because of the possibility of surface modification and control 

of Si particle size distribution although the possibility of contamination of residual side products 

may be a setback.   

  

2.8 Solar Cell Technologies  

Photovoltaic technology involves harnessing of incident optical energy from the sun. The most 

widely used semiconductor material in conventional solar cells is silicon (Si) (Ghahremanirad et 

al., 2016). This material is widely used in photovoltaic industry and more than 90 % of the PV 

market is dominated by silicon solar cells (Mutlugun et al., 2008; Sampaio and González, 2017). 

However, the solar conversion efficiency and photovoltaic device parameters are very low due to 

the intrinsic properties of silicon. Thus, there is limited capability to collect the photo-generated 

carriers across silicon solar cell and the electrical energy generated under UV illumination is very 

low. Silicon has a high refractive index (> 30%), and some of the incident radiation is reflected 

hence the low conversion efficiency (Prevo et al., 2007).  
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Figure 2-11 Solar cell working mechanism. Adapted from Kumar et al. (2016) 

 

Figure 2-11 shows the working mechanism of a Si-based solar cell. The flow of charge carrier 𝑒− 

and 𝐻+is governed by the fermi level that drives each charge to its respective electrode. Basically, 

a photovoltaic solar cell is a thin wafer which consists of a very thin layer of phosphorous doped 

(n-type) silicon on top of a thicker layer of boron-doped (p-type) silicon. An electrical field is 

created near the top surface of the cell where the two materials meet (the P-N junction). The 

photovoltaic effect is created when sunlight hits the semiconductor surface, thus exciting an 

electron which is attracted towards the n-type semiconductor material and resulting in generation 

of current. Current generated by a photovoltaic (PV) solar cell is dependent on its efficiency, size 

(surface area) and intensity of sunlight hitting the surface (Kumar Moluguri et al., 2016). Figure 

2-12, obtained from the National Renewable Energy Laboratory (NREL) website, illustrates the 

progress in solar cell efficiency for thin film-based technologies from 1975-2020. 
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Figure 2-12 NREL data on the progress in efficiency of thin film based solar cells from 1975-2020   (National Renewable Energy 

Laboratory, 2020) 
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The recent researches on thin film based photovoltaic technologies have demonstrated a high 

potential for developing low-cost thin film-based silicon PV technologies (Martin et al., 2004). The 

major advantage of these technologies is that there is a material reduction as compared to silicon 

wafers (Sopori, 2007). With evolving technology and research, solar cells which make use of a thin 

layer of active materials are proposed. However, they have a challenge of absorbing long-wavelength 

light as it passes through the thin layer of active material without being absorbed hence the use of 

light-trapping structures (LTS) is applied to improve absorption in the active layer (Ghahremanirad 

et al., 2016). The cost reduction, adaptability and high efficiency of thin-film solar cells lead to their 

use in power generation mobile devices and building integrated photovoltaics. The fabrication of 

these cells is however complex and challenging since there is a contradictory interchange between 

their optical and electrical properties (van Dijk et al., 2016).  For excellent optical performance, the 

photovoltaic solar cell should be thicker while for best electrical performance and reduction in cost, 

a thin photovoltaic solar cell is considered the best. This can be efficiently achieved by the 

improvement of the diffusion length of charge carriers (van Dijk et al., 2016). For commercialization 

purposes, thin film silicon solar cell technology requires its energy conversion efficiency values to 

be increased with a technique commensurate with low cost of fabrication.   

  

2.8.1 Current trends in solar cell technology  

Razykov et al. (2011) reported that solar photovoltaic market was growing annually at a rate of 35-

40%, while photovoltaic production was at 10.66 GW in 2009. The crystalline silicon and 

polycrystalline silicon wafer technologies dominate more than 80% of the global PV industries. 

Gallium Arsenide and single junction crystalline solar cells are almost reaching their maximum 
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theoretical maximum efficiency, whereas; thin film solar cells have promising efficiency results 

(Razykov et al., 2011) and the efficiencies are highlighted in the Table 2-7.  

    

Table 2-7 Conversion efficiencies of selected thin film solar cells 

Thin Film Solar Cells  Conversion Efficiency  

CIGS  

CdTe  

Tandem or Multi-Junction 7  

TiO2-Dye Family  

19-20 %  

16-17 %  

40%  

<10%  

  

Razykov et al. (2011), concluded that continuous research and development (R&D) is biased 

towards increasing the efficiency of thin film solar cells and nano-PV devices. They also 

highlighted that emphasis should be on the development of cost-effective manufacturing 

technologies that will lower the solar module production cost.  

  

Solar photovoltaics are proving to be a promising opportunity for power generation and business 

(Devabhaktuni et al., 2013). There is a remarkable improvement by international, governmental 

and non-governmental organizations in supporting solar technology uptake in different nations.  

The progress has improved the quality of living to those who were once lacking modern energy. 

Developing societies will benefit from a rise in solar PV system installation. These authors 

concluded that due to intervention by more organizations volunteering their financial, technical 

and professional services, solar photovoltaic technology is becoming cost-effective. The current 

efforts by industry leaders and researchers have also reduced the costs and improved the 
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efficiencies, hence; increasing the demand of solar PV technologies. There is a speculation that in 

the next decade solar power will be the primary, integrated and cost-effective power source that 

reduces environmental impact and increase energy security (Devabhaktuni et al., 2013).  

   

Photovoltaic cell technologies can be divided into three generations which are 1st, 2nd and 3rd 

generation PVs. The overall efficiency and performance of these PV generations vary due to types 

of semiconductor materials used. The more commercially mature generations are the 1st and 2nd 

Generations while 3rd Generation is in R&D phase and premature (Gangopadhyay et al., 2013; 

Khan and Arsalan, 2016)  

  

2.8.2 Methods of silicon solar cell fabrication  

The most common solar cell technologies are monocrystalline, polycrystalline and amorphous.  

Monocrystalline silicon cells are produced from pure silicon (single crystal) wafers. The wafer 

substrates are cut from column ingots grown by Czochralski (CZ) process (Goetzberger et al.,  

2003; Miles, 2006). Single-crystal solar cells are cut from pieces of unbroken silicon crystals. The 

crystals are shaped as cylinders and sliced into circular disks. These slices can be cut into other 

shapes such as rectangular or square to optimize the space to be occupied by cells on the module.   

Polycrystalline solar cells are made from silicon substrates cut from polycrystalline ingots formed 

by melting and pouring silicon into a mould. The mould forms a squared cross-section. Thin slices 

are cut from the block. There is no material loss on the fact that the discs are square shaped in 

nature. As the material cools down it crystallizes in an imperfect manner causing the 

polycrystalline cells to have a somewhat lower energy conversion efficiency compared to the 

single crystalline cells. The polycrystalline cells are slightly larger in size per gained watt than the 
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monocrystalline cells (Nordtröm, 2012). The  methods used to make polycrystalline cells include 

the heat exchange method (HEM), electromagnetic casting (EMC) and directional solidification 

system (DSS) with DSS being the most common method (Miles, 2006) .Basically, the chemical 

route is used to produce polycrystalline cells while the metallurgical route is used to produce 

monocrystalline cells (Xakalashe and Tangstad, 2012) as shown in Figure 2-13. The production of 

monocrystalline solar cells is more complex compared to the production of polycrystalline solar 

cells. Both cell types are then polished and treated to repair potential damages that could have 

occurred during slicing.  

  

 

Figure 2-13 Stages to produce crystalline silicon solar cells from quartz. Adapted from Goetzberger 

et al. (2003) 
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Meanwhile, the amorphous silicon cells (a-Si) are produced by use of hydrogen to passivate the 

dangling bonds in Si. A common practice is the deposition of the produced silicon film on a glass 

substrate. The deposition methods include plasma enhanced chemical vapour deposition, hot-wire 

catalytic deposition, very high frequency (VHF) glow discharge deposition, indirect microwave 

deposition and hot-wire glow discharge deposition (Deng and Schiff, 2003)  

  

2.8.3 Nano Photovoltaics (Silicon Nanoparticles in Solar Cells)  

According to PV Magazine USA: 2017, European researchers have become the first to record 

Success in the effort to integrate a nano-photonic structure into a crystalline silicon solar cell, 

boosting its light absorption and greatly reducing silicon use. This breakthrough, the researchers 

say, sets a pathway for scaling down the texture of crystalline solar cells from the micro to the 

nanoscale.  

The use of silicon nanoparticles in solar cell production not only saves material but also improves 

the efficiency of the solar cell device (Barcaro et al., 2017). Recently, the use of selforganized 

plasmonic nanoparticle layers within the device window layer or back reflector using the 

deposition and subsequent annealing of thin metal films has been explored  (Chen et al., 2013). 

The accurate tailoring of periodic nanoparticle arrays to the absorption characteristics of the 

amorphous silicon material is expected to yield an increase in performance compared to 

randomized particles (Crudgington et al., 2017).   

  

In photovoltaic cells, it is regarded that the purity of silicon needs to be above 99.9999 wt% (Six 

nines) to enable long carrier diffusion length. Silicon (Si) nanowires and nanoparticles can provide 

the following advantages: absorption enhancement, efficient carrier extraction and reduced 
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requirements for material quality in solar photovoltaics (Zong et al., 2015). Figure 2-14 shows 

silicon nanoparticles incorporated in a solar cell to enhance solar cell performance. Nanosized 

crystalline silicon is a viable material for use in photovoltaics. The growth process for traditional 

nanocrystalline silicon involves hydrogen dilution, which hinders the amorphous material's 

performance, or post-process annealing, which adds another step to the growth process. 

Decoupling the growth of a-Si and Si-NPs solves this problem (Klafehn, 2016).  

  

 

Figure 2-14 Quantum-confined Si-NPs Can Be Used as a High Bandgap Layer in Lieu of Other 

Materials, Allowing for a Multi-Bandgap Solar Cell Composed Entirely of Silicon (Adapted from 

Klafehn, 2016). 

  

2.8.4 Bulk heterojunction organics solar cells (OSCs)  

Organic solar cells have made fast progress in the last decades and are close to a broad 

commercialization (Tress et al., 2011). Organic solar cells (OSC) cells are a potential alternative 

to conventional Si solar cells, which includes (i) dye-sensitized (Kuang et al., 2007), (ii) polymer 

(Li et al., 2011a), and (iii) small-molecule (Mutolo et al., 2006) cells. Of all the OSCs, polymer 

based solar cells offer the following benefits light weight, low cost, mechanical flexibility, high 
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throughput during manufacturing and large surface area reel-to-reel coating processes. It is also 

anticipated that organic solar cells could be produced commercially if the power conversion 

efficiency (PCE) of approximately 10% is achieved (Würfel et al., 2015). The highest power 

conversion efficiency polymer solar cells have been fabricated from an active layer composed of 

a blend of regioregular poly(3-hexylthiophene) (P3HT) and the fullerene derivative [6,6]-phenyl-

C61 butyric acid methyl ester (PCBM) (Chen and Rieke, (1992) ; Hummelen et al., (1995). The  

P3HT and PCBM blend forms a phase-separated ‘‘bulk-heterojunction’’ (BHJ) nanostructure that 

provides a large interfacial area for exciton dissociation. When photo-excited, the P3HT network 

acts as an electron donor and transporter of holes to the cell anode, while the PCBM network acts 

as an electron acceptor and transporter of electrons to the cell cathode (Kim et al., 2007; Li et al., 

2005, 2011a; Reyes-Reyes et al., 2005; Salinas et al., 2011).  The structure and operation of a 

polymer based organic solar cell is presented in Figure 2-15.  

  

 

           Figure 2-15 Operational sequence of an organic solar cell (Adapted from Otieno et al. (2018) 
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The operational principle of bulk heterojunction organic solar cells is based on photovoltaic effect. 

This is both a physical and chemical phenomenon resulting from the generation of a potential 

difference at the polymer/fullerene interface as a result of a photo/light response (Jovanov et al., 

2017). The photovoltaic effect in an organic solar cell can be described as shown in Figure 2-15. 

In summary, it follows the following sequence;   

1. Light-absorption to generate strongly bound electron-hole pair (exciton).   

2. Exciton diffusion to the donor acceptor interface.   

3. Exciton dissociation leading to the separation of charge carriers.   

4. Charge transport within the device layers to the respective electrodes (Otieno, 2015) 5. 

Charge collection at the electrodes  

  

2.8.5 Silicon nanoparticles enhancing properties of OSCs  

The main thrust on the commercialization of the organic solar cells is the improvement of the 

power conversion efficiency (PCE). Several studies conducted to improve PCE focused on change 

of parameters such as: optical properties of the (P3HT: PCBM) blend (Zhu et al., 2015); donor 

material absorbance by the mixing of energy-band engineered polymers to increase the bandwidth 

for adsorption (Yang et al., 2015); optimization of domain and size (Ding et al., 2018; Morgenstern 

et al., 2016) and interface  engineering (Pfadler et al., 2014). Another approach which has gained 

attention among researchers is the development of hybrid solar cells with active material into 

which inorganic semiconductor particles are incorporated (Zhou et al., 2011). Inorganic particles 

that have been utilized in organic solar cells include CdS (Lee et al., 2008); CdTe (Gur et al., 2006); 

CdSe (Yang et al., 2011); CuInS2 (Arici et al., 2003); PbSe (Tan et al., 2009); PbS (Tsang et al., 
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2009); SnO2 (Kudo et al., 2007), TiO2 (Kuo et al., 2008); and  ZnO (Bhat et al., 2011; Hames et 

al., 2010; Takanezawa et al., 2008).   

 According to Zhao et al. (2016), PCE can be improved when SiNPs was incorporated into 

P3HT:PCBM solar cells which resulted in a cascade band structure. Size reduction and doping are 

effective ways used in the fine-tuning of energy levels in semiconducting nanoparticles. To 

understand the use of doped NPs in hybrid solar cells, SiNPs with n and p-type dopants have been 

synthesized and utilized with active material. The P3HT:PCBM blend serves as a reference 

material blend because of its continued approval in fundamental hybrid solar cells research (Chi 

et al., 2014). Hemaprabha et al. (2018) investigated the effect of using n and p-type nano silicon 

in P3HT: PCBM at different weight percentages. A PCE of 3.46 % was attained using doped p-

type silicon nanoparticle.  The team concluded that together with size reduction, the fine-tuning 

of energy levels in NPs, can be achieved through doping and mixing at appropriate weight ratios.  

  

2.8.6 Challenges of producing nano silicon from agro waste  

Genuine progress in the valorization of agricultural waste require a close partnership between 

chemists and engineers to enable new ideas from chemists to be rapidly transformed to meet the 

needs of global increasing population. An initial challenge faced is the difference in the effect of 

human exposure to engineered nanoparticles compared naturally occurring nanoparticles. 

Engineered nanoparticles may be better equipped to evade immuno response against foreign bodies 

because of their size or protective coatings. The actual extent of health and environmental risks 

raised due to the exposure to engineered nanoparticles need further study (Prasad et al., 2014).  
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Nanoparticles are generally synthesized using a bottom-top or top-bottom approach based on 

whether a chemical process was used to produce the materials or the material is produced through 

size reduction from its bulk state through chemical attrition or physical milling processes (Adebisi 

et al., 2017). In the bottom-top approach, nanoparticles can be synthesized using chemical and 

biological methods by self-assembly of atoms to new nuclei which grow into a particle of 

nanoscale size while in the top-bottom approach, suitable bulk material is broken down into fine 

particles by size reduction using various lithographic techniques e.g. grinding, milling, sputtering 

and thermal/laser ablation. Most of these methods for the synthesis of nanoparticles are very 

expensive (Kharissova et al., 2013). The challenges in the field are outweighed by benefits of 

nanotechnology to research.  

  

2.9 Concluding Remark 

The literature review demonstrated that production of nano silicon particles from bio-waste ashes 

has attracted the interest of researchers in recent decades as an economical and environmentally 

effective waste management approach. The various routes for which SiNPs had been produced 

such as pyrolysis, leaching, sol-gel, acid pretreatment, combustion, precipitation, supercritical 

CO2-drying, biotransformation, calcination, and magnesiothermic reduction demonstrate the 

growth of knowledge on the obtainment of SiNPs from agro-wastes and inorganic sources. MRM, 

it was submitted, is the best method  in SiNPs production in respect of cost effectiveness.  Other 

researchers, however, submit that the chemical synthesis technique is more attractive because of 

the possibility of surface modification and control of Si particle size distribution, but contamination 

of residual side products may be a setback. The current study, however, outlined different 

characterization methods to update on the current and effective techniques for an understanding of 
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the nature of the nanomaterials produced. This will project the material for the suitable application. 

To date, major characterization techniques include XRD, UV-Vis Absorption, SEM, TEM, FTIR, 

AFM, HRTEM and Raman Spectroscopy. For the past 20 years, researchers have focused on 

different feedstock mainly silane, silica, SiO2, SiCl4, bamboo, sugar cane bagasse, rice husk, 

groundnut shell, coffee husk and had applied ultrasonification, microwave-induced decomposition, 

PLA, low-temperature solution route, plasma-enhanced chemical vapor deposition (PECVD), 

spark discharge process, metallothermic process and hydrometallurgical.   

  

More so, the production of SiNPs using combustion, vacuum directional solidification, 

halidothermic reduction, pyro-chemical process and vermicomposting with annelids technologies 

proved attractive because, the processes enhance the SiNPs high active surface state, physical 

characteristics, outstanding photoluminescence and biocompatibility in solar cell fabrication. The 

review, however, indicated that the conversion efficiency in existing solar cell applications remains 

very low (ranging from 17 to 25%).  The efficiency of photovoltaic solar cells depends on the size 

(surface area) and the intensity of sunlight hitting the surface. For over 20 years, latest research 

efforts had recorded photovoltaic efficiency of over 45% in 2016, using multijunction solar cells 

whereas in 2004 below 5% conversion efficiency was achieved on the application of organic solar 

cells technology. Thus, the review shows that there is still more research work required in 

production of silicon nano particles to fully support solar cell technology and to reduce 

environmental challenges posed by bio waste.  
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3 Chapter 3 : Methodology  

3.1 Introduction  

Relevant literature has been explored and reviewed hence the birth of this chapter to lay down the 

methodology for this work. In this chapter, the methods for the extraction of nano silica and 

preparation of nano silicon from sugarcane bagasse ash are reported. Fabrication and testing 

methods for the solar cell material are detailed. Based on the identification of the area of 

contribution of this study to the field, this study has been divided into the following steps as shown 

in Figure 3-1.  

 

Figure 3-1 Overview of the methodology employed in this study 

 

3.2  Chemicals and Chemical Reagents  

Chemicals and chemical reagents used for the various experiments were of analytical reagent grade 

and were used without further purification. Sodium hydroxide, citric acid, hydrochloric acid, 

  

Step 1 

• Compositional analysis (chemical& physico - chemical) of  
SCBA 

Step 2 

• Leaching and extraction of silica from SCBA and its 

characterisation 

Step 3 
• Production of nanosilicon from extracted silica 

Step 4 

• Fabrication of hybrid organic solar cells and pperformance  
evaluation 



 

67  

  

activated carbon, hydrofluoric acid, nitric acid and magnesium powder (99%), were purchased 

from Sigma-Aldrich (Pvt) Ltd, Republic of South Africa. Chemicals used for fabrication of solar 

cell by spin coating namely acetone, ethanol, poly(3,4-ethylene doxythiophene, polystyrene, P3HT 

and PCBM were also purchased from Sigma-Aldrich.  

Deionized water was used for all experiments that were performed in aqueous media.  

  

3.3 Sugarcane Bagasse Ash Availability and Sampling Procedure  

Sugarcane bagasse ash used in this study was obtained from Green Fuels, Chisumbanje a bioethanol 

company in south-eastern Zimbabwe. The production of ethanol is estimated at 43 weeks/year. For any 

research which involves synthesis to get a product, there is need to explore the availability of the 

feedstock/raw material for the research (Dixit et al., 2019). Figure 3-2 gives images of the sugarcane 

bagasse ash and the production plant. 

 

              Figure 3-2 Sugarcane bagasse ash (a) and the source plant at Green Fuels, Chisumbanje (b) 

  

3.3.1 Assumptions    

The following assumptions were made in the estimation of the quantity of sugarcane bagasse ash 

availability:  

(a) (b) 
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• For every tone of cane, 26% of bagasse is produced (Martines-Filho et al., 2006)   

• For every 260 kg of bagasse, approximately 5.2% ash is obtained (Farirai et al., 2019).  

 

Table 3-1 Annual estimated quantity of sugarcane bagasse ash produced 

Description  Quantity in Tons  

Bagasse used by boiler per hour  58.60  

Surplus bagasse  28.60  

Bagasse produce per day  1404  

Bagasse ash produced per day  33.70  

Total bagasse produced per season  422604  

Total bagasse ash produced per season  21975  

 

 As shown in Table 3-1, a large quantities, 21 975 tons, of sugarcane bagasse ash is produced per season. 

The challenge then lies in the disposal of the ash, hence currently it is used for landfilling and as fertilizer 

in the sugarcane plantations, but these applications are far from enough to consume the entire waste 

resource.  

3.4 Sampling Method  

The samples of sugarcane bagasse and ash collected are shown in images in Figure 3-3. 
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Figure 3-3 As received (a) sugarcane bagasse bottom ash (b) sugarcane bagasse fly ash (c) sugarcane 

bagasse 

3.4.1 Sugarcane bagasse ash (SCBA)   

The different forms of sugarcane bagasse ash produced at the facility were  sampled of the following points: 

the bottom  ash outlet of the boiler and the ash sluice water holding tank to collect sugarcane bagasse bottom 

ash (SCBBA), the wet fly ash outlet to collect sugarcane bagasse fly ash (SCBFA) and the ash heap for 

both types. The samples were air dried and classified using sieving equipment. 

 

3.4.2 Comprehensive characterization of sugarcane bagasse ash  

The sugarcane bagasse was rinsed with deionized water to remove dust and sand particles. The as-

received ashes of SCBBA and SCBFA and dried SCB were further ground using a pulverizer. The 

three samples were sieved through a 40-μm sieve in preparation for analysis.  The ash content of 

raw sugarcane bagasse was determined according to ASTM D2974-8 standard (Standard Test 

Methods for Moisture, Ash, and Organic Matter of Peat and other Organic soils) (ASTM, 2000). 

Thermal behavior of samples was investigated by using a thermogravimetric analyzer (TGA) 

(Q600 SDT Thermal Analyzer TA Instrument, USA). The samples were heated in the absence of 

oxygen at a rate of 10 oC/min to a temperature of 800 oC. Chemical analysis of SCB, SCBBA and 

SCBFA was carried out via X-Ray Fluorescence Spectrophotometer (Panalytical PW2404 X-ray 

(a) (b) (c) 
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Fluorescence Spectrophotometer). For the determination of surface chemistry, Fourier Transform 

Infrared Spectrophotometer, FTIR (Perkin Elmer 100 FTIR Spectrophotometer), was used. An X-

Ray Diffractometer (German Diffractometer D2 PHASER Bruker X-Ray with Cu Kα radiation) 

was used to determine the degree of crystallinity of the samples. A Field Emission Scanning 

Electron Microscope (Carl Zeiss Sigma FESEM Oxford XACT EDX detector) equipped with 

Energy-dispersive X-ray was used to check morphology and elemental composition. The results 

and findings are discussed in Chapter 4. Based on the preliminary results on comprehensive 

characterization of sugarcane bagasse and its ashes, sugarcane bagasse bottom ash (SCBBA) was 

found to be rich in silica than other samples and was hence used further experimental work.   

 

3.4.3 Leaching and thermal treatment of sugarcane bagasse ash (SCBA)  

The method by Pa et al. (2016) was adopted with minor modifications. 50 g of pulverized 

sugarcane bagasse ash were suspended in 500 ml of 5% citric acid solution in a beaker. The 

suspension was refluxed for 3 hours at 90 ℃ to remove metallic impurities. The sugarcane bagasse 

ash was separated by centrifugation, and the residue was washed repeatedly with deionized water 

to neutrality. The citric acid-leached ash sample was subsequently dried in an oven at 110 oC. After 

drying the ash samples were placed in a muffle furnace at 700 oC for three hours to eliminate 

unburnt hydrocarbons.  

3.4.4 Extraction of nano silica from sugarcane bagasse ash  

The extraction method was adapted from Nazriati et al. (2014) with minor modifications. Citric 

acid leached sugarcane bagasse ash (20 g) was dispersed in 60 ml of 2 M NaOH in a 500 ml round 

bottomed flask. The suspended SCBA was refluxed for 1 hour with constant stirring using a 
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magnetic stirrer to dissolve the silica resulting in the production of a sodium silicate rich solution. 

The reaction of the alkaline leaching experiment is given in Equation (3.1): 

         𝑆𝑖𝑂2(𝑆𝐶𝐵𝐴) + 2𝑁𝑎𝑂𝐻 (aq) → 𝑁𝑎2𝑆𝑖𝑂3(aq)+ 𝐻2𝑂 (l)                                                Equation 3.1  

The suspension was cooled to room temperature and filtered to remove impurities using a Whatman 

No. 41 ashless filter paper. One portion of sodium silicate rich solution was passed through a column 

packed with activated carbon. The two portions of sodium silicate rich solutions were then titrated 

separately with 1M HCl with constant stirring until pH 5. The reaction is given in Equation (3.2): 

 

                                    𝑁𝑎2𝑆𝑖𝑂3 + 2𝐻𝐶𝑙 → 𝑆𝑖𝑂2 + 2𝑁𝑎𝐶𝑙 + 𝐻2𝑂                                     Equation 3.2 

The gel obtained was aged for 10 hours, separated by centrifugation and washed with deionized 

water, dried in an oven at 110 oC for 24 hours to obtain white silica powder. The nano silica 

produced was characterized using XRF, FTIR, XRD, BET, SEM and TEM. Experimental  

procedures up to isolation of nanosilica are illustrated in Figure 3-4.  
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    Figure 3-4 Experimental flow diagram for the extraction of nano silica from sugarcane bagasse ash 

  

3.5 Magnesiothermic Reduction of Nano Silica into Nano Silicon  

Nano silica extracted from sugarcane bagasse ash via sol gel adsorption method described in 

Section 3.4.4, was used as the precursor for the production of nano silicon using magnesiothermic 

reduction with minor modification as described elsewhere (Bao et al., 2007; Onojah et al., 2012; 

Venkateswaran et al., 2013). Nano silica and magnesium powder were mixed in a molar ratio of 

1:2.1, and then powders were homogeneously ground with a mortar and pestle. The 

homogeneously ground mixture was subjected to a pyrolysis temperature of 700°C for 4 hours in 

a muffle furnace. The chemical reaction is presented in Equation 3.3: 

  

  

                                           𝑆𝑖𝑂2 (s) + 2𝑀𝑔(s)    →     2𝑀𝑔𝑂(s)  +  𝑆𝑖(s)                                 Equation 3.3 
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A portion of the obtained brownish powder (as -produced silicon) was washed with aquaregia  

(1HNO3:3HCl) to remove MgO while the other portion was washed with 2% HF. Figure 3-5 shows 

the flow diagram of magnesiothermic reduction method (MRM) for nano silica into nano silicon.  

  

 

Figure 3-5 Synthetic steps in the magnesiothermic reduction of SCBA nano silica into nano silicon 

  

Physicochemical properties of the as-produced nano silicon were characterized using XRF, XRD, 

TEM, and SEM, Fourier Infrared spectrophotometer and N2 physisorption at 77 ℃. The results 

obtained were compared to commercial grade silicon.  

  

3.6 Instrumental Characterization of Nano Silica and Nano Silicon  

The following characterization methods were used for studying the properties of nano silica and 

nano silicon; (i) X-ray Fluorescence Spectrophotometry (XRF), (ii) X-ray Diffractometry (XRD) 

(iii) Fourier Transform Infrared Spectrophotometry (FTIR), (iv) N2 physisorption, (v) Scanning 
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Electron Microscopy (SEM) coupled with energy dispersive x-ray (EDX) microanalysis and (vi) 

Transmission Electron Microscopy (TEM).  

  

3.6.1 X-ray fluorescence spectrophotometry  

Major elements in the form of oxides were determined using the Panalytical PW2404 X-ray 

fluorescence spectrophotometer. Samples were fused using Johnson Matthey Spectrolflux 105 at 

1100°C. Standard calibrations were done with the use of synthetic oxide mixtures.   

  

3.6.2 X-ray diffractometry  

This technique allows the determination of the nature of the crystallized phases by viewing the 

sample at selected diffraction/scattering angles and measuring peak intensity. These angles of 

diffraction are related to the characteristics of the crystal lattice and to the incident radiation 

(wavelength L) by the law of Bragg:  

                                                2𝑑(hkl) 𝑠𝑖𝑛 𝜃 = n 𝜆                                                          Equation 3.4 

Where dhkl is the distance between 2 index planes or diffraction planes of Miller hkl in Å; θ is the 

Bragg angle; λ is the wavelength of radiation in Å. 

  

3.6.3  Fourier transform infrared spectrophotometry   

The surface functionalities and the type of functional groups on the surfaces of the samples were 

determined using a Perkin Elmer 100 FTIR Spectrophotometer at wavelength range 500-4000 cm-

1 while in absorbance mode. About 2 mg of sample was placed on the instrument diamond 

attenuated total reflectance (ATR) accessory. The sample was positioned on the sample holder and 

using the turning knob to exert on the sample before the spectrum would be produced.  
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3.6.4  Nitrogen physisorption  

The complete isotherms of N2 adsorption-desorption allows the characterization of the porous 

texture of a material: the specific surface, porous volume and the shape of the pores. Complete 

isotherms of adsorption-desorption of N2 at 77 K on entirely automatic equipment, ASAP 

Micromeritics.    

3.6.5 Scanning electron microscopy  

Scanning electron microscopy makes it possible to observe the morphology of the samples. The 

samples were double coated with 60% palladium and 40% gold (Pd/Au) prior to SEM analysis to 

prevent charge build-up. CARL ZEISS sigma field electronic scanning electron microscope 

(FESEM) was used to observe the surface morphology of the samples.  

3.6.6 Transmission electron microscopy  

Transmission electron microscopy was used to determine the morphology and the particle size of 

the samples. In this work, a FEI Tec T12 TEM was used.  

  

3.7 Fabrication of Organic Solar Cell  

The fabrication of the organic solar cell follows three stages:  

a. Doping of a portion of nano silicon with Boron to obtain p-type nano silicon.  

b. Spin coating of PEDOT: PSS reference hole transport layer and PEDOT:PSS with blends 

of nanoparticles 

c. Aluminum cathode metallization through thermal evaporation  

   



 

76  

  

3.7.1 Doping of nano silicon particles  

A method reported by Goval and Soni. (2017) was adopted for the doping of a portion of nano 

silicon particles to get p-type nano silicon particles with the intention to fine tune energy levels in 

the semiconducting particles. Boric acid (H3BO3) acid was used as a source of boron to synthesize 

p-type nano silicon powder. Aqueous solution of boric acid in requisite amount (50 ppm) was 

added to the SiNPs powder, and the solution was dried. The dopant mixture was crushed  in an 

attrition mill for 4 h to allow homogeneous distribution of boron in the nano silicon (Goyal and 

Soni, 2017). The efficiency of the doping process was verified through a process which started 

with parallel experiments, the first in which nanoparticles are added to the hole transport layer 

during organic solar cell fabrication and the second where doped nanoparticles were added into 

the hole transport layer. Further detail is given in the section that follows. 

  

3.7.2 Organic solar cell fabrication  

3.7.2.1 Substrate cleaning  

Substrate cleaning is a crucial step in the preparation of high-quality thin films as well as for high 

adherence to the substrate. In this present study, ITO coated glass and quartz substrates for all the 

analysis were used. The quartz and ITO substrates were first cut in small pieces measuring 125 

mm2. For ITO each piece had a portion wet etched through a reaction between the HCl and Zn 

paste embossed on the film. The etched ITO and cut quartz were then ultra-sonicated in a soap 

solution then rinsed thoroughly in deionized water bath. After rinsing they were cleaned in acetone 

bath for 15 minutes, rinsed in deionized water followed cleaning in ethanol solution for 15 minutes. 

Finally, they were rinsed in deionized water bath for 15 minutes and then allowed to dry with 

nitrogen flush. The main aim of cleaning the substrates by acetone is to remove the 
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inorganic/organic impurities respectively and finally acetone is removed by ethanol cleaning. 

Ultrasonic cleaning in deionized water bath was done to remove any other foreign particles that 

stay on the surface of the substrates.  

  

Nano silica, nano silicon, p-type nano silicon (Boron doped) were added in PEDOT: PSS (Poly 

(3,4-ethylene dioxythiophene:poly (styrene sulfonate)) a hole transport layer to make four different 

solution F1(reference), F2(SiO2NPs), F3(SiNPs) and F4(p-type SiNPs). The solutions were made 

by adding 0.5 mg nano particles in 1 ml of PEDOT: PSS (1.3 wt. % dispersion in H2O). The 

resulting solutions were ultra-sonicated for 30 minutes before being spin-coated onto ITO-coated 

glass substrates. PEDOT: PSS and a blend of nano particles and PEDOT: PSS without 

nanoparticles (reference) were then spin-coated on top of the ITO layer at a speed of 2000 rpm for 

60 seconds and then annealed over a hot plate at 100 ◦C for 10 min to remove any residual water. 

The active layer comprising poly(3-hexylthiophene):[6,6]-phenyl-61-butyric acid (P3HT: PCBM) 

polymer blend solution (Sigma-Aldrich) was prepared by mixing P3HT and PCBM at 1:1 ratio in 

chlorobenzene, with a total concentration of 20 mg/ml as described elsewhere (Otieno et al., 2016). 

The mixed solution was spin-coated at 2000 rpm for 60 seconds to form a homogenous film of 

thickness of approximately 215 nm.  The purpose of blending was to improve the PCE of the 

devices. Electrical data to show changes in conductance and optical absorbance were collected as 

described in section 3.8.3. 
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  n                                                           n  

            (a)                                                         (b) 

 

       (c)                                                         (d) 

  

Figure 3-6 Chemical structures of (a) poly (3, 4-ethylene dioxythiophene (PEDOT), (b) poly(styrene 

sulfonate) (PSS), (c) [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), and (d) poly(3-hexlythiophene) 

P3HT) (Otieno et al., 2016). 
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Figure 3-7 (a) Illustration of spin coating procedure (b) Cross-sectional area of an organic solar cell 

incorporated with SiNPs (b) (adapted from Otieno (2015) with minor modifications) 

 

3.7.3 Thermal evaporation  

Aluminum cathode was metalized through thermal evaporation as shown in Figure 3-8. The device 

was then annealed in argon ambient at 100 ◦C for 15 minutes at a base pressure of 1 atm to remove 

organic polymer solvent. The thickness of the active layer was approximately 220 nm.  

  

SiNPs   
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Figure 3-8 Thermal evaporation set-up for application of aluminum cathode to the device 

  

3.8 Solar Cell Characterization Techniques  

3.8.1  Raman spectroscopy  

Raman spectroscopy is a technique used for studying molecular vibrational modes. Plasmonic 

nanostructures can be used in enhancing the signal up to 1012 Hz at plasmonic resonance. 

Moreover, plasmon enhanced Raman scattering enable for detection of a single molecule due 

to its high sensitivity (Otieno, 2015). Raman data was collected under room conditions. 

3.8.2 Atomic force microscopy  

The atomic force microscope is designed to measure local properties such as height, and degree 

of roughness, using a sharp probe which is adjusted into proximity with the sample surface 

(Liu et al., 2016). In this study a Veeco Dimension 3100 Atomic Force Microscope (AFM).  

 

  

Aluminum wire   

Holder with  device   
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3.8.3 Optical properties and J –V characteristics  

The absorption of the device was measured using UV-Vis NIR-500 Carry Spectrometer while the 

current density–voltage (J–V) characteristics were obtained using HP 4141B source measure unit 

(SMU) under 100 mW/cm2 illumination (AM 1.5G). All the measurements were carried out at 

room temperature under standard conditions  

  

3.9 Concluding Remark  

The chapter submitted methods and procedures employed in the synthesis of nano silica and nano 

silicon. Also presented was the methodology for the fabrication of an organic solar cell and 

characterization techniques applied. Procedures for the analytical experiments conducted in this 

study are described. Results obtained from the experimental protocols are described in subsequent 

chapters.  
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4 Chapter 4 : Chemical and Physicochemical Analysis of SCB, SCBBA and 

SCBFA  

In this chapter, results of the compositional analysis of the raw sugarcane bagasse (SCB), 

sugarcane bagasse bottom ash (SCBBA) and sugarcane bagasse fly ash (SCBFA) are reported.  

  

4.1 Introduction  

Sugarcane processing to produce ethanol and sugar generates by-products such as molasses and 

bagasse (Alves et al., 2017). Sugarcane bagasse is burned in boilers to produce steam, which is 

utilized in the factory processes and also to power turbines for the production of electrical energy, 

which supplies the factory’s energy needs, with the excess being sold in the region (Souza et al., 

2011). The burning of sugarcane bagasse produces sugarcane bagasse ash (SCBA), which is of 

negligible cost and is used for landfilling (Huabcharoen et al., 2017). Handling and improper 

disposal in soils, water and air lead to pollution, which results in environmental challenges and 

human health problems (Rovani et al., 2018). For every ton of burnt bagasse, 25 to 40 kg of 

bagasse ash is generated (Sales and Lima, 2010), and subsequently a considerable amount of ash 

is produced annually. SCBA cannot be used as a fertilizer since it does not have enough mineral 

nutrients required for agriculture rather it can increase heavy metals to the soil (Xu et al., 2019). 

Most scientists have worked tirelessly to find other alternative uses of sugarcane bagasse ash. 

These uses include but not limited to feedstock for ceramics (Teixeira et al., 2008), glass – ceramic 

material production (Teixeira et al., 2014), synthesis of zeolites (Patcharin et al., 2012) , geo 

polymers (Faisal and Muhammad, 2016), sodium silicate (Tchakouté et al., 2017), silica aerogels 

(Nazriati et al., 2014), mesoporous silica (Rahman et al., 2015). However, most focus on SCBA 

utilization was mainly in production of cementious materials due to good pozollanic properties 
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(Chusilp et al., 2009; Ganesan et al., 2007; Hernández et al., 1998). SCBA is rich in silica (Rovani 

et al., 2018; Sales and Lima, 2010). The concentration of silica in sugarcane ranges from 0.3 to 

8.4%, about 70-800 kg/ha of plant available silicon is harvested with the sugarcane crop from 

arable soils annually. Crop uptake of silicon by sugarcane exceeds those of the macronutrients 

such as nitrogen, phosphorous and potassium (Matichenkov and Calvert, 2002).  

  

Sugarcane is grown commercially in the Lowveld of Zimbabwe which includes Chisumbanje, 

Nyanyadzi and Chiredzi (Nhiwatiwa et al., 2017).  Sugarcane is known to absorb more silicon in 

the form of silicic acid (H4SiO4) than any other mineral nutrient from the soil, accumulating 

approximately 380 kg/ha of Silicon (Si), in a 12-month-old crop (Savant et al., 1999). However, 

the silica content in sugarcane bagasse ash is highly dependent on the geographical location and 

the environment where the sugarcane is grown as well as the farming practices (Martines-Filho et 

al., 2006). Ethanol and sugar production create by-products such as sugarcane bagasse that can 

still be tapped for added profitability (Torres-Agredo et al., 2014). Souza et al., (2011) submits 

that for every ton of harvested sugarcane, 250 kg  of sugarcane bagasse are produced, and 6 kg of 

ash generated giving a 42: 1 bagasse to ash ratio. This ratio closely relates to a 40:1 ratio for the 

same materials which is reported by (Sales and Lima, 2010b) who submitted that each ton of 

bagasse generates 25 kg of ash. In this chapter, results of investigation of compositional analysis 

of Zimbabwean sugarcane bagasse ash to explore its suitability for the production of nano silicon 

for solar cell application are presented.  
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4.2 Experimental  

The comprehensive characterization methods applied to SCB, SCBBA and SCBFA are described 

in detail in Chapter 3 (Section 3.4.2) of this thesis.  

4.3 Results and Discussion  

4.3.1 XRF analysis  

The results for chemical composition of samples determined by XRF are shown in Table 4-1. Silica 

(SiO2) is a major component in all the three samples. This is also supported by XRD analysis 

(Figure 4-5), which shows the presence of silica in the form of quartz, cristabolite and tridymite as 

the major components in the samples. The results are also supported by the work reported by Payá 

et al. (2002). XRF analysis indicated to the presence of oxides of magnesium, calcium, 

phosphorous, iron, potassium, sodium, titanium, manganese and aluminum. The silica composition 

of the sugarcane bagasse ash used in this study concurs with earlier studies conducted in the same 

country, Zimbabwe (Table 1-2) and strongly correlates with results obtained in other geographical 

locations as reported by Abdulkadir et al. (2014) in Nigeria and in (Table 1-2) for Columbia.  This 

is probably indicative of the composition of the constituent at the different locations without 

implication that the soil profiles are similar. 
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Table 4-1 Chemical composition of SCB, SCBBA and SCBFA  

Compound  SCB  SCBBA  SCBFA  

SiO2  60.75  71.49  69.67  

Al2O3  6.66  6.2  4.69  

Fe2O3  4.84  3  2.67  

CaO  7.54  3.3  3.06  

MgO  3.63  1.79  1.37  

K2O  7.04  4.79  8.03  

Na2O  4.34  4.61  4.2  

SO3  0.28  0.11  0.82  

TiO2  1.41  0.80  0.44  

MnO  0.17  0.14  0.17  

P2O5  0.97  0.61  1.02  

LOI  1.26  0.31  0.48  

  

The sugarcane bagasse bottom ash (SCBBA) sample exhibited high silica content of 71.49 wt.% 

compared to the sugar cane bagasse fly ash (SCBFA), 69.67 wt.% and sugar cane bagasse (SCB), 

60.75 wt%. Literature suggests that the silica content in sugarcane bagasse ashes ranges from as 

low as 31.41 wt% (Castaldelli et al., 2013) to as high as 96.2 wt % (Sales and Lima, 2010). Thus, 

the values obtained falls within the range. However, the percentage oxide impurities is on the 

higher side indicating the need to conduct acid leaching prior to the extraction of silica to eliminate 

these oxide impurities (Pa et al., 2016).  
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4.3.2 Ash content, calorific value and elemental composition   

In Table 4.2 the results for moisture, ash, calorific value, carbon, nitrogen, hydrogen, sulphur 

content, volatile matter are shown. It is observed that the lowest moisture content was found in 

SCBFA with 1.90% compared to SCBBA and SCB with 2.97% and 6.40% respectively. SCB 

retains moisture after the extraction of juice for ethanol produced while SCBBA and SCBFA are 

by-products from the boiler therefore moisture content is expectedly lower. The percentage ash 

content for the sugarcane bagasse, (SCB) obtained from ASTM method and TGA is 6.92 and 5.2% 

respectively. Both values fall in the range between 5 -7% as reported by Ferreira-Leitao et al. 

(2010). Norsuraya et al. (2016) reported that the percentage ash content of sugarcane bagasse 

differs with the source of the bagasse. The variation in the ash content of sugarcane bagasse is due 

to farming practices during growing of sugarcane and  harvesting techniques (Anwar, 2010; Fang 

et al., 2019). SCB showed higher content in volatile matter of 58.54 % compared to SCBBA and 

SCBFA with 5.46 and 4.89% respectively as these two are by-products from burning of bagasse 

in the boiler. High volatile matter and fixed carbon for SCB, positively influence the biomass 

calorific value (CV) (Machado et al., 2018; dos Reis et al., 2012). The CV for SCB, SCBBA and 

SCBFA were 17. 36 MJ/kg, 1.79 MJ/kg and 0.31 MJ/kg, respectively. The CV obtained in this 

study is supported by other previous studies. Vieira (2012) reported calorific value of 18.25 MJ/kg 

for sugarcane bagasse from Minais Gerais in Brazil and Machado et al. (2018) reported a CV of  

15.55 MJ/kg and 17.15 MJ/kg for bagasse from Parana and Mato Grosso do Sui in Brazil, 

respectively.  
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Table 4-2 Physicochemical characterization of sugarcane bagasse samples 

Parameter   Sample   

SCB  SCBBA  SCBFA  

Ash content (%)  6.92 (ASTM)  

5.20 (TGA)  

-  -  

Moisture Content (%)  6.40  2.97  1.90  

Volatile mater (%)  58.54  5.46  4.89  

Fixed carbon (%)  29.86  -  -  

Calorific Value (MJ/kg)  17.36  1.79  0.31  

Elemental Analysis        

Carbon (%)  42.42  11.35  4.06  

Hydrogen (%)  5.23  -  -  

Nitrogen (%)  0.55  0.10  0.09  

Sulphur (%)  -  -  -  

 
  

The higher the moisture and ash content the lower the calorific value. If volatiles and fixed carbon 

are present in large quantities it results in increased calorific value (Quirino, 2005). SCB exhibits 

high carbon, hydrogen and nitrogen content of 42.42%, 5.23% and 0.5% respectively. SCBBA and 

SCBFA lost carbon, hydrogen and nitrogen during combustion of SCB in the boiler. For all the 

three samples, Sulphur content is negligible. The source of bagasse influences its elemental 

composition (Das et al., 2004).   

  



 

88  

  

4.3.3 FESEM-EDX analysis   

Microscopic observation shows particle shape and structure variation in all the three samples. The 

SEM images and EDX spectra of the three samples SCBBA, SCBFA and SCB observed by Field 

Emission Scanning Electron Microscope and Energy Dispersive X-ray analysis are shown in 

Figure 4-1, Figure 4-2 and Figure 4-3, respectively. The fibrous nature of the SEM for SCB is 

typical of plant material. The samples are rich mainly in carbon and silicon and, to a lesser extent, 

in elements such as aluminum, calcium, magnesium, oxygen and iron. The spectra are comparable 

to those reported in the literature confirming that the samples contains silicon and unburnt carbon 

(Jagadesh et al., 2015; Payá et al., 2002)  

   

 
                 Figure 4-1 a) Morphology b) Spectrum of SCB 
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              Figure 4-2 Morphology b) Spectrum for SCBBA 

  

 
              Figure 4-3 a) Morphology b) Spectrum of SCBFA 
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Table 4-3 EDX elemental composition of SCB, SCBBA and SCBFA 

Element Weight composition (%) Atomic composition (%) 

 SCB SCBBA SCBFA SCB SCBBA SCBFA 

C 56.96 63.26 40.63 64.41 72.25 53.92 

O 41.01 27.63 33.96 34.82 23.69 33.83 

Mg - 0.29 0.67 - 0.16 0.44 

Al - 0.50 1.69 - 0.25 1.00 

Si 0.49 6.04 12.32 0.24 2.95 6.99 

S - - 0.20 - - 0.10 

Cl - - 0.64 - - 0.29 

K 1.30 0.98 3.93 0.45 0.34 1.60 

Ca 0.24 0.36 1.07 0.08 0.12 0.43 

Mn - - 0.99 - - 0.29 

Fe - 0.94 3.88 - 0.23 1.11 

Cu - - 0.02 - - 0.00 

Total 100 100 100 100 100 100 

 

Table 4-3 shows the elemental composition of the three samples SCB, SCBBA, SCBFA from EDX analysis. 

The carbon content is higher in SCBBA compared to SCB and SCBFA. This could have been attributed to 

the presence of carbon tape used for sample preparation for SEM analysis. However, the carbon content for 

SCB (42.42%) as shown in Table 4-2 is higher than that of SCBBA and SCBFA but comparable to 43. 35% 

reported by Machado et al. (2018), thus more acceptable of the two analyses. The silicon content in the 

three samples SCB, SCBBA and SCBFA is 0.49, 6.04 and 12.32 wt % respectively. Both ashes exhibited 
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higher silicon content than raw SCB because of the accumulation of silicon during combustion of sugarcane 

bagasse. Xu et al. (2019), Moraes et al. (2016) and Embong et al. (2016) reported that reactive amorphous 

silica in sugarcane comes from ground water. Sugarcane absorbs silicic acid from groundwater and 

polymerize into amorphous silica in sugarcane cells. When sugarcane bagasse is burnt in a thermal power 

plant as fuel, reactive amorphous silica is produced and accumulates in sugarcane bagasse ash (Embong et 

al., 2016a; Moraes et al., 2016; Xu et al., 2019).  Thus, we cannot rule out the thermal history of the 

feedstock as abundance may not necessarily be due to Si uptake but rather due to accumulation after 

decomposition. 

  

4.3.4 FTIR analysis  

The FTIR spectra of SCB, SCBBA and SCBFA samples are shown in Figure 4-4. The strong 

absorption bands at 1011 - 1080 cm-1 was observed in all the three samples. It depicted the presence 

of Si-O-Si (siloxane) functional groups affirming the presence of silica although the absorption 

band in SCB may be overlapped by C-O-C stretching vibrations.  
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               Figure 4-4 FTIR spectra for the (SCB), (SCBBA) and (SCBFA) 

  

At 3304 cm-1, the vibration is due to symmetric and asymmetric vibration of (O-H) water bounded 

in sugarcane bagasse due to adsorbed moisture and –OH groups on organic matter such as lignin 

and cellulosic material and the surface energy of H2O on sugarcane bagasse. The vibration at 1596 

cm-1 ,due to carboxyl groups, indicates that the sample is rich in carbon.  Arif et al. (2017) and 

Jagadesh et al. (2015) reported different absorption bands in sugarcane samples, one strong 

vibration between 500 cm-1 and 1100 cm-1, this indicated the presence of symmetric stretching 

vibration of silicon bonds. The second stretch at 3400 cm-1 affirmed the presence of hydroxyl group 

confirming availability of water molecules in the samples (Arif et al., 2017; Jagadesh et al., 2015; 

Payá et al., 2002)  
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4.3.5 XRD analysis  

The XRD patterns for SCB, SCBBA and SCBFA are presented in Figure 4-5. The peaks observed 

are characteristics of the following mineral phase’s quartz, cristabolite and tridymite with 

predominance of quartz. It is known that quartz transforms to tridymite and then to cristabolite 

with increasing temperature. Since SCBBA and SCBFA are by products from the boiler 

cristabolite and tridymite form of silica is predominant compared to SCB with silica which is 

highly amorphous as seen by the broad peak between 10o to 30o (Umamaheswaran and Batra, 

2008). The unidentified peak on the SCB profile could be an organic compound based on form 

factors of the compounds. 

 

   Figure 4-5 XRD pattern for SCB, SCBBA and SCBFA (Q-quartz, Cri-cristabolite & Tri-Tridymite) 
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4.3.6 Thermogravimetric analysis  

The results for thermogravimetric analysis for sugarcane bagasse, sugarcane bagasse bottom ash 

and sugarcane bagasse fly ash are shown in Figure 4-6. Thermogravimetric analysis makes it 

possible to follow the weight loss of samples as function of temperature. Through the TGA curve, 

it is possible to relate different regions of weight losses as function of temperature with different 

biomass components. Sugarcane bagasse exhibits maximum weight loss of up to 80 wt.% between 

300 oC and 700 oC and subsequently a sharp exothermic peak in the TGA curve. This could be due 

to volatilization of unburnt carbon and other organic matter present.  

  

 

                Figure 4-6 Thermogravimetric curve of SCB, SCBBA and SCBFA samples 
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The weight loss at various temperatures corresponds to decomposition of components. The weight 

loss at 100 oC (Stage 1) is a result of water loss while the weight loss around 380 oC  (Stage 2) is 

as a result of decomposition of volatile matter. The formation of ash between 500 and 700 oC 

(Stage 3) resulted in negative heat flow showing that energy is consumed for ash formation. 

Continued weight loss beyond 700 ℃ (Stage 4) is indicative of higher temperature ashing. Speight 

(2015) describes high temperature ashing as mainly the oxidation of pyrite and marcasite (FeS2) 

to ferric sulfate, Fe2(SO4)3 and sulfur dioxide (SO2). Some of the SO2 may remain in the ash in 

combination with calcium, but much is lost. Of the major mineral 

groups, only quartz (silica) is not significantly altered during high temperature ashing but silica 

phase transitions are possible during this stage. Mohomane et al. (2017) studied thermal 

degradation of sugarcane bagasse and observed three zones of weight loss. They attributed the first 

zone at 100 oC to moisture content loss, the second region between 350 - 500 oC to organic matter 

decomposition and the third zone observed between 550 – 700 oC due to ash formation (Mohomane 

et al., 2017).   

  

For SCBBA and SCBFA powders, the total weight loss was 9 wt.% and 7 wt.%, respectively. The 

weight loss was due to loss in moisture content and unburnt organic matter since incomplete 

combustion also occurs in the boilers. The lower weight loss of the ashes is evidence of lower loss 

on ignition (LOI) as seen in the physicochemical composition shown in Table 4.2. From the DTA 

curves of SCBBA and SCBFA, an endothermic peak around 60 oC corresponds to moisture content 

loss. Some researchers including Torres Agredo et al. (2014) and Frias et al. (2007, 2011), reported 

endothermic peaks attributed with decomposition of carbonates between 500 – 600 oC. In this 

work, the observed peaks for the SCBBA and SCBFA occurred at around 700 ℃ against the 
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reported 600 ℃ indicating to a difference in the ash constituents (Frias et al., 2007; Frías et al., 

2011; Torres-Agredo et al., 2014).   

  

4.4 Concluding Remark  

The compositional analysis study of sugarcane bagasse and its ashes confirms that silica is the 

predominant compound in the samples. It is evident from both XRF and EDX analyses that the 

samples contain iron, aluminum, calcium, magnesium, phosphorous, potassium oxides. The strong 

vibrations observed by FTIR analysis confirm the presence of silicon bonds in the samples.   The 

scientific and technical study on SCB, SCBBA and SCBFA using XRF, XRD, SEM- EDX, FTIR 

and TGA enabled the following conclusions:  

1. The crystalline nature of the silica in SCBBA and SCBFA can not be affirmed except if the 

temperature of the boilers exceeds 700 ℃. However, the presence of crystalline peaks in XRD 

spectrum usually suppresses the presence of shallow and broad amorphous silica bands. 

Transformation of amorphous silica to crystalline silica has been reported to occur only above 

700 ℃.  

2. The extraction of silicon from sugarcane bagasse ash is worth pursuing as the ashes are  

rich in silica.  
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5 Chapter 5 : Extraction of Silica from SCBA   

5.1 Introduction  

After the extraction of sugar juice, a fibrous waste (sugarcane bagasse) is produced which is 

mainly used for cogeneration of electricity in the same industry (Embong et al., 2016). 

Environmental issues related to the disposal of sugarcane bagasse ash is a major factor that is 

encouraging many researchers to further explore the potential utilization of this waste (Ren et al., 

2014). Bagasse ash has negligible cost and is easily overlooked in landfills (Bezerra and 

Ragauskas, 2016). Sugarcane bagasse ash has adequate silica content with a wide industrial 

application which ranges from pharmaceutical products, chromatograph column packing, 

detergents, adhesives, electronics, dental material, cosmetics and ceramics (Grau et al., 2015; 

Imran and Khan, 2018). However, many industrial processes in the conversion of sugarcane into 

sugar and ethanol and later the burning process of the sugarcane bagasse for electricity production 

result in ashes with high impurity content. These impurities include iron and aluminum oxides 

which complicate the process silica purification (Affandi et al., 2009; Lee et al., 2017).  

  

Research on the pretreatment sugarcane bagasse ash residue for the removal of naturally occurring 

alkali and alkaline earth metals has been done and reported by Rodríguez-Machín et al. (2018). A 

study done by Embog et al. (2016) indicated that the amount of SiO2 present in the raw sugarcane 

bagasse ash was less than 60 wt.% after incineration of bagasse while after pretreatment with high 

concentrated acid it increased up to 80 wt.% SiO2  (Embong et al., 2016). Despite the positive 

result from this pre-treatment process with strong concentrated inorganic acid, secondary issues 

such as safety, handling and acid waste disposal emerged.  
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This chapter reports on pretreatment of SCBA for the extraction of SiO2 using an environmentally 

friendly organic acid (citric acid). The leaching behavior was dependent on leaching time, acid 

concentration and temperature. An important part of the research was to find the parametric 

leaching conditions that give the highest increase in the percentage of extracted SiO2. The design 

of experiment followed by parametric effects was carried out using a response surface 

methodology. Response Surface Methodology (RSM) is widely used for statistical analysis. It is 

used for the design of experiments, models development and analyzing the effect of multiple 

variables (Bezerra et al., 2008).   

  

Several alternative methods for the extraction of silica from sugarcane bagasse ash have been 

reported by different researchers. Silica was extracted from SCBA using a dissolution and 

precipitation process (Vaibhav et al., 2015). Another team of researchers, Affandi et al. (2009), 

reported three different methods for the extraction of silica from SCBA, pretreatment of the ash 

with HCl which produced 91.38% pure silica, cation exchange resin to enhance purity to 99.37% 

and washing of the precipitate with deionized water which resulted in 99.16% purity. San et  al. 

(2014) also reports of two other methods for the extraction of silica; laser ablation and calcination 

with alkali treatment.   

  

In this Chapter, a report is given on sol-gel synthesis of silica from sugarcane bagasse ash coupled 

with an adsorption column of activated carbon to enhance the purity of silica produced. The 

sugarcane bagasse ash used in this study contained a high percentage of inorganic impurities thus 

modification of the conventional method is reported. The chemical and physical properties of silica 

produced from sodium silicate derived from sugarcane bagasse ash have been extensively studied. 
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However, as far as we could be certain, there is a relatively little study on using activated carbon 

in enhancing the purity of sodium silicate before the precipitation of silica. The findings reported 

in this chapter could be beneficial in enhancing the purity of silica for use in different applications.  

  

5.2 Experimental 

5.2.1 Investigation of the effect of leaching condition on the pre-treatment of SCBA with citric 

acid  

To develop a model that explains the effect (main and interactive) of leaching conditions on the 

silica extracted during leaching of SCBA, Response Surface Methodology (RSM) approach was 

used. RSM evaluates interactive effects of operating variables when compared with the use of one-

factor-a-time (OFAT) approach (Carley et al., 2004). Consequently, a full two factorial design, 

obtained with the use of Design Expert software (version 11, 2018 from Stat-Ease Inc.), was used 

to investigate effect of leaching variables such as leaching time, leaching temperature and acid  

concentration of the leaching solution on the percentage of silica extracted from SCBA. A total of 

9 experimental runs were carried out and the percentage of SiO2 extracted was obtained from each 

run using Equation (5.1):    

                                    𝑋 (%) =
𝑤2−𝑤1

𝑤1
× 100                                             Equation 5.1 

Where X is the percentage of silica extracted,  𝑤1 the percentage of silica before extraction and 𝑤2 

the percentage of silica after extraction. The models of each response were expressed in terms of 

coded variables and analysis of variance (ANOVA) was performed to evaluate the statistical 

significance of each model. A p-value of less than 5% indicates that model terms are significant, 

while less than 1% indicates that model terms are highly significant.  The fit of the model was also 
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checked by the coefficient of determination (R2), which is a measure of how well the sample data 

fits to the regression equation. The significance of the regression and statistical coefficient was 

checked using F-test.   

 

Table 5-1 Levels and coded factors of parameters for 2-3 design 

Parameters   Levels   

 Code -1  0  +1  

Temperature (℃)  50  70  90  

Time (minute)  60  90  120  

Concentration (M)  1  1.5  2  

 
  

5.2.2 Enhancement of silica purity using sol-gel coupling adsorption method  

The detailed method for the extraction of silica and enhancement of its purity is described in 

Chapter 3 of this thesis (section 3.4.4).  In this section, the sol-gel coupling adsorption method was 

used to enhance the purity of the silica obtained from section 5.2.1. For in-depth understanding of 

the effect of coupling sol-gel method with adsorption, 2 different strategies were adopted; the sol 

gel without adsorption method and sol gel with adsorption method. Consequently, the obtained 

silica from these methods was referred to as Silica-A (for sol gel without adsorption method) and 

Silica-B (for sol gel with adsorption method).  

 

 In the current study activated carbon was used to enhance the purification of silica. The flow diagram 

forms part of the direction for future work given in Chapter 7 which is outside the scope of the current 
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research but can find use in high capacity cation exchangers.  Figure 5-1 summarizes the routes for 

the purification of sodium silicate prior to silica extraction.   

 

 

Figure 5-1 Summary of the enhancement of the purity of sodium silicate before precipitation of silica. 

  

5.3 Results and Discussion  

5.3.1 Characterization of SCBA  

Table 5-2 shows the results of experimental runs of the model-predicted % silica extraction and 

the experimental % silica extraction obtained using Equation (5.1). XRF was used  to determine  

the chemical composition of the leached SCBA. The results depict a significant 10 % increase in 
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SiO2 wt. % after leaching the raw sugarcane bagasse ash for each experimental run. The 

experimental data was analyzed using the Design-Expert software and a second-order regression 

equation was obtained. The model included linear and interactive terms for the variables tested. 

The equation describes the silica extracted (Y) with respect to temperature (A) , time (B) and 

concentration (C).  

The regression equation is shown in Equation (5.2): 

  

                            𝑌 = 12.29 + 1.55𝐴 + 0.49𝐵 + 2.59𝐶 − 0.29𝐴𝐶                                      Equation 5.2 

  

Equation 5.2 implies that the three variables (A,B,C) had effect on the leaching behaviour of   

SCBA. The interactive effect of temperature and concentration (AC) also has a significant effect 

on the regression equation. The values with positive coefficients represent an additive effect on the 

responses, these factors (A, B, C) increase the percentage of extracted silica while the negative 

coefficients show negative effects on the responses, such as AC which decreases the silica 

extracted.  The results from the ANOVA, shown in Table 5-3 also show that the model of SiO2 

extraction is significant. The significance of each coefficient was determined by their 

corresponding p-values calculated statistically. Smaller p-values indicate higher significance of the 

corresponding coefficient. Models terms with p values less than 0.05 including the independent 

variables and the interacting variables were considered as significant variables. The influence of 

concentration and temperature are significant. Also, the interaction between acid concentration and 

leaching temperature is significant.  Time was not very significant in this model. It can be observed 

that the predicted values were quite close to the actual values. This further justifies the significance 
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of the model justified by R2, the coefficient of determination which signifies the proportion of the 

variance in the response that is predicted from the three independent variables.  

 

Table 5-2 The designed experiment and responses 

Run  Temperature  

(oC)  

Time (min)  Concentration  

(M)  

Actual  

Response  

(Y)  

Predicted  

Response  

(Y)  

1  50  60  1  6.67  6.75  

2  90  120  2  15.13  16.00  

3  90  60  2  15.89  15.02  

4  50  60  2  14.18  13.76  

5  70  90  1.5  8.32  8.32  

6  50  120  2  14.32  14.74  

7  90  60  1  10.46  11.68  

8  90  120  1  13.89  12.67  

9  50  120  1  7.81  7.73  
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Table 5-3 Analysis of variance (ANOVA) 

Parameter  Degree of  

Freedom  

Sum  of  

Squares  

Mean  

Squares  

Test  

Statistics,  

F  

P  –  

Value  

Model  4  81.4  20.35  12.51  0.033  

A- Temperature  1  60  19.19  11.80  0.04  

B- Time  1  120  1.95  1.2  0.35  

C- Concentration  1  60  53.51  32.89  0.01  

AC  1  6.75  6.75  4.15  0.0105  

Curvature  1  14.04  14.04  8.63  0.0606  

Residual  3  4.88  1.63      

Cor- Total  8  100.32        

Statistical Output  SiO2  

Model F-value  0.033  

Model prob > F  ˂0.05  

R2   0.94 (0.95 from scatter 

plot)  

CV %  10.76  

Adjusted R2  0.87  

Adequate Precision  8.89  

Standard Deviation  1.28  

Mean  11.85  

 
  

The three-dimensional response surface plots give a better understanding of the interactive 

effects of variables on the silica recovery. The plot is based on the model equation 5.2.  
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Figure 5-2 3D response surface plot for the effects of temperature (A), time (B) and acid concentration 

(C) on the extraction of SiO2 

  

Figure 5.2A shows the interactive effect of time and temperature on silica extracted. The increase 

in silica extracted is higher when the temperature is increased at shorter times; at higher temperature, 

time has less effect on the yield of silica. Figure 5.2B shows the interaction between temperature 

and concentration. The silica extracted is highest at higher temperatures and concentration. This is 

expected and thus implies to higher yields in a short time. The increase in extracted silica is reduced 

at lower concentrations even with increasing temperatures. Figure 5.2C shows the interaction 

between concentration and time. At shorter times, the silica extracted increases with increasing 

concentration. The change in extracted silica is not significant with increasing time, however, there 

is significant increase in the extraction with increasing concentrations even at shorter time. This is 
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expected since the amount of SiO2 is finite and saturation happens due to completion of reaction. 

The highest silica extracted is found at shorter times and higher concentrations.  The ANOVA table 

(Table 5-3), explains the effects better using p-values. Among the 3 parameters, concentration has 

the highest influence on silica  yield (p-value=0.01) followed by temperature (p-value=0.04).  Time 

is not a significant factor. 

  

5.3.2 Enhancing purity of extracted silica using sol-gel coupling adsorption method  

5.3.2.1 Chemical composition of silica-A and silica-B   

The results in Table 5-4 suggest that the purity of silica increased from 48.27-98.92% for the 

sugarcane bagasse ash derived silica. Since concentration is a relative amount, the reduction of 

impurities therefore increases the amount of SiO2 but this does not infer that the absolute amount 

of SiO2 has changed. The aluminum oxide content was 0.49 % in silica-A and in 0.03% silica-B. 

As evidenced by XRF results, most metal impurities which include iron, manganese, magnesium, 

calcium, potassium, titanium, and chromium were adsorbed by the activated carbon due to its large 

specific surface area of 1308 m2/g which enhances the physical adsorption of dissolved or 

dispersed substances from liquids (Goher et al., 2015). Activated carbon facilitates the removal of 

heavy metals by complexation or by electrostatic attraction of metal ions to various surface 

oxygen-containing functional groups (Yin et al., 2007). The citric acid pre-treatment was also vital 

in the reduction of percentage metal impurities from sugarcane bagasse ash before extraction of 

silica. It is evident in Silica-A and this can be attributed to the effect of citric acid pre-treatment. 

The major impurities reduced also due to pretreatment were Al2O3 from 6.2 to 0.49 %, Fe2O3 from 

3 to 0.03%, MnO from 3.3 to 0 % and CaO from 4.79 to 0.44%.    
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Table 5-4 Chemical composition of raw ash, silica-A and silica-B 

Constituents Raw SCBA 

(%) 

Silica-A 

(%) 

Silica-B 

(%) 

SiO2 71.49 48.27 98.92 

Al2O3 6.2 0.49 0.03 

Fe2O3 3 0.03 0.01 

MnO 3.3 0.00 0.00 

MgO 1.79 0.02 0.00 

CaO 4.79 0.44 0.02 

Na2O 4.61 16.50 0.25 

K2O 0.11 0.31 0.05 

TiO2 0.80 0.02 0.00 

P2O5 0.14 0.10 0.01 

Cr2O3 - 0.02 0.00 

NiO 0.61 0.00 0.00 

LOI 0.31 21.64 0.71 
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5.3.2.2 Degree of crystallinity of silica-A and silica-B  

This technique allows for the determination of the nature of the crystallized phases by measuring 

the angles of diffraction of X-rays by the crystalline plane of the solid. These angles of diffraction 

are related to the characteristics of the amorphous and crystal lattice. The XRD patterns are 

illustrated in Figure 5-3.  

 

            Figure 5-3 XRD pattern for SCBA, commercial grade silica, silica (A) and silica (B) 

  

The commercial grade SiO2 used is crystalline while the produced silica are amorphous. A similar 

comparison has been reported by Rovani et al. (2018). The peaks observed in the amorphous 

material may be due to other impurities as they are not in tandem  with those of quartz peaks. 
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5.3.2.3 Surface nature of silica-A and silica-B  

The FTIR spectra for SCBA, commercial grade SiO2, silica-A and silica-B are shown in Figure 

5-4. For all the four samples, the bands observed between1011-1068 cm-1 are attributed to Si-

O-Si asymmetric stretching. The presence of a band at about 770-797 cm-1 is due Si = O 

bending (Espindola-Gonzalez et.al., 2010). The absence of O − H and H − O − H bands in 

silica, which are normally present in amorphous silica due to its hydrophilic nature, is because 

the drying temperature of the sample was about 110 ℃ which was enough to remove free water 

and the water of crystallization. Thereafter the sample was preserved to ensure no contact  with 

moisture in the air. 

 

Figure 5-4 Surface chemistry of SCBA, commercial grade silica, silica (A) and silica (B) 
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5.3.2.4 Textural properties of silica-A and silica-B  

The complete isotherms of N2 adsorption-desorption allow the characterization of the textural 

properties of a material, the specific surface area, porous volume and the shape of the pores. 

Nitrogen adsorption and desorption isotherms were measured at 77.2 K using ASAP 2460-

Micromeritics equipment as shown in Figure 5-5.  

 

Figure 5-5 Nitrogen adsorption-desorption isotherm for A-SCBA, B-commercial grade silica, C-silica (A) 

and D-silica (B) 
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In the N2 adsorption-desorption measurements, Type II isotherms are observed for all the four 

samples with a Hysteresis of H3 type. This is associated with slit-shaped pores formed from 

aggregates of plate-like particles, thus resulting in large pore size distribution (Groen et al., 2003; 

dos Santos et al., 2017).  

The pore size distribution curves for SCBA, commercial grade SiO2, silica-A and silica-B exhibit 

a wide pore distribution between 2 nm and 50 nm, indicating that these materials are mesoporous. 

A small distribution of pores above 50 nm also depicts the presence of macropores in the 

structure. These results suggest the coexistence of mesopores and macropores in the four 

samples. The average pore diameter for SCBA, commercial grade SiO2, silica-A and silica-B are 

16 nm, 15 nm, 12 nm and 10 nm, respectively. The surface area of all the materials was evaluated 

using the BET Method and the pore size by BJH method (isotherms with hysteresis) and their 

textural properties are summarized in Table 5-5.  

Table 5-5 Textural properties of the samples 

Sample ID  SBET (m2/g)  Vp (cm3/g)  Dp (nm)  

    

SCBA  9.98  0.0033  16  

Commercial grade SiO2 0.563 0.0035 15 

Silica-A  228  0.637  12  

Silica-B  240  0.577  10  

Commercial grade activated 

carbon  

1308  0.5138  0.8216  

SBET- specific surface area; Vp- pore volume; Dp- pore diameter.  
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It is seen that the silica-B exhibits high specific surface area compared to commercial SiO2, silica-

A and SCBA. However, the specific surface area is comparable to the 265 m2/g for bio-silica which 

was synthesized from sugarcane waste ash (Alves et al., 2017).  

5.3.2.5 Morphology of silica-A and silica-B  

The SEM image of the SCBA shown in (A) reveals heterogeneous material with irregular shapes. 

High roughness of sample which was observed is associated with the release of organic matter 

during the burning process of bagasse for the generation of electricity in the bioethanol plant.  The 

morphology of SCBA is similar to those observed by other authors (Alves et al., 2017; Batra et al., 

2008; Faria et al.,2012).   

  

 

     Figure 5-6 SEM images for (A) SCBA (B) commercial SiO2 (C) silica-A (D) silica-B 
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The agglomeration of particles which results in clusters is due to alkaline treatment during synthesis 

stage and is more pronounced for the silica-A in Figure 5-6. The SEM image shown in (D) for the 

silica- B is clearer and this supports that activated carbon also reduced the degree of alkalinity for 

silica thus the reduction in agglomeration.    

TEM determines the particle size as well as the morphology of the samples. For commercial grade 

silica, it is evident that there is an intensive agglomeration of particles as shown in Figure 5-7(A). 

The particle size is not uniform, and they range from 20 –140 nm. Silica-B exhibits uniformly 

distributed particle size ranging from 6- 24 nm as shown in Figure 5-7(C). For the silica- A, the 

particle sizes are randomly distributed and size ranges from 10 -46nm as shown in Figure 5-7(B).  
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Figure 5-7 TEM images and corresponding particle size distribution for A) commercial grade SiO2, 

B) silica-A and C) silica-B 

The morphology of the nano-silica obtained from the sugarcane bagasse ash is like those obtained 

and reported elsewhere (Bahrami et al., 2017; Hassan et al., 2014; Rafiee et al., 2012; Rovani et 

al., 2018; To et al., 2017). This method of incorporating an adsorption column in the process of 
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the synthesis of nano silica particles is promising in controlling the size; however, nonuniform 

silica nanoparticles were also obtained.  

5.4 Concluding Remark  

The results for the parametric effect gave an appropriate predictive model for silica extraction from 

sugarcane bagasse ash using citric acid. The effects of the individual variables leaching time , acid 

concentration and temperature were investigated, and the concentration-temperature interactive 

effect was identified to be of statistical significance. Concentration was the variable of greatest 

significance on silica extraction followed by temperature and lastly time which had no significant 

impact on the model. The optimum leaching conditions were determined to be a bath temperature 

of 90 ℃, acid concentration of 2 M and leaching time of 60 min with a response of 15.89 wt.%. 

Recommended is further investigation of shorter leaching times. This study strongly suggests that 

an organic acid can effectively leach SCBA for improved silica yield.   

  

The use of sol-gel method coupled with adsorption column containing activated carbon for the first 

time to enhance the purity of the sodium silicate hence more pure silica was obtained from 

sugarcane bagasse ash. The process successfully produced high purity silica of 98.92%. The silica 

obtained is nano silica as evidenced by the TEM images and the particle size for the highly pure 

silica ranged from 6 -24 nm. The textural property indicates high specific surface area of 240 m2/g 

for the SiO2 obtained for adsorption and specific surface area of 228 m2/g for SiO2 obtained without 

adsorption. The mass of feedstock used was kept constant for all samples to simplify yield 

comparisons. This shows that the adsorption stage also improved the surface area of the 

synthesized nano-silica. It can be deduced that the surface area of the synthesized nano silica is 
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excellent compared to the commercial silica (0.56 m2/g) used for comparison in this work. The 

nano-silica obtained can be used for various applications due to the good textural properties.      
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6 Chapter 6 : Production of Nano Silicon and Hybrid Organic Solar Cell   

 

6.1  Introduction  

Nano silicon can find use in hybrid organic solar cells. This research therefore sought to fabricate 

and test the performance of a hybrid organic solar cell which uses silicon nanoparticles obtained 

from sugarcane bagasse ash. A power conversion efficiency (PCE) of 10 % is considered 

acceptable for the commercial production of organic solar cells (Würfel et al., 2015).  The highest 

power conversion efficiency reported is in polymer solar cells fabricated from a blended active 

layer consisting of regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61 butyric acid 

methyl ester (PCBM), a fullerene derivative ( Chen and Rieke, 1992; Hummelen et al., 1995).  

  

The major drawback to the commercialization of OSCs is the power conversion efficiency (PCE). 

Several studies conducted to improve PCE through focused on change of  parameters such as; 

optical properties of the (P3HT: PCBM) blend (Zhu et al., 2015); donor material absorbance by 

the mixing of energy-band engineered polymers to increase the bandwidth for adsorption (Yang et 

al., 2015); optimization of formation of domain and size (Ding et al., 2018; Morgenstern et al., 

2016) and interface area engineering (Pfadler et al., 2014). Another approach which has gained 

attention among researchers is the development of hybrid solar cells with active material into 

which inorganic semiconductor particles are incorporated (Zhou et al., 2011). Inorganic particles 

that have been utilized in organic solar cells include CdS (Lee et al., 2008); CdTe (Gur et al., 2006); 

CdSe (Yang et al., 2011); CuInS2 (Arici et al., 2003); PbSe (Tan et al., 2009); PbS (Tsang et al., 

2009); SnO2 (Kudo et al., 2007), TiO2 (Kuo et al., 2008); and  ZnO  (Bhat et al., 2011; Hames et 

al., 2010; Takanezawa et al., 2008).   
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 Liu et al. (2008) were the first to explore the utilization of elemental silicon nanoparticles in hybrid 

bulk heterojunction solar cells. The SiNPs showed a maximum PCE of 1.15% when incorporated 

in P3HT. An increase in PCE for the hybrid to 1.47% was obtained upon additional optimization 

of the process parameters, electrode selection and active material (Liu et al., 2010). According to 

Zhao et al. (2016), PCE improved when SiNPs was incorporated into P3HT:PCBM solar cells 

which resulted in a cascade band structure. Size reduction and doping are effective ways used in 

the fine-tuning of energy levels in semiconducting nanoparticles. To understand the use of doped 

NPs in hybrid solar cells, SiNPs with n and p-type dopants have been synthesized and utilized with 

active material. The P3HT:PCBM blend serves as a reference material blend because of its 

continued approval in fundamental hybrid solar cells research (Chi et al., 2014).  

 

Hemaprabha et al. (2018) investigated the effect of using n and p-type nano silicon in P3HT: 

PCBM at different weight percentages. A PCE of 3.46 % was attained using doped p-type silicon 

nanoparticle.  The team concluded that together with size reduction, the fine-tuning of energy 

levels in NPs, can be achieved through doping and mixing at appropriate weight ratios.  

  

Elemental SiNPs have been used in inorganic-organic hybrid solar cells, and improvement in PCE 

has been reported. However, the SiNPs used were derived from pure silicon wafers, therefore in 

this work sugarcane bagasse ash waste-derived SiNPs was used in the fabrication of hybrid 

inorganic-organic solar cell material.  
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6.2  Experimental  

6.2.1 Production and characterization of nanosilicon from SCBA-derived silica using 

magnesiothermic reduction   

The materials and procedure used for the extraction of nano silicon from sugarcane bagasse ash 

derived silica and characterization techniques employed in this chapter are provided in detail in 

Chapter 3 (Section 3.5).   

6.2.2 Production of hybrid organic solar cell and performance evaluation  

The materials for the fabrication of the organic solar cell as a proof of concept and the testing 

techniques with the detailed description of experimental procedure employed in this chapter are 

provided in Chapter 3 (Section 3.6 and 3.7) of this thesis. The full names for the devices fabricated 

are summarized in Table 6-1.  

Table 6-1 Device structures 

Sample ID  Device structure  

  

F1  ITO/PEDOT:PSS/P3HT:PCBM/Al   

F2  ITO/PEDOT:PSS+ SCBA SiO2 NPs/ P3HT:PCBM/Al   

F3  ITO/PEDOT:PSS+ SCBA SiNPs/P3HT:PCBM/Al   

F4  ITO/PEDOT:PSS+ SCBA p-type SiNPs/P3HT:PCBM/Al  

  

The resulting device structure using the procedure described is shown in Figure 6-1. 
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Figure 6-1 Schematic diagram of the hybrid organic solar cell 

  

The current density–voltage (J–V) characteristics were obtained using HP 4141B source measure 

unit (SMU) under 100 mW/cm2 illumination (AM 1.5G). All the measurements were carried out at 

room temperature under standard conditions. In evaluating the device performance, it was  assumed 

that the solar cell behaves as an ideal diode shown in the equivalent circuit diagram in Figure 6-2. 

An equivalent circuit is a way of understanding the operation and behaviour of an 

electrical circuit or apparatus. It requires the deconstruction of the circuit into ideal 

simple circuit elements – e.g. diodes, resistors, inductor, capacitors, rectifiers, voltage and current 

sources. The device characteristics can be expressed as follows: 

Short circuit current density: 

  

                                                               J = JSC − JO (
qV
KBT
⁄ − 1)                                                            Equation 6.1  
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Where Jo is a constant, q is electron charge while V is voltage across the terminals  

 Open circuit current density: 

  

                                     VOC =
KBT

q
In (

JSC

JO
+ 1)                                                                     Equation 6.2  

 

  Fill factor: 

  

                                                   FF =
JmaxVmax

JSCVOC
                                                      Equation 6.3 

 

  Power conversion efficiency: 

                                                     ƞ =
Pmaz

Pin
=
JmaxVmax

JSCVOC
=
JSCVOCFF

Pin
                                        Equation 6.4 

 

 
  

 

Figure 6-2 The J-V characteristics of a solar cell in the dark and under illumination; The equivalent 

circuit diagram. 
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6.3 Results and Discussion  

6.3.1 Production of nanosilicon  

Figure 6-3 depicts the extracted nano silica (Silica-B), the produced nano silicon from Silica B and the 

fabricated hybrid inorganic-organic solar cell devices. The elemental composition of synthesized nano 

silicon from XRF analysis is presented in Table 6-2. The percentage silicon in commercial grade silicon, 

nano Si washed with aquaregia (nano-SiAQ) and nano Si washed with 2% HF (nano-SiHF) was obtained to 

be 43.45%, 39.06% and 42.67%, respectively. For every 100% SiO2, 46 % is elemental silicon (Kang et al., 

2017; Zhang et al., 2016).  

  

       

 A  B  C  
Figure 6-3 Nano silica (A), nano silicon (B) and fabricated solar cell devices (C) 
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        Table 6-2 Elemental composition of commercial grade silicon and synthesized nano silicon 

Element  Commercial grade Si  (%) Nano-SiAQ (%)  Nano-SiHF (%)  

Si  43.45±0.03  39.06±0.04  42.67±0.03  

Al   not detected  0.71±0.02  0.10±0.01  

Fe  not detected   1.24±0.01  0.07±0.002  

Mn  not detected   0.04±0.003  0.007±0.001  

Cu  not detected   0.02±0.0009  not detected   

Zn  not detected  0.07±0.001  not detected   

Mg  not detected   0.45±0.13  0.34±0.08  

Ca  0.17±0.0009  1.14±0.003  0.28±0.001  

K  not detected   1.18±0.004  0.28±0.002  

Ti  not detected   0.44±0.003  not detected   

P  0.24±0.003  0.69±0.009  0.35±0.005  

Cr  not detected   0.11±0.0057  not detected   

 

The commercial grade silicon is 1.8% purer than nano Si washed with 2% HF. This confirms that despite 

HF being harmful it is an effective etching acid to improve the purity for silicon. It should be noted that Si 

reacts violently with HF to generate a gaseous product. Whereas the nano silicon washed with 2% HF is 

8% purer than nano Si washed with aquaregia. Therefore, HF is a better reagent in etching nano silicon 

where purity is of priority like in solar cell fabrication. The purity of the synthesized nano silicon is 

comparable to the theoretical of 46%, therefore sugarcane bagasse ash can be a source of nano silicon for 

this current application.   
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6.3.1.1 Degree of crystallinity of produced nanosilicon  

The X-ray diffractometer pattern for commercial grade silicon, nano silicon washed with 

Aquaregia (Nano-SiAQ) and nano silicon washed with Hydrofluoric Acid (Nano-SiHF) is presented 

in Figure 6-4. The synthesized Nano-SiAQ and Nano-SiHF are crystalline with sharp intensity at 2θ 

of 34º and 32º respectively, compared to the commercial grade which is showing to be both 

amorphous and crystalline.   

 

Figure 6-4 XRD pattern for commercial grade silicon, nano silicon washed with aquaregia and nano 

silicon washed with 2 % HF. 

  

The crystallite size estimated by Scherrer Equation based on 2θ of 34º (Nano-SiAQ), 32º (NanoSiHF) 

and 47º (commercial grade silicon) are 0.24 nm, 0.26 nm and 0.18 nm respectively. This work is 
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supported by Falk et al. (2019) who synthesized nano silicon particles from sugarcane bagasse ash 

using magnesiothermic reduction and the crystallite size estimated by the Scherrer equation based 

on 2θ of 28º was 28 nm (Falk et al., 2019).  

  

6.3.1.2 Determination of level of impurity in waste water produced after washing of nano 

silicon  

The impurity level of water used to wash the nano silicon using aquaregia and 2% HF  is presented. 

Fig 6-5 presents data of atomic absorption spectroscopy (AAS) analysis of wastewater obtained 

by washing of the nano silicon when using aquaregia and 2% HF. AAS was used to determine the 

metal impurity levels in the waste water after washing the nano silicon obtained from 

magnesiothermic reduction. The major metal ion impurity was Mg with 32.37 and 39 mg/L 

respectively. HF is very efficient in etching silicon compared to other acids.    
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        Figure 6-5 Trace elements in wastewater after washing nano silicon with aquaregia and 2% HF 

Santos et al. (1990), reported the purification of metallurgical silicon where particle size, time, 

temperature and concentration of etching agents (HNO3, H2SO4, HC1 and HF) were of importance. 

It was found that using only Hydrochloric acid (16%, 5 h, 80°C) and a relatively coarse fraction it 

is possible to remove approximately 85% of the impurities and to obtain 99.9% pure Si after further 

etching/washing with hydrofluoric acid (2.5%, 2 h, 80 °C). All the other acids and their mixtures, 

including aqua regia, gave results poorer than those for hydrochloric acid. The finer fractions were 

more difficult to purify (Santos et al., 1990). Xi et al. (2018) reported a novel metal assisted 

chemical leaching/etching method to remove impurities from metallurgical grade silicon. HF, 

silver nitrate (AgNO3) and hydrogen peroxide (H2O2) were employed to purify MG-Si. The 
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impurities  (Fe, Al, Ca, Ti, Mn, Ni, Cu, V, Cr, Ag, B and P) concentration were reduced from 

4550.40 mg/L to 106.09 mg/L and the purity of MG-Si increased from 99.55 to 99.99% (Xi et al., 

2018). Lei et al. (2017), investigated the use of various leaching approaches. Compared with aqua 

regia and HF, HCl + HF was determined to be the optimal for the elimination of impurities from 

MG-Si. The use of a combination of HCl + HF and aqua regia reduced the quantity of impurities 

from 6126 mg/L to 94 mg/L. (Lei et al., 2017). Lu et al. (2017), investigated the effect of acetic 

acid on the leaching behavior. The focus was on impurities affected by the addition of acetic acid 

to a conventional acid mixture composed of hydrochloric acid and hydrofluoric acid. The etching 

results revealed that the HCl–HF– CH3COOH mixture is a better lixiviant for dissolving impurities 

in MG-Si. The extraction yield of impurities in HCl–HF–CH3COOH leaching was found to 

increase by 7% compared to conventional HCl–HF leaching. (Lu et al., 2017).In this current study 

2 % HF showed to be effective in removal of metal impurities compared to aquaregia.  

  

6.3.1.3 Surface chemistry of produced nanosilicon  

The evolution of the FTIR spectra of commercial grade Si, Nano-SiAQ and Nano-SiHF is presented 

in Figure 6-6. The typical band peak that appeared in nano silicon is Si-O stretching mode (1011 

cm-1). A similar observation was made by earlier studies (Kale and Solanki, 2010).    
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 Figure 6-6 Surface chemistry for commercial grade silicon, Nano-SiAQ and Nano-SiHF  

For commercial-grade silicon, there is no observed peak, and this confirms the absence of traces of 

silica and affirms that the sample is pure silicon metalloid. The other spectra suggest that further 

purification is needed to attain purity of commercial grade silicon.  

6.3.1.4  Raman spectroscopy for nano silicon  

The Raman spectra for the synthesized nano silicon particles (Nano-SiHF) is presented in Figure 6-

7. A Raman peak at 520 cm-1 with the full width at half maximum (FWHM) of 2.9 cm-1 was 

observed. This was due to the scattering of the first order optical phonon of nano silicon. The 

outcome is supported by the work reported by Li et al. and co- workers (Li et al., 1999). In their 

work for the Raman spectra for crystalline silicon, they observed a peak at 520 cm-1 and a FWHM 

of 2.8 cm-1. 
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               Figure 6-7 Raman spectrum for the synthesized nano silicon (Nano-SiHF) 

Also, there are two broad peaks at 308 cm-1 and 973 cm-1, respectively, which are due to the 

scattering of two transverse acoustic (2TA) phonons and two transverse optical (2TO) phonons 

respectively. Li et al.(1999), reported 300 and 970 cm-1 for 2TA and 2TO, respectively (Li et al., 

1999). Holzapfel et al. (2006), reported a prominent silicon signal with the most notable Raman 

feature seen at 518 cm-1, with a full width at half maximum (FWHM) of 6 cm-1. This can be assigned 

to the scattering of the first order optical phonon mode (TO). Two peaks at 300 and 950 cm-1 were 

observed and these were assigned to the scattering of the second-order transverse acoustic phonon 

mode (2TA) and the second-order optical phonon mode (2TO), respectively (Holzapfel et al., 2006).  

Falk et al. (2019), reported the Raman spectra of the synthesized nanoSi. The intense band of Si 
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located at 513.7 cm−1 was associated with the Si–Si stretching mode and the small peak centered at 

960.3 cm−1 was owing to the stretching mode amorphous Si-Si (Falk et al., 2019).  

  

6.3.1.5 Textural properties of nanosilicon  

Nitrogen physisorption of commercial grade silicon, Nano-SiAQ and Nano-SiHF are presented in  

Figure 6-8.  The textural properties of the commercial-grade silicon and the synthesized NanoSiAQ 

and Nano-SiHF were determined using N2 adsorption-desorption method and results are summarised 

in Table 6-3.  

 

Figure 6-8 BET isotherms and pore size distribution curves for A) commercial grade silicon B) 

Nano-SiAQ and C) Nano-SiHF.  
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          Table 6-3 Textural properties of commercial grade silicon, Nano-SiAQ and Nano-SiHF 

Sample ID  SBET (m2/g)  Vp (cm3/g)  Dp (nm)  

Commercial grade Si   1.84 0.0186 38 

Nano-SiAQ  20.39 0.186 30 

              Nano-SiHF                                                30.14                        0.194                           25 

 
  

The BET specific surface area (BETSSA) pore volume and pore diameter for Nano-SiHF were 30.14 

m2/g, 0.194 cm3/g and 25 nm, respectively and for Nano-SiHF were 20.39 m2/g, 0.186 cm3/g and 

30 nm while BETSSA, pore volume and pore diameter for commercial grade silicon is 1.8398 m2/g, 

0.0186 cm3/g and 38 nm. The nano silicon etched with HF showed high surface area than silicon 

washed with aquaregia and that of commercial grade silicon. The amount of adsorbed gas increases 

steadily with increasing of P/P0 at the lower P/P0 regions. This is attributed to monolayer and 

multilayer adsorption. For both synthesized Nano-SiAQ and Nano-SiHF isotherms, the hysteresis 

loop is observed at a range of 0.4 < P/P0<1.0, which is associated with capillary condensation 

taking place in the mesopores (Wang et al., 2006). The loop at high P /P0 side (close to 1.0) is 

related to large pores. The nitrogen adsorption isotherms of SCBA nano silicon and commercial 

grade silicon are similar to Type II proposed by the International Union of Pure and Applied 

Chemistry (IUPAC) (Ahn et al., 2016).  

  

6.3.1.6 Morphology of the nanosilicon  

The morphology of the nano silicon powders after the magnesiothermic reduction process and 

etching/leaching with HF and aquaregia were evaluated by SEM as shown in Figure 6-9. It is 

observed that both Nano-SiHF and Nano-SiAQ have the similar morphology to the nano silica 
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(characteristic of materials in the nanometric scale) synthesized and reported in Chapter 5. The 

SEM shows that particles from all the three samples are agglomerated.   

  

 

Figure 6-9 SEM micrographs for A) commercial grade silicon B)nano-SiAQ and C) Nano-SiHF.  

 The particle size distribution as shown in Figure 6-10 and Figure 6-11 is not representative of 

single particles but agglomerates which are also in the nano range. Falk et al. (2019), reported 

magnesiothermic reduction of nano silica from sugarcane bagasse ash and concluded that the 

agglomeration state was favored by the magnesiothermic reduction process through TEM analysis 

(Falk et al., 2019).  
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   Figure 6-10 (a) TEM micrograph of nano-SiAQ and (b) corresponding particle size distribution 

  

 

   Figure 6-11 (a) TEM micrograph of nano-SiHF and (b) corresponding particle size distribution 

  

(a) (b) 

(a) 
(b) 
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Figure 6-12 (a)TEM micrograph of commercial-grade silicon and (b) particle size distribution 

 

6.3.2 Fabrication and performance evaluation of hybrid organic solar cell  

6.3.2.1 Scanning electron microscopy (SEM)  

The SEM images presented in Figure 6-13 were taken from a PEDOT: PSS film with and without 

sugarcane bagasse ash derived SiNPs. The reference film in Figure 6-13 (A) shows a smooth, 

homogeneous morphology. This is supported by smoother films seen on the AFM in Figure 6-14 

(A). Nomenclature of the device architectures F1, F2, F3 and F4 and the reference device is as 

given in Table 6-1. 

  

(b) (a) 
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Figure 6-13 Surface morphology of fabricated solar cell devices A) reference cell, F1, B) F2, C) F3, 

D) F4 

6.3.2.2 Atomic force microscopy/ surface roughness  

Table 6-4 shows a summary of the AFM analysis of the AFM images in Figure 6-14. The statistical 

analysis was derived using the height distribution histograms from the AFM analysis software 

WSxM 4.0. The average roughness (Ra) implies the mean height and was derived over the entire 

measured length/area. It is useful for detecting general variations in overall profile height 

characteristics and for monitoring an established manufacturing process. The root mean square 

roughness (Rrms) is described as the square root of the distribution of surface height, normally 

known to be more sensitive than the average roughness for large deviations from the mean 

line/plane. The Rrms was then used to compute the skewness which establishes the profile symmetry 
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about the mean line. The positive skewness values indicate an asymmetrical height distribution 

with more peaks than valleys.  

 

                  Figure 6-14 AFM images of A) reference B) F2 C) F3 D) F4 

  

             Table 6-4 Summary of tapping mode AFM analysis 

Sample  

ID  

Ra  

(nm)  

Rrms  

(nm)  

Skewness  

(Rsk)  

F1  3.85  5.95  2.46  

F2  9.49  17.92  6.20  

F3  10.24  18.85  4.79  

F4  8.39  16.99  16.48  
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Table 6-4 shows a summary of surface topographic parameters; average roughness (Ra), root mean 

square roughness (Rrms) and skewness (Rsk). Sample F1 showed a smoother film with Rrms of 5.95 

nm and skewness of 2.46 nm. Upon incorporation of the sugarcane bagasse ash derived SiNPs, the 

films became rougher. F3 shows films with highest roughness, Rrms =18.85 nm but a low skewness 

of 4.79. This lower skewness implies that the particles seem to be homogenously distributed in the 

PEDOT: PSS layer. This homogenous distribution of the SiNPs in PEDOT:PSS with high Rrms is 

critical for light scattering leading to more time in the active layer. This results into more light 

absorption experienced using the UV-Vis measurements. Usually the scattering cross-section can 

be tuned by controlling the size and geometry of the nanostructures such that photons are scattered 

forward and backward in comparable quantities (Mokkapati et al., 2011). As a result, F3 showed 

highest current density, see Figure 6-17. Moreover, the increasing anode surface roughness may 

result in an increased interface area between the anode and the active layer hence providing shorter 

transport channels for holes to travel to the ITO. These channels potentially will enhance not only 

hole collection efficiency but also their carrier mobility. This could also have contributed to the 

high short current density as seen from the J-V characteristics.   

 

6.3.2.3 UV-vis spectroscopy  

Figure 6-15 shows the UV-Vis measurement of reference device with structure ITO/ 

PEDOT:PSS/P3HT:PCBM thin film and incorporation of SCBA-derived SiO2 NPs, SCBA-

derived SiNPs and p-type SCBA-derived SiNPs into the PEDOT:PSS layer.  Generally, solid state 

absorption spectra of P3HT: PCBM thin film shows two peaks. The peak at approximately 517 nm 

and a shoulder at 612 nm are usually attributed to the π–π* transition in the P3HT molecules while 
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the hump at 325 nm is due to PCBM excitation characteristics (Shrotriya et al., 2005). The shoulder 

at 612 is enhanced with incorporation of the nanoparticles; this shows greater light absorption 

necessary for efficiency enhancement in organic solar cell. The use of SCBA SiNPs in the 

PEDOT:PSS generated an increase in absorption. For short-wavelength (300–600 nm) light that 

can efficiently transmit through glass into the active layer of a solar cell, the display of improved 

light harvesting capability with SCBA SiNPs is quite significant in realizing enhanced device 

performance.  

 

          Figure 6-15 Solid-state uv-vis measurements of the thin films F1, F2, F3 and F4 

 

6.3.2.4 J-V characterization  

From Table 6-5 the reference device gives an efficiency of 0.83%. Upon incorporation of SCBA 

SiO2 NPs and p-type SCBA SiNPs into the PEDOT: PSS layer the device performance reduced.  
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Table 6-5 Summary of the performance of devices with different structures 

Sample ID  Jsc (mA)  Voc(V)  FF(%)  PCE(%)  

F1  0.13  0.50  38.20  0.83  

F2  0.0039  0.21  3.88  0.001  

F3  1.61  0.57  15.26  0.14  

F4  0.11  0.49  38.62  0.63  

  

 

Figure 6-16 J–V characteristics, recorded under illumination at 100 mW cm-2 (AM 1.5G) of reference 

device F1 and devices with SCBA-derived SiO2 NPs and p-type SCBA-derived SiNPs incorporated 

into the PEDOT: PSS layer. 

The profile for F2, as observed in Figure 6-16 is expected since SiO2-NPs are insulating therefore 

the series resistance due to the layer may be highest in this device.  
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Figure 6-17 J–V characteristics, recorded under illumination at 100 mW cm-2 (AM 1.5G) of devices 

with SCBA SiNPs incorporated into the PEDOT:PSS layer. 

Device SCBA SiNPs into the PEDOT:PSS layer showed a remarkable increase of current density 

of about 42.48%. This increase is in agreement with short wavelength absorption spectra. The 

increase could also be attributed to cascading energy-level alignment when the energy levels of  

SCBA SiNPs is combined with those of  P3HT and PCBM  (Khlyabich et al., 2011) as shown in 

Figure 6-17. It has been shown that a cascade energy-level alignment (Figure 6-18) may improve 

the separation of excitons especially when the NPs are incorporated into the active layer as well as 

the transport of charge carriers upon separation (An et al., 2014; Yang et al., 2013; Zhao et al.,  

2016) leading to enhanced solar cell efficiency both optically and electronically.   
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    Figure 6-18 Energy-level diagram of a hybrid organic solar cell structure 

Compared to the reference device F1, devices with SCBA SiO2 NPs and p-type SCBA SiNPs 

incorporated into the PEDOT: PSS layer recorded a slightly low performance. Device F4 with 

structure ITO/PEDOT: PSS+p-type SCBA SiNPs/P3HT: PCBM/Al recorded a better fill factor of 

34.62% since the p type had a better hole transport hence lowering the series resistance. This 

implies that the holes are effectively collected before much recombination occurs.  

  

6.4 Concluding Remark 

The results obtained in this chapter indicate that the protocol presented for the synthesis of nano 

silicon particles from sugarcane bagasse ash derived nano silica using a magnesiothermic reduction 

method (MRM) was successful. The MRM reaction was performed at 700oC for 4 hours. The nano 

silicon washed using 2% HF exhibited a surface area of 30.18 m2/g compared to the nano silicon 

etched with aquaregia with surface area of 20.39 m2/g. However, aquaregia is a promising etching 

acid for silicon. The nano silicon particles (SiNPs) produced from sugarcane bagasse ash waste 

were successfully incorporated into organic solar cell device in the hole transport layer where they 

were mixed with PEDOT: PSS.  The non-uniformity film morphologies were expected to reduce 

SiNPs P3HT 
PCBM 

Al 

- 6.0  eV 

- 4.2  eV 
- 4.3  eV 

- 5.1  eV 
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device efficiency. However, despite the limitation, device performance indicated that SCBA SiNPs 

is a promising candidate for future organic-inorganic hybrid solar cells due to being cheap sourced 

from waste SCBA and lack of toxicity. The reference film showed a smoother surface with Rrms of 

5.95 nm which drastically increased upon the incorporation of the nanoparticles. There was an 

improvement in absorption upon the incorporation of SCBA SiNPs in the PEDOT: PSS which 

could be attributed to light scattering. This led to a remarkable increase in the current density of 

about 42.48 %. Other device structure showed a lower current density although device with ptype 

SCBA SiNPs recorded a better fill factor of 34.62% which could be attributed to it being ptype 

hence it had a better hole transport which resulted in the lowering of the series resistance. There is 

still needed to incorporate the nano silicon into the active layer and study their optoelectrical 

performance.   
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7 Chapter 7 : General Conclusions and Recommendations  

7.1 Conclusions  

As highlighted in Chapter 1 of the thesis, the following objectives have been achieved:   

1. Characterization of sugarcane bagasse ash obtained from an ethanol-producing 

company in Zimbabwe.  

2. Proposal and application of an energy-efficient process for the conversion of the 

extracted silica into pure silicon.  

3. Fabrication of a hybrid organic solar cell using the produced pure silicon and the 

evaluation its performance.  

The results obtained from the objectives have produced novel contributions in the area of 

beneficiation of sugarcane bagasse ash waste into nano silicon for solar cell application. 

Consequently, the undernoted contributions have been made;  

• High purity amorphous nano silica (98.92%) was obtained from an improved sol-gel 

method in which activated carbon was used to enhance the purity of sodium silicate prior 

to precipitation of nano silica. The particle size for the nano silica ranged from 6-24 nm 

and the surface area, pore volume and pore diameter were 240 m2/g, 0.577 cm3/g and 10 

nm respectively.  

• Successfully prepared crystalline nano silicon particles with size ranging from 1-30 nm 

from sugarcane bagasse ash derived nano silica. The surface area, pore volume and pore 

diameter were 30.14 m2/g, 0.194 cm3/g and 25 nm respectively.   

• The produced silicon nano particles were incorporated into the hole transport layer 

poly(3,4- ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) of an organic 

solar cell based on blend of poly(3-hexylthiophene) (P3HT) and [6:6]-phenyl-C61butyric 
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acid (PCBM). From this study, a proof of concept for the application of SCBA-derived 

SiNPs in solar cells has been established. The PCE of the solar cell was 0.63 % compared 

with the PCE reference of 0.83%. As far as could be ascertained, this is the first solar cell 

reported that incorporates nano silicon particles extracted from sugarcane bagasse ash.  

 

In summary, the mentioned novel contributions have been communicated to fellow researchers in 

the area of bio-waste valorization and solar cell technology as articles in international scientific 

journals (one book chapter in press, two manuscripts are under review) and in conference 

proceedings (two proceedings) (See Appendix 2 for copies of the contributions).  

  

7.2 Recommendations   

• The purity of nano silica from sugarcane bagasse ash can be enhanced by the optimization 

of the adsorption method. Thus, future study on the adsorption process of sodium silicate 

solution prior to the precipitation of nano silica to remove metal impurities is proposed.  

• The purity of nano silicon from magnesiothermic reduction is still low and etching with 

hydrofluoric acid prior to solar cell fabrication was done. However, HF promises to be 

continuously used in etching of silicon for solar cell application as it proves to be the best 

compared to other inorganic acids.  

• The proof of concept for the use of synthesized nano silicon particles in the organic solar 

cell has been established. However, the PCE is low therefore future work should be done 

to optimize the fabrication process. The SiNPs can also be incorporated in the active layer 

(P3HT: PCBM) to also check the effect on PCE.  
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• The SiNPs were only tested for an organic solar cell based on the blend of P3HT and 

PCBM, there is a possibility to incorporate the SiNPs in other solar cells like thin film 

silicon solar cells and dye-sensitized solar cells to investigate their effectiveness in 

enhancing PCE.  
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